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Abstract

Efficiency of fuel cell is dependent on reactant distribution, products evacuation, pressure losses and many of these factors is
dependent on the design of flow field plate. With an effective design, reactant distribution, pressure drop and water and heat
management can be further improved. In this work, two new designs, as multi-serpentine set-up with additional slots and hybrid
geometry, on stainless steel bipolar plates, are presented. Electrical performance, and pressure head losses are analyzed by
electrochemical methods such as polarization curve and use of electrochemical noise as a diagnostic tool to further understand the
impact of water management on performance. Multi-serpentine design shows the best electrical performance whereas hybrid
design reveals the lowest pressure head losses and higher stability that can be useful to downsize compressor and provide lower
impact on fuel cell stack durability.
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1. Introduction

Increasing energy concern related to environment pollution, rapid depletion of fossil reserves has led most of the research
oriented to other alternative solutions. One of these is to explore polymer electrolyte membrane fuel cell (PEMFC) technology
because of their ability to provide low-carbon electricity thanks to hydrogen vector (if hydrogen is product with low-carbon
systems) and the only products as water and heat (that can be valorised). PEMFC advantages as low temperature operation (80°C),
high power density (1 W/cm?) and low emission have led to opening new fields towards application of these systems. In order to
further increase the efficiency (and durability) of these cells it is very important to understand the parameters on which the
efficiency of fuel cell depends and what are the current drawbacks that PEMFC is face. An efficient working of fuel cell requires
three main things, firstly homogeneous distribution of gases, secondly effective removal of water produced during operation, and
thirdly low mass to power ratio. Most of these points can be enhanced with an efficient design of flow field, which can ensure
homogeneity in terms of reactants, efficient removal of water and heat [1].

Traditional serpentine flow field geometry has shown good performance considering homogeneity of flow of gases in
channels, but with number of bends produces larger pressure drop which ultimately effects the compressor efficiency [1]. Also
due to number of bends, there is water accumulation across corners which can result in slug and plug in the way of reactant flow.
[jaodola et al. [2] presented work related to water flooding in PEMFC and how to promote proper water management. Ito er al. [3]
highlighted results related to flooding in PEMFC gas diffusion layer by differential partial measurement. Quan et al. [4] explained
water behaviour in serpentine micro-channel for proton exchange membrane fuel cell cathode and their results showed that water
distribution in after bend might block the reactant supply to reaction sites. These results showed that it becomes important to
explore other possible designs which can help an increase of efficiency and decrease in power consumption of fuel cell stack.
Also, material of bipolar plate, plays an important role in analysing the overall efficiency of plates. Non-metallic (often carbon)
and metallic bipolar plates are often used, and both classes have their own advantages [5, 6]. Carbon plate are the oldest but
metallic plate are more and more used in fuel cell stack [7, 8].

Out of metallic, one of them mostly used is stainless steel bipolar plates as they show good electrical, mechanical and thermal
properties but suffer from corrosion and a prolonged use of these plates can result in a very quick membrane poisoning which can
be very detrimental to health of membrane. There have been a lot of research regarding coating for stainless steel bipolar plates
considering material, thickness, chemical composition, effects [9-11]. Since the bipolar plates contribute 60-70 % of the total
components of PEMFC stack therefore research is needed in this area to explore more feasibility with conductivity, heat
management, vibration tolerant, flexural strength, impact strength, and overall weight of bipolar plates based on DOE targets.

Based on our search not much experiments and numerical analysis is carried on the channel design of flow field plates (FFPs)
often named bipolar plates (BPPs). Key to efficiency is a good flow without dead zones in channels, effective distribution of
reactants and lower pressure drop. Kloess et al. [12] worked on channel designs inspired from nature that result of a hybridization
between serpentine and interdigitated designs. Interesting results were observed with an increase in power density at 7= 75°C and
RH = 100% by 30%. Spiral geometry is also investigated by several groups. Ibrahimoglu et al. [13] investigated flow field design
considering spiral geometry with less area in comparison of the standard area of serpentine plates (25 cm?). Ansys Fluent PEMFC
module is used to study this spiral design. The motivation behind this study is to identify the feasibility of circular shape PEMFC
with a spiral flow-field design to increase the active area and to decrease auxiliary power consumption of the system, thereby
understanding gas distribution, pressure distribution in membrane, anode and cathode flow channels. Cho et al. [14] used finite-
element model of PEMFC with fractal branching. Idea is to optimised number of branching generations to homogenize reactant
concentration. Behrou er al. [15] gave an interesting method using topology optimization to design flow field of PEMFC resulting
in non-trivial optimised geometries. The objective function is to optimize both homogeneity of current density distribution and
output power permitting reduced cost and increase in durability. Andrade et al. [16] gave a numerical solution using spiral
geometry of flow channel. Using computational fluid dynamics code, finite volume scheme, various flow configurations were
modelled ranging from 4 to 12 channels in multiple of 4 and simulated. They show that the 12 channel design give the maximum
efficiency but higher pressure drop. Increase in inlet hydrogen velocity can increase the output performance of the cell. Compared
current density at the entrance of fuel cell at same position shows the highest performance for radial in comparison to spiral and
serpentine. Robles et al. [17] investigated the effect of spiral flow channel geometry in shape of 1, 2, 3, 4, 6 and 8§ concentric
spirals. Results were simulated by a three dimensional non-isothermal model, predicting water content and entropy generated in
all zones inside the cell. Karthikeyen er al. [18] investigated experimentally zigzag positioned porous inserts on rib surface of
cathode flow channel for performance enhancement. Those porous inserts which have 80 -90% porosity has improved the power
density and current density by 11.5% and 7% respectively, compared to conventional serpentine channel. Nguyen [19] worked on
gas distribution design to improve mass transport rates of reactants from flow channels to inner catalyst layers. Cooper et al. [20]
examined critical cathode BPPs dimension such as channel/ land width, channel depth for both interdigitated and parallel designs
and found that the most important parameter for interdigitated design which effects the raw power and limiting current density is
stoichiometry, similarly for parallel channel design is channel/land width. Bipolar plates channel design was not only limited to
rectangular dimensions as Khazaee et al. [21] worked on annular shaped geometries. The results by polarization are in good
agreement with experiment. Interdigitated design is gaining attention in past years but yet to be fully understood. These designs
promote forced convection, which helps to avoid flooding and gas diffusion limitations. Wang et al. [22] made performance
studies with interdigitated flow fields and understood the effect of cell temperature, gas humidification, cell operating pressure
and reactant gas flow rate on these designs. Based on their experimental conditions these designs work with good humidification,



increase in operation pressure. Carton et al. [23] worked on three-dimensional proton exchange membrane fuel cell model thereby
providing a 3D CFD model for open pore cellular foam material. Results indicated that open pore cellular foam material plates
distribute both hydrogen and oxygen more evenly from inlet to outlet, compared to double channel fuel cell. Wilberforce et al.
[24] gave a detailed review considering distribution of various geometry designs and performance of PEMFC’s. Geometric
parameters for flow channel design plays a very important role for effective distribution and removal of reactants and on many
more factors. Manso et al. [25] reviewed the influence of geometric parameters of flow fields and its performance on PEMFC.
Following his work, flow field, flow direction, channel length and number of channels, use of baffles, cross sectional dimensions,
rib width, channel depth, height to width ratio can have huge effect of performance of fuel cell.

Most of these studies use conventional electrochemical techniques, as polarization curve, interruption current and impedance
measurements, to characterize performance and durability and design impacts on working fuel cells. Electrochemical techniques
are easier to carry out and can give much detailed information. Of all the major problems, water flooding or drying of cell poses a
major risk primarily because of durability issues [26]. To analyse in-situ water distribution, methods such as neutron imaging, x-
ray, electron microscopy or optical photography are often used [27-29]. These techniques give a precious detailed view to
understand more clearly the physic within the system but are expensive to carry out in a practical point of view. In this study, in
addition to polarization curve analysis and pressure head losses measurements, a direct approach named Electrochemical Noise
Analysis (ENA) is done by recording and analysing fluctuations of fuel cell parameters as voltage. Since this approach do not
require use of costly instruments, easy to set anywhere and can be used upon any size of fuel cell and can give more faster results
in varying conditions of fuel cell. ENA can be an important tool to understand the flooding and drying behaviour of fuel cell [30,
31].

Maiza et al. [30] worked on similar procedure, case of flooding condition to check how the signals can vary with the
accumulation or poor removal of water in the cell. Mortazavi et al. [32] worked on similar approach to understand the liquid gas
two-phase flow pressure drops in ex-situ fuel cell setup. The aim of the work was to understand pressure drop signatures with
different flow rate within a flow channel. Mishima et al. [33] developed a study to understand flow regime, void fraction, and
velocity rise of slug bubbles in capillary tube with inner diameters ranging from 1 to 4 mm. Mansfeld et al. [34] evaluated coating
degradation with electrochemical impedance spectroscopy and electrochemical noise analysis on cold rolled steel. Martemianov et
al. [35] worked on similar methodology of noise analysis and application for commercial Li-ion batteries. Baert et al. [36] worked
on noise voltage of batteries. Gabrielli et al. [37] developed model of the stochastic behaviour of electrochemical interface
governed by chemical or electrochemical reactions. Rubio et al. [38] studied PEMFC failure mode of earlier diagnosis with
wavelet analysis of electrochemical noise. Analysis of electrochemical noise, in some cases for example in cases of flooding
shows a drift in signal which can be due to low frequency component of signal, Bertocci ef al. [39] analysed and discussed various
drift removal procedures. Electrochemical noise analysis as a tool is used in many studies to explore the irregularities and
possibilities of defects [40-42].

The aim of the present work is to study new geometries impact on performance and pressure drops and analyse the results
obtain in comparison of conventional techniques and instrument. For the first part of article the designs effect will be analysed
with polarization curve and electrochemical noise measurements. ENA will be perform with the evolution of temporal descriptor
as standard deviation (STD) This will be help, qualitatively and quantitatively, to understand the designs impacts with respect to
an easier water removal. In the second part pressure head losses will be evaluated and compared between each design.

The paper is organized in the following way. The “Experiment” section presents the three designs used and experimental
details of the provided experiments. In the “Electrochemical noise methodology” section, the details the evaluation of noise and
the detrending procedure of noise are presented. The robustness of obtained statistical descriptors as time windows is considered.
Results of polarization curve of the three design, electrochemical noise analysis and head pressure losses are given in the
“Results” section. Conclusions of the present work and some perspectives are specified in the “Conclusion” section

2. Experiment

2.1 Bipolar plate designs

In this research two new designs of bipolar plate are compared with traditional serpentine (Fig. 1). The plates have been named
in order to highlight the use. Fig. 1a represents the traditional serpentine geometry, Fig. 1b multiple serpentine (multi-serpentine)
geometry with additional slots and Fig. 1c hybrid (serpentine + parallel) design. The choice of this design are explained below.

Traditional serpentine design suffers from various flooding and drying of membrane issues. Le et al. [43] presented results
regarding the liquid water behaviours in proton exchange membrane fuel cell cathode with serpentine channels. Lee et al. [44, 45]
gave radiographic investigations of liquid water transport behaviour in PEMFC. Aslam et al. [46] simulated similarly for direct
visualization of liquid water in PEMFC’s. Extensive research has been published so far regarding the use of this plates with both
performance, modification and drawbacks [47-49].

Multiple serpentine geometry with additional slots (Fig. 1b) are developed to enable homogeneous water distribution. Multi-
serpentine designs have already analyzed in literature [50] by analyzing the optimum channel length for flow but not with slots
addition. There is no accurate way to understand the water distribution in the bipolar plate accurately and precisely. A typical



multi-serpentine channel has 4-8 channels in parallel to avoid long channel lengths and hence reduced pressure head losses,
however if any one channel in multi-serpentine channel is blocked, there will be different possible cases :

¢ Reactants will be forced to move from the gas diffusion layer, inducing more pressure head and non-uniformity of
pressure on the gas diffusion layer.

* Due to blockage by water, there is a possibility that the entire length which was supposed to carry the reactants will
be without any reactants and hence again a non-uniform distribution on the gas diffusion layer.

In a fuel cell working at a relative humidity of 100% or working at high currents with an high water production, this water
needs to be flushed out to avoid flooding. For example, in multi-serpentine plates with size of 10 cm x 10 cm if a channel is
blocked with slug or plug it will block the entire channel to further carry the reactants and decrease the reactions surface of
electrodes that impact performance. In the present work slots are added to the multi-serpentine design to avoid slug formation.
Indeed, if a channel is blocked, the slug thanks to the added slots, can redistribute into smaller droplets and can make a way
forward for further reactants to distribute homogenously.

Hybrid design (Fig. 1c), to take into the effect of the pressure losses, promote homogeneity, and ease in water removal. The
idea behind using this design is to reduce the serpentine long lengths and equally replacing by exterior parallel channels to
promote faster water removal and gas distribution and decrease pressure head losses.
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Fig. 1 (a) traditional serpentine design (b) multi-serpentine design (with slots) and (c) hybrid design. Active area = 25 cm> Depth
of channel is 2 mm.

2.2 Experimental setup

Fig. 2 presents the experimental setup used for our experiments. For the fuel cell assembly, metallic stainless steel 316L flow
field pates are used. A carbon-based coating material developed by Precors® is used on the plates. Thickness used for the coating
is 100 nm. Tests are carried out using Nafion® NRE-211 membrane, GDL Sigracet® 39 BC, for a fuel cell temperature of 60°C
and relative humidity at the inlet set to 50%. Each bipolar plate has an area of 100 cm? (10 cm x 10 cm) and effective reaction area
of 25 cm? (5 cm x 5 cm). Lands and channels are divided in ratio of 50%. Depth of channel is 2 mm. Gas used at anode is
hydrogen and at the cathode side is pure oxygen, connected by flow meters to regulate the amount of flow based upon the current
applied. Stoichiometry for hydrogen is set to 1.4 and for pure oxygen is set to 1.2. Two separate humidifiers are used to maintain
the right amount of humidity for effective working of fuel cell operations. A temperature controller was used to maintain the
required amount of relative humidity in the fuel cell. The connection between humidifiers and fuel cell are preheated to avoid the
condensation of water present within humidified gases which can result flooding issues at the inlet of the cell. Temperature of
preheating is set to 65°C. Thermo-regulation is used to maintain the fuel cell at 60°C on both the sides of stainless steel BPPs
thanks water circulation. Special C-clamps are used to hold the two plates together. It is made sure that equal compression is given
to all the three sets of bipolar plates. Isoflon® gasket, thickness 0.25 mm is used to avoid gas leakage and insulation. Pressure
sensors JUMO MIDAS® are connected both at hydrogen and oxygen inlet of PEMFC to measure the inlet pressure. The outlets
are open to the atmosphere. Pressure sensors have range of 250 kPa and accuracy of 0.25 kPa. To impose current in galvanostatic
mode an electronic load, Kikusui® PLZ664WA 0-150 V 0-132 A is used. Electrochemical data, except polarization curve, is
collected at two operating current value of 4A and 19A (corresponding to 0.16 A/cm? and 0.76 A/cm? respectively) during 2
hours for each point. In order to record the signals of pressure and fuel cell voltage fluctuation for ENA, a National Instruments
data acquisition card NI DAQ 9234 is used which has a 24-bit resolution for good accuracy and sensitivity of measurement with
anti-aliasing filter. All data of pressure and voltage are recorded with a 2048 Hz frequency and using LabView®. Matlab® and
Python® are then used for further signal treatment.
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Fig. 2 Schema of experimental setup
3. Electrochemical noise methodology
3.1 Intrinsic noise

In order to characterize electrochemical noise of fuel cell, it is very important to estimate the intrinsic noise of experimental
setup, on the basis of magnitude of energy (intensity) of signals captured (Fig. 3a). Hence, in order to differentiate the noise of
bench and the electrochemical noise of fuel cell working, measurements have been performed with fuel cell feed with gases with
active electronic load set at 4A named ON and without gases named OFF. The data recorded shows a peak to peak voltage of 40
mV for the fuel cell ON (Fig. 3b) and 4 mV for the fuel cell OFF (Fig. 3c) condition which is roughly 10 times higher. This
confirm that the fuel cell noise can be measured by our acquisition system with enough intensity of the fuel cell signal.
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Fig.3 (a) Evolution of voltage fluctuation of fuel cell running (ON) and bench noise without any reactants (OFF). Enlarged
version and their magnitude of (b) fuel cell voltage at 4 A (0.16 A/cm?) (c) bench noise.

3.2 Signal detrending procedure



Time varying trends can contain useful information on the evaluation of signal which can show both slow dynamic (low-
frequency) variations and fast dynamic (high frequency) variations. In order to understand the electrochemical signal, it is
important to detrend signal function therefore isolating noise. Detrending as a tool have been used to remove trends in
electrochemical noise [51-53]. In order to study and apply stationary methods, in the present work, signal is detrend with a linear
polynomial in python SciPy module. For that the 2 hours signal (7200 seconds) is broken down to 200 seconds window (36 parts)
and then an individual linear fit is performed for each part of data between two break points. Linear mode calculates the linear
least-squares fit to data and subtracts from data in the given time window. Fig 4 shows the evolution of voltage signal at 19 A
(0.76 A/cm?) and detrend signal for serpentine design. It is chosen to highlight detrending procedure with the less table signal as
voltage signal measurement at 19 A for serpentine design. The voltage decreases from 0.25 to 0.15 V for the 4800 first seconds
and after some peaks until 0.20 V appears for a period of about 1000 s. As evident from Fig. 4, after applying the linear detrend
procedure, it removes certain trend however some form of fluctuations especially for the peaks impact a little bit the detrend. Sure,
the number of parts and the order of polynomial impact the detrend procedure [52]. To see the impact of detrend procedure some
comparison has been made in the next section.
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Fig. 4 Evolution of voltage signal at 19 A (0.76 A/cm?) and detrend signal for serpentine design

3.3 Time window comparison

Working with electrochemical noise is mainly working with stochastic signals, which have no preferred outcome, or which
cannot be determined. It becomes important to analyse the signal while breaking into stationery points and choosing an
appropriate time window. Indeed, electrochemical noise has a problem issue related to the non-stationary character of the signal
[54, 55]. One of the possibilities to solve this problem is using short-time analysis [56, 57].

The same procedure through short-time analysis as our previous work [57] is followed in this work, to guarantee the stability
and relevance of the signal detrending. Four size of time windows have been tested (18, 72, 200 and 400s) that divided
respectively in 400, 100, 36 and 18 parts. As an adapted filter, the choice of the size of the windows can allow to filter the low
frequency or high frequency part of the signal, depending of your time constant looking. The more your time windows is tiny the
more you cut your low frequency (as an high-pass filter). If your system has a long time constant it is preferable to use large time
windows and reversely if your time constant is short. The choice to use a direct measurement (DC) of the signal and apply specific
detrending procedure and statistical descriptor calculation as standard deviation (STD) in this present work is to be sure of the
impact our acquisition system. When a filter is used to measured signal (AC) associated often to amplifier, the impact of the filter
in most of the case is never considered.

Fig. 5 highlights the effect of the size of time window on the detrending of the signal. The same signal of voltage fluctuations
at 19 A for serpentine design recorded during 7200 s as Fig. 4 is used for the comparison. It can be seen (Fig.5a) that when a 400 s
time window is used, some large fluctuations is always apparent near 5000 and 7000 seconds, corresponding to the large peaks on
the raw signal (Fig. 4). When the size of the time window is reduced to 200 s the peaks influence decreases, but large fluctuation
remains on the detrend signal. From a time window size of 36 s and after 18 s, no large fluctuations are noticeable on the detrend
signal, due to an higher filtering of the signal when small windows are used. Fig. 5b shows the comparison of the four detrend
signals with time windows of 400, 200, 72 and 18s. It is clear that all the signals are centred in 0 V and 200 and 400 s time
window detrend signal show large fluctuations between -0.015 and 0.015 V due to the effect of the low frequency peaks within
the raw signal (Fig. 4). STD evaluation (Fig. 5¢) highlights this behaviour and reveals large peaks between 4 and 5 mV near 5000,
5700 and 7200 s. For the time windows of 72 s, STD peaks are lower except at 7200s. For the time windows of 18 s, this time



windows size is too tiny and a flat evolution of STD is obtained. Because in this paper ENA will be evaluated thanks to the
evolution of STD with time for the three different design and the aim is to track the effect of the design on water management, it is
chosen to use a time window of 200 s to detrend the signal, to not filter too much the low frequency and cancel the presence of
low frequency peaks on the signals. Indeed, presence of slug or plug within the flow field channel shows a large time constant
(several seconds to several minutes, depending on length and geometry of flow field plate) [58-60].
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Fig. 5 Effect of time windows on detrend calculation

It can be precise that for all STD calculations presented in Fig. 5c, a window of 36s seconds was chosen. Indeed, there is two
steps to calculate STD in our procedure. First, the signal is detrend choosing a size of time window and applying a linear
polynomial to subtract the mean value of the raw signal. And secondly, the STD is calculated on the detrend signal choosing an
accurate window to calculate the STD.

Fig. 6 highlights the influence of the window on STD estimation for the 200 s window detrended signal. Four value of
windows is chosen to calculate STD, 18, 36, 72 and 200 s. Sure it can be noted that when a window of 200 s is chosen for a 200 s
window detrended signal, only few values (36 exactly) of STD are calculated. If the time of the windows is decreased to 72, 36,
18 richer information and more peaks with higher values appear, especially where low-frequency peaks are present within the raw
signal (near 5000, 6000 and 7200 s — Fig. 5a). The choice of the size of the time windows to calculate the STD must be done on a
stability criterion (can be relative). It means when the decrease the size of the windows continue to reveal new peaks, size of
window can be decreased. When the decreasing of windows size does not affect a lot the number of peak (only affect the absolute
value of the peak) STD calculation start to be stable. Regarding Fig. 6, a windows size of 36s is chosen to calculate the STD
evolution with time for all results presented in “Results” section. The time windows of 36 seconds provided, in our point of view,
the most relevant information on standard deviation (STD) of the measured signals that linked to the intensity of the signals.
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4. Results and discussion

4.1 Polarization test

Polarization curves are generally used to describe the phenomenon of electrochemical reactions and to characterize the fuel
cell. This can be a very important tool to understand the kinetics, resistance and mass transfer of a fuel cell. Based upon this,
important observations can be withdrawn explaining what the source of global performance losses in can be working of fuel cell.
The polarization curve of the three designs are presented in Fig. 7. The activation losses, which occur at low current densities (<
0.2 A / cm?), are similar for all three designs except multi-serpentine geometry shows less losses to begin the reaction. Major
difference regarding fuel cell performance can be seen in ohmic part (linear part). Fig. 7 highlights that multi-serpentine geometry
give the best electrical performance. The multi-serpentine design demonstrates a voltage of 0.65 V compared to 0.6 V to the
hybrid and 0.58 V to the serpentine cell at 0.4 A/cm?, and of 0.5 V compared to 0.3 V and 0.25 V at 0.9 A/cm?, respectively. The
ohmic loss is mostly significant for the case of serpentine geometry which is followed by hybrid in comparison of multi-
serpentine mostly due to a higher membrane resistance.
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Fig. 7 Polarization curve comparison for the three designs
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4.2 Electrochemical noise analysis applied to three geometries through STD evolution of voltage
signals

Standard deviation (STD) can be a good descriptive tool, describing the intensity of noise signal, which can explain how data
for a signal are spread out from average or mean. Similiarly a low STD value explains signals are mostly close to mean and a high
value explains far away from mean. In order to understand the impact of different flow field design, noise as a tool can give vital
information for diagnostic perspective [61], especially considering the effect of water management [30, 57], flow of gases [62]
and current [63]. Electrochemical noise analysis offers promising possibilities allowing in-situ diagnosis of electrochemical
energy sources, without system perturbations [64].

As mentioned above in all the experiments the electrochemical noise is recorded directly to understand the signature and its
impact on temporal analysis. For temporal analysis STD calculation on a time windows of 36 seconds, on a signal detrend with
200s linear polynomial subtraction window, are used to evaluate the intensity of voltage signals and follow the STD variations
over the entire measured signals that have a duration of 7200s for each experiment. Two operating point are used at a current of 4
A (0.16 A/cm?) and at 19 A (0.76 A/cm?) for three geometry: serpentine, multi-serpentine and hybrid.

In a qualitative point of view, Fig. 8 presents the voltage signals for the three geometry. Two regime are distint, at 4 A (0.16
A/cm? - Fig. 8a,b,c) where the kinetic effects are predominant and at 19 A (0.76 A/cm? - Fig. 8d,e.f). At 4 A, low frequency
voltage fluctuations are lower in comparison at 19 A. That can be due to a higher impact of the water management (due to higher
amount of water produced) at 19 A. In a geometry comparison point of view, serpentine highlights the lowest stability, especially
at 19 A (Fig. 8d), followed by multi-serpentine (Fig. 8e) and hybrid design give a great stability with no low-frequency
fluctuations at 19 A (Fig. 8f). The stable evolution of the voltage within hybrid design can be due to a more uniform repartition of
pressure and higher amount of pathway for gases due to the central parallel design of this hybrid geometry.
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Fig. 8 Raw voltage signals evolution at 4A (0.16 A/cm?) for (a) serpentine (b) multi-serpentine and (c) hybrid design and at 19A
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In a quantitative point of view, Fig. 9 shows the STD fluctuations of the voltage signals for the three geometry presented Fig.
8. In overall, STD values are near the value of 3mV, excepted at a value of 1.3 mV for the serpentine geometry at 19 A. In the
fluctuation of STD values point of view, as raw voltage measurement (Fig. 8), the traditional serpentine geometry present the
noisiest signature. More peaks and higher standard deviation values at 4A (Fig. 9a) and 19A (Fig. 9d) are highlighted, which is
less for multi-serpentine, some peaks with less intensity are present at 19A (Fig. 9¢) and no variation or presence of peaks for
hybrid design. The apparence of STD peaks and high values is due to a non-optimised water management has shown in our
previous work [57].

These behavior characterize by the STD evolution of voltage signals give us the signature of the three geometries. For
serpentine design, an interpretation of this high fluctuating behavior can be due that, considering flow only in one channel, water
is forced to move in one direction and if slug or plug appears that involve more irregularities in voltage signalsand so STD peaks
appears (Fig. 9 a,d). For multi-serpentine 4A results shows no fluctuations (Fig. 9b) and 19A (Fig. 9¢) shows fluctuations but the
magnitude is less then traditional serpentine. The reason of this behavior can be attributed to the re-distribution of water in the
slots which results in more stable voltage. The stable behavior on voltage signals for hybrid design can be due to an easier
removal of water, where it is not forced to follow a fixed trajectory and can correctly distributed at the inlet due to the presence of



parallel channel. Also, hydrid combine advantages of parrallel and serpentine geometry which furthers distribute the water
distribution.

Wua et al. [65] has published results using neutron imaging to study water removal in single, double and quad channel
serpentine based geometry. They report an ineffective liquid water removal for quad design and in our study based on
electrochemical noise analysis, it is seen a stable voltage at lower current and some disturbance at higher currents. This is in
agreement with their results, however they founded better performance for serpentine compared to quad channel. In the present
study introduction of slots in multi-serpentine channel design can be a reason for better performance and stability compared to
serpentine as slots allow more paths for removal of accumulated water. Again, considering neutron imaging results, Spernjak et al.
[66] comparing serpentine, parallel and interdigitated, shows that serpentine give better performance considering the removal of
accumulated water with time. Since parallel geometry suffers poor water removal hence in our study, hybrid design, combining
parallel and serpentine, shows better performance in voltage and STD fluctuations point of view compared to serpentine and
multi-serpentine modified with slots.
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Fig. 9 Voltage standard deviation evolution at 4A (0.16 A/cm?) for (a) serpentine (b) multi-serpentine and (c) hybrid
design and at 19A (0.76 A/cm?) for (d) serpentine (e) multi-serpentine and (f) hybrid design

4.3 Pressure drops for different geometries

Fig. 10 shows the mean pressure drop values over anode side (Fig. 10a) and cathode side (Fig. 10b). For all an error limit is
put to take in account the precision and sensitivity of the pressure sensor. For both side, serpentine shows the highest head losses
pressure with a variation between 4.7 to 5.7 mbar at anode side and variation between 2 to 2.4 mbar at cathode side. At higher
currents (19A), a decrease in pressure head loss is observed at the anode side (Fig. 10a). Multi-serpentine geometry gives stable
and lower pressure head losses near 4.2 mbar at anode side and 1.2 mbar at cathode side. Hybrid geometry highlights the lowest
pressure drop difference with stable value near 3.3 mbar at anode side. For cathode side, a value of 0.7 mbar at 4A and 0 mbar are
measured. The value O at 19A is due to the error limit of (+ 0.7) mbar and offset precision of the pressure sensor. Hence it is
assumed that with present sensor accuracy limit it is not suitable to calculate the pressure drop limit for hybrid design at 19 A. In
overall, results show that serpentine geometry has highest pressure head losses and minimum for hybrid design. Pressure head
losses are lower at cathode side compared to anode side because pure oxygen (flow rate divided by two) are used. Pressure
measurements here are mainly limited to single cell and a clearer picture can be provided by testing in stack considering the
pressure head losses or cells having higher area.

It can be noted that serpentine although is the most traditional used geometry suffers higher-pressure head losses and hence it
directly effects the compressor power in the fuel cell stack. Pei et al [26] reviewed water fault diagnosis of PEMFC associated
with pressure drop and gave useful descriptor regarding flooding or dehydration of fuel cell based upon the pressure drop
information. Grimm et al [67] modelled gas flow in PEMFC channels and observed the flow pattern transitions and pressure drop
through GDL.
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5. Conclusion

Traditional serpentine geometry of flow field plate is compared to two novel geometry (multi-serpentine with slots and hybrid
geometry) in this paper. Classical analysis as polarization curve comparison and pressure drops measurements are presented.
Results show that best electrical performance is obtained for multi-serpentine flow field plate design set up with slots. Hydrid
design, that takes advantages of serpentine geometry and parallel geometry, highlights the lower pressure drops with reasonable
electrical performance that, in overall, leads to higher performance for fuel cell stack integration with the use of smaller air

compressor.

Moreover, electrochemical noise analysis was applied to voltage measurements for two operating point. Based on the signals
obtained, qualitative and quantitative analysis was performed in temporal domain thanks to standard deviation variations with
short-time analysis. Considering the case of voltage signals, qualitative analysis of three geometries shows a maximum
disturbance in serpentine geometry, followed by multi-serpentine geometry set-up with slots and mostly stable fluctuations for
hybrid geometry. Hybrid design highlights the higher stability with no presence of large fluctuations of peaks, that is a signature
of good water management. Serpentine geometry reveals the lowest stability and highest presence of peaks due to worse removal
of water. Multi-serpentine design helped with the addition of slots shows a reasonable stability of voltage fluctuations and good
performance. The new flow field geometries proposed in this work to enhance water redistribution and reduction in pressure head
losses in this paper can be a first step for further flow field plate designs development in fuel cell stacks area. To go further
concomitant measurement and cross-measurements of pressure, impedance and temperature evolution and correlation between
signals for several operating point and relative humidities will be done in a future work.
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