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ABSTRACT
In the future, energy production will largely depend on renewable energy sources, such as solar- or wind energy. A
major disadvantage of these energy sources lies in their volatile nature. Therefore, effective energy storage systems
are necessary to provide a stable energy supply. Chemical energy storage in the form of hydrogen or methanol
promises to be very effective for long term purposes due to its large energy to volume ratio. The commonly used
method to convert electrical energy into chemical energy is electrolysis. However, modern electrolyzers only reach
efficiencies, which are relatively small compared to other storage techniques. A major contribution to the losses comes
from hydrogen or oxygen gas bubbles, which evolve at and stick to the electrodes, thus reducing the chemically active
area. Accelerating bubble detachment presents a way to increase electrolysis’ efficiency. A relatively simple but elegant
method to achieve faster bubble detachment is the use of Lorentz-forces. They can be induced by superimposing a
magnetic field on the electric field that is inherently present in the process. Lorentz-forces act as body forces and have
been shown to accelerate bubble detachment in systems with a magnetic field oriented perpendicular to the electric
field, as well as in configurations with a parallel magnetic and electric field. In the latter case, the mechanisms leading
to a faster bubble detachment are not fully understood, yet. It was hypothesized that a pressure reduction above the
bubble due to the rotational flow induced by the Lorentz-forces generates an additional lift-force, which accelerates
bubble detachment. In the present study the flow field around two different model configurations was studied
numerically and experimentally, in order to clarify the effects of the hydrodynamic forces on the bubble. The results
will further clarify the role of hydrodynamic forces on an accelerated bubble detachment in an electrode normal
magnetic field.

1. Introduction
Environmental pollution is one of the major socio-economic challenges of the present time. It is
accelerated by the increasing consumption of fossil fuels, caused by an ever growing worldwide
energy demand. This leads not only to a continuously rising emission of the greenhouse gas CO

2

but also to the application of more aggressive production techniques, such as hydraulic fracturing
('fracking'), which are additionally harmful to the environment. In order to limit these
environmental impacts and to secure a sustainable energy supply in the future, renewable energy
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technologies are becoming increasingly important. A large portion of the energy production from
renewables will be provided by solar- and wind energy. However, these volatile energy sources
require effective energy storage systems to maintain a stable energy supply. For long-term
purposes, chemical energy storage in the form of hydrogen or methanol shows great potential,
due to its high energy density in comparison to mechanical or thermal energy storage systems.
The conversion from electric energy to chemical energy in the form of hydrogen gas is commonly
realized via the electrolysis of water. However, compared to other storage techniques, modern
water electrolyzers suffer from relatively small efficiencies of only 60% (Pletcher and Li, 2011). A
major contribution to the losses comes from the hydrogen and oxygen gas bubbles that evolve at
and stick to the electrodes' surfaces. These bubbles increase the overall resistance of the electrolytegas-mixture and furthermore, reduce the chemically active area, which leads to an increased ohmic
voltage drop. Therefore, a faster bubble detachment from the surface of the electrodes can improve
the overall efficiency of the electrolyzer. A relatively simple way to accelerate bubble detachment
is the use of Lorentz-forces. They act as body forces and can be generated by superimposing a
magnetic field, e.g. via a permanent magnet, on the electric field that is inherently present in the
system (f = j × B).
Weier and Landgraf (2013) and Baczyzmalski et al (2015) have shown that the Lorentzforces induced by a magnetic field, which is oriented perpendicular to the electric field, lead to a
faster bubble detachment. Koza et al (2011) observed a significant influence of a magnetic field on
the bubble detachment during electrolysis in a Na SO -solution. In the investigated configuration
2

4

the magnetic field was oriented normal to the electrode and thus the Lorentz-force is zero as the
cross product of the magnetic induction and electric current is zero if only the liquid phase is
considered. However, a bubble on the electrode surface acts as an insulator and causes a nonhomogeneous current density distribution in its close proximity (see fig. 1.a). This induces
Lorentz-forces, which drive a rotational flow that may accelerate the bubble detachment. Since the
electrical field lines are more strongly distorted on the upper part of the bubble, the Lorentz-forces
are stronger here, than close to the anode (see fig. 1.a). Therefore, the Lorentz-force driven
rotational flow is faster above the bubble, than below it. In addition, the curvature of the electric
field lines changes in sign. Thus, the Lorentz-force in the upper part will act as a volume force in
counter clockwise direction and below the equator in clock-wise direction. Koza et al (2011) could
demonstrate a considerable reduction in bubble size and in the fractional bubble coverage on the
electrodes' surfaces, as well as a substantial increase in stationary current density. Additionally,
they performed particle image velocimetry (PIV) measurements and supplementary numerical
simulations of the flow in a model system consisting of a non-conductive plastic sphere, which
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was placed on an electrode with a magnetic field parallel to the electric field. From the results the
authors concluded that the accelerated bubble detachment is caused by a hydrodynamic pressure
reduction above the bubble due to the Lorentz-force driven flow. This reduced pressure is
supposed to act in the same direction as the buoyancy force; therefore, enhancing the bubble
detachment.
In contrary to these results, Fernández et al (2012) found a stabilizing effect of a magnetic
field oriented normal to the electrode on the bubble growth on a micro electrode (diameter of the
bubbles and electrode in the same order of magnitude), leading to a delayed detachment of the
bubble. This system was studied since the position of the evolving bubble is determined by the
position of the micro electrode, which allows for detailed measurements on a single bubble.
However, in reality the bubbles evolve at macro electrodes (diameter of the bubble is much smaller
than the characteristic electrode dimensions). The arrangement of the magnetic - and electric field
in this configuration is considerably modified in comparison to the aforementioned configuration
using a macro electrode. In this case the Lorentz-force below the equator is stronger than in the
upper part of the bubble and the strong rotational flow at the bottom is again assumed to induce
a lower hydrodynamic pressure than above the bubble, which would stabilize the bubble at the
electrodes surface.
The aim of the following analysis is, therefore, to give further insight into the hydrodynamic
mechanisms that lead to an accelerated bubble detachment in an electrode normal magnetic field
for macroscopic electrodes, since these represent the typical situation in a real world electrolyzer.
However, in practice it is virtually impossible to reproducibly generate and examine a single
bubble on a macro electrode, since the location and size of the bubble cannot be precisely
controlled. Therefore, two different model configurations consisting of a spherical insulator
mimicking a bubble were studied experimentally and numerically. The velocity fields in both
configurations will be presented and the forces acting on a spherical insulator will be discussed in
detail.
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2. Experimental Method

a)

b)

Fig. 1 a) Schematic of the electric and magnetic field distribution and induced Lorentz-forces (‘f’) around a bubble
on an electrode b) Experimental set-up for PIV (left half) and APTV (right half) measurements

Fig. 1.b) shows the initially examined experimental set-up of an insulating glass sphere
between a pair of Helmholtz coils inducing a rather uniform magnetic field in the electrolytic cell.
The investigated electrolysis cell was filled with a copper sulfate solution serving as electrolyte.
The cylindrical cell consists of acrylic glass walls and a copper floor, which serves as the anode. In
order to realize a homogenous current density distribution in the cell, a copper grid was used as
the cathode. The two dimensional velocity fields in different r-φ planes were measured using
particle image velocimetry (PIV). The measurement plane was illuminated by a 532 nm continuous
wave laser and imaged via a CCD camera (The Imaging Source Europe GmbH, DMK21BF04).
Unfortunately, the copper grid causes distortions of the particle images, which are however
tolerable when a large aperture is used. The insulating sphere was made out of glass and has a
diameter of 10 mm. It was placed in the center of the anode. This gives rise to Lorentz-forces, which
are schematically indicated by 'f' in fig. 1.a). Additional to the experimental investigations, the
flow in the described set-up was simulated numerically.

18th International Symposium on the Application of Laser and Imaging Techniques to Fluid Mechanics・LISBON | PORTUGAL ・JULY 4 – 7, 2016

The magnetic field induced by the pair of Helmholtz coils has an additional radial component
outside of its center. Even though this component is relatively small, it induces noticeable Lorentzforces at the edges of the electrolysis cell. Therefore, the observed flow cannot be uniquely
attributed to the influence of the sphere. For this reason, the glass sphere was replaced by an axially
magnetized NdFeB sphere for further experiments. The Lorentz-force distribution around a
magnetic sphere in an electric field in an infinitely extended space is identical to the Lorentz-force
distribution around a diamagnetic insulating sphere in an axial electric- and magnetic field (Weier
et al, 2015) in an infinitely extended space. By using a magnetic sphere, the copper grid cathode
can be replaced by a ring electrode (see fig. 1.b), which gives an undisturbed top view of the
measurement volume and allows for 3D3C measurements. Nevertheless, the current density
distribution is strongly distorted in the vicinity of the ring electrode. However, since the magnetic
field is already very weak in this region no considerable Lorentz-forces are induced.
All three components of the three dimensional velocity field around an elevated, axially
magnetized sphere were measured with the astigmatism particle tracking velocimetry (APTV)
method (Cierpka et al, 2010), in a set-up presented in the right half of fig. 1.b). The APTV technique
allows for measuring all three velocity components in the entire measurement volume (3D3C) with
only one camera. This is achieved by placing a cylindrical lens in front of the camera, which causes
astigmatic aberrations and thus elliptical distortions of the particle images. The lengths of the
ellipses' axes are unambiguously correlated with the depth position of the particle. Therefore, the
3D3C velocity field can be determined with an appropriate calibration procedure (Cierpka et al,
2011). The magnetic sphere had a diameter of 10 mm and was glued to a plastic pillar with a height
of 8.5 mm, which was plugged onto a small copper pole in the middle of the anode. For imaging
a Zeiss 50 mm macro-planar objective and a cylindrical lens with a focal length of 300 mm were
used. They were arranged in such a way that the measurement volume extends over the entire
inner diameter of the electrolysis cell, from the bottom of the cell to a height of approx. 40 mm. A
pulsed Nd:Yag laser with a wave length of 532 nm and a pulse energy of 15 mJ was used as a light
source. To illuminate the entire field of view, the laser beam was passed through a beam expander
via an optical fiber. The images are captured with a 16 bit sCMOS camera (LaVision Imager
sCMOS). Time resolved measurements are achieved by a frame rate of 15 Hz. Two laser pulses
without time delay were shot in each frame, to increase the illumination intensity. A copper sulfate
solution was used as the electrolyte and seeded with 50 µm red fluorescent polystyrene particles
(Microparticles FluoRed). Even though these particles are relatively large, they do not suffer from
fast sedimentation, since their density is very close to the density of the electrolyte (ρfl ≈ 1.05
g/cm^3, ρp ≈ 1.06 g/cm^3). Fluorescent particles helped to avoid strong reflections from the
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copper surface of the anode. The reflections were filtered with a 532 nm notch filter in front of the
camera, which blocks the wavelength of the laser light, but transmits the fluorescent signal. This
made it much easier to track the individual particle images during post processing.
3. Results
3.1 Flow around an insulating glass sphere

b)

a)

Fig. 2 a) Experimentally determined tangential velocity field in the r-φ plane at z = 10 mm and b) maximum
tangential velocity as a function of the magnetic field B (right). Applied potential ∆U = 0.63V.

Fig. 2 shows the measured tangential velocity (vφ) in the r-φ plane directly above the sphere (z =
10 mm) and the maximum tangential velocity as a function of the applied magnetic field. The
experimentally and numerically determined values for the maximum tangential velocity are very
similar. In both cases vφ,max increases with the square root of the magnetic field, as can be expected
for a constant current density distribution. Fig. 3.a) shows the temporal and spatially averaged
tangential velocity as a function of the radius. Clearly, the numerical results agree relatively well
with the experimentally determined data. If the tangential velocity vφ is much larger than the radial
and the axial velocity components (vr and vz), the radial pressure distribution can be determined
via the integration of the following equation:
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The radial pressure distribution shown in fig. 3.b) was calculated from the numerical and
the experimental data using equation 1. Over the entire radius, the measured tangential velocity
is slower, compared to the velocity in the simulation. This adds up to a noticeable 20% smaller
pressure difference between the center and the outer wall of the cell. However, the corresponding
pressure difference taken directly from the numerical data is also smaller than the one calculated
with only considering vφ. This is caused by the additional dynamic pressure due to the secondary
flow in the center of the cell directed axially towards the sphere (see fig. 5.a) right). Nevertheless,
the agreement is sufficient for the following discussion of the forces acting on the sphere, since
only orders of magnitude will be considered.

a)

b)
Fig. 3 a) Tangential velocity and b) calculated pressure as a function of the radius. Z=10 mm, ∆U = 0.63V.

The physical mechanisms that are responsible for the detachment of a bubble from a
horizontal surface during electrolysis are not fully understood, yet. It is generally assumed that
the detachment diameter of the bubble is dependent on the ratio between the buoyancy force

FA=VΔρg and the counteracting force Fγ caused by the surface tension γ (Nam et al, 2011). Koza
et al (2011) suspected that the smaller detachment diameter in a magnetic field is caused by the
pressure reduction above the bubble, due to the Lorentz-force induced flow. Integrated over the
area of the bubble, the pressure reduction leads to an additional lift force FΔp. With equation 1 and

vϕ

jBd / ρ , FΔp can be estimated to:

FΔp

jBd 3

(2)
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Fig. 4 Scaling of the components of the lift force acting on the bubble and the Reynolds number with the bubble
diameter, calculated from numerical data.

These estimations are supported by the numerical results shown in fig. 4, which gives the
buoyancy force and the pressure force for different bubble diameters. It can clearly be seen, that

FΔp is orders of magnitude smaller than the buoyancy force and can only have a negligible
contribution to the bubble detachment, for the investigated current densities and magnetic fields.
However, as shown in fig. 3.b) the numerically estimated pressure difference across the bubble is
significantly reduced compared to the pressure difference estimated from the two dimensional
flow measurements. This is due to the jet directed axially onto the bubble (see fig. 5.a) and b) right),
which is caused by the secondary flow in the cell. To confirm the accurate numerical prediction of
the secondary flow, the fully three dimensional velocity field was investigated experimentally with
the APTV method and compared to the numerical results. Nevertheless, as already mentioned, the
set up consisting of a glass sphere was not appropriate for the APTV method, due to the particle
image distortions caused by the copper grid electrodes. For this reason, the 3D flow measurements
were performed in a second configuration consisting of an elevated magnetic sphere, which gives
an analogous field configuration as described in section 2.
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3.2 Three dimensional velocity field

a)

b)
Fig. 5 Comparison between measured mean velocity fields (a) and computed mean velocity fields (b). Tangential
velocity (left), radial velocity (middle) and axial velocity (right). j = 60 mA, ∆U = 1.81V.

Fig. 5.a) shows the mean three-dimensional velocity field in the r-z-plane for the investigated
configuration with an elevated, axially magnetized sphere. The current is set to a constant value
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of j = 60 mA, which leads to a potential of ΔU = 1.81 V. The left side of fig. 5.a) shows the
distribution of the circumferential velocity. As expected, the Lorentz-forces give rise to a
counterclockwise rotating flow above the sphere and a clockwise rotating flow below it. Since the
sphere is elevated, the Lorentz-forces are relatively similar below and above the equator of the
sphere, which explains the similar tangential velocity magnitudes. It has also to be noted, that the
Lorentz-force induced flow is not limited to the vicinity of the sphere but the fluid rotates in the
whole cell. The average position of the shear layer between both regions is not horizontally
aligned, but is inclined upwards in radial direction. This can be explained by the secondary flow
in z-direction (see fig. 5.a) right), which is directed axially upwards in the outer part of the cell and
axially downwards in the vicinity of the sphere. Therefore, clockwise rotating fluid from the
bottom of the cell is dragged upwards close to the outer wall and counterclockwise rotating fluid
is pushed downwards close to the sphere and the shear layer is displaced.
In the middle of fig. 5.a) the radial velocity field is shown. Due to the centrifugal force caused
by the large tangential velocity above and below the sphere, fluid is transported outwards. In the
shear layer, where the tangential velocity is rather small, the fluid flows back from the outer parts
of the cell towards the sphere. The magnitude of the radial velocity is about 5 times smaller, than
that of the tangential velocity. Finally, the right part of fig. 5.a) shows the axial velocity distribution.
Due to the lower pressure in the center of the cell caused by the rotational motion, the fluid flows
towards the sphere and is displaced by it. Due to continuity, the fluid flows upwards at the outer
part of the cell. Since the area increases due to the larger radius, the absolute velocity of the flow
is smaller. As already mentioned, the additional dynamic pressure due to the axial flow towards
the sphere weakens the pressure reduction that was discussed as the reason for a faster bubble
detachment.
The numerical results for the investigated current are shown in fig. 5.b). It can clearly be seen,
that the simulation matches the experimental data very well. The clockwise- and counterclockwise
rotating flow around the sphere is reproduced by the numerical calculations. As already seen in
the experiments, the shear layer is tilted upwards in the radial direction. The maximum tangential
velocities in clockwise- and counterclockwise direction predicted by the simulation are relatively
close to but slightly lower than what was found in the measurements. The radial velocity field
shows the outwards directed motion of the fluid due to centrifugal forces and the back flow due
to the low velocity in the shear layer. Additionally an inwards directed flow at the bottom of the
cell is present, which can be attributed to the teacup effect. This behavior was not observed to the
same extend in the measurements, probably due to the fact that the resolution close to the bottom
wall was not high enough because of strong reflections at the wall. The numerically calculated
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axial velocity field in the right part of fig. 5.b) shows likewise a good agreement with the
measurements. In the simulations a recirculation area develops shortly below the equator of the
sphere, due to the displacement of the downwards directed jet by the sphere. This recirculation is
also indicated by the experiments (see right of fig. 5.a). However, the measurement resolution is
not high enough so close to the sphere to fully resolve the vortex. In conclusion, the 3D3C velocity
field is very well predicted by the simulations. Therefore, the comparison of the forces acting on
an insulating sphere that was made from numerical simulations and presented in chapter 3.1 can
be regarded as valid.
4. Summary
The Lorentz-force driven flow around an insulating sphere in a parallel electric and magnetic field
was investigated experimentally and numerically. From the results, the lift force acting on the
bubble due to the pressure reduction caused by the Lorentz-force driven flow was estimated,
which was discussed in the literature as the primary cause for a faster bubble detachment in a
parallel magnetic field. It could be shown, that the pressure force is several orders of magnitude
smaller than the buoyancy force and therefore has no significant effect on the bubble detachment.
This finding is supported by the measurement results and numerical simulations of the 3D3C
velocity field around an elevated, axially magnetized sphere in an electric field.
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