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Abstract. This research examines the electrolysis process using nickel-iron electrodes immersed in two types of
electrolytes: one consisting of 30% KOH alone and another with 30% KOH supplemented by 2.5 g of ionic liquid
(BMI.BF4). The electrodes were spaced 40 mm apart, and 55, 110, and 165 A/m? current densities were applied. The
study involved capturing and analyzing images of hydrogen evolution to investigate the impact of the ionic liquid on
ionic conductivity. Findings, illustrated through images showing vertical velocity, vorticity, and velocity field, suggest
potential enhancements in hydrogen generation, characterized by larger bubble volumes and improved vertical
displacement speeds of bubbles when the ionic liquid is introduced into the electrolyte.
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1. INTRODUCTION

In recent years, energy generation and transformation have become critical issues, primarily due to their environmental
repercussions. This rising concern has emphasized the necessity for developing cleaner and more sustainable energy
sources. Consequently, green hydrogen, produced via electrolysis, has become an attractive solution because of its low
environmental impact and high energy content (Nasser et al., 2022; Chien et al., 2021). Despite its potential, significant
challenges still exist in increasing hydrogen production efficiency through electrolysis (Nasser et al., 2022). The flow
field of electrolytes is crucial in controlling ionic mass transfer, temperature distribution, bubble sizes, bubble detachment,
and rising velocity. These elements significantly affect current and potential distributions within the electrolysis reactor.
Such a phenomenon is a complex topic that remains incompletely understood, necessitating further research.

Avci and Toklu (2022) explored the flow dynamics of bubbles in water electrolysis with vertical electrodes. They
examined how the void fraction, which is the space between the electrodes, affects bubble size and speed. Their research
led to the creation of a formula to estimate the acceleration velocity of hydrogen gas post-production. Additionally, they
found that the velocity of hydrogen gas bubbles separating from the electrode is influenced not only by drag and buoyancy
forces but also by the drift coefficient.
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Park et al. (2022) examined the impact of hydrodynamic parameters on critical current density, focusing on factors
such as void fraction and mass flux during electrolysis. The findings indicated that an increase in mass flux delayed the
formation of the film, thereby raising the critical current density, regardless of the channel's angle or the inlet void fraction.
Additionally, a higher void fraction resulted in varying flow patterns, shifting from dispersed bubbles to slug flow, based
on parameters like inlet void fraction and electrode tilt.

Convection can be driven by natural buoyancy or forced methods, while diffusion is caused by concentration gradients
of reactants and products at the electrode-electrolyte interface and throughout the bulk. Consequently, significant research
has focused on the dynamic fluid behavior of the gas phase, including the impacts of convection, velocity profiles, bubble
initiation, and the effects of factors such as current density, electrode spacing, concentration, temperature, and pressure.
Numerous studies have explored various aspects of water electrolysis, with a particular emphasis on the fluid dynamic
properties of bubbles. To investigate these aspects, a range of experimental techniques have been used to visualize velocity
fields and bubble growth, including Particle Image Velocimetry (PIV), Laser Doppler Velocimetry (LDV), Planar Laser-
Induced Fluorescence (PLIF), and Particle Tracking Velocimetry (PTV) (Chandran et al., 2015; Jianu et al., 2015; Zhu et
al., 2018; Babu and Das, 2019; Li et al., 2021; Oliveira et al., 2024).

Despite numerous studies on hydrogen generation and transport during electrolysis, understanding bubble dynamics
in this process remains challenging. One major difficulty lies in comprehending the two-phase flow dynamics within the
electrolyte, driven by convection and vorticity zones generated by turbulence. Consequently, this study aims to analyze
velocity fields during alkaline water electrolysis using an optical flow method, considering the effects of current density
and electrode gap.

2. METHODOLOGY

In order to perform the experiment of generating hydrogen via water electrolysis, a polylactic acid (PLA) support was
fabricated using a 3D printer to secure the Ni-Fe electrodes. The casing was removed for this phase, and the electrolyte
was poured into the previously described glass container. A direct current (DC) power source was utilized to supply
electrical current to the electrodes. To capture and identify hydrogen production, images were captured using a high-
speed camera MotionPro model Y4-S1, using 600 frames per second (At = 1.67 s), with a pixel size Ah of 37.5 um. The
experimental setup comprises a testing section housing a cubic container (the electrolyzer) with a volume of 600 ml, along
with a DC power supply unit, specifically the Minipa MPL-3305 model. The vertical working electrodes are constructed
from Ni and Fe, chosen for their stability in an alkaline environment. The electrodes, each measuring 75 mm in width and
90 mm in length, were positioned vertically, maintaining a 20 mm separation between them, as shown in Figure 1. The
experiment was conducted under ambient conditions, approximately 23 °C, utilizing an aqueous solution of potassium
hydroxide (KOH) at a concentration of 30% relative to deionized water. This solution was contained within a glass vessel
(the electrolyzer) measuring 100 mm x 12 mm x 90 mm. The experiments were repeated by adding 2.5 g of ionic liquid
(IL) BMIL.BF4 to the electrolyte, creating a mixture. Different current densities were applied, specifically 55, 110, and
165 A/m?, accompanied by voltages varying between 3 and 8 V. These voltage values were contingent upon the
concentration of the IL present in the solution. The selection of weight was guided by references (Souza et al., 2003;
Dupont et al., 2006; Loget et al, 2009; Souza et al., 2009; Abdelouahed et al., 2014; Borba et al., 2017; Trombetta et al.,
2019; Chen et al., 2022), which provided insight into the author's prior work on utilizing the ionic liquid (IL) in capacitors.
The IL was chosen to have a molar fraction between 0.20 and 0.40 and demonstrated a conductivity (o) exceeding 15
mS/cm at a temperature of 20 °C.
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Figure 1. (a) Experimental setup; (b) Representative diagram of the hydrogen generation experiment.
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2.1 Optical Flow

Optical flow techniques provide numerous benefits across various applications, and recent years have seen substantial
progress in this area, as evidenced by several studies (Sun et al. 2014; Zhang et al. 2017; Li et al. 2017; Mei et al. 2019;
Zhen et al. 2020). These methods are particularly effective for tracking and motion analysis, allowing for the detection
and segmentation of objects based on their consistent movement patterns. Optical flow can function in real-time, making
it well-suited for tasks that require fast video analysis, such as monitoring bubble generation. Its versatility and usefulness
make optical flow an essential tool in computer vision, facilitating the analysis and interpretation of dynamic visual data.
In this study, the optical flow method used is based on the approach developed by Liu and Shen (2008). This approach
tackles the optical flow equation for diverse flow visualizations expressed in terms of image coordinates.

0
§+v-(gu> —fx,y,9)= 0 (1)

where g represents the normalized image intensity, which is directly related to the radiance captured by the camera. The
velocity in the image plane, denoted as u = (u, ,u,), is referred to as the optical flow. The operator V. = 9/dx; signifies
the spatial gradient, while f(x,y, g) denotes a boundary and diffusion term. Optical flow does not exhibit divergence-
free characteristics, meaning V - u # 0. However, under conditions where f(x,y,g) = 0 and gV-u =0, Eq. (1)
simplifies to the Horn-Schunck brightness constraint equation 0g/ot + u-Vg = 0. The analysis of optical flow data was
carried out using MATLAB™, employing the open-source code provided by Horn et al. (1981), designed to compute the
instantaneous velocity field from consecutive pairs of images.

To determine the optical flow, a variational formulation with a smoothness constraint is used, based on the functional
described in Eq. (2).

jw) = L{[Z—‘z+ V- (gff)]z + /1(|Vux|2 + |Vuy|2)} dxdy @

where A represents the Lagrange multiplier, and Q denotes the image domain. By minimizing Eq. (2), the Euler-Lagrange
equations are derived as follows:

9 . 3
gV[a—‘z+V-(gU)—f]+/W2u=0 )

The solution to Eq. (3) is obtained using the standard finite difference method with a Neumann boundary condition,
where U /dn = 0 on the image domain.

3. RESULTS

During electrolysis, various bubble distributions arise due to fluid dynamics, as depicted in Fig. 2(a) for J =55 A/m2,
Small bubbles dispersed away from the cathode guided by buoyancy and electrolyte dynamics (1); curtains of bubbles
generated along the electrode surface with predominantly vertical velocity and horizontal fluctuations during ascent (2);
larger bubbles tend to remain in certain positions for extended periods, inhibiting the activation of new nucleation sites
(3). Larger bubbles tend to form in deeper electrode regions and are released along with the bubble curtain, exhibiting
higher velocities due to their volume (4). These patterns display fluctuations over time and throughout the electrolyte
owing to the turbulent characteristics of bubble dynamics. Figure 2(b) displays the height levels studied to evaluate the
vertical velocity profile. The 0 mm level, in this case, represents half the height of the submerged electrode. The influence
of current density on H, bubble generation and its dynamic (Vogt, 2013) is exemplified in Fig. 3 for 30% KOH and Fig.
4 for 30% KOH with IL diluted in electrolyte. In both cases, the dispersion of bubbles is evident, with both hydrogen
bubbles predominantly released through dispersed bubbles forming along the cathode. The dispersion of bubbles in the
electrolyte increases with the rise in current density. Under temporarily static conditions, larger bubbles can also be
observed adhering to the cathode wall. 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. Figure 4 depicts H»
bubbles with smaller diameters and a thinner bubble curtain. Indeed, the use of IL enhances the conductivity of the
electrolyte medium, resulting in a decrease in both bubble growth and departure times. In this scenario, larger bubbles
attached to the cathode wall are not observed.

3.1 Effect of current density on the velocity field
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Figure 2. (a) Characteristic H, bubble distribution for J = 55 A/m2 and 30% KOH; (b) height levels considered in
this study to investigate uy velocity.
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Figure 3. Sample of a pair of images with 30% KOH showing the presence
of H bubbles around the electrode for different current densities.

The velocity field between the electrodes was derived by sequentially analyzing pairs of images through the optical
flow method. Figure 5 illustrates samples of the velocity fields obtained for 30% KOH as a function of current density.
As anticipated, the augmentation in velocity field intensity correlates with the rise in current density, showcasing erratic
behaviors linked to heightened electrolyte turbulence. For J =55 A/m?, the velocity field predominantly exhibits a vertical
pattern, although the velocity field exhibits greater intensity on the right side of the electrode; this is attributed to the
higher production of H; resulting from lower electrical resistance. As current density increases, nucleation sites increase,
leading to greater uniformity in H, formation on both electrode sides and in higher bubble velocity. Consequently, velocity
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fluctuations are observed along both the vertical and horizontal directions. Figure 6 presents the velocity field for 30%
KOH+IL considering the same current densities. As it can be seen, the vertical velocity increases with the presence of IL.

J=110 A/m* J=165 A/m?

Figure 4. Sample of a pair of images with 30% KOH with IL showing the presence
of H, bubbles for different current densities.
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Figure 5. Samples of velocity fields obtained from the optical flow method for 30% KOH.
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Figure 6. Samples of velocity fields obtained from the optical flow method for 30% KOH with IL.

In Fig. 7, the y-component of velocity (uy) is depicted for various depth levels relative to the electrode surface. Notably,
peaks of maximum velocity rise with increased current density; however, these peaks occur at varying depths. This
phenomenon arises from creating circulation structures at different vertical positions between the electrodes.

For the cases of J =55 and 110 A/m?, for example, the highest speed peak is observed at a depth of -4 mm. This is due to
the bubbles experiencing vertical acceleration along the electrode. However, this acceleration decreases between depths
of -4 mm and -8 mm, causing the speed peaks to diminish at shallower depths. For the case of J = 165 A/m2, the speed
peaks are observed at greater depths (0 and 4 mm). This indicates that increasing the current density leads to higher speed

peaks at greater depths. In all three cases, the vertical speed profile shows irregular behavior due to varying speeds at
each depth.
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Figure 7. Vertical velocity component for different depth levels from the electrode surface for 30% KOH.

In addition to increasing the conductivity of the medium, the presence of the IL in the electrolyte alters the
vertical velocity profile of the bubbles, as shown in Figure 8, for the cases of J = 110 and 165 A/m2. This is due to the
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increased bubble generation rate, which causes the bubbles to be released at shorter time intervals. The decrease in the
thickness of the bubble curtain, as previously mentioned, also contributes to the stability of the vertical velocity profile.
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Figure 8. Vertical velocity component for different depth levels from the electrode surface for 30% KOH with IL.

Figure 9 presents samples of vorticity fields for different current densities with and without IL. In the case of the
electrolyte with only KOH, the increase in current density increases the presence of vortices near the electrode. On the
other hand, in the case of KOH+IL, the increase in current density decreases the presence of vortices, reducing the
presence of turbulence during the bubble dynamics. However, in all cases, the greatest intensity of vorticity is observed
in the upper region of the electrode.

KOH = KOH+IL
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Figure 9. Samples of vorticity fields.
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4. CONCLUSION

This study explored bubble dynamics and velocity fields in alkaline water electrolysis, focusing on the effects of
current density and ionic liquid (IL) addition. Findings reveal that increasing current density intensifies bubble formation
and turbulence, leading to more erratic velocity profiles. The inclusion of IL improves electrolyte conductivity, stabilizing
the velocity profile and reducing turbulence. This indicates that IL can enhance electrolysis efficiency by promoting more
controlled bubble dynamics. Overall, these insights are valuable for optimizing electrolysis systems and advancing
sustainable hydrogen production. Further research could investigate additional electrolyte compositions and
configurations to improve efficiency and stability.
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