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Á. Frı́as-Ferrer, J. González-Garcı́a, and V. Sáez
New Developments in Electrochemistry, Sonoelectrochemistry and Bioelectrochemistry Group, Dept. of Physical Chemistry,

University Institute of Electrochemistry, University of Alicante, 03080 Alicante, Spain

C. Ponce de León and F. C. Walsh
Electrochemical Engineering Laboratory, Energy Technology Research Group, School of Engineering Sciences,

University of Southampton, Southampton SO17 1BJ, U.K.

DOI 10.1002/aic.11426
Published online January 29, 2008 in Wiley InterScience (www.interscience.wiley.com).

The mass transport rates to planar electrodes, in a series of electrochemical labora-
tory filter-press reactors were measured to quantify the effects of the inlet and outlet
design manifolds on the fluid flow. In small reactors, entrance/exit effects are espe-
cially important due to the localized generation of fluid recirculation zones, which
affect the overall rate of mass transport. Limiting current data, the cathodic reduction
of Cu(II) ions on a copper surface (under convective-diffusion control) were used to
measure global mass transport coefficients. The data are compared with those from a
well-characterized laboratory cell, the FM01-LC electrolyzer. The importance of mani-
fold design in small-scale electrochemical reactors is discussed, and several dimen-
sionless parameters are used to characterize the manifold geometry. � 2008 American

Institute of Chemical Engineers AIChE J, 54: 811–823, 2008
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Introduction

The extrapolation of results from the laboratory to pilot
and industrial scale requires careful consideration of the
design and process conditions. Important factors include elec-
trode and reactor geometry, fluid flow, electrode kinetics,
electrolyte concentrations, current and electrical distributions,
and heat transfer similarities.1,2 Mass transport and fluid dy-
namics are particularly important to the reaction environment
during the scale-up process.

The common use of rectangular flow channels in electro-
chemical cells reflects the necessity to use a practical, modu-

lar design which facilitates production while realizing well-
developed flow patterns. In most cells, a calming section
inside the reactor is designed to restore the flow pattern dis-
turbances of the electrolyte caused by the entrance manifolds.
When no calming section is used within the reactor, the elec-
trolyte contacts the electrode immediately after entering the
reactor and high values of the mass transport coefficient can
be found; this is known as the entry effect. A similar situa-
tion occurs at the exit of the reactor if no calming section
exists; the exit manifold disturbs the hydrodynamic regime
causing high values of the mass transport coefficient. As the
electrolyte reaches a fully developed flow along the electrode
channel, the mass transport coefficient gradually decreases.

In small electrochemical cells, typically used in the labora-
tory, calming zones are usual for electroanalytical, reaction
mechanism studies together with spectroelectrochemistry
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studies.3 The small cells are attractive during process devel-

opment, because of the low requirements of volume and

power. When short or zero calming sections are incorporated,

the cost of the electrochemical cells is low which is useful if

a high-electrode area/volume ratio is required, as in the case

of three-dimensional electrodes.4–6 In large cells, where

calming zones can sometimes be justified, the effect on the

hydrodynamics and global mass transport rates due to the en-

trance and exit manifolds can be minimized.

The literature on entrance and exit effects

Entrance/exit effects on mass transport rates and flow pat-
tern distribution are commonly studied by limiting current
measurements under convective–diffusion mass transport
control.7,8 Table 1 shows several examples of cells with dif-
ferent electrode channel dimensions, which include various
entrance/exit manifolds designs.9–12 For example, Wragg
et al.13 investigated the interaction of electrolyte jets when
nozzles where installed in a multi-entry port manifold. Using

Table 1. Selected Studies of Mass Transport in Electrochemical Filter-Press Cells

Filter-Press Reactor Electrolyte

Authors,
Year, Ref

Channel
Breadth,
B (cm)

Channel
Length,
L (cm)

Channel
Thickness,
S (cm)

Electrode
Material

Maximum
Fluid Velocity,
v (cm s21) Composition

3 4 0.6 Titanium 8.3 5 3 1022 mol dm23 K3[Fe(CN)6] 1 5 3 1022

mol dm23K4[Fe(CN)6] in 1 mol dm23 KOH
Barral et al.,

19919

4 16 0.55 Nickel or
copper

10.0 For nickel electrodes: 2 3 1023 mol dm23

K3[Fe(CN)6] 1 5 3 1023 mol dm23

K4[Fe(CN)6] in 1 mol dm23 KOH. For copper
electrodes: 7 3 1023 mol dm23 CuSO4 in 1.5
mol dm23 H2SO4

Brown et al.,
199310

10 10 Scathode: 2 cm;
Sanode: 1.2 cm

Platinized
titanium

20.6 Catholyte: 2 3 1023 mol dm23 K3[Fe(CN)6] 1
5 3 1023 mol dm23 K4[Fe(CN)6] in 1 mol
dm23 KOH. Anolyte: 1 mol dm23KOH

Ralph et al.,
199611

4 16 0.55 Copper 11.2 5 3 1023 mol dm23 CuSO4 in 1.5 mol dm23

H2SO4

Brown et al.,
199212

Figure 1. Filter-press cell frames: University of Alicante (UA).

(a) UA16.15 (B 5 4.0 cm, S 5 1.5 cm, L 5 4.0 cm), (b) UA63.15 (B 5 7.0 cm, S 5 1.5 cm, L 5 9.0 cm), (c) UA63.03 (B 5 7.0 cm,
S 5 0.3 cm, L 5 9.0 cm), and (d) FM01-LC electrolyzer in undivided configuration (B 5 4.0 cm, S 5 0.55 cm, L 5 16.0 cm). The thick-
ness of the electrolyte channel includes the gaskets, which are not shown in the figure.
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microelectrodes, they obtained the distribution of mass trans-
port coefficients in two electrochemical cells with circular
and square cross-sections area, respectively. They suggested
that the change in the shape of the flow section would result
in a greater separation length between the electrolyte jets
than in pipe expansions, as shown by Tagg et al.7 in a previ-
ous work. Chouikhi et al.14 confirmed these results.

Goodridge et al.15 compared two reactors having electrode
areas of 225 and 2025 cm2, which contained a series of 3 mm3
5 mm holes in the inlet and exit manifolds. Examination of
the mass transport coefficients showed that significant en-
trance/exit effects were observed in cells with \2000 cm2

area, and concluded that such small reactors should not be
used for scale-up. Wragg et al.16,17 extended this work using
minielectrodes to map the two-dimensional mass transport
coefficient distribution in a small cell in the absence and pres-
ence of baffles. The cell without baffles had a dead zone in
the center, while the cell with baffles showed larger mass
transport coefficients. Oduoza and Wragg18,19 analyzed the
influence of manifold design in these reactors, while Szánto
et al.20 reported a two-dimensional mass transport profile map
of the FM01 filter-press cell using an array of minielectrodes.

Djati et al.21 proposed a number of dimensionless expan-
sion factors following the analysis of the mass transport char-
acteristics of different inlet types in a rectangular reactor
(slits or tubes). These factors result in relationships between
the cross-sectional area of the fluid inlet and the electro-
chemical reactor channel, which result in a unique correlation
between mass transport and fluid flow conditions. Wang
et al.22 used numerical simulations to investigate the inlet/
exit effects, and the errors in the mass transport determina-
tion when small insulated electrodes were used.

Flow regime

In a circular pipe of diameter d, turbulent flow generally
occurs at Red [ 2300, whereas in a rectangular duct it will
be observed at Rede [ 3000, where de is the equivalent di-
ameter, de 5 2(BS)/(B 1 S), where B and S are the width
and the thickness of the electrolyte channel, respectively.23

At smooth flat plate, the boundary layer is initially laminar,
passes through a transition phase, and becomes turbulent at a
Re value between 1 3 105 and 3 3 106.23 Because of the
sensitivity of the flow pattern to initial conditions and exter-
nal disturbances, the precise Reynolds number at which the
flow conditions become turbulent can only be predicted
under well-controlled laboratory conditions. A minimum
downstream length is required for a fully developed laminar
flow to exist, because of the disturbances at the inlet of the
electrolyte. This length is called entrance length, L*, which
for a circular pipe of diameter d, is as follows24:

Laminar flow : L�=d ¼ 0:06Re (1)

Turbulent flow : L�=d ¼ 4:4Re1=6 (2)

The downstream distance from the reactor entrance before
turbulent flow is fully developed, in general, at a point
approximately x/d 5 20–40 for pipe flow or x/de 5 20–100
for channel flow.23,24

Mean velocity profiles can become fully developed at suf-
ficient distances along an electrode. However, the distance
required to achieve fully developed profiles for the turbulent
fluctuating velocity can be several times longer than pre-
dicted values.23 A more specific approach was taken by Pick-
ett and Wilson,8 who found that fully developed flow within

Figure 2. Construction of one-half of the UA electro-
chemical reactor; the turbulence promoter
was contained within the electrolyte com-
partment channel.

Table 2. Characteristic Dimensions of Selected Laboratory Filter-Press Reactors, n 5 nr � nh

Reactor

Channel
Breadth,
B (cm)

Channel
Length,
L (cm)

Channel
Thickness,
S (cm)

Projected
Electrode

Area, A (cm2) Inlet/Exit Ports

Equivalent
Diameter, de 5 2BS/

(B 1 S) (cm)

Area Ratio
Manifold Design

Parameter, f ¼ n�p�d2
4

� �

BS

UA16.15 4.0 4.0 1.50 16 2 parallel rows, each of 7
circular holes (diameter 5
2 mm)

2.18 0.073

UA63.15 7.0 9.0 1.50 63 2 parallel rows, each of 13
circular holes (diameter 5
2 mm)

2.47 0.078

UA63.03 7.0 9.0 0.30 63 2 ports in one row (12 mm
aperture ports)

0.58 0.343

FM01-LC 4.0 16.0 0.55 64 4 rectangular jet way flow
distributors, each of 0.057
cm2 cross-sectional area

0.97 0.105

UA.XX.YY: University of Alicante reactors, where XX is the active electrode area in cm2, and YY is the breath of the electrolyte compartment in mm. FM01-
LC: commercial reactor from INEOS Chlor Chemicals Ltd.
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a parallel plate reactor occurred after a distance of approxi-
mately L* 5 6 � de.

The aim of this article is to compare the mass transport,
flow characteristics including the effect of turbulence pro-
moters on mass transport within the rectangular channel of

practical filter-press reactors. This comparison is based on
the manifolds geometry of reactors constructed at the Univer-
sity of Alicante (UA): UA16.15 and UA63.15, with the
UA63.0325 and the FM01-LC10,26 filter-press reactors. A
novel aspect in this study is the use of dimensionless groups

Figure 3. Turbulence promoters.

(a) Definition sketch showing the important dimensions and (b) optical photographs.
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to characterize the effect of the inlet and outlet manifold
design on the mass transport rates.

Experimental Details

The filter-press cells, UA16.15, UA63.15, and UA63.03
are shown in Figures 1a–c, and Figure 1d shows the FM01-
LC reactor, the later being used for comparison purposes.
Figure 2 shows an exploded view of the UA16.15 cell, and
the characteristic dimensions of these cells are shown in
Table 2. The UA cells were constructed using polytetrafluo-
roethylene (PTFE), and the flat gasket seals were made of
ethylene-polypropylene-diene (EPDM). Aluminium endplates
and steel tie-bolts were used to compress the reactor
frames.11 A stack of polyvinylchloride (PVC) turbulence pro-
moters, shown schematically in Figure 3, was used to fill the
electrolyte compartments. Table 3 shows the physical proper-
ties of these promoters.

The working and counter electrodes were 2.5-mm thick
copper plates polished to a mirror finish using successively
finer grades of alumina powder (1.0, 0.3, and 0.05 lm). A
saturated calomel reference electrode connected via a plastic
tube, Luggin capillary (ca. 1 mm inside diameter) was used
to monitor the working electrode potential. The change in
the limiting current with volumetric flow rate of the cathodic
reduction of copper was used to measure the global mass
transport coefficients.7 The electrolyte consisted of Cu(II) (as
CuSO4) between 1 3 1023 and 4 3 1023 mol dm23 concen-
tration dissolved in 0.5 mol dm23 Na2SO4 at pH 2. Experi-
ments were carried out in the arrangement as shown in Fig-
ure 4 at temperature of 293 6 1 K. Current vs. potential
curves were obtained with a Philips PM 8133 X-Y chart re-
corder using an AMEL model 553 potentiostat and EG&G
PARC model 175 waveform generator.

Results and Discussion

Pressure drop measurements

Figure 5 shows the friction factor, f vs. Re number, for the
UA16.15 and UA63.15 reactors, compared with the UA63.03
and the FM01-LC reactor. The curves for the UA cells were
obtained in an empty channel while the two curves for the
FM01-LC are with the turbulence promoter D and in an
empty channel. The friction factor can be calculated from the
pressure drop using the formula: f 5 DPde/2qLv

2. The exper-
imental values of the friction factor for the four reactors are

larger than the theoretical values, which predicted values of
24/Re in an open channel in fully developed laminar flow at
Re \ 2300.24 The variation of the friction factor with Re for
the three UA reactors is similar and becomes approximately
constant at Re [ 1000. Similar results have been found in
the literature for open–inlet slotted manifolds in 100 cm 3
9 cm 3 0.2 cm compartments by Hine et al.,27 but at consid-
erably lower Reynolds numbers. The friction factor with the
turbulence promoter D in the FM01-LC reactor28 shows simi-
lar values as the UA 63.03 reactor, whereas the friction fac-
tor in an empty channel is closer to the theoretical prediction.
The critical Reynolds number Recrit, found in literature for a
flat plate in a similar geometry varies within a certain range
of values; Levich29 proposed Recrit 5 1500 for a flat plate,
but the value decreased substantially when turbulence pro-
moters or baffles were used in the flow channel. Coeuret and

Table 3. Characteristics of Plastic Mesh Turbulence Promoters Used in this Study

Parameters Promoter A Promoter B* Promoter C Promoter D

sd (mm) 1.5 5.0 5.0 7.0
ld (mm) 2.0 5.0 6.0 9.0
ccld (mm) 3.1 5.0 8.7 12.5
ccsd (mm) 2.3 5.0 6.6 13.2
Promoter thickness (mm) 1.0 1.0 2.0 2.9
FT (mm) 0.5 1.0–1.5 1.2 5.5
Porosity of promoter 0.69 0.70 0.73 0.80
2D projected open space 0.47 0.54 0.57 0.58
Fraction of surface directly blocked by fibers 0.36 0.46 0.28 0.29

sd is the short diagonal; ld is the long diagonal; ccld is the distance between the center of a promoter gap and the center of the next closest gap in the ld direc-
tion; ccsd is the distance between the center of a promoter gap and the center of the next closest gap in the sd direction; and FT is the thickness of the fiber.
*Dimensions for a rectangular gap in promoter B. Sufficient number of promoters were used to completely fill the rectangular flow channel.

Figure 4. The electrolyte flow arrangement.

(1) Reservoir, (2) thermometer, (3) centrifugal pump, (4)
electrochemical reactor, (5) flow meters, (6) flow control
valves, (7) U-tube water manometer, (8) by-pass flow, (9)
heat exchanger, and (10) pressure taps.
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Storck30 proposed a range between 3 3 105 and 3 3 106 for
the same geometry, which is similar to other values previ-
ously reported.23 In the case of the UA reactors, the Recrit [
1000 value is low compared with the literature. This is due
to the large inlet/exit effects in the UA reactors caused by
the inlet and exit ports, which result in flow disturbances. It
is clear that a strong power consumption penalty for the
UA16.15 and UA63.15 reactors has to be paid due to the
small bore holes in the multiple entry ports design in com-
parison with the UA63.03 cell, which contain two thin
opened slots in the entrance manifolds. Table 4 shows the
entrance length L*, for the UA reactors according to Eqs. 1
and 2. The UA16.15 and UA63.15 reactors have larger theo-
retical entrance lengths than their downstream dimensions,
and only the UA63.03 and FM01-LC reactors would show
some partially fully developed fluid flow using this approxi-
mation. This is in agreement with the fact that although the
friction factor values are high, the values obtained for
the UA63.03 reactor are closer to the theoretical values than
the UA16.15 and UA63.15 reactors. These results highlight
the importance of the inlet port design and underline the
need to characterize the manifold geometry.

Mass transport studies in the absence and presence
of turbulence promoters

Full Electrode Area. To obtain information about the
behavior of the UA laboratory filter-press reactors with dif-
ferent inlet ports designs, mass transport studies were focused
on the determination of the global mass transport coefficient.
These were obtained from the global (space-averaged) limit-
ing current for the reduction of Cu(II) ions in aqueous sulfate
solution according to the reaction as follows:

CuðIIÞ þ 2e� ! Cuð0Þ (3)

Figure 6a shows a typical current density vs. potential curve
for the deposition of copper from 2.7 3 1023 mol dm23

Cu(II) ion in the UA16.15 reactor. Similar voltammograms
were obtained with the UA63.15 reactor. From the limiting
current plateau, the potential range at which the process is
under full mass transport control can be determined. Figure
6b shows the current density vs. time curve obtained from
potential steps experiments at 2500 mV vs. SCE (corre-
sponding to complete mass transport control) starting at the
rest potential for the UA16.15 reactor. The experiments were
carried out at a mean linear flow velocity in the range of
0.7–8.5 cm s21 and with Cu(II) ion concentrations in the
range of 1 3 1023 to 4.1 3 1023 mol dm23. The global
mass transport coefficient was obtained from the slope of the
curve jL vs. cb for each volumetric flow rate using the equa-
tion:

km ¼ jL
zFcb

(4)

where A is the electrode area, z is the number of electrons, F
is the Faraday constant, and cb is the bulk concentration of
Cu(II) ions. The mass transfer coefficients at a controlled
mean electrolyte flow velocity were fitted using the dimen-
sionless correlation as follows:

Sh ¼ a � Reb � Scc (5)

where Sh is the Sherwood number (5 kmde/D), Re is the
Reynolds number (5 vde/m), and Sc is the Schmidt number
(5 m/D); a, b, and c are empirical numbers found from a sta-
tistical correlation of the experimental data. Table 5 shows
the effect of operational variables, as in Eq. 5, on mass trans-
port in the UA reactors and in the FM01-LC for comparison.
The values of the coefficients ‘‘a’’ and ‘‘b’’ clearly show the
influence of the manifold design and the presence or absence
of turbulence promoters. Values of ‘‘a’’ for the UA16.15 and

Table 4. Length Distance Values According to Literature Expressions for UA and FM01-LC Filter-Press Reactors

Reactor
de 5 2BS/

(B 1 S) (cm) L (cm)
L* 5

6 de (cm)
L* 5

20 de (cm)
L* 5

100 de (cm)
L* (laminar) 5
0.06 Re de (cm)

L* (turbulent) 5
4.4 Re1/6 de (cm)

UA16.15 2.18 4 13.08 43.6 218 Re 5 272 35.6 Re 5 272 24.4
Re 5 2,571 336 Re 5 2,571 35.0

UA63.15 2.47 9 14.82 49.5 247 Re 5 170 25.0 Re 5 170 25.5
Re 5 1,964 291 Re 5 1,964 38.4

UA63.03 0.58 9 3.48 11.6 58 Re 5 171 4.07 Re 5 171 5.60
Re 5 629 21.9 Re 5 629 7.50

FM01-LC 0.97 16 5.82 19.4 97 Re 5 200 11.6 Re 5 200 10.3
Re 5 1,000 58.2 Re 5 1,000 13.5

Figure 5. Log–log plot of the friction factor vs. Reyn-
olds number.

UA reactors with no turbulence promoter: (�) UA16.15,
(n) UA63.15, (~) UA63.03. FM01-LC: (~) with turbu-
lence promoter D and (l) empty channel. The dashed line
(- -) indicates the theoretical friction factor in a rectangular
channel of a laminar flow.24
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UA63.15 reactors with no turbulence promoter are higher
(close to one) than the UA63.03 and FM01-LC reactors. In
contrast, ‘‘b’’ is lower for the UA16.15 and UA63.15 reactors
when compared with the values for the UA63.03 and FM01-
LC cells. Assuming that ‘‘a’’ is characteristic of the design
geometry and ‘‘b’’ reflects the fluid flow influence, it is clear
that a lower value of ‘‘b’’ indicates a major relevance of
manifold design in the mass transport conditions. This is in
agreement with the larger theoretical entrance lengths deter-
mined for the UA16.15 and UA63.15 reactors in comparison
with the length for the UA63.03 and FM01-LC reactors cal-
culated in Table 4. The implementation of the turbulence
promoters provides not only an increased value of the coeffi-
cient ‘‘a’’ but also a decreased coefficient ‘‘b’’, which reflects
a decrease of the fluid flow influence in the mass transport
and a major relevance of inlet/outlet configuration. In the
presence of the turbulence promoters in the UA reactors with

large theoretical entrance lengths, the value of ‘‘a’’ does not
increase substantially; using promoter A, the increase is 3%
for the UA 16.15 and 54% for UA 63.15, while with pro-
moter C ‘‘a’’ increases 16% for the reactor UA 63.15. In
contrast, using promoters A and C, the coefficient ‘‘a’’
increased 220 and 150%, respectively, for reactor UA63.03,
and 235% for the FM01-LC reactor when turbulence pro-
moter D was used. Similar results have been found in litera-
ture.11

Partially Blocked Electrodes Study: Entrance and Exit
Effects. The effects caused by the entrance and exit mani-
folds can be followed by changes of the global mass trans-
port coefficient obtained from measurements of the limiting
current, IL, using Eq. 4. The methods for the determination
of this effect include the use of minielectrodes,13 segmented
electrodes,15 or partially blocked electrodes.10,31 In the
experiments of this section, the working electrode of the

Table 5. Dimensionless Group Mass Transport Correlations (Sh 5 a � Reb � Sc0.33) for Selected Laboratory
Filter-Press Reactors

Reactor Channel Conditions a b Re and Sc Conditions

UA16.15 Empty channel 1.08 0.61 Sc 5 1,559 272\ Re\ 2,571
Promoter A 1.11 0.53 Sc 5 1,559 272\ Re\ 2,571
Promoter C 1.25 0.56 Sc 5 1,559 272\ Re\ 2,571

UA63.15 Empty channel 0.84 0.63 Sc 5 1,559 170\ Re\ 1,664
Promoter A 1.29 0.44 Sc 5 1,559 170\ Re\ 1,664

UA63.03 Empty channel 0.17 0.82 Sc 5 1,559 117\ Re\ 629
Promoter A 0.54 0.59 Sc 5 1,559 117\ Re\ 629
Promoter C 0.43 0.63 Sc 5 1,559 117\ Re\ 629

FM01-LC Empty channel 0.22 0.71 Sc 5 1,562 200\ Re\ 1,000
Promoter D 0.74 0.62 Sc 5 1,562 200\ Re\ 1,000

Figure 6. Mass transport measurements for the reduction of 2.7 3 1023 mol dm23 Cu(II) ion in 0.5 mol dm23

sodium sulfate at pH 2 and at controlled flow rates.

(a) Steady-state current density vs. electrode potential (at 2 mV s21) curves used to determine potential window of mass transport control.
(b) Current density vs. time curves to measure the value of the limiting current. The potential was stepped from the open-circuit value to
20.5 V vs. SCE. The working and counter electrodes in the UA16.15 reactor were 2.5-mm thick, copper plates.
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UA16.15 reactor was masked from the electrolyte with plas-
tic tape to evaluate the effects of the entrance and exit mani-
folds. The blocked area of electrodes served as calming
zones. The mass transport coefficients were calculated and
fitted into the dimensionless correlation, Eq. 5.

The dimensionless correlation plotted in Figure 7a corre-
sponds to different exposed areas of the electrode, between 3
and 16 cm2. The mass transport data for all the areas fit well
into a single line with the dimensionless correlation: Sh 5
0.54Re0.63Sc0.33. The study shows that when the area of the
electrode is small and in a highly turbulent flow regime, the
entire compartment operates under the entrance and exit
effects with little influence of the fluid flow. For comparison
purposes, the results of the mass transport coefficient with
the mean linear flow velocity obtained for the FM01-LC
reactor, Figure 7b,10 and UA63.03,25 Figure 7c, are also
shown. The plots show that the mass transport coefficient
decreased as the length of the covered area segments of the
electrode was increased. The entrance/exit effects in the
FM01-LC filter-press type reactor make a significant contri-
bution to the value of the global mass transport coefficient,
km, when the entrance length to the active electrode section
increased, the length of the recirculation zone is reduced, and
km showed lower values.

Effect of turbulence promoters on the mass transport
conditions in small reactors

The effect of turbulence promoters can be easily observed
using the enhancement factor c, defined by Brown et al.28 as
the ratio between the mass transport in an empty channel and
a channel filled with a turbulence promoter32,33 as follows:

cmt ¼ kmðwith turbulence promoterÞ=kmðempty channelÞ (6a)

cmt ¼ Shðwith turbulence promoterÞ=Shðempty channelÞ (6b)

Figures 8a and 9a show the Sh vs. Re correlation for the
UA16.15 and UA63.15 reactors, respectively, operating with
and without turbulence promoters. The curves show that the
Sh number calculated when the electrolyte channel was
empty was higher than when the channel was filled with tur-
bulence promoters. Figures 8b and 9b show the change of
the enhancement factor for the UA16.15 and UA63.15 reac-
tors filled with turbulence promoters in comparison with an
empty flow channel using the data of Figures 8a and 9a. It
can be seen that the enhancement factor in the presence of
turbulence promoters in these ‘‘small’’ reactors decrease as
the Re number increases. This behavior is opposite to what
has been observed in other electrochemical filter-press cells
reported in the literature.31,34–38 Several reasons for these
results are proposed below.

Figure 7. Mass transport characteristics of various filter-
press reactors showing entry-length effects
during the reduction of 4 3 1023 mol dm23

Cu(II) in 0.5mol dm23 sodium sulfate at pH 2.

(a) Log–log plot of Sherwood vs. Reynolds numbers for the
UA16.15 reactor with various electrode areas exposed to the
electrolyte; electrode areas: (1) 3.1 cm2, (3) 7.0 cm2, ( ) 8
cm2, (h) 9.0 cm2, (�) 10.9 cm2, and (|) 16.0 cm2. (b) Log–log
plot of mass transport coefficient vs. mean linear flow velocity
for electrodes in the FM01-LC reactor with different lengths of
entry and exit zones; (^) 0 cm and (~) 2.5 cm.10 (c) Log–log
plot of mass transport coefficient vs. mean linear flow velocity
for the UA63.03 reactor25 with different entry length and exit
length zones; (n) 0 cm and (^) 3 cm.
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Turbulence promoters fitted in industrial scale filter-press
reactors usually enhances global mass transport rates, but the
results of this study carried out in relatively small filter-press
cells showed consistently lower mass transport rates. Three
possible effects that can cause reduction of the global mass
transport when turbulence promoters were used can be as fol-
lows: (a) the turbulence promoter seats on the active surface
area of the electrode blocking the access for the electroactive
species and decreasing the current, (b) the turbulence pro-
moters diverts the fluid flow forming preferential channels
forming a bypass of the fluid, and (c) the structure formed

by the turbulence promoter leads to localized flow recircula-
tion and creation of stagnant zones, which diminish the mass
transport rate. The recirculation zones are produced by sud-
den change in the flow direction at the manifolds entrance,
when the electrolyte from the inlet jets expands into the reac-
tor compartment and dominates the flow distribution. To
evaluate these factors, the projected area of the open spaces
of the turbulence promoters and the surface blocked by the
promoter strands (or filaments) in contact with the electrode
were measured and are reported in Table 3.

The open space of the turbulence promoters varies
between 47 and 58% of the area, while the area of the elec-

Figure 9. Mass transport characteristics of the UA
63.15 reactor.

(a) Log–log plot of Sherwood number vs. Reynolds num-
ber during the cathodic reduction of Cu(II) ions within the
concentration range of 1–4 mol dm23 in 0.5 mol dm23 so-
dium sulfate at pH 2: (l) empty compartment and (1)
compartment containing turbulence promoter A. (b) Mass
transport enhancement factor (relative to an empty channel,
c 5 1) vs. Reynolds number in the presence of turbulence
promoter A.

Figure 8. Mass transport characteristics of the UA16.15
reactor.

(a) Log–log plot of Sherwood number vs. Reynolds number
for the UA16.15 reactor (with and without turbulence pro-
moters) for the cathodic reduction of Cu(II) ion in 0.5 mol
dm23 sodium sulfate at pH 2: (n) Empty channel, (l) tur-
bulence promoter A, and (~) turbulence promoter C. (b)
Mass transport enhancement factor (relative to an empty
channel, c 5 1) vs. Reynolds number for the presence of
promoters A (^) and C (~).
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trode blocked by the strands of the turbulence promoters is
in the range of 28–46%. These two factors do not seem to be
the cause of the observed decrease in the mass transport
coefficients of less than 25%. As can be seen in Figure 8b,
the decrease in the enhancement factor depends on the differ-
ent geometrical features of the turbulence promoters; for
example, promoter A has higher overall 2D surface blockage
than promoter C, however, the decay in the mass transport
enhancement factor for promoter A was lower than for pro-
moter C. The fact that the enhancement factor depends on
the Reynolds number indicates that the reason of the decay
in the mass transport enhancement factor is not due to the
blockage of the surface (fixed conditions not dependent to
the convective conditions), and other possible reasons such
as the channeling effects mentioned earlier should be investi-
gated. Further flow dispersion and residence time distribution
experiments are necessary to investigate the turbulence pro-
moter effect in these cells.

Using a computational fluid dynamics (CFD) analysis,
Karode and Kumar39 studied the effect of through filled tur-
bulence promoter channels on the fluid flow structure. The
study highlighted the fact that the bulk of the electrolyte
flows parallel to the spacer filaments and depends on the
geometric properties of the spacers (symmetric or asymmet-
ric filaments of the nets).

Dimensionless parameters for the characterization
of manifold design: entrance length effects

Several attempts to characterize the effect of entrance/exit
manifolds on the mass transport behavior in electrochemical
reactors can be found in the literature. Pickett and Wilson8

suggested that the fully developed flow regime in a parallel-
plate reactor occurred after a distance L*, of approximately
6 � de from the reactor inlet. This relationship has been used
to obtain the values reported in Table 4. The parameter L*
provides a simple mean to express the influence of the en-
trance/exit effect, however, the relationship does not include
the distribution, number and type of ports, and their effect
on the resultant electrolyte flow conditions, which can de-
crease the minimum length L*. Djati et al.21 proposed a rela-
tionship between the cross-sectional areas of the fluid inlet of
the electrochemical reactor geometry in an attempt to charac-
terize the manifold design. Figure 10 shows the Sh vs. Re
dimensionless relationship for the UA and the FM01-LC40

reactors, and demonstrates that the influence of the entrance/
exit effect strongly depends on the manifold geometry. Large
differences exist in the Sherwood number between the
UA16.15 and UA63.15 reactors, which contain small bore
holes in the entrance and exit manifold, in comparison with
the UA63.03 and the FM01-LC reactors, which contain
larger slots in the inlet/outlet manifolds.

To quantify the effect of the entrance/exit manifold, we
propose a geometrical manifold parameter w. This parameter
is more developed than the parameter suggested by Djati
et al.,21 and takes into account aspects of the manifold design
such as thickness, width, geometrical distribution of the open
spaces, and the free area for the electrolyte entrance within
reactor. The characteristic geometric parameters of the flow
distributors found in the reactors presented in this work, and
those of the UA63.03 and FM01-LC reactors taken from the

literature are shown in Table 6. The geometrical manifold
parameter, w, is given by,

w ¼ c
Lkf=de

(7)

where L is the length of the compartment, f is the free area
for liquid entrance within the reactor (expressed as the ratio
of whole area of the electrode channel to the manifold cross
sectional area); k considers the geometrical arrangement of
the holes in the flow distributor and c is the aspect ratio. The
parameters k, f, and c are defined by,

k ¼ nh � nr
c

(8)

f ¼ nhnr � Ahole

B � S (9)

c ¼ S

B
(10)

where nh is the number of holes in one row and nr is the
number of rows in the distribution manifold. The parameter f
is equivalent to that suggested by Djati et al.,21 Ahole is the
cross-sectional area of an individual hole; in the case of a
circular hole, A 5 pd2/4. High values of f are usually associ-
ated with low Sh numbers, while values close to 1 indicate
ideal parallel-plate reactor behavior. A reactor with no holes
in the distribution manifold cannot generate jet streams at the
channel inlet and will exhibit low entrance/exit effects. Low
values of f indicate behavior close to a jet inlet with a high
turbulent zone near the reactor entrance. In a free channel,

Figure 10. Log–log plot of Sherwood number vs. Reyn-
olds number for the (l) UA16.15, (n)
UA63.15, (~) UA63.03, and (h) FM01-LC
reactors in the absence of turbulence pro-
moters.

For the UA reactors, the data was obtained from the ca-
thodic reduction of Cu(II) ion within a concentration range
of 1–4 mol dm23 in 0.5 mol dm23 sodium sulfate at pH
2. The results from the FM01-LC cell were obtained with
5 3 1023 mol dm23 of Cu(II) in 1.5 mol dm23 Na2SO4

at a flat nickel plate.40
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the aspect ratio c takes into account the possibility of high
degree of channeling inside the compartment because of the
narrow free space between the two parallel plates. Values of
c close to 1 are expected at high Sh numbers indicating low
degree of channeling and possible recirculation zones. Low
values of the aspect ratio relationship means totally devel-
oped fluid flow conditions and channeling.

In this study, a simplified manifold design was assumed;
only the case of homogeneous arrangement with symmetrical
rows of holes in the distribution manifolds has been consid-
ered.

Table 7 shows the geometric manifold parameter w and
the area ratio f corresponding to each reactor at different val-
ues of the product Sh � Sc21/3 at two Reynolds numbers.
Some values of Sh � Sc21/3 have been extrapolated from the
mass transport correlations found in literature. The data show
that the geometrical manifold parameter w depends on the
entrance/exit manifold design. It is thought that for multiple
port manifolds, some discrepancies arise and the value of the
parameter is very low. Large values of w are associated with
high values of Sh number and related to high entrance/exit

effects regimes. Meanwhile, low values of the geometrical
manifold parameter w are related to manifold designs that
allow faster reattachment points, where different fluid
streams become into a unique developed fluid flow pattern,
and to manifolds that allow total developed flow regime.

The geometrical manifold parameter, w provides a valua-
ble statement of the importance of jet flow effects at the inlet
due to manifold design. It is a useful tool, combined with de,
to estimate and quantify the entrance effects in parallel-plate
reactors including filter-press cells.

Conclusions

(1) Three main parameters have been used to characterize
manifold and reactor geometry; (a) the geometric manifold
parameter w that summarizes the influence of manifold
design, (b) the parameter k which gives the relative position
of the ports in the entrance/exit manifolds, and (c) the pa-
rameter f, previously presented in the literature, shows the
influence on the mass transport conditions of the inlet/exit
zones focused on the fluid inlet/outlet area vs. total geometri-
cal area. This parameter does not take into account the distri-
bution of the fluid inlet area inside the total geometric area.

(2) The introduction of turbulence promoters in a large-
scale, filter-press reactor can increase the global mass trans-
port rate significantly. The insertion of such promoters in
small reactors, however, can cause the opposite effect since
the entrance/exit manifold effects dominate in these cells and
the electrolyte flow is not fully developed.

(3) Despite the above considerations, the use of suffi-
ciently small cells (such as the UA16.15 reactor) where the
total electrode area is affected by the entrance/exit effects
provide recirculation areas at any of the experimental flow
rates used.

(4) The decrease in the mass transport coefficient km
caused by the turbulence promoters is mainly because of the
flow channeling. The blocked area alone does not justify the
observed decrease of the enhancement factor. The effect of
the turbulent promoters strongly depends on the specific geo-
metrical features of the fibers (or filaments), which constitute
the net in the turbulent promoters; their geometrical shape
and size are important.

Table 7. Change of the Geometric Manifold Parameters, C
and f, for Various Reactor Designs Showing the Values of

Sh � Sc1/3 and Reynolds Numbers

Reactor (reference)

Dimensionless Parameters

C 3 102 f 3 102

Sh � Sc21/3

Re 5
250

Re 5
1,250

UA63:0325 0.1 34.4 15.8 59.2
FM01-LC10,26 0.3 10.5 11.1 34.9
UA 63:15 (this work) 0.6 7.8 27.3 75.5
Slit type (ST)21* 1.2 10.0 11.5 33.2
Tube type (TT3)21* 2.1 5.9 14.7 47.5
Tube type (TT2)21* 3.2 3.8 17.5 56.5
Goodridge et al.15 6.1 NA 8.3 61.5
UA16:15 (this work) 7.6 7.4 31.4 83.8
Tube type (TT1)21* 13.0 1.0 36.6 119.0

NA, not available.
*Nomenclature used in21 referring to the characteristic geometries of different
fluid inlets.

Table 6. Geometrical Parameters Describing Inlet/Outlet Parameters for UA and FM01-LC Filter-Press Reactors, n 5 nr � nh

Reactor
de 5 2BS/

(B 1 S) (cm)̀ Le 5 L/de c 5 S/B L/L* 5 L/6de

BS
(cm2)

n � p �
d2/4(cm2) f 3 102 k w 3 102 Reference

UA16.15 2.2 1.82 0.36 0.31 6.0 0.44 7.3 37.3 7.6 Present work
UA63.15 2.5 3.70 0.21 0.61 10.5 0.82 7.8 124 0.6 Present work
UA63.03 0.6 15.5 0.043 2.6 2.1 0.72 34.3 46.6 0.02 Present work
FM01-LC 1.0 16.5 0.14 2.7 2.2 0.23 10.5 29.0 0.27 Present work
Wragg et al. duct 1:1 5.2 19.2 1 3.2 27.3 27.3 100 1 5.2 7,13
1:2 5.2 19.2 1 3.2 27.3 6.8 25 1 20.9 7,13
1:3 5.2 19.2 1 3.2 27.3 3.0 11 1 47.4 7,13
1:6 5.2 19.2 1 3.2 27.3 0.76 3 1 186 7,13
Pickett and Wilson 1.6 24.8 0.19 4.13 4.75 0.13 2.7 5.3 5.5 8
Goodridge et al. 2.3 6.58 0.32 0.38 7.12 0.59 8.3 9.5 6.1 15
Oduoza and Wragg 2.3 6.58 0.32 0.38 7.12 2.30 32.3 3.2 4.7 19
Slit type (ST)* 3.5 14.2 0.13 2.36 30 3.00 10 7.5 1.2 21
Tube type (TT1)* 3.5 14.2 0.13 2.36 30 0.28 0.9 7.5 13.0 21
Tube type (TT2)* 3.5 14.2 0.13 2.36 30 1.13 3.8 7.5 3.2 21
Tube type (TT3)* 3.5 14.2 0.13 2.36 30 1.78 5.8 7.5 2.1 21

*Nomenclature used in21 referring to the characteristic geometries of different fluid inlets.
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Notation

A5 electrode area, m2

Ahole5 cross-sectional area of an individual hole, m2

a5 coefficient in the mass transport correlation, Eq. 2, dimensionless
B5breadth of the flow channel (perpendicular to the direction of flow), m
b5 Reynolds number exponent in the mass transport correlation,

Eq. 2, dimensionless
c5 Schmidt number exponent in the mass transport correlation,

Eq. 2, dimensionless
cb5Bulk concentration of reactant, mol m23

d5manifold hole diameter, m
de5 Equivalent (hydraulic) diameter of the flow channel, (5 2BS/

(B 1 S)), m
D5diffusion coefficient of reactant, m2 s21

F5Faraday constant, 96,485 C mol21, C mol21

IL5 limiting current, A
jL5 limiting current density, A m22

km5mass transport coefficient, m s21

L5 length of the reactor compartment in the direction of flow, m
L*5 fully developed flow regime length, m
nh5number of hole distributors, dimensionless
nr5number of rows of hole distributors in the manifold, dimensionless

DP5pressure drop, Pa
S5 thickness of flow channel, m
v5mean linear flow velocity, m s21

Vr5 channel volume (5 BLSe), m3

z5number of electrons in the electrode process, dimensionless

Dimensionless groups

f5 friction factor, (5 DPde/2qLv
2), dimensionless

Re5Reynolds number (5 vde/m), dimensionless
Sc5Schmidt number (5 m/D), dimensionless
Sh5Sherwood number (5 kmde/D), dimensionless

Greek letters

e5volumetric porosity of turbulence promoter, dimensionless
c5 aspect ratio of the flow channel, (5 S/B), Eq. 10, dimensionless

cmt5Mass transport enhancement factor, Eq. (6a,b), dimensionless
w5geometrical manifold parameter, Eq. 7, dimensionless
k5geometrical arrangement parameter, Eq. 8, dimensionless
f5 area ratio manifold design parameter, Eq. 9, dimensionless
m5kinematic viscosity of electrolyte, m2 s21

q5fluid density of electrolyte kg m23
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