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A B S T R A C T

The two-phase flow behavior inside a zero-gap alkaline electrolysis cell is investigated using operando neutron 
radiography. The cell was operated with a highly concentrated potassium hydroxide solution. The two-phase 
flow is evaluated at different electrolyte volume flows, current densities, and temperatures. The amount of 
gas inside the parallel flow channels is identified and the gas bubble velocity over the channel’s length and time 
is evaluated depending on the different operating conditions. The gas bubble motion requires a high degree of 
temporal resolution. At the Institut Laue Langevin, a high frame rate of 50 fps was achieved using the NeXT 
(Neutron and X-Ray Tomograph) neutron imaging instrument, which is fed by the world’s most powerful neutron 
source. This study demonstrates the importance and limitations of high temporal and spatial resolution in 
neutron radiography for the investigation of two-phase flow in electrochemical flow cells.

1. Introduction

Alkaline water electrolysis (AWE) is a mature technology that is 
already widely used in industry. Green hydrogen is needed to replace 
carbon-emitting energy supply via renewable energy sources. For the 
production of hydrogen, water electrolysis is one of the key technologies 
and will be needed for large-scale energy storage, transportation, and 
heat supply in the future. The advantage of alkaline electrolysis over 
other water electrolysis types is hydrogen production without the need 
for scarce noble metal catalysts such as iridium or platinum, with the 
drawback of achieving a lower efficiency compared to, e.g., polymer 
electrolyte membrane (PEM) electrolysis [1,2].

From a scientific perspective, different strategies are available for 
enhancing efficiency in AWE, such as increasing the operating temper
ature [1,3,4] or changing the cell design. The changes in the typical flow 
cell design aim for better performance due to better strategies for 
removing gas from the inside of the cell [5]. Gas bubble formation 

primarily causes two effects within an alkaline electrolysis cell. First, the 
active surface area of the electrodes is decreased by gas bubbles blocking 
their active sites. Additionally, gas bubbles decrease the ionic conduc
tivity of the electrolyte, as they form a non-conducting gas void [6].

The development of the zero-gap design was intended to solve these 
two negative effects by simply leaving no space for the formation of gas 
bubbles between the diaphragm and electrodes. The gas bubbles were 
supposed to form on the outer side of the electrodes towards the flow 
channel, where they could be transported directly out of the cell by the 
electrolyte solution. It has been known for some time now that the zero- 
gap design of AWE cells did not entirely fulfill their theoretical purpose 
of having an ohmic resistance independent of gas bubble formation 
[7–9]. The ohmic resistance of zero-gap alkaline electrolysis cells is still 
increasing with increasing current density. Up until today, the effects 
responsible for the increase in ohmic resistance have been discussed in 
the literature. Haverkort et al. [8] claim that the front of the electrode, 
which faces the diaphragm, is not active. They coated it with epoxy and 
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achieved similar results for electrodes, with and without such a coating. 
As a possible explanation, they suggested that diaphragm pores might be 
blocked by gas bubbles, as well as blocked pores in the electrodes due to 
compression and reduced reactivity caused by local super saturation. 
Therefore, they suggested a small gap to increase the advection of dis
solved gas.

De Groot et al. [7] used simulations to find an explanation for widely 
varying area resistances mentioned in the literature for the typically 
used Zirfon diaphragm. Drawing on a simulation they developed, they 
suggested an uneven current distribution, the blocking of gas bubbles 
and nano gas bubbles in the diaphragm and electrodes, and possible 
gaps caused by manufacturing tolerances to be responsible for the losses 
that occurred.

Hodges et al. [5] developed an alkaline electrolysis cell, which was 
fed with a KOH solution through the diaphragm, while the gases were 
released through the electrodes without forming gas bubbles and a 
two-phase flow of gas and electrolyte solution. This cell exhibited a 
better performance compared to the conventional flow cell design.

Several strategies exist to mitigate the losses caused by gas bubbles. 
Few studies have been conducted on decreasing the local surface energy 
of electrodes by locally coating them with hydrophobic layers of poly
tetrafluoroethylene (PTFE) in order to lead to a preferred hydrogen gas 
bubble formation on the hydrophobic surface [10–14]. Liu et al. [15] 
investigated the gas bubble detachment behavior using a Ni-wire elec
trode. Especially for the oxygen gas bubbles they found that the gas 
bubbles might have a tendency to coalescence-induced detachment 
behavior. They state when detaching coalescence-induced, the gas 
bubbles introduce disturbance to the concentration boundary layer. 
Jiang et al. [16] developed an electrode with multichannel pores 
through laser texturing, that improves the gas transport out of the pores 
without mitigating the electrolyte transport into the pores.

The development of electrolysis concepts that are gas bubble-free 
simply avoid gas bubble losses. In the literature, different concepts are 
available for completely bubble-free electrolysis cells or electrolysis cells 
with a bubble-free anode. Examples include the use of Gortex-based 
electrodes [17], conventional gas diffusion layers with pumped elec
trolyte solutions [18], or capillary-fed electrolysis cells [5] to produce 
gas directly in gas chambers without forming gas bubbles in the elec
trolyte solution.

Modifying the surface properties of electrodes can mitigate the in
fluence of gas bubbles on electrolysis performance by adjusting the 
surface of the electrodes, e.g., to a minimum contact area with the gas 
bubbles or earlier detachment [19]. The effects of changing the prop
erties of the electrolyte solution by adding surfactants have also been 
investigated [20]. Gomez et al. [21] summarised that if the electrode 
surface is hydrophobic, the bubble nucleates to the surrounding of the 
electrode and the gas bubbles in direct vicinity of the electrode poten
tially block the ionic pathways which increases the ohmic drop. 
Whereas, if the electrode properties are hydrophilic the gas bubble will 
nucleate to the surface of the electrode.

Applying pressure swings [22], magnetic fields [23], centrifugal 
forces [24], or sound waves [25], as well as an adapted electrolyte 
volume flow [26], have been tested in the literature in search of effective 
bubble removal.

All of these reports make clear that gas bubbles have a significant 
effect on the performance of alkaline electrolysis cells and that huge 
effort is undertaken to remove them more effectively. However, the two- 
phase flow behavior inside electrolysis flow cells is not fully understood 
and most studies do not include a detailed analysis of it. A better un
derstanding of the two-phase flow in electrolysis cells is thus necessary 
to develop advanced bubble removal concepts.

Therefore, this study investigates the two-phase flow behavior of an 
alkaline zero-gap electrolysis cell. The focus is on the overall flow 
behavior of gas bubbles within the entire flow field. The gas layer’s 
thickness was determined and compared to the theoretical gas layer 
thickness calculated using Faraday’s Law. Additionally, the gas bubble 

velocity was evaluated depending on the point of time during the 
measurement and location of the gas bubble inside the flow channels. 
The gas bubble behavior was then interpreted together with the elec
trochemical results of electrochemical impedance measurements (EIS) 
and polarization curves.

2. Experimental method

Operando neutron radiography measurements with a zero-gap 
alkaline electrolysis cell were conducted at the NeXT instrument of 
the Institut Laue-Langevin (ILL). The neutron source at ILL is the most 
powerful in the world, which enables a high beam intensity and, 
consequently, an unprecedented degree of temporal resolution of im
ages. Neutron radiography is a good method for visualizing structures 
containing light elements like hydrogen and thus water due to the high 
attenuation, in contrast to most metallic materials, which makes it a 
good measurement method for the investigation of water electrolysis 
devices.

2.1. Cell set-up

The investigated cell is an alkaline electrolysis zero-gap cell with an 
active cell area of 17.64 cm2 and 14 parallel channels each on the anode 
and cathode sides (see Fig. 1). The flow channels are placed alternately 
with channels of the cathode and anode sides, with the channels on one 
side aligned with the land on the other. The channels of the anode and 
cathode do not overlap and can both be seen on the resulting images, as 
shown in Fig. 2. The channel length is 42 mm, with a channel cross- 
section of 1.5 × 1.5 mm. The used cell consists of two monopolar 
plates that were mounted onto each other, as shown in Fig. 1. Each of the 
two monopolar plates was manufactured by milling the parallel flow 
channels on one side of the plate and onto the back side a pocket was 
milled in order to improve the neutron transmission. The flow field is 
equipped with a flow distribution area in a triangular shape so as to 
distribute the electrolyte solution equally over the parallel flow channels 
(see Figs. 2 and 10). The electrolyte solution is pumped into the cell by 
pipes welded to the side of the electrolysis cell. The flow channels are in 
a vertical orientation and the electrolyte solution flows from the lower 
cell area to the upper part of the cell. The cell is made from nickel 201. 
Ni-foam electrodes (Recemat BV) were used, with a thickness of 0.3 mm 
and a specific surface of 5400 m2/m3. As the diaphragm, the Zirfon PERL 
UTP 500 (Agfa-Gevaert NV) with a thickness of 500 μm was used. The 
temperature was controlled by heating rods inserted into the monopolar 
plates and thermocouples measuring the temperature inside the 
monopolar plates. Additionally, the electrolyte solution was preheated 
before entering the cell. The current supply was provided by cable lugs 
connected to the monopolar plate and the voltage was measured be
tween both monopolar plates. For the power supply, a Gen20-76 (TDK 

Fig. 1. Flow field plate with electrodes and diaphragm.
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Lambda Germany GmbH) was used and for the EIS measurements, a 
potentiostat IM6 (Zahner Elektrik GmbH & Co. KG) was used. The elec
trolyte solution was pumped by membrane pumps of type Simbdos 10 
(KNF DAC GmbH).

As the gas formation is the focus of this investigation, the cell was 
operated in galvanostatic mode (current-driven). The measurements 
were performed at four different temperatures, namely: 50 ◦C, 60 ◦C, 
70 ◦C, and 80 ◦C, starting from 80 ◦C and descending. For each of the 
temperatures, the electrolyte volume flow was set to 100 ml/min, 50 ml/ 
min, 25 ml/min, and 10 ml/min in random order. At every combination 
of temperature and electrolyte volume flow, a polarization curve was 
measured starting at 0.01 A/cm2 and progressing up to 1 A/cm2 for eight 
different current densities each. Each time before starting the mea
surement of the polarization curve, the high frequency resistance (HFR) 
of the cell was measured at 1 mA/cm2 and an amplitude of 20 mV 
(pseudo-galvanostatic mode). In addition, at 80 ◦C for each used elec
trolyte volume flow, the HFR was measured at 10 mA/cm2, 50 mA/cm2, 
and 100 mA/cm2, in order to investigate the influence of gas bubble 
formation on the ohmic resistance of the cell.

2.2. Neutron radiography measurements

The neutron radiography experiments were performed at the 
Neutron and X-ray Tomograph (NeXT) instrument at ILL, which is 
located at a curved neutron guide that transports a high flux (3 × 108 n/ 
cm2s) of cold neutrons (spectrum peak: around 2.8 Å) to the sample 
position [27]. In order to obtain sufficient beam collimation, a pinhole 
with a diameter D of 0.03 m was used over a flight path of L = 10 m, 
defining an L/D ratio of 333. A beam with a squared cross-section of 43 
mm was set for the visualization of the alkaline electrolysis cell for 

through-plane measurements. An indirect detector was used, consisting 
of a scintillator, mirror, and camera placed in a light-tight box. The 
scintillator employed was 100 μm-thick 6LiF:ZnS and a sCMOS camera 
Hamamatsu ORCA-Flash4.0 V2 sCMOS camera, coupled with a 50 mm 
f./1.2 lens was chosen. The temporal resolution during the measure
ments was set to 50 fps (exposure time: 20 m s) with a spatial dis
cretization of 91 μm pixel size.

In preparation for the image processing, normalization images were 
taken. The dark field of the camera sensor was measured by obtaining 
images without the neutron beam. Reference images with the neutron 
beam and cell after pumping the electrolyte through the cell before the 
current was applied (wet images) were then taken. The preparatory 
images of the cell were used to determine the attenuation coefficient of 
the liquid using Beer-Lambert’s Law.

2.3. Image processing and gas bubble velocity

Image processing was performed using FIJI [28] and distinct 
plug-ins. Details are given below. The radiographs were normalized with 
respect to beam intensity fluctuations, beam profile, and other artifacts. 
Additionally, a slight noise filter (median with a range of 1 pixel in each 
dimension) was applied. The short range of this filter was selected so as 
not to suppress small bubbles. As there was still too much noise in the 
images, threshold-based segmentation was not applicable. We therefore 
applied the supervised machine learning algorithm WEKA [29] and 
trained a classifier using typical radiographs of the measurement, 
whereby the training dataset was less than 1 % of the overall data 
amount. The obtained classifier was then applied to all hundred thou
sand radiographs acquired during the measurements. The resulting ra
diographs now include probabilities for each pixel of belonging to a 
bubble or not. These results were finally thresholded again to remove all 
pixels of low probability from an area showing a bubble. The areas of the 
bubbles are represented by a value of “1” inside the images, whereas no 
bubble areas are represented by “0.” The analysis of bubble motion was 
undertaken on these images. By multiplying them with the normalized 
radiographs, the thickness in the beam direction of the bubbles could be 
quantitatively measured.

2.3.1. Gas bubble velocity
Bubbles could now be easily detected inside the segmented images. 

To follow the movement of a bubble, the FIJI plug-in TrackMate [30] 
was fed with own values in terms of estimated bubble sizes, velocity, and 
direction of movement. Therefore, each radiograph was used, resulting 
in tracking every 20 m s. TrackMate also measured the coordinates of 
the barycentric coordinate of each bubble and delivered a trajectory that 
we then analyzed further.

2.3.2. Gas layer thickness
The gas layer thickness was determined using Beer–Lambert’s law. 

The images resulting from neutron radiography are grayscale. From the 
gray values of the recorded images by neutron radiography, the gas layer 
thickness (dgas) could be calculated by means of Equation (1). The pre
paratory images result in the attenuation coefficient μ and the array of 
gray values representing the camera noise for each pixel (Tdark field), as 
well as the array of gray values representing the cell without gas bub
bles, filled only with electrolyte solution (Twet). Timage is the array of gray 
values of each pixel of the images recorded during neutron radiography 
measurements. 

dgas = −
1
μ⋅ln

(
Timage − Tdark field

Twet − Tnoise

)

(1) 

3. Results

Polarization curves were recorded at each operation point and EIS 
measurements were conducted for every temperature – electrolyte 

Fig. 2. Flow channels on the cathode (blue) and anode sides (red) with the flow 
distribution area, point-dashed line is showing the milled pocket on the back. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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volume flow combination. The electrochemical measurements were 
performed to characterize the cell and potentially relate the occurring 
losses to gas bubble behavior inside it.

The pixel size of the recorded images was 91 μm, which means the 
channel width consists of 16.5 pixels. Gas bubbles smaller than 
approximately 4 pixels (=0.4 mm) could not be distinguished from 
pixels showing measurement noise. Unless stated otherwise, the evalu
ated operation points are the points shown in Table 1. These operation 
points were chosen from all operation points because of the amount of 
gas and number of gas bubbles, which were most compatible with the 
evaluation algorithms used. Operation points at high current densities 
and high electrolyte flow rates resulted in a churn or annular flow 
regime in the channels where single gas bubbles could not be identified, 
whereas operation points at low current and low electrolyte volume 
flows resulted in too few/small gas bubbles for analysis.

3.1. Electrochemical measurements

The operation points are measured for a duration of 5 min each. For 

the polarization curves, the average of the last minute is taken as steady 
voltage values. In the literature, it is discussed whether a bubble curtain 
remains on the electrodes for some time even after switching off the 
electrolysis operation [31,32]. In this study, all gas bubbles seemed to be 
transported out of the flow field after turning off the current, which 
corresponds to the simulation of Rocha et al. [33]. This leads to the 
assumption that the prior operating conditions are not influencing the 
latter.

The polarization curves show the typical course of activation losses 
for small current densities and the linear increase of voltage with 
increasing current density afterwards representing the total resistance of 
the cell with its slope (see Fig. 3). No signs of mass transport limitations 
were observed, which were not expected at a maximum current density 
of 1 A/cm2. In Fig. 3, the polarization curves for all temperatures are 
shown for a 25 ml/min electrolyte volume flow. As expected, the voltage 
at high current densities decrease with increasing temperature. The 
electrolyte volume flow seems to have no influence on the polarization 
curves of the different temperatures, as can be seen in Fig. 4 for different 
electrolyte flowrates at 60 ◦C. The findings match with those of Lickert 
et al. [34], who found the electrolyte volume flow has no influence on 
the cell performance of a PEM electrolysis cell below 5 A/cm2. The 
polarization curves shown in Fig. 3 were not recorded at ILL during the 
neutron radiography measurements. The granted measurement time 
was limited and therefore the break-in phase of the electrolysis cell was 
kept to a minimum, which resulted in higher voltage values for the 
measurements of 80 ◦C and 70 ◦C (the first conducted measurements). 
As all measurements were conducted in a galvanostatic configuration, 
however, this had no influence on the gas bubble behavior. Fig. 5 shows 
that the electrolyte volume flow seems to have no influence on the HFR 
and, with that, on the ohmic resistance of the cell, shown here for 50 ◦C 
as an example. It can also be seen that the electrolyte volume flow does 
not have an influence on the electrochemical reaction kinetics, because 

Table 1 
Evaluated operation points.

Temperature Current density Volume flow

◦C A/cm2 ml/min

80 0.4 25
80 0.6 25
80 0.4 50
80 0.6 50
50 0.4 25
50 0.6 25
50 0.4 50
50 0.6 50

Fig. 3. Polarization curves for temperatures between 50 ◦C and 80 ◦C at 25 ml/ 
min electrolyte volume flow.1.

Fig. 4. Polarization curves for 60 ◦C and flowrates between 10 ml/min and 
100 ml/min electrolyte volume flow. 2.

1 Polarization curves recorded in Jülich with the exact same measurement set 
up with a finished break-in process of the cell.

2 Polarization curves measured at ILL with only a short break-in phase.
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for all electrolyte volume flow values, the spectra have equal radii of the 
semicircles (see Fig. 6). The temperature and current density do have an 
influence on the HFR (see Figs. 7 and 8). The influence of gas bubbles 
blocking ionic pathways seems to be visible in Fig. 7. The HFR is 
increasing with increasing current density, which should not be the case 
if gas bubbles are being removed straight away. The HFR is the ohmic 
resistance of the cell with the series resistance of the membrane as the 
biggest contribution. With increasing operating temperatures, the ohmic 
resistance is decreasing, which is caused by increased ionic conductivity 

[1,35] (see Fig. 8). The increase in the ohmic resistance with increasing 
current density is presumably due to the formation of gas bubbles [7–9]. 
Haverkort et al. [8] investigated the losses of a zero-gap alkaline elec
trolysis cell using 10 cm2 of expanded metal electrodes and a Zirfon 
PERL UTP 500 diaphragm. Their ohmic resistance at 100 mA/cm2 

resulted in 1 Ωcm2, which is in good accordance with the value obtained 
here (see Figs. 5–9). In their publication however, the employed elec
trolyte volume flow was not stated. Efficiency optimised alkaline elec
trolysis cells with catalyst coated electrodes can reach HFRs of 0.3 Ωcm2, 

Fig. 5. Electrochemical impedance measurements for a Temperature of 50 ◦C, 
measured at 1 mA/cm2 with an amplitude of 20 mV.

Fig. 6. Electrochemical impedance measurements at electrolyte volume flows 
at 50 ◦C and 1 mA/cm2.

Fig. 7. High frequency resistance of the alkaline electrolysis at 80 ◦C and 25 
ml/min and different current densities.

Fig. 8. Electrochemical impedance measurements at different temperatures, 
25 ml/min and 1 mA/cm2.
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the main goal in this publication is to investigate the gas bubble 
behavior.

From Fig. 9, it can be seen that the HFR shows signs of being influ
enced by the electrolyte volume flow at an increasing current density. At 
1 mA/cm2 and 10 mA/cm2 (Fig. 9 (a) and (b)), the HFR appears to be the 
same for all electrolyte volume flows (within measurement fluctua
tions). For 50 mA/cm2 and 100 mA/cm2 (Fig. 9 (c) and (d)), there is a 
tendency that the ohmic resistance is increasing with increasing elec
trolyte volume flow. Yuan et al. [36] observed the opposite trend. They 
claim the reason for an increased ohmic resistance is not the number of 
gas bubbles or the mass transport overpotential but rather the over
saturation. Their explanation is that if the gas bubble detachment rate is 
not high enough, the local oversaturation is increasing and therefore the 
ionic conductivity decreases and the ohmic resistance is increasing. 
According to Yuan et al. [36], the ohmic resistance should be decreasing 
with increasing electrolyte volume flow because the gas bubble 
detachment rate is increasing and therefore the local oversaturation is 
decreasing. Fig. 9 (c) and (d) show the opposite effect.

The main question regarding the electrolyte volume flow is whether, 
and if so, how the electrolyte volume flow in the flow channels in
fluences the electrochemical performance in between the electrodes. 
The difference of the HFR visible from Fig. 9 (c) and (d) would create a 
voltage difference in between the highest and the lowest electrolyte 
volume flow of about 5 mV for a 100 mA/cm2, which would hardly be 
visible in a polarization curve (Fig. 4) taking measurement noise into 
account, for 50 mA/cm2 it would be only 2.5 mV. To investigate the 
effect further in the following sections we will analyze the gas bubble 
velocity to compare the electrolyte velocity to the gas bubble velocity to 
investigate their relationship and to check if the gas bubble velocity 
seems to be driven by the electrolyte velocity. First however, we will 
have a look at the gas layer thickness in the flow channels to determine 
how evenly the gas is distributed throughout the channels to take this 
factor into account when investigating the electrolyte volume flow, cell 

temperature and current density and their influence on the cell 
performance.

3.2. Gas layer thickness

Before starting the evaluation of the images with a constant atten
uation coefficient, it was verified that the latter did not change over the 
48-h measurement period because of concentration changes within the 
electrolyte solution. The anolyte and catholyte were not mixed or 
adjusted during the measurements and therefore the concentration of 
the potassium hydroxide solution has changed gradually to some extent. 
The comparison of the attenuation coefficient from the beginning and 
end of the measurement period, however, did not show any signs of 
change and therefore is not suspected to have had an influence on the 
obtained results.

Fig. 10 shows the flow-field orientation of the cell, which matches 
the orientation on the resulting neutron radiography images. The anode 
outline is depicted in black and the cathode one in blue. The inlet of the 
cathode side is located more on the left-hand side and the anode side is 
mirrored, which leaves the inlet more on the right-hand side in the 
images.

The resulting distribution of the gas layer thickness is shown for the 
operation points of 50 ◦C, 0.4 A/cm2, 25 ml/min and for 80 ◦C, 0.6 A/ 
cm2, 50 ml/min as an example in Figs. 11 and 12. The anode and 
cathode sides are shown in separate figures to offer a better overview. 
The results for the gas layer thickness are averaged over 2500 images 
(=50 s), which are the 50 s of the end phase of the 5-min measurement 
period of every operation point.

The results of the gas layer thickness distribution over the flow field 
depends on different operating conditions and are discussed in the 
following and compared to the literature. Additionally, the elaboration 
on the influence of the electrolyte volume flow on the gas bubbles inside 
the flow channels (and therefore the ohmic resistance of the cell), started 

Fig. 9. Influence of the electrolyte volume flow on the high frequency resistance at 80 ◦C for different current densities.
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in the subchapter above, will be continued.
From the images in Figs. 11 and 12, it can be observed that the 

average gas layer thickness is greatest in the upper corners opposite the 
respective outlet. Buoyancy and coalescence of forming gas bubbles 
leads to more gas in the upper part of the flow-field. At higher current 
densities, the overall gas layer is thicker because more gas is being 
produced. Moreover, the overall gas layer of the cathode flow channels 
is thicker because twice as much gas is being produced compared to the 
anode side. For the same current density, the overall gas layer thickness 
seems to be increasing with increasing temperature, supposedly because 
the gas solubility is decreasing with temperature [37].

To understand the gas layer thickness or gas distribution in relation 
to electrolyte volume flow, current density and temperature, it is 
important to take the effects inside the cell into account. As the literature 
investigating the two-phase flow of alkaline electrolysis cells is scarce, 
the flow effects are compared to flow investigations conducted for PEM 
electrolysis. The difference between the two electrolysis types is that 
PEM is using pure water instead of potassium hydroxide as the elec
trolyte solution, which results in a difference of surface tension and 
contact angle at the three-phase boundary of the channel material, 
liquid electrolyte, and gas bubble, respectively. The porous transport 
layer (PTL) in alkaline electrolysis cells is usually nickel-based, whereas 
the PTL material in PEM cells is typically titanium-based. The second 
relevant difference is the necessity of a functioning hydroxide ion 
transportation capacity through the electrolyte solution for alkaline 
electrolysis cells, which can be mitigated by gas bubbles. A PEM elec
trolysis cell is using a proton conducting membrane. Nonetheless, the 
flow effects occurring in the flow field of an alkaline electrolysis cell are 
comparable to those occurring in the flow field of a PEM cell (the flow 

effects are compared to the anode side of PEM electrolysis cells, given 
that mostly no electrolyte is supplied to the cathode side) [36].

In the following the gas layer thickness and published literature is 
used to imply how evenly the electrolyte volume flow is distributed 
throughout the flow field without actually being able to measure it to get 
a better understanding how the electrolyte flow in the flow field affects 
the electrochemical performance of the cell.

According to Leonard et al. [38], the electrolyte volume flow has 
little or no influence on the gas bubble diameter but on the gas bubble’s 
detachment rate. This potentially leads to a shift in transitioning from 
one flow regime to the other. A higher electrolyte volume flow can 
therefore decrease the ohmic resistance according to Yuan et al. [36], 
because the local oversaturation is decreasing due to more gas bubbles 
detaching earlier and being transported out of the flow field. The 
investigation of Majasan et al. [39] shows that flow channels with a 
higher electrolyte flow rate have the tendency to contain smaller gas 
bubbles, whereas the flow channels with a lower electrolyte flow rate 
tend to contain gas bubbles with a bigger diameter or gas slugs. The flow 
field geometry utilized by Majasan et al. [39] is similar to the flow field 
geometry employed in this investigation. Their flow field used parallel 

Fig. 10. Cell set-up during neutron radiography measurements with the inlet 
position of the anode and aathode as shown in the recorded images.

Fig. 11. Gas layer thickness at the operating point of 50 ◦C, 0.4 A/cm2, and 25 
ml/min in the anode flow channels (a) and cathode flow channels (b).
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flow channels and the electrolyte was distributed in a similar way. Due 
to the flow field design using parallel flow channels, the electrolyte flow 
rate was not equally distributed inside the flow channels. Wang [40] 
describes the behavior of the electrolyte flow at a T-junction. At low 
Reynolds numbers (low flow velocities), the flow is equally divided into 
two separate streams. At increasing Reynolds numbers (increasing flow 
velocities), the arm without change (in our case less change) in di
rections is supplied with a higher volume flow because of inertia. For the 
flow field geometry used here, this means that by increasing the elec
trolyte volume flow, more of the electrolyte solution is transported along 
the arms of the flow distribution triangle because of inertia, creating a 
higher electrolyte supply to the flow channels close to the inlet, 
respectively, right at the end of the longer arm opposite the side of the 
electrolyte inlet, with less distributed to the other flow channels. 
Majasan et al. [39] observed that with increasing current density, a more 
unique electrolyte velocity over the flow channels became apparent, 
which they explain with a decreasing pressure loss with increasing gas 
content of the two-phase flow. Their observation leads to an almost 
equally distributed electrolyte flow within the flow channel for current 
densities greater than 1 A/cm2; for lower current densities, the 

non-uniform electrolyte flow distribution persists. The gas layer thick
ness in the flow field used here is thickest for the upper corner located on 
the side where the flow inlet is located. Maier et al. [41] used the same 
PEM cell as Majasan et al. [39] and investigated the water thickness of 
the GDL on the anode side for different GDL materials. In their investi
gation, the GDL had the thinnest water layer (thickest gas layer) in the 
upper right-hand corner, which Majasan et al. [39] identified as the 
channel with the highest flow velocity. According to Wang [40], for the 
geometry of the inlet area used here, the electrolyte volume flow should 
result in a higher volume flow in the outer flow channels, which then, 
according to Majasan et al. [39], should result in a lower gas layer 
thickness in these channels. As this does not apply to the observations in 
Figs. 11 and 12 a closer examination was made of the similarities and 
differences of the cell used by Majasan et al. [39] and Maier et al. [41] 
and the cell used here. As the gas layer thickness was mainly in one 
corner of the cell, which is opposite the two-phase flow outlet of the flow 
field, it seems obvious that the gas distribution is not only dependent on 
the geometrical factors of the inlet and the channel’s geometry but also 
on the outlet. In this cell, the longer arm of the outlet area appeared to 
create a bottleneck for the gas bubbles to leave the flow outlet area. The 
water layer investigations of Maier et al. [41] seem to show the same 
effect for their channel closest to the outlet. In their findings, the outlet 
channel into which all flow field channel drained their gas–electrolyte 
mixture was supposedly filled up with gas from left to right, which made 
it harder for the last channels to push the gas out.

A higher electrolyte volume flow inside the channels decreases the 
local oversaturation and therefore increases the ionic conductivity, such 
that the local gas amount produced is increasing and the gas layer is 
getting thicker. With a thicker gas layer, the conductivity is decreased. 
The steady state condition of these two contradicting effects seems to 
shift with higher flowrate towards a lower gas layer thickness (see 
Figs. 15–18). The buoyancy and coalescence of forming gas bubbles 
leads to more gas in the upper part of the flow field. At higher current 
densities, the gas layer is thicker because more gas is being produced. 
The gas layer of the cathode flow channels is also thicker because twice 
as much gas is produced compared to the anode side. For the same 
current density, the gas layer thickness is increasing with temperature, 
because the gas solubility is decreasing with it [37]. Comparing the same 
operation point with different electrolyte volume flows (see 
Figs. 15–18), there are contradictory tendencies with respect to the in
fluence on gas layer thickness. The potential reason for this is that at 
higher electrolyte volume flows, the gas bubbles detach at a smaller gas 
bubble size. As small gas bubbles could not be identified in the neutron 
radiography images because they could not be distinguished from 
measurement noise, the gas layer might appear to have been thinner. 
However, even if that was the case, from the impedance it can be seen 
that the ohmic resistance was slightly increasing with increasing elec
trolyte volume flow. The visual results and impedance measurements 
seem to show both an opposite effect to what is described by Yuan et al. 
[36]. If the rate of gas transported out of the flow field and forming gas is 
changed to more gas being present in the flow channels, it would result 
in a higher ohmic resistance, which is supported by gas being present at 
lower positions in the flow channels (see Figs. 11 and 12). The polari
zation curves in Fig. 4 show that the performance does not seem to be 
effected by more or less gas being present in the flow channels with 
different electrolyte volume flowrates and the EIS spectra for current 
densities equal or higher 50 mA/cm2 show only a low dependency of 5 
mV difference between 10 ml/min for 80 ◦C and 100 mA/cm2 and only 
2.5 mV difference at 50 mA/cm2 (see Fig. 9 (c) and (d)). A possible 
reason to why a higher electrolyte volume flow is increasing a slight 
decrease in temperature.

The averaged gas distribution in the flow channels shows that the gas 
distribution in the flow channels is dependent on the electrolyte volume 
flow (see Figs. 11 and 12). This implies that the electrolyte volume flow 
is not equally distributed in the flow channels. Supposedly, the areas 
with a larger gas content have a lower electrolyte volume flow compared 

Fig. 12. Gas layer thickness at the operating point of 80 ◦C, 0.6 A/cm2, and 50 
ml/min in the anode flow channels (a) and the cathode flow channels (b).
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to the areas with a lower gas content, which shows that using neutron 
radiography with the used temporal resolution is giving an idea about 
the distribution of both phases of the two-phase flow (assuming the gas 
production is distributed equally over the flow field). The electrolyte 
volume flow distribution will be further discussed in the next subsection 
using the results from the gas bubble velocity distribution in the flow 
field.

An existing gap between the theoretical gas layer thickness and the 
measured one can also be seen in Fig. 13. Fig. 13 (a) shows the measured 
gas layer thickness dependent on the current density, which can be 
compared to the theoretical, calculated gas layer thickness shown in 
Fig. 13 (b). The gas layer thickness dependent on the position (y) in the 
channel can be calculated with Equation (2), which uses the ratio of the 
gas volume inside the cell (Vgas) divided by the active channel area (A), 
which is equivalent to the active cell area. The gas volume (Vgas) is 
exchanged for the total volume of the flow channels (Vtot) multiplied by 
the ratio of gas volume flow (V̇gas) and total volume flow consisting of 
the gas volume flow (V̇gas) and electrolyte volume flow (V̇KOH). The gas 
volume flow is multiplied by the Faraday efficiency (ηF), which is 
assumed to be 100 % in an electrolysis cell. 

dgas,theo.(y)=
Vgas(y)⋅ηF

A(y)
=

V̇gas(y)⋅ηF

V̇gas(y)⋅ηF + V̇KOH
⋅
Vtot(y)
A(y)

(2) 

The values shown in Fig. 13 (b) are the mean gas layer thickness 
values (dgas) and are calculated by Equation (3) using the fraction of the 

mean gas volume flow (V̇gas) divided by the mean total flow of gas and 

electrolyte (V̇gas⋅ηF + V̇KOH) multiplied by the total volume (Vtot) to 
obtain the mean gas volume (Vgas). The mean gas volume (Vgas) divided 
by the active cell area (A) yields the mean gas layer thickness (dgas). The 

mean gas volume flow (V̇gas), calculated by Equation (4), is determined 
using Faraday’s law (zH2/O2 : transferred electrons, j: current density, F: 
Faraday constant, b: width of the flow field, Vm: molar volume) inte
grated over the channel length (L). Figs. 11 and 12 show that the gas 
layer thickness is not equal throughout the channel and does not behave 
in the same manner from one channel to another. The reason for this is 
that the transient conditions of gas forming and accumulating along the 
channel length leads to different residence times of the gas and different 
degrees of coalescence. Equations (3) and (4) average the effect of 
forming gas over the channel length by using the mean gas volume. All 
other described influence factors (coalescence, buoyancy, etc.) 
mentioned previously are neglected here. 

dgas =
V̇gas⋅ηF

V̇gas⋅ηF + V̇KOH

⋅
Vtot

A
(3) 

V̇gas =
1
L

∫ y=L

0

[(
1

zH2

+
1

zO2

)

⋅
jb
F

⋅ Vm

]

dy (4) 

Especially for low current densities, the deviation between the 
calculated and measured gas layer thickness is high and is decreasing for 
increasing current density. At higher current densities, the gas layer 
thickness appears to become linear but a deviation between the calcu
lated and measured gas layer thickness remains.

There are several possible reasons for the deviation, which are dis
cussed in the following in detail. The conducted measurements were 
performed in a current-driven manner, which means that effects on the 
cell efficiency like changing ionic conductivity or electrode over
potentials can be ruled out as possible causes. For each applied current 
density, the same amount of gas and therefore the same averaged gas 
layer thickness should be produced by the cell. However, the calculation 
is assuming 100 % Faraday efficiency. If this assumption is not accurate 
this could, at least partially, be responsible for the deviation. Another 
possible cause of the deviation is the assumption made in the theoretical 
calculation of the gas layer thickness, that at each location within the 
flow channel the same amount of gas is produced over time. Local or 
temporal deviations of the gas production are not accounted for. The 
measurement method might also be a possible cause of the deviation 
shown. As already noted, small single gas bubbles are not possible to 
distinguish from measurement noise, which could result in a lower gas 
layer thickness. Deviations could be a result of the measurement method 
itself and the way in which the images are created during neutron 
radiography measurements and the accuracy of the baseline images, as 
well as filter, subsequent image processing influences, and the image 
blurring due to finite spatial resolution.

For smaller current densities, it is likely that the cause of the devi
ation in Fig. 13 (a) and (b) is small gas bubbles being mistaken for 
measurement noise. A main component of the deviation, however, is 
suspected to be caused by the neglected influence of gas solubility, 
buoyancy, and coalescence, which prompts the gas layer thickness to be 
thinner than calculated by Equation (3).

3.3. Gas bubble velocity and number

The gas bubble velocity and formed number of gas bubbles is pri
marily a function of the influencing factors of current density, electro
lyte volume flow, temperature, geometry, and the material (dimensions 

Fig. 13. Measured gas layer thickness (a) compared to the calculated gas layer thickness by Equation (2); (b) for a temperature of 80 ◦C and different electrolyte 
volume flows.
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and friction) of the flow field. Below, the observations regarding the gas 
bubble velocity and the number, dependent on these influencing factors, 
is described, explained, and compared to the findings of other published 
investigations as well as the electrochemical results shown in section 
3.1.

A typical gas bubble velocity is shown in Fig. 14 (a) for 50 ◦C, 0.4 A/ 
cm2, 25 ml/min, and Fig. 14 (b) 80 ◦C, 0.6 A/cm2, 50 ml/min. The anode 
and cathode flow channels are shown in one figure, but were evaluated 
separately. The anode flow channels have a dark gray background, 
whereas the cathode flow channels have a white one (see Fig. 14). Each 
flow channel is divided into segments of 2 mm in length. In each of these 
segments the bubble velocity is averaged over all the bubbles tracked in 
the segment within the analyzed duration of 5 min (=15,000 images). 
The number of points indicates the number of bubbles tracked in each 
segment. The velocity is tracked for every second flow channel for the 
anode and cathode in order to prevent the algorithm within TrackMate 
from detecting moving objects crossing channel borders and falsifying 
the result. The comparison of the velocity distribution over the flow 
channels of the flow field, with the set of the other remaining channels 
leading to a similar velocity distribution, which is why the analysis was 
performed with every second channel of the flow field. The resulting 
mean gas bubble velocities are in the range of 0 mm/s and 50 mm/s for 
electrolyte volume flows of 25 ml/min and 50 ml/min. Gas bubbles are 
depicted in light gray if the mean velocity results in a negative value. 
This primarily occurred at the end or beginning of the flow channels if 
gas bubbles were stuck for a moment and oscillated with the oscillation 

of the electrolyte membrane pump. The TrackMate algorithm mistak
enly identified these gas bubbles as different ones with movement in a 
negative y-direction.

The gas bubble velocity and number are both described together. In 
Fig. 14, the number of points does not describe the total number of gas 
bubbles, as gas bubbles moving through several segments, are shown as 
several points. Therefore, the total number of different gas bubbles 
detected can be seen in Table 2 for each operating point, together with 
an averaged velocity determined for the cathode and anode sides 
separately.

Comparing the differences in gas bubble velocities caused by 
different current densities for different operating points, it appears that 
the detected gas bubbles at higher current densities start slower at a low 
y-coordinate. The slower gas bubble velocity might be caused by the 
greater gas amount produced at higher current densities. The greater gas 
amount is likely to cause more coalescence already at low y-coordinate 
of the flow channels. To some extent, the transportation of gas out of the 
flow channels might even experience some resistance due to the two 
phase flow from all channels need to go through one outlet, which might 
be the reason why the velocity drops before the flow exits the channel. 
With higher current density, more gas bubbles are detected at a low y- 
coordinate in the flow channels. In the neutron radiography images, gas 
bubbles must attain a certain size to be distinguished from measurement 
noise, and therefore more gas bubbles can be detected at higher current 
densities. The gas bubbles are already bigger at low y-coordinates at 
higher current densities. Other than that, the current density does not 
appear to have a significant influence on the gas bubble velocity or the 
mean gas bubble velocity on the anode and cathode sides. In contrast to 
the observation made here, Majasan et al. [39] observed a linear in
crease in the gas bubble velocity at a current density range comparable 
to the range of this evaluation. They explained the increasing gas bubble 
velocity with increasing current density by a lower pressure drop on the 
basis of increasing amounts of gas in the electrolyte solution.

Different electrolyte volume flows led to a completely different two- 
phase flow distribution within the flow field. Operating points at 
different current densities but the same temperature and same electro
lyte volume flow appear similar when it comes to the gas bubble velocity 
distribution and gas bubble number over the flow field. The electrolyte 
volume flow directly influences the gas bubble velocity, with a slower 
electrolyte volume flow resulting in a slower drag on the gas bubbles 
affected by it. From Fig. 14, it can be seen that the gas bubbles are first 
detected at a greater y-coordinates at a higher electrolyte flow rate 
compared to the lower flow rates. The electrolyte volume is linked to the 
detachment diameter of the gas bubbles. The higher the electrolyte 
volume flow, the earlier the gas bubbles are detached. At a small gas 
bubble diameter, they cannot be detected in the neutron radiography 
images and have less wall friction because of their size. A smaller gas 
bubble size might explain why gas bubbles start to be detected at higher 
y-coordinates in the channels compared to lower electrolyte volume 
flows. Majasan et al. [39] observed a better performance at higher 
electrolyte volume flows, which they assumed to be because of better 
reactant availability, better heat supply, and a shorter slug length. This 
effect was not observed in our investigation, whereas Majasan et al. [39] 
only saw this effect for higher current densities than the ones used here. 
Assuming an equally distributed electrolyte volume flow through the 
flow channel without gas production would result in a flow velocity of 
24.12 mm/s for 25 ml/min and 48.18 mm/s for 50 ml/min. Considering 
that the electrolyte is not equally distributed and that the flow channel 
volume also contains gas, the electrolyte flow velocity should at least in 
some flow channels be a lot faster than the here calculated value. The 
resulting gas bubble velocities seem to be to an extend slower than the 
electrolyte flow. The gas bubble velocity profile being slower at low 
y-coordinates, accelerated towards the middle of the channel and then 
decelerated again towards the end, also seems to be an indicator that the 
gas bubble velocity in the flow channels is not directly linked to the 
electrolyte volume flow.

Fig. 14. Gas bubble velocity for every second flow channel for 50 ◦C, 0.4 A/ 
cm2, 25 ml/min (a) and 80 ◦C, 0.6 A/cm2, 50 ml/min (b).
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The temperature has an influence on the gas bubble velocity distri
bution over the flow field as well. The gas bubble velocity distribution 
changes for each operating point with a change in temperature. At 80 ◦C 
the gas bubble are starting at a lower y-coordinate compared to 50 ◦C. 
This phenomenon was mentioned previously as an observation caused 
by the current density. The behavior of the gas bubble velocity inside the 
flow channels caused by the temperature does not seem intuitive. 
However, with increasing temperature, the gas solubility decreases, 
which means that less gas is dissolved in the electrolyte solution and 
more gas is present in the gas phase. Additionally, the density of both 
gases is decreasing with increasing temperature, but so is the density of 
the electrolyte solution, which leads to a decreased buoyancy at an 
increasing temperature. To fully understand the effect of the tempera
ture on the gas bubble velocity, further measurements will be necessary.

The geometry of the flow field and especially the flow distribution 
area and electrolyte inlet position has an influence on the gas bubble 
velocity and the gas bubble behavior in general. On the opposite side of 
the electrolyte inlet, fewer gas bubbles were identified and the first 
detection of gas bubbles mostly starts at higher y-coordinates of the flow 
channels. The gas bubble velocity distribution in all flow channels shows 
that the velocity fluctuates across the flow channel. By looking at every 
single channel, the gas bubble velocity is low at low y-coordinates and 
increases with phases of decreasing velocity. From a certain height of the 
flow channels, the flow velocity decreases again with phases of 
increasing gas bubble velocity. The y-coordinate from where the ve
locity of the gas bubbles increases again also seems to be dependent on 
the location of the flow outlet. The y-coordinate where the slowing down 
of the gas bubbles start seems to be greater for flow channels located 
closer to the flow outlet. The velocity variation along the channels might 
also be related to the pump and variation of the bubble–wall interaction. 
In the literature, the oscillation of most electrolyte pumps and its effect 
on two-phase flow behavior is rarely discussed. However, as the bubble 
velocities are analyzed from images averaged over 5 min, it appears 
unlikely that the oscillation stems from the frequency of the membrane 
pump, which is in the range of a second. A more likely explanation is 
that gas bubbles are accelerated by the electrolyte volume flow and 
buoyancy and decelerated once they coalesce with other gas bubbles due 
to wall interaction and a supposedly slower discharge of larger gas 
bubbles. Gas bubbles that form at lower y-coordinates in the channels 
reach higher velocities throughout. The reason for this is that they are 
smaller and therefore have less wall friction. Additionally, there is less 
gas lower in the flow channels and therefore coalescence is less frequent.

From the number of detected gas bubbles, it can be seen that a lot 
fewer gas bubbles are detected on the anode side compared to the 
cathode one. For 25 ml/min, the difference is 2.5–4 times less. The 
difference is even greater between both sides at a higher volume flow, at 
50 ml/min (between 7 and 19 times lower). The lower number of 
detected gas bubbles, especially at higher electrolyte volume flows, can 
be explained with an earlier detachment at higher electrolyte volume 
flows. To some extent, the difference might also be caused by the limi
tation of being able to identify small gas bubbles in the neutron 

radiography images.
The gas bubble velocity shows a dependency on the electrolyte vol

ume flow. Even though the gas bubbles are not being dragged along with 
the approximate same velocity than the electrolyte flow, especially with 
the gas bubble velocity being accelerated throughout the first half of the 
flow channels and decelerated during the upper half. But the average gas 
bubble velocity appears to be higher with a higher electrolyte volume 
flow. However, the electrochemical performance seems not to be 
influenced by the electrolyte volume flow, which might suggest that the 
electrolyte volume flow in the flow field has little to no influence on the 
electrochemical performance in between the electrodes for a volume 
flow in between 10 ml/min and 100 ml/min (see Fig. 4). Although the 
EIS measurements show a slight increase in series resistance with 
increasing electrolyte volume flow, with a minor effect on voltage (for 
50 mA/cm2 and 100 mA/cm2, see Fig. 9 (c) and (d)).

4. Summary and conclusions

New generation neutron radiography and tomography fed by 
powerful neutron sources make it possible to investigate devices like 
electrolysis cells with a high degree of temporal and spatial resolution. 
In this study, a temporal resolution of 0.02 s was reached with a spatial 
resolution of 0.4–0.6 mm. Such measurement methods are ideal to shed 
light on what two-phase flow effects are taking place inside the cell and 
therefore help to increase the efficiency of electrolysis cells. Using two- 
dimensional radiography images, it is possible to identify the gas layer 
thickness and draw conclusions regarding the amount of gas within cells 
with the advantage of obtaining a higher temporal resolution compared 
to tomographic measurements. The drawback compared to tomographic 
images is that it is not possible to identify the layer in the beam direc
tion, where the gas bubbles are, nor to distinguish how much gas is in the 
foam electrodes, diaphragm, and flow channels. Moreover, there is a 
tradeoff between tomographic investigation of a cell with detailed in
formation on the gas bubble location and temporal information captured 
by radiography imaging.

This investigation proves the feasibility of investigating electrolysis 
cells with the temporal resolution needed to resolve the two-phase flow 
in a sufficient manner and guides the way towards solving many 
unanswered questions regarding flow phenomena inside electrolysis 
cells. Utilizing the obtained images, the gas layer thickness was deter
mined at different operating conditions. The following conclusions can 
be drawn: 

• The gas layer thickness increases with increasing temperature, which 
is most likely related to gas solubility.

• The gas layer thickness increases with increasing current density 
because more gas is produced, which influences the series resistance 
to increase with increasing current density, likely due to a blockage 
of ionic pathways due to gas bubbles.

• The influence of the electrolyte volume flow on the gas layer thick
ness shows contradictory tendencies. The electrochemical 

Table 2 
Mean velocity and number of detected gas bubbles, as evaluated by TrackMate.

Anode Cathode

Temperature Volume Flow Current Density Mean Velocity Number of detected Gas Bubbles Mean Velocity Number of detected Gas Bubbles

◦C ml/min A/cm2 mm/s – mm/s –

80 50 0.4 26.14 1527 26.37 18,513
80 50 0.6 24.05 4309 23.49 32,081
80 25 0.4 10.32 13,972 18.5 39,983
80 25 0.6 10.91 7543 11.56 19,599
50 50 0.4 12.02 3281 21.48 57,626
50 50 0.6 12.08 2271 22.21 42,272
50 25 0.4 11.12 7232 24.96 31,429
50 25 0.6 14.21 14,129 23.69 42,112
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measurements however show a slight influence on the series resis
tance, the series resistance is increasing with increasing electrolyte 
volume flow.

Additionally, the gas bubble velocity and gas bubble distribution 
within the flow channels were determined and the following results 
were obtained: 

• The electrolyte inlet and outlet design and location substantially 
influence the two-phase flow within the flow channels.

• The temperature and electrolyte volume flow have a substantial in
fluence on the gas bubble velocity and gas bubble distribution.

• The current density does not seem to have an influence on the gas 
bubble velocity other than gas bubbles being jammed at the outlet 
and therefore slowed down.

• The gas bubble velocity does not appear to be constant or linear, but 
fluctuates spatially.

This investigation shows where gas bubbles are formed in the flow 
field, how many are being formed and how fast they are being trans
ported out of the cell. However, from the gas bubble behavior in the flow 
field the gas bubble resistance influencing the cell performance could 
not be seen. Neutron radiography with a temporal resolution up to 0.02 s 
can be a powerful tool to investigate the gas evolution at the electrodes 
and how it is being transported through the gas diffusion layer into the 
flow field. This investigation is the first step of a better understanding of 
the gas formation and transport out of the cell.
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