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ABSTRACT 

A simulation study of two phase flow at the anode of a passive Direct Methanol Fuel Cell (DMFC) operating without 
any pumps and valves is presented. Passive operation is achieved by using the surface energy of deformed CO2 bubbles 
to propel fuel circulation. Modeling the passive supply mechanism is supposed to shed light on the influence of bubble 
generation, contact angle dynamics and bubble venting on the capillary force induced transport of the water methanol 
solution. Simulating the anode process in detail is computationally very demanding. Therefore, the present work follows 
a coarse grid modelling approach: The capillary transport is resolved by solving Navier-Stokes equations on a finite 
volume computational grid. The Volume of Fluid (VoF) method with standard models accounting for surface tension 
effects is applied to track the free interfaces of CO2 bubbles. Phenomena on a smaller scale, such as bubble nucleation, 
bubble venting and triple line phenomena are accounted for by additional sub models. The presented model allows for 
stable simulation of a complete bubble driven pump cycle in a single channel of the DMFC. Results are presented that 
show the influence of bubble merge, gas venting and contact angle hysteresis on the liquid flow rates induced by the 
moving bubble.  

1 INTRODUCTION 

Recently, so called passive concepts for fueling direct methanol fuel cells (DMFCs) have been proposed [1-
4]. The scope of these concepts is to supply the fuel cells without the use of external pumps and valves. The 
DMFC system becomes smaller and more compact and the overall energy density is increased. These passive 
DMFC systems are especially attractive when a self-sufficient long-term power supply is desired that is 
easily rechargeable. However, among others, the reaction product carbon dioxide, produced by the 
electrochemical conversion at the anode of a DMFC, poses a significant challenge. The carbon dioxide 
nucleates to gas bubbles that may block channels, hinder fuel supply and can cause the DMFC to mal-
function. To account for this challenge, we have proposed a passive supply mechanism that combines gas 
bubble removal and fuel supply [5]. In the present work, this supply mechanism is analyzed by two-phase 
Computational Fluid Dynamics (CFD) simulations.  

2 WORKING PRINCIPLE 

The passive supply mechanism is propelled by the surface energy of CO2 bubbles, deformed in a tapered 
channel. As depicted in Fig.1, such a bubble forms interfaces with different curvatures at both bubble ends. 
According to the law of Young Laplace, the different curvatures κb and κf lead to a pressure difference across 
the bubble given by: 

 ( )2bubble b fp σ κ κΔ = −   (1) 
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where σ is the surface tension of the liquid-gas interface. This pressure difference causes the bubble to move 
in the direction of increasing channel height. At the same time, induced by the moving bubbles, liquid is 
pumped through the channel. Depending on the size of the moving bubbles, a blocking and a non-blocking 
pumping mode can be realized. As schematically depicted in Fig.2, a moving bubble blocking the channel 
transports the major part of the displaced liquid out of the channel that means that liquid is effectively 
pumped. A minor part flows to the back of the bubble due to corner flow at the channel edges. In the non-
blocking mode (Fig.2 (b)), a liquid bypass remains so that the major part of the displaced liquid flows 
directly around the bubble, hence no contribution to the pumping mechanism is made. The size of the 
bubbles that detach from the initial point of growth depends on geometry and wetting properties of the 
channel walls. By varying the contact angle or the opening angle of the tapered channel, the pumping modes 
can be changed.  
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Figure 1: Schematic of a deformed bubble inside a tapered channel. 
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Figure 2: Schematic top view of moving bubbles in a tapered channel. a) Blocking mode and b) non-blocking 
mode. 
 
Fig.3 shows a schematic of a DMFC with the passive supply mechanism incorporated. In order to investigate 
the influence and interaction of bubble generation, capillary driven movement, and the gas venting through 
the porous membrane, a model of the passive supply mechanism has been developed. In the following, this 
model is presented and discussed.  
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Figure 3: Schematic of a fully passive DMFC: 1) Tapered channel 2) Hydrophobic membrane 3) Bubble fence 
4) Transparent anode flow field 5) GDL and MEA 6) Cathode flow field 7) Tubing 8) Flow sensor 9) Camera 
10) Reservoir. 

 

Bubble movement
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3 NUMERICAL MODEL 

The computational domain is depicted in Fig.4. Unsteady, isothermal laminar flow conditions are assumed to 
prevail for both liquid and gas flow. The velocity field is governed by the Navier-Stokes equation: 

 ( ) v
v vv p v S
t
ρ ρ η∂

+∇ = −∇ + Δ +
∂

G

G GG Gi  (2) 

The continuity equation is used to couple the pressure and velocity fields as described in [6]. 

 ( ) mv S
t
ρ ρ∂
+∇ =

∂
Gi  (3) 

In Eq.(2) and (3) vG is the velocity vector, ρ and η are the average fluid density and viscosity, p denotes the 
static pressure and vSG  and mS  are momentum and mass source terms, respectively. For tracking the free 
interfaces of the bubbles, the Volume of Fluid (VoF) method [7] is applied. A single set of equations is 
solved for both fluids and the phases are tracked by an additional passive transport equation: 

 0F vF
t

∂
+∇ =

∂
Gi  (4) 

where F describes the phase distribution with the following relation: 

 
0 (gas)
1 (liquid)
0<F<1 (interface)

nF
⎧
⎪= ⎨
⎪
⎩

 (3) 

For Eq.(2), the average density and viscosity is calculated as described in [8]. Within the VoF method, the 
Piecewise Linear Interface Construction (PLIC) scheme is used to construct homogeneous interfaces from 
the F-distribution. The Continuum Surface Force (CSF) [9] model is applied that accounts for the pressure 
jump across a liquid gas interface. A drawback of VoF in combination with PLIC and CSF is that a small 
time step is required to achieve convergence. For stability reasons, the propagation of the interface in each 
computational cell is restricted by: 

 c
c

dt C
v

Δ = G  (4) 

where Δtc is the time step, C the Courrant number and dc the diameter of the computational cell. Eq.(4) is 
solved in any cell containing an interface and the minimum Δtc is used as the time step Δt. 
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Figure 4: Computational domain. The depth of the computation domain is 0.6 mm covering the half of the actual 
channel with ∂Ωwall on one side and a symmetry boundary condition on the other. For bubble generation, the domain Ω 
is subdivided into 10 control volumes as depicted. The black squares contain the computational cells in which the 
source terms are applied. 
 
The no-slip boundary condition is imposed along the channel walls ∂Ωwall and the contact angle is specified. 
For the channel in- and outlets, a pressure boundary condition is used. Since no external actuation is applied, 
at the in- and outlet the pressure is set to ambient pressure. Due to symmetry of a single channel, half of the 
channel is meshed and a symmetry boundary condition is applied. ∂Ωmem contains a no-slip boundary 
condition for the liquid phase and a phase specific sink term for the gas phase. 
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A major challenge for modelling the passive supply mechanism is the computational cost of the 
performed simulations. The simulation of the capillary pumping mechanism is a multi-scale problem in 
space and in time. In order to analyze the performance of a complete pumping cycle, defined as the period of 
time that a gas bubble occurring next to the inlet requires to move through the channel and leave the system 
through the porous membrane, a time period of the order of magnitudes of a few seconds must be simulated.  
Depending on grid size and the local velocities in the domain, the time step size calculated with Eq.(4) is 
between 10-4s and 10-6s. Therefore, up to a million time steps must be computed for each cell. To keep the 
computational cost as small as possible, the capillary pump mechanism is resolved with as little cells as 
possible still leading to stable simulations. Performing a grid convergence study with the full model requires 
several weeks of computation, therefore, the minimum amount of cells has been determined by two separate 
grid convergence studies: A single phase flow study in the complete domain in which the pressure loss was 
analyzed for the highest flow rate occurring during the pump performance and a two phase study applying 
the VoF and CSF method analyzing the calculated capillary pressure across the interfaces of a single bubble. 
In Fig.5, the pressure difference from the inlet to the outlet of the domain depicted in Fig.4 is plotted against 
the number of cells used for the spatial resolution of the channel height. It can be seen that the pressure 
difference converges at a resolution of 14 cells across the channel height. 
 

For the investigation of the grid dependency of the capillary pressure, the simulated pressure difference 
across the interfaces of a spherical bubble Δpsim is compared to the pressure difference calculated by the 
Young Laplace Equation: 

 
2

bub

p
r
σ

Δ =  (5) 

where rbub is the radius of the bubble. Simulations are performed for 2 ms with a time step of 10-6s in a cubic 
domain with 203 cells. The relative error of the calculated pressure plotted against the cube root of cells filled 
by the bubble is depicted in Fig.6. It can be seen that for more than 83 cells the relative error is smaller than 
0.005 and remains constant even if the resolution is increased further. The reason for the convergence is that 
the spatial resolution of 83 cells is sufficient when using the PLIC interface construction scheme for the 
calculation of the surface curvature of the bubbles. For less than 53 cells, divergence of the momentum 
equation is observed and the bubble falls into pieces.  

 
Figure 5: Pressure difference from channel inlet to channel outlet in the domain depicted in Fig.4 plotted against the 
number of computational cells across the channel height. 
According to the grid convergence study, for the present two-phase simulations, the channel height is 
resolved by 14 computational cells. The smallest simulated bubbles fill 83 cells. Phenomena requiring a 
higher resolution are addressed by additional sub models. Triple line phenomena are accounted for by a 
model for the dynamic contact angle in particular accounting for contact angle hysteresis as explained in 
[10], gas venting is simulated by a sink term added to Eq.(2), and bubble generation is accounted for by 
source terms in Eq.(2). The bubble nucleation model is presented in the following. Details of the contact 
angle model and the gas venting model are discussed in [11]. 
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Figure 6: Relative error of the simulated pressure difference across the interfaces of single bubbles plotted against the 
cube root of the number of cells filled by the bubble. 

3.1  Bubble generation 

At a given specific current I of the operating fuel cell, the mass flow of the generated carbon dioxide per unit 
area of the MEA can be calculated as: 

 
22 6FaCO CO

Im M=� . (5) 

Here, MCO2 is the molar mass of carbon dioxide, and Fa is the Faraday constant. For passive operation, it is 
assumed that the liquid is saturated with CO2, therefore, all generated CO2 is assumed to form bubbles. For 
the simulation, gas bubbles must be generated at the channel bottom with a rate fulfilling Eq.(5).  
 

According to the grid study, the capillary pressure is accurately resolved for bubbles filling more than 83 
cells. Smaller bubbles do not touch both channel walls, therefore their liquid gas interfaces do not contribute 
to the capillary induced pump mechanism. These bubbles are not explicitly modelled but simulated in an 
Eulerian frame as virtual bubbles tracked by a CO2 concentration. As depicted in Fig.4, the domain is 
subdivided into control volumes in which the CO2 concentration is monitored. If a sufficient amount of CO2 
has accumulated inside a control volume, a bubble is generated using mass source terms added to Eq.(3).  
The initial bubble growth is a critical point within this modelling approach. If the bubble grows too quickly, 
very high velocities are generated because of the liquids displaced by the growing bubbles. On the other 
hand, if the bubble grows too slowly, during the intermediate state of growth, bubbles are too small for the 
CSF model and the simulation becomes instable. The time scale for initial bubble growth has been adjusted 
iteratively. For the present work, in each control volume 2x4x4 cells are used as source cells. The study has 
revealed that if bubbles grow with a dynamic filling the 83 cells in less than 10 time steps, the strong 
velocities of rapidly growing bubbles cause divergence. On the other hand, if it takes the bubbles more than 
80 timesteps, the strong curvatures of bubbles filling the 2x4x4 cells cause divergence as well, now because 
of the high capillary pressure fluctuations. We assume that for 10 up to 80 time steps used for initial bubble 
growth, the dynamic forces dominate over the surface forces. At the same time, the dynamic forces are 
sufficiently small to allow for stability. As a compromise, a time interval of 40 time steps has been used to 
generate the bubbles filling 83 cells. 

 
The described dynamics of initial bubble growth has nothing to do with the physics of bubble nucleation. 

It has exclusively been developed to introduce the bubbles into the system without causing divergence of the 
momentum equation (Eq.(2)). The displacement of liquid by these artificially growing bubbles certainly 
causes some errors within the simulation. However, as discussed later, this error is assumed to be 
comparably small when analysing the integral value of liquid, pumped by the movement of gas bubbles.  
Once a control volume contains a gas bubble, all generated CO2 calculated by Eq.(5) is added directly to the 
bubble through source terms in Eq.(3), now evenly distributed across the liquid gas interfaces occurring in 
each control volume. This model allows for a comparably coarse mesh where exclusively those bubbles that 
significantly influence the fluid dynamics are fully modelled.  
 

3
cellsN
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4 RESULTS 

The commercial CFD-code CFD-Ace+ form ESI-Group [12] is used to solve the Navier-Stokes equation on 
a finite volume computational grid. Additional models accounting bubble generation, bubble venting and 
contact angle hysteresis have been implemented as user defined functions. The presented model allows for 
stable simulations accounting for the interaction of bubble growth modelled by source terms, capillary 
transport modelled with the VoF method and a model for contact angle hysteresis [11], and gas venting 
approximated by sink terms [11]. The performed simulations cover a time period of one second of the 
operating pumping mechanism. The computational domain contains 88,264 cells in which the equations 
where solved by time steps of Δt = 10-5s to Δt = 10-6 seconds. On a single processor, the presented 
calculations required about three weeks. A high current density of i = 1000 mA cm-2 was applied for the 
simulation to make sure that a complete pumping cycle can be simulated. As in the experiments, material 
properties at room temperature and ambient pressure for carbon dioxide (ρCO2 = 1.78 kg m-3; ηCO2 = 1.58 10-5 
kg m-1 s-1) and for a two molar water methanol solution [13] were applied for the simulations 
(ρ = 980 kg m-3; η = 0.96 10-3 kg m-1 s-1; σ = 0.061 N m-1 ). A description of one pumping cycle and the 
influence of contact angle hysteresis on the capillary induced flow rates are discussed in the following. 

4.1   Bubble configurations 

In a first step, bubble configurations calculated with the presented model are qualitatively compared to 
bubble configurations captured with a camera during DMFC operation. Until now, because of different 
applied electrical currents within the simulations and the experimental study, a quantitative comparison is not 
possible. The reason for the different electrical currents is that on the one hand, the experimentally 
investigated DMFC does not allow for such high currents as applied to the simulations, on the other hand, the 
high computational effort of the simulations requires such high currents because otherwise a full pumping 
cycle can not be studied. 
 

For the experiments, the channels have been made hydrophilic by dip-coating with DMAAm-MaBP [14] 
and the GDL was hydrophilized by plasma activation. After being freshly coated, the channel walls and the 
GDL exhibit very hydrophilic surfaces. Due to the almost complete wetting, the three phase contact lines are 
very small and contact angle hysteresis plays a minor role. As depicted in Fig.7, the simulation without 
accounting for contact angle hysteresis shows good qualitative agreement with the photographs. Towards the 
channel end, the moving bubbles increasingly block the channels. At the outlet, an average bubble length of 
l = 1.5±0.6mm was observed. The simulations predict an average bubble length of l = 1.62±0.2mm. The 
close agreement is coincidental because of the different specific electrical currents applied for the 
simulations and the experiments. The experimental configuration depicted in Fig.8 is the same as in Fig.7 but 
the picture is taken after 3 weeks of DMFC operation and testing. During this period of time, the surface 
coatings have degraded. Now, the simulations are performed with an assumed contact angle hysteresis of 
θhys = 40°. The experimentally measured bubble length were about l = 4.0±1 mm and the simulations 
predicted l = 3.6±0.1 mm at the channel outlet. Again, because of the different flow rates, the absolute value 
assumed for the contact angle hysteresis is not comparable to the experimental set-up. However, 
qualitatively, the increase of bubble sizes with increasing contact angle hystersis because of surface coating 
degradation is predicted correctly by the simulations.  

4.2  Pump efficiency 

In Fig.9, the average liquid flow rates at the inlet of the narrow channel end are plotted against time for the 
configuration depicted in Fig.4. A detailed description of the bubble driven pump cycle is shown in Tab.1. 
The pump efficiency, defined as the ratio between the volumetric liquid flow rate to the volumetric gas flow 
rate is peff = 57% for the period of time considered. The negative peaks are an artefact caused by the bubble 
nucleation model in which the modelling of the initial bubble growth leads to rapidly growing bubbles that 
isotropically displace liquid out of the channel. This results in an overestimated outflow at the narrow 
channel end. However, the high negative flow rates occur over very short periods of time, therefore, the 
influence of the bubble nucleation model on the overall liquid flow rate induced by the moving bubbles is 
comparably small. When the bubble nucleation peaks are excluded from the calculations, the average liquid 
flow rate increases from Φliquid = 251 µl min-1 to Φliquid = 262 µl min-1 when pinning is not modelled. When 
pinning is considered, the flow rates increase from Φliquid = 95 µl min-1 to Φliquid = 101 µl min-1. In both cases, 
the negative flow rate peaks caused by the bubble nucleation model reduce the pump efficiency by 2%. 
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Figure 7: Bubble configuration in a tapered channel flow field.  
Simulation: Moving bubbles without accounting for contact angle hysteresis. θs = 10°; i = 1000 mA cm-2. 
Experiments: Passive operating DMFC: i = 115 mA cm-2. Channel walls have been made hydrophilic by dip-coating 
with DMAAm-MaBP and the GDL has been made hydrophilic by plasma activation. 

 
Figure 8: Bubble configuration in a tapered channel flow field of a DMFC tested for three weeks.  
Simulation: Moving bubbles accounting for contact angle hysteresis. θs = 10°, θhys = 40°, i = 1000 mA cm-2. 
Experiments: Passive operating DMFC:i = 115 mA cm-2. Channel walls have been made hydrophilic by dip-coating 
with DMAAm-MaBP. The GDL has been made hydrophilic by plasma activation. The DMFC has been tested and 
operated for three weeks. The surface coating has degraded, thus contact angle hysteresis is present leading to the 
larger bubbles. 
 

 
Figure 9: Liquid flow rate induced by moving bubbles plotted against time at a current density of i = 1000 mA cm-2. 
The average pump efficiency of the period of time plotted was peff = 57%. Contact angle hysteresis is not considered. 
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A 

 

A bubble moves from the tapered channel 
into the gas collection channel. The 
interface curvature changes abruptly and 
surface energy is converted into kinetic 
energy causing the high flow rates in 
section A.  

B 

 

The large bubble now forms a sphere in the 
gas collection channel not contributing to 
the pumping mechanism. The comparably 
low flow rate in section B is induced by 
the movement of the three small blocking 
bubbles in the tapered channel. 

C 

 

Now the large bubble is attached to the 
porous membrane and venting takes place. 
Liquid replaces the vented gas, therefore 
the liquid flow rate increases in section C. 

D 

 

In section D, the merge of two bubbles 
temporally increases the flow rates. 
Because of the larger curvatures of the 
bubble in the narrower part, during the 
merge the rear bubble “jumps forward” 
and thereby drags liquid into the channel. 

E 

 

Again a bubble moves from the tapered 
channel into the gas collection channel. 
The flow rate increases. Because of the 
smaller volume of this bubble the peak is 
smaller than in section A. 

F 

 

A bubble merge occurs and the flow rate is 
increased again. The bubbles are smaller 
than in section D. Therefore, the temporary 
increase of flow rate is smaller as well. 

G 

Here, the gas bubble reaching the 
hydrophobic membrane reaches back into 
the tapered channel. The shrinking bubble 
directly sucks liquid into the channel 
leading to the peak in liquid flow rates. 

Table 1: Several phenomena influencing the pumping performance. Contact angle hysteresis not considered. 
 

Adding the model for contact line pinning with a contact angle hysteresis of θhys= 40° causes a decrease of 
the pump efficiency by 35% which can be explained as follows: Due to contact line pinning, the gas bubbles 
are less mobile which increases the overall gas load in the channels. The higher gas load results in fewer and 
smaller liquid segments enclosed by the moving gas bubbles. Therefore, as illustrated by the graph in Fig.10, 
less liquid is transported through the considered tapered channel and the overall pump efficiency reduces 
from peff  = 57% to peff = 22% when the contact angle hysteresis increases from θhys= 0° to θhys= 40°. Details 
of the pump cycle with contact line pinning modelled are discussed in Tab.2. 
 

In our previous work [5], it was experimentally identified that in a different channel geometry, contact 
line pinning can also increases the flow rates because of the resulting blocking pumping mode as further 
detailed in [5]. These experiments were performed in channels with a much larger cross section. For the 
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configuration investigated here however, the blocking pumping mode already occurs in the middle of the 
channel even if no contact angle hysteresis is present (see Fig.7). Consequently, contact angle hysteresis only 
slightly changes the pumping mode, in particular close to the inlet. Thus, a variation of liquid flow rates 
because of a change of pumping modes could not be observed in this study. 
 

For the operating DMFC, the minimum pump efficiency required to sustain DMFC operation yields: 

 2

2

,
CO

eff min
CO f

p
M C
ρ

=  (6) 

where MCO2 is the molecular weight of CO2, Cf is the molar concentration of the water-methanol solution and 
ρCO2 is the density of carbon dioxide. In the present work, a methanol concentration of the water methanol 
solution of 2 mol L-1 has been investigated. The minimum required pump efficiency is therefore peff = 2.0%. 
Thus, the simulation study shows that the proposed passive supply mechanism pumps enough methanol even 
if contact angle hystersis on the channel surfaces increases due to surface coating degradation. 

 
Figure 10: Liquid flow rate induced by moving bubbles plotted against time. i = 1000 mA cm-2. The average 
pump efficiency of the period of time plotted was peff = 22 %. The simulation includes contact angle hysteresis. 

 

A 

As in the simulations without hysteresis, the 
bubble moving from the tapered channel into 
the gas collection channel increases the 
induced flow rate. The bubbles are much larger 
and due to contact angle hysteresis less mobile. 
Therefore, the peak flow rate is with 300 µl 
min-1 about half the size as in the simulation 
without hystersis. 

B 

 

A new bubble grows, liquid is displaced in all 
directions and the flow rate is negative. The 
direction of bubble movement has turned 
around. The previously advancing meniscus is 
now a receding one and vice versa. 

C 

 

The bubble growth is finished and the direction 
has changed again. The back and forth flipping 
of the interface causes the positive peak in 
flow rates. 
 

Table 2: Several phenomena influencing the pumping performance with contact angle hysteresis modelled. 

 

C A B 
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4. CONCLUSION 

CFD simulations of a passive supply mechanism on the anode of a DMFC are presented. Passive fuel supply 
is achieved by utilizing the capillary movement of CO2 bubbles, generated as a reaction product during 
DMFC operation. The moving bubbles pump methanol for the supply of the DMFC. The model includes 
bubble generation, capillary induced movement of bubbles with contact angle hysteresis and venting through 
a porous membrane. The focus of the present study is to investigate the different phenomena contributing to 
the liquid flow rates induced by the moving bubbles. Bubble merge was identified to temporarily increase the 
liquid flow rates and therefore supports the pumping mechanism. Bubble venting supports the pumping 
mechanism as well. High flow rates occur when a moving bubble reaches the end of the tapered channel and 
transfers into the gas collection channel. If contact angle hystersis is present, the bubbles are larger and less 
mobile. This leads to lower pump rates. In our case, the pump efficiency decreases from peff = 57% to 
peff = 22% when a contact angle hysteresis increases from θhys= 0° to θhys= 40°. Since the minimum required 
value for DMFC supply is peff = 2.0 %, at least 11 times more methanol than critically needed is pumped by 
the proposed mechanism. 
 

In future works, an improved model for bubble generation will be addressed that already accounts for the 
displacement of liquid when bubbles are small and simulated as a CO2 concentration within the Eulerian 
frame. Further more, a direct comparison of experimental data and simulations are planned. Preconditions for 
such comparisons are equal electrical currents. This can either be achieved by further reducing the 
computational effort of the simulations or by setting up experiments that allow for such high electrical 
currents as applied in the presented simulation study. 
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