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Abstract

During two-phase electrolysis for hydrogen or fluorine industrial production,
there are bubbles that are created at vertical electrodes, which imply quite
important electrical properties and electrochemical processes disturbance.
Bubbles are motion sources for the electrolysis cell flow, and then hydrodynamic
properties are strongly coupled with species transport and electrical
performances. The presence of the bubbles modifies these global and local
properties: the electrolysis cell and the primary to ternary current density
distribution are modified. This disturbance leads to the modification of the local
current density.

The goal of this proposition is to present the electrochemical engineering
study and modelling of two-phase electrolysis properties at electrode vicinity.
This work is due to the necessity for a better knowledge of the actual interface
condition during electrolysis, for example to have a better process optimisation
or electrode consumption prevention.
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1 Introduction

Gas release and induced fluid flow at electrodes are characteristic for several
electrochemical processes, such as hydrogen or fluorine production. The two-
phase phenomena in gas evolving electrodes are in general neglected because of
the major difficulty to be correctly taken into account. Nevertheless, nowadays,
with the increasing interest in hydrogen production and clean, sustainable
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fluorine production for the nuclear industry, these processes have to be revisited
with modern experimental and numerical tools for further optimization. Many
authors [1-20] have worked on this topic and some interesting experimental
observations and numerical modelling are now available for engineering
optimization and process intensification.

Because of gas evolving in the gravity field, the industrial two-phase
electrolysis processes generally use vertical electrodes to promote bubble
detachment and avoid gas accumulation. This is the reason why the present work
focuses upon vertical electrodes.

2 Experimental set-up

The electrochemical reactors for continuous production are opened. A pump
ensures circulation through the cell and the mass flow rate is controlled. The
electrodes, anode and cathode have a large surface to ensure massive production
and large current intensity is applied. The average current density is from 0.1 to
1 A cm™. The produced bubbles are accumulated at the top of the cell.

The laboratory study of these processes has lead us to define an adapted
geometry for the closed electrochemical cell presented in figure 1.
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Figure 1: Electrochemical cell with gas evolving at electrodes.

In accordance with in situ configuration and geometry, two vertical plane
electrodes separated with distance d=4.2 cm have been considered. The height is
H=10 cm whereas the width is I=2 cm. The anode is made with the usual nickel
(on the left in figure 1) and the cathode is made with the usual copper (on the
right in figure 1).

An Autolab PGSTAT 302 N is used in combination with a 20 A current
booster to ensure average current density from 0 to 1 A cm™ on the 20 cm’
electro active surface configuration studied.
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The classical alkaline water electrolysis has been chosen as a representative
two-phase electrolysis process:

2H,0+2¢ > H,+20H,,
20H,,>050,+H,0+2¢

°=-0.83 VENH (R1)
E°=040V/ENH (R2)

Various alkaline liquid electrolytes have been considered in the present study:
NaOH and KOH with various molar concentrations.

3 Results and discussion

The experiments have been performed under imposed current conditions. The
cell potential evolution with time was then measured for various imposed current
values. After a time defined with induced hydrodynamic conditions, a steady
potential is measured at the electrochemical cell. Table 1 gives the associated
measured potential for different values for the imposed current, the electrolyte
concentrations and nature.

As can be seen, it is easier to obey a given imposed current with NaOH than
with KOH for concentration 0.1 M. However, at 1 M, the voltage to apply to
impose the current is smaller with KOH. The explanation is difficult to give and
needs further modelling effort to take into account multi-physico-chemical
coupled phenomena.

These measurements are really important for electrochemical engineering.
The smaller the voltage is, the cheaper the hydrogen production. The hydrogen
volume flow rate is directly related to the current according with the Faraday
law:

QHZ = (Iimp/n-F)*(R~Tamb/Pamb) (1)
with Qy, the volume flow rate in m’ s}, n=2 the transferred electron number in
the electrochemical reactions, F=96500 C mol’! the Faraday constant, R=8.314 J
mol™ K! the ideal gas constant, and T,y =300 K and P, =1.013 10° Pa the
ambient temperature and pressure, respectively.

Table 1: Average voltage U (V) at the electrochemical cell for various
conditions of imposed current Iy, electrolyte ions and
concentration.

QH2
Voltage U KOH NaOH mm’/s
Limp (A) 0.1 M 1M 0.1 M 1M
0.05 2.6 V* 20V 252V 203v| 64
0.1 34V 213V 32V 2.17v| 128
0.2 46V 233V 44V 245Vv| 255
0.5 8.2 V* 2.83V 79V 3.05v| 6338
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Figure 2: Evolution of the cell potential U (V) with time for NaOH
concentration 0.1 M, for various imposed current Iy, values.
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Figure 3: Vertical gas-evolving electrode: left is the geometric configuration

and right is a current distribution example (y: electrode height;
Jx(»): local current density).

Figure 2 shows the evolution necessary to impose potential at the
electrochemical cell to obtain a given current for various NaOH concentration
values. As has been observed in table 1, the more concentrated the electrolyte is,
the easier and cheaper the hydrogen production.

The goal of the study is now to understand and then model the reasons for
such an evolution. This is the first step for optimization and process
intensification. The numerical modelling is now presented.
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Figure 4: Calculation flow-sheet for the coupling effect in the
electrochemical cell due to the presence of bubble release.

4 Numerical modelling

A primary current distribution at the electrodes is first developed. The schematic
mathematical configuration is presented in figure 3.

Figure 4 shows the simplified calculation algorithm for primary current
distribution at the working electrode (hydrogen production). A classical CFD
software is used to solve the Navier-Stokes equations under laminar hypothesis
with finite volume methods. Then, for a given injected gas mass flow rate with
constant spherical shape and diameter (mono disperse bubbles), each particle’s
trajectory is calculated according to local conditions. The bubble friction is
associated to a liquid electrolyte local motion source term, which ensures strong
coupling between the continuous liquid phase and the discrete bubbles phase.
According to the bubble residence time, an average void fraction ¢ (-) is
calculated and then the local electrical conductivity x (S m™), the value of which
is smaller than the pure liquid value x  because of the insulating character of the
gas, according to Bruggeman’s law (2). Then, the local current density j (A m™)
balance equation (3) can be calculated and yields to a smaller current density
value where the bubble concentration is large, at the top of the electrodes.
According to Faraday’s law (4), the smaller the current density j, the smaller the
local gas mass flow rate q (kg s m™).
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The Navier-Stokes calculation leads to a proposition of hydrodynamic profile,
but the resulting current is not in good accord with the experimental results
shown in table 1 and figure 2. The main reason is the great difficulty in correctly
modelling the hydrodynamic properties. Then, to validate the hydrodynamic
model itself, it has been decided to perform some experimental local field
velocity experiments using a PIV laser plane. The bubbles are supposed to
perfectly follow the local flow direction and magnitude because they are small
enough. A fast CCD camera is used, which registers 170 picture couples at a
frequency of 15Hz (66.67 ms). Each couple of picture is measured with a delay
of 8 ms. Then, the post-processing of the picture couple allows the definition of a
local velocity vector according to the bubble’s displacements during the 8 ms
between the two post-treated pictures. The experimental set-up is presented in
figure 5.

Figure 5: PIV measurements experimental set-up.
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Figure 6: Unsteady vertical velocity component contours and stream
function at I=1A, after 220 s electrolysis (left) and 220s + 80 ms
(right).
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For each electrolysis condition, four times 170 couple of pictures (8 ms time
difference) have been measured at 15Hz (66.7 ms) during the unsteady and
steady regime. The post-processing of the results is in progress, but leads to
interesting and difficult to understand results and consequences.

The electrodes with bubbles evolving seem to lead in the confined
electrochemical cell to a hydrodynamic “puffing phenomenon”, clearly three
dimensional and unsteady in the cell. Then all the coupled phenomena, transports
and reactions are affected and should actually be three dimensional and unsteady.

The primary current distribution modelling described is to be completed with
an accurate homogeneous and surface realistic chemistry modelling. This is
called the ternary current distribution modelling. This modelling needs the
knowledge of transport kinetic properties (diffusion coefficients), speciation and
reactions, which occur in the cell, with the associated thermodynamic and/or
kinetic reactive properties. An example of local speciation and chemistry is given
in figure 7.
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Figure 7: Speciation profiles in the anode vicinity in the case of aluminium

production according to the Hall-Heroult process [12].

S Conclusion and interest in zero gravity experiments

As shown previously, the hydrodynamic properties are really difficult to model:
both electrodes are naturally induced motion sources with one or two phase
flows; this flow can be from laminar to turbulent and really confined. This is the
reason why many years researchers [7, 8] have tried to avoid this difficulty with
zero gravity experiments. The Japanese team has performed its experiments in a
drop tower, whereas we plane to perform zero gravity in an Airbus A300-0G
aircraft. This is possible if the plane follows what is called a parabolic trajectory
(see figure 8 left). Various electrolysis experiments are performed for different
liquid electrolyte and electrode conditions and each time the electrical and video
properties are measured. At the beginning of a parabole the gravity level is 1G
(normal); first the plane is accelerated at 2G and after 20 seconds, the engines are
turned off and the zero gravity experiment begins at 22 seconds. After this the
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engines are turned on and the plane accelerates at 2G for 20 seconds to stabilize
and access the normal horizontal trajectory. At 1G and 2G the bubbles are
produced and evolve vertically; at zero gravity their motion is “frozen” and they
stop almost immediately. They have no motion at 22 seconds (fig. 8 right). The
experimental measurement treatments are in progress. These experiments then
allow the study of the gas, bath and electrode material in perfect absence of any
convective transport during this time, which is really interesting for the two-
phase electrolysis modelling effort in progress.

Figure 8: Description of the parabolic trajectory (left) and presentation of the
bubbles behaviour for 1G, 2G and 0G (right).
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