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Abstract—Mass transfer at a vertical gas sparged electrode with and without superimposed electrolyte
flow has been investigated. The mass-transfer coefficient depends only on the gas voidage fraction,
irrespective of the absolute values of the liquid flow velocity and the gas flow rate. The system has a
strong similarity with turbulent free convection. The results can be represented by an analogous
correlation in which the Grashof number, characteristic for free convection, is replaced by a modified

Archimedes number:

Sh=0.19(ScAr*)'3,

NOMENCLATURE
d, distance between electrodes [em];
D,  diffusion coefficient fcm?s™1];
g, gravitational acceleration [ems™%];
k, mass-transfer coefficient [ems™!];
A characteristic length {cm];
vg,  amount of gas introduced into the cell per

unit electrode (frit) area [em* cm ™ 2s7!];
ug,  superficial gas velocity [em®cm™%s71];
ug, flow velocity of the electrolyte [ems™1];
u,,  terminal rising velocity of an isolated
bubble in an infinite medium [cms™'];
ug,  rising velocity of the bubbles in a swarm
f[ems™1];
Ar,  Archimedes number, equation {1);
Ar*, modified Archimedes number, equation (3);
Sh, Sherwood number, Sh=k-I/D;
Se,  Schmidt number, S¢ = v/D;
Gr,  Grashof number, Gr = I*-gAp/p . v2.

Greek symbols
Xo»  specific conductivity of the liquid

[Q/em];
xoisp, specific conductivity of the dispersion
[Q~'/em];
g, gas voidage fraction (—);
o density [gem ™3];
v, kinematic viscosity [em?s™1].
Subscripts

1, liquid phase;
g, gas phase.

INTRODUCTION

IN ELECTROLYTIC cells, stirring by gas bubbles is a
very efficient method for the enhancement of mass
transfer [1,2]. Its application has been discussed
mainly in connection with electrometallurgical pro-
cesses [ 3,4]. We can distinguish between two cases:

(i) Gas evolving electrodes, where the bubbles
are produced by an electrochemical reaction at the
electrode itself; and

(ii) electrodes with gas sparging, where the gas
is introduced from outside (e.g. through a porous
plate [5]) or produced at the counter electrode

[6,7].

On the basis of a penetration model Ibl and
Venczel [8,9] have derived a correlation for describ-
ing mass transport at gas evolving electrodes. Vogt
[ 10] finds a similar correlation in dimensionless form
by a microconvection model, and Janssen [11,12]
uses a hydrodynamic (macroconvection) approach.

Mass transport at electrodes with gas sparging has
found relatively little attention and no general
correlations for this system have been established
until now. On the other hand considerably more
work has been done in the field of heat transfer
between dispersed two-phase systems and solid walls
which is a quite similar situation [13-16], and we
shall therefore apply the method used there in the
treatment of the results of mass transport measure-
ments at gas sparged electrodes carried out in our
laboratory [1, 2, 5, 6]. Whereas one cannot find a
satisfactory explanation for the stirring mechanism
of gas bubbles when correlating the mass-transfer
rate to the gas flow rate [5], a dimensionless
correlation suitable for practical purposes shall be
given here which is in agreement with a “natural
convection” model describing the fluid motion
caused by the bubbles.

EXPERIMENTAL

Figure la shows schematically the cell used by
Adam [5]. The gas (nitrogen) was introduced
through a porous plate at the bottom of the cell
between the vertical parallel electrodes. A different
type of cell has been used in the study to which the
present paper mainly refers [6]. We investigated the
influence of gas bubbles generated by the counter
electrode, whereby for practical reasons the elec-
trolytic gas evolution was simulated by a vertical
porous plate through which the gas (dry air) entered
into the cell. The gas volume flow rate per unit
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F1G. 1. Schematic representation of the cells: (a) Without electrolyte circulation; (b} External circulation;
(c) Internal circulation.
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FiG. 2. Mass transfer coefficient k vs superficial gas velocity u,; for different electrolyte velocities u; and
inter-electrode distances d.

electrode area could be varied between 0.17 and
082cm*cm ?s™!. Two different situations were
investigated: With the arrangement shown in Fig. 1b
a flow of the liquid could be superimposed on the
motion caused by the gas bubbles by means of an
external pump (external circulation). The height and
the breadth of the porous electrode was 30 and
10cm, respectively; the distance between the elec-
trodes was 1, 2 and 4cm, the electrolyte flow rate u;
could be varied between 1.5 and 35.5cms™ . Figure
Ic shows a modification of this cell in which there is
no external electrolyte flow but an internal circu-
lation around the porous plate due to the gas lift
effect (internal circulation). The maximum velocity
was about 30cms™!. The same electrode distances
were used. Because an even distribution of the
bubbles is realized only above a certain height which
depends on electrode distance, gas flow rate and
liquid velocity, the mass-transfer rates were
measured only at the top segment of the working
electrode (which consisted of several segments iso-
lated from each other but kept at the same potential).
Special attention had to be paid to the construction
of the porous plate (uniform gas distribution) and to
the design of the expansion zone above the elec-
trodes (facilitation of the evacuation of the bubbies
from the interelectrode gap). Details of the apparatus
and the experimental technique used are given in [6].

The well known limiting current method with the
electrolyte system Fe(CN)g */Fe(CN); * was used to

measure the mass transfer rates [17]. The com-
position of the electrolyte was:

05MNaNO,, 02M NaOH,
001 MK, Fe(CN),, 0.005M K,Fe(CN),.

At 25°C the kinematic viscosity of the solution and
the diffusion coefficient of the ferricyanide ion were
093-10"2cm?s™! and 8.13-107%°cm?s™ !, respec-
tively. The working electrode was made of nickel, the
porous plate anode of sintered steel.

In addition to the mass-transfer rate the gas
voidage in the channel between the electrodes was
measured by means of a conductivity method.t

RESULTS

Figure 2 shows some typical results of the mass-
transfer measurements. The mass transfer coefficient
k is plotted vs the superficial gas velocity u for two
different electrolyte flow velocities u, and three
anode—cathode distances d. The distance between the
electrodes apparéntly has no influence on the mass-
transfer coefficient if one represents the results this
way, the superficial gas velocity seems to be the

+The conductivity of dispersions of non-conducting
particles has been studied by different authors [18,19]. It
was shown experimentally [6] that up to a gas voidage of
0.6 the specific conductivity of a bubble dispersion is given
by the Maxwell correlation:
Joise I—e
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relevant parameter. Also shown are some mass-
transfer data obtained by Adam [5]. They show a
similar behaviour although the mode of introducing
the gas was different. They lie above the data of the
present study due to the absence of a net electrolyte
flow (u; = 0) This confirms our findings concerning
the dependence of mass transfer on the liquid flow
velocity: In Fig. 3 the mass-transfer coefficient is
plotted vs the liquid flow velocity (external circu-
lation) for different superficial gas velocities, One
finds that for a given gas velocity the mass transfer
rate is lowered by increasing electrolyte flow. This
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DISCUSSION

We have seen in the preceding section that the
macroscopic flow situation does not seem to be very
relevant for mass transfer from a dispersed system to
a solid wall. The fact that the mass transfer increases
with the bubble concentration suggests that it is
rather the motion of the bubbles which plays the
dominant role. The fluid dynamics of dispersed two-
phase systems are governed not only by inertia and
viscous but also by gravitational forces, whereby in
the case of gas bubbles in a liquid these forces are
determined mainly by the properties of the liquid
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F1G. 3. Mass transfer coefficient k vs electrolyte flow velocity u; for different superficial gas velocities u,,.

seems surprising at first sight, since the fluid flow
should be supposed to assist convective mass transfer
in a general way. However, the superimposed fluid
flow increases the rising velocity of the bubbles
which in turn results in an expansion of the bubble
swarm and in a corresponding decrease of the
voidage fraction.t The experimentally observed re-
lationship between the voidage fraction, the gas and
the electrolyte velocities is shown in Fig. 4. One finds
that ¢ depends on u; and u in a rather similar way
as the mass transfer coefficient k. This suggests that
we plot k as a function of the void fraction. This has
been done in Fig. 5, and one can see that it is in fact
possible to represent the results as a function of a
single variable which combines the influence of the
gas and of the liquid flow velocities. But also the
results obtained without external circulation (cell 1¢)
can be represented in the same way (Fig.6). A
comparison of Fig. 5 and 6 shows that in both cases
one obtains the same mass-transfer rate for a given
void fraction, irrespective of the values of u; and u,.
It therefore seems that the flow behaviour in a
bubble dispersion and thus the mass transport to a
wall placed in such a dispersion are determined to a
large extent by the volumetric voidage fraction of the
gas.

+After Nicklin [20] the rising velocity of bubbles in a
swarm is given by

ug = Ugfe and  up = ug +ug +uy,

where u,, is the rising velocity of an isolated bubble.
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FiG. 4. Gas voidage ¢ vs superficial gas velocity u,; for
different electrolyte velocities u,.
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[21]. The characteristic dimensionless group to be
used for the description of bubble motion is the
Archimedes number [22]

PgA
7L )
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The expression gAp = g{p,—p,) characterizes the
buoyancy force acting on a single bubble. In the case
of a bubble swarm with a gas voidage ¢ it has to be
replaced by egAp. For the average density of the
two-phase system we put:

Ar =

P = (1=8)p;+ep,. 2)
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F1G. 6. Mass-transfer coefficient k vs gas voidage ¢; internal circulation. Symbols as in Fig. §.
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F1G. 7. Dimensionless representation of the mass-transfer results; external circulation. Symbols as in

The second term on the right side of (2) can be
neglected if we take into account that p, « p,. Thus
the modified Archimedes number describing the

motion of a bubble dispersion becomes:

Ar*
VZ

It has been tried then to represent the experimental

_lg

&
l—g"

results by a dimensionless equation of the form

Sh=f(4

*, Sc).

Fig. 5.

Since no dependence of the mass-transfer coefficient
on the height and the breadth of the channel between
the electrodes could be found the bubble diameter
has been used as the characteristic length in Sh and
Ar*. The following correlation has been obtained
from the experimental data:

€)

Sh = 0.19(Sc 4r*)*>. (5)
Equation (5) is represented in Figs. 7 and 8 together
with the experimental data.

4)
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F1G. 8. Dimensionless representation of the mass-transfer results; internal circulation. Symbols as in
Fig. 5.
Taking into account that the mass-transfer rate Ug

does not depend on the height of the electrode and
the breadth of the interelectrode gap, and with the
plausible assumption that besides these two geomet-
ric parameters the bubble diameter is the only
relevant characteristic length, dimensional analysis
yields that the mass-transfer correlation should
contain no further dimensionless groups. Con-
sequently the power 1/3 of Ar* indicates that the
mass-transfer coefficient is also independent on the
bubble diameter. However, the ideas of the stirring
mechanism of bubbles outlined below justify its use
in the formation of the dimensionless groups. It is
noteworthy that equation (5) is practically identical
with the correlations found for mass and heat
transfer under turbulent free convection conditions
[23-27], if one replaces the Archimedes by the
Grashof number

Sh = const.(ScGr)'’3. (6)

In fact the two groups are formed in a completely
analogous way. The only distinction is that the
density difference responsible for buoyancy results
from a temperature or concentration gradient in one
case, whereas in a two-phase system it is given by the
different densities of the two phases. The motion of a
bubble dispersion can thus be considered as a kind
of natural convection. This analogy has already been
discussed in connection with heat transfer between
dispersed two-phase systems and solid walls [ 16, 23].
The analogy with turbulent free convection can be
illustrated in a qualitative way by the following
considerations [14] (Fig. 9): A rising bubble dis-
places liquid creating thus a velocity component u,
perpendicular to the direction of motion. The
velocity of the bubbles is usually large enough so
that turbulent eddies are formed in the wake of the
bubbles. This transverse motion of the liquid
constitutes—in an analogous way as the fluctuations
in “normal” turbulence—the major contribution to
mass transport. There is thus some sort of micro-
turbulence in the surroundings of the individual

F1G. 9. Simplified representation of the flow situation
around a rising bubble.

bubbles. With the plausible statement kK = f(u,) and
u, ~ up, and taking into account that the rising
velocity up of the bubbles is described by the
Archimedes number, we arrive at the result that mass
transfer from a liquid stirred by rising bubbles to a
vertical wall can be characterized by an Archimedes
number.

The micro-turbulence model is sustained by the
experimental finding that a superimposed electrolyte
flow causes a decrease of the mass transfer rate.
Indeed the overall fluid velocity increases, and one
would expect a corresponding enhancement of mass
transport, but on the other hand the bubble
dispersion is expanded and the concentration of the
turbulence promoting bubbles is diminished. Ob-
viously this latter effect is compensating the other
one. Of course this behaviour will be observed only
as long as the superimposed velocity is not too large.
Otherwise the bubbles will lose their influence on
mass transport and the mass transfer coefficient will
again increase with the flow velocity, The above
mentioned finding shows also that the effects of two
different stirring mechanisms—each of them enhanc-
ing mass transfer—need not necessarily be additive
as in the case of gas evolving electrodes [28-30]. If
they influence each other, as is the case here, they
can act in opposite directions.

The success of the free convection model in
describing mass transfer at gas sparged electrodes



1398

suggests that it might be applicable also to the case
of gas evolving electrodes. If we bear in mind that for
gas evolution the expression g/(1—¢) appearing in
the Archimedes number is proportional to the
amount of gas evolved per unit time and thus to the
current density i [6,31], we deduce from our mass
transfer correlation (5) that the mass-transfer coef-
ficient is proportional to ', In fact this exponent
lies well in the range of values given in the literature
[32]. Moreover, in the analogous situation of heat
transfer under nucleate boiling conditions the model
has proved to be suitable [31]. Recently Janssen [33]
has proposed to treat mass transfer at gas evolving
electrodes on the basis of a natural convection
concept.
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TRANSPORT DE MATIERE DANS UNE CELLULE ELECTROLYTIQUE AVEC BARBOTAGE
DE GAZ

Résume-- On étudie Pinfluence du barbotage de gaz sur le transfert de matiére autour d’'une électrode
verticale avec et sans circulation de I'électrolyte. Le coefficient de transfert massique ne dépend que de la
fraction volumique du gaz, et non pas des valeurs absolues de la vitesse du liquide et du débit de gaz. Le
systéme a une forte similitude avec la convection naturelle turbulente. Les résultats peuvent &tre
représentés par une relation analogue, dans laquelle le nombre de Grashof, caractérisant la convection
naturelle, est remplacé par un nombre d’Archiméde modifié:

Sh = 0,19(S¢ Ar*)'*,
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STOFFTRANSPORT IN ELEKTROLYSEZELLEN MIT GASBLASENRUHRUNG

Zusammenfassung — Es wurde der Stofftransport an einer gas-blasenbespiilten senkrechten Elektrode mit
und ohne iiberlagerter Elektrolystromung untersucht. Der Stoffiibergangskoeffizient hidngt nur vom
volumetrischen Gasgehalt ab, unabhéngig von den Absolutwerten der Stromunggeschwindigkeit und des
Gasdurchsatzes. Das System weist eine starke Achnlichkeit mit der turbulenten natiirlichen Konvektion
auf. Die Resultate lassen sich durch eine analoge Bezichung darstellen wobei an die Stelle der bei der
freien Konvektion verwendeten Grashofzahl eine modifizierte Archimedeszahl tritt:

Sh=0,19(ScAr*)'”

MEPEHOC MACCHI B BJIEKTPOJIMTHYECKUX AUYENKAX C BAPBOTAXEM TA3A

Annoraums — MccnetoBan nepeHoc Macchl HA BEPTHKANLHOM IIEKTPOE ¢ 0DAYBOM Ta3a NpH HATHIUM
¥ OTCYTCTBHM TeueHus wiekTponiuta. KorbduiluenT neperoca Macehi 3aBUCHT TOAbKO OT 00BEMHOR
A0au 1a30BO# daspl W He 3ABMCHT OT aDCOJIIOTHBIX 3HAUCHMH CKOPOCTM TEUEHMS XHIKOCTH M rasa.
PaccMaTpuBaeMas CHCTEMa aHAOTHYHA CHCTeMe ¢ TypOyneHTHOH cBobomHoW koupexnuueit. o ama-
JIOTHM Pe3yabTaThl MOXKHO OIMHUCATH COOTHOLIEHHEM, B KOTOpoMm uucio ['pacroda ans csobounoi
KOHBEKIIHU 3aMeHRETCHS MOAHPHULHPOBAHHBIM YHCJIOM APXHMEIA

Sh=019(ScAr*)" }
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