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ABSTRACT In order to optimise the performance of Proton Exchange Membrane Fuel Cells (PEMFCs) and
to maximise their life cycle, water content has to be properly controlled. This paper presents a model-based
method to determine the effect of load on PEMFC water content in PEMFCs using Acoustic Emission (AE)
measurements. The developed model was implemented in COMSOL and verified using a single proton
exchange membrane fuel cell (FC) operated under various loads. Acoustical events originating from water
bubble formation have been identified and assessed using statistical parameters determined in the time and
frequency domains. The feasibility of using AE techniques to detect and monitor the impact of a cell’s load
variation on water content is assessed. As the model results were in good agreement with experimental data,
it was concluded that an AE based method could serve as an effective monitoring and control tool of water
content in PEMFCs. Statically, the root mean square for acoustic emission activity has a significant relation
with load characteristics and can, potentially, be a candidate for determining the AE behavior in a PEMFC.

INDEX TERMS PEM fuel cells, acoustic emissions, condition monitoring.

I. INTRODUCTION

It has been observed that the world’s total energy consump-
tion was 22,536 TWh in 2020 and sustainable energy’s share
was projected at 13.5 % [1]. However, approximately 86.5 %
of all the usable global primary energy was fossil fuel-based,
especially coal, oil, and natural gas [2]. The use of conven-
tional fuels as sources of energy is not encouraged due to their
greenhouse gas emissions, and one solution proposed is to
replace fossil fuels with clean, sustainable, and eco-friendly
energy sources.

Therefore, the global demand for alternative energy
resources is growing daily due to numerous issues. The most
important of which are: depletion of fossil fuels,global warm-
ing, and pollution. Increasing oil prices and the negative envi-
ronmental effects of fossil fuels are undeniable. The effect
of this is compounded by the global concerns of adverse
environmental effects of fossil fuel consumption dependency.
These are the primary driving forces behind the global pursuit
for clean and sustainable energy obtained from renewable
resources such as solar, wind energy, and green hydrogen
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technologies [3]. This is becoming even more important as
by 2040, it is projected global energy consumption will rise
by 36 %.

The hydrogen economy may assist with the above-
mentioned issues as hydrogen is a renewable resource that can
be produced from electrolysis of water using the electricity
derived from green sources such as photovoltaics, wind, and
bioenergy sources. Hydrogen is seen as an attractive alterna-
tive since pure water is a by-product when it reacts with oxy-
gen in a fuel cell. Thus, hydrogen and fuel cell technologies
can address two of the essential challenges, reducing carbon
dioxide emissions and overall dependence on fossil fuels [4].

As a core technology of a hydrogen economy, fuel cells
(Figure 1) will play a vital role in offering a cleaner, more
efficient alternative to gas and steam turbines at distributed
power generation stations. However, to date, the cost, effi-
ciency, and reliability of fuel cells (FCs) are not comparable
to gas or steam turbines [5]-[7].

Over the last 50 years, a significant amount of research
has been conducted in order to develop highly efficiency and
environmentally friendly fuel cells. However, performance
has been only slightly enhanced, and durability and reliability
have not demonstrated major improvements. This has meant
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FIGURE 1. The functionalities of fuel cells.

fuel cells have not been widely adopted because of their
relatively low durability and reliability, and unacceptably
high cost [8]-[10]. One obstacle in the way of improving
the performance and reliability of fuel cells is an inadequate
understanding of the phenomena that occur within them, due
mainly to their complexities. The study and investigation of
these complexities will greatly assist in determining solutions
amongst many problems related to fuel cells including water
management.

The acoustic characteristics of fuel cells, if fully under-
stood, may lead to significant improvements in their design,
control, durability, and reliability. Chemical reactions that
occur in fuel cells are accompanied by energy transfer, with
some of that energy converted into acoustic signals. One
possible acoustic source is the activity of bubbles which occur
due to the electrochemical reactions between fuel (H,) and
oxidiser (O7) forming water at the cathode side. The rate of
formation of the bubbles is closely related to the speed of
the chemical reaction. A fast-electrochemical reaction will
lead to high rate of bubble formation, and consequently,
an increase in the amplitude of acoustic emission (AE). Thus,
the AE signals may carry very useful information about
the condition of PEMFCs and the factors influencing their
operation.

In the literature, AE techniques are widely used in elec-
tromechanical systems. For example, AEs have been utilized
to monitor and examine combustion [11], [12]; electrochem-
ical phenomena such as anodization, corrosion and even
oxygen reduction [13]. However, only a few studies have
investigated this phenomenon in fuel cells. Crowther et al.
investigated acoustic signals induced in electrolyzers and
found substantial emissions at approximately 800 kHz due
to the decomposition of water molecules [14]. However,
that study focused only on the electrochemical reactions that
occurred within the electrolyzer and the resulting power spec-
trum of the AE signals.

In more recent work, Legros et al. [15] used electrochemi-
cal impedance spectroscopy and AE measurements to assess
the health of PEMFCs. By deriving an electrical equivalent
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circuit, they managed to detect and assess the effects of
flooding.

Maier et al. [16] utilised the AE technique to study the
gaseous flow inside PEMFCs. The study concluded that there
are good correlations between the flow rates, current quantity
and the corresponding AE parameters measured.

Recently Saad Saleem Khan e al. [17] proposed a devel-
oped model based on the quantum lightning search algorithm
(QLSA). In this study, PEMFC was opening under various
operating condition such as temperature and humidity. This
work concluded that cell voltage varies with the ambient and
load variation. In addition, the model can predict the water
content of the membrane.

Dong-Hoon Shin et al, [18] used a real-time monitoring
technique to assess the water content in PEMFC. Randle’s
equivalent electrical circuit was used to measure the voltages
of the cell from which can be used to distinguish between
flooding and drying condition based on the value of mem-
brane resistance and activation resistance corresponding to
the equivalent circuit model.

Based on the above literature survey, no rigorous research
has investigated and characterized the acoustical behavior
of PEMFCs, and a clear understanding of such behavior
is timely needed. This paper attempts to provide a deeper
analysis of acoustic emission signals generated by PEMFCs
and data analysis via realistic modelling and experimental
validation.

Water formation and importance of management in
PEMFC are explained in Section 2. Section 3 explains
the acoustic emissions signals generation mechanisms in
PEMFC. A realistic mathematical model is derived to under-
stand intensity and frequency bands of the emitted acous-
tic signals under normal and abnormal conditions. The
experimental setup and instrumentation are explained in
Section 4, which also describes the collection of empirical
data for model validation purposes. Results and discussions
are provided in Section 5, model-based, predicted acoustical
behavior was compared to experimentally measured data for
verification and to direct further research. Conclusions and
suggestions for future work are provided in Section 6.

Il. WATER FORMATION AND MANAGEMENT

The accumulation of water in a fuel cell is the result of electro-
osmotic drag and back diffusion. Electro-osmotic drag hap-
pens when protons carry water droplets from anode to the
cathode across the membrane which can subsequently lead
to a cell flooding. Back diffusion occurs as due to a water
concentration gradient existing across the cathode and anode,
leading to water drops moving from cathode to the anode.
This consequentially, results in the drying of the membrane.
Membrane thickness and its water content can be used to
estimate the water concentration gradient between both sides
of the cell as well as the humidity of the reactant gases.
Both electro-osmotic drag and back diffusion are key factors
in determining current density. At a high current density,
the impact of electro-osmotic drag will be higher than the
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effect of back diffusion, while at a low current density back
diffusion is comparable to the electro-osmotic drag. Thus,
usually, the anode tends to be dry even if the cathode is well
hydrated at low current density.

Water management is needed to resolve the inherent con-
tradiction of ensuring high membrane conductivity while
protecting the cell from flooding [6].

During the normal operation of PEMFCs, water is pro-
duced at the cathode side as a result of electrochemical
reactions. A proportion of this water is used to humidify
the membrane and enhance its ionic conductivity, and the
remainder is removed. The main function of the membrane
is to prevent the electrons passing from one side to the
other, permitting only positive and negative ions and water
molecules to pass through. If water production rates exceed
removal rates, water will flood and block the membrane
pores and gas diffusion layers (GDLs). This leads to cell
degradation due to gas starvation at both electrodes. Mass
transport losses are closely related to flooding, especially at
the cathode side, because the transport rates of the reactants
to the electro-catalyst layers are significantly reduced [20].
The output voltage can be recovered quite fast, as soon as
both sides of the cathode and anode are purged. Therefore,
adequate humidification for good conductivity and low resis-
tance losses must be maintained while flooding is avoided.
It is normal practice to assume that in the GDLs, the catalyst
layers (CL), and membranes are at the same temperatures and
that membrane conductivity (1) and water content (awa,ermp)
can be described by Equation 1 [21]:

A =0.043 + 17.18ayaer,,, — 39-85(awater,y,)”
+36(avater,,,)” (1)
The value of Awater,,, €N be computed using Equation 2:
PM/

P sat

where P,, denotes the partial pressure of water vapor and P,
is the saturation water vapor pressure and can be determined
using Equation 3 [20], where T is temperature of the cell,
measured in K:

@

Awater,qpy =

1
Psar = 0.161121 17123 ———— 3
sat (exp( T 123 195 3

Water accumulation of the cathode with respect to the
anode (o) can be approximated by the linear difference of a
single step as shown in Equation 4 [21]:

Cw,c - Cw,a
O = Ndrag 1 D,, .
where 1, is the thickness of the membrane, ngy, is the
electro-osmotic drag coefficient, which is the same as the
number of water molecules carried by a proton.

The quantity « is highly dependent on the water content
of the given membrane, which is a function of the water
activity in the gas phase adjacent to the membrane. The partial
dehydration that exists along the anode, as well as the satu-
ration that exists along the cathode, are more likely to occur

“
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at higher current densities. This is due to the higher transport
rate of water due to the electro-osmosis drag from the anode
to cathode, compared to the back-diffusion rate of water from
the cathode to the anode. Physically, this means that the water
content on the anode side is lower. However, the water activity
on the anode side may be used to calculate the electro-osmotic
coefficient in the membrane. The electro-osmotic coefficient
is a function of the water activity in the lower channel of the
anode used and can be expressed by Equation 5. The water
content will also be limited by water activity as described in
Equation 5 [21]:

_]0.043+17.18a—39.85a>+36a for 0<a<1 5
|14+ 140 -0 forl<a<3
Equation (5) can be rewritten as Equation 6:
_ 14a for0<a<1 ©)
1264+ 1.4a forO<a<3

The flooding of the cathode is associated with three
mechanisms:

a) The influence of applied electricity that occurs at the
membrane causing electro-osmotic drag results in the
movement of protons from the negative to positive,
carrying water molecules with them, particularly at
high current loads. The current density in the cathode
increases as the relative humidity at the membrane
increases because of electron conductivity.

b) Water forms due to the reaction between fuel molecules
and oxidizer molecules at the cathode. The water
level increases when the load and/or current density
increases.

¢) Liquid water injection and saturated reactant gases con-
tribute to flooding.

IIl. ACOUSTIC EMISSION GENERATION IN PEMFCS

The main source of AE signals is the oscillation of water
bubbles and friction between them. Minnaert’s resonance
equation can be used to find the resonant frequencies f, of
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a bubble with a particular radius as shown in Equation 7 [21]:
1 37p, IQ
" 2[a p
where :a is the radius of the bubble, p, is the ambient pres-
sure, p is the density of the water and Y is the polytrophic
coefficient.

Re-arranging Equation 7 gives Equation 8, which presents
the volume of a bubble in terms of its resonant frequency:

V= 1 . 3% yxpy )3/2
6+ 2, P

o )

®)

TABLE 1. Bubble radius and volume as derived from resonant frequency.
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FIGURE 3. Relationship between frequency and bubble size.

Frequency Bubble radius Bubble volumes
(kHz) (mm) (mm®)
100 0.086953 2.7539¢-03 scoustic emiston — —
200 0.043477 3.4424¢-04 - s H -
300 0.028984 1.0200e-04 @
400 0.021738 4.3030e-05
500 0.017391 2.2031e-05
600 0.014492 1.2750e-05 Exe ampifice
650 0.013377 1.0028¢-05 1
700 0.012422 8.0289¢-06 Amplifier
750 0.011594 6.5278¢-06 |
800 0.010869 5.3787¢-06
Data acquisition card
850 0.010230 4.4843¢-06

Table 1 shows the induced frequencies f,, of a water bubble
with a particular radius and volume, in each electrochemical
reaction stage. Figure 3 illustrates the relationship between
induced frequency and bubble size.

It is possible to experimentally measure a particular peak
frequency than table 1 and Figure 3 can be used to estimate
the size of the bubble generating that frequency.

IV. EXPERIMENTAL SETUP AND DATA COLLECTION

The test rig used in this work comprised a single PEMFC with
500 mW maximum output power and Nafion 115 serving
as the membrane with a thickness 127 um and active area
of 9 cm?. The catalyst layer was 50 um thick, giving a
total electrode thickness of 0.25 £ 0.02 mm. The catalyst
layer was made of carbon-supported platinum with a loading
of 1 mg/cm?. The membrane electrode assembly was first
sandwiched between gasket and then between two graphite
current collector plates. Flow channels were included on each
plate surface. Finally, all of the elements were sandwiched
between two metal current collector plates. Humidified
hydrogen and air were used as fuel and oxidant, respectively.
AE parameters are strongly affected by the density of the
current. Five different loads were applied: 20%, 40%, 60%,

VOLUME 9, 2021

1
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FIGURE 4. a. Block diagram of the AE signal measuring system.
b. The experimental setup.

80%, and 100% of the cell’s full load, in order to investigate
the levels of AE signals.

In order to approach the source of acoustic emission events
and ensure an effective acoustic coupling, AE sensor was
mounted on top of the PEMFC (cathode side), see Figure 4a.
The sensor was attached using special wax, which supported
the sensor during the experiment and supplied the necessary
acoustic coupling.

The data system utilized to collect information from
the PEMFC system comprised the piezoelectric sensor and
preamplifier. Due to the large frequency range of the AE spec-
trum (typically ranging from 20 kHz to 1 MHz), an Acoustic
Technology Group sensor, model NS2000m, was used to
gather data from the PEMFC system. The output of the sensor
was connected to a preamplifier with 20 kHz — 5 MHz band-
width, which amplified the signal from the sensor and was
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FIGURE 5. a. AE at 40 % and 60% load values. b. AE activity at 80 % and
100% load values.

deemed adequate since it encompassed all AE frequencies
from the transducer useful for monitoring the AE signals
from PEMFC and avoided interference from other laboratory
environment. Although the amplifier was rated to 5 MHz,
the upper frequency of the signal was limited by the response
of the transducer.

The gain of the amplifier was switch selectable over
the range 0—-40 dB in 1 dB steps. This was connected to
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FIGURE 6. Water activity at the anode side under different load
conditions.

the input of a GDS-1102-GW Instek Digital Oscilloscope.
A sampling interval of 200 ns was used for all experi-
ments and 1024 points were required per signal. The scope
was retriggered such that approximately 100 points were
collected before the mext trigger point. The digital data
resolution were transferred to a personal computer via a
data acquisition card and stored on a hard disk for future
processing.

The PEMFC was tested under six loads, the first test
was conducted without applied load (open circuit) and then
five other tests were conducted linearly increasing the load
stepwise.. In order to classify AE activity, data was band
pass filtered into three different frequency bands: a low
frequency band (20-100 kHz), a medium frequency band
(100-500 kHz), and a high frequency band (500-1000 kHz).
Due to the difficulty of extracting information from the

VOLUME 9, 2021



M. Al-Rweg et al.: Acoustical Characteristics of PEMFCs

IEEE Access

V_cell(11)=0.4

Surface: Molar concentration (mol/m?)

V_cell(9)=0.5 surface: Molar cencentration (mol/m?)

0

B 1 x10%m

V_cell(1)=0.9 Surface: Molar concentration (molim?)

m A28

La8
0

11 x10%m

v\]/_x

V127

FIGURE 7. Water activity at the cathode side under different load
conditions.

signals in the time domain, the Fast Fourier Trans-
form (FFT) was used to transform the signal to the frequency
domain [19]. This allowed the AE signal to be investigated
using relatively simple statistical methods to extract informa-
tion from the AE data, to be used as a condition-monitoring
tool.

Calculating the root mean square (RMS), kurtosis, and
skewness values of the AE signals could provide a quick
way to analyse the PEMFC in a relatively straightforward
way. Using such indicators, information on the PEMFC’s
condition could be assessed without the need for any special
training of staff.

A user-defined code in the MATLAB environment was
written for data analysis in both time and frequency
domains. A block diagram of the AE signal acquisition and
pre-processing procedure is shown in Figure 4a and the exper-
imental components are shown in Figure 4b.
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FIGURE 10. Acoustic emission in frequency domain.

V. RESULTS AND DISCUSSION

Figure 5 depicts a 3-dimensional finite element model using
the COMSOL software package to predict AE signals at
different temperatures and pressures. The assumptions made
in the model were:

a) The electrode layer was ultrathin; hence, the diffusion
of the gas in the electrode layer could be neglected.

b) An ideal gas mixture was used.

¢) Any liquid water formed as small droplets.

d) The electro-osmotic diffusion coefficient and coeffi-
cient of diffusion for water in the membrane were deter-
mined primarily by the water activity in the channel of
the anode flow, especially in places with high current
densities because in this state it was most likely that the
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FIGURE 11. Acoustic emission in time domain under different loads.

81074

3
10
2F T T T T
100 % of the load
15 T
1 I‘ 3
2 os| ,
o 'l
o
2 0 ‘
£l
-0.5 I
<
-1 —
-1.5 7
2 Il 1 1 Il Il 1 1 Il Il
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [Sec] x103

FIGURE 11. (Continued.) Acoustic emission in time domain under
different loads.

anode side of the membrane was drier than the cathode
side.

Several methods can be used to control the electrochemical
reactions in PEMFC, for example by increasing the flow rate
of the reactants. There is a close relationship between the
water produced and electrochemical reaction as mentioned
early. In this work, the load variation was used to investigate
the AE signals generated as a result of water bubbles.

Figure 5(a and b) illustrates the AE activities at 40 %, 60 %,
80 %, and 100 % of the PEMFC’s full load. The figure shows
the AE signals with a change of load value.

Figure 6 and Figure 7 show the water activity at anode
and cathode sides, respectively of the cell under different
operating conditions.

TABLE 2. Data collected from the 500 mW PEMFC unit.

Load Voltage Current Power
Yo V) (A) (mW)
0 1.1 0 0
20 0.32 1.43 457.6
40 0.76 0.22 167.2
60 0.84 0.08 67.2
80 0.94 0.01 9.4

100 0.97 0.01 9.7

Table 2 lists the measured values collected from the
500 mW PEMEFC unit for various resistive loads.

Figure 8 shows the water accumulates at the cathode side in
GDL and gas channels as a result of electrochemical reactions
and electro-osmotic drag phenomenon. The volume of the
formed bibles was observed to vary from 5.3787e-06 mm?>
to 1.2750e-05 mm?> (radius of 0.01 mm to ~0.017 mm).
Based on the mathematical modelling, the formed bubbles
and events are expected to generate a frequency range from
~500 kHz to 800 kHz. This is demonstrated and clearly
shown on the experimental results.
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FIGURE 12. Acoustic emission in frequency domain under different loads.
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FIGURE 12. (Continued.) Acoustic emission in frequency domain under
different loads.

The time domain output of an AE transducer attached to the
500 mW FC with no load (open circuit) is shown in Figure 9.
The AE signals to noise ratios were enhanced by averaging
and filtering out unwanted noise.

Figure 10 presents the frequency domain of the signal
obtained from the cell when the cell was in open circuit con-
dition and no current flowed. As shown in Figure 10, the main
features in the AE waveform are the peaks corresponding to
random signals and because of the internal resistance of the
cell.

Figure 11 and Figure 12 show the time and frequency
domains for each of the six different loads. It can be observed
that the amplitudes of the time domain waveforms increased
as the load increased.

The highest peak is observed at the resonance frequency
of the AE transducer (652 kHz), while the other peaks are
multiples of this main frequency component. The amplitudes
of any higher harmonics can be ignored because they contain
considerably less energy than the first leading term. The
amplitude of the peaks increased with load increments and
the frequency at which the peak occurred also rose in direct
proportion to the increase in load.

Figure 13 shows the histograms for the five different loads,
and the results indicate that the data is not close to a Gaussian
distribution, and that standard deviation (SD) and other com-
mon statistical parameters, such as peak and RMS values,
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FIGURE 13. Load variation effects on various statistical factors for
different frequency bands.

skewness, and kurtosis, are not good measures to evaluate
the differences between the various histograms. It can be
seen that the histograms for the AE signals have a similar
distribution for different levels of current.

VI. CONCLUSION

In this study, the effect of load operating conditions on
acoustic emission signals induced in PEMFCs have been
investigated. Model-based simulated results under different
operating parameters were demonstrated and interpreted.
In addition, data collected from a 500 mW PEMFC unit have
been analyzed and signal plots presented. The liquid water
produced as a result of the reaction between the fuel (at the
anode) and oxidizer (at the cathode), it is possible to identify
its formation by measuring the generation of AE. Acoustic
emissions generated as a result of the activity of bubbles were
utilized to study the operating and health situations for the
proton exchange membrane fuel cells (PEMFCs). The results
from the simulation and experiments showed that increasing
the load value in the experiments (pressures and/or temper-
atures in the simulation) led to an increase in the ampli-
tude of acoustic emissions due to abrupt increase on bubble
formation. In addition, the presented work determined that
there is a strong correlation between electric loading condi-
tions and the acoustic emissions induced by proton exchange
membrane fuel cells (PEMFCs) activities. In this context,
acoustic emission measurements displayed interesting results
in terms of good response and high sensitivity to changes in
operating conditions which makes them a promising control
and condition monitoring tool.
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