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Abstract

Polymer electrolyte membrane water electrolysers (PEMWE) are a key technology for producing clean
(‘green’) hydrogen for decarbonisation of the transport sector and grid stabilization utilising
increasing levels of renewable energy. Understanding the complex interplay of factors that affect
device operation is key to improving the technology and advanced diagnostic techniques have a major
role to play. In this work, acoustic emission analysis is used as a non-destructive, operando diagnostic
tool to provide information about the relative number and size of gas bubbles generated locally within
a PEMWE, providing effective characterization of the local flow regime. An optically transparent
single-channel PEMWE is used to investigate the relationship between the acoustic signals obtained
and the two-phase flow conditions inside the cell. Results show good correlation between the number
of acoustic ‘hits’ and the number of bubbles passing through the flow channel. The size of bubbles is
also shown to affect the average frequency of the hits. Consequently, the transition between flow
regimes can be identified by acoustic emission analysis, paving the way for a simple, low-cost, non-

destructive means of mapping flow inside commercial-scale PEMWEs.
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1 Introduction

Industrial scale, carbon-free hydrogen production is increasingly seen as a key enabling technology for
the decarbonisation of road transport through the use of fuel cells and stabilisation of electricity grids
containing increasing amounts of renewable energy generators. Steam reforming of methane is
currently the predominant means of hydrogen production due to its lower cost and higher capacity.
However, evolving emissions regulations, the falling cost of water electrolysers, and increasing access
to renewable sources of electricity are set to make this electrochemical route to hydrogen production
the preferred long-term solution [1,2]. Polymer electrolyte membrane water electrolysers (PEMWE)
have only recently reached industrial maturity, with recent plants rated up to 6 MW [3]. Capital cost
of PEMWE plants has not yet reached that of alkaline electrolysis [4], but PEMWE have some inherent
advantages over alkaline electrolysis, including higher current densities, low gas crossover and a
compact design [2]. However, there remains a need to reduce the cost and improve the performance
and lifetime of the technology, which will require the development and optimization of novel

diagnostic techniques.

The performance of a PEMWE is affected by various parameters including the temperature and
pressure of operation, dynamic demand characteristics, water distribution, two-phase flow, etc.
Understanding how these factors influence performance and durability is key to optimising
electrolyser design, component materials and operating conditions. Various diagnostic techniques
have been applied to PEMWEs to gain greater insight into their operation. These techniques range
from low-cost, readily-available techniques such as electrochemical impedance spectroscopy to
identify electrochemical losses in a system [5,6] to high-end experiments such as neutron imaging
used to visualize water content in the liquid-gas diffusion layer [7,8], bubble dynamics and flow

regimes [9-11].

This work aims to deliver a simple low-cost diagnostic of two-phase flow in operational PEMWEs

without the need for any cell modification.



Itis well-known that the two-phase flow regime that exists within PEMWEs affects the electrochemical
performance. Ito et al. [12,13] have speculated that the coverage of extensive areas of the cell in slug
flow leads to local water starvation and therefore reduces performance, while Dedigama et al. [6]
concluded that performance is improved in slug flow, due to the increased rate of bubble removal
from the surface of the liquid-gas diffusion layer. Furthermore, the flow regime affects the pressure
drop of a system and therefore the energy necessary for water supply [14,15]. Hence, operando
diagnosis of the flow regime within a PEM electrolyser enables performance optimisation and design

improvement.

Acoustic emission (AE) testing is a non-destructive, in situ technique that detects transient elastic
sound waves produced by a sudden redistribution of stress in a material or mechanical process. It has
been extensively applied in building and structural health monitoring [16,17] and uses a piezoelectric
sensor to convert mechanical perturbations occurring in a system into a voltage signal. This allows the
monitoring of sound waves emitted by an object. Whenever the signal exceeds a certain ‘noise’
threshold, an acoustic ‘hit’ is detected with its waveform being captured as a voltage-time profile. By
analysing frequency, amplitude and number of hits as a function of time, it is possible to gain

information on the process being monitored.

AE has been used to study electrochemical processes such as the exfoliation of aluminium alloys [18]
or detection of corrosion in stainless steel [19]. It is increasingly being applied to power systems. For
example, Ohzuku et al. [20] monitored particle fracture in Li/MnO; battery cells and found that
accelerated discharge leads to increasing fracture. Rhodes et al. [21] monitored particle fracture in Si-
based anodes of Li-ion batteries and showed that the fracture of Si particles can be modelled using a
thermal analogy model [22]. This technique has also been applied to Li/NiSb, batteries [23], solid
electrolyte interface (SEl) formation and Li intercalation in Li-ion batteries [24], solid oxide fuel cell
seal cracking [25,26], Nafion dehydration [27], and flooding [28] and localised operation [29] in

polymer electrolyte membrane fuel cells.



There are several examples of using AE to diagnose two-phase systems. Pandit et al. [30] used a
hydrophone immersed in an air-water system to calculate bubble size distribution. Yen et al. [31]
extracted various criteria from the acoustic emission of an air-water system and trained a neural
network to recognize different flow patterns. In other instances, AE has been applied to gas-solid
beds [32], annular and stratified flow in gas-liquid pipelines [33] and measurement of the gas void
fraction during slug flow [34]. Husin et al. [35] showed that the formation and collapse of single
bubbles can be studied using acoustic emission and also reported a signal specific to the movement
of slug bubbles. The only previous report of the application of AE to electrolysis comes from Crowther
et al. [36], who studied the onset of gas evolution in alkaline electrolysis. However, to the best of our
knowledge, there have been no publications concerned with the acoustic emission of PEMWE in
general, or the flow regime in a PEMWE specifically. Based on the range of studies reported, it is
hypothesized that the action of gas evolution, bubble formation and convective transport in a PEMWE
can generate an acoustic signature measurable from the external surface of a cell, that could act as a
diagnostic of the internal working (two-phase flow) of the system (Figure 1). To demonstrate this,
correlation of AE with a direct characterisation of two-phase flow is required. An unequivocal means

of doing this is through direct flow visualisation.

Bubble formation and movement in PEMWEs have been captured using high-speed imaging.
Dedigama et al. [6,37] have imaged different flow regimes and established high-speed imaging as a
diagnostic tool for PEMWEs. Lafmejani et al. [38,39] used high-speed imaging to illustrate flow regimes
in a vertical flow channel and linked these flow regimes to typical operating current densities. A
number of studies have used high-speed imaging to investigate the formation of gas bubbles directly
on the catalyst surface, using perforated titanium foils as a liquid-gas diffusion layer, allowing for

optical access to the catalyst layer [5,40—42].

This work will combine high-speed flow visualisation using a single-channel optical PEMWE with local
AE to correlate acoustic signals with flow characteristics with a view to establishing a diagnostic tool

for standard (unmodified) PEMWEs.
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Fig. 1. Application of acoustic emission to the flow channel of a PEM water electrolyser. The raw signal (waveform) of one

acoustic hit and an example of how the number of hits changes over time are shown on the right.

2 Experimental

2.1 PEMWE Cell

In order to correlate the acoustic emission signature with local flow characteristics, an optically
transparent cell was constructed (Figure 2 (a)). This comprised a single flow channel, which mitigates
the uneven distribution of flow in multi-channel systems (Nie et al. [43]) and ensures the influence of
different flow rates and current densities can be examined. The electrochemical performance of the
cell can be seen in Figure 2 (b). The single channel had a length of 9 cm, a width of 5 mm, a depth of 2
mm, and an active area of 13.5 cm?. Transparent Perspex was used as the material for the end-plates,
allowing for optical inspection and operando high-speed imaging of bubble development and
movement. The cell was held together with twelve tie bolts with a torque of 1.5 Nm applied to them
to ensure good sealing and electrical contact. Sintered titanium powder was used as liquid-gas

diffusion layer (LGDL) on both the anode and cathode side. A catalyst coated membrane (CCM) based

on Nafion 115, with 0.6 mg cm? platihum on the cathode and 3 mg cm?
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Fig. 2. (a) Assembly of the optically transparent single-channel PEMWE. Arrows indicate water inlet and outlet. The AE sensor

is shown at the upper location. (b) Electrochemical performance of the cell plotted as voltage against current density.



iridium/ruthenium oxide on the anode side, was used (ITM Power, UK). The electrolyser was operated
with a water inflow temperature of 50° C, which is within the range of commonly applied
temperatures in the literature [5,6]. Water flow rate ranged from 5 ml min to 30 ml min?, which
translates into a water ratio [44] between 4 and 24 at 2 A cm™. A potentiostat (Gamry Reference 3000
Galvanostat/Potentiostat with a Gamry 30k Booster; Gamry Instruments, USA) was used for

electrochemical testing at a current density i ranging from 0 to 2 A cm™,

2.2 Acoustic Emission

The acoustic emission of the PEMWE was monitored using a piezoelectric sensor (59208; Mistras NDT,
UK). The signal was filtered and pre-amplified by 26 dB and a digital node extracted an acoustic hit
from the continuous signal whenever the noise threshold of 37 dB was exceeded. For each data point,
acoustic data was recorded over the course of 1 minute during galvanostatic operation of the PEMWE
cell. The AE sensor was installed on the anode side, with two different locations investigated. The
lower point of interest was located 1.5 cm from the start of the flow channel near the inlet; the upper
location 1.5 cm from the top of the channel near the outlet. These two distinct locations were chosen
as to represent markedly different flow regimes as typically 400 % more gas has to pass through the
upper location. Acoustic signals arising from the cathode are a potential source of error; however, it
is unlikely that a significant magnitude of acoustic signal can pass through the various acoustic
impedances from the cathode to the anode side. This is especially significant for the interface between
anode LGDL and flow channel, which would need to be passed by any signal from the cathode side. As

this is a solid/liquid interface, it is likely that up to 90 % of signal are reflected [45].

2.3 Acoustic Emission Post-processing

Data collection and analysis was performed using the commercial software AEWin (Physical
Acoustics). The number of acoustic hits over time, the corresponding average frequency of hits and
their average amplitude were recorded. An acoustic hit is registered whenever the amplitude of the

acoustic signal exceeds a certain predefined threshold; it ends when the signal has permanently



damped back below the threshold. The hit rate H is defined as acoustic hits per unit time. When the
signal associated with an acoustic hit is analysed by fast Fourier transform (FFT) or similar techniques,
a characteristic peak frequency is obtained. By averaging the peak frequency of all hits occurring
within one sampling period, the average peak frequency f is obtained. This is the frequency of the
voltage-time profile of a specific AE hit averaged over all hits; it is not the frequency with which hits
occur over time. Various studies have established that bubble oscillations cause pressure impulses at
a frequency specific to bubble size, which can be picked up by AE [30,46—-48]. For free oscillation of a
bubble in a liquid the following correlation between oscillation-free bubble radius R, and its oscillation

frequency f can be found [49]:

€y

where K is the polytropic coefficient, p, is the pressure at a point in the liquid far away from the
bubble, p is the density of the liquid and ¢ is the surface tension between liquid and gas. For systems
similar to air-water the surface tension is negligible and one obtains [30]:

1 Bkpe
~ 2m| pR2

f (2)

which illustrates that the frequency of oscillation is inversely proportional to bubble size. Even though
bubbles in the flow channel of an electrolyser do not freely oscillate, an analogous relationship
between bubble size and frequency for the collision between bubbles (or the collision between

bubbles with the end plate or wall) may exist.

Finally, the mean value of the maximum amplitude of all AE hits is the average peak amplitude A. The
magnitude of each hit amplitude is determined by the pressure impulse, emitted by the acoustic
event. In the case of a multitude of bubbles oscillating at the same time the resulting pressure pulse
Dres directly scales with the number of bubbles N and the pressure impulse p emitted by one

bubble [30]:



Pres = N p? ©)
2.4 High-Speed Imaging
A high-speed camera (Photron FASTCAM SA1) was used for imaging of the flow channel. Images were
taken at 2000 frames per second and a resolution of 1024x1024 pixels over the course of 5.46 s
(maximum available acquisition time at this frame rate) for each set of experimental conditions. A
temporal resolution of 2000 frames per second was chosen to ensure no feature of the flow was
missed, and the evolution of flow regime along the channel could be observed with high temporal
detail. This resulted in 10920 images for each set of conditions, which offers a large set of data for
guantitative analysis. After normalising with an image of the channel during pure water flow, images
were then processed to calculate the number and size of captured bubbles (Figure 3 (a)-(d) for bubbly

flow and (e)-(h) for slug flow).

Flow 22 mm

Fig. 3. lllustration of the use of the algorithm for analysis of bubbly (a-d) and slug (e-h) flow. Raw images (a, e) are thresholded

and filtered (b, f), circular structures are identified (c, g) and finally, overlapping circles are removed (d, h).
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The images used for this analysis were high-resolution images of the region where the AE sensor was
placed, taken with a Tokina MACRO 100 F2.8 D lens (spatial resolution 50 um), whereas the whole

length of the flow channel was captured with a Sigma 1:2.8 DG HSM lens (spatial resolution 300 um).

2.5 Image Post-processing

MATLAB (MathWorks) was used to perform all necessary post-processing steps. First, images were
limited to the channel region around the location of the sensor (Figures 3 (a) and (e)) and thresholded
into black and white representations. These images were then processed using a box filter with a
kernel size of 5. The result of thresholding and filtering (Figures 3 (b) and (f)) was used to identify dark
and bright circular structures within different size regions in the images, which is illustrated in Figures
3 (c) and (g). Finally, all circles overlapping each other were removed, only retaining the largest
overlapping circle (Figures 3 (d) and (h)). Size D and number N of bubbles were then averaged for all
images within one set of conditions. The lower detection limit for this algorithm is a diameter of 5
pixels, equalling 125 um. The process is limited to circular bubbles, which means that in case of elliptic
slug bubbles only the length of the minor axis of the bubble is registered. To reduce computation time,
only every 10" image was used for data analysis. The resulting number of more than 1000 analysed
images is sufficient for representative analysis. To make sure the algorithm produces trustworthy
results, bubble size and number were also determined manually over the current density range for a
water flow rate of 5 ml min, by counting and measuring gas bubbles in seven randomly selected
images for each current density. In case of non-spherical gas bubbles, the size of the bubble was taken

as the length of the minor axis.

3 Results

The typical characteristics of acoustic emission in the single-channel cell are shown in Figure 4 for
different flow rates over a range of current density at both sensor locations. For the upper location,
the number of hits (Figure 4 (a)) rapidly increases initially and reaches a maximum at around 0.5 A cm”
2, The number of hits then decreases and reaches a plateau at approximately 1.5 A cm™. For low
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Fig. 4. Hit rate (a, d), hit frequency (b, e) and hit amplitude (c, f) of acoustic emission at the upper (a-c) and lower (d-f)
sensor location. The inset in (a) shows the region around the peak in more detail.

current densities (< 0.5 A cm™), the water flow rate has a negligible influence, whereas above this
value the number of hits is a clear function of flow rate, reaching values of 5 hits per second at 5 ml

mintand 12 hits per second at 30 ml min’. This provides a correlation between flow processes in the
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electrolyser and its acoustic emission. In contrast, at the lower channel location the peak is less
pronounced (Figure 4 (d)), with the peak value at different current densities ranging from 0.5 A cm™
to 0.8 A cm™, and a much less prominent decrease in number of hits at higher current densities.
Figures 4 (b) and (e) illustrate the average peak frequency of AE hits as a function of current density.
As discussed in Section 2.3, the frequency of bubble oscillation is linked to bubble size. Hence, the
results from Figures 4 (b) and (e) imply a constant increase in bubble size at both the upper and lower
locations, as the mass of oxygen produced increases with current density. However, the frequency
decreases by 14.5 kHz (A cm™) for the upper location, but only 9 kHz (A cm™) for the lower location.
Again, this is in line with expectation as for the upper location approximately 400% more gas is passing
through the flow channel and therefore relative changes in bubble size between low and high current
density are expected to be more pronounced.

At the same time, it can be seen from Figures 4 (c) and (f) that the average amplitude of AE hits is
relatively independent of current density for both locations, as the value of A only varies within one
decibel. If the number of bubbles is expected to change when varying current density, this would lead
to a changing amplitude of the AE signal (Equation 3) if it is assumed that the acoustic hits are emitted
as a consequence of simultaneous oscillations. Hence, the invariance of amplitude implies that the
signal does not originate in the simultaneous oscillation of bubbles, but in discrete, separate events

such as the collision of bubbles with the end plate or channel wall of the electrolyser.

This leads us to propose a model of the origin of the acoustic emission signal in the observed system.
Bubbles of different sizes move through the flow channels, which, depending on the depth of the flow
channel relative to their size, float freely or impinge on the walls of the channel. The collision between
bubble and wall leads to deformation of the bubble. Consequently, the bubble oscillates around its
original shape with a frequency specific to its size. This causes an acoustic perturbation, which is
transferred into the back plate and travels towards the other side of the plate where it is registered

by the AE sensor.

12
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Fig. 5. High-speed imaging of the flow channel over a range of current densities at (a) 5 ml min-, (b) 10 ml min, (c) 20 ml

minand (d) 30 ml min-l. Upper and lower sensor location are indicated by the red circles in (a).

To gain a better understanding of these processes, high-speed visual imaging of the flow channel was
used. Figure 5 shows the entire length of the flow channel, with the upper and lower locations of the
AE sensor indicated by red circles. Bubble size increases with current density; for 0.07 A cm™ and 0.37
A cm™ the bubbly flow regime is predominant at both locations. For 0.81 A cm? and 1.93 A cm™ slug
flow is the dominant flow regime at the upper sensor location. At the lower sensor location, the regime
is in the transition from bubbly to slug flow at 1.93 A cm™. While images for the low current densities
of 0.07 Acm? and 0.37 A cm? are similar for different flow rates, a general trend towards elongation
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of slugs with decreasing flow rate can be observed at high current densities. To quantify this effect,
the algorithm described in Section 2.5 and Figure 3 was used to calculate bubble sizes and numbers

for the regions around the AE sensor as shown in Figure 6.

For both locations, at the lowest current density at 0.07 A cm™, bubble numbers are up to 140 % higher
than for the other current densities. However, for all other current densities, especially at the upper
location, the development of the number of bubbles over current density follows the same trend as
the number of acoustic hits (Figure 4 (a)); a steep incline is followed by a decline for current densities
higher than 0.5 A cm2which ends in a plateau for high current densities. Although the trend is not as
clear for the lower location, a correlation between AE (Figure 4 (d)) and high-speed imaging data can
be observed. This indicates a qualitative correlation between the number of bubbles and acoustic hits
and supports the conclusion made above that the acoustic emission observed originates from the
collision of bubbles with the channel walls. The data from manual counting of bubbles shows that the
algorithm overestimates the number of bubbles; however, the trend with current density is

qualitatively very similar.

The results from manual counting show the same deviation in bubble number for low current densities
as that determined from high-speed imaging. Hence, from 0.07 A cm™ to 0.22 A cm™ a multitude of
small bubbles are produced, which due to the low energy associated with their vibration are not able

to produce an acoustic perturbation strong enough to be observed in the experimental setup.

The size of bubbles in the flow channel changes with current density (6 (c) and (d)). For the upper
location an increase in average bubble size between 30-50 % from lowest to highest current density
is observed. Again, the trend for the lower location is less pronounced, although an overall increase
in bubble size with current density is apparent. This supports the above findings, as the frequency of
AE decreases with increasing current density (Figures 4 (b) and (e)). Hence, the notion that acoustic
emission is a suitable technique to observe the evolution of bubble size in the flow channels is

strengthened. As the change in the size of bubbles is caused by a change in current density, AE can

14



potentially be used to monitor global or local current densities. Comparison with the manually
obtained bubble size shows that the true size is not captured accurately by the algorithm. However,
this paper is concerned with detecting qualitative changes and the increasing trend in bubble size is

correctly identified by the algorithm.
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Fig. 6. Number (a, b) and size (c, d) of bubbles extracted from high-speed imaging for the upper (a, c) and lower (b, d) sensor

location. Manually determined (MD) values added for comparison.

To investigate the relationship between flow regime and acoustic emission signal, a flow regime map
was developed. This requires knowledge of water and gas flow in the electrolyser cell. Assuming that
the water at the inlet is completely gas free, the only gas in the flow channels of the anode will be the
oxygen produced by the reaction. The mass of oxygen G, at the outlet of the flow channel can be

calculated as [44]:
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where i is the current density, A is the active area of the electrolyser, M, is the molecular mass of
oxygen, F is the Faraday constant, n.,,, is the number of flow channels and a is the cross-sectional

area of the flow channel. Values for all constants used in these calculations can be found in Table 1.

Tab. 1. Values used for calculation.

Constant Value
My, (kg mol?) 32-10°3
Mpy;0 (kg mol™) 18-10°3
Poz (kg m?) 133
Przo (kg m?) 972
A (cm?) 13.5
F (Cmol?) 9.65 - 10*
Nchan 9
a (cm?) 0.15

Similarly, the amount of water consumed by the reaction on the anode side is expressed by [44]:

iAMy,0

Geons = Fnoaa (5)

with the molecular mass of water My,,.
In addition to the water reacting in the oxygen evolution reaction, a considerable amount of water is

also transported through the PEM membrane to the cathode side. This electro-osmotic drag is caused

by water molecules being dragged by protons migrating to the cathode side, according to [44]:

iAMy,0
Garag = Narag m . (6)

The electro-osmotic drag coefficient ng,.,4 expresses how many water molecules are transported for

one proton. Its value is dependent on the temperature T and has been experimentally determined

as [50]:
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Ngrag = 0.0134 T +0.03 (7

With knowledge of the above quantities and the amount of water circulated into the electrolyser
G irc, the gas fraction x within the flow channels can be calculated. To calculate values for a point
along the flow channel which is not the outlet, it is necessary to reduce the active area A used for

calculation respectively [44].

X = GOZ (8)
Gcirc - Gcons - Gdrag + GOZ

This can then be used to determine the flow rate of liquid j; and gas j; using the densities of water

Puz0 and oxygen po, and the total flow G, which is the sum of gas and liquid flow [44]:

G(1—x)
= ©)
St PH20
Gx
Jg=7— (10)
Po2

The above procedure defines the position of a point of operation in a flow regime map. Cubaud et
al. [14] have provided a flow regime map for air in water flowing through square microchannels with
a width of several hundred micrometers. Although this configuration is not identical to that of the
anode side of a PEMWE, the material parameters for air are similar to those of oxygen. Another
limitation is that the flow channel in Cubaud’s study was a horizontally oriented, single-serpentine
channel, whereas this work uses a vertically oriented single channel. Nevertheless, by using this flow
map to check the flow regime at different points of operation of the PEMWE used in this work,

valuable insights into the relation between acoustic emission and flow regime can be obtained.

The flow regime map for upper and lower sensor locations (Figures 7 (b) and (c)) at all points of
operation examined in this work covers all flow regimes from bubbly to dry flow (Figure 7 (a)). The
amount of gas produced increases with current density, which results in higher bubble speeds.
Simultaneously, the water flow rate decreases with current density but is mainly dependent on the
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Fig. 7. (a) Flow regimes as defined by Cubaud et al. [14]. Flow regime maps for the upper (b) and lower (c) sensor locations.

The dashed line in Figure 7 (b) marks the transition between bubbly and slug flow as indicated by acoustic emission.
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amount of water circulated G_;,.. As the current density increases, the flow regime undergoes a series
of transitions, initially from the bubbly regime via the wedging regime to the slug regime. When the
slug bubbles have almost interconnected, the annular regime is reached, which then transitions into
the dry regime. It is evident (Figure 7 (a)) that the wedging regime is a transitory regime between
bubbly and slug flow and is specific to Cubaud’s [14] work. Hence it can be assumed that the transition
between bubbly and slug flow in the system investigated in this work lies within the wedging regime.
For the upper location, points of operation range from the bubbly flow regime up to the transition
between slug and annular flow, while for the lower location the boundary between wedging and slug
flow is only reached for the lowest water flow rate of 5 ml min™. This is in line with the fact that the

range of flow regimes is much wider for the upper location (Figure 5).

As illustrated above, the number of acoustic hits is linked to the number of bubbles flowing through
the flow channel of the electrolyser. With increasing current density, the bubble size initially increases
to accommodate the surplus of gas produced by the reaction. At a certain point the available space is
almost completely filled with discrete gas bubbles and further gas production results in coalescence
of bubbles. Therefore, the maximum number of gas bubbles is observed at the transition between
bubbly and slug flow regime. This offers a possibility to use AE to detect the change from bubbly to
slug flow. To illustrate this capability, Figure 8 shows the location of the peak on the current density
axis of Figure 4 (a) against the flow rate of circulated water for the upper location. The peak locations
were taken from the regression around the maxima of the curves in Figure 4 (a). A cubic regression
was chosen to account for the asymmetrical peak shape. The maximum of the acoustic hits is shifted
towards higher current densities with increasing water flow rate; an increase of 0.0027 (A cm™2) (ml
min)?t in the peak location is observed. The transition into slug flow is favoured by low water flow

rates (Figure 5), as this reduces the water-to-gas ratio.

To further illustrate how acoustic emission can diagnose the regime within the flow channels of a
PEMWE, the peak locations from Figure 8 were connected by a dashed line in Figure 7 (b). This line

represents the transition between bubbly and slug flow for the upper sensor location, as determined
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from AE. For the range of water flow rates investigated in this work the predicted change to slug flow
falls within the wedging regime, which is a transitory regime between bubbly and slug flow. The
gradient of the regime boundary is different from that observed in Cubaud’s flow map; however, this
is not surprising as the examined systems are not identical. The way in which changes to the
experimental system can affect the shape and location of regime boundaries can be seen by

comparing flow regime maps of different authors for similar systems [14,51].
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Fig. 8. Current density at which the maximum number of acoustic hits was registered as a function of water flow rate,

which indicates the transition from bubbly to slug flow.
4 Conclusion

In this work we have successfully demonstrated the potential of acoustic emission as a diagnostic tool
for PEMWE; in particular to study two-phase flow within the flow channels during gas formation. A
close link between bubble size and number within the flow channel of a PEM water electrolyser and
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the AE measured on the surface of the end plates has been established. Two locations along the flow
channel have been investigated via AE measurements and high-speed imaging. For the upper location,
AE measurements showed that the number of acoustic hits reaches a maximum around 0.5 A cm™ and
decreases to a plateau at higher current densities. The average frequency of these hits decreases with
current density, which can be attributed to an increase in average bubble size. High-speed imaging at
the upper location is consistent with the acoustic emission results. The number of bubbles detected
follows the same trend as the number of acoustic hits with current density. This implies that AE can
monitor relative changes in the number of bubbles flowing through an electrolyser and therefore can
detect changes in flow regime. Image analysis also showed a trend towards increasing bubble size at
higher current densities, which supports the frequency data from acoustic emission; hence, AE can be
used to detect changes in bubble size in a PEM electrolyser. Similar trends were observed for the lower
location; however, not as pronounced as for the upper location. This is consistent with smaller
amounts of gas passing by the lower location, which causes the relative changes in bubble number

and size to be less significant.

To further strengthen the link between acoustic emission and flow regime diagnosis, a flow map was
invoked. The states of operation in the PEMWE for this study covered the range from bubbly flow to
the onset of the annular regime. By analysing the current density at which the number of acoustic hits
reaches its maximum, a regime boundary between bubbly and slug flow for the flow system used in
this work was found. This regime boundary lies within the wedging regime, as defined by Cubaud et
al. [14], which is a transitory regime between bubbly and slug flow. This supports the idea that the
maximum of acoustic hits is found at the transition between the bubbly and the slug regime and hence
implies that acoustic emission can be used to identify this regime change. As the number and size of
bubbles in a PEMWE are consequences of local and global current density, AE offers novel insight into
the electrochemical activity and flow characteristics of the system. The single channel system used in
this work can be seen as the smallest repetitive unit of bigger PEMWE cells or stacks, which illustrates

how AE can be applied to more advanced designs of industrial relevance.
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