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Introduction 

Electrolytically produced hydrogen using renewable 
energy is a key energy carrier in transitioning to green 
energy. Hydrogen and oxygen as the desired prod-
ucts are evolving in form of gas bubbles during water 
electrolysis upon application of a current. However, 
the gas bubbles are not electrically conductive, block 
electrocatalytically active surface on the electrodes 
during their growth and thus reduce the overall effi-
ciency [1]. Measurement techniques such as X-ray to-
mography can localize the gas bubbles [2], but the 
process to implement them in industrial electrolyzers 
is complex. Information about the distribution of elec-
trical conductivity σ can be derived from the magnetic 
field generated outside the electrolyzer by the current 
inside the cell. Gradients of σ, such as those between 
electrolyte solution and gas bubbles, modify the dis-
tribution of the electric current density j, whose struc-
ture determine the shape of the magnetic flux density 
B.  

Fig. 1: (a) Explosion view and (b) photo of the assembled 
experimental setup. 

 
 

 

This study proposes a new method that is easily in-
stallable, non-intrusive and reconstructs the conduc-
tivity distribution within the cell based on B measure-
ments, thus enabling the localization of non-conduc-
tive fractions.  

Materials and Methods 

Setup 

Within this work, the possibility of reconstructing the 
electrical conductivity from the measurable magnetic 
flux density is studied numerically and experimentally 
in a Proof-of-concept model (POC). 
The water electrolyzer in the POC model is simplified 
by an electrical conductor with significant differences 
in electrical conductivity, shown in Figure 1. Elec-
trodes of Cu contact the electrochemically non-reac-
tive and resting liquid metal Ga67In20.5Sn12.5 (in wt%, 
GaInSn) with a current density of 1 A/cm2 which is in 
the range of industrially applied current densities in 
water electrolysis. An almost 2-dimensional channel 
(length × width × height = 16 × 7 × 0.5 cm3) is filled 
with conductive GaInSn (σGaInSn = 3.3 MS/m) and 
electrically insulating cylinders, representing the gas 
bubbles. An array of magnetic flux density sensors is 
positioned above the volume of GaInSn. During the 
experiments, a FluxGate sensor (FOERSTER, Reut-
lingen, Germany) was used for measuring B. Given 
the sensor’s spatial dimensions and assuming the 
possibility of a simultaneous measurement at each of 
the positions, only 4 × 4 detectors can be placed in 
the x-y-plane (cf. coordinate system in Figure 1a). 
Since water electrolysers obtain componts as e.g. 
sealing and screwing of the cell stack, a certain 
spacing is requiered between measurement positions 
and  the current-conducting part of the cell. Therefore, 
the sensor plane is located in 25 mm distance to the 
current-carrying plane during the experiments. The 
detector positions are equally spaced along the x- 
and y-axis within a plane. In addition, the B fields are 
simulated at 50 × 50, 10 × 10 and 4 × 4 positions in 3 
mm and 25 mm distance to to conductor. 
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Simulation, Reconstruction and Experiment 

After simulating the electric current density ′  ′∇′ 
from a given electrical conductivity σ and the negative 
gradient of the scalar electric potential φ at a position 
r’ in 3D space inside the conductor, the magnetic flux 
density  

  4
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at a three-dimensional position outside the conductor 
r can be calculated by solving Biot-Savart’s law with 
using the magnetic permeability of the vacuum µ0 of 
4π ∙ 107 N/A2 and incorporating the volume element 
dV’ of the current density j(r’).  
By simulating B(r) and j(r’) from σ(r’), utilizing the fi-
nite element software COMSOL Multiphysics 6.0, a 
data set of various geometrical configurations of the 
POC model was generated and used for training of 
an invertible neural network (INN). The INN is em-
ployed for reconstructing σ(r’), based on the magnetic 
flux density at 4 × 4 sensors in 25 mm distance to the 
conductor. Solely, the x-component of the B field was 
chosen to be fed into the INN, as sensors in future 
experiments are possibly not able to detect all three 
vector components and Bx(r) contains the most infor-
mation about the location of non-conductive void frac-
tions. Within the dataset, the spatial distributions, 
numbers and sizes of the non-conductive cylinders 
(dcyl = 4…5 mm) are varied. The resolution of the ini-
tially unstructured tetrahedral mesh, that was used for 
the simulation of j(r’) from σ(r’), was reduced by in-
terpolating on a structured mesh of hexahedrons. The 
structured grid obtains a fixed number of mesh cells, 
needed as constant input dimension for the INN train-
ing. Simulation, INN and reconstruction are explained 
in detail in Kumar et. al [3]. 
In addition to the training data set, one additional con-
figuration of bubble distributions was simulated and 
physically replicated. Instead of utilizing 16 detectors 
in the 4 × 4 array, only a single sensor was used for 
all positions, which allows a more targeted focus on 
the elimination of measurement errors. Since  the 
amplitude of the Bx(r) is rather small compared to 
By(r) and Bz(r) in the POC model, slight tilting of the 
sensor results significant deviations around the 
unbiased Bx(r) through the partially detected y- and z-
components. In order to minimize disturbing 
electromagnetic fields, ferromagnetic parts were 
removed in the vicinity of the setup. The FluxGate 
sensor was placed in a 3D printed holder (DraftGrey, 
Objet30 Prime V5) which was fixed through a brass 
frame and brass screws to the PMMA channel that 
contains GaInSn, as shown in Figure 1. Replicating 
the void fractions of the simulation, electrically non-
conducting, 3D printed cylinders were inserted into 
the liquid metal. Due to the high surface tension of 
GaInSn, the cylinders were carefully brushed with the 
liquid metal before filling the channel to guarantee 
their complete wetting.  
 

Results 

A data set comprising σ, j and B distributions of 
10,000 geometric configurations of different cylinder 
distributions was generated numerically to train an 
INN for the reconstruction of σ(r’). Additionally, one 
configuration of the POC model that is not contained 
in the training data set was simulated, physically rep-
licated and in the following used exemplarily for visu-
alizations.  
Figure 2a shows σrel(r’), normalized by the conductiv-
ity of GaInSn, at the central plane inside the conduc-
tor where non-conducting areas are marked in blue. 
Below, the resulting absolute current density is dis-
played, implying the presence of the cylinders by local 
extrema in their vicinity. Calculated from j(r’), the 
coarsely resolved Bx(r) of the 4 × 4 sensor array in 
25 mm distance to the conductor is shown in 
Figure 2c. 

 

Fig. 2: Numerical results of (a) σrel(r’) and (b) |j(r’)| at the 
central plane inside the conductor and (c) Bx(r) of 4 × 4 

sensors at 25 mm distance to the conductor. 

The amount of detectable local details of the mag-
netic flux density depends on the number of em-
ployed sensors and their distance to the conductor. 
Figure 3 shows numerically generated Bx(r) for 
50 × 50, 10 × 10 and 4 × 4 sensors in 3 mm and 25 
mm distance to to conductor. Close to the GaInSn 
containing volume (Figure 3a to 3c), the B field 
contains numerous local features. The amount of 
local extrema is decreasing upon reducing the 
number of detectors until the unsuffiecient resolution  
of 4 × 4 sensors is incapable of resolving them. When 
measuring further away at a distance of 25 mm to the 
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Fig. 3: Bx at 50 × 50, 10 × 10 and 4 × 4 sensors, calculated at a distance of 3 mm (a to c) and 25 mm (d to f) from the 
conductor. 

conductor (Figure 3d to 3f), the amount of local 
features decreases even for the 50 × 50 array and 
only a blurry generalized Bx distribution can be be 
detected. The signal’s amplitude decreases about 
one order of magnitude compared to the 3 mm case. 
Only 4 × 4 sensor values at 25 mm distance are used 
as INN input. The aforementioned constraints and the 
utilization of solely one vector component of B posing 
a challenge for the reconstruction, wherefore smaller 
sensors are desirable for future experiments. 

 

Fig. 4: (a) Experimentally measured Bx distribution at a 
distance of 25 mm from the conductor and (b) INN recon-

struction of σrel(r’) derived from the measured Bx(r). 

Figure 4a shows the experimentally measured Bx 
field which is in good agreement to the simulated re-
sults, as depicted in Figure 3f. The deviations of 
9.6 nT on average can be explained by unavoidable 
minor tiltings of the senor, the not entirely simulated 
wiring of the experimental setup to the power supply 
and cylinders possibly incompletely wetted with 
GaInSn. Based on that B field, the trained INN is ca-
pable of reconstructing σrel(r’) in real-time, displayed 

in Figure 4b with the aforementioned coarser re-
solved mesh that was needed for confining the INN 
training data’s dimensions. Although the reconstruc-
tion exhibit noise, when comparing to the conductivity 
distribution in Figure 2a, larger agglomerations of 
non-conductivities are recognizable and can be local-
ized.  

Conclusion 

This proof-of-concept study successfully demon-
strated the localization of agglomerations of electri-
cally non-conductive fractions in a conductive liquid 
by reconstructing the electrical conductivity distribu-
tion based on the non-intrusively measured Bx field. 
For the real-time reconstruction, an INN was used 
that had been trained with a vast, numerically gener-
ated data set. Not included in the training data set, an 
additional configuration of the POC model was simu-
lated and physically replicated. Therein experimen-
tally measured Bx distributions were used as INN in-
put. Since the sensor array can be installed also at 
already existing setups, future research could focus 
on employing the sensor concept to real water elec-
trolysis cells as a viable bubble detecting technique.  
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