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A study of ¯ow visualization and residence time distribution is provided in order to model the ¯ow
between two electrodes in a commercial ®lter-press reactor, the ElectroSynCellÒ from Electrocell AB.
Flow visualization indicates that both axial and lateral dispersion phenomena occur and a global
plug ¯ow behaviour is observed. The ¯ow distribution is asymmetric due to the design of the inlet
system in the active zone. The ¯ow throughout the cell is described by a dispersed plug ¯ow model for
which the mean residence time and the PeÂclet number are determined. The reaction area and the inlet
system are separately analysed by locating conductimetric probes inside the electrochemical cell. The
reaction area is also well described by a dispersed plug ¯ow model, and characterized by high
dispersion. The inlet system is, respectively, described by a dispersed plug ¯ow model and by a
cascade of continuous stirred tank reactors. The high number of reactors in the cascade denotes a
quasi plug ¯ow behaviour. The results are con®rmed by two cascades of continuously stirred tank
reactors in series. The dispersion coe�cients obtained throughout the reaction area of the cell are not
constant. This shows that the ¯ow is not well established at the entrance of the reaction zone and
depends on the entrance conditions.

1. Introduction

In this paper, hydrodynamics of a commercially
available ®lter-press type electrolyser, the Electro-
SynCellÒ of Electrocell AB [1, 2], are studied. Pre-
vious papers [3, 4] have characterized the ¯ow in the
reactor working without a membrane, that is, with a
single hydraulic circuit, in four representative unitary
cells: a plane plate with a turbulence promoter, a
plane plate with foams, a plane plate alone and, ®-
nally, a plane plate covered with a turbulence pro-
moter and another one covered with a sheet of foam

and forming a single channel. Also previously, the
residence time distribution was determined using a
voltammetric method with two measurement points.

The present work is dedicated to the local study
and modelling of the ¯ow between two electrodes, the
®rst of which is covered with a turbulence promoter
and the second with a sheet of foam. With this kind
of con®guration, the imbalance of the active surface
areas of the two electrodes means that no membrane
is required for some applications. First, the visuali-
zation of the reaction zone was studied by dye in-
jection and electrode activated pH methods [3]. In
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List of symbols

Dax axial dispersion coe�cient �m2sÿ1�
dc depth of the channel (m)
de hydraulic diameter of the channel (m)
Er mean root square error
F �ix� transfer function in the Fourier domain
I number of continuous stirred tank reactors in

the ®rst cascade
J number of continuous stirred tank reactors in

the second cascade
L Length of the ¯ow path in the reactor (m)
Pe PeÂclet number, Pe � U0 L=e Dax

Qv volumetric ¯ow rate �m3 sÿ1�
Re Reynolds number, Re � deU0=m
�ts mean residence time (s)

U0 mean super®cial velocity �m sÿ1�
wc width of the channel (m)
X �t� experimental signal at the inlet of the

studied section
Y �t� experimental signal at the outlet of the

studied section
Y ��t� calculated signal at the outlet of the

studied section

Greek letters
e porosity
r standard deviation
m kinematic viscosity �m2 sÿ1�
s1 mean residence time in the ®rst cascade (s)
s2 mean residence time in the second cascade (s)
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this case, four injection points were used to improve
the visualization analysis. Secondly, two conducti-
metric cells were installed at the inlet and the outlet of
the reactor so as to globally study the residence time
distribution in the reactor. This should con®rm the
results obtained with the voltammetric method [4].
The reaction zone and the inlet±outlet (IO) system of
the reactor were then modelled separately by locating
conductimetric probes inside the reaction zone at the
extremities of two plane plates simulating the elec-
trodes. Finally, the local axial dispersion coe�cients
were determined using a set of four conductimetric
probes distributed throughout the reaction zone of
the electrochemical cell.

2. Experimental details

2.1. Electrochemical cell

The ElectroSynCellÒ electrolyser is commonly ar-
ranged by stacking representative unit cells made up
of a plane plate, the electrode, which is covered by
two `inner' frames, consisting of plastic nets which act
as turbulence promoters. The plastic net used is that
especially designed by Electrocell AB for this elec-
trolyser; it is a lattice of triangular polypropylene
threads (Fig. 1) with a 10 mm � 8 mm diamond shap-
ed mesh and a porosity of 0.90. The ¯uid distributor
is located upstream of the reaction zone in the `inner'
frames. The `inner' frames are inserted into a poly-

meric `outer' frame. These representative unit cells
have alternating anolyte and catholyte compart-
ments, separated by membranes. An accurate des-
cription of the cell can be found elsewhere [4].

A diagram of the di�erent components of the
ElectroSynCellÒ is shown in Fig. 2. For the purpose of
the experiments, no membrane is used between the
electrodes, and a channel is de®ned as shown in Fig. 3,
which restricts the ¯ow in the area bordered by the
`inner' frames. Also, the plastic net of an `inner' frame
is removed and substituted by a sheet of foam of
the same thickness (2.5 mm). The polyester open-
cell foam used is grade 60 (pores per inch), with
2:5� 105 mÿ1 surface area per volume of solid and a
porosity of 0.975. Grade 60 is chosen because it o�ers
a good compromise between the increase in surface
area and the pressure drop [5]. In this con®guration,
the electrolyte ¯ows along the channel formed by the
two electrodes, which are 296 mm long (in the ¯ow
direction) and 140 mm wide, with an interelectrode
gap of 5 mm. In the reaction zone, super®cial velocity
of the electrolyte in the channel, U0, is varied between
3.0 and 24.6 cm sÿ1. This geometry leads to a hy-
draulic diameter, de, of 9.66 mm. So, the Reynolds
number, Re, based on this hydraulic diameter, and
de®ned by

Fig. 1. Sketch of the turbulence promoter used in the Electro-
SynCellÒ.

Fig. 2. Description of the di�erent components of the Electro-
SynCellÒ.

Fig. 3. Representative unit cell.
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Re � deU0

m
� 2U0wcdc

�wc � dc�m �1�

lies between 300 and 2400. wc and dc are, respectively,
the width and the depth of the channel, m being the
kinematic viscosity of the working solution.

2.2. Flow visualization

Two speci®c techniques of direct ¯ow visualization
are used: dye injection and the electrode-activated pH
method. The di�erence between the two methods is
the kind of tracer injection or generation: a pulse
being used in the former and a continuous one in the
latter.

For the dye injection technique, bromocresol green
(0.4 g dmÿ3) was used as an indicator. The tracer was
injected at four points; three of these were located at
the beginning of the active area and the last one
upstream of the feed inlet system, as depicted in
Fig. 4.

For the electrode activated pH method by anodic
hydroxyl ion oxidation or cathodic hydroxyl ion
reduction [6], thymol blue (0.4 g dmÿ3) was used as
the analytical indicator and Na2SO4 (0.25 MM) as the
electrolyte. The working electrodes were stainless
steel wires placed at the injection points located in the
reaction zone. For each technique and injection
point, six ¯ow rates were tested: 75, 150, 225, 300, 375
and 450 dm3 hÿ1. The ¯ow in the reaction zone was
®lmed using a video camera, connected to a TV
monitor and a video tape recorder. The video tape
was further back-monitored in order to obtain in-
stantaneous ¯ow pictures.

For the purpose of this study, several modi®ca-
tions were made to the cell: one of the metallic frames
and one of the electrodes were replaced by Plexiglas
ones, so that the ¯ow in the reaction zone was clearly
seen. Figure 4 shows a schematic view of the experi-
mental apparatus. No modi®cation of the geometry
and of the locations and design of the inlet and outlet
systems were made with respect to the available
commercial cell [1].

Fig. 4. Scheme of the experimental apparatus used during the visualization studies.
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2.3. Residence time distribution

The residence time distribution (RTD) was experi-
mentally determined with a conductimetric method
with two measurement points [7]. To perform a glo-
bal study, the concentration of the injected tracer
(aqueous solution of sodium hydroxide) was mea-
sured, as a function of time, with two conductimetric
cells located at the inlet and the outlet of the elec-
trochemical reactor, respectively. The conductimetric
cells consisted of two hemicylindrical plates insulated
from each other. The cells were connected to two
Tacussel CD810 variable frequency conductimeters.
An operating frequency of 1000 Hz was adopted in
order to avoid polarization of the electrodes and to
ensure a linear relationship between the conductivity
and the tracer concentration. Both concentration
signals, obtained at the inlet and at the outlet of the
cell, respectively, were sampled using an AOIP model
SA32 data acquisition device, connected to a personal

computer. Figure 5 shows a sketch of the equipment
used in the global study. The hydraulic circuit was
the same as that used in the visualization study, but
the liquid was not recycled during the RTD experi-
ments. The ¯ow rates were incremented by steps of
20 dm3hÿ1 between 100 and 620 dm3 hÿ1.

In the reaction zone, RTD curves were experi-
mentally determined using a set of four probes,
distributed throughout the reaction zone of the elec-
trochemical cell. Each probe consisted of two nickel
strips, 140 mm � 5 mm, inserted in two Plexiglas
plane plates replacing the original metallic electrodes.
The distances between the conductimetric probes
were 50, 136 and 271 mm, respectively, with respect to
the leading edge of the plates (Fig. 6). The nickel
conductimetric electrodes were designed in such a
way that they covered the entire width of the reaction
area. These nickel strips were periodically activated
by successive generation of hydrogen and oxygen at
their surfaces.

Fig. 5. Scheme of the experimental apparatus used during the residence time distribution studies.
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3. Flow visualization results

Figure 7, in which the results of the dye injection
method are plotted, show both lateral and axial dis-
persion. In this con®guration, the injected dye does
not follow the rods of the acting net, as observed
elsewhere [3, 8]. In this former work, the channels
under study were ®lled with an acting net only (no
foam was used) and a membrane partition con®g-
uration was adopted. In the present work, the ab-
sence of membrane partition and the use of a channel
®lled with a combination plastic net foam (Fig. 3)
cause deviation from the typical ¯ow pattern through
a net. On the other hand, the ¯ow does not corre-
spond to plug behaviour in the reaction area. The

¯ow pattern visualized is slightly asymmetric, the dye
trace tends to drift to the left of the cell. This phe-
nomenon may be explained by a small variation in
the thickness of the channel. This behaviour is con-
®rmed using the injection systems located on the
right, where greater lateral dispersion is observed.
Finally, dye injection before the inlet system shows
that a nearly plug ¯ow behaviour occurs at the en-
trance of the reaction zone (Fig. 8). The ¯ow pattern
is uniform along the reaction area. This behaviour is
not caused by the reaction area itself, but by the inlet
system that gives a plug character to the ¯ow.

Globally, the ¯ow con®guration with a channel
®lled with a turbulence promoter and a sheet of foam
appears intermediate between that observed with a
turbulence promoter and that of the channel ®lled
with a sheet of foam [3].

With the electrode activated pH method similar
observations were made. Both lateral and axial dis-
persion are observed (Fig. 9).

4. RTD and modelling of the electrochemical cell

To enable a better understanding of the Sections
following, the di�erent ¯ow models described below
are schematically presented in Fig. 10.

4.1. Modelling of the experimental curves

By assuming that lateral dispersion is negligible with
respect to longitudinal dispersion, and without che-
mical reaction, the concentration of the injected tra-
cer is given as a function of time, t, and axial position,
z, by the axial dispersed plug ¯ow model:

@C
@t
� Dax

@2C
@x2
ÿ U0

e
@C
@x

�2�

The inlet, X �t�, and outlet, Y �t�, concentration
curves are analysed by curve ®tting in the time domain
[9±11]. This method is considered to be the best way to
determine the parameters of the model under study [9].

Fig. 6. Scheme of the modi®ed electrode used during the local
residence time distribution studies.

Fig. 7. Dye injection respectively in the left (a), the centre (b) and the right (c) of the cell.
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Fahim and Wakao [9] have made a comparative study
of the di�erent methods of parameter estimation
available in the literature (moment method, weighted
moment method, Fourier analysis and time domain
®tting) from measurements of tracer input and
response signals; they found that curve ®tting in the
time domain gives more reliable values of the axial
dispersion coe�cients in packed beds. The experi-
mental response (outlet curve) is compared with the

calculated one, Y ��t�, using the inlet curve and the
transfer function of the model, F �i;x�, given by

F �ix� �

R2T

0

exp�ÿix�Y ��t�dt

R2T

0

exp�ÿix�X �t�dt

�3�

The parameters of the model are optimized by
minimizing the root mean square error, Er, between

Fig. 8. Dye injection before the inlet system of the cell.

Fig. 9. Visualization by electrode activated pH method in the left (a), the centre (b) and the right (c) of the cell.

Fig. 10. Sketch of the di�erent ¯ow models tested in this work:
(a) dispersed plug ¯ow model (DPF); (b) cascade of identical vo-
lume continuous stirred tank reactors (CSTR); (c) dispersed plug
¯ow model in series with a cascade of identical volume continuous
stirred tank reactors (DPFCSTR); (d) two cascades of identical
volume continuous stirred tank reactors (TCSTR)
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the calculated and experimental outlet signals using
the Rosenbroock algorithm [12]:

Er �

R2T

0

�
Y �t� ÿ Y ��t�

�2

dt

R2T

0

�
Y �t�

�2

dt

26664
37775

1
2

�4�

where 2T is the time allowing the tail of the response
signal Y �t� to vanish.

4.2. Global modelling of the electrochemical cell

The dispersed plug ¯ow (DPF) model was used to
describe the global behaviour of the cell (Fig. 10 (a)).
This model has been extensively used to describe the
¯ow in reactors ®lled with porous media [3, 7, 13]. Its
main advantage consists in its simple use for mass
transfer and reactor performance calculations in pack-
ed reactors. The transfer function of the DPF model
in the Fourier domain is given by [10]

F �ix� � exp
Pe
2

1ÿ 1� 4

Pe
�ts ix

� �1
2

" #( )
�5�

where the PeÂclet number, Pe, is de®ned by

Pe � U0

e
L

Dax
�6�

and U0, e and L are, respectively, the super®cial velo-
city, the void fraction of the cell and the length of the
cell. The PeÂclet number and the mean residence time,�ts,
are the two optimized parameters of the DPF model.

The experimental values of Pe are plotted against
the volumetric ¯ow rate Qv in Fig. 11. The tested
range is very similar to that previously studied by
visualization and includes the hydrodynamic domain
of the industrial cell. The value of the observed error,

Er, ranges between 3 and 5%, demonstrating that
the DPF model is appropriate. The mean value of
Pe and its corresponding standard deviation is
37:4� 2:2. These values are of the same order of
magnitude as those presented by Montillet et al. [4].

However, for the commercially available cell the
assembly of the plates simulating the electrodes is
never exactly reproducible, so that the gap between
these two plates is not absolutely constant within the
reaction zone. On the other hand, the di�erent nature
of the materials may cause the ¯ow to be perturbed.
The high values of Pe observed con®rm the visuali-
zation results, where the tracer concentration pro®le is
uniform (Fig. 8), illustrating a quasi plug ¯ow reactor.

4.3. Reaction zone modelling

The global modelling cannot explain the real beha-
viour of the ¯ow in the reaction zone of the cell. In
order to attempt to correctly model this zone, two
probes were located at the ends of the plates, deli-
miting the reaction zone. First, a DPF model was
used. The experimental values of the PeÂclet number
are plotted against the volumetric ¯ow rate, Qv, in
Fig. 12. The results show a uniform increase of the
PeÂclet number with the ¯ow rate. Dispersion is more
important in the reaction zone.

This behaviour has been con®rmed by ¯ow mod-
elling with a cascade of identical volume continuous
stirred tank reactors (CSTR, Fig. 10 (b)). The transfer
function of a CSTR in the Fourier domain is given by

F �ix� � 1

�1� s1 ix�I �7�

where the mean residence time, s1, and the number of
reactors, I , are optimized. The experimental results
give a mean value of I between 3 and 5.

Fig. 11. Plot of PeÂclet number, Pe, against volumetric ¯ow rate, Qv, for the whole cell.
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4.4. Inlet±outlet system modelling

Because of the geometrical structure of the I/O sys-
tem, it was impossible to locate two identical con-
ductimetric probes at each end of the system, and to
directly measure the conductivity. To overcome this
problem, we attempted to model the I/O system from
the global model of the electrochemical cell and from
the reaction zone model. For this goal, the whole
electrochemical cell is described with a series (DPF-
CSTR, Fig. 10 (c)) of a DPF model and a cascade of
identical volume CSTR in series instead of a single
DPF model (Section 4.2). The DPF corresponds to
the ¯ow in the reaction area and the CSTR to the
¯ow in the I/O system. The transfer function of
DPFCSTR in the Fourier domain is given by

F �ix� � exp
Pe
2

1ÿ 1� 4

Pe
�ts ix

� �1
2

 !( )

� 1

�1� s2 ix�J �8�
The parameters Pe and �ts, corresponding to the

reaction area, are ®xed to the values obtained during
the local study. The optimized parameters, corre-
sponding to the I/O system, are s2 and J . The ex-
perimental modelling gives a mean value of J and its
standard deviation as about 21� 4 reactors in the
cascade, for the I/O system.

Finally, two cascades of identical volume CSTR in
series (TCSTR, Fig. 10 (d)) were used to con®rm the
above results, the transfer function of TCSTR in the
Fourier domain being

F �ix� � 1

�1� s1 ix�I �
1

�1� s2 ix�J �9�

where s1 and I are the parameters corresponding to
the reaction area and s2 and J are the parameters
corresponding to the I/O system. s1 and I are ®xed to
the values obtained in the second modelling of the
reaction zone (Section 4.3). The mean value of J and
its standard deviation is 27� 4. This range of J va-
lues overlaps the preceding one, and con®rms that the
I/O system has a higher plug ¯ow character. This
behaviour agrees to a great extent with the visuali-
zation study.

4.5. Local study of the reaction zone

The ®nal part of this work was devoted to the de-
termination of the local axial dispersion coe�cients
within the active part of the cell. The DPF model was
used to describe the di�erent sections delimited by the
conductimetric probes located in the reaction area,
50, 136 and 271 mm, respectively (Fig. 6). The ex-
perimental values of the PeÂclet number are plotted
against the volumetric ¯ow rate, Qv, in Fig. 13. The
mean values of the PeÂclet number and its corre-
sponding standard deviations are 3:5� 0:7, 4:9� 1:4
and 7:2� 1:6 for lengths of 50, 136 and 271 mm, from
the entrance of the active zone, respectively. To give a
more precise overview of the problem, Fig. 14 shows
the experimental values of the axial dispersion coef-
®cients divided by the kinematic viscosity of the li-
quid, Dax=m, against the Reynolds number, Re. This
plot is more explicit because Dax=m is a dimensionless
parameter, which does not depend on the velocity
and the length between the electrodes. For every ex-
periment, Dax increases with Re. But, it should be
pointed out that the axial dispersion coe�cient is not
constant throughout the reaction area, it increases
with the length between the probes. The di�erence

Fig. 12. Plot of PeÂclet number, Pe, against volumetric ¯ow rate, Qv, for the reaction area.
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between Dax values denotes that the ¯ow is not es-
tablished in the reaction zone. This can be explained
by the presence of turbulence at the beginning of the
reaction area in the ¯uid inlet �Re > 16000�. At the
entrance section, the plane velocity pro®le caused by
the turbulent ¯ow regime progressively changes into a
laminar-type ¯ow in the reaction area. This laminar
¯ow regime is con®rmed by the increase in the axial
dispersion coe�cient. The progressive appearance of
a laminar ¯ow regime may induce a decrease in the
value of the local mass transfer coe�cient throughout

the reaction area. A slight variation of the local mass
transfer coe�cient was observed by Brown et al. [14]
in another commercial ®lter-press cell: the FM01-LC
from ICI. On the other side, the proposed models
may be used to predict the performance of electro-
chemical ®lter-press cells if electrochemical kinetics
are known.

The mean values of the PeÂclet number and the
number of reactors for each model are summarized in
Table 1.

Fig. 13. Plot of PeÂclet number, Pe, against volumetric ¯ow rate, Qv, for the di�erent distances in the reaction area. Electrode distances: (d)
271, (j) 136 and (r) 50 mm.

Fig. 14. Plot of the axial dispersion coe�cient, Dax; against the Reynolds number, Re, for the di�erent distances in the reaction area.
Electrode distances: (d) 271, (j) 136 and (r) 50 mm.
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5. Conclusions

The ¯ow visualization study of the con®guration of
the channel ®lled with a turbulence promoter and a
sheet of foam demonstrated some important char-
acteristics. Axial and lateral dispersion occurs in the
reaction area. The dispersion asymmetry is the con-
sequence of the asymmetrical distribution of the ¯ow
at the entrance to the reaction area. The inlet±outlet
system gives the ¯ow, and consequently the whole
cell, a quasiplug ¯ow character.

The ¯ow throughout the cell is described by a DPF
model, with high PeÂclet numbers �37:4� 2:2�, and
con®rms the conclusions of the visualization study.
The reaction area is also well described by a DPF
model, with lower PeÂclet numbers (Fig. 12). These
numbers are characteristic of relatively high disper-
sion and consequently of a low plug ¯ow character.
The results are con®rmed by a model with a cascade
of CSTR in series, with a very low number of reactors
in the cascade �4� 1�.

The inlet±outlet system was studied using a
DPFCSTR model for the whole electrochemical cell,
where the inlet-outlet system is described by the
CSTR series. The number of reactors in this cascade
simulating the inlet-outlet system �21� 4�, is greater
than that in the reaction area, and gives a quasiplug
behaviour to the ¯ow in the I/O system. These values

are con®rmed by the TCSTR model, where the
number of reactors in the cascade relative to the I/O
system is very similar �27� 4�. All the results are in
agreement with the visualization studies.

The calculation of the dispersion coe�cients
throughout the reaction area of the cell has demon-
strated that the dispersion coe�cient is not constant
along the reactive zone. This shows that the ¯ow is
not well established in and throughout the reaction
zone.
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