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Abstract Mass production of hydrogen is a major issue

for the coming decades particularly to decrease greenhouse

gas production. The development of fourth-generation

high-temperature nuclear reactors has led to renewed

interest for hydrogen production. In France, the CEA is

investigating new processes using nuclear reactors, such as

the Westinghouse hybrid cycle. A recent study was devoted

to electrical modeling of the hydrogen electrolyzer, which

is the key unit of this process. In this electrochemical

reactor, hydrogen is reduced at the cathode and SO2 is

oxidized at the anode with the advantage of a very low

voltage cell. This paper describes an improved model

coupling the electrical and thermal phenomena with

hydrodynamics in the electrolyzer, designed for a priori

computational optimization of our future pilot cell. The

hydrogen electrolyzer chosen here is a filter press design

comprising a stack of identical cathode and anode com-

partments separated by a membrane. In a complex reactor

of this type the main coupled physical phenomena involved

are forced convection of the electrolyte flows, the plume of

evolving hydrogen bubbles that modifies the local elec-

trolyte conductivity, and all the irreversible processes that

contribute to local overheating (Joule effect, overpoten-

tials, etc.). The secondary current distribution was modeled

with a commercial FEM code, Flux Expert1, which was

customized with specific finite interfacial elements capable

of describing the potential discontinuity associated with the

electrochemical overpotential. Since the finite element

method is not capable of properly describing the complex

two-phase flows in the cathode compartment, the Fluent1

CFD code was used for thermohydraulic computations. In

this way each physical phenomenon was modeled using the

best numerical method. The coupling implements an iter-

ative process in which each code computes the physical

data it has to transmit to the other one: the two-phase

thermohydraulic problem is solved by Fluent1 using the

Flux-Expert1 current density and heat sources; the sec-

ondary distribution and heat losses are solved by Flux-

Expert1 using the Fluent1 temperature field and flow

velocities. A set of dedicated library routines was devel-

oped for process initiation, message passing, and

synchronization of the two codes. The first results obtained

with the two coupled commercial codes give realistic dis-

tributions for the electrical current density, gas fraction,

and velocity in the electrolyzer. This approach allows us to

optimize the design of a future experimental device.
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Notation

Cp Heat capacity (J kg-1 K-1)

g~ Gravitational acceleration (m s-2)

J~ Current density (A m-2)
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CEA Valrhô, DTEC/SGCS/LGCI, BP 17171, 30207 Bagnols sur
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jn Current density normal to the interface

(A m-2)

k Thermal conductivity (W m-1 K-1)

n~ Normal vector

NBN Number of integration points

QS Surface heat sources (W m-2)

QV Volume heat sources (W m-3)

T Temperature (K)

t Time (s)

u~ Velocity vector (m s-1)

u, v Relative coordinates

V Electrical scalar potential (V)

a(u, v), c, b Lagrange polynomials

d Nanometric discontinuity thickness of

potential (m)

dS Dirac surface distribution

eg Gas fraction

q Density (kg m-3)

g Overpotential (V)

r Viscous stress tensor (Pa)

r Electrical conductivity (X-1 m-1)

r~ Nabla vector differential operator

(ox�; oy�; oz�Þ

1 Introduction

Mass production of hydrogen is a major issue for the

coming decades as part of a policy of progress and sus-

tainability, particularly to decrease greenhouse gas

production. The key advantage of hydrogen is that no

carbon dioxide (CO2) is produced at the tailpipe when

hydrogen is burned. Unlike nuclear and solar power,

hydrogen can be used directly as fuel. Hydrogen fuel cell

cars could represent a breakthrough in the next decade

requiring a large and low cost industrial production of

hydrogen.

Within the framework of the Generation IV Interna-

tional Forum the Commissariat à l’Énergie Atomique

(CEA) is investigating the possibility of producing hydro-

gen in industrial quantities. One of the main objectives is to

take advantage of the very high-temperature heat source of

1100 K obtained at a reasonable cost by future nuclear

reactors such as the Very High Temperature Reactor [1, 2].

Large-scale hydrogen production is also being considered

using hybrid cycles such as the Westinghouse Sulphur

Cycle, which is based on sulphur dioxide oxidation and an

electrochemical reduction of protons to form hydrogen [3,

4]. Agranat et al. [5] recently highlighted the interest of

coupling gas/liquid CFD and experimental investigation as

a cost-effective and reliable design tool for high-pressure

electrolyzer hydrogen production. Computational modeling

is also particularly attractive for enhancing the electrolyser

competitiveness, in terms of design and energy consump-

tion, to provide a large-scale and low-cost hydrogen

production.

This paper describes the work carried out to model and

optimize a filter press electrolyser [6] for producing

hydrogen via the Westinghouse hybrid cycle [7]. Consid-

ering the cost and complexity of fabricating a filter press

electrolyser, numerical modelling proved to be a valuable

tool for the preliminary design of a prototype unit. This

modelling approach consists in developing a predictive tool

for understanding the electrochemical behaviour of the

electrolyser when hydrogen bubbles are generated. In view

of the complexity of the strongly coupled phenomena that

occur in this type of device, no numerical method is cur-

rently capable of satisfactorily describing both the thermo

hydraulic and electrochemical aspects of the electrolyser.

The original idea behind this work was to account for the

coupled physical phenomena by coupling two software

packages that together are perfectly suitable for describing

the physical problems encountered.

The Flux Expert1 finite element code and the Fluent1

volume element code were coupled to solve a highly

nonlinear steady-state problem involving the coupling of

electro kinetics, fluid mechanics, and thermal equations.

The following algorithm was adopted for this purpose: (i)

Solve the electro kinetic equation using the Flux Expert1

code; one feature of this model is the use of specific

‘‘interfacial finite elements’’ developed to handle the over

potential at the electrode/electrolyte interfaces [8]. (ii)

Simultaneously solve the momentum and energy equations

of two-phase turbulent in the electrolyte where gas bubbles

are generated by electrolysis; this step was performed using

one of the recent effective models for compressible and

incompressible two-phase fluid flows developed by

Fluent1.

The code coupling is handled by a dedicated library

developed in C and each calculation is initiated through

the following steps: (i) create the models, (ii) load the

models in their respective codes, (iii) start the coupled

simulation by iterating the computations of Fluent1 and

Flux Expert1.

2 Westinghouse filter press electrolyser operating

principle

The electrolyser is the heart of the process generating

hydrogen gas by sulphuric acid electro-reduction. The

electrochemical charge balance is obtained by anodic

oxidation of sulphur dioxide. The two half-cell reactions at

cathode and anode are:
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2Hþ þ 2e� ! H2 ð1Þ

SO2 þ 2H2O! 2Hþ þ H2SO4 þ 2e� ð2Þ

The overall cell reaction is:

SO2 þ 2H2O! H2 þ H2SO4 ð3Þ

The actual dioxide sulphur oxidation mechanism has not

been clearly established, but is discussed by Struk et al. [9].

As the anodic half-cell reaction is characterized by a

thermodynamic potential of 0.17 V (Standard Hydrogen

Electrode) the Westinghouse sulphur cell voltage is much

lower than the 1.23 VSHE of direct water oxidation (H2O/

O2 couple).

The operating principle of the electrolyser in which

reactions 1 and 2 take place is shown in Fig. 1.

In this case, the anodic cell reaction is very interesting

because the standard electrical potential of the H2SO3/

H2SO4 couple is only 0.17 VSHE. For a fixed current den-

sity, the electric power required for hydrogen generation is

therefore much lower when using the sulphur dioxide

oxidation reaction. Indeed, this process makes it theoreti-

cally possible to save more than 1 V per element (cell)

compared to direct water electrolysis, which is consider-

able from an industrial perspective. In contrast to the power

gain, the overall sulphur process design is more complex

than for common water electrolysis. For example, electrode

corrosion must be prevented by using a noble metal such as

platinum.

The main difficulties encountered in modelling the

electrolyser are due to the various coupling phenomena

involved. Our work consists in developing a modelling tool

that takes into account all the coupled phenomena to

simplify the design of the pre-industrial pilot before

construction.

3 Coupling phenomena and electrolyser modelling

The physics of the electrolyser can be described as a two-

phase flow thermo hydraulic problem coupled with a sec-

ondary current distribution. In the past, each individual

physical aspect has been solved by a modelling approach

[8, 24, 25]. These physical phenomena are schematically

described in the following paragraphs.

3.1 Coupling of physical phenomena

The thermo hydraulic phenomena are described by the

Navier–Stokes continuity and heat transfer Eqs. 4–6:

q
ou~

ot
þ qðu~� r~Þu~¼ r~ � rþ qg~ ð4Þ

oq
ot
þr~ � ðqu~Þ ¼ 0 ð5Þ

qcp
oT

ot
þ u~� r~T

� �
þr~ � ð�kr~TÞ ¼ QV þ QSdS ð6Þ

The hydraulic aspect consists of a two-phase problem

involving a continuous liquid phase, sulphuric acid, and a

dispersed gas phase formed by bubbles generated at the

cathode/catholyte interface. The kinetic phenomena taking

into account the activation over potentials [11, 12] are

described by the charge balance equation and by over

potential laws at the electrode/bath interfaces (7):

r~ � ð�rr~VÞ ¼ 0 ð7Þ

DV ¼ f ðJ~� n~Þ ð8Þ

In Eq. 8 DV represents the ‘‘over potential’’ [8–12], i.e.

an electrical discontinuity of potential V at the electrode/

electrolyte interface. This discontinuity is a true numerical

issue for a finite element method that requires the
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0.04m

H+

+ SO2
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SO4

H2SO4

H2SO4

+ SO2
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Fig. 1 Electrolyser operating principle (˚ cathode; ¸ hydrogen

release zone; � catholyte; ˝ membrane; ˛ anolyte; ˇ anode)
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continuity of V. This problem was overcome previously by

the introduction of special interfacial elements in the FEM

code Flux Expert1 [8]. Equations 4–6 constitute a system

of nonlinear partial differential equations with six

unknowns: ux, uy, P, eg, T, V. The nonlinearities are due

to the differential operators (the velocity transport term in

Eq. 7 for example) but also to the physical properties

(overpotentials in particular are described by the

logarithmic Tafel law [8]) and the coupling quantities:

velocity, local current density at the electrode, temperature,

and hydrogen gas volume fraction.

Gas production at the electrode interfaces increases the

volume of two-phase fluid flowing in the compartment and

thus accelerates the electrolyte velocity. The gas produc-

tion at level h is proportional to the integral along the

electrode of the local current density given by Faraday’s

law:

QgðhÞ ¼
SM1000 3600e

nFmV

Z h

0

jðxÞdx ð9Þ

The evolution of very fine hydrogen bubbles constitutes

a plume that modifies the local electrical conductivity of

the electrolyte. The electrical conductivity of the two-phase

flow is usually described by the Bruggeman formula [14–

15]:

r(h) ¼ r0(1� eg(h))3=2 ð10Þ

where the gas fraction is:

eg(h) ¼ QgðhÞ
QgðhÞ þ Ql

ð11Þ

Due to the irreversible heat losses (Joule effect and over

potentials) all the physical properties depend on the

temperature and on the local bubble production. This is

particularly well known for the electrical and thermal

conductivity of the bath [8]. Solving Eqs. 4–6 thus requires

the computation of six variables in two dimensions with

strong coupling and constitutes a formidable numerical

task.

3.2 Software coupling management

The two types of physical phenomena described above are

solved using two codes based on two different numerical

methods requiring a priori different qualities and meshes

(see Fig. 4). The meshes may be structured or unstructured

depending on the calculation domains. Although the

hydraulic problem is generally solved under transient

conditions and the electro kinetic problem under steady-

state conditions, the coupling implemented here must deal

with both steady-state and transient problems.

The two-phase flow thermo hydraulic problem is solved

using Fluent1, which computes the velocity, pressure, and

temperature fields and the gas volume fraction eg (bubble

concentration) on the finite-volume mesh. Fluent1 requires

the following inputs (see Table 1)

The following results are provided by Fluent1 (see

Table 2)

The secondary distribution of current density taking into

account the anode and cathode over potentials is solved

using Flux Expert1. The code computes the electrical

potential and post-processes over the finite element mesh

both current density and thermal losses due to Joule effect

throughout the cell. Flux Expert1 requires the temperature

T over the full calculation domain and the gas fraction eg in

the fluid. The following results are provided by Flux

Expert1 (see Table 3)

3.3 Data exchange between the two codes

Communication between the two codes is based on the use

of a simple and robust message-passing library developed

to allow the two calculation codes to communicate without

requiring them to be merged into a single executable [13].

The codes can thus be installed on one or even two dif-

ferent UNIX machines. The two programs can share the

same physical inputs and results although they use different

numerical methods and grids. The message-passing func-

tion calls in this library were developed as subroutines in

Fluent1 and Flux Expert1 specially designed for coupling.

Table 1 Inputs required by Fluent

Jn Current density at the electrode boundary; the current density

is used to compute the gas production term at the interface

QS Surface heat sources at the electrode/electrolyte interfaces;

this is the source term per unit area in the heat transfer

equation corresponding to the heat release related to the

overpotential irreversibility

QV The volume heat sources in the electrically conductive zones,

i.e. the power density irreversibly generated by Joule effect;

this is the volume source term in the heat transfer equation

Table 2 Results provided by Fluent

T Temperature over the full calculation domain

ag Gas concentration in the fluid

Table 3 Results provided by Flux Expert

J, DV Current density and potential at the electrode boundary

QS Surface heat sources in the electrically conductive zones

QV Volume heat sources in the electrically conductive zones

300 J Appl Electrochem (2008) 38:297–308
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Initially the coordinates of the grid points for which the

expected physical quantities will be computed are

exchanged by the two programs. Then the coupling data

are exchanged throughout the resolution process. Before

each iteration, the two codes exchange the values of the

physical quantities computed during the preceding step, for

those required in the next iteration. The solution strategy

data concerns the data that must be exchanged between the

programs to reach the same solution: number of iterations,

calculated precision, etc., or events such as the end of

calculation and the solution output.

The algorithms developed for data sharing are mainly

location and interpolation algorithms. Each of the calcu-

lation points for the volume and surface heat sources of the

Fluent1 mesh must be localized on the Flux Expert1

mesh. At the beginning of the iterations the heat sources

are interpolated over these points and supplied to Fluent1,

while the gas volume fraction and temperature must be

calculated by Fluent1 for the Flux-Expert1 mesh points

and transmitted to Flux Expert1 [13]

The combined operating procedure for the two codes is

shown schematically in Fig. 2 where the coupling routines

appear in broken line boxes in the flowchart. These routines

were developed in C for Flux-Expert and in custom C-like

User-Defined Functions (UDF) in Fluent1.

4 Pilot electrolyser geometry and calculation

hypotheses

The filter press electrolyser investigated here (Fig. 1) is a

0.04 9 0.013 9 0.16 m laboratory prototype designed to

produce 5 NL h-1 of hydrogen. The electrolyser was

modelled to partially optimize the design of a small-scale

pilot before fabrication. The electrolyser geometric

definitions (Fig. 1) for Fluent1 and Flux Expert1 are

practically identical except for the gas release zone at the

cathode ˚/catholyte � interface where an additional

hydrogen release zone (¸) had to be defined for Fluent1 to

simulate hydrogen release at the electrode. Within the

adjustable thickness of zone ¸ the gas release is calculated

according to the local current density. Counter current flow

was selected here because it allows greater control over the

heat transfer properties of the electrolyser operating as a

plate-type filter press heat exchanger.

4.1 Model hypotheses

The future pilot electrolyser was assumed to be a simple

rectangular filter press. The study was carried out under

steady-state conditions and in three dimensions to properly

describe the 3D gas fraction distribution. The physical

properties of all the electrolyser components q, r, k, Cp are

assumed temperature-dependent since they are partly

responsible for the coupling. The anolyte consists only of a

single-phase fluid, in this case a sulphuric acid solution.

The catholyte consists of a two-phase fluid formed by a

sulphuric acid solution with small diameter (about 100 lm)

hydrogen bubbles produced by the cathodic electrochemi-

cal reaction [9, 10]. The acid concentrations are a priori

different in each compartment.

The catholyte conductivity in the presence of evolved

bubbles is calculated by the classical Bruggeman equation

(10) relating the conductivity to the gas volume fraction eg.

Furthermore, the gas volume fraction is a function of the

hydrogen production (11) related to the height of the

electrolyser by Faraday’s law (9). The gas generated at

level h in the cathode compartment is assumed to be uni-

formly distributed in the catholyte at this level. Moreover,

the gas fraction is assumed sufficiently low throughout the

compartment that the current density can be considered

constant along the cathode face. This assumption is justi-

fied only if the gas volume fraction is everywhere lower

than approximately 10% [23, 24].

The outer walls of the electrolyser are thermally insu-

lated. The two fluids with different sulphuric acid

concentrations pass through the vertical counter current

electrolyser at equivalent rates.

FLUENT UDF 
Swap 

functions 

Main
memory 

Data
files 

FEcoupling.c UDF FEcoupling.c 

Physical property 
operators :
prxxxx.F 

FLUX

EXPERT
®

®

Main
memory 

Swap 
functions 

Main
memory 

Main
memory 

Fig. 2 Fluent1–Flux Expert1 coupling flowchart
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The physical data are representative of the operating

conditions frequently described in the literature [7, 10], i.e. a

fluid inlet temperature of 323 K at a pressure of 1 bar. The

sulphuric acid mass concentrations are 30% in the catholyte

and 50% in the anolyte. Most physical data used in this work

come from the Westinghouse process experiments reported

by Lu et al. [10]. The experimental over potential values at

current densities of 2000 A m-2 are about 0.6 V at the anode

and 0.05 V at the cathode [13]. They are very low compared

with other types of electrolysis, resulting in a very low cell

voltage in the electrochemical reactor and low energy con-

sumption. This feature is one of the main advantages of the

Westinghouse process [8, 9].

4.2 Boundary conditions

The boundary conditions for the two codes are shown in

Fig. 3. To simplify the fluid mechanics computations, fluid

inlet and outlets placed at right angles in a real filter press

were simply assumed axial.

A uniform velocity profile of 0.1 m s-1 for electrolyte is

therefore applied at the inlets to the cathode and anode

compartments. Boundary conditions for evolving bubble

velocity are 0.05 and 0.09 m s-1 in the Y and Z directions,

corresponding to an arbitrary 60� bubbling angle from the

cathodic face. The bubble departure angle was previously

varied in the range of 30, 45, 60� from the cathodic face;

60� appears to be a suitable value, but this option must still

be confirmed experimentally.

4.3 Coupling aspects and meshing bounds

The finite element and finite volume methods require two

different meshes since the boundary layers differ for

thermo hydraulic and electrochemical phenomena. The

quadrangular geometry chosen here allows us to restrict the

grid to the use of quadrangles for both methods, even if it is

not absolutely indispensable. The 3D electrolyser mesh

was prepared in Gambit1. Figure 4 shows the optimum

grid used for both thermo hydraulic and electro kinetic

modelling.

The mesh, comprising 67000 nodes, was optimized to

provide the best numerical results. An unstructured mesh

could also be used for more complex geometry, but the use of

different meshes could raise problems of interpolation

between the two grids since calculations are performed at

different mesh points. FEM computations are made at inte-

gration points and FVM at the centre of the mesh. Flux-

expert1 must provide the Joule effect losses and current

densities at the centres of the Fluent1 mesh volumes; Flu-

ent1 therefore first sends the centre coordinates of its mesh

volumes, and Flux-expert1 locates them on its mesh. At each

subsequent iteration it can thus interpolate the physical data

before sending them to Fluent1. The point location method

in finite element meshing consists in determining the element

number E containing the point and the reduced coordinates

of point u~ to be located in element E.

The reduced coordinates of the real element point at the

previous coordinates is given by the T application (12)

defined by the reference element in the real element. The T

application is built from Lagrange polynomials and is

defined by the correspondence of nodes between the real

and reference elements:

T : u~2 Re f ! x~2 Real/x~ðu~Þ ¼
XNBN

k¼1

akðu~Þx~k ð12Þ

Locating the X~ point requires determining the u~ solution

of the generally non-linear system (13) solved by the

Newton–Raphson method [26].

XNBN

k¼1

akðu~Þxk
i ¼ Xi ð13Þ

This method is used to locate the centres of control

volumes where Flux-Expert1 has to calculate the volume

density Joule losses appearing in the term of Eq. 6. For the

current density calculation and the surface Joules losses QS,

the preceding method must be adapted to locate on a finite

element set the volume centres of the zone in which

hydrogen is released.

Surface elements have 2D elements reference. The u~

vector should only have two constituents: the space vari-

ables tangent to the element. To correct this difficulty, a

thickness unit was applied to the surface elements during

the location by building nodes in the transverse face

direction (Fig. 5), resulting in a plane-parallel volume

element of which the primordial surface element consti-

tutes a section. For the nodes of this new element, a family
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Fig. 3 Boundary conditions Flux-Expert (left) and Fluent (right)
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of Lagrange polynomial b is defined in reduced coordinates

u, v, and w as follows:

b u; v;wð Þ ¼ a u; vð Þc wð Þ ð14Þ

a(u, v) are the Lagrange polynomials associated with the

surface element nodes and c(w) are additional Lagrange

polynomials used to give an element thickness. For nodes

situated at w = -1, c is defined as:

c1(w) ¼ 0:5(1� w) ð15Þ

and for nodes situated at w = +1

c2(w) ¼ 0:5(1þ w) ð16Þ
The remainder of the location algorithm is similar to the

preceding explanation. Only the u and v components of the

reduced coordinates are retained; the third component w

concerns the distance in the element.

In this work the mesh size was the subject of particular

attention. Caire et al. [21] showed that the secondary dis-

tribution of potential is particularly sensitive to the grid

length. This effect is due to the post-processing from the

unknown factor potential V of current density J which

mainly contributes to coupling in terms of mass and heat

transfers (see Eq. 18). In the same way, the Fluent1 grid

must be particularly well done to properly describe the

bubble evolution and biphasic drainage.

4.4 Electrochemical computational choices

The interfacial electrode/electrolyte potential discontinuity

g is related to the local normal current density by Tafel’s

law [17], obtained from [10]:

Fig. 4 Grid used for thermo

hydraulic and electro kinetic

modelling

u

v

w

2
1

Fig. 5 Surface element thickness for point location
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g ¼ �0:275þ 0:892 log10 J~� n~
�� �� ð17Þ

In every point of the study set the current density J~ is

related to the potential V as follows:

J~¼ �rr~V ð18Þ

The same iterative algorithm described precisely in [8]

was used to compute the local current density on the

cathode.

4.5 Thermo hydraulic computational choices

An Euler–Euler model is generally used to describe two-

phase flow in presence of scattered bubble drainage [5, 24].

For all the trials in different geometry conditions and

electrolyte velocities encountered, the gas and liquid

Reynolds numbers were always greater than 1300 and a

turbulent model was systematically used. To describe the

sulphuric acid/hydrogen gas biphasic mixture the so called

realizable k-e Euler-Euler model of Fluent1 [27] was

chosen because it gives realistic turbulent drainage even in

the case of major pressure variations as in this filter press

electrolyser.

5 Modelling results

All the results presented here concern the quadrangular

0.04 9 0.013 9 0.16 m filter press electrolyser shown in

Fig. 1. They were obtained after the usual checks for

two-phase flow computations: the grid meshes were

carefully refined to give grid-independent results and the

inlet-outlet mass balances for electrolyte and hydrogen

were verified.

5.1 Code coupling behaviour

The interaction between the two codes is demonstrated by

the convergence of the computational residuals with suc-

cessive iterations. The residual available in Fluent1 is

defined as (19):

Residual ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Aiþ1 � Ai

Ai

����
����

s
ð19Þ

where Ai is the value of variable A at iteration i.
As two-phase flow models are more complex to solve

than electro kinetic models, exchanges between the two

codes are performed at each iteration for Flux Expert1 and

only every 20 iterations for Fluent1.

Figure 6 shows the variation of the residuals in Fluent1

from iteration 1 to iteration 180 (due to the chosen 20:1

ratio, data transfers from Flux Expert1 to Fluent1 corre-

spond to iterations 1–9 in Flux Expert1). The choice of this

ratio was not trivial since the computation time is much

longer in Fluent1 and the exchange of data is time-con-

suming: the proper ratio appeared after some trials as a

good trade off to ensure the rapid convergence of data

exchanged between the two codes. The curve shape illus-

trates the quality of the system convergence. During the

first exchange after 20 iterations of Fluent1, the codes

exchange the coordinates of the integration points, after

which the physical values are exchanged. A sudden

increase in the residuals is observed after 40 iterations in

Fluent1, i.e. at the second iteration for Flux Expert1,

corresponding to the transmission of fresh data between the

two codes. A similar observation can be made for the

temperature evolution in Fig. 7: for example, a temperature

step of decreasing amplitude with each data exchange

between the two codes confirms the convergence of the

temperature parameter.

This convergence behaviour is quite satisfactory for so

complex a model, although 180 iterations were required to

obtain satisfactory precision on the temperature. The

computation lasted 24 h using a Pentium IV PC for Flux

Expert1 and a Core 2 Duo PC for Fluent1, both running

Linux, and connected to the CEA corporate network.

5.2 Results of heat transfer and fluid mechanics

computations

The initial results concerning the thermo hydraulic

behaviour of the filter press electrolyser are shown under
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operating and modelling conditions that are subject to

further optimization and improvement in subsequent work.

The thermal behaviour of the electrolyser is shown in gray

scale in Fig. 8.

The temperature depends on the volume heat sources

due to Joule effect losses, convective transport in the

counter current liquid flows, and heat exchange by con-

duction in the solids and liquids. A cross-sectional view of

the electrolyser through the middle of each compartment

provides a better indication of the temperature rise versus

height.

Figure 9 shows a temperature evolution in both elec-

trolyser compartments comparable to that observed in the

cold and hot compartments of a plate-type heat exchanger

with a counter current fluid evolution [28]. Here, the

temperature increases by 4 K between the coldest point

(liquid inlets) and the hottest (anolyte outlet). The tem-

perature rise inside the electrolyser reaches a maximum

where the electrical conductivity of the cell is the lowest

(area of larger gas fraction), and where the liquid flow

velocity is also the lowest (catholyte).

For lack of precise experimental data, the results shown

here do not yet take into account the surface heat sources

generated by over potentials, although their effect on the

temperature can be estimated at about 6–8 K given the over

potentials obtained (see paragraph 4.4). Similarly, it would

be of interest in future calculations to take into account the

heat produced by exothermic reactions such as dissolution

in the anolyte of the H2SO4 formed by oxidation of SO2.

The temperature will be recomputed with greater accuracy

when the experimental results are obtained. Nevertheless,

the estimated temperature evolution is already compatible

with the materials used and should maintain corrosion

within acceptable limits. This is an important result for the

feasibility of the electrolyser.

5.3 Results of two-phase flow calculations

with Fluent1

Fluent1 allows the use of a partial mass source that rep-

resents the electrochemically produced hydrogen. The gas

is known to be released in this electrolyte at the cathode in

Fig. 7 Mean temperature evolution at each Fluent1 iteration

Fig. 8 Gray scale temperature map
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bubbles 100 lm in diameter [2], is transported by the bath

and exits at the top of the electrolyser.

Figure 10 illustrates the hydrogen evolution along the

interface between cathode and the sulphuric acid solution

(catholyte); due to the combined fluid transport and bubble

release at cathode, the gas volume fraction increases along

the cathode wall. It is interesting to note that the bubble

plume proposed by the first model appears localized at the

cathode/catholyte interface. Similar results were observed

experimentally by Wetind [15] and modeled by Dahlkild

[29]. The local gas volume fraction reaches its maximum

(13%) at 0.6 mm from the cathode surface. As expected the

hydrogen volume fraction is much lower than the 74%

maximum value of rigid spherical hydrogen bubbles

assumed to be stacked in a hexagonal close-packed or face-

cantered cubic structure [17]. Nevertheless a 50% volume

fraction can be reached with specific flow drainage [18].

Note that the maximum hydrogen concentration tends to

move away from the cathode face. This result is charac-

teristic of a bubble plume. All these numerical results are

similar to Wetind’s experimental observations in the case

of hydrogen released in a chlorate electrolyser [15].

The velocity vector plot in Fig. 11 shows the influence

of the gas volume fraction on the electrolyte flow velocity

in the catholyte compartment compared with the anolyte

compartment in which there is no gas release.

The velocity in the anode compartment varies only

slightly and tends toward two parabolic profiles since there

is no bubble evolution at the anode. This hydraulic velocity

shape is characteristic of the wall effect. The velocity in the

cathode compartment varies significantly with the gas

volume fraction: the greater the quantity of evolving gas

bubbles, the higher the velocity along the electrode. At a

constant feed rate, this observation is directly related to the

apparent restriction of the free flow cross section. The

maximum velocity reached is 0.16 m s-1 compared with

an inlet value of 0.1 m s-1; this represents a slight increase

in the electrolyte velocity in the cathodic compartment

favourable to the overall heat and mass transfers in the

filter press reactor.
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5.4 Results of electro kinetic simulations

The data supplied to Flux Expert1 by Fluent1 are used to

calculate the electrical potential of the cell taking into

account the gas volume fraction and the local temperature.

The potential convergence appeared to be faster than

temperature and velocity convergence. The secondary

current distribution reveals a relatively large anodic over

potential due to the irreversibility of electrochemical oxi-

dation of SO2 to H2SO4. This phenomenon is detailed in

the cross section by plotting in Fig. 12 the potential vari-

ation at the centre of the electrolyser along a horizontal

path.

The dotted path between cathode and anode shows the

individual contributions to the overall potential of the

electrolysis cell. Here the anode over potential accounts for

70% of the cell potential, although hydrogen production

results in a potential drop of 30 mV, or only 4% of the cell

potential. This result shows that the overall cell voltage is

essentially limited by the anode over potential as in fluorine

or aluminium electrolysers [8, 18–20]. Although this initial

numerical result must be improved by incorporating more

precise experimental Tafel laws, it highlights the impor-

tance of optimizing the anode over potential to lower the

overall cell voltage and thus the cost of hydrogen mass

production by the Westinghouse process.

6 Conclusions

The model described here was designed to simulate the

operation of an electrolyser which is a fundamental com-

ponent in the Westinghouse process for producing

hydrogen by a hybrid electrochemical-thermo chemical

cycle at the high temperatures given by the forthcoming

VHT reactor. The filter press electrolyser selected for its

compact size was modelled by coupling the Fluent1 and

Flux Expert1 codes. This approach allowed us to take into

account under optimum conditions both the electrochemi-

cal phenomena (over potentials in particular) and the

complex two-phase flow due to hydrogen production at the

cathode. The calculations showed the significant influence

of fluid mechanics and gas production on the reactor heat

transfer properties. The fluid flow velocity along the

cathode increased slightly in the reactor, by a factor of 1.6,

due to the release of hydrogen bubbles. This finding is of

particular importance for the preliminary design of a future

fully optimized electrolyser and was one of the principal

results obtained by coupling the Flux-Expert1 and Fluent1

codes.

The overpotentials and highly exothermic chemical

reactions were not taken into account with sufficient

accuracy for lack of precise experimental data, but the

coupled model is capable of doing so without difficulty

when they are soon measured. The initial calculations

showed that the plume of hydrogen bubbles might be

slightly too narrow. This is due to the lack of a suitable

description of the bubble–bubble interactions that deter-

mine the shape of the plume in electrolysers [25].

Population balance models allowing for bubble coales-

cence and break up should also be taken into account

through the development of specific physical operators

[19–20]. Finally, the two-phase flow model will be cali-

brated and refined from gas fraction measurements along

the cathode in the future laboratory pilot device specified

and designed from this model.
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