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ABSTRACT

This study investigates the hydrodynamic behavior and mass transfer performance in water electrolysis within an
alkaline solution (30% wt KOH). By using a glass electrolyzer with vertical stainless steel 304 electrodes spaced
20 mm apart, the research employs an optical flow method to analyze the velocity field of hydrogen bubbles.
Image sequences captured by a CCD camera with a pixel resolution of 67.2 pm facilitate this analysis. The study
focuses on the effect of current density, ranging from 33 to 650 A/m?. Experimental results demonstrate that the
velocity distribution in most areas of the electrolyzer is primarily influenced by two asymmetric flow patterns
caused by the buoyancy of hydrogen and oxygen bubble layers. Regions with lower depths exhibit increased
velocity and vorticity fields, resulting in greater motion within the electrolyte. Conversely, at higher current
densities, the average velocity decreases due to the expansion of dynamic areas. These complex flow structures
significantly affect bubble dynamics, causing velocity fluctuations between the electrodes. The findings offer
valuable insights into hydrogen bubbles’ dynamics and transport phenomena within the electrolyzer, enhancing

the understanding of bubble behavior in alkaline water electrolysis.

Electrolysis

Velocity field
Nomenclature
g Normalized Image Intensity [—]
J Current density [A/mz]
LDV Laser Doppler Velocimetry
PIV Particle Image Velocimetry
PLIF Planar Laser-Induced Fluorescence
PTV Particle Tracking Velocimetry
Uy Horizontal velocity [mm/s]
uy Vertical velocity [mm/s]
U Total velocity [mm/s]
x Horizontal Direction
y Vertical Direction

Greek Abbreviation
Ah

At

v

p)

Pixel Size [pm]
Time interval [s]
Nabla Operator
Lagrange multiplier
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1. Introduction

In recent years, various issues concerning energy generation and
transformation issues have garnered significant attention, mainly due to
their environmental consequences. This growing concern has high-
lighted the need to develop cleaner and more sustainable energy sour-
ces. Consequently, green hydrogen, produced through electrolysis, has
emerged as an appealing solution owing to its minimal environmental
impact and high calorific value [1,2]. However, numerous challenges
persist in enhancing hydrogen generation efficiency through electrol-
ysis, [1].

Many researchers have also focused studies on the modeling
hydrogen generation based on both theory and experimental observa-
tion [3-6], including the effect of pressure [7], temperature [8,9], vol-
ume of hydrogen generated [10]. During the process of electrolysis of
water, electrons flow through the anode to the cathode, where hydrogen
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ions incorporate them to form hydrogen gas. In this way, the dissolved
gas accumulates until it reaches a critical condition of supersaturated
concentration at the electrode surface, initiating bubble nucleation [11,
12]. By starting from the nucleation site, a gas bubble begins to develop,
potentially obstructing other sites. This obstacle hampers the interaction
between ions and the surface, consequently impeding the generation of
fresh hydrogen bubbles. Only after the bubble departure is the surface
re-wetting by the electrolyte resume [7].

Avci and Toklu [13] studied flow analysis of bubbles during water
electrolysis using vertical electrodes. The authors investigated the effect
of void fraction, the gap between electrodes, on bubble diameter and
bubble velocity. As a result, they developed a parametric function of
acceleration velocity for hydrogen gas after production. Also, they
observed that during the separation of hydrogen gas from the electrode,
the velocity of the hydrogen gas bubble under the influence of drag and
buoyancy forces also depends on the drift coefficient.

An experimental investigation was performed by Ref. [14] focusing
on the density distributions of bubble sizes detached from the nickel
cylindrical wire electrode. In their study, a system with a high-speed
video camera was developed, achieving in-situ observation of bubble
generation on an electrode surface. Their investigation tested electrodes
for different current densities, including cylindrical, rectangular and
Raney-nickel wires. Their results show that bubble size depends on
electrode geometry and current density.

Hydrodynamic parameters on cirtical current density were investi-
gated by Ref. [15], including void fraction, and mass flux during ele-
trolyis. According to the results, the mass flux increase delayed the film’s
formation, consequently elevating the critical current density, irre-
spective of the channel’s inclination or the inlet void fraction. Moreover,
the increase in void fraction leads to the development of flow patterns,
ranging from dispersed bubbles to slug flow, depending on parameters
such as inlet void fraction and electrode inclination.

More recently [16], performed an experimental study to investigate
the influence of temperature on the growth of H, bubbles under ultra-
sonic conditions. As a result, temperature’s effect on the frequency of
bubble nucleation is tied to the Gibbs free energy needed for the elec-
trolytic reaction, the surface tension coefficient, and the liquid’s mo-
lecular number density. Both the growth radius and growth rate of
hydrogen bubbles follow a one-third power relationship with tempera-
ture. The surface tension coefficient and contact angle primarily influ-
ence temperature’s impact on the bubble escape radius. Additionally,
the alternating positive and negative sound pressure generated by ul-
trasound will hasten the detachment of hydrogen bubbles.

Convection can result from natural buoyancy or forced convection,
while diffusion arises from concentration gradients of reactants and
products at the electrode-electrolyte interface and in the bulk. As a
result, substantial efforts have been dedicated to investigating the dy-
namic fluid behavior of the gas phase. This includes studying the effects
of convection, velocity profiles, bubble initiation, and the influence of
parameters such as current density, electrode gap, concentration, tem-
perature, and pressure. Numerous experimental investigations have
been reported in the literature that delve into various aspects of water
electrolysis, particularly focusing on bubbles’ key fluid dynamic char-
acteristics. To this end, various experimental techniques have been
employed to visualize velocity fields and bubble growth. These tech-
niques include Particle Image Velocimetry (PIV), Laser Doppler Veloc-
imetry (LDV), Planar Laser-Induced Fluorescence (PLIF), and Particle
Tracking Velocimetry (PTV), among others.

Abdelouahed et al. [17] studied the hydrodynamics of gas bubbles
during water electrolysis using NaOH as the electrolyte. The authors
investigated the distributions of bubble velocities and void fractions
within the anode-to-cathode space, exploring the effects of the anode
gap, current density and cell inclination on the hydrodynamics of the gas
phase. Zhu et al. [18] investigated the hydrodynamics behavior and
mass transfer performance in water electrolysis processes, utilizing two
different containers and electrode configurations under varying current
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densities. The authors employed the PIV method to obtain the velocity
field data. According to their results, the mean vertical velocity increases
with rising current density, and the natural convection is enhanced with
Joule heat generation at higher current densities.

Babu and Das [19] conducted a study investigating the instantaneous
velocity and concentration fields using PIV and PLIF techniques. Their
research aimed to explore the mass transfer processes occurring at the
electrode-electrolyte interface of a water-splitting electrochemical cell.
The authors examined the impact of cell voltage, electrode orientation,
and the concentration gradient resulting from reactant depletion and
product formation at the interface on the mass transfer rate. Their ex-
periments encompassed various current densities and electrode orien-
tations, and the observations revealed that reactant depletion and
product formation at the anode interface led to buoyancy effects,
causing natural convection even at low current densities.

Chen et al. [20] employed PIV to investigate the impact of flow
characteristics on electrochemical water softening. They analyzed the
flow fields near vertical plate electrodes within a bench-scale electrol-
ysis cell and measured the hardness drop values under various process
conditions. The study revealed that increasing the current density or
decreasing the electrode spacing can effectively enhance the average
flow velocity within the electrode gap. The velocity of bubble-driven
convection resulting from bubble floating is observed to be 5-9 times
higher than that of natural convection caused by bubble aggregation.
Increasing the current density has a notable effect on enhancing both
bubble-driven convection and natural convection velocities. However,
excessive current density can accumulate bubbles on the water and
electrode surfaces. This accumulation of bubbles disrupts the sur-
rounding liquid and reduces the velocity of liquid passing through the
bubbles.

On the other hand, studies have been developed to investigate the
fluid dynamic behavior of bubbles using image capture methods. In their
work, Chandran et al. [21] analyzed the bubble size distribution of
hydrogen in electrolysis using sodium chloride and horizontal elec-
trodes. Through image processing, the authors established the rela-
tionship between the number of bubbles and their respective diameters.

An experimental investigation on bubble shape observation was
performed by Ref. [22] during electrolysis using a laser-based shadow
imaging system and an online vapor monitoring system. The authors
modeled bubble dynamics and vapor transfer kinetics considering pa-
rameters such as bubble diameter, velocity and trajectories under
different operation conditions.

Yang et al. [23] used a visualization technique with a high-speed and
microscale visualization system to observe the bubble generation site
and growth rate that can be used to quantify the electrochemical reac-
tion site and intensity for both the oxygen and hydrogen evolution re-
actions. As part of their result, they observed the smaller bubble
detachment diameter and the increased number of reaction sites with
100 nm AuNL reduce the mass transport overpotential in water elec-
trolysis. This explains the low-frequency arc in the EIS and the absence
of curvature in the polarization curves when using 100 nm AuNL.

Li et al. [24] conducted a study utilizing a high-speed visualization
system to investigate the behavior of oxygen bubbles and their multi-
phase evolutions in the anode side of proton exchange membrane
electrolysis cells (PEMECs) equipped with liquid gas diffusion layers
(LGDLs) made of titanium (Ti) felt. Different two-phase flow patterns
have been visually observed and analyzed under different operating
conditions, specifically focusing on oxygen bubbles’ ultra-fast and
micro-scale detachment process. The authors observed that different
flow velocities had an impact on the diameter of bubble detachment,
suggesting a relationship with detachment time. They found that
increasing the flow velocity could potentially lead to an increased fre-
quency of bubble detachment during the bubble detachment process.

In parallel with experimental investigations, various authors have
made significant efforts in numerical studies related to bubble growth,
dynamics, and velocity field during electrolysis under different
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Fig. 1. Experimental apparatus (without high-brightness diodes).

conditions. Torri et al. [25] investigated used three-dimensional coupled
numerical simulations of two-phase flow and electrochemical phenom-
ena in alkaline water electrolysis to clarify how microscale bubbles
affect ion transport and cell overpotential. They focused on the effect of
rising bubbles and bubble atomization on the overpotential. They
discovered that the cell overpotential was reduced by the rising bubbles,
with this reduction becoming more pronounced due to bubble atomi-
zation. The rising bubbles lowered the activation overpotential at the
anode because the flow induced by the bubbles improves ion transport
to the anode and boosts the concentration of hydroxide ions at the anode
surface. They explained that bubble atomization further enhanced this
reduction since smaller bubbles can get closer to the anode than larger
ones, thereby increasing the convective ion flux to the anode surface.

More recently, Sarma et al. [26] numerically investigated bubble
hydrodynamics in water splitting, considering the effect of electrolyte
inflow velocity and electrode morphology. Their study analyzed the
flow fields of bubbles near the electrode and bubble detachment from
the electrode surface. Babay et al. [27] developed a 2D two-phase
electrochemistry-transport model using an inhomogeneous Euler-Euler
mixture modeling approach. They presented multidimensional con-
tours of hydrogen and oxygen volume fractions to illustrate electro-
chemical reactions and two-phase transport phenomena. The authors
reported that bubble nucleation and two-phase flow in the large-scale
cell significantly increased overpotentials. The hydrogen volume frac-
tion was higher than that of oxygen due to lower oversaturation. More
severe bubble blockage was observed at the negative electrode because
of the differences in reaction stoichiometry.

An experimental and numerical study was conducted by Ref. [28] to
investigate the dynamics of Hy bubbles caused by convection during
electrochemical water splitting. The results indicate that the fraction of
the electrode surface covered by gas increases as the bubble diameter
decreases. The same volume of gas can form either a few large bubbles or
many small ones. The impact of current density is directly proportional
to the volume of gas produced. According to Faraday’s laws of elec-
trolysis, this volume depends on the reaction stoichiometry and the
applied current density. When large amounts of gas are generated, the
bubbles tend to remain on the electrode surface longer.

Khalighi et al. [29] conducted a numerical investigation of a single
stagnant and growing hydrogen bubble using an immersed boundary
method implemented in an in-house code. To ensure the numerical ac-
curacy of the method, the authors performed a grid refinement study
and verified the global momentum and hydrogen mass balances. They
also examined the effects of flow rate (Peclet number) and operating
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pressure. The results showed that both the bubble radius at a given time
and the average concentration of hydrogen in the fluid domain decrease
with increasing flow rate. Additionally, the current density at a given
time increases with higher flow rates due to the reduced resistance
caused by the smaller bubble radius.

As the electrochemical reaction progresses at the electrode/electro-
lyte interface, multiple concurrent mass transfer processes occur, as
discussed earlier. Reactants are consumed, and products are generated
at the interface, leading to concentration gradients forming, as Sahore
et al. noted [30].

The flow field of electrolytes plays a critical role in governing ionic
mass transfer, temperature distribution, bubble sizes, bubble detach-
ment, and rising velocity. These factors, in turn, significantly impact
current and potential distributions within the electrolysis reactor. This
subject is complex and not yet fully understood, necessitating further
research.

Despite the several efforts reported in the literature regarding the
generation and transport of hydrogen during electrolysis, compre-
hending the dynamics of bubbles during this process remains a chal-
lenge. One of the most significant challenges is understanding the
dynamics of the two-phase flow within the electrolyte, which arises due
to the convection and vorticity zones generated by the turbulent nature
of the phenomenon. Therefore, this study aims to analyze the velocity
fields during alkaline water electrolysis using an optical flow method
while considering the effects caused by current density and electrode

gap.
1.1. Water electrolysis

In water electrolysis, reactants tend to migrate from the bulk to the
interface, while the products move from the interface to the bulk.
Simultaneously, alterations in the concentrations of reactants and
products at the interface lead to changes in the thermophysical prop-
erties of the electrolyte, notably density, which, in turn, generates
buoyant forces depending on their orientation relative to gravitational
acceleration. The current experimental investigation is focused on the
electrolysis of alkaline water. The electrolyte is a dilute solution of po-
tassium hydroxide (KOH) solution, which disassociates into K™ and
OH". Thus, the oxygen gas evolves at the anode, while hydrogen gas is
generated at the cathode according to the following electrochemical
reaction at the anode:

20H™ - 1/20,(gas) +2e~ + H,O (€))
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Table 1
Experimental conditions during tests.
Properties and Parameters Value/Range
Molar mass [mol/1] 5.34
Density of electrolyte [kg/m®] 1237
Viscosity of electrolyte [kg/(m-s)] 0.001731
Current density [A/m?] 33-650
Operating temperature [°C] 20
and at the cathode:
2H,0+ 2e~ — H,(gas) + 20H"~ (2)

2. Experimental setup

An electrolyzer was developed to investigate the factors affecting
hydrogen production during alkaline water electrolysis. Fig. 1 illustrates
a schematic of the experimental setup, which consists of a transparent
plexiglass cubic container with an 80 mm edge, vertical electrodes made
of an iron-nickel alloy (20 mm x 60 mm) with a 20 mm separation
between them, a DC power supply, a set of high-brightness diodes with
adjustable intensity over electrodes, and a high-speed camera. Although
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this configuration is not typically encountered in industrial processes, it
is often employed to better understand specific fundamental aspects of
fluid dynamics of bubbles during electrolysis.

The electrodes were fixed to a polymeric support for the experi-
mental tests to avoid image distortion, ensuring vertical alignment. This
support has dimensions of 80 mm x 40 mm x 60 mm, with two slots on
the front face to allocate the electrodes within the electrolytic cell. These
slots have a width of 7 mm to accommodate the electrode along with the
glass plate, a depth of 15 mm to fit 80% of the electrode (the submerged
portion in the electrolyte), thus leaving a protrusion on the front face
where Hy bubbles will be produced, and a height of 60 mm, which
represents the height of the support itself. The central face of the support
is black to avoid reflections during image capture in the experiment.

In order to assess various electrolysis systems, it is essential to
establish the correlation between practical parameters and the perfor-
mance of different electrolyzers. Crucial parameters include reactor
configurations and operational conditions. These parameters considered
in this study are presented in Table 1.

2.1. Optical flow method

Optical flow methods offer a wide range of advantages in several
applications, and over the last few years, significant advancements have
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Fig. 2. Comparison between velocities obtained by optical flow method and by image analysis.
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Cathode
apouy

Fig. 4. Characteristic bubble distribution for J = 260 A/m>

been made in this field, including [31-35]. These methods excel in
tracking and motion analysis, enabling the detection and segmentation
of objects based on consistent motion patterns. Optical flow can operate

(a)J =33 A/m? (b) J =99 A/m?

(e)J=320A/m (f) J =440 A/m?
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in real-time, making it ideal for tasks requiring rapid video analysis,
such as bubble generation. Its versatility and utility make optical flow an
invaluable tool in the field of computer vision, aiding in the analysis and
understanding of dynamic visual information. In this investigation, the
optical flow employed is based on the approach developed by Ref. [36].
This method considers the optical flow equation for different flow vi-
sualizations, expressed in terms of image coordinates:

%

—4+V-

ot )

(gU) —flx.y.8)=0
where, g represents the normalized image intensity, which is propor-
tional to the radiance received by the camera. The velocity in the image

plane, denoted as U= (ux, uy), is referred to as the optical flow (i.e. pixel
velocity), the operator V = 0/dx; represents the spatial gradient while
f(x,y,g) corresponds to a boundary and diffusion term. The optical flow
u is directly linked to the velocity averaged over the light path and is
influenced by the field quantity ® associated with the visualizing me-
dium. Typically, the optical flow does not exhibit divergence-free

characteristics, i.e., Ve U # 0. But for special cases where f(x,y,&)

(c) J = 160 A/m?

(d)J =230 A/m?

(g) /=530 A/m?

(h) J= 650 A/m*

Fig. 5. Evolution of the void fraction with the increase in current density.
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Fig. 6. Samples of velocity fields obtained from the optical flow method.

0 and gVoﬁ> = 0, Eq. (3) simplifies the Horn-Schunck brightness

constraint equation dg/ot + Te Vg = 0, according to Ref. [37].
In order to determine the optical flow, a variational formulation with
a smoothness constraint is employed, based on a functional given by Eq.

4

w-[{|%

where A corresponds to the Lagrange multiplier, and Q is an image
domain. By minimizing Eq. (4), Euler-Lagrange equations obtained:

+ V-(gﬁ)]z—&-l(Wuxlz—i- |Vuy|2)}dxdy )

og
gv [E

The solution of Eq. (5) is found using the standard difference method

+V- (gﬁ) —f} FAVET =0 )

with Neumann condition on the Bﬁ/dn = 0 image domain.
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In this study, tests were recorded with a high-speed camera
MotionPro model Y4-S1, using 600 frames per second (At =1.67 s),
with a pixel size Ah of 67.2 pm. The data analysis of optical flow was
performed using MATLAB™, using the open-source code provided by
Ref. [38] and developed to estimate the instantaneous velocity field
from sequential pairs of images.

2.2. Validation

This optical flow method was validated by Ref. [39], considering an
error analysis by comparing its results with those of the robust PIV
method. Relevant parameters, such as image intensity gradient magni-
tude, displacement magnitude, velocity magnitude, and velocity, were
taken into account. However, to ensure the method’s robustness for this
study, bubble velocity analyses were conducted at various random
points in the images, considering individual displacements and the time
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Fig. 7. Samples of small vorticities responsible for fluctuations of velocity components for J = 320 A/m>.

interval between two images. In this analysis, bubbles larger than a
certain threshold (denoted as Ah) were selected, and their vertical and
horizontal velocities were compared with the velocities predicted by the
optical flow.

Fig. 2 presents the results of individually analyzed velocities versus
those obtained by the optical flow, with error margins of +5%. In this
sampling, the average errors were 3.09% and —0.98% for the x and y
components, respectively. Assuming that variations in intensity
throughout the image arise exclusively from the movement of bubbles
and considering the fact that their motion is predominantly (though not
exclusively) two-dimensional in the xy-plane, the mass conservation

equation for the incompressible condition (i.e. V o U =0)canbea good
indicator of the validity of the method employed for determining the
velocity field. It is also important to emphasize that this assumption is
grounded in the fact that the velocity field is obtained from a fixed time
interval using a sequence of two images (instantaneous field) with no
transient component of the mass conservation equation.

Fig. 3 presents the divergence of the velocity field for some analyzed

cases. As can be observed, Ve U = @(1073). Indeed, this difference
may be related to the intrinsic error of the method itself, coupled with
the loss of information associated with the orthogonal component of
velocity that cannot be measured by the method.

Particularly, for cases with J = 160 A/m? and, especially, for J = 440
A/m?, in some regions near the electrodes, an increase in the magnitude
of the velocity divergence can be observed. This occurs due to the for-
mation of more pronounced ripples in the rising bubble curtains.
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3. Results
3.1. On flow pattern

During the electrolysis process, various bubble distributions arise
due to fluid dynamics, as depicted in Fig. 4 for J = 160 A/m?. Larger
clusters of hydrogen bubbles are commonly observed at greater heights
of the cathode (1). This occurrence is attributed to regions with higher
vorticity near the electrolyte surface. At intermediate heights of the
cathode (2), filament-like structures of hydrogen bubbles can be
observed, primarily driven by buoyancy, resulting in a significant in-
crease in the void fraction across the bubble coverage [5,18,40]. Smaller
and more central dispersed bubbles are observed near the anode (3) for
oxygen generation. The smallest bubbles, with greater dispersion, are
generally noticed in more central regions between the electrodes (4).
These patterns exhibit variations over time and within the electrolyte
due to the turbulent nature of bubble dynamics. The current density
variation, exemplified by Fig. 5, significantly influences both bubble
generation and dynamics [41]. Hacha et al. [42] statistically investi-
gated the influence of several parameters on the diameter of O, and Hy
bubbles during electroflotation. Their results indicate that most Hj
bubbles have diameters between 50 and 80 pm. In contrast, O, bubbles
exhibit a wider range of average diameters, varying between 10 ym and
80 pm in most cases.

In contrast, Oy bubbles exhibit a wider range of average diameters,
varying between 10 and 80 pm in most cases. Similar values are also
reported by Refs. [20,43]. Thus, the pixel size in this experiment
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Fig. 8. Vertical velocity component for different depth levels from electrolyte surface.

corresponds to an intermediate value of bubble diameter found in
experimental studies, especially in the case of Hy,

In Fig. 5, the dispersion of bubbles is evident, with both hydrogen
and oxygen gases predominantly released through dispersed bubbles
forming along the electrodes. The dispersion of bubbles in the electro-
lyte increases with the rise in current density. Under temporarily static
conditions, larger bubbles can also be observed adhering to the elec-
trodes. These bubbles form as smaller bubbles coalesce at distinct
nucleation sites. As the current density increases, a higher concentration
of bubbles near the electrolyte’s surface is observed. This is primarily
due to the bubbles encountering difficulties in overcoming the surface
tension near the electrolyte’s surface, resulting in the emergence of
turbulent and recirculation zones between the electrodes.

3.2. On the effect of current density on the velocity field

Performing simultaneous measurements of fluid velocities and
hydrogen bubble trajectories in electrolysis is a complex challenge.
Although the optical flow cannot determine the velocities of the liquid
phase, the velocities of the liquid-gas interface can be identified. It is
crucial to emphasize that the velocities near the electrode surface play
an essential role, as they significantly impact bubble detachment and the
dynamics of the bubble layer.

The velocity field was obtained between the electrodes based on the
sequential analysis of pairs of images using the optical flow method.
Fig. 6 shows some samples of the fields obtained for different current
densities. As expected, the increase in velocity field intensity depends on
the increase in current density, exhibiting erratic behaviors associated
with the increased turbulence of the electrolyte. For lower current
densities (Fig. 6(a)-(b)), the velocity field predominantly exhibits a
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vertical pattern, although in some regions, vectors point in both di-
rections relative to the electrode surface. These intermittencies are
related to fluctuations in the bubble layer along the electrode walls. The
heating of the electrodes and the electrolyte, caused by the Joule effect,
also contributes to bubble dispersion [6].

For the case shown in Fig. 6(b), greater instabilities can be formed in
the gap’s upper region caused by Hy and O, bubbles moving near the
electrolyte surface. As the current density increases, these instability
regions, dominated by recirculation zones, tend to spread between the
electrodes (Fig. 6(c)—(h)). In these cases, there is an increase in velocity
vectors throughout the gap, including the electrode surfaces, further
enhanced by increased heating.

An example of recirculation zones can be observed in Fig. 7 for J =
320 A/m?. In this case, these zones are predominant in the upper region
of the electrolyte, close to its surface. For the region near the cathode, at
a depth of approximately 2 cm, a vortex (clockwise) is observed, cor-
responding to the process of accelerating the bubble layer and wetting
the electrode wall. On the other hand, two recirculation zones are
observed in the range 0 < y < 1 cm. In this case, two vortices with
opposite directions are responsible for increasing the fluctuation of the
bubble velocity field in regions farther from the electrode, making the
release of bubbles from the electrolyte more challenging. In regions
below a depth of 3 cm, small velocity gradients are observed near the
electrodes, indicating the presence of low-intensity fluctuations in the
bubble velocity fields. Similar dynamics were found by Ref. [44] during
a study on water electrolysis using vertical electrodes spaced at 20 and
30 mm, also indicating velocity fluctuations along the electrodes with
influence from the current density.
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3.3. On fluctuation of velocities

Fig. 8 presents the y-component of velocity (u,) for different depth
levels, considering the electrolyte surface. As observed, peaks of
maximum velocity increase with higher current density, but such
maximum intensities can be observed at different depths. This is due to
the formation of circulation structures at different vertical positions
between the electrodes. For J < 99 A/rnz, fluctuations in vertical ve-
locity show higher frequencies for a depth of 16.61 mm, indicating
greater intermittency in bubble velocity caused by zones containing

(a)
Side of
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1

08

08

0.6

NGS

04
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small vortices. In fact, two distinct conditions can be observed along the
gap. The first is related to rapid fluctuations in velocity without a change
in direction (without the presence of negative velocities). In this case,
the gas bubbles at this depth exhibit smooth oscillations caused by the
positive components of vertical velocity along the vortices. The other
condition involves rapid fluctuations, including negative vertical ve-
locity. In this case, the bubbles undergo vertical oscillations caused by
the swirling motion around the small vortices.

With increasing depths, oscillations with greater amplitudes are
observed, indicating higher velocity intensities in both vertical compo-
nent directions. For the case of J = 33 A/rnz, the oscillations can be
greater than 4 mm/s at a depth of 56.64 mm and greater than 5 mm/s at
a depth of 29.71 mm with J = 99 A/m? A greater homogeneity of
vertical velocity oscillations is observed for the case of J = 260 A/m?,
although the amplitudes can reach values greater than 8 mm/s.

While buoyancy effects are predominant for bubble motion,
analyzing their dynamics in the horizontal direction along the flow be-
comes relevant since the momentum transport in this direction occurs.
Fig. 9 shows the horizontal velocity fluctuation for different gap widths.
In all situations, the transitions of the horizontal velocity component
Ou,/dy occur more rapidly along the electrolyte depth. For the case of J =
33 A/m?, in addition to the observed fluctuations, there is an increase in
the average velocity (u,) with respect to the electrolyte depth. This is
due to the increase in recirculation zones near the electrolyte surface,
although velocity peaks can be observed for y < 2 mm. For J > 99 A/m?,
the velocity peaks are more intense and tend to propagate throughout
the electrolyte depth, especially for the sub-gap of 4.6 mm. However, for
all cases, at depths y > 5 mm, the fluctuations tend to attenuate due to
the limited presence of bubbles formed from the electrodes. Similar
structures have been reported by Refs. [20,45] based on velocity fields
obtained from instantaneous images using different electrolytes.

Samples of the evolution of vorticity field intensity with increasing
current density are presented in Fig. 10. As observed, the highest

(b)

0.8~

x [cm]

1.5 26

x[cm]

Fig. 12. Normalized intensity of grayscale for J: (a) 66 A/mz; (b) 320 A/m? and (c) 610 A/m>.
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vorticity intensities are presented along the cathode, for different con-
ditions of J, near the electrolyte surface. With the increase in current
density, fluctuations in vorticity zones are also found in the upper region
of the electrolyte, between the electrodes. In all cases, vorticity in-
tensities vary between negative and positive values, indicating the
presence of flows and counterflows responsible for the fluctuations in
the velocity field, even in regions of greater depth in the cathode. The
increase in vorticity intensity near the electrodes is directly related to
the hydrogen and oxygen bubble layer fluctuations. The dynamics of the
bubbles can be partly observed through the intensity of vorticity. In this
case, swirls are generated in both directions of the z direction, caused by
the vorticity. Thus, as shown in Fig. 10, the current density increase
enhances the velocity field’s instability. This indicates momentum
transfer in the direction perpendicular to the 2D plane. This assertion is
also supported by the field shown in Fig. 3. The uncertainty of vorticity
is directly related to the uncertainty of its respective velocity compo-
nents u, and u,. In this study, the methodology developed by Ref. [46]
was implemented, considering the algorithm related to vorticity. In
other words, its value is proportional to

1/2
((6uy/0x)2dx2 + (ﬂ)ux/éy)zdyz) / , and as dx = dy = dh, the uncer-

tainty calculated from the vorticity fields varies between +1.6 x 107>
sL

Several studies focused on the numerical simulation of hydrogen
generation through electrolysis have presented the bubble layer with
relatively well-defined thickness, not indicating the presence of fluctu-
ations at its interfaces [4,17,25,27]. The absence of fluctuations may be
possibly related to the limitation of numerical modeling, which does not
predict instabilities at the interface caused by the difference in velocity
between phases (e.g., Kelvin-Helmholtz instabilities). Another factor
may be related to the increase in the electrode wall temperature. In fact,
Oliveira et al. [47] observed an increase in the cathode wall temperature
with the increase in current density during water electrolysis. With the
increase in current density, more bubbles tend to increase the void
fraction thickness along the electrode. Two samples indicating the
variation in the thickness of the Hy bubble layer near the cathode are
presented in Fig. 11. In this case, a method was used for generating
artificial colors based on different intensity levels of grayscale to aid in
the visualization of the void fraction along the cathode. As observed, in
addition to the increase in plume thickness with the increase in current
density, there is an increase in velocity field fluctuations. It is also
possible to observe the increase in void fraction near the upper part of
the electrolyte, close to its surface. Based on the bubble layers identified
by the frames in Fig. 11, their average thickness varies between 0.33 mm
and 0.47 mm for J = 99 and 530 A/m? respectively. However, local
fluctuations in these thicknesses can vary by + 80% in some cases.

An estimate of the void fraction in the electrolyte can be derived
from the analysis of normalized grayscale [48]. Fig. 12 illustrates the
normalized grayscale (NGS) influenced by varying current densities.
While bubble generation is contingent on the quantity of charge trans-
ferred, directly linked to current density, void fraction variations are
associated with bubbles’ dynamic behavior over time. Moreover, Fara-
day’s law can elucidate the magnitude of departure velocity in the
normal direction of bubble movement. A larger current density imparts
momentum to the bubble in the normal direction of the electrode sur-
face. Higher concentrations of the void fraction can be observed along
the electrode (peaks) and in specific regions of the electrolyte. Varia-
tions in the height of each peak are related to different thicknesses of the
bubble layer and the dispersion of gas within the layer.

4. Conclusion

This study investigated the hydrodynamic behavior and mass
transfer performance in water electrolysis, focusing on the convective
mass transfer phenomenon during hydrogen generation. By employing
an optical flow method to analyze the velocity field of hydrogen bubbles,
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the research provided valuable insights into the dynamics of bubble
behavior within the electrolyzer, enhancing the understanding of
hydrogen generation through water electrolysis.

The experimental results revealed complex flow patterns influenced
by buoyancy effects and current density variations. Two asymmetric
flow patterns were observed, primarily driven by the buoyancy of
hydrogen and oxygen bubble layers, resulting in increased turbulence
within the electrolyte, especially in regions with lower depths. At higher
current densities, the expansion of turbulent zones led to a decrease in
the average velocity, while greater instabilities and recirculation zones
occurred between the electrodes.

The findings highlighted the significant impact of current density
variation on bubble generation, dispersion, and dynamics. Higher cur-
rent densities resulted in larger clusters of hydrogen bubbles at greater
heights of the cathode and increased dispersion of bubbles in the elec-
trolyte. Moreover, the study elucidated the correlation between current
density and velocity field intensity, with increased turbulence and in-
stabilities observed with higher current densities.

The analysis of velocity fluctuations provided insights into the dy-
namic behavior of bubbles, revealing fluctuations in both vertical and
horizontal velocity components, particularly in regions with small
vortices and recirculation zones. These fluctuations were found to in-
crease with higher current densities, indicating a more complex flow
behavior influenced by bubble dynamics and momentum transfer.

Overall, this study contributes to the fundamental understanding of
convective mass transfer in hydrogen generation through water elec-
trolysis. The insights gained into the hydrodynamic behavior and mass
transfer performance have implications for optimizing electrolyzer
design and operational parameters to enhance hydrogen production
efficiency. By elucidating the complex interactions between flow pat-
terns, bubble dynamics, and current density variations, this research
lays the foundation for further advancements in electrolysis technology
for sustainable hydrogen production.
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