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Abstract: Flow field plays an important role in the performance of proton exchange membrane (PEM)
fuel cells, such as transporting reactants and removing water products. Therefore, the performance
of a PEM fuel cell can be improved by optimizing the flow field dimensions and designs. In this
work, single serpentine flow fields with four different land widths are used in PEM fuel cells to
study the effects of the land width. The gas diffusion layers are made of carbon cloth. Since different
land widths may be most suitable for different reactant flow rates, three different inlet flow rates are
studied for all the flow fields with four different land widths. The effects of land width and inlet
flow rate on fuel cell performance are studied based on the polarization curves and power densities.
Without considering the pumping power, the cell performance always increases with the decrease
in the land width and the increase in the inlet flow rates. However, when taking into consideration
the pumping power, the net power density reaches the maximum at different combinations of land
widths and reactant flow rates at different cell potentials.
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1. Introduction

Proton exchange membrane (PEM) fuel cells are one of the promising renewable energy devices,
owing to its high energy efficiency, low operating temperature, zero emission, and low noise.
However, there are still some barriers that inhibit the widespread application of PEM fuel cells,
such as high cost, low power density, and low durability [1,2]. Wilberforce et al. [3] reviewed the
development of fuel cell electric cars and Zhang et al. [4,5] reviewed the degradation mechanisms in
PEM fuel cell, and they found that the cost reduction, performance, and durability should be improved
for the commercialization of the fuel cell. Flow field plays an important role in the performance and
durability of PEM fuel cells since it helps to transport the reactants to the catalyst layer and reduces
the liquid water accumulation in the catalyst layer [6,7]. Jung et al. [8] found that hydrogen crossover
was strongly affected by the flow field dimension of the anode side. Oluwatosin et al. [9] reviewed
different types of materials for flow field, and they found that a suitable coating on the flow field plate
improved the corrosion resistance and fuel cell performance. There are three most commonly used
flow fields: Serpentine, parallel, and interdigitated flow fields. The serpentine flow field is the most
commonly used, since it has a better mass transfer than parallel flow field and a lower pumping power
than interdigitated flow field [10].

Although the under-land cross-flow induced by the pressure difference between two adjacent
channels in serpentine flow field helps to remove the excess produced liquid water and enhances
the mass transfer, the concentration loss can still be high and can affect the fuel cell performance
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significantly. Many researchers have studied the channel designs from their numerical models [11].
Owejan et al. [12] found that the mass transfer loss can be decreased when the channel cross-section
is changed from a rectangular shape to a triangular shape. Wang et al. [13] found that when the
channel aspect ratio (channel height/width) decreased, the performance under both medium and low
operating potential increased due to the increase of the under-land cross-flow rate, but the pumping
power was increased as well. In addition, they found that the single serpentine flow field had a
higher under-land cross-flow rate than multi-pass serpentine flow field. However, Nam et al. [14]
found that the multi-pass serpentine flow-field had a higher under-land cross-flow rate than the single
serpentine flow field instead, and the uniformity of local conditions and the fuel cell performance were
improved with the multi-pass serpentine flow field. Shimpalee et al. [15] found that the 26-channel
serpentine flow field gave the best performance and the lowest pumping power. Suresh et al. [16]
introduced a split serpentine flow field with enhanced under-land cross-flow, and it improved the fuel
cell performance significantly. Zheng et al. [17] added baffles in the downstream of the channel to
improve the oxygen concentration and water removal ability, thus the performance under high current
density region was increased.

Flow rate plays a significant role in fuel cell performance. Hu et al. [18] found that the flow rate
had a large effect on the reactant concentration distribution in fuel cell. Wilberforce et al. [19] found
that increasing the cathode flow rate increased the fuel cell performance, since it relieved the water
flooding. Andrew et al. [20] found that the high flow rate increased the local current density under the
land and channel areas in the fuel cell. However, a high flow rate means a high pressure drop [21],
as well as a high pumping power that can lead to a low net power output, thus a balance between flow
rate and pumping power is necessary.

The dimension of the land in flow fields also plays an important role in PEM fuel cell performance.
A large land width ensures a good electrical and thermal conduction and high performance under
high potentials, whereas a narrow land width provides high under-land cross-flow rate and high water
removal capability [10,22]. Therefore, the land width should be optimized to reach a high performance
for PEM fuel cells. Yoon et al. [23] studied the effect of land width on fuel cell performance under
different relative humidity, but the type of flow fields used was not mentioned. Akhtar et al. [24] found
that a smaller land-to-channel width ratio led to a more uniform profile of liquid water saturation and
oxygen consumption in interdigitated flow fields. Cooper et al. [25] found that the land-to-channel
width ratio played a more important role in performance for both parallel and interdigitated flow
fields from their experimental results. Liu et al. [26] conducted experimental tests to optimize the total
channel-land width and the land-to-channel width ratio in serpentine flow fields, and they found that
the relatively small total widths of lands and channels, together with a small land-to-channel width
ratio, provides the highest performance.

In the above literature reviews, we can see that the flow field dimension affects the PEM fuel
performance significantly, but the pumping power and flow rate are rarely considered at the same time.
Without considering the pumping power, the improvement of performance caused by optimizing
the flow field dimension can be incorrect in real-life PEM fuel cells. Carbon cloth is used as the gas
diffusion layer (GDL) in fuel cells and has a high permeability and a high water removal capability
than carbon paper [1,27], but the experimental studies with carbon cloths are very limited. In this work,
the effect of land width of serpentine flow field on fuel cell performance is experimentally studied
with four different land widths and three different inlet flow rates, and the carbon cloth is used as the
GDL. In addition, the net power densities under different potentials that include the pumping power
are also evaluated for different flow rates and different land widths.
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2. Experimental Section

2.1. Fuel Cell Test System

Hydrogenics® test system G60 with build-in automatic software HywarelI™ is used to control the
operating potential, measure the current density (by RBL electrical load, +0.5% accuracy), and then
plot the polarization curves. The schematic diagram of the experimental test system is shown in
Figure 1. The test station controls the anode/cathode inlet temperature and relative humidity and flow
rates (by Bronkhost mass flow controller, +0.5% accuracy), back pressure and operating temperature.
When the reactant gas flows through the bubble humidifiers and preheater in the test system, the inlet
gas temperature and dew point are controlled, thus the relative humidity of inlet gas is controlled as
well. The inlet pressure and outlet pressure on both anode and cathode can be measured with separate
pressure transducers (Omega, +0.08% accuracy) in the test system.
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Figure 1. Schematic diagram of Hydrogenics® test system G60.

2.2. Fixture and Operation Conditions

The membrane used in the fuel cell is Nafion™ 117 purchased from Alfa-Aesar. The carbon cloth
electrodes for the anode and cathode sides are purchased from BCS Fuel Cells. The platinum catalyst
loading is 0.4 mg cm?. The membrane electrode assemblies (MEA) is assembled and hot pressed
in-house. The MEA with an electrode area of 44 cm? is assembled by two end-plates, two gold-coated
copper plates, two graphite plates with 44 cm? single serpentine flow fields, and two Teflon® gaskets.
The gold-coated copper plates are used to collect the current from the cell. The Teflon® gaskets are
used to avoid gas leakage and control the compression ratio of GDL thickness. The single serpentine
flow field used at the anode side has 1 mm channel depth, 1 mm channel width, and 1 mm land width.
The four single serpentine flow fields used at the cathode side all have 1 mm channel depth, 1 mm
channel, but their land widths are 0.5 mm, 1 mm, 1.5 mm, and 2 mm, respectively, shown as Figure 2.
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Figure 2. Single serpentine flow fields with four different land widths (0.5 mm, 1 mm, 1.5 mm, 2 mm).

A series of experiments with three different air inlet flow rates of 0.5, 1, and 2 L/min are conducted
at the cathode side using four different cathode flow fields, respectively. The hydrogen inlet flow rate
at the anode side is kept at 0.5 L/min. The cell operating temperature, inlet gas temperatures of the
anode and cathode sides of the fuel cells are maintained at 70 °C. The dew point of both anode and
cathodes gases are kept at 70 °C to ensure fully humidified gases. No back pressure is applied in the
experiments, and the outlet pressure on both anode and cathode is kept at ambient pressure.

Before the actual experiment, a break-in procedure with MEA humidification and catalyst
activation is applied. In the present work, in obtaining the polarization curves, the voltage is changed
from open-circuit potential (OCV) of the cell to 0.25 V with a step of 0.05 V. At each voltage stage,
the current and voltage values are collected only after the cell has reached stead-state conditions.

3. Results and Discussions

3.1. Influence of Inlet Flow Rates

Figure 3 shows the current density of different operating potentials at different inlet flow rates.
As the flow rate increases, the current densities at less than 0.6 V cell potentials, always increase in
all the four different land width cases. This result is consistent with the findings in the previous
literature [20]. The reason is that the available reactant gas to the catalyst layer increases and excess
produced liquid water can be removed easily at a higher inlet flow rate. Therefore, the mass transfer
loss is lower at a higher inlet flow rate.



Energies 2019, 12, 471 50f 10

0.8 0.8

=
=N

Potential (V)
(=]
[=
Potential (V)

0.4 0.4

-#-(0.5mm - 0.5L/min —#-|mm - 0.5L/min

02 0.5mm - 1L/min 02 Imm - 1L/min
——0.5mm - 2L/min =—]1mm - 2L/min
0 0
0 200 400 600 800 1000 1200 0 200 400 600 800 1000
Current Density (mA/cm?) Current Density (mA/cm?)
(a) (b)
12 12
0.8 0.8
s 3
= 06 = 06
E £
: £
=)
& 4 a1 5mm- 0.5L/min A 04 T omm - 0.5L/min
02 1.5mm - 1L/min 02 2mm - 1L/min
——1.5mm - 2L/min ——2mm - 2L/min
0 T T - . : 0 . . B,
0 200 400 600 800 1000 0 200 400 600 800
Current Density (mA/cm?) Current Density (mA/cm?)
(c) (d)

Figure 3. Comparison of polarization curves at different inlet flow rates: (a) Land width = 0.5 mm;
(b) land width = 1 mm; (c) land width = 1.5 mm; (d) land width = 2 mm.

The pressure drop from the inlet to the outlet at high flow rates is higher, and this can lead to a
higher pumping power. The pumping power (W) can be calculated from the pressure drop and inlet
flow rate from the following equation.

_ PQiu

U

where W), is the pumping power, P is the pressure drop from the inlet to the outlet, Q;, is the inlet
flow rate, and # is the pumping efficiency and assumed to be 0.8 in this study. The average pressure
drop from the inlet to the outlet at different inlet flow rates during the fuel cell operating are listed
in Table 1. The pressure drop increases significantly with the inlet flow rate due to the high gas
velocity along the channel and more produced liquid water. The pressure drop decreases significantly
when the land width increases from 0.5 mm to 1 mm, since the total channel length is decreased
significantly for a fixed flow field area. However, when the land width further increases from 1 mm,
the pressure drop does not vary too much with the decrease of the total channel length, since the low
under-land cross-flow rate for larger land widths cannot effectively remove the excess product liquid
water, and accumulated liquid water in the flow field increases the pressure drop. Since the inlet flow
rate on the anode is kept at a low level and no liquid water is produced at the anode side, the pressure
drop at the anode side is low and the pumping power at the anode side is not considered in this study.

Wy )
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Table 1. Average pressure drop at different inlet flow rates for four different serpentine flow fields at

the cathode side.
Pressure drop (kPa) 0.5 L/min 1 L/min 2 L/min
0.5 mm Land 66.35 132.30 259.28
1 mm Land 42.21 85.43 186.72
1.5 mm Land 40.58 83.57 176.98
2mm Land 41.57 83.69 176.98

Figure 4 displays the net power densities at different operating potentials and different inlet flow
rates after considering the pumping power. It can be seen that the net power density does not vary too
much at 0.7 V for all the four flow fields when the inlet flow rate increases from 0.5 L/min to 1 L/min.
At a high cell potential, the high flow rate increases the amount of reactant gas available to the catalyst
layer, but this benefit is just enough to compensate the high pumping power. The maximum net power
density occurs at 0.6 V and 0.5 V when the inlet flow rate is at 1 L/min, owing to a suitable balance
between the amount of reactant gas to the catalyst layer and the pumping power. At 0.4V, the net
power density does not vary too much from 1 L/min to 2 L/min, except for the case with 0.5 mm
land width. At a low cell potential, current density is high and a large amount of liquid water is
produced, and the mass transfer loss becomes an important factor for fuel cell performance. The high
inlet flow rate decreases the mass transfer loss, and this can compensate the high pumping power at a
low cell potential, i.e., 0.4 V. Therefore, when the pumping power is considered, there is an optimal
inlet flow rate to maximize the fuel cell performance for each operating condition, listed in Table 2.
Normally, the optimal inlet flow rate is 1 L/min for these four serpentine flow fields, instead of the
maximum flow rate as the literature reported [20].
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Figure 4. Comparison of net power densities that include the pumping power at different inlet flow
rates and different land widths: (a) Land width = 0.5 mm; (b) land width = 1 mm; (c) land width =
1.5 mm; (d) land width = 2 mm.
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Table 2. Optimal inlet flow rate for four single serpentine flow fields with different land widths at
different cell potentials when the pumping power is considered.

Optimized Inlet Flow Rate (L/min) 0.5 mm 1mm 1.5 mm 2mm
0.7 V cell potential 050r1 050r1 050r1 050r1
0.6 V cell potential 050r1 1 1 1
0.5V cell potential 1 1 1 1
0.4V cell potential 1 lor2 lor2 lor2

3.2. Influence of Land Width

Figure 5 shows the performance of PEM fuel cell with different land widths. As the land width
decreases from 2 mm to 0.5 mm, the current densities always increase when the cell potentials are
at 0.6 V or lower for all the inlet flow rates. Even at a low inlet flow rate, i.e., 0.5 L/min, the high
under-land cross-flow rate caused by decreasing the land width still significantly increases the water
removal capability and significantly decreases the mass transfer loss, and this phenomenon is consistent
with the findings in the literature [28]. The single serpentine flow field with 0.5 mm land width always
has the best performance when the pumping power is not considered. These results agreed with the
previous literature [23,26], as the decrease in the land width leads to an increase of fuel cell performance.
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Figure 5. Comparison of polarization curves at different land widths: (a) Inlet flow rate = 0.5 L/min;
(b) inlet flow rate = 1 L/min; (c) inlet flow rate = 2 L/min.

Figure 6 shows the net power densities with different land widths taking into consideration of the
pumping power. At a low inlet flow rate (e.g., 0.5 L/min), the net power densities for the 0.5 mm land
width case out-perform the other cases when the cell potential is 0.6 V or lower. At a medium inlet
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flow rate (e.g., 1 L/min), the net power densities for the 0.5 mm land width case out-perform the other
cases when the cell potential is 0.5 V or lower. At a high inlet flow rate (i.e., 2 L/min), the net power
densities for the 0.5 mm land width case out-perform the other cases only when the cell potential is
at 0.4 V. Thus, when the inlet flow rate is higher, the higher under-land cross-flow rate caused by a
narrower land only benefits the fuel cell performance at the lower cell potential region. The reason is
that the high inlet flow rate leads to a higher pumping power. As a result, the benefit of narrow land
width on fuel cell performance is lower at higher inlet flow rates for single serpentine flow fields when
the pumping power is considered. Table 3 lists the optimal land width at different inlet flow rates and
different cell potentials, and the narrowest land width (i.e., 0.5 mm) does not always result in the best
performance when the pumping power is considered. As a result, the optimal flow field by decreasing
the land width as the literature stated [23,26] is not valid when pumping power is considered.
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Figure 6. Comparison of net power densities that include the pumping power at different land widths:
(a) Inlet flow rate = 0.5 L/min; (b) inlet flow rate = 1 L/min; (c) inlet flow rate = 2 L /min.

Table 3. Optimal land width in single serpentine flow fields at different inlet flow rates and different
cell potentials when the pumping power is considered.

Optimized Land Width (mm) 0.5 L/min 1 L/min 2 L/min

0.7 V cell potential 15 1 1
0.6 V cell potential 0.5 1 1
0.5V cell potential 0.5 0.5 0.50r1

0.4V cell potential 0.5 0.5 0.5
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4. Conclusions

Four single serpentine flow fields with different land widths and three inlet flow rates are used in
the experiment to study the effect of land width on fuel cell performance. Fuel cell performance for
different land widths was evaluated both with and without the consideration of the pumping power.
The following conclusions can be made based on the experimental results:

(1) For all the cases with different land width, high inlet flow rate (i.e., 2 L/min) always resulted in
high fuel cell performance when the pumping power was not considered, whereas the medium
inlet flow rate (i.e., 1 L/min) generally provided the highest fuel cell performance when the
pumping power was included.

(2) As the land width decreases, the fuel cell performance without considering the pumping power
at 0.6 V cell potential or lower always increases, due to the increase of the under-land cross-flow
rate and decrease of the mass transfer loss.

(3) When the pumping power was included, the improvement of fuel cell performance caused by
the decrease of the land width only occurred at a lower cell potential at a higher inlet flow rate.

(4) The effects of the land width and inlet flow rate on fuel cell performance when considering the
pumping power are very different from that without considering the pumping power.

(5) Without considering the pumping power, the improvement of performance caused by optimizing
the land width can be over-estimated, and the inlet flow rate cannot be optimized properly.
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