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A multiphysics simulation of a fluorine electrolysis
cell

We modelled a laboratory-scale fluorine reactor which employed fully coupled, fundamental electron, heat,
mass and momentum transfer (two-phase) equations to deliver a transient simulation. Hydrodynamic quasi-
steady-state results were produced for the current density, electric field, temperature, reactive species
concentration, gas and liquid velocity profiles as well as gas fraction distribution within the reactor. Simulation
results were verified by modelling and comparing models from published works on similar reactors, as the
laboratory-scale reactor is still in construction phase. Comparisons were favourable.

Introduction

Industrial manufacture of fluorine requires the extraction of hydrogen fluoride from fluorspar, the electrolysis
of hydrogen fluoride to form fluorine gas, and, finally, purification by a separation step.! Moissan was the first
to produce fluorine gas via electrolysis.? His original cell has been refined over the years, but the fundamental
operating principles have not changed much.?

Very little is currently known, at least in the open literature, about the hydrodynamic behaviour of fluorine
electrolysers. Experimental studies are difficult and dangerous, because they involve corrosive chemicals, at elevated
temperatures, and high electric currents. A theoretical study was therefore commissioned to better understand
typical cell operation. The hydrodynamic behaviour inside a typical two-electrode reactor was mathematically
modelled using applicable computational fluid dynamics simulation software (COMSOL Multiphysics®). The
reactor will be built and studied using recommendations found during the simulation procedure at a later date.

Fluorine electrolysis typically operates by subjecting molten potassium-acid—fluoride (KF-xHF, 1.8 < x 2.2) to an
electric field. The potassium—fluoride matrix is required because of the low electrical conductivity of anhydrous
hydrogen fluoride. Hydrogen forms at the cathode and fluorine at the carbon anode. A separator skirt prevents
explosive recombination of the gaseous components.*

Bubble formation severely complicates cell operation and is the major source of electrolyte flow caused by gaseous
convection, which in turn causes mixing of the diluted reactant species. Furthermore the high electrical resistivity
of the gaseous bubbles compared to the electrolyte results in several phenomena on the electrode.® The anode is
particularly susceptible to bubble phenomena as a consequence of the tendency of fluorine bubbles to stick to the
electrode surface and move up slowly along the anode as a result of buoyancy forces.®

Thermodynamic hydrogen fluoride decomposition requires a potential of 2.9 V, but an anode—cathode voltage of
8-10 V is required to maintain a current density of 10—12 A/dm? in industrial cells.5 The reversible cell voltage
(®,,) or thermodynamic decomposition voltage is the minimum potential required for product formation during
electrolysis. Any voltage supplied that surpasses the reversible voltage (done to achieve the desired current
density) produces heat through Ohmic heating.37

As a consequence of the unavailability of experimental data at simulation completion, the modelling technique
was evaluated through a comparison with published fluorine cell simulations. Published models®® were compared
with self-produced simulacrums that we recreated under the same conditions. Further validation was received by
comparing the results with other work published.®?

Modelling procedure

Four coupled transfer processes were identified as critical to ensure an accurate model: electron, heat, mass
and two-phase momentum transfer. Roustan and co-workers® modelled uncoupled electron, heat and momentum
transfer (single phase), using Flux-Expert®. They investigated the two-phase momentum transfer using Flux-
Expert® and Ested Astrid code using predetermined experimental values for electron and heat transfer. We
attempted to encompass all of the above-mentioned transfer processes into a single coupled model. Standard
fundamental transfer equations were used where possible. Widely used empirical correlations were employed
where fundamental equations were not available. A detailed description of the modelling procedure as well as the
equations and variables used during modelling can be found in the Online Supplementary Material.

Because of the complex coupling (complete interdependence) between the featured transfer processes, a four-step
solution method was employed. In the first step, the cell potential was slowly ramped up to its final value in a time-
independent calculation. This value was then used as a starting value to do a time-dependent calculation to solve
heat and momentum transfer. A third calculation was done in which transient mass transfer was calculated using
the values calculated in the previous calculation as a starting value. Finally, all of the values calculated above were
used to calculate the transient fully coupled electron, heat, mass and momentum transfer processes up to a point
at which a hydrodynamic steady state was reached.

Two meshes were used to ensure a mesh-independent solution. The first was a very fine mesh used to calculate
the first three iterations. The second mesh was as fine but utilised rectangular mesh elements in which complex
variable interaction occurred. These rectangular mesh elements are extremely useful in situations in which a lot of
change occurs in one direction, but very little in the perpendicular direction. The meshes were employed on the
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electrodes and separator skirt. Mesh-dependent solutions were further
deterred by ensuring that the solutions converged to a common solution
with mesh refinement.

Results and discussion

For the results shown, we assume a static homogeneous molten
electrolyte at simulation initiation. Time-dependent results of interest and
importance are shown at 100 s after simulation (and electrochemical
reaction) commenced; this pointin time was identified as a hydrodynamic
steady state within the reactor.

In general, arrows represented in the results indicate direction and are
proportional to the norm of the vector quantity represented, at the arrow
starting point. Colours indicate values as given by the legend to the right
of the image.

Published result comparison

Simulation results were not justified with experimental data; instead it was
decided to simulate published fluorine electrolysers while construction
and commissioning of the lab-scale electrolyser was taking place.
Roustan et al.’s® publication was used, from which electron, heat and
single-phase momentum transfer could be compared. All comparisons
were favourable; one such comparison is shown in Figure 1.

We used a two-phase momentum transfer equation; a suitable model
comparison was therefore required and Roustan et al.’s® was chosen.
The two-phase momentum transfer results as found by Espinasse and
co-workers® is shown in Figure 2a. We found similar plume shapes
(as shown in Figure 2b). The predicted gas fraction was, however,
significantly lower, but supported by photographic evidence.”
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Figure 1:  (a) Temperature profile within the electrolyser as simulated'
and redrawn for this publication. (b) Temperature profiles (K)

inside the reactor as simulated in this study.
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Simulations

Our simulations were based on a simple lab-scale fluorine electrolyser
comprised of one anode and a corresponding cathode. A cross section
of the middle of the reactor was modelled and is shown in subsequent
figures.

Momentum transfer

Figure 3 shows a well-developed hydrogen plume, and detachment
from the cathode occurs as expected. Very little hydrogen migration
into the fluorine section is observed; therefore the chance of explosive
recombination of product gases is very low. This finding is also good
from a productivity standpoint, as fewer product gases are lost and less
purification of product streams will be required.

The electrolyte movement (Figure 4) induced by gaseous (hydrogen)
movement is evidenced by the swirling liquid phase eddy between the
separator skirt and the cathode at the top right of the reactor. This same
eddy has the effect of causing convective stirring throughout the reactor,
increasing heat and mass transfer (which in turn increases current
density and reaction rate). These observations align well with what is
observed in industrial and other lab-scale reactors.
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Figure 2:  (a) Mean hydrogen gas distribution for two different current
densities, low on the left and high on the right, reproduced from
Roustan et al.® (b) Our simulation of the published electrolyser

of Roustan et al.%, showing relative gas fraction.
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Electron transfer

Figure 5 shows the electric potential and electric potential contour lines
within the electrolyte. Electric potential drops from the anode to the
cathode, from 9.1 Vto 0V, as expected. This result corresponds to the
potential change expected from the literature. The bending of the electric
potential contour lines along the separator skirt corresponds to the
electric current density field lines that bend around the skirt. Boundary
effects such as bubbles cause a large electrical conductivity decrease,
as a result of the low conductivity of the gaseous phase, resulting in an
exponential potential drop over these bubbles on the boundaries.
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Figure 3:  Hydrogen gas phase fraction in the reactor.
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Figure 4:  Liquid phase velocity inside the reactor.
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Current density distribution and electric field lines within the cell are
shown in Figure 6. Current density values are high at the sharp tips of
the electrodes because of the small available surface area. High current
density values are also visible along the separator skirt because the
charged ions flow around this point to travel between electrodes.

This point is further illustrated when looking at one-dimensional current
density distribution along the length of the anode, as shown in Figure 7.
The points of high current density are major heat sources during
electrolysis.

Time=100 Surface: Electric potential (V)
Contour: Electric potential (V) AO1

Figure 5:  Inter-electrode potential variation plot.
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Figure 6:  Current density distribution (in A/m?) and electric field streamlines

within the electrolysis cell.
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Figure 7:
electrolyte level.
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Figure 8:  Dissolved hydrogen fluoride concentration and flux vectors.
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Current density variation (in A/m?) along the perimeter length (in m) of the anode from the outside at electrolyte level to the inside of the anode at

Heat transfer

From the internal temperature distribution results it was found that heat
flux followed the same path as the electrolyte convection path shown
in Figure 4. This shows that heat convection is the dominant heat flux
component that removes heat from the electrode tips and separation
skirt and transfers the heat to the cooled reactor wall. A parametric
study was done on the value of electrolyte thermal conductivity as it is
not widely available. It was found that a thermal conductivity value of
1.25 W/(m-K) (the thermal conductivity of potassium fluoride) was more
than sufficient because heat conduction is completely overshadowed by
heat convection during operation. In the interests of brevity and space,
heat transfer images are not shown here.

Mass transfer

HF is produced at the anode and consumed at the cathode. The
concentration gradient as a result of consumption at the cathode is a
contributor to flux in the form of diffusion. From the scale bar on the right,
it is clear that more HF is consumed than produced, as was predicted
by the electrode half reactions (Equations 10 and 11 in the Online
Supplementary Material). From Figure 8, it is evident that the secondary
contributors to flux are convection and migration due to electrical field.

The ion flux and concentration of HF is not shown, but is a mirror image
of Figure 8. The HF, ion is produced at the cathode and consumed at the
anode. The concentration gradient indicates ion flux from the cathode to
the anode, as expected.
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Conclusions and recommendations

Results obtained from the simulations, under the quasi-steady-state
assumption, are reasonable and within expectations. The simulated
results show a strong correlation between the gaseous phase movement
(induced by buoyancy forces) and that of the liquid phase. The gas-
phase flux seen in Figure 3 shows that little or no hydrogen gas transfers
to the fluorine compartment. All comparative simulations also deliver
satisfactory results when compared with the published works. Current
density and electric potential field line predictions correspond to
expectations and match up satisfactorily with those found by Espinasse
et al.® The shape of the gaseous plume of hydrogen that forms at the
anode is the same as that reported in the literature when compared to
the results from Mandin et al.> and Roustan et al.® There is, however,
a difference in the qualitative gaseous fraction of the published and
simulated reactors.

It is therefore recommended that the results found be used by the
construction and experimental team of the physical reactor as an
indication of what to expect and what to investigate. We also recommend
that the physical parameters (mostly estimates) and empirical
correlations, specifically the kinetics, be investigated to deliver more
accurate results in future simulations.
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