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a b s t r a c t

Water management in PEM fuel cells has received extensive attention due to its key role in fuel cell per-
formance. The unavoidable water, from humidified gas streams and electrochemical reaction, leads to
gas–liquid two-phase flow in the flow channels of fuel cells. The presence of two-phase flow increases the
complexity in water management in PEM fuel cells, which remains a challenging hurdle in the commer-
cialization of this technology. Unique water emergence from the gas diffusion layer, which is different
from conventional gas–liquid two-phase flow where water is introduced from the inlet together with
the gas, leads to different gas–liquid flow behaviors, including pressure drop, flow pattern, and liquid
holdup along flow field channels. These parameters are critical in flow field design and fuel cell operation
and therefore two-phase flow has received increasing attention in recent years. This review emphasizes
gas–liquid two-phase flow in minichannels or microchannels related to PEM fuel cell applications. In
situ and ex situ experimental setups have been utilized to visualize and quantify two-phase flow phe-
nomena in terms of flow regime maps, flow maldistribution, and pressure drop measurements. Work
should continue to make the results more relevant for operating PEM fuel cells. Numerical simulations
have progressed greatly, but conditions relevant to the length scales and time scales experienced by an
operating fuel cell have not been realized. Several mitigation strategies exist to deal with two-phase flow,

but often at the expense of overall cell performance due to parasitic power losses. Thus, experimentation
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and simulation must continue to progress in order to develop a full understanding of two-phase flow
phenomena so that meaningful mitigation strategies can be implemented.

© 2010 Elsevier B.V. All rights reserved.
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Nomenclature

A area (cm2)
A advancing contact angle (◦)
Bo Bond number
F Faraday’s constant (96,485.339 C mol−1)
Fx Force from contribution x (N)
g gravity (m s−2)
I current (A)
i current density (A cm−2)
L characteristic length (m)
M molecular weight (g mol−1)
m molar flow rate (mol s−1)
R receding contact angle
Su Suratman number
u superficial velocity (m s−1)
�P pressure drop (kPa)

Greek letters
˛ water transfer coefficient
� density (g cm−3)
� viscosity (Pa s)
� stoichiometric ratio
� surface tension (N m−1)
� contact angle (◦)
˛ half-angle (◦)
ˇ inclination angle (◦)

Subscripts and superscripts
O2,need required oxygen demand at a given current density
act active
g gas phase

1

m
g
e
d
t
a
h

l liquid phase
P pressure

. Introduction

The proton exchange membrane (PEM) fuel cell has received
uch attention in recent decades as a clean and efficient way to

enerate power for various applications due to its high energy

fficiency, low operating temperature, and low to zero emissions
uring its operation. In particular, it has been considered one of
he most promising alternatives to fossil-based fuel engines for
utomotive applications. The electrochemical reaction between
ydrogen fuel and oxygen oxidant produces electricity, with the
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4551

only emissions being excess heat and water. The PEM fuel cell is
thus an environmentally viable option that is also capable of achiev-
ing high power density and high efficiency.

However, several technical issues still exist that impede the fur-
ther use of fuel cells in practical applications. One major issue that
has received a great deal of attention is proper water management
in the fuel cell. This issue is particularly important because too little
water will cause membrane dehydration, which limits proton con-
ductivity, and too much water can flood the fuel cell, causing less
reactant to reach active catalyst sites and consequently decreasing
the cell performance. A recent review [1] detailed issues associ-
ated with water management, which described the role of each
layer of the PEM fuel cell ‘sandwich’ and how each area is prone to
flooding. The paper also detailed mitigation strategies based on (1)
engineering principles and changing operating conditions and (2)
modification of materials. While comprehensive in the overall pic-
ture of water management, little emphasis is placed on gas–liquid
two-phase flow issues in the flow field channel itself. Trabold [2]
noted the importance of two-phase flow research in PEM fuel cells,
and explained that the gas–liquid flow within the flow channels is
complex and requires an understanding of electrochemistry, heat
and mass transfer, and fluid mechanics. Knowing the air and liq-
uid velocities in the channel allows one to develop flow regime
maps, which have been studied in two-phase flow research. Differ-
ent operating conditions can lead to different flow patterns though,
which can lead to flow maldistribution among multiple channels
to satisfy the equal pressure drop between a single inlet and outlet
of the manifold. Thus, many competing variables are noted in PEM
fuel cell two-phase flow.

In addition to experimental efforts, many attempts have been
made to model and simulate the two-phase transport phenom-
ena in PEM fuel cells. In particular, computational fluid dynamics
(CFD) is considered to be a very powerful tool in fuel cell design
and operation optimization. In the literature, the earliest PEM fuel
cell models date back to the early 1990s by Springer et al. [3]
and Bernardi and Verbrugge [4]. Increasingly complex and detailed
models have been developed since, from one-dimensional, single-
phase flow, isothermal, steady-state and single layer models to
three-dimensional, two-phase flow, non-isothermal, transient and
multiple layer models. However, due to the various complicated
phenomena in PEM fuel cells, the modeling and simulation of PEM
fuel cells still remains a challenge. Complications include two-

phase flow, electrochemical reaction, charge transport, diffusion
in porous media, and coupling different length scales (such as
the nanometer components of catalysts, the micrometer heteroge-
neous pores in the gas diffusion layers (GDLs), and the millimeter
dimensions of flow field channels). To our knowledge, there has not



R. Anderson et al. / Journal of Power Sources 195 (2010) 4531–4553 4533

F
“

b
n
P
t

fl
n
p
i

n
a
c
p
e
f
f
fl
s
fl

2

m
e
u
i

2

t
t

b
i
(
s
t
m
c
i
T

ig. 1. Cumulative number of papers published for keywords: “two-phase flow” and
PEM fuel cells” since 1994.

een a comprehensive review of PEM fuel cell models focusing on
umerical simulations of two-phase flow in flow field channels of
EM fuel cells, including droplet behaviors, flow field maldistribu-
ion, and channel design strategies for the mitigation of flooding.

This paper aims to present an up-to-date review on two-phase
ow in PEM fuel cell flow channels. A thorough review is important
ow as the number of papers published related specifically to two-
hase flow and PEM fuel cells continues to increase, which is shown

n Fig. 1.
This review emphasizes gas–liquid two-phase flow in minichan-

els or microchannels (Dmicrochannel < 1 mm) related to PEM fuel cell
pplications. The focus is on PEM fuel cells under normal operating
onditions (ambient temperature to 100 ◦C operation), with two-
hase flow issues related to startup or shutdown neglected. The
xperimental approaches and results of researchers in both active
uel cells (in situ) and in channels designed to mimic operational
uel cells (ex situ) are considered. CFD simulations of two-phase
ow in PEM fuel cell channels are also described in detail for in
itu and ex situ approaches. Mitigation strategies specific to water
ooding in channels are also presented.

. Experimental visualization techniques

This section reviews techniques for detecting water in
inichannels, focusing on direct optical visualization while refer-

ncing other methods reported in the literature. A discussion of the
ses and the results of these techniques in active fuel cells are given

n Section 3.

.1. Optical visualization

The most common technique to observe flow field flooding is
o use a transparent fuel cell. A typical schematic diagram of a
ransparent fuel cell is shown in Fig. 2.

The membrane electrode assembly (MEA) is sandwiched
etween flow field plates and transparent end plates for view-

ng. Not shown are the means to collect current, plates for heating
either electrically or via cooling water), or compression plates
ince these are common to all fuel cells and are not novel in regards

o a transparent fuel cell. Machining the flow field directly into a

etal plate allows the flow field plate to also act as the current
ollector. In Fig. 2, gas enters via port 1 and exits via port 2. The man-
folds (labeled 3) distribute the gas to the flow channels (labeled 4).
he flow field plates in this schematic are symmetrical about the
Fig. 2. Schematic of a typical transparent PEM fuel cell.

MEA. This design is not the only means of creating a transparent cell
but contains the components commonly found in the literature.
Different phenomena to be studied lead to specific designs for a
transparent fuel cell, and Table 1 summarizes the designs of several
research groups, including relevant channel dimensions, materials,
and flow field design.

Tüber et al. [9] conducted a highly cited work on transparent
fuel cells. A steel rib was placed between an MEA and a Plexiglas
end plate, with the rib defining the depth and the landing width
of two channels. Gas was introduced from the Plexiglas above via
one common inlet hole. The unit was compressed with screws and a
copper wire was attached to the rib for current collection. As shown
in Table 1, metals are often used for flow field plates. Weng et al.
[11] showed that a brass plate could be used for the anode and
cathode flow fields with extension areas included for electric heat-
ing or convective cooling. Clear acrylic plates acted as end plates
on the cathode and anode side, allowing for visualization of either
side of the cell. Stainless steel is a common flow field material in
transparent cells [5,6,8,9,12,13,19], and the plates are often gold
plated to avoid corrosion and to increase conductivity. When clear
acrylic end plates are used they are prone to fogging, and it can be
difficult to discern between liquid water emerging into the chan-
nels and liquid water condensing on the clear plate. One solution to
this problem is to use an antifogging coating [5], though this solu-
tion causes the clear polycarbonate plate to be very hydrophilic,
which is not representative of commercially used graphite flow
field plates that are hydrophobic. Another interesting choice for an

optical plate is zinc selenide, as used by Hakenjos et al. [10]. Zinc
selenide is transparent to optical light for direct visualization and
IR irradiations for the determination of the temperature distribu-
tion with an IR camera. A barium fluoride plate is also transparent
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Table 1
Transparent fuel cell designs.

Author Flow field type Flow field material Channel dimensions
(l × w × d)

Transparent plate
material

Zhang et al. [5] 7 parallel channels Gold coated
stainless steel

100 mm × 1 mm × 0.5 mm
Active area = 14 cm2

Antifogging coated
polycarbonate

Liu et al. [6] 9 parallel channels
(vertical orientation)

Gold coated
stainless steel

22.4 mm × 0.8 mm × 1 mm Plexiglas

Ous and Arcoumanis [7] 13 serpentine channels Graphite 655 mm × 1.5 mm × 1.5 mm Plexiglas
Masuda et al. [8] Single straight channel Gold coated

stainless steel
30 mm × 1.6 mm × 1 mm Glass

Tüber et al. [9] 2 parallel channels Stainless steel 50 mm × 1.5 mm × 1 mm Plexiglass
Hakenjos et al. [10] Single serpentine Graphite 1 mm × 1 mm (w × d)

Active area = 20.25 cm2
Zinc Selenide

Weng et al. [11] Two serpentine channels Brass 2 mm × 2 mm (w × d)
Active area = 10 cm2

Acrylic

Spernjak et al. [12] Single serpentine Stainless steel 316 0.8 mm × 1 mm (w × d)
Active area = 10 cm2

Polycarbonate

Ge and Wang [13] (a) 7 parallel channels Gold plated
stainless steel

(a) 1 mm × 0.5 mm (w × d)
Active area = 14 cm2

Polycarbonate

(b) 4 serpentine channels (b)
70 mm × 1 mm × 0.5 mm
Active area = 5 cm2

Theodorakakos et al. [14] Single serpentine Plexiglas 1.46 mm × 0.28 mm (w × d) Plexiglas
Shimoi et al. [15] 3 parallel channels Brass 100 mm × 3 mm × 1 mm Sapphire (Al2O3)
Kim et al. [16] 35 serpentine channels Carbon 0.7 mm × 1 mm (w × d)

Active area = 25 cm2
Acrylic

Sugiura et al. [17] Single serpentine 14
parallel

– 1.6 × 0.8 mm (w × d)
Active area = 25 cm2

Polycarbonate
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Ma et al. [18] Single straight channel Grap

Yang et al. [19] 7 parallel channels Gold
stain

o IR light and can be used to determine temperature distributions
20].

One drawback of transparent cells is the lack of quantitative
nformation provided. Viewing the channel from the top does not
ffer depth resolution, and the true volume of films, slugs, and
roplets in the channel cannot be analyzed. The reflective GDL
ackground also complicates image processing [12]. The images
re often usefully correlated with pressure or voltage data, but this
orrelation provides only qualitative details about the cell [21]. The
ubjective nature of these qualitative correlations makes it diffi-
ult to standardize between authors. Another issue associated with
ransparent cells is the material of construction. The view material
s typically an insulator and heat transfer of the fuel cell can be mod-
fied. Therefore, the results do not reproduce the real cell behavior.
n addition, the surface properties are very important in analyzing
wo-phase flow, especially contact angles, and little consideration
s given to this problem in the literature. For instance, specific
esults found in a cell with a Plexiglas end plate may differ from the
esults found in a cell using traditional graphite plates. Since trans-
arent cells define flow channels with an optical plate top, flow field
late walls, and a GDL bottom, three contact angles must be consid-
red when analyzing the surface properties and droplet dynamics.
nother potentially important parameter is the surface roughness
f the flow field plates. Despite these drawbacks, visualization cells
rovide a method to validate existing models and to further under-
tand the influence of key operating variables. As pointed out by
hang et al. [22], this validation is particularly important in incor-
orating two-phase flow into existing models. Coupling the optical
isualization with other techniques to monitor liquid water also
nhances the use of transparent cells [23].
.2. Other visualization systems

Other methods to visualize two-phase flow include neutron
adiography and magnetic resonance imaging (MRI). Neutron
adiography can be used to obtain 2D images of liquid water [24,25].
125 mm × 1.5 mm × 1 mm
Active area = 5 cm2

d
teel

100 mm × 1 mm × 1 mm
Active area = 14 cm2

Polycarbonate

This technique allows the user to gain greater quantitative informa-
tion. In an MRI system, Dunbar and Masel [26] attempted to mimic
actual materials used in typical flow fields. Ferromagnetic materi-
als like iron or nickel are unsuitable due to the magnetic field, so
Teflon® flow fields coated with a graphite layer (Aquadag) to rep-
resent the hydrophobicity of commercially available graphite flow
fields were used to avoid complications in the MRI. Recent reviews
of water visualization and measurements by these methods and
others have been discussed in greater detail [23,27]. These meth-
ods help validate the qualitative information derived from optical
visualization cells, and also help validate the results of numerical
models.

3. In situ experimental two-phase flow studies in PEM fuel
cells

In active PEM fuel cells, the presence of liquid water has been
observed by the visualization techniques described in Section 2.
This section describes two-phase flow studies in operational PEM
fuel cells, which is an important distinction because two-phase
flow in fuel cells is different from traditional two-phase flow in
other applications [28]. One such difference is that water content
changes along the length of the channel as water is introduced to
the channels from the GDL after reaction at the catalyst surface. This
introduction method means water droplet generation and removal
at the GDL surface into the channel must be considered. This issue
is further complicated by the randomness of the location of the
emerging droplet because the removal process depends on whether
the droplet is created on the GDL surface towards the center or
the wall of the channel [7]. The surfaces of the channel also have
dissimilar contact angles, since the transparent plates, flow field

plates, and the GDLs have different contact angles, which influ-
ences droplet behavior. A schematic showing these three surfaces
is shown in Fig. 3.

Once the droplet is removed from the GDL surface, it can coa-
lesce with droplets downstream, changing the behavior of the
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Fig. 3. Schematic of channel surfaces in a transparent fuel cell.

wo-phase flow. Also, the two-phase flow in fuel cell flow channels
s characterized by a large gas to liquid flow ratio and a decreasing

ole fraction of the reactant gas down the length of the channel
ue to consumption. Non-uniform temperature distributions cre-
ted by local hotspots can also change the amount of water that will
emain in the gas phase, which affects the water balance in the flow
hannel [20]. Non-uniform current distribution, which changes the
mount of water being produced, can also lead to non-uniform
istribution of the water product in the channels.

.1. Gas channel two-phase flow: causes and problems

Liquid water is transported in the fuel cell by various mecha-
isms, and a review of the PEM fuel cell water balance has recently
een published [29]. Water can condense in the flow field chan-
el from the inlet gas due to decreased operating temperature,

ncreased pressure, or increased gas humidification if the satura-
ion vapor pressure is reached. Electroosmotic drag carries water
rom the anode to the cathode via protons moving through the elec-
rolyte. Back diffusion occurs when the product water establishes
concentration gradient between the cathode and anode, causing
ater to diffuse towards the anode. The product water must then
iffuse through the GDL to reach the flow field channels. Once liq-
id water enters the channels, several problems can emerge, and
ajor issues associated with gas channel flooding include [28]:

Blockage of the channel by liquid water, which can increase the
pressure drop in the channel.
Non-uniform current distribution and reactant distribution.
Blockage of reactant gas transport to the active reaction sites due
to the formation of a liquid film on the GDL surface.

.2. Flow patterns

In an operating fuel cell, two-phase flow patterns impact the
ressure drop and liquid water distribution in the flow channel,
hich will alter the PEM fuel cell performance. Liquid water holdup

s a particular concern for low Bond number (10−4 ≤ Bo ≤ 10−1)
nd low Suratman number (103 ≤ Su ≤ 105) environments [6]. The
ond number is the ratio of gravitational force (body force) to sur-

ace tension for a liquid surface and the Suratman number is the

atio of surface tension to viscous forces. The equations for these
imensionless groups are shown below:

o = �gL2

�
(1)
ources 195 (2010) 4531–4553 4535

Su = ��L

�2
(2)

where � is the density difference between phases, g is the accel-
eration due to gravity, L is a characteristic length such as the drop
radius, � is the surface tension, and � is the dynamic viscosity.
For low Bo and low Su conditions, the noted flow patterns are slug
flow, core-annular, and transition flows [6]. Typical flow patterns in
operating fuel cells can be seen in Fig. 4 from the work of Hussaini
and Wang [30].

Not all two-phase flow studies show the same flow patterns and
the lack of consistency highlights the difficulty in understanding
and characterizing two-phase flow in operational cells. Addition-
ally, the schematic in Fig. 4 contains stray droplets in the description
of single-phase flow, which would be more accurately described
as mist flow (if enough stray droplets are noted) or as a pseudo-
homogenous flow. Mist flow has been identified in an operating
fuel cell but at an air stoichiometry of 10, which may be unreal-
istic for a fuel cell due to high parasitic power losses [5]. Further
complicating the identification of flow patterns, fuel cells operate
at different relative humidities and temperatures (affecting water
uptake capacity), with different flow channel configurations, differ-
ent flow rates, and different surfaces (GDL and channel). Individual
results are thus noted for specific setups, and no work has been
done to determine the effect of such operating conditions on two-
phase flow in a general sense.

Flow pattern maps are useful because it shows how superficial
air and liquid velocities can be exploited to give a particular flow
regime. Hussaini and Wang [30] constructed a flow map showing
different regions at different superficial gas and liquid velocities.

Trabold [2] recommends operating the channels in the annu-
lar flow regime, which would require a superficial gas velocity of
5–6 m s−1. This regime allows water to be removed on the channel
walls while leaving the GDL surface available for gas transport. To
maintain this regime, though, specific operating conditions would
have to be met at a given current density and stoichiometry. In flow
field channels, operating gas flow rates are usually determined by
the necessary stoichiometric amount of gas reactant for a desig-
nated current density (from Faraday’s law) multiplied by the gas
stoichiometric ratio, �, which is defined as follows:

� =
mO2,inlet

mO2,need

(3)

mO2,need
= I

4F
= iAact

4F
(4)

where mO2, inlet is the number of moles of oxygen at the inlet and
mO2, need is the theoretical value of oxygen needed based on the cur-
rent density and active surface area of MEA. In practical systems, the
parasitic load or energy required for gas delivery is directly related
to the pressure, volume flow rate, and pressure drop. It is there-
fore desirable to keep the stoichiometric ratio as low as possible
while sufficiently high for effective water management [31]. Also,
the GDL, flow field, and operating conditions can shift the tran-
sitions between flow regimes. The results presented in Fig. 5 are
valid for that specific experimental setup only, so multiple factors
in addition to superficial velocities have to be understood in order
to operate the fuel cell in the desired flow regime.

3.3. Pressure drop (characteristics under active cell operating
conditions)
The pressure drop is considered to be an indicator of liquid water
build-up in flow field channels of a PEM fuel cell. The pressure drop
increases with current density, which is usually explained by the
higher reactant flow rates and higher water production rates in
accordance with Faraday’s law. Higher water production can mean
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Fig. 4. Typical flow patterns i

higher degree of channel flooding and thus a higher pressure drop.
he pressure drop will continue to increase with time as liquid
ater accumulates in the channels, which varies with flow rate

nd flow field design [32]. The flow regime also plays an important
ole in determining the overall pressure drop, where a liquid slug
an completely block a channel before being removed and causing a
udden spike in the pressure drop measurement. Liu et al. [33] have
hown that the different flow patterns can be identified based on
he total pressure drop. Pressure measurements can also be used to
btain information about how much water will enter the cathode.
ifferential pressure between the cathode to anode can be used

o determine the water saturation in the GDL, which affects how
uch water is transported into the channel and directly affects the

iquid flow rate into the flow channels [34].
The pressure drop can also be used as a diagnostic tool, which is

een by comparing the cathodic pressure drop signal to the voltage
ignal, as shown in Fig. 6 [2]. As the voltage decreased, the pres-
ure drop increased and fluctuated to a greater extent, providing
sensitive measure of the flooding occurring in the fuel cell. This

echnique can be useful at the cathode, where major flooding can
ccur, and at the anode, where little flooding occurs. The anode gen-

rally sees little variation in the pressure drop but, like the cathode,
he expulsion of slugs coincides with spikes in the pressure signal.
ressure drop measurements on the cathode side have also been
sed to identify flooding in PEM fuel cell stacks [35,36].

ig. 5. Flow map in active PEM fuel cells showing different flow regimes [30].
fuel cell flow channels [30].

Pressure drop measurements can be used to determine the ideal
gas velocity for water removal at a given current density, as shown
by Ma et al. [18]. The pressure measurement was compared with
photographs in the cell, which showed that as water accumulated,
the pressure drop increased. When the water was finally expelled,
the pressure drop decreased. As the gas velocity was increased, the
magnitude of the fluctuations decreased since droplets did not have
adequate time to form in channels and cause a blockage. This type
of analysis could help to optimize flow field design and operating
conditions, since a reduction in pressure fluctuations can provide
more constant output from the fuel cell. One problem associated
with pressure drop measurements is that it does not provide infor-
mation regarding the location of flooding in the fuel cell. However,
combining the analysis of the pressure drop measurements with
the performance curves can give more insight into the operating
regions where flooding is an issue [28].

3.4. Gas reactant flow maldistribution

Typical flow fields for the PEM fuel cell contain multiple chan-
nels connected to the same inlet and exit, and non-uniform flow

distribution is a major concern. A uniform distribution of current
density is considered important in fuel cell operation because it
leads to a uniform distribution of temperature and liquid water
production, and lower mechanical stresses on the membrane elec-
trode assembly (MEA) [37]. In contrast, flow maldistribution can

Fig. 6. Pressure drop and voltage signals as flooding diagnostic tools [2].
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bution in parallel channels and large fluctuations in pressure drop.
They have also reported a mist flow, which is considered an effec-
tive way to remove water because liquid droplets are dispersed
in the gas phase and removed convectively. However, mist flow
requires high gas velocities, resulting in high parasitic power losses
Fig. 7. Flooding in one channel [9].

ause flooding in some channels, leading to a non-uniform distribu-
ion of current density and membrane hydration. As a consequence,
he pressure drop and current density show erratic fluctuations and
he overall power performance decreases. Fig. 7 shows the effects
f flooding in a channel [9]. Once the liquid droplet blocks the
hannel, the cell does not recover itself over the testing period,
hich impacts the reliability of the PEM fuel cell performance. The

ccurrence and the recoverability of channel blockage in parallel
hannels is directly related to the flow instabilities of the two-phase
ow in parallel flow channels and is affected by many parameters
uch as the channel flow rate and the wall physical properties such
s the contact angle.

Flow maldistribution in an active fuel cell is considered to be
n important factor in reducing the operating lifetime of a fuel
ell [38,39]. Therefore, proper gas reactant distribution is critical
o ensure high performance and a long lifetime for a PEM fuel cell.
long with visual observation, residence time distributions may
elp quantify flow maldistribution in PEM fuel cells [40]. Coupling
ultiple experimental methods will help to further improve our

nderstanding of flow maldistribution in fuel cells.

. Ex situ experimental two-phase flow studies relevant to
EM fuel cells

Since two-phase flow is a complex phenomenon in PEM fuel
ells, ex situ studies enable one to explore detailed mechanisms
ehind intricate two-phase flow behavior at flow conditions rele-
ant to fuel cell operations. In some cases, the work is tied directly
o PEM fuel cells, such as droplet emergence and detachment in
hannels from a GDL surface. Other cases involve non-fuel cell
pplications, such as heat exchangers, where two-phase flow is
lso relevant. Ex situ experiments possess the advantages of easy
quipment setups, flexible operating conditions, and the ability
o decouple reaction and heat and mass transfer from intricate
ow phenomena. This section presents an overview of existing ex
itu experimental results related to two-phase flow in minichan-
els with relevance to fuel cells. These studies have explored the

nfluence of flow conditions, channel wall wettability, channel
eometries, and flow media on hydrodynamic parameters such as
roplet formation, pressure drop, flow pattern, and liquid holdup.

n the other cases, flow distributions are investigated in parallel
hannels, though few studies are concerned with this phenomenon
41,42].

As noted in Section 3, gas–liquid two-phase flow in PEM fuel
ells is unique to other applications. Significant differences from
onventional two-phase flow can arise from large gas to liquid flow
atios, the method of liquid introduction, and a combination of sev-
ral water transport mechanisms including electroosmotic drag,

ack diffusion, and water condensation from humidified inlet gases.
o simulate an operating fuel cell, the water production rates and
otal water transport can be taken into account using Faraday’s law

odified with a water transport coefficient, ˛, for water transport
ources 195 (2010) 4531–4553 4537

across the MEA as follows:

mwater = (1 + 2˛)iAact

2F
(5)

where mwater is the rate of moles of water generated on the cathode
side, Aact is the active area (cm2), i is the current density (A cm−2),
and F is Faraday’s constant (96,485 C mol−1). Air instead of pure
oxygen is commonly used as the oxidant gas at the cathode side
and the corresponding superficial gas velocity can be calculated by

uG = 2.38�Mair

�airAchannel

iAact

4F
(6)

where Achannel is the cross-section area of the flow channels, m2. The
corresponding superficial velocity of air ranges from 0 to 10 m s−1,
analogous to active fuel cell operations in the current density range
of 0–2 A cm−2 and gas stoichiometric ratios up to 20. Experimental
conditions in all two-phase flow studies for fuel cell applications
generally fall into those flow conditions, with gas flow channel
dimensions typically in the sub-millimeter to millimeter range.

Table 2 summarizes ex situ experimental studies of two-phase
flow related to fuel cell operation in the literature.

4.1. Flow patterns

In the ex situ experiments, flow patterns were investigated
under flow conditions related to fuel cell operation. Flow patterns
are dependent on the superficial gas and liquid velocities, which can
then be related to gas flow stoichiometric ratios and current den-
sities under active fuel cell operation. In the literature, there are
various flow regimes observed in different experiments depending
on the flow operating conditions, channel geometries, and liquid
water introduction methods. Flow hysteresis is also observed in
minichannels bounded with porous walls [45]. Additionally, chan-
nel wettability largely influences the flow regimes in gas flow
channels [43].

Similar to the flow regimes identified in the in situ experiments,
typical flow regimes of ex situ two-phase flow relevant to fuel cells
are shown schematically in Fig. 8.

The gray in the figure represents liquid water while the clear
areas represent air. Various researchers have observed the flow
regimes shown in Fig. 8. These include slug flow (Fig. 8(a)) where a
discrete droplet grows to or close to the size of the channel, blocking
gas passage [6,43], transition flow from slug flow to annular flow
(Fig. 8(b)) [6], wavy-stratified flow (Fig. 8(c)) [26], and stratified (or
annular) flow (Fig. 8(d)) that occurs at high superficial gas veloci-
ties with low pressure drop fluctuations [6]. Lu et al. [47] found that
at low gas velocities (typically stoichiometric ratios below 5) slugs
or semi-slugs are in dominance, leading to severe flow maldistri-
Fig. 8. Flow patterns in PEM fuel cell operations (a) slug flow, (b) transition flow
from slug to annular, (c) wavy-stratified, and (d) stratified (annular) flow.
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Table 2
Ex situ experimental studies of two-phase flow in minichannels and microchannels for fuel cells.

Authors Channel dimensions Operation conditions Remarks

Allen [43] 330 �m circular and 500 �m
square

Nitrogen and water,
uG = 0–2.4 m s−1 and
uL = 0–0.035 m s−1

Non-wetting channels with high
flow resistance

English and Kandlikar [44] 1.124 mm in width and 0.93 mm in
height

Air, water and surfactant Triton
DF-12 with concentrations of
0.0208–0.1089; uG ,
3.19–10.06 m s−1 and uL ,
0.0005–0.022 m s−1

No significant difference in
pressure drop in different
surfactant solutions

Lee et al. [45] 0.5 mm in width and 0.2 mm in
depth

Air and water; uG , 0–20 m s−1; uL ,
0–0.007 m s−1

Flow hysteresis; flow regimes
depends on GDL hydrophobicity

Zhang et al. [41,46] Y-branched parallel channel,
1.6 mm in width and 1.6 mm in
height

Air and water; uG: 0–10 m s−1; uL:
0–0.03 m s−1

Flow hysteresis, flow
maldistribution occurs at low gas
and liquid flow rates

Lu et al. [47] Parallel channels, 0.7 mm in width
and 0.4 mm in height

Air and water; uG: 0–20 m s−1; uL:
0–0.015 m s−1

Two-phase flow patterns, pressure
drop in parallel channels, flow
maldistribution

Kandlikar et al. [42] Parallel channels, 0.7 mm in width Air and water; uG: 0–20 m s−1; uL:
0–

Entrance region pressure drop
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and 0.4 mm in height

hen applied to an operational fuel cell. Film flow or stratified flow
s therefore considered to be the most favorable flow pattern for

ater removal from the gas flow channels because it requires a
inimum gas velocity to achieve the desired flow pattern. As pre-

iously discussed, Trabold [2] found that a superficial gas velocity
f 5–6 m s−1 is needed to achieve this flow pattern while Lu et al.
47] found the superficial gas velocity should be more than 3 m s−1.
hese results are shown in Fig. 9, with the main regimes being slug,
lm and mist flows.

Flow pattern maps have been generated in terms of superficial
as velocities and superficial liquid velocities for other applications
s well. Examples of flow pattern maps for conventional air and
ater studies can be found in Refs. [48–51]. While not directly

elated to the conditions experienced in a PEM fuel cell, these works
rovide a strong framework from which PEM fuel cell two-phase
ow studies can emerge. The bubbly flow pattern is not observed

n PEM fuel cells due to the required high ratios of liquid flow rates
o gas flow rates. In microchannels, the surface tension, inertia, and

iscosity are important parameters. These forces can be combined
o form several dimensionless groups as discussed by Akbar et al.
49], which may help create dimensionless flow regime maps with
reater relevance to fuel cells.

ig. 9. Ex situ flow patterns in terms of superficial gas and liquid velocities [47].
0.0003 m s−1 measurement; flow
maldistribution due to different
flow resistances

4.2. Gas reactant flow maldistribution and hysteresis

Uniform distribution of gas reactants in fuel cell flow fields is
important for fuel cell performance. Non-uniform flow distribution
can lead to performance losses and non-uniform gradients. In the
literature, few attempts have been made to simulate fuel cell flow
fields to address this critical issue due to the complexity of the flow
distribution in active fuel cell flow fields. This complexity arises
from a number of factors including the presence of the porous gas
diffusion layer, where pressure gradients can cause leakage of reac-
tant gas between flow channels. Therefore, gas flow rates (and local
stoichiometry) can differ from one end of the gas flow channels to
the other and differ between channels. Traditional two-phase flow
studies in other applications (such as heat exchangers) on mald-
istribution can be found in Refs. [52–54]. These studies are useful
references for furthering two-phase flow studies related to PEM
fuel cells.

The gas flow rate in the entrance region of individual channels
can be used as an indicator of flow distribution in the flow fields,
since no other measure is available to characterize this effect to the
best of our knowledge. Kandlikar et al. [42] developed an entrance
region pressure drop measurement technique to determine instan-
taneous gas flow rates through individual channels. The method
was employed in both an ex situ and in situ experimental setup, and
it was found that a porous GDL backing could lead to severe flow
maldistribution compared to impermeable backing for the same
channels. At in situ operating conditions, flow maldistribution was
also observed due to water blockage in gas flow channels. One lim-
itation of this method is difficult implementation in operating fuel
cells. Nevertheless, it still can provide valuable information of flow
maldistribution in parallel channels related to other fuel cell oper-
ating parameters such as current density, gas stoichiometry, and
gas humidity in a fuel cell with specially designed introduction.

The order of changing gas flow rates on flow distributions also
has an impact on flow distributions in parallel channels. In recent
work by Zhang et al. [41,46] on gas–liquid flow patterns and flow
distributions in two parallel channels, it was found that flow mald-
istribution occurred at low gas and liquid flow rates, corresponding
to low gas stoichiometric ratios, where slug flow patterns were

observed. In addition, flow hysteresis phenomena were also found
when the gas flow rate was changed in an ascending or a descending
manner. Fig. 10 shows an experimental flow regime map repre-
senting the flow patterns in two parallel channels for superficial
gas velocities changed in an ascending and descending manner.
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ig. 10. Flow patterns in parallel channels as observed at different superficial gas ve
lug flow + stagnant liquid; (2) ©: stratified flow + stagnant liquid; (3) �: slug flow
o the eye and define boundaries between flow patterns. [46].

When the system starts from initial flooding conditions, strati-
ed flow in both channels (regime 4) cannot be reached until very
igh gas velocities. Slug flow in both channels (regime 3) occurs
t medium levels of gas flow rates and high liquid flow rates. Both
egime 4 and regime 3 indicate even flow distributions. However,
t low gas velocities the gas tends to go through one channel prefer-
ntially, leaving the other channel filled with liquid only, as shown
n regime 1 and regime 2. This observation is consistent with pre-
ious work [55,56] that at low gas velocities both gas and liquid
end to flow in one channel of parallel channel systems, leading
o a flow maldistribution. Fig. 10(b) shows the flow pattern distri-
ution identified with decreasing the gas velocity from a stratified
ow condition. Compared to the flow patterns obtained in the gas
scending process (Fig. 10(a)), there is a wider region for slug flow
nd stratified flow in both channels (regime 3 and regime 4) in the
as descending process. In addition, the region of stratified flow and
tagnant liquid (regime 2) appears to be much narrower in the gas
ow descending process. Flow hysteresis and flow maldistribution
re also observed from the pressure drop data shown in Fig. 11.

It is seen in Fig. 11 that with an increase in inclined angles the

otal pressure drop increases due to the additional gravitational or
tatic pressure drop. In general, there is a slight decrease in the
ressure drop with an increase in the superficial gas velocities, fol-

owed by an increase in the pressure drop with further increasing
uperficial gas velocities. However, the occurrence of the sudden

Fig. 11. Effects of inclination angles on pressur
es and liquid velocities (a) ascending approach and (b) descending approach. (1) ×:
h channels; (4) �: stratified flow in both channels; solid lines are drawn as guides

change in pressure drop indicates a transition from flow maldistri-
bution to even distribution. It was also found that the pressure drop
at the peak reflects intrinsic characteristics of the channel design
and a lower value is always desirable, indicating that a lower gas
flow rate is required to purge water slugs in the gas flow chan-
nels. In addition, the hysteresis zone still exists in parallel channels
inclined with a positive angle, whereas flow hysteresis disappears
at negative angles with even flow distribution achieved at lower
gas velocities. This result indicates that it might be beneficial to
position flow fields downwards during real fuel cell operation.

While it has been recognized that the presence of liquid slugs in
the gas flow channels leads to flow maldistribution [28,42], theories
or models to interpret instability-induced flow maldistribution are
still lacking in the open literature. An attempt was made recently to
analyze the stability of possible solutions of gas and liquid flow dis-
tributions in parallel channels for fuel cells with a one-dimensional
momentum balance equation across the channels [41]. All possible
combinations of gas and liquid flow distributions must satisfy the
equal pressure drop across all channels if they share a common
inlet and outlet. Theoretically, even flow distribution is one default

solution of the equal pressure drop requirement, but experimen-
tal results show that an even distribution is not always observed.
Instead, flow maldistribution appears as a stable solution, indicat-
ing that flow distributions of two-phase flow in parallel channels
depend on not only pressure drop but also flow stability. If the

e drop in two different approaches [41].
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wo-phase flow is operated at an unstable condition, a small per-
urbation will shift the flow to the nearest stable conditions. A more
igorous theoretical analysis should be conducted over a wide range
f operating conditions in the future.

.3. Droplet generation and removal

In the fuel cell, water can enter the gas flow channels from the
as diffusion layer (GDL) media and the behavior of these droplets
s important in understanding the development of two-phase flow.
chillberg and Kandlikar [57] provided a detailed review of water
roplet detachment mechanisms, summarizing relevant operating
ariables such as the channel dimensions, droplet sizes, Reynolds
umber, GDL properties, temperature, water introduction rate, and
as flow conditions. Their review also covered the approaches taken
o study the type of flow, drag forces, and surface adhesion forces
eported in the literature. A static force balance on a droplet emerg-
ng from a GDL into a flow field is given by

P + Fshear + Fdrag = 0 (7)

here FP is the pressure force from the flow field pressure gradi-
nt, Fshear is the shear force exerted on the top wall by the fluid,
nd Fdrag is the drag force exerted on the droplet by the bottom
DL, which is equal and opposite to the surface tension/adhesion

orce before the droplet detaches from the GDL [58]. If the drag
orce balances the adhesion force, the droplet will not be removed
nd the droplet is considered stable. Increasing the drag force until
t is greater than the adhesion force can cause instability, allow-
ng the droplet to be detached from the GDL. Kumbur et al. [58]
urther developed equations for these forces and provided a final

acroscopic force balance containing relevant parameters such as
he contact angle hysteresis (difference in advancing and receding
ontact angles), flow velocity, droplet height, chord length, and the
hannel height. The results of their analysis are in good agreement
ith experimental results. An important conclusion of this study is

hat for a constant droplet size and channel width, a lower channel
eight aids in droplet removal.

When water permeates through the porous GDL, the droplet
rows until the force of gravity or the shearing of the liquid by the
as overcomes the surface adhesion force between the droplet and
he pore [57]. The liquid water droplets appear in preferential areas,
ather than uniformly along the channel [48,53,59]. Once detached,
he droplet moves along the GDL surface, where it can combine with
ther droplets to form slugs [60]. The droplet formation from the
DL surface in PEM fuel cells is difficult to study and simulate in
x situ experiments. Water is often introduced between the middle
nd the end of the channels instead of uniformly along the channel.
lso, droplets have been identified in two categories: land-touching
nd non-land-touching, and those that touch the lands grow faster
nd to a larger size [7]. The location where water droplets are first
bserved also changes over long operating time (3000 h). Observed
t 161, 2036, and 3092 h, the emergence of droplets moved towards
he exit with time [61]. However, most ex situ two-phase flow
tudies are carried out over short time periods (typically <1 h at
ach data point), and conclusions drawn from these ex situ stud-
es on droplet dynamics may not be accurately capturing fuel cells

ith long expected lifetimes, such as 5000 h for cars, due to cell
egradation [62].

Addition of water to the anode channel can also affect cell per-
ormance. After a long time (>1 h) and at low current densities
i < 0.2 A cm−2) water can move into the anode due to a concentra-

ion gradient across the membrane. Characterizing two-phase flow
n the anode channel may also be important when a micro-porous
ayer (MPL) is used. The MPL on the cathode creates a pressure bar-
ier, which forces water to the anode side rather than to the cathode
ide [12].
Fig. 12. Effect of hydrophobicity on contact angle.

From experiments [63], it has been established that the droplet
formation and critical detachment diameter on the cathode side
GDL are a function of the air flow rate, water injection rate, and
material contact angles. For instance, a standard Toray carbon fiber
paper (without PTFE treatment) is highly wettable, which facilitates
water spreading instead of forming droplets. The droplet dynamics
under hydrophilic and hydrophobic conditions are schematically
illustrated in Fig. 12.

When the contact angle is less than 90◦, the surface is
hydrophilic and the droplet wets the surface; when the contact
angle is greater than 90◦, the surface is hydrophobic and the droplet
beads up on the surface. The hydrophobic cases allow a droplet
to reach a critical diameter (depending on the gas and liquid flow
rates) and then detach. However, when the surface is hydrophilic,
the droplet does not detach and remains on the surface, block-
ing oxygen diffusion into the GDL and starving the electrochemical
reaction. The contact angle of the channel wall is also an important
parameter. Theoretically, water film formation along the channel
is dictated by the Concus-Finn condition [64]:

� + ˛ <
�

2
(8)

where � is the contact angle of water on the channel and ˛ is the
half-angle formed by the channel corner. For a rectangular chan-
nel, ˛ is equal to 45◦. The wall contact angle has to be lower than
45◦ in order to achieve film formation along the flow channels. In
PEM fuel cells, the channel walls are usually hydrophilic, and more
hydrophilic channel surfaces are desired for proper water manage-
ment since film flow is considered to be a preferable flow pattern
for water removal in fuel cells.

Ous and Arcoumanis [7] showed that the air velocity that
caused detachment is inversely proportional to the droplet size,
i.e., smaller droplets detached at higher velocities. Taller droplets
are easier to remove than flatter droplets due to a greater drag
force relative to the surface adhesion force. Polytetrafluoroethylene
(PTFE) loading causes the droplet to bead up, which can increase
contact angle hysteresis and therefore more deformation occurs.
Greater deformation of the droplet decreases the surface tension
between the water and carbon fiber paper, leading to detachment.
Temperature is also an important variable in the droplet detach-
ment process. As the temperature increases, the surface tension
decreases, which allows droplets to be removed from the GDL
at lower velocities [14]. Recently, an innovative approach used
fluorescence microscopy to monitor droplet movement, where a
stagnant drop on a hydrophobic GDL moved quasi-statically across
the GDL with a dynamic solid surface to mimic the landing area [65].
The hydrophobic landings remove water more effectively under the

landing areas, facilitating quick water detachment into the flow
channel.

The effect of advancing and receding contact angles is also
important. The definitions of hydrophilic and hydrophobic surfaces
given above are in reference to a static droplet. However, when the
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ig. 13. Contact angle hysteresis showing direction of flow and the resulting advanc-
ng and receding contact angles.

ir flows over the droplet, the droplet deforms and two contact
ngles are created. These are referred to as advancing and receding
ontact angles and are also called contact angle hysteresis, which
ust be considered when modeling droplet detachment from a GDL

urface [9]. A schematic of the dynamic behavior of a droplet with
ontact angle hysteresis is shown in Fig. 13.

Fang et al. [66] further showed the importance of contact angle
ysteresis in a numerical simulation, where the contact angle hys-
eresis is found to impact slug elongation and detachment. The

odel agreed well with the deformation of droplets measured in
icrochannels.
The capillary number, which ratios the viscous force exerted on a

rop by the air to the surface tension, has been used to characterize
he deformation of a droplet. The capillary number, Ca, is defined
s

a = �V

�
(9)

here � is the viscosity and V is the velocity of the continuous phase
in this case air) and � is the interfacial surface tension. Over the
ange of Ca from 0.014 to 0.219, droplet deformation was studied
umerically on a solid surface and it was found that the deformation
as a strong function of Ca when it is large [67]. Droplet detachment

an also be characterized by a critical Ca, which corresponds to
he point that the advancing and receding contact angles reach an
bservable limit [14]. These results were studied numerically and
xperimentally on GDL surfaces relevant to fuel cells.

Different fabrication techniques can alter the surface roughness,
hich is often only reported from the manufacturer as an aver-

ge value [68]. The surface roughness is especially important for
hannels with small hydraulic diameters (0.62–1.067 mm), as the
ressure drop and heat transfer can be increased with increased
urface roughness [69]. The work of Dunbar and Masel [26] sug-
ested that the slugs of liquid water in the channels (monitored by
RI) often move from surface defect to surface defect. These find-

ngs suggest that the surface roughness plays a role in two-phase
ow in PEM fuel cells.

. CFD simulations of two-phase flow in PEM fuel cell flow
hannels

In recent years, several reviews have been published about the
uel cell models. Weber and Newman [70] presented various types
f transport and corresponding models in each fuel cell layer. How-
ver, their review mainly focused on one-dimensional models and
wo-phase flow in gas channels was not taken into account. Wang
71] summarized fundamental models for PEM fuel cell engineering
ut limited the review to computational fluid dynamic (CFD) meth-
ds only. Biyikoglu [72] presented a review about different aspects

f modeling and simulation, including CFD modeling and flow field
esign. Tao et al. [73] presented a comprehensive review of math-
matical modeling of PEM fuel cells, which especially focused on
odel validation and parameter influence. Djilali and Sui [74] gave
critical discussion about computational strategies for the poly-
ources 195 (2010) 4531–4553 4541

mer electrolyte membrane, porous gas diffusion electrodes, and
microchannels. Multi-scale strategies were also discussed. Most
recently, Siegel [75] presented a detailed literature overview of PEM
fuel cells models with a focus on modeling strategies and commonly
used model assumptions. However, no review has been written to
the authors’ knowledge focusing on the presence of two-phase flow
in the gas channels of PEM fuel cells.

5.1. Gas–liquid two-phase flow models for PEM fuel cells

Empirical models, mechanistic models, and computational
fluid dynamics (CFD) models have been developed to study the
gas–liquid two-phase flow. In PEM fuel cells, gas–liquid two-phase
flow occurs simultaneously with mass transfer, heat transfer, and
electrochemical reactions, and is affected by the material proper-
ties in different components. Therefore, CFD models can be effective
tools for the numerical investigation of two-phase flow phenom-
ena in PEM fuel cells. Liquid water transport was first incorporated
in fuel cell modeling in early 2000, with these works treating the
liquid water as a solid species that only occupies a certain volume
fraction [76] or neglecting the convective transport of liquid water
[77]. As computational power increased, more complex two-phase
flow models have been applied to the PEM fuel cell modeling. In this
section, several two-phase flow models applied to PEM fuel cells are
reviewed, including the multi-fluid model, mixture model, volume
of fraction method (VOF), and Lattice Boltzmann method (LBM).
Table 3 summarizes the current literature on CFD simulations of
gas–liquid two-phase flow in PEM fuel cells.

The multi-fluid model was first used in PEM fuel cell modeling
by Berning and Djilali [78]. In this model, each phase is represented
by one complete set of conservation equations (mass, momentum,
and energy), and the two phases are coupled by the saturation state.
This model has only a few assumptions, but requires the highest
number of dependent variables, and the coupling of the phases can
lead to unstable solutions [79].

The mixture model was first used to model PEM fuel cells by
Wang et al. [80] and uses the same equation set as the multi-fluid
model. Each phase is modeled using an individual mass conser-
vation equation, but a single momentum equation is solved to
obtain the velocity field of the mixture, of which physical prop-
erties are the average of the two phases. Each phase velocity can
then be extracted from the mixture velocity in the post-processing.
Recently, Gurau et al. [81] commented that the mixture model was
limited to flows without phase transitions or phase production
because the momentum term due to phase change is neglected. For
more complex situations, such as in PEM fuel cells, this model may
lead to predictions of unrealistic velocity and scalar fields. Although
Wang’s group [82] responded that the “missing” term was rela-
tively small compared with the Darcy term, Gurau [83] insisted
that the missing term possibly had the same order of magnitude as
the Darcy term.

The volume of fraction (VOF) method was developed in the
1970s as a flexible way to simulate complicated free boundaries
[84] and this method has become popular in simulating gas–liquid
flows in fuel cell gas flow channels since first applied by Quan et al.
[85]. The model can simulate immiscible fluids by solving a single
set of momentum equations and then tracks the volume fraction
of each of the fluids throughout the domain. Due to its capacity to
consider surface tension and wall adhesion effects, liquid droplet
behaviors can be captured and traced. Thus, this model is especially

suited for surface tension dominated flows and flows in channels
with different wall materials. However, because the specific struc-
ture of the flow domain is required this model has been only applied
to gas flow channel simulations, and it is difficult to couple to the
electrochemical reactions in the fuel cell.
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Table 3
Selected studies on modeling of gas–liquid two-phase flow on PEM fuel cells.

Models Authors Research aspects Remarks

Mechanistic model Chen et al. [87] Effects of gas flow velocity, flow channel length and height, and
contact angle hysteresis on the droplet detachment diameter

No water injected, single sphere
droplet

Chen [88] Effects of channel height, contact angle hysteresis and
water-droplet size on the critical gas flow velocity

No water injected, single sphere
droplet

Multi-fluid model He et al. [89] Effects of wettability on the droplet detachment diameter Single droplet

VOF Theodorakakos et al. [14] Effects of temperature on the droplet detachment Single water inject pipe
Zhan et al. [90] Effects of gas flow velocity, wettability and flow channels on the

droplet removal
Liquid water was injected from the
same inlet as gas

Cai et al. [91] Effects of wettability on the droplet removal. Liquid droplet was initially
attached to the GDL surface

Shirani and Masoomi [67] Effects of gas velocity, the density and viscosity of water, and the
surface tension coefficient on the flow pattern

No water injected, single droplet

Zhu et al. [92] Effects of channel size and pore diameter on the water droplet
motion

Single pore, high liquid flow rates

Bazylak et al. [93] Effects of GDL microstructure on the droplets motion Only two water inject pipes
Zhu et al. [94] Effects of wettability of channel walls, pore diameter, gas velocity,

and liquid water velocity
Single pore, high liquid flow rates

Zhu et al. [95] Effects of air and water velocity, pore diameter and the wettability
of the GDL surface

Single pore, high liquid flow rates

Fang et al. [66] Effects of contact angle hysteresis Single water inject pipe
Le and Zhou [96] A 3D general model of PEM fuel cell coupled VOF method Homogenous GDL and electrode
Le and Zhou [97] Flow behaviors of liquid water in serpentine-parallel flow channels Homogenous GDL and electrode
Quan et al. [85] Behavior of liquid water in a U-shaped serpentine gas channel Liquid water was initially attached

to the GDL surface
Jiao et al. [98] Behavior of liquid water in a complex parallel serpentine channel Liquid water was initially attached

to the GDL surface
Jiao et al. [99] Air-water flow in a 3D straight micro-parallel-channel Liquid water was initially attached

to the GDL surface
Quan and Lai [100] Effects of channel wettability, channel geometry, and air inlet

velocity on water behavior
Homogenous GDL

Jiao and Zhou [101] Investigation on three innovative GDLs microstructure designs Homogenous catalyst layer
Jiao and Zhou [102] Effects of electrode wettability Homogenous catalyst layer
Ding et al. [110] Two-phase flow pattern, effects of GDL microstructure, surface

wettability, liquid flow rates
Multiple pores, simplified GDL
surface

LBM Hao and Cheng [103] Effects of gas velocity and GDL wettability Single pore
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Mixture model Wang et al. [104] Effects of air stoichio
Basu et al. [105] Effect of GDL intrusio
Basu et al. [106] Maldistribution effec

Instead of solving the Navier–Stokes equations like traditional
FD methods, the Lattice Boltzmann method models the fluid as
ctive particles, which perform consecutive propagation and col-

ision processes over a discrete lattice mesh. In conventional CFD
odels, it is difficult to implement microscopic interactions, such

s interfaces between gas and liquid phases, into the macroscopic
avier–Stokes equation. However, in the LBM, the particulate
inetics provides a relatively easy and consistent way to consider
he microscopic interactions by modifying the collision operator
86]. Thus, this method shows great potential to simulate the two-
hase flows in PEM fuel cells. Unfortunately, as a mesoscopic model,

t is difficult to apply this method to large length scales, and cou-
ling this model with heat transfer and reactions is still a challenge.

.2. CFD simulations of two-phase flow in gas flow channels

.2.1. Droplet behavior
Understanding the liquid water motion in gas flow channels is

ssential for effective water management in a PEM fuel cell. Early
wo-phase flow models always assumed the liquid water moving at
he same velocity as the gas flow, called mist flow [107,108]. How-
ver, as discussed in Section 3.2, in situ experiment results showed

hat water emerging from the GDL surface formed droplets rather
han mists (Fig. 14), especially at a high current density or a low
as stoichiometric ratio. Therefore, the droplet behavior in the gas
ow channel must be well understood to accurately characterize
wo-phase flow in the gas channels.
and relative humidity Homogenous electrode and GDL
e edge channels Homogenous electrode and GDL

arallel channels Steady-state and isothermal

The critical detachment diameter of a droplet is different with
respect to changing operating conditions, channel design, or using
different materials. Chen et al. [87] developed a two-dimensional
simplified cylindrical droplet model to predict the instability of
a single water droplet based on macroscopic force balances and
a droplet-geometry approximation. Their qualitative results indi-
cated that increasing the flow channel length or mean gas flow
velocity, decreasing channel height or contact angle hysteresis, or
making the GDL surface more hydrophobic would reduce the crit-
ical detachment diameter and enhance the removal of droplets.
The same model also predicted the critical gas velocity required
for a spherical water droplet to detach from the GDL surface [88]. It
was found that the critical gas velocity varied inversely with water-
droplet size (to the 2/3 power), and decreased with increasing GDL
surface hydrophobicity, decreasing contact angle hysteresis, and
lowering the channel height. However, the geometry approxima-
tion used in this simplified model would result in an inaccurate
drag force on the droplet, especially at high gas flow velocity. Para-
metric studies with the VOF method [92] showed that the height
of the channel as well as the width of the pore had a significant
impact on the detachment of the water droplet. The critical velocity
was found to decrease with increasing droplet size and decreasing

GDL pore diameter. Zhu et al. [109] also investigated the effects
of channel geometry on the droplet dynamics. Lower aspect ratios
reduce the GDL coverage ratio due to droplets attaching to the top
wall, but lower aspect ratios also increase the pressure drop. A
rectangular channel with a curved bottom wall was found to have
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Fig. 14. Visualized water droplet formati

minimum coverage ratio and water saturation and a moderate
ressure drop. However, the liquid flow rates in their simulations
ere much higher (several orders) than those in a realistic PEM fuel

ell and the droplet motion may be quite different at low liquid flow
ates corresponding to real fuel cell operation.

More hydrophobic GDL surfaces aid in droplet detachment
ecause of lower capillary forces, as shown by He et al. [89] using
he multi-fluid model. These results are in agreement with Hao and
heng [103], who applied a multiphase LBM approach to show that
igh gas flow velocities and a more hydrophobic GDL surface were
eneficial for the water removal. An analytical model based on a
orce balance was also developed to predict the droplet detachment
ize. Zhu et al. [94] found that the critical air velocity for detach-
ent decreased with increasing hydrophobicity of the surface and

ncreasing the initial size of the droplets. Temperature also has an
ffect on the droplet’s detachment [14]. Experimentally measured
ontact angles and operating conditions were input into a numeri-
al model based on the VOF method where water was injected from
single pipe. The results showed that higher temperatures facilitate

he droplet’s detachment due to lower surface tension and adhe-
ion forces. Contact angle hysteresis plays a major role in droplet
etachment dynamics. Fang et al. [66] investigated the effects of
ontact angle hysteresis on the droplet detachment height using
he VOF method and showed that without considering the contact
ngle hysteresis, the droplet’s detachment height was quite differ-
nt from what was observed in the experiments. These results are
hown in Fig. 15. The results also implied that the contact angle
istribution along the droplet can be approximated by piecewise

inear functions.
After detachment, a liquid droplet may have different behav-
or while moving along the gas flow channel because of different
perating conditions or materials (different wettabilities of chan-
el surfaces). A hydrophobic GDL surface and hydrophilic channel
idewall, which is a common condition in PEM fuel cells, turns
ispersed droplets into thin water films attached to the channel

ig. 15. Droplet detachment height versus air velocity. Both hysteresis and non-
ysteresis results are presented for comparison with experimental results [66].
d detachment from the GDL surface [14].

sidewalls [91]. Shirani and Masoomi [67] also used the VOF method
to investigate the motion of a liquid droplet. By studying the effects
of gas velocity, the density and viscosity of water, and the surface
tension on the droplet deformation, it was found that the droplet
shape strongly depended on the capillary number when the cap-
illary number was large and poorly correlated with the Reynolds
number.

5.2.2. Flow patterns in a PEM fuel cell
In the above section, the focus was mainly on the dynam-

ics of a single droplet. However, in PEM fuel cell gas channels,
droplets always emerge from GDL surface at multiple sites. Thus,
the two-phase flow pattern can be different from the single droplet
behaviors discussed above due to the coalescence of droplets.

Bazylak et al. [93] studied multi-droplet effects by employing
two pipes to represent the microstructure of the GDL. With an ini-
tially dry GDL and gas channel, slug flow and channel flooding
followed the motion of individual droplets. More recently, Ding
et al. [110] studied the effect of the GDL surface microstructure
by varying the pore diameters and the number of pores with the
VOF method. Three stages were identified during the droplet for-
mation: droplets merging on the GDL surface, accumulation on
the channel sidewalls, and detachment from the top wall. These
results are shown in Fig. 16. The results also showed that differ-
ent GDL surfaces would result in significantly different two-phase
flow patterns. However, when the pore size was small enough (and
the pore number was large enough), the flow pattern would not
change with further reduction in the pore diameter. This result
suggested that the GDL surface microstructure could be simplified
by increasing the pore size to reduce the computational time. The
material wettability had a strong impact on the two-phase flow
pattern and pressure drop, where more hydrophilic sidewalls or
more hydrophobic GDL surfaces were beneficial for water removal.

Jiao and Zhou [101] used several small cubes or trapezoids with
the same volume to represent the pores from which liquid water
could emerge from a GDL. The results indicated that the trape-
zoidal porous holes with the minimum area facing the gas flow
channel were beneficial to the liquid removal due to enhanced air
flow inside the GDL. Furthermore for these microstructure designs,
the hydrophobicity level of the catalyst layer must be greater than
or equal to the GDL in order expel liquid water into the gas flow
channel [102].

Channel design is another key factor that affects the two-phase
flow pattern. In fact, the appropriate design of flow channels has
been considered the most successful strategy in addressing water
flooding issues [1]. Three commonly used flow fields in PEM fuel
cells are parallel/straight channels, serpentine channels, and inter-
digitated channels.

Zhan et al. [90] showed that straight channels with high air

velocities and more hydrophobic surfaces are beneficial to the liq-
uid water removal. However, in this study liquid water was injected
with the inlet gas, which is different from droplets emerging from
GDL surfaces in real PEM fuel cells. Simulation results using the VOF
method indicated that the bend area inside a U-shaped microchan-
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Fig. 16. Three stages of the emerging water droplet into a

el played an important role in determining water behavior [85].
ater flooding could occur in the “after-bend” section, and, with

arger amounts of water, the water distribution following the U-
end can block the reactant transport inside the flow channel.
owever, liquid droplets were initially placed in the channel, which

s different from an actual PEM fuel cell where the droplets emerge
rom GDL surfaces. Jiao et al. [98] presented a numerical investi-
ation of two-phase flow in a more complex parallel serpentine
hannel format with manifolds with water droplets initially placed
n the channel. Using the VOF model, the serpentine gas flow chan-
el’s “collecting-and-separating-effect” facilitated water drainage,
nd it was recommended that keeping the area that has the higher
mount of water close to the outlet manifold was beneficial for
ater drainage. Jiao et al. [99] further simulated a 3D straight
icro-parallel-channel format with PEM fuel cell stack inlet and

utlet manifolds. It was found that the outflow manifold might be
asily blocked by water even if the amount of water was small. A
urved channel wall was suggested to prevent water from flow-
ng back to the air inlet, allowing water to move into the flow field
hannels faster.

Quan and Lai [100] numerically investigated the effects of chan-
el surface wettability, channel geometry, and air inlet velocity
n water behavior, water content inside the channel, and two-
hase pressure drop. The results showed that the pressure drop
as caused by channel blockage and the gas–liquid drag force. A
ydrophilic channel surface could benefit the transport of reactants
o the reaction sites, but would also introduce a significantly higher
ressure drop. A sharp corner channel could be a better design
ption since it would provide a space for water accumulation and
aths for water to climb onto upper surfaces. Increasing the inlet
elocity could facilitate water management, but the corresponding
ressure drop was also increased linearly.

Non-uniform flow distribution (maldistribution) in multiple
hannels is another major concern in channel design. Wang et al.
104] developed a mixture model to simulate the simultaneous flow
f liquid water and gaseous reactants in straight minichannels of a
EM fuel cell. The results showed that under fully humidified inlet
onditions, liquid water built up quickly at the inlet and was fol-
owed by a slow increase downstream. Water was found to stick
round the region with a geometrical heterogeneity. They [106]
lso examined the maldistribution effects in parallel channels of
EM fuel cells, where GDL intrusion into the channels was found
o cause severe flow maldistribution. And the intrusion of GDL can
e experimentally measured by a method based on residence time
istribution in fuel cell flow fields [40]. Employing flow splitters

n the inlet manifold can mitigate such flow maldistribution. How-
ver, their simulation results were steady-state and isothermal, and
roplet formation cannot be captured using this two-phase flow
odel.
.2.3. PEM fuel cell performance
The literature discussed above mainly focused on the hydro-

ynamic behavior of two-phase flow in the gas channel without
onsidering electrochemical reactions. Although these studies can
el: (a) merging, (b) accumulating, and (c) detaching [110].

provide a fundamental view of liquid water evolvement into the
flow field channel, the lack of reaction makes it difficult to predict
the complicated two-phase phenomena happening in a real PEM
fuel cell. The non-uniform reaction in the catalyst layer results in
a non-uniform water generation rate and thus has a great impact
on the subsequent two-phase flow in flow field channels. Mean-
while, non-uniform water distribution in flow field channels also
affects the diffusion of reactants, which reduces the PEM fuel cell
performance.

A general 3D model of a PEM fuel cell has been developed
by Le and Zhou [96], which couples the VOF method with elec-
trochemical reaction, heat transfer, and species transport. Liquid
droplets were initially located on the sidewalls of a single serpen-
tine cathode channel and the two-phase flow patterns, effects of
channel structure, current density, and temperature distribution
were discussed in detail. Furthermore, they applied this model to
investigate the flow behavior of liquid water in serpentine-parallel
flow channels [97] and in interdigitated flow channels [111]. The
results showed that the liquid droplets caused high pressure drop,
decreased the local cell temperature, and blocked the pathway of
reactants, but the droplets also increased the ionic conductivity of
the catalyst layers and the membrane. However, the GDL, catalyst
layer, and membrane were all assumed to be homogenous media,
and it is not appropriate to apply the VOF method to a homogenous
porous region. To improve the cell performance, the flow channel
aspect ratio can be modified to increase the sub-rib convection. This
increase resulted in higher reactant velocity, faster liquid water
removal, and better cell performance [112]. However, excessive
sub-rib convection may also dry out the membrane.

Flow maldistribution is an issue in an operating PEM fuel cell,
as shown by Basu et al. [105] via an integrated mixture model with
electrochemical reactions. The model was validated against exper-
imental data of the wetted area on the GDL surface and pressure
drop on the cathode side. The effect of GDL intrusion at the edge
channels, which can lead to flow maldistribution, was numerically
studied and the results are shown in Fig. 17.

At low flow rates, channel intrusion blocks the GDL surface
and makes the edge regions starved of reactants. Innovative flow
field designs, such as those developed by Wilkinson et al. [113],
are required to mitigate this type of flow maldistribution of gas
reactants.

6. Water mitigation strategies

Water in the PEM fuel cell is an unavoidable product of the
electrochemical reaction and the presence of local oversaturated
water vapor. Therefore, water mitigation, as part of the overall
water management, will always be an issue for PEM fuel cells.
Even if steps are taken to avoid severe flooding in active fuel cells,

considerations need to be given to the increased parasitic power
loss associated with implementing water mitigation strategies. The
main purposes of these strategies are to maintain a water balance
inside the cell and to reduce the damages associated with two-
phase flow inside the flow field channels, the gas diffusion layers
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Fig. 17. Plots of local stoichiometry of different channels

GDLs), and the catalyst layers (CL). Some of the methods used to
mprove water management are based on simply modifying the
perating conditions of the fuel cell, which in part depend on the
argeted application. The different components of a fuel cell system
an also be individually designed in order to mitigate the overall
ater management issues. In addition, the use of extra systems or

omponents (e.g., external valves, acoustic woofers, electroosmotic
umps, etc.) has been developed to improve the cell’s performance
y solving durability issues related to poor water management.
owever, many water management approaches lead to increased

ystem volume and complexity, so continued study into two-phase
ow and its applications to water management is still essential.

.1. Operating conditions

Modifying the operating conditions in fuel cell systems is a com-
on water mitigation strategy. A key goal for the PEMFC is to

eep all water in the vapor state but close to saturation to pre-
ent membrane dehydration. Some of the operating conditions
hat determine the water accumulation (or water dehydration)
nside a fuel cell are gas flow rates, pressures, temperatures, rel-
tive humidities, and specific current loads at which the fuel cell is
unning.

Usually, gas flow rates are based on stoichiometry, which is
efined in Eq. (3). Since most of the water is accumulated on the
athode side of the fuel cell, much attention has been paid to
he effect of high air/oxygen flow rates on the removal of water.

hen pure oxygen is used, the required stoichiometry is typically
etween 1.2 and 1.5, and when air is used the stoichiometry is 2.0
r higher [114]. Higher gas flow rates increase the cell performance,
ut also increase the total parasitic losses since the air compressor
ould consume more power [31]. Through the use of a transpar-

nt fuel cell, Liu et al. [6,115] observed how the accumulated water
roplets and slugs in the flow field channels are removed efficiently
hen higher air flow rates are used. Although the performance of

he cell improves with higher air stoichiometries, excessively high
ow rates dry the membrane and the overall voltage decreases
ignificantly. Natarajan and Nguyen [116] demonstrated that high
ow rates affect the local current densities and ohmic resistances
f the membrane, especially near the inlet of the cathode flow field
hannel due to membrane dehydration.

The use of high gas flow rates can also be used in order to

urge accumulated liquid water inside the channels, the GDL and
he membrane. This purging step is especially important when the
uel cell is operated at freezing temperatures, thus, dry gas is used
t both reactant streams during the shutdown procedure in order
o eliminate most of the liquid water [117–119]. In some cases,
erent intrusions on (a) cathode and (b) anode sides [105].

avoiding anode purging also helps to improve the overall fuel cell
efficiency of the system [117]. One of the parameters that affect
the gas purging method is the moment at which it is performed. If
the stack is purged right after cell operation, then there is a high
probability that a large amount of water will still stay inside the
cell after purging. Conversely, if the cell is allowed to cool to room
temperature, a greater amount of water will condense and the dry
gas can remove it more effectively. Another factor for this process
is the purge duration in which the gas purging should be performed
at. The resistance of the membrane increases significantly after a
specific period of time in which the water near the membrane is
evaporated. Ideally, the purge is not performed for extensive peri-
ods of time because a dry membrane (high membrane resistance)
will have a direct impact on the current that the stack will be able to
achieve during the cold startup. Normally, gas purging is performed
for not more than a minute [117,120]. One other parameter that
can have a direct impact on the stack’s performance after purg-
ing is the humidity of the purging gas. As stated previously, dry
gases are normally used for this procedure, but they can increase
the membrane resistance very rapidly. Introducing humidity to the
purging has can reduce the degradation of the membrane without
significantly affecting the removal of water from the cell [121]. The
use of humidity in the purging step becomes even more important
after a number of freeze/thaw cycles in order to avoid overall per-
formance degradation [122,123]. Tajiri et al. [124,125] proposed an
experimental purging method where a partially humidified gas is
introduced to the fuel cell for several hours. Through this method,
the water inside the fuel cell evaporates and the water content in
the membrane reaches a thermodynamic equilibrium. Thus, the ini-
tial water content in the membrane is well defined prior to the cold
start tests. It is important to note that this method is intended for
laboratory purposes only since it is not realistic in practical applica-
tions (increase of parasitic losses). For more information on purging
and its influence in cold starts, the reader is recommended to view
the following studies [126–129].

The pressure of the gases, the pressure drop within the flow field
plates, and the pressure difference between the anode and cath-
ode sides are vital parameters that can be manipulated in order to
improve the water removal inside fuel cells (details about flow field
designs and their pressure drops are given in Section 6.2.2). Anode
water removal, proposed by Ballard Power Systems [130–132], cre-
ates a pressure drop between the anode and cathode to modify the

water concentration gradient of the proton exchange membrane.
This gradient increases the back diffusion rate of water from the
cathode towards the anode, reducing the water amount on the cath-
ode side. Although this method can be accomplished by modifying
the relative humidity or thermal gradient of the anode side, the
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Fig. 18. Example of the improvement of a single cell p

ecommended approach is to create a pressure drop within the cell
131]. The pressure of the anode gas stream decreases along the
ow channel at high fuel flow rates (high stoichiometries) of the

uel gas. Once the flow rate reaches an optimum level, the pres-
ure drop draws water from the cathode side towards the anode
hrough the membrane. The cell voltage increases with higher fuel
ow rates until a peak in performance is reached (Fig. 18), where the
ell’s internal resistance increases with high flow rates due to the
embrane drying out from too much water removal [131]. A clear

dvantage of this method, especially if the fuel cell system recycles
he hydrogen used, is that it does not increase the parasitic losses
nvolved with the use of high air flow rates. However, one concern

ith this approach is the possible degradation (and possible rup-
ure) of the membrane caused by the pressure differences between
he anode and cathode sides. Another issue with this method is the
arasitic losses involved with the increase of hydrogen flow rate
nd its direct impact on the overall fuel efficiency in the system.

The temperature of the fuel cell has a great effect on the over-
ll cell performance and on the water accumulation inside the flow
eld channels. At low temperatures, more liquid water accumulates

n the channels, which blocks the airflow and decreases the cell’s
erformance due to the lack of oxygen reaching active sites in the
atalyst layer. Once the temperature is increased, the amount of liq-
id water in the channels is reduced since the vapor condensation
ate at high temperatures is slower than at low temperatures [115].
herefore, the flow channels are substantially less blocked with
ater and the cell’s performance improves. In addition, when the

ell temperature is increased the cathode pressure drop decreases
ince there is less liquid water present in the gas diffusion layers and
ubsequently the flow channels [133]. Chuang et al. [134] observed
hat even slight changes of the cell temperature (76–80 ◦C) are
nough to decrease the amount of liquid water accumulated in
he channels and in the GDLs, especially at high current densities.
igher temperatures also decrease the surface tension and viscos-

ty of liquid water, facilitating more convective water removal in
he flow channels [133]. Increasing the temperature between the
athode inlet and outlet to establish a thermal gradient has been
hown to be an effect method for water management [135]. This can
e accomplished through the use of a coolant flow field that can cre-
te such temperature gradients. In addition, temperature gradients
an be controlled inside fuel cell stacks in order to improve fuel cell
tartup from freezing temperatures. Bradean et al. [136] presented

new stack design in which the stack was insulated everywhere

xcept on one stack end, and in the other end a heat reservoir is
laced between the stack and the insulation. After shutdown, the
eat in the heat reservoir flows through the stack, improving the
ater mitigation inside the MEAs. In general, the use of tempera-
ance due to the anode water removal method [131].

ture gradients in order to control the water migration from one side
of the membrane to the other, also referred to as thermo-osmosis,
is of critical importance so the overall water issues can be reduced
[137,138]. A number of researchers have studied this temperature
driven flow, but more work still needs to be performed so it can
be fully understood and used efficiently in future fuel cell designs
[139,140].

The relative humidity is another important operating condition
that can be manipulated to mitigate water flooding and two-phase
flow inside fuel cells. Bernardi [141] discussed how the water
balance in fuel cells is more sensitive to changes in the relative
humidities at the inlet of the air stream than at the inlet of the fuel
side, leading most studies to deal with the relative humidity on
the cathode side. Büchi and Srinivasan [142] performed tests with
dry gases and showed the performance of the cell was lower com-
pared to the same cell with humidified gases. This performance loss
was attributed to the increase of the membrane’s resistance due to
dehydration (and reduced liquid content in the channels and MEA).
In general, the ideal relative humidity (if necessary) for a fuel cell
system has to be determined based on the flow field design, the
MEA materials, and the application in which the fuel cell system
will be used. For example, if the GDL does not have enough poros-
ity it may not remove water efficiently at higher water production
rates. However, at dry conditions that may be favorable since the
water accumulated in the GDL can keep the membrane humidi-
fied. Fig. 19 shows an example of a single fuel cell with and without
humidified gases. It is evident that at high current densities (greater
than 2000 mA cm−2) the membrane is likely dehydrated, causing
the cell performance to quickly deteriorate. Although at the mid-
range current densities the cell with dry gases performs similarly
to the humidified gases, it is important to note that after prolonged
hours of operation a number of failures are encountered, which are
likely associated with the dry gases (i.e., dehydration due to lack of
water content in the fuel cell). In general, there should be a water
balance inside the fuel cell, and the ideal humidity for a specific
fuel cell design and operating condition(s) should be the one that
achieves such balance.

6.2. Fuel cell design

Manipulating the proton exchange membrane, the catalyst
layer, the gas diffusion layers, and the flow field channels to

improve the overall water management inside fuel cell stacks are
all valid water mitigation strategies that have been studied and
developed. It is important to note that one main concept that can
be implemented in any fuel cell component is based on creating
non-uniformity and in-plane gradients in the fuel cell structure in
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ig. 19. Comparison between humidified gases (100% relative humidity) and no h
0.4 mg Pt cm−2 in each side), SGL 25 BC GDLs for both anode and cathode sides. The

rder to improve the overall performance of the cell [143]. These
radients along the MEA’s surface (or between components) can
hange the electrochemical activity, or modify the water trans-
ort along the whole cell. For example, by creating pressure and/or
emperature gradients along the GDLs and the flow field channels
between the inlet and the outlet points of the gas streams) the
ccumulation of water and subsequent water removal can be sig-
ificantly improved. Many other parameters can be manipulated
on-uniformly such as hydrophobicity (PTFE content) and porosity.

.2.1. Membrane electrode assembly design
Designing and modifying each component of the MEA is a com-

on strategy to reduce water accumulation and two-phase flow
nside the flow field channels and the whole fuel cell. The use
f thin membrane materials improves the back diffusion rates of
ater from the cathode side towards the anode side. However, due

o mechanical strength issues the membrane cannot be too thin
ecause pinholes can be formed quickly and the membrane can dry
ut more quickly. Membranes between 25 and 40 �m in thickness
re recommended for most fuel cell applications [144].

One approach to reduce two-phase flow within the cell and
hannels is to use membranes with porous fiber wicks, as proposed
y Watanabe et al. [145]. In this method, twisted threads of porous
olyester fibers are coupled to the proton exchange membrane in
rder to supply water directly to the membrane. Thus, the MEA has
ess resistance and is fully humidified without the need to humidify
he reactant gases prior to entering the cell. They also found that
educing the amount of porous fibers can modify the amount of
ater supplied through the wicks depending on the current density

nd fuel cell application.
Catalyst layer structure can also be modified in order to reduce

he effect of flooding by improving the gas and liquid water trans-
ort [144,146]. Lin and Nguyen [147] proposed a catalyst layer
tructure that separates transport channels for gas and liquid
hases. The structure has a number of ionic (Nafion) and elec-
ronic (carbon with catalyst) interconnected paths for proton and
lectron transport. The ionic film must be thick enough to avoid
onic resistance but thin enough to facilitate gas transport. This
tructure also has hydrophobic particles (Teflon) filling parts of
he empty spaces between the ionic and electronic networks in
rder to allow gas and liquid transport. Thus, the voids near the
onic film (hydrophilic) help liquid transport and the voids near

he Teflon particles help the gas transport. Watanabe et al. [148]
eveloped thin self-humidifying membranes that have highly dis-
ersed nanocrystallites of Pt and oxides (such as TiO2 or SiO2). The
t particles along with the oxides allow the reaction of H2 and O2,
hile keeping the product water on the hygroscopic oxides.
fied (dry) gases. The MEA was composed of a Gore 5510 Primea Series membrane
e area was 50 cm2.

Gas diffusion layers used in PEM fuel cells are normally treated
with an agent such as PTFE or fluoroethylenepropylene (FEP) to
increase hydrophobicity. For cathode GDLs, this coating is vital
since most of the water produced and accumulated inside the cell
exits through the cathode side. For the anode GDL, this coating
is not as critical but still important when dealing with back dif-
fusion of water and to give more structural strength to the GDL.
The appropriate amount of PTFE content should be determined for
both the anode and cathode GDLs. The most common loadings of
PTFE and FEP are from 5 to 30 wt%. Lin et al. [147] did an exten-
sive study on the effect of the PTFE content on the performance
of Toray and SGL SIGRACET carbon fiber papers. It was observed
that increasing the hydrophobicity of the GDL enhanced both the
gas and water transport when the fuel cell was operated with high
levels of humidity. However, excessive amounts of PTFE reduced
the amount of hydrophilic pores, deteriorating the water flow out
of the catalyst layer and the GDL. Through the use of a transparent
fuel cell, Spernjak et al. [12] observed that with treated GDLs the
water produced at the cathode side emerged as droplets on the sur-
face of the material over the entire visible area. With the untreated
GDLs, water preferred to be in contact with the sidewalls of the
channels, and the water formed films and slugs near the walls. This
behavior caused greater water management issues and lowered
gas transport towards the active areas. A novel method to increase
the hydrophobicity of the GDL was presented by Ji et al. [149], in
which the water-proof oil dimethyl silicon (DMS) was sprayed onto
one of the surfaces of the GDL and then extracted with a water
pump from the opposite side, allowing the oil to pass through the
pores of the GDL. The material was then heated to remove any sol-
vent residue. It was shown that water management of a fuel cell
with these GDLs improved significantly, especially at high current
densities and with over humidified conditions [150].

Normally, the hydrophobic content in the GDLs is constant
throughout. However, if certain parts of the GDL have different PTFE
contents then the water behavior can be manipulated. A method to
vary the PTFE content of a GDL was developed by Mathias et al.
[150], leaving high and low PTFE particle density regions around
the GDL. Another way of manipulating the GDL in order to over-
come water issues is by varying the GDL porosity in specific areas
[151]. For instance, grooves or holes can be inserted in the carbon
fiber paper in areas where water flooding is a major issue [152].
The location and size of the holes depends on the current densi-

ties and the other operating conditions at which the fuel cell will
be used. Using carbon cloth materials, which are more porous, in
locations of greater water flooding and using carbon fiber paper
in the remaining active areas can also create differences in GDL
porosity.
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ig. 20. Comparison between gas diffusion layers (GDLs) with and without mic
0.4 mg Pt cm−2 in each side), SGL 25 DC GDL for the anode side, and the cathode GD

Another strategy for improving the water transport inside fuel
ells is by using a thin micro-porous layer (MPL) on the surface
f the GDL that faces the catalyst layer and the membrane. This
ayer is made with carbon black particles and PTFE (i.e., the layer
s hydrophobic), and is usually deposited only on top of one of the
DL surfaces, forming a double-layer diffusion layer. The MPL forms
maller pores and acts as another mechanism to reject water, which
s critical when the fuel cell is operated at high humidity levels
153]. Micro-porous layers are now commonly used to improve
he overall performance and voltage stability of fuel cells [154].
owever, it is still unclear exactly how the MPL affects the water

ransport mechanism inside the GDL and the MEA. More experi-
ental work is necessary in order to investigate how the MPL helps

he performance of the fuel cell [155]. Fig. 20 shows the perfor-
ance of a fuel cell with and without an MPL on the cathode GDL.

t is obvious that at most current densities (and at the peak power
ensity) the MPL has a significant influence on the performance of
he cell due to the improved water removal and management.

The hydrophobic particles in the MPL can be distributed along
he GDL surface such that certain areas have more (or less)
ydrophobicity, creating a gradient that can manipulate the water
ransport. Chen et al. [155] designed a non-uniform water man-
gement layer (or MPL) that was able to keep the relative humidity
nside the whole MEA stable within a specific range instead of let-
ing it increase between the inlet and outlet regions. Thus, the
roton exchange membrane was kept uniformly hydrated, which
esulted in superior performance at high current densities.

.2.2. Flow field design and configuration
The flow field channels distribute the reactant gases over the

lectrode surfaces as uniformly as possible in order to utilize as
uch of the active catalyst area as possible. These channels also

ave to collect and remove the product water in order to mini-
ize any water flooding. In addition, these flow fields have fixed

hannel geometries and fixed active areas, which determine the
eactant flow characteristics over the operating range of the fuel
ell. The most common flow field designs currently in use are par-
llel (straight) channels, serpentine, and interdigitated [156–159].
he parallel design is made of a number of straight channels con-
ected to common inlet and outlet headers. One issue associated
ith this design is that water tends to accumulate in the channels

nd the pressure drop is too low to remove the water [114,157].

his issue leads to the maldistribution of the reactant gases in the
ow field, causing reactant starvation in some channels and an
xcess of reactant in other channels. Serpentine flow fields have
ne or more continuous channels connected to an inlet and out-
et header and typically follow a path with several bends. These
rous layers. The MEA was composed of a Gore 5510 Primea Series membrane
re SGL 25 BC (with MPL) and 25 BA (without MPL). The active area was 50 cm2.

flow fields generally have longer channel lengths and a greater
pressure drop along the channels due to the bends, which facil-
itates water removal. Multiple serpentine channels are used for
large active areas in order to avoid excessively high pressure drops
[158]. Li et al. [160] presented a method for designing serpentine
flow fields based on an appropriate flow channel pressure drop so
that all of the liquid water is evaporated and removed from the
cell through the flow fields. However, it is important to note that
the cells designed through this method exhibited inferior perfor-
mance compared to similar cells found in literature and that the
pressure drop can result in a significant parasitic loss for the fuel
cell system.

In interdigitated (or discontinuous) flow fields, there are a
number of parallel discontinuous channels (i.e., the channels are
discontinuous from the inlet header to the outlet header). The reac-
tant gases are forced to flow through the porous electrodes (or GDL)
in order to reach the channels connected to the outlet manifolds.
Since the gases are forced along a short path through the GDL and
catalyst layer, the liquid water is removed more efficiently, result-
ing in better performance at higher current densities. However,
these flow fields do not remove the water located at the inlet of
the channels properly, and the voltage stability at low loads (cur-
rent densities) is very poor [159]. In general, this flow field type is
most ideal for high current densities, but it increases the parasitic
losses due to the larger pressure drops.

It is important to note that the direction in which the flow fields
(coolant included) of a fuel cell are placed also has an influence
on the overall water management and performance of the cell.
Depending on the application, it may be desirable for the coolest
region of the coolant channels to coincide with the area in which
the oxygen concentration in the cathode channels is the highest
and where there is the least amount of water in the cell. Wilkin-
son et al. [135] used this approach to create a thermal gradient from
cathode inlet to outlet to keep the product water in the vapor phase
(see Section 6.1). They also operated a fuel cell with dry gases by
using the cathode and coolant flow field in co-flow and the anode in
counter-flow. Similarly, cross-flow operation between the fuel and
the oxidant channels may be preferred to co-flow or counter-flow
configurations (see Fig. 21).

The use of porous plates with standard flow fields has improved
water management in fuel cells, especially when dealing with dry
conditions and gases at ambient pressures [161]. United Technolo-

gies Company (UTC) developed a fuel cell stack with porous bipolar
plates in which the pores are filled with liquid water [162–165].
These plates have coolant flow fields filled with water on one side
and gas flow channels on the other that are in contact with the
MEA. Since the plates are gas impermeable, the gas does not dif-
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ig. 21. Comparison between co-flow, cross-flow and counter-flow configurations b
eries membrane (0.4 mg Pt cm−2 in each side), SGL 25 DC GDL for the anode and SG

use through the pores towards the coolant channels. The water
ccumulated in the gas channels is wicked towards the coolant
ide since the gas streams are at higher pressure than the coolant
treams. Thus, issues related to water accumulation in the flow field
hannels are reduced significantly. Miachon and Aldebert [166] also
sed a porous plate to improve water management by forcing the
tack gases to pass through porous carbon blocks situated between
on-porous graphite plates in order to reach the GDL instead of
owing through channels.

Another way to modify the flow field channels to reduce the
ccumulation of water in the GDL and in the flow channels is
hrough the use of absorbent wicking materials. Examples of
hese materials include polyvinyl alcohol sponges, absorbent cot-
on cloth, and absorbent cotton paper [167,168]. These wicks can
e located near the inlet and outlet areas of the flow field in order
o absorb excess water and to humidify the dry gases that enter the
hannels, which eliminates the need for a humidification system.
n a similar method, Sugiura et al. [17] used porous stainless steel
heets as water adsorption layers that were located between the
EA and the flow field channels. Although the water accumulation

n the channels was reduced with these layers, the overall ohmic
esistance increased, resulting in no overall improvement in the
ell’s performance.

The cross-sectional shape of the flow field channels also plays a
ey role in the effective water removal inside the flow field plates.
or example, Trabold et al. [169,170] demonstrated how triangu-
ar shaped flow field channels can have designated localized water
ollection regions. The water then accumulates away from the gas
iffusion layer, which allows more gas to reach the catalyst layer.

n addition, the cross-section of the channels can be designed to
hange gradually along the length of the channel, modifying the
ressure drop and gas distribution along the active area [171].

ohnson et al. [172] developed a differential pressure flow field for
ater removal by changing the shape of the flow field channels
ith respect to each other. In micro-fuel cells, Metz et al. [173,174]
eveloped a passive water management system by using capillary
icrostructures as flow field channels in the cathode plate. These

hannels are hydrophilic with a tapered cross-section, allowing
hem to remove liquid water from the GDL towards the cathode
late and a layer of non-woven material.

The flow field channels can also be modified with respect to their
ydrophobicity. Hydrophilic channels may improve the transport

f gases to the reactant sites by facilitating the water transport
n the edges and surfaces of the channels [100]. However, very
ydrophilic channels result in greater pressure drops due to liq-
id water blockage. The wetting capabilities of the channels can
e modified by using different cross-sectional geometries or by
n the anode and cathode flow fields. The MEA was composed of a Gore 5510 Primea
BC GDL for the cathode. The active area was 50 cm2.

altering the surface characteristics of the bipolar plate materials
[175].

6.3. Additional systems

There have been a number of proposed systems that attempt
to improve overall fuel cell stack performance without increasing
the parasitic energy demand. Nguyen et al. [176,177] presented
a system that used sequential exhaust or purging of individual
cells in a stack as a liquid water management strategy. This sys-
tem used a device (electromechanical valves or rotating device
located outside the stack) that allowed each cell in the stack to
exhaust separately from the other cells. Thus, each cell was guar-
anteed to receive adequate gas flow without water accumulation.
This system has also been used for larger active area stacks using air
instead of oxygen on the cathode side [178]. One important issue
with this concept is the added complexity to the system due to
the addition of extra valves. Matsumoto et al. [179] proposed a
fuel cell stack that changed the flow field of the cathode plates
by changing the external port arrangement with valves depend-
ing on the power that the cell was working at (i.e., parallel flow
field at high power levels and serpentine flow field at low power
levels).

Most flow fields are designed to perform well at their peak
power point. However, at low current loads fuel cells typically
have voltage instability, which is particularly problematic when
interdigitated flow fields are used. Therefore, Wilkinson et al.
[180,181] developed an approach to change the flow field active
area within a cell with changing operations. Novel cathode flow
fields were divided into sections, with each unit connected to
a valve at the exit of the flow field. When these valves were
closed, the outlet of the corresponding section was blocked, forc-
ing the reactant to go to the other sections of the cathode that
were still open. Through this method, the water management
and voltage stability in single cells and stacks were significantly
improved at low current loads and low stoichiometries. This
method can also be implemented with micro-valves inside the
fuel cell without increasing the overall parasitic losses consider-
ably. A downfall to this method is that by adding the micro-valves
in order to control the active area of the cells inside the stack,
the complexity of the overall system is significantly increased. In
addition to this, the overall reliability of the system is also compro-

mised.

Researchers at Stanford University have designed and devel-
oped a PEM fuel cell integrated with an electroosmotic pump to
improve the water management of the cells at different condi-
tions [182–186]. In the latest design, a porous carbon plate with



4550 R. Anderson et al. / Journal of Power S

F
i
e

p
m
p
t
u
p
b
t
j
o
w
t
d
j
i
o

i
m
f
V
s
f
a
t
i
r

p
f
i
i
c

ig. 22. (a) Schematic of a porous plate with an external electroosmotic pump used
n fuel cells and (b) detailed view of the water path with the porous plate and
lectroosmotic pump [185].

arallel flow field channels was connected to a small electroos-
otic pump placed outside the fuel cell. The hydrophilic porous

late acts as a wick and absorbs water from the flow channels and
he GDL until the region is saturated. At this point, the pump is
sed to remove the remaining water from the cell. Between the
late and the pump, there is a polyvinyl alcohol filter that connects
oth components and filters out any particles that may damage
he pump (see Fig. 22). It is claimed that this system consumes
ust 1% of the overall fuel cell power at low current loads and
nly up to 0.5% at medium to high current densities. These tests
ere performed with single cell fuel cells, and the implementa-

ion of such a system into an actual fuel cell stack has not been
emonstrated. The addition of an electroosmotic pump does not

ust increase the overall complexity and size of a fuel cell stack, but
t can also impose a negative effect towards the overall reliability
f the system.

The use of acoustic woofers in order to generate pulsating flows
n fuel cells has resulted in the improvement of water manage-

ent and of the overall performance [187]. However, the overall
uel cell efficiency is slightly decreased due to the use of the woofer.
ibration and acoustic methods have also been considered as pos-
ible approaches for the removal of excess product water in PEM
uel cell stacks [188,189]. This method would use waves (flexural,
coustic, or surface waves) to remove the water droplets inside
he fuel cell. Unfortunately, these methods are still in the theoret-
cal and modeling stages, and no practical experiments have been
eported.

Although most of these systems and approaches have been

roven to be effective in improving the water management issues in
uel cells, there are still issues that impede their implementations
n larger fuel cell stacks. One such issue is their added complex-
ty, which may be especially challenging for the implementation of
ontrol systems.
ources 195 (2010) 4531–4553

7. Summary and outlook

Summaries and an outlook for each major theme of this review
are covered below. The final remarks provide an overall outlook for
how these major pieces fit together.

7.1. Experimental visualization techniques

Visualization cells allow an observer to see the liquid water
form and serve as a basis for understanding and characterizing
two-phase flow in fuel cells. However, the results are often mainly
specific to a given system and flow characteristics are sensitive to
specific materials used. The specific contact angles for the flow field
plate, GDL material, and transparent plate of a visualization cell are
dissimilar to those in a typical graphite bipolar plate fuel cell. Since
surface properties are important to two-phase flow on this scale,
the specificity of the results must be considered. Therefore, there is
a need of method cross-validation. Steps should be taken, perhaps
through dimensionless correlations, to make the results of these
novel systems applicable to other fuel cells.

7.2. In situ experimental two-phase flow studies in PEM fuel cells

In situ studies have covered a wide range of variables includ-
ing the PTFE content of the GDL, the inclusion of an MPL, flow
field design, reactant gas stoichiometry, gas relative humidity, and
temperature. While the influence of these parameters on fuel cell
performance has been well documented, less attention has been
paid to the flow field channel hydrodynamics. Thorough analysis
of the channel hydrodynamics is still lacking in terms of two-phase
flow regimes, two-phase flow distribution, and two-phase pressure
drop. These studies are important because the flow regime affects
the nature of the water and access of reactant to the catalyst sites,
and large two-phase pressure drop represents a parasitic power
loss to fuel cell operation. Furthermore, flow maldistribution must
be considered as some flow field channels may receive insufficient
reactant for the electrochemical reaction, causing starvation and
underutilization of the active catalyst area. Hydrodynamics will
thus play an increasingly important role in PEM fuel cell water
management studies.

7.3. Ex situ experimental two-phase flow studies in PEM fuel cells

The current ex situ experimental studies have been carried
out to understand flow distributions, pressure drop, flow patterns,
droplet formation, and water removal in flow field channels under
flow conditions relevant to fuel cell operation. In the literature,
typical two-phase flow patterns found in ex situ experiments are
slug flow, slug to stratified flow, and stratified/annular flow. Among
those, stratified flow or annular flow is desirable in terms of water
management and operating stability of an active fuel cell. Slug flow
should be avoided in operation since it can lead to channel blockage
and flooding as well as current and pressure fluctuations. There-
fore, high gas stoichiometry is required to achieve the desired flow
pattern. Flow instability, flow maldistributions, and flow hysteresis
have been found in both ex situ and in situ studies on two-phase
flow in parallel channels due to many factors such as channel geom-
etry, intrusion of the compressed GDL in channels, and gas/liquid
flow rates. In order to achieve even flow distribution and to over-
come flow hysteresis phenomena, high gas velocities are desirable.
However, high gas flows are not desirable in practical systems

because of the parasitic power loss.

There has been some success in obtaining information on instan-
taneous gas flow rates in individual channels through an entrance
pressure drop measurement technique. However, extensive stud-
ies are still required to be related to a broader range of operating
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onditions such as channel dimensions, gas and liquid flow rates
corresponding to current density and gas stoichiometry), and
hannel surface properties. In addition, a theoretical foundation
o elucidate flow distribution in parallel channels is still lacking,
specially for two-phase flow.

A unique aspect of two-phase flow phenomena in fuel cell flow
elds is that the liquid water emerges from porous GDLs and accu-
ulates along the flow channels. Therefore, the two-phase flow

atterns and pressure drop of such flow systems are likely not
ccurately predicted by most of the existing correlations or models.
onsequently, these correlations should be revisited for two-phase
ow in the fuel cell.

.4. Numerical simulations

PEM fuel cell modeling has undergone remarkable progress in
ecent years. Comprehensive CFD models are powerful tools in PEM
uel cell modeling due to their easy implementation and their capa-
ility to couple with other sophisticated models. However, these
umerical tools remain limited for several reasons.

Modeling two-phase flow in PEM fuel cell is still challenging
ork due to the diverse length scales (from nanometer to meter). A
acroscopic two-phase flow model such as the VOF method, which

s able to capture the droplet’s dynamic behaviors, requires explicit
all position information. However, fully considering electrode
icrostructure is almost impossible at this point due to the large

omputational time involved. Instead, the homogenous assump-
ion is always used in simulation, which to some extent lacks
recision because of empirical material and transport properties.
n the other hand, a microscopic model such as the LBM method is
seful in modeling these properties in porous media, but it is quite
ifficult to extend its application to large-scale simulations such as
PEM fuel cell unit. Multi-scale strategies are required to consider
oth micro- and macroscopic effects. As computational capabilities

ncrease, it is evident that the gap between microscopic models and
acroscopic models will become smaller and smaller.
The coupling of complicated two-phase models with electro-

hemical reactions and heat transport and associated experimental
alidation is required. This remains challenging work due to the dif-
erent length and time scales between simulations and the lack of
xperimental data. Thus, more fundamental work is needed and
ore criteria should also be developed to allow for a comprehen-

ive evaluation of two-phase models.

.5. Water mitigation strategies

In order to avoid or reduce water management issues inside
he fuel cell, a number of water mitigation strategies have been
eveloped. Some of these methods consist of varying the operat-

ng conditions of the fuel cell (e.g., temperature, pressure, relative
umidities, etc.) or designing the different components inside the
ell for water management. For example, the flow field channels
f cathode bipolar plates can be designed to improve how water
s removed inside the channels and the GDL. Similarly, the mem-
rane, catalyst layer, and GDLs can all be specifically designed to

mprove water management.
Unfortunately, there are no water mitigation methods to date

hat can deal with water management effectively without affect-
ng other components, especially the membrane and catalyst layers.
hus, more research has to be performed in order to achieve ideal
esigns and mitigation strategies specific for certain operating con-
itions and fuel cell applications.
.6. Overall outlook

Water management studies are shifting from parametrically
ased studies that couple water behavior with overall fuel cell per-
ources 195 (2010) 4531–4553 4551

formance to specific studies on water management in the catalyst
layer, GDL, and gas flow channels. These more specific studies pro-
vide an understanding of the hydrodynamics in a fuel cell. To study
the two-phase flow in PEM fuel cell flow channels, work must
continue in all of the previously discussed major areas: ex situ
approaches, in situ testing, and numerical simulations. A combined
effort of ex situ and in situ experiments can help to validate current
numerical simulations and help numerical simulations more accu-
rately reflect the actual two-phase flow phenomena that occur in
fuel cells. A greater understanding of two-phase flows experimen-
tally and numerically will allow more effective water mitigation
strategies to be developed and implemented in practice. Specific
areas that need to be better understood include work on hydro-
dynamics of two-phase flow in gas flow channels such as flow
patterns, pressure drops, flow maldistribution, and flow hystere-
sis under conditions of great relevance to fuel cell operation. In
addition, underlying theoretical foundations should be developed
to guide fuel cell flow field design and operation from two-phase
flow perspectives. Regarding two-phase flow modeling, an inte-
grated multi-scale approach to model water transports from its
formation on the MEA surface to condensation and accumulation
in GDL and gas channels and removal from the gas channel will be
desirable due to limited computational facility available. Improve-
ments in these areas will eventually lead to higher overall PEM fuel
cell performance and efficiency, making the PEM fuel cell a more
viable technology for the future.
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