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The rotating electrolyser. I. The velocity field
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A rotating electrolyser is described briefly in which, in principle, anolyte and catholyte streams can be
segregated without a diaphragm. Laser-Doppler anemometry has been used to measure the velocity field
in such an electrolyser and has shown that, despite the flow field being more complex than described

by first order theory, the concept is valid.

Symbols

a semi-gap
Q volumetric flow rate
7 radius
r = offa dimensionless radius
(Re) = Q/4nav Reynolds number
@ radial velocity
u = i4na*/Q dimensionless radial velocity
v tangential velocity
z = az/a non-dimensional distance

Z measured distance from axial

plane
Subscripts
i inner
m maximum
0 outer
Greek

a = (@®>w/v)""* Taylor number
v kinematic viscosity
w angular velocity

1. Introduction

While many electrolyses may be performed
successfully in an undivided cell, in general it is
preferable to keep anolyte and catholyte streams
apart. The most obvious way of doing this is with
a diaphragm which, however, introduces an energy
penalty and may in fact present other practical
difficulties. There is also the common need to
minimise the interelectrode gap to minimize
resistive losses in the electrolyte, particularly in
organic systems where conductivities are low. By
operating under creeping-flow conditions [1]
anode~cathode transport can be eliminated even
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at small gaps, and in fact many electrochemical
reactors behave as if close to each electrode there
is a slowly-moving phase with a faster-moving
bulk phase between these anolyte and catholyte
streams [2, 3] so that a diaphragm is not as
necessary as is often supposed. However appli-
cations do arise where the streams must be
separated while the presence of a diaphragm is
undesirable. This can be achieved in a rotating
electrolyser [4] in which source flow is established
between two co-rotating discs.

Fig. 1 shows a schematic diagram of the
rotating electrolyser in its simplest form [4]; it
consists of two flat disc electrodes rotating
together on a common shaft. Electrolyte is
pumped radially outwards from the centre, or is
induced to flow outwards if the electrolyser as a
whole is immersed in a tank. In theoretical work
relating to radial gas turbines Kreith [S] showed
that, on rotation, the cubic—parabolic velocity
profile of the radial outflow is progressively dis-
torted as the Taylor number, , increases, the
velocity near the wall growing at the expense of
the velocity in the axial plane until the point at
which & = 7 when the velocity in the midplane is
zero (see also Fig. 2). This is a desirable condition
for an electrolyser since, in effect, wall jets have
been formed close to each electrode while most
of the interelectrode fluid is near-stagnant. The
anolyte and catholyte streams may then be
permanently split at exit from the cell and
stripped of product before being returned to the
inlet for re-processing [4] ; this system should be
ideal for performing so-called ‘paired’ reactions [6].

The work reported here concerns the exper-
imental investigation of the basic concept with a
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Fig. 1. Schematic diagram of rotating electrolyser (not

to scale).

number of model cells; Part I deals with radial and
tangential velocity distributions, while Part IT is a
description of mass transfer and related character-
istics of the device.

2. Fluid Mechanics

The problem of rotating source flow has been
treated theoretically by Kreith [5], who gives the
non-dimensional radial velocity as

402 /
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Note that the strength of the source, i.e. @ « (Re),
only appears in the second term along with F(z, a),
which is a complicated term only obtained with
difficulty [5]. Kreith evaluated the first term in
Equation 1 for values of « up to m, exhibiting the
formation of the double-humped radial velocity
distribution. Fig. 2 shows the normalized velocity
distribution calculated for values of « up to 16. As
a increases the velocity maximum moves progress-
ively towards the wall and forms a strong wall jet
(Fig. 3); at a = 16, for example, Equation 1
suggests that the jet occupies only 20% of the
semi-gap, i.e. 10% of the interelectrode spacing.
The electrochemical implications are obvious.
Since it is assumed that the fluid enters the
device with no swirl, the tangential velocity
profile is expected to be U-shaped, with a maxi-
mum on each wall and, possibly, some body
rotation in between. With increasing radius the
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Fig. 2. Calculated normalized radial velocity profiles.

rotational motion of the fluid as a whole must
increase but the tangential (wall) velocity also
increases so the U-shape may be preserved and the
velocity gradient at the wall may actually increase.
The question then arises whether the interaction
of radial and tangential motion will give rise to
secondary flows which will so increase cross-gap
mixing that the separation of streams implied by
Equation 1 will be lost. To resolve this point and
confirm the correctness of Kreith’s theory, the
velocity field was measured in a model electrolyser
with laser Doppler anemometry. Tracer exper-
iments were also performed which will be reported
in Part I and elsewhere [7].

3. Experimental

Fig. 1 shows a schematic diagram of the cell; two
flat nickel discs 176 mm in diameter and 2 mm
thick were connected by three insulating pillars at
50 mm PCD where the tangential velocity was
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Fig. 3. Development of wall jet with Taylor number.

small and the disturbance to the flow least. The
outer faces of the electrodes were coated in resis-
tive paint. An entry hole 44 mm in diameter was
cut in the lower disc, while the upper disc was
connected to a shaft running vertically in ball
bearings and driven by a slow-speed motor. The
interelectrode gap could be adjusted by varying the
height of the pillars (3-5 or 6-4 mm), which also
acted as insulating bushes for the current connec-
tions to the lower plate. The shaft acted as a bus-
bar for the upper plate. Carbon-bronze brushes
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and copper slip rings were used to make contact
with the external circuit and an electronic tacho-
meter fixed to the end of the shaft was used to
count rotational speed. The plates were immersed
in a square tank of electrolyte and rotation of the
cell induced flow radially outwards between the
plates, the square-sided tank being necessary to
provide reasonably flat optical windows for the
laser beams; free discharge would have made
anemometry impossible. Since Equation 1 is
insensitive to Q it was hoped that the form of the
velocity distribution would not be altered even
though the cell was made to pump itself. A central
feed from an external pump is the preferred
method of operation for a practical electrolyser
[4], but was thought to be an unnecessary compli-
cation at this stage.

A schematic diagram of the laser Doppler
anemometer is shown in Fig. 4. The instrument
has been developed to measure one or two com-
ponents of the velocity vector in real time at any
location in a field approximately 1 m x 100mm x
100 mm and is fully described elsewhere [8,9].
Basically, light from a 20 mW He/Ne laser is passed
through a partially opaque disc turning at low
speed and part of the scattered light, defined by a
mask (A), is focussed at the centre of interest (B)
before being brought to the face of the photo-
multiplier by the lens system and pinhole (C). The
beam transmitted through the disc is also focussed
at the centre of interest and light scattered from
it by the micron-sized particles in the flow is
recombined with the disc-scattered beam on the
face of the photomultiplier, giving rise to fluc-
tuations in light intensity at a Doppler frequency
which is the sum of the shift due to the particle
velocity component in the plane of the beams and
the shift due to the rotating disc. This allows
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Fig. 4. Schematic diagram of laser—Doppler anemometer [8].
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negative velocities (reversing flows) to be measured
by applying a large positive bias with the turning
disc. (There are no such things as negative fre-
quencies, of course; a negative velocity gives rise

to a positive frequency but with a phase shift that
makes signal processing difficult). The Doppler
frequency is tracked in real time by a frequency
tracker which gives a voltage output proportional
to frequency, hence velocity, so that instantaneous,
mean and r.m.s. values of velocity can be

obtained [8, 9]. Velocity fluctuations can also

be autocorrelated or cross-correlated with other
fluctuating quantities such as local current

density [8, 10].

The laser anemometer was mounted as a whole
on a stereotaxic table with three degrees of
freedom, so that the radial and tangential velocity
components could be measured at a number of
radial and cross-gap stations by simply traversing
the instrument with respect to the rotating
electrolyser in its tank. Although the focal volume
is only about 0-2 mm diameter, the greater beam
width away from this point limited the distance of
approach to an electrode to about 0-5 mm, at
which distance the sudden deterioration in signal
quality confirmed that the beam was grazing the
surface. The same ¢’ iterion was used to check
flatness, coplanarity of the two discs and shimmy
in the bearings, which totalled about £ 0-2 mm,
which represents the maximum accuracy of
location.

4. Results

Fig. 5 shows the normalized radial velocity distri-
bution measured at a number of radial locations,
rlro, for a = 6-9 and a gap width of 6-4 mm;
clearly the distribution is fairly symmetrical about
the midplane and there is general agreement with
the form of the theoretical curve derived from
the first term in Equation 1 (see also Fig. 2) but
the latter gives only a slight indication of the
quite strong reverse flow seen at Z/a = 0-5. The
magnitude of the reverse flow depends on 7/r,
decreasing towards exit, and can be understood
in terms of an entry effect, since #/r, = 0-91
only represents an entry length of about 20 gap
widths. With the smaller gap (35 mm) there was
less indication of reverse flow, but it was harder
to make spatially resolved measurements. As o
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Fig. §. Radial velocity distribution for r/r, values of 0-91
(v top semi-gap, & bottom semi-gap) and 0-80 (o top
semi-gap, ® bottom semi-gap).

increases, the velocity in the reverse direction
becomes relatively smaller, i.e. it is superimposed
on a stronger outward flow. The absolute values
of velocity at large r/r, agree with theoretical
values [11] appropriate for a flow rate of about
1200 ml min~*. The flow rate was not measured
in these experiments but this value is reasonable
in the light of later work [7]. At small values of
o (£ 4) a negative velocity was seen in the mid-
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Fig. 6. Tangential velocity distribution for #/r,, values of
0-27 (0), 0-42 (X), 0-57 (2), 0-72 (+), 0-88 (¥), 1-00 (o).
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plane at all values of 7/r,,, indicating that fluid was
being ingested into the gap from the tank; had a
source flow been applied at the centre rather than
the cell being made to pump itself probably this
would not have been the case. Studies are
continuing with applied source flows [7].

Fig. 6 shows normalized tangential velocities
for two values of «. It is evident that the fluid as a
whole rotates and that at low o this approaches a
solid body rotation. However, as « increases the
tangential shear stress increases to such an extent
that the velocity gradient becomes increasingly
localized at the wall. Although there is some
scatter on the data (due mainly to errors of
location) note also that the velocity gradient
increases with increasing #/r,,.

5. Discussion

The laser—-Doppler measurements show that the
double-humped radial velocity distribution
predicted by Kreith can be realized in practice
even when the system is self-pumping so that the
source flow is self-induced. Further, Fig. 5 and
other data show that the spacing pillars do not
seriously affect the flow so that an electrolyser
can be built in which low-speed rotation of the
whole assembly occurs. Similarly, Fig. 6 and other
data show that swirl is induced in the electrolyte,
but that for Taylor numbers of order 10 most of
the electrolyte rotates at less than 20% of the wall
velocity. These results suggest that it will be
possible to separate anolyte and catholyte streams
permanently at exit from the cell by using an
annular splitter plate in the midplane [4] without
grossly perturbing the flow. Such studies are
continuing at present.

As aincreases, the radial velocity maximum
approaches the wall more closely (for example, see
Figs. 2 and 3) and the velocity gradient at the wall
increases, however the tangential velocity gradient
also increases and it is not clear, ab initio, whether
the radial or tangential velocity controls mass
transport at the wall. Further, the coupling of
radial and tangential velocities suggest recirculation
and implies that the cross-gap transport of
reactive species may be so high that the separation
of streams is negated in electrosynthesis; this
depends on the dispersion of species generated at
the wall. The questions of mass transport to the
electrode and dispersion from the electrode are
dealt with in Part II.
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