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Abstract

Proper water management in polymer electrolyte membrane (PEM) fuel cells is critical to achieve the potential of PEM fuel cells. Membrane
electrolyte requires full hydration in order to function as proton conductor, often achieved by fully humidifying the anode and cathode reactant gas
streams. On the other hand, water is also produced in the cell due to electrochemical reaction. The combined effect is that liquid water forms in the
cell structure and water flooding deteriorates the cell performance significantly. In the present study, a design procedure has been developed for flow
channels on bipolar plates that can effectively remove water from the PEM fuel cells. The main design philosophy is based on the determination
of an appropriate pressure drop along the flow channel so that all the liquid water in the cell is evaporated and removed from, or carried out of, the
cell by the gas stream in the flow channel. At the same time, the gas stream in the flow channel is maintained fully saturated in order to prevent
membrane electrolyte dehydration. Sample flow channels have been designed, manufactured and tested for five different cell sizes of 50, 100, 200,
300 and 441 cm?. Similar cell performance has been measured for these five significantly different cell sizes, indicating that scaling of the PEM
fuel cells is possible if liquid water flooding or membrane dehydration can be avoided during the cell operation. It is observed that no liquid water
flows out of the cell at the anode and cathode channel exits for the present designed cells during the performance tests, and virtually no liquid water
content in the cell structure has been measured by the neutron imaging technique. These measurements indicate that the present design procedure

can provide flow channels that can effectively remove water in the PEM fuel cell structure.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Global and local environmental degradation and health
danger associated with the emissions of fossil fuel combustion
call for alternative fuels and energy sources for sustainable
development, and decreasing fossil fuel reserves has also
placed energy security among the national agenda. Polymer
electrolyte membrane (PEM) fuel cells have been regarded
as environmentally friendly power source for transportation,
stationary co-generation and portable applications, and are
compatible with alternative fuels and renewable energy sources
for sustainable development and energy security [1,2]. Life
cycle analysis indicates the advantage of PEM fuel cells in
both higher overall energy efficiency and lower emissions
[3,4]. However, dynamic water balance and management have
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imposed one of the dormant technical challenges for PEM fuel
cell design and operation, and have direct consequence on the
performance and lifetime of PEM fuel cell systems.

The importance of the water balance and management arises
from the fact that the polymer membrane electrolyte used in
PEM fuel cells requires full hydration in order to maintain good
performance and lifetime, and the guarantee of the membrane
hydration under the full operating conditions has been achieved,
with a good degree of success, by supplying fully humidified
reactant gas streams for both anode and cathode [1]. However,
water is produced in the cathode as a result of electrochemi-
cal reaction, and water is also transported from the anode to
the cathode through the membrane electrolyte via the electroos-
motic drag effect. Water transport also occurs due to the local
gradients of the pressure and concentration. Consequently, lig-
uid water flooding occurs if water is not removed adequately
from the cell (cathode in particular). Water flooding will make
the PEM fuel cell performance unpredictable, unreliable and
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unrepeatable under the nominally identical operating conditions,
and elaborate experimental diagnostics and schemes need to be
implemented to achieve consistent results with much lower per-
formance and limiting current densities [5,6]. Therefore, water
management has become a delicate task, both too much or too
little water can adversely impact the performance and lifetime
of PEM fuel cells. Maintaining a perfect water balance during
dynamic operation process has posed a significant challenge for
PEM fuel cell design and operation, and hence water manage-
ment becomes a critical issue for PEM fuel cells.

A number of active and passive methods have been inves-
tigated to tackle this critical issue of water management, and
the most successful of them is through the appropriate design
of flow channels built on the flow field (bipolar) plates [1,7,8].
Among the flow channel layouts investigated [8], serpentine
flow channel layout [9,10] is the most widely known and used,
often regarded as “industry standard”, since under the same
operating and design conditions PEM fuel cells with serpentine
flow channels tend to have the best performance and durabil-
ity/reliability. Recent numerical and experimental investigation
[11-13] indicates that for serpentine flow channels, the reactant
gas experiences a pressure drop and concentration change
along the channel; since the channel cross-section is small, in
the order of 1 mm x 1 mm or smaller, while the channel length
is very long, in the order of meters, the pressure drop at the
corresponding location between the adjacent channels becomes
substantial, significant pressure gradient is thus set up across
the porous electrode, much larger than the pressure gradient
along the channel direction, resulting in considerable cross
leakage flow between the adjacent channels. This significant
cross leakage flow through the porous electrode induces a
strong convection in the electrode, bringing the reactant gas
to the catalyst layer for electrochemical reaction and remove
the product water from the reaction sites and electrodes, in a
way similar to the flow set up in an interdigitated flow channel
[14-17], responsible for the better overall cell performance
when using the serpentine flow channels.

However, serpentine flow channel layout is not the ideal flow
field configuration, and has a number of problems. First, it typi-
cally results in a relatively long reactant flow path, hence a sub-
stantial pressure drop, consequently significant parasitic power
loss associated with the cathode air supply (as much as over
35% of the stack output power). Second, significant decrease of
reactant concentration occurs from the flow channel inlet to the
outlet, leading to considerable Nernst losses for practical cells
of large sizes. Most important of all, the use of serpentine flow
channel layout often causes the membrane dehydration near the
channel inlet region, while liquid water flooding occurs for a
significant region near the channel exit due to excessive liquid
water carried downstream by the reactant gas stream and col-
lected along the flow channel [18]. These issues have caused the
often-observed phenomenon of achieving good performance for
small cells, and poor performance for apparently the same cells
with large sizes, and are primarily responsible for the difficulty
in establishing scaling laws for PEM fuel cells. As noticed by
Wang et al. [19], reactant gases with inlet relative humidity less
than 100% for single serpentine flow channel layout would result

in a loss of performance at low current density, an indication of
membrane dehydration. Flow fields for dry reactants or less than
100% relative humidity operations have been suggested, in fact,
desired, but at the cost of low cell performance and high plat-
inum loading [20]. It should also be emphasized that along with
flow channel layout, channel dimensions and specifications of
other cell components also influence the water removal and per-
formance of the cell [21].

Typically, the cooling flow channels are kept substantially the
same, if not completely the same, as the flow channels for the
anode and cathode reactant gas streams. Thus, serpentine flow
channels for the reactant gas streams and coolant flows tend to
create a low temperature region near the channel inlet, and a
high temperature region near the channel outlet. This temper-
ature gradient along the flow channel not only affects the cell
performance, complicating water management, but also creat-
ing difficulty for thermal management and cell sealing [22]. This
is because all fuel cells have best performance when the entire
cell is at the same uniform temperature [1], and high temperature
also shortens the lifetime for the sealing materials around the cell
periphery [22]. Therefore, an ideal flow channel design should
provide a uniform concentration of reactants and a uniform tem-
perature over the electrode surface, a reasonably small pressure
drop from the channel inlet to the channel outlet to minimize the
parasitic losses, a mechanism to maintain membrane hydration
over the entire cell, avoiding membrane hydration near the chan-
nel inlet; and a mechanism for the effective removal of liquid
water in the porous electrode structure to prevent water flooding
of the cell near the flow channel outlet.

In the present study, a methodology has been developed
for the design of flow channels for PEM fuel cells, including
channel layout, configuration, channel cross-section and chan-
nel length. The channel design incorporates the PEM fuel cell
structures and operating conditions. Sample flow channels have
been designed, manufactured and tested for both performance
and water removal capability. Experimental measurements of
cell performance are made for five different cell active sizes of
50, 100, 200, 300 and 441 cm?. Neutron imaging technique is
used for in situ measurements of water content in the cell struc-
ture. Experimental results demonstrate that for the present flow
channel design water flooding phenomenon is effectively pre-
vented, and cell performance is reliable and repeatable for the
same nominal operating conditions.

2. Design of flow channels

There are many varieties of flow field layouts for bipolar
plates that have been developed and patented [8], but there is little
information in the open literature regarding the design proce-
dure or methodology for the channel length and cross-sectional
dimensions as well as the pressure drops for flows in the chan-
nels. In this section, a general procedure for the flow channel
design will be described by using the fundamental concepts of
flow through rectangular ducts or pipes for a given active area of
PEM fuel cells as an illustrative example. The operating condi-
tions of the PEM fuel cells are taken into account for the design
process.
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2.1. Channel layout: general

First and foremost important in the channel design is the
layout or configuration of the flow channels. From the litera-
ture review and experimental observations, the serpentine flow
channel layout, which can be considered as many parallel flow
channels connected in series, can provide excellent cell per-
formance due to its balanced capability of water removal and
acceptable pressure drop (parasitic loss) [9,10,13]. Therefore,
serpentine flow channels are considered in this study in illus-
trating the design procedures involved.

2.2. Channel cross-section: shape and dimensions

A flow channel can have almost endless choices of the cross-
sectional shape, from the simple rectangular or square shape, to
triangular, trapezoidal, semi-circular shape or any other shape
that might be desired [1]. For the conventional bipolar plate,
graphite is typically the material used, which is hard and brit-
tle, and hence difficult to machine the flow channels on it. As
a result, the making of the flow channels on the bipolar plate is
time-consuming and expensive process, making up the major-
ity of the cost for a completed bipolar plate, which contributes
significantly to the total cost of a PEM fuel cell stack [8]. From
the cost consideration and the ease of channel fabrication, the
geometrical shape of the channel cross-section has traditionally
be chosen as either rectangular or square, and we will consider
these two shapes in illustrating the design procedure for the flow
channels in this study, as shown in Fig. 1.

The channel width a is often chosen based on the need for
distributing the reactant gas over the active cell surface, and is
ideally the larger the better from the mass transfer consideration.
The distance between the channel, or the width of the land, w, is
decided based on the need for current collection (the transport
of electrons), and is ideally the larger the better from the elec-
tron transfer consideration. Both the transport processes for the
electrons and reactant gas to and/or from the catalyst layer are
influenced by the structure and the properties of the electrode,
or the so-called gas-diffusion layer (GDL) [23,24]. The channel
depth b is determined based on the consideration of the flow
regime and the flow condition in the channel, the channel length
and the pressure drop in the channel, etc. Therefore, the design
or selection of the flow channel dimensions should consider the
cell operating conditions as well as the cell structural parame-

w (land)
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b

Fig. 1. Channel cross-section view.

ters. Typically, the GDL and bipolar plate materials are highly
conductive electronically, while the reactant gas transport is rel-
atively slower, hence the ratio of the land width to the channel
width is typically in the range of 0.8—1.0.

2.3. Flow regime in the channel

Because bipolar plates are required to be good electrical
collectors, and to provide mechanical support for the fragile
membrane-electrode assemblies (MEA), small flow channels are
typically utilized along with small intervals between the neigh-
boring channels, such as the rectangular flow channel shown
in Fig. 1. This couples with the typical cell operating condi-
tions, yielding the anode and cathode gas flows in the laminar
flow regime. It is also possible that the cathode gas flow might
even reach the transition regime from the laminar to turbulent
flow. Due to the flow intermittency, transition flow regime is
almost always avoided in practical applications. Although tur-
bulent flow has an enhanced ability to transport mass and heat,
it also results in a higher pressure drop [25], leading to a high
parasitic loss. On the other hand, a typical laminar flow is more
than sufficient to provide the mass transport of the reactant gases
into the electrode for fuel cell electrochemical reactions under
the most extreme fuel cell operating conditions (high current
densities) [1]. Further, fluctuations inherent in turbulent flows
may also impact PEM fuel cell performance since PEM fuel
cells can respond almost instantaneously to the changes in the
concentration [26]. Therefore, it is conventional to design the
flow channels in such a manner that both the anode and cath-
ode gas flows are maintained laminar in the channel, i.e., low
Reynolds number flows [1,27].

2.4. Channel length

For internal flows such as the ones in fuel cell flow channels,
Reynolds number is conventionally defined as [25]

Inertial force _ pVDy

6]

Rep, =
D Viscosity 7
where p is the density, u the viscosity of the gas in the flow
channel and V is the mass averaged velocity in the channel,
determined by
m
V=
PAc

@)

where 71 is the mass flow rate in the channel and Dy, is the
hydraulic diameter of the channel. For a non-circular cross-
section flow channel, such as the rectangular channel shown
in Fig. 1, Dy, is defined as [25]

b _ 4
NP

3

where the cross-sectional area is equal to the product of the side
length

Ac = ab )



936 X. Li et al. / Journal of Power Sources 163 (2007) 933-942

and the wetted perimeter is
P=2a+b) o)

To guarantee the flow remains in the laminar flow regime,
the maximum Reynolds number should be kept in the order
of 2000 [25]. On the other hand, to maintain sufficient flow
convection, the minimum Reynolds number should be in the
order of 100 or above. For laminar flow, the accepted correlation
for the hydrodynamic entrance length is [25]

Le
— =~ 0.06Re 6)
d

As mentioned earlier, the flow channel is typically small in its
cross-sectional dimension, about 1 mm x 1 mm or smaller; and
is typically very long, about meters or longer. Therefore, for the
typical Reynolds number range indicated above, the entrance
region can be neglected in the first calculation for the flow chan-
nel design.

In fluids engineering, the pressure drop for a flow in a channel
of length L is conventionally expressed through the following
equation:

L ,oV2
Ap = thT @)

where the friction factor f for steady fully developed laminar
flows in a channel with square cross-section is given as [25]

_ 56.91
o Rep,

®)

Substituting the above relation into Eq. (7), and considering
Eqgs. (1)—(5), the pressure drop can be written, for flow channels
with square cross-section (a=">b), as

i L
Ap = 28.455 <p) <a4) ©)

Then the flow channel length can be determined, for flow
channels with square cross-section, as

A p,oa4

= e o (10)
28.455um

Similarly, the flow channel length for channels with rectan-
gular cross-section can be derived as

8App(ab)?

_ 11
Cui(a + b)? an

where C = fRep, is a function of the aspect ratio b/a for rect-
angular flow channels, and is available in literature, e.g. [25].

Therefore, the flow channel length can be determined from
the above Eqgs. (10) and (11) if the channel cross-sectional
dimensions, the reactant mass flow rate related to the set fuel
cell operating conditions as well as the pressure drop, required
for the specific conditions of fuel cell operation, are known. The
channel cross-sectional dimensions are considered in Section
2.2, and the reactant mass flow rate and the appropriate pressure
drop are considered in the next section.

2.5. Determination of pressure drop

The pressure drop for the gas mixture in the flow channel of
a PEM fuel cell is defined as

Ap = PT,in — PT,exit (12)

where pr is the total pressure of the reactant gas stream, equal
to the sum of the partial pressures for the reactant gas (hydrogen
or reformed gas for the anode and air for the cathode) and water
vapor, assuming the gas mixture behaves like an ideal gas. The
subscripts “in” and “exit” represent the pressure value at the inlet
and exit of the flow channel, respectively.

The total pressure of the reactant gas stream at the channel
inlet or exit is typically set according to the operating con-
ditions for the PEM fuel cells, but not both. For the present
design consideration, with no loss of generality, we consider
the case that the total pressure of the reactant gas stream at the
channel inlet, or simply inlet pressure, is set according to the
operating conditions for the PEM fuel cell. As pointed out early,
a significant performance limitation for the PEM fuel cells is
the liquid water flooding of the cathode electrode, especially
at high current density (hence high power density) operation,
and an important aim for the cathode flow channel design is to
remove sufficient amount of water to avoid the water flooding
phenomena. Although water flooding of the anode does occur in
reality for improperly designed flow channels, its impact on the
cell performance is much less than the corresponding impact of
flooding the cathode. Hence, the cathode flow channel design
is described in detail here, and the anode flow channel can be
designed similarly by following the same procedure. Assuming
ideal gas behavior, the total pressure at the cathode channel exit,
which is needed to remove all the water in the cathode in vapor
form, can be determined from the following relation:

_ Nw,exit (]3)

N, air, exit

Pw exit

PT,exit — Pw,exit

where py exit 18 the partial pressure of the water vapor at the
cathode channel exit. To avoid removing excessive amount of
water that would cause the dehydration of the membrane elec-
trolyte, pw.exit should be set equal to the saturation pressure of
water vapor at the channel exit, which is determined by the local
temperature at the channel exit.

To determine the total pressure at the channel exit from Eq.
(13), the molar flow rate of the water vapor and air at the cathode
channel exit, Ny exit and Nyir exit, needs to be determined first.
From the preceding considerations, for a properly designed cath-
ode flow channel the gas mixture at the channel exit would be
fully saturated without the presence of liquid water. Hence,

Nw,exit = Nw,in + Nw,prod (14)

where the water molar flow rate at the channel inlet, Nw,in, is
determined by the relative humidity of the inlet gas stream as
well as the total inlet pressure and the cell operating temperature.
Again assuming ideal gas behavior for the gas mixture at the
cathode channel inlet, and similar to Eq. (13), the molar flow
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rate of the water at the channel inlet becomes

Pw,in ) (15)

Nw,in = Nair,in <
PT,in — Pw,in

where Py, in is the partial pressure of water vapor at the chan-

nel inlet, evaluated according to the relative humidity set for

the inlet gas mixture and the saturation pressure of water vapor

corresponding to the cell operating temperature.

On the other hand, NW, prod 18 the molar flow rate correspond-
ing to the net amount of water production in the cathode, equal
to the combined effect of water production due to the oxygen
reduction reaction at the cathode, the electroosmotic drag that
transports water from the anode to the cathode, the back diffusion
due to the gradient of water concentration across the mem-
brane electrolyte, the pressure differential between the anode
and cathode stream, and any condensation/evaporation of water
due to the local temperature variation. Hence, the determina-
tion of the exact amount of the net water production requires
much detailed analysis, or it can be determined experimentally
such as through the overall water balance or by neutron imag-
ing technique [26,27]. With no loss of generality in illustrating
the procedures involved, we can consider in a first attempt (with
understanding that the actual design calculation may require iter-
ative approach) only the effect of water production in the cathode
due to oxygen reduction reaction, or

. JA

Nw,prod = nwiF (16)
where J is the current density of the PEM fuel cell, A the active
area of the cell, ny the number of moles of electron trans-
ferred per mole of water formed in the cathode oxygen reduction
reaction, or ny =2 and F =96,487 C mol ™! equivalent is the
Faraday constant.

The molar flow rate of the air at the cathode channel exit
is simply the difference between the amount of inflow at the
channel inlet and the amount of oxygen consumed in the cell
due to the oxygen reduction reaction, or

Nair,exil = Nair,in - NOg,consumed (17)

The air flow rate at the channel inlet can be evaluated based
on the stoichiometry of the oxygen and the current drawn from
the cell as follows:

JA
n02F Nair StOg (18)

N air,in —
where ng, is the number of moles of electron transferred per
mole of oxygen consumed in the PEM fuel cell, and no, = 4;
n,ir is the number of moles of air per mole of oxygen in the air,
and n,i; =4.773 [1]. For PEM fuel cells, the amount of oxygen
(hence air) supplied to the cells is conventionally expressed in
terms of a parameter called the oxygen stoichiometry, defined as
No. :

Sto2 = — Og,in
N02 ,consumed

_ Molar flow rate of oxygen supplied to the cell (19)
" Molar flow rate of oxygen consumed in the cell

Therefore, the amount of oxygen consumed in the cell can be
determined as follows:

JA
no, I

N 0;,consumed =— (20)

The mass flow rate of the reactant gas in the cathode channel
inlet and exit are obtained from the molar flow rate given in Egs.
(17) and (18), multiplied by the mean molecular weight of the
gas mixture. The latter is calculated by the molecular weight of
the species (oxygen, nitrogen and water vapor) weighted by their
respective mole fraction that changes from the channel inlet to
the channel exit.

Now the formulation is complete for the determination of the
flow channel length that can remove the right amount of water
to avoid liquid water flooding of the cathode electrode as well
as the dehydration of the membrane electrolyte. For a given cell
operation, the cell operating temperature, pressure, cell current
density and the oxygen stoichiometry are specified, and then the
pressure drop required can be calculated. From the pressure drop
the flow channel length required is determined accordingly. The
present formulation can easily be implemented on a computer
for the iterative design calculation. For the present study, an
Excel worksheet was developed for the iterative calculations for
various selections of the channel cross-section, the active cell
area and the flow channel layout/configuration.

2.6. Geometry of the channel layout
Consider a PEM fuel cell with a rectangular active area spec-

ified by the side length H| and H; as shown in Fig. 2. A single
serpentine flow channel traverses the active cell surface with a

-

Sl ol

=l

Fig. 2. Illustration of the serpentine flow channels.
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recess of a/2 (or a margin of a/2 all around). Recall a is the
channel width, and the land width is denoted as w. As pointed
out early, such a serpentine flow channel could be considered
as many parallel channels connected in series, then the number
of channels connected in parallel is identical to the number of
the turns for the serpentine channel. The total channel length is
composed of the length of the each parallel channels connected
in series, the length in the channel turn or connection regions
as well as the extra channel length associated with the inlet and
exit region, and can be determined geometrically as follows:

L =(Hy = 2a)nch + (w+ a)(nen — 1) + 2a 21

where ncp is the number of the serpentine channel turns, and
it can be obtained geometrically again by considering the side

length H; of the active cell area:
H; =an¢y + w(ney, — 1) +a
or

(22)

On the other hand, the total channel length determined from
Egs. (11) and (21) must be identical, and this requirement will
provide the channel depth b.

3. Procedure for design calculations
The design calculation starts with the specification of the

cell active sizes (H; and H»), and the cell operating condi-
tions (temperature, pressure, stoichiometry for both hydrogen

Table 1

Calculated dimensions and associated flow parameters for the sample flow channel designs

Active cell size (cm?) 50 100 200 300 441
Active cell dimensions, H; (mm) X H, (mm) 71 x 71 100 x 100 136 x 136 175 x 175 210 x 210
Channel dimensions, a (mm) x b (mm) x w (mm) 0.8 x0.8 x0.8 Ix1.1x1 0.85%x0.9x%x0.8 09x0.8x0.9 0.8 x1x0.75
No. of serpetine channels 1 1 3 5 7
Reynolds number, Re 1310 1980 1460 1450 1500
Ratio of channel depth to width, b/a 1 1.1 1.05 0.89 1.25
Estimated hydrodynamic entrance length, L, (mm) 62.8 41.5 76.8 76.3 71.5
Ratio of entrance length to total channel length, L./L (%) 1.91 1.66 2 1.98 1.91
Calculated channel length, L (m) 3.28 4.78 3.83 3.85 4.05
Actual length measured on the plate (m) 3.195 5.1 3.618 3.287 3.952




X. Li et al. / Journal of Power Sources 163 (2007) 933—942 939

Fig. 4. Picture of the designed flow channels machined on the bipolar plate.

and oxygen, as well as the cell current density). Then the proper
pressure drop needed is calculated as described in Section 2.5.
The next step is the selection of the channel width a, and the
land width w (based on the ratio w/a chosen based on the
consideration of the relative importance of the mass and elec-
tron transport as well as the mechanical integrity of the cell,
etc.). The channel depth b is calculated by equating the total
channel length expressed in Egs. (11) and (21). Finally, the
channel length L is calculated from either Egs. (11) and (21).
It must be emphasized that check must be made to ensure that
the flow Reynolds number indeed remains in the laminar flow
regime.

Although this procedure of the design calculation seems to
be straightforward, in reality, iterative calculation is required
due to a number of reasons. First the pressure drop in the flow
channel is contributed by not only the frictional loss, but also
the so-called minor losses associated with the change in the
flow direction [27], that occurs in the channel turn regions. Sec-
ond, the frictional loss coefficient f is influenced by the mass
suction or injection at the electrode surface due to the reactant
gas going into the electrode for electrochemical reaction and
the water vapor coming out of the electrode surface [30,31].
Third, the net amount of water produced in the electrode is
influenced by the dynamic water transport and electrochemical
reaction, and significant effort is often required to determine
[30,31]. All these effects depend on many design and oper-
ating conditions, such as the properties of the electrode used
(thickness, porosity and/or hydraulic permeability), the operat-
ing temperature, pressure, stoichiometry, current density, etc.
However, the general theory formulated in the previous section
is of significance to PEM fuel cell community, and the spe-
cific modifications considering the above effects will have to be
determined for the specific PEM fuel cell or stack design and
operation.

4. Experimental setup

In spite of the difficulty, a design calculation procedure
has been implemented in an Excel worksheet, and flow chan-
nels have been designed for the active cell areas of 50, 100,
200, 300 and 441cm?. These designs have been fabricated
and experimental measurements have been made of the PEM
fuel cell performance. Graphite was used for these flow field
plates. All MEAs were manufactured using Nafion® 115 mem-
brane loaded with 0.53 mgPtcm™2. The catalyst deposition
was made by proprietary ink formulation of catalyst deposited
on a proprietary tape casting support material. The gas dif-
fusion media (GDL) was SGL Carbon Sigracet 10BB. The
thickness of GDL was 16.5mil (16.5/1000in.) with porosity
of 84%. The specific electrical resistance of this GDL mate-
rial in the through-plane direction is 10 m€2 cm?. The material
is hydrophobicized substrate with a 5 wt% PTFE loading and
has a micro porous layer on one side. Aluminum alloy 6061 was
chosen for end plates and current collectors were made of copper
alloy.

The FCATS fuel cell test system from Hydrogenics Inc. used
in this experimental work consists of a gas sub-system, elec-
tronic load box and a computer running a controlling and data
logging software (HyWare®). For the automatic control and run-
ning of the tests, text scripts can also be written in Hydrogenics
Automation Language (HyAL™). The test station has the capa-
bility of setting and maintaining required operating conditions
of the fuel cell within close limits. Parameters like pressure, tem-
perature, flow rate, relative humidity, etc., can be controlled by
user-friendly Lab-View-based interface touch screen. Numbers
of important read backs are also displayed on various screens
along with the front of the test station. The test station is also
controlled by a number of safety features, which make it reason-
ably safe under test conditions of pressurized air and hydrogen
streams.

De-ionized (DI) water is used for reactant humidification,
and chiller water is supplied for temperature control and rel-
ative humidity setting of the reactant gas streams. Pressurized
gas streams (pressure > 680 kPa) are fed to the test station sup-
ply inlets for the proper functioning of the control system and
valves operation. A required flow rate of the gas is set through
the user interface software touch screen and fully automated
system supply the exact amount of flow within 1% of the
full scale flow into the common header. The DI water on the
other hand is filtered and supplied to a 1.5 kW bubbler steam
generator from where steam is injected into the supply stream
of gas. According to the set amount of relative humidity (RH)
extra amount of water vapor is condensed into moisture sepa-
rator, through which chiller water is circulated. The condensate
is purged out of the test station. This humidified stream of gas
or reactant is then heated to the required temperature in the
heated hose and is ready to supply to the fuel cell. The cell
temperature is maintained with a separate flexible heater con-
trolled through the FCATS. The pneumatic pressure controller
on the supply line maintains the backpressure after the outlet of
the fuel cell. Fig. 3 illustrates the main operational functions of
FCATS.
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Another experiment has been carried out by using neutron
imaging technique [28] to measure the liquid water content
inside the PEM fuel cell structure in order to validate the effec-
tiveness of the present designs in water removal. The details of
the experiment are given elsewhere [29].

5. Results and discussion

As stated early, flow channels have been designed for the
active cell areas of 50, 100, 200, 300 and 441 cm?, and the active
areas are all in square form. In the present study, the flow chan-
nels are designed according to the following conditions:

e cell current density J=0.65 A cm~2,
e stoichiometry of air=2.0,

e stoichiometry of hydrogen=1.2,
e inlet pressure (Pj,) =3 atma,
e operating temperature =80 °C,

and the designed flow channel dimensions and associated flow
parameters are presented in Table 1. Notice that the calculated
channel length represents the length calculated as outlined above
for the design procedure, and the actual length measured on
the plate represents the length measured after the channel was
machined on the bipolar plate; these two lengths should be iden-
tical in theory, but they differ slightly representing the fact that
the flow channel layout designed by using AutoCAD deviates
slightly from the design intention. Since the difference between
the two is sufficiently small it is considered acceptable. For the
small active cell sizes of 50 and 100cm?, a single serpentine
flow channel traverses throughout the active area. However, for
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Fig. 5. Experimentally measured PEM fuel cell performance for different cell active sizes: (a) 50 cm?; (b) 100cm?; (c) 200 cm?; (d) 300 cm? and (e) 441 cm?.
Experimental conditions: cell operating temperature of 80 °C, air stoichiometry of 3, hydrogen stoichiometry of 1.5, relative humidity of 100% for both anode and

cathode gas streams at the channel inlets.
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the other three cell sizes a single serpentine flow channel will
result in turbulent flow in the channel, as a result, multiple par-
allel serpentine channels are used. Another consideration in the
design is to make the channel inlet and exit locate on the oppo-
site corners in order to achieve cross-flow arrangement so that
the problem of air and hydrogen inlet ports overlaying on top of
each other is avoided. Fig. 4 illustrates the designed flow chan-
nels machined on the bipolar plate for the present experimental
measurements.

Fig. 5 shows the experimentally measured performance of
PEM fuel cells with the designed flow channels. Notice that the
hydrogen and air stroichimetries of 1.5 and 3 are larger than the
designed values listed earlier. However, this is done so on pur-
pose because the actual pressure drop through the flow channels
is lowered due to the cross leakage flow between the adjacent
flow channels [12,13], and can be compensated for by the higher
flow rates for the anode and cathode gas streams. On the other
hand, a parametrical measurement indicates that the impact on
the cell performance is minimal when the hydrogen stoichiome-
try is increased from 1.2 to 1.5 and air stoichiometry is increased
from 2 to 3 [11]. Despite the common knowledge that PEM fuel
cell performance would decrease significantly when the active
cell sizes are increased, it might be observed that the present cell
performance remains fairly similar for the five different active
cell areas from 50 to 441 cm?. Due to the limitation of the present
test equipment on the flow rates and load box, the measured data
for the largest cell size of 441 cm? shown in Fig. 5(e) are also
limited in the current density measured. From Fig. 5(a—e), it
is seen that the best performance is achieved at the operating
pressure of 200 kPa (gauge), equivalent to the designed operat-
ing pressure of 3 atm (absolute). Although one might argue that
higher pressure would yield better performance based on the-
oretical analysis, Fig. 5(e) suggests that performance actually
become worsen as the operating pressure is further increased
to 300 kPa (gauge) from 200 kPa (gauge). These all indications
that the present designs were able to achieve the intended “water
flooding™ free operation, or at least reduced impact of “water
flooding” phenomenon. Although during the test it was not pos-
sible to observe directly if the cells were indeed free of “water
flooding”, it was possible to observe at the cell exit through the
transparent tubing that there was no liquid water flowing out of
the cell. On the other hand, for a flooded cell it is easy to observe
liquid water flowing out of the cell exit, especially when the cell
is shaken [5].

To further investigate the existence of liquid water in the cell
structure, neutron imaging technique has been used to measure
the amount of liquid water in the tested cell [29], as shown in
Fig. 6. A single serpentine flow channel is used for both anode
and cathode side. The anode (horizontal) and cathode (vertical)
flow channels are arranged in cross flow, so that the anode inlet
and exit are located at the lower right and top left corners, respec-
tively; and the cathode inlet and exit are located at the top right
and lower left corners, respectively. It is seen that the present
cell is indeed virtually free of liquid water in the cell structure
(virtually black color), as shown in Fig. 6(a). As a comparison,
Fig. 6(b) illustrates the presence of liquid water (white and blue
colors) in the cell for improperly designed flow channels so that

(b)

Fig. 6. Pictures of PEM fuel cells taken by the neutron imaging technique. (a)
Virtually no water is shown for the present designed flow channels and (b) liquid
water is present almost over the entire cell’s active area for improperly designed
flow channels. For both case a single serpentine flow channel is adopted for both
anode and cathode side. The anode and cathode flow channels are arranged in
cross flow with the anode inlet and exit located at the lower right and top left
corners, and the cathode inlet and exit located at the top right and lower left
corners.

water was not removed adequately (water has accumulated in
the cell). Fig. 6(b) also reveals that liquid water is present in
both the anode and cathode flow channels, suggesting that lig-
uid water flooding can occur for both anode and cathode if the
flow channels are not properly designed.

6. Conclusions

In the present study, a design procedure has been developed
for flow channels in PEM fuel cells. The main design philos-
ophy is based on the determination of an appropriate pressure
drop along the flow channel so that all the liquid water in the cell
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is evaporated and removed from or carried out of the cell by the
gas stream in the flow channel. On the other hand, the gas stream
in the flow channel is maintained fully saturated in order to pre-
vent membrane electrolyte dehydration. Sample flow channels
have been designed, manufactured and tested for five different
cell sizes of 50, 100, 200, 300 and 441 cm?. Similar cell perfor-
mance has been measured for these five significantly different
cell sizes, indicating that scaling of the PEM fuel cells is possible
if liquid water flooding or membrane dehydration can be avoided
during the cell operation. The effectiveness of the present flow
channel designs in water removal is confirmed by two differ-
ent experimental observations. The first is that no liquid water
flows out of the cell at the anode and cathode channel exits for
the present designed cells; and the second is the measurement
of liquid water content in the cell structure by the neutron imag-
ing technique. Therefore, it might be concluded that the present
design procedure has been reasonably validated and its effec-
tiveness in water removal capability reasonably confirmed.
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