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ABSTRACT

Mass transfer under bubble-induced convection has been experimentally measured in a vertical cell. The cell con-
sisted of two parallel vertical electrodes, upon one of which chlorine gas evolved and the other where the mass-transfer-
controlled reduction of dissolved chlorine occurred. Two mechanisms contributed to the enhancement of mass transfer:
circulation due to the nonuniform distribution of bubbles and stirring caused by the rising bubbles. The average mass-
transfer coefficient generally decreased with increasing cell gap, except at a cell gap of about 0.5 cm where a local maxi-
mum occurred. The local mass-transfer coefficient increased nonlinearly with height. A mathematical model for the bub-
ble-driven fluid flow in the electrochemical cell is presented where bubble-induced convection can be treated as a natural
convection phenomenon. The governing differential equations are developed and the results of the numerical analysis are
presented and discussed in light of the assumed distribution of the void fraction. A gualitative agreement with observed

flow patterns is obtained.

Many electrochemical reactions of commercial interest
have one or more products in the gaseous phase. These
products are formed on the electrode surface and released
in the form of bubbles in the liquid electrolyte. Three of
the most common products are hydrogen, oxygen, and
chlorine. In other industrial electrochemical cells, inert
gases such as nitrogen and air are sparged into the cell to
stir the electrolyte. An example of such an application is
the copper electrowinning cell.

The presence of gas bubbles in the electrochemical cell
affects the performance of the cell in two independent
ways. First, gas bubbles in the path of the electric current
between the two electrodes of the cell decrease the effec-
tive conductivity of the electrolyte, which increases ohmic
losses of the cell. Second, the buoyancy force acting on the
gas bubbles induces hydrodynamic convection in the cell
gap, which has a profound effect on the rate of mass trans-
fer of species to and from the electrode surface.

The enhancement of convective mass transfer due to gas
bubbles is the subject of this investigation. Often, the in-
creased rate of mass transfer benefits the cell performance.
This is not true in all cases, as in the case of the zinc-chlo-
rine battery, where the mass transfer of dissolved chlorine
across the cell gap is undesirable.

Two types of mass-transfer enhancement due to gas evo-
lution can be distinguished: (i) gas evolving electrodes
where the gas evolution and the mass transfer occurs at
the same electrode, and (ii) external gas introduction
where gas bubbles are introduced physically or electro-
chemically in order to enhance mass transfer in the elec-
trochemical cell. Gas bubbles can be introduced by gas
sparging in the cell gap or by electrochemically evolving
gas bubbles at an electrode placed near the electrode
where mass-transfer enhancement is desirable. In most
cases, gas evolution at the counterelectrode can serve this
purpose.

The present investigation is concerned with the case
where the mass transfer at a vertical electrode is affected
by the close proximity of a vertical gas evolving electrode.
The mass transfer of dissolved chlorine is measured at a
vertical electrode while chlorine gas is evolved at a nearby
vertical electrode. The effects of spacing and cell geometry
on the mass transfer are investigated and discussed.

The published research on mass transfer due to bubble-
driven circulation can be classified into two categories.
The first category deals with mass transfer to a gas evolv-
ing electrode (1-6). The studies under this category con-
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centrate on the mass transfer at the same electrode surface
on which gas bubbles are formed and released. The second
category involves the investigation of mass transfer at a
gas-sparged electrode (7-14). This category includes cases
where gas is introduced externally through a sparger
placed in the cell gap and gas evolves electrochemically at
one electrode, and the mass transfer to the other electrode
is the subject of investigation. It is clear that there is a sig-
nificant difference in the mechanism of mass transfer in
the two categories mentioned above. The present investi-
gation deals with the second category where gas evolves
electrochemically at one electrode and the mass transfer to
the other electrode is affected.

Gendron and Ettel (7) compared the enhancement in the
mass-transfer coefficient caused by three different modes
of convection during copper electrodeposition: the forced
recirculation of electrolyte in a direction parallel to a cop-
per cathode, oxygen gas evolution on the anode, and air
sparging over the face of the cathode. Their experimental
technique included measurement of limiting current for
codeposition of silver with copper (8). They concluded that
air sparging in the cell gap is a better method for mass-
transfer enhancement because it results in a uniform mass
transfer over the cathode surface. A high local mass-
transfer coefficient was measured at the top, compared to
the local mass-transfer coefficient at the bottom where
laminar natural convection dominates. Mohanta and Fa-
hidy (9) investigated the enhancing effect of gas bubbles
generated at an anode on the ionic mass transfer at the as-
sociated cathode. Their experimental system included a
laboratory-scale copper electrowinning cell with copper
cathode and an anode on which oxygen gas evolved. They
noted that at higher cell gaps, a smaller portion of the bub-
bles travels across the cell gap toward the cathode and
hence the enhancement of the mass-transfer coefficient is
smaller. For the taller electrode, a larger fraction of the
total cathode area is affected by bubble driven convection;
hence, the enhancement in the mass-transfer coefficient is
higher. Sedahmed (10) investigated the enhancement of
the mass-transfer coefficient for copper deposition on a
vertical cylinder cathode stirred by oxygen evolved on a
lead anode placed below the cylinder. Sedahmed and
Schemilt (11) measured the mass-transfer coefficient for
the deposition of copper at a vertical-plate cathode placed
in copper sulfate electrolyte stirred by oxygen evolved at a
coplanar vertical-plate lead electrode positioned upstream
from the cathode. It is reported (11) that the flow turns
from laminar to turbulent above a certain electrode height.
The bubbles in the swarm interact among each other to af-
fect the rising velocity in two different ways. A chimney ef-
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fect can develop in which massive upward flow at the axis
of the swarm leads to increased net bubble velocity and
the proximity of the bubbles to one another can result in a
hindered settling condition leading to reduced average
bubble velocity.

Sigrist et al. (12) investigated mass transfer at a verti-
cal gas-sparged electrode with and without superimposed
electrolyte flow for three different cell configurations. The
electrolytic gas evolution was simulated by a vertical po-
rous plate through which the gas entered the cell. It was
observed that the distance between the electrodes has no
influence on the rate of mass transfer and the mass-
transfer rate decreases with increasing the superimposed
liquid flow. They proposed the following explanation for
the decrease: the superimposed liquid flow causes the ris-
ing velocity of the bubbles to increase which in turn re-
sults in an expansion of the bubble swarm and a corres-
ponding decrease of void fraction. They also observed that
the mass-transfer rate is a function of void fraction, irre-
spective of the values of liquid and gas flow rates. From
the proceeding observations, Sigrist et al. (12) deduced
that the macroscopic flow situation is not a relevant factor
in mass transfer from a dispersed system to a solid wall.
The increase in mass transfer with the void fraction sug-
gests that the motion of individual bubbles plays an im-
portant role. They proposed the following correlation for
the mass transfer rate

Sh = 0.19 (Sc Ar¥)’33 11

where Sh is the Sherwood number, Sc is the Schmidt
number, and Ar* is a modified Archimedes number gd?®
ev? (1 — €. This correlation is identical to the one for
mass and heat transfer under turbulent natural convection
conditions. It implies that the mass-transfer rate does not
depend on the height of the electrodes and the distance be-
tween them.

Ibl (13) presented a model that allows a theoretical inter-
pretation of the similiarities between mass transfer at ver-
tical gas sparged electrodes and turbulent natural convec-
tion. The correlation proposed by Ibl (13) is similar to the
one given by Sigrist et al. (12) except that the Sh is re-
placed by Shy, a Sherwood number based on the cell gap
(d). In this model, the macroscopic vortices of the two
phase system (gas and liquid) are considered to have a
major effect on the mass-transfer rate. This is unlike the
model proposed by Sigrist et al. (12) in which the eddies
formed in the wake of individual bubbles are considered
to have a major effect on the mass-transfer rate. The sys-
tem is considered turbulent near the top of the electrode
for which the proposed correlation holds. The presence of
a macroscopic vortex at the top of the cell is reported by
Ibl (13). It is also observed that the bubble envelope of the
lower part of the cell suddenly broadens at a certain height
where it abruptly expands across the cell gap and reaches
the opposing electrode. The height at which the bubble en-
velope broadens depends on the height of the liquid above
the upper edge of the working electrode, the free surface
available for bubble detachment and its kinetics.
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Fig. 1. Experimental determination of isolated effect of bubble-
induced convection using weight loss measurements.

Mass transfer to a vertical electrode under gas sparging
was investigated recently by Cavatorta and Béhm (14). It
was found that the enhancing effect of gas bubbles is a
function of the gas hold-up e, irrespective of the gas flow
and gas distributor employed. A correlation for fully de-
veloped mass transfer has been obtained

Sh = 0.256 (GaSc)¥? /-5 2]

This correlation is similar in form to the correlation for tur-
bulent mass transfer under natural convection, except the
Galileo number Ga = L? gv2, the Schmidt number Sc =
v/D, and the gas hold-up € are the relevent dimensionless
parameters.

The flow regime of liquid circulation due to gas evolu-
tion has been theoretically investigated by Ziegler and
Evans (15) for electrowinning cells, using turbulence and
bubble turbulent diffusion. They favorably compared
their predictions to their measurements and the experi-
mental mass-transfer results of Ettel et al. (8).

Experimental

The effect of bubble-induced convection on mass trans-
fer was investigated by electrochemically evolving chlo-
rine gas from ZnCl; solution on a vertical porous electrode
and by measuring the mass-transfer rate for its reduction
at another electrode located parallel to the gas evolving
electrode.

In order to isolate the bubble-induced convection, a po-
rous graphite electrode is plasma-sprayed with porous ti-
tanium on the side facing a zinc counterelectrode. This
forces the chlorine gas evolution on the noncoated side of
the porous graphite electrode. A dense graphite or a zinc
plate is placed at an appropriate gap facing the chlorine
evolving side of the porous graphite plate. In this fashion,
the bubble-induced convection is isolated from the forced
and natural convections occurring at the counter zinc elec-
trode. Nonetheless, a very weak natural convection,
caused by ZnCl, formation, occurs at the measuring elec-
trode.

The local and average mass-transfer coefficients of dis-
solved chlorine due to bubble-induced convection alone
were determined by two methods: (i) By measuring the
weight losses of the zinc plate caused by the corrosion re-
action

7Zn(s) + Cly(aq) — ZnCly(aq)

which has been shown to be mass-transfer limited (16). (i)
By measuring the limiting currents for chlorine reduction
at a dense graphite plate exposed to chlorinated electro-
lyte in which chlorine bubbles evolved electrochemically.
The reaction is

Cly(aq) + 2e~ — 2 Cl (aq)
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Fig. 2. Experimental setup for limiting current measurements. A,
Auxiliary electrode: dense graphite. B, Gas-evolving electrode: ti-
tanium-sprayed porous graphite. C, Working electrode: dense graphite.
D, Reference electrode: porous graphite, Cl,/Cl~.
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In both cases, 10 x 10 cm porous graphite (Union Car-
bide PG-60) electrode, plasma sprayed with titanium on
one side was used as the chlorine evolving electrode. The
experimental setup of the weight loss measurements is
shown in Fig. 1. In some experiments, segmented zinc plate,
made of horizontal strips, was used in order to measure the
local distribution of the corrosion reaction.

The experimental setup for the limiting current experi-
ments is shown in Fig. 2. Chlorine gas was evolved by
passing constant current between the gas evolving elec-
trode and the auxiliary zinc electrode. The dense graphite
electrode, on which the limiting current is being meas-
ured, was held at potentials where zinc deposition does not
take place. The chlorine reduction limiting current was
measured by a shunt. The CL,/Cl™ reference electrode con-
sisted of a porous graphite electrode submerged in the
same electrolyte.

The local limiting currents for chlorine reduction were
measured on five small graphite probes (6.35 mm diam)
which were inserted into the graphite plate and insulated
by Kynar heat shrinking sleeves. The current on each
probe was measured by a low resistance shunt and the po-
tentials of the probes were always maintained at the poten-
tial of the plate in which they were embedded. This was
achieved by an operational amplifier circuit shown in Fig.
3.

All experiments were carried out in chlorinated 1.5M
ZnCl, solution at 22°-25°C. The chlorine solubility was
about 2.5 g/liter and the rate of chlorine bubble evolution
corresponded to a current density of 33 mA/cm? The mass-
transfer coefficients for dissolved chlorine were cal-
culated from the measured limiting current densities ac-
cording to

i
'nF[Clz]

(3]

where 1, is the limiting current density, n = 2 is the number
of electrons transferred, and [Cly] is the solubility of dis-
solved chlorine in the electrolyte. Further details of the ex-
perimental procedure are given elsewhere (17-19).

Results

The effect of cell gap on the average mass-transfer coef-
ficient is shown in Fig. 4. The curve can be divided into
three sections: (i) For the cell gap 0-4 mm the mass-transfer
coefficient decreases with increasing cell gap, because the
fluid motion, induced by the rising chlorine bubbles, be-
comes less intense; (ii) In the cell-gap range of 4-5 mm the
mass-transfer coefficient increases. One possible expla-
nation is that in this range a well-defined return flow is es-
tablished which does not interfere with the rising bubbles;
and (iii) For the cell gaps beyond 5 mm, the mass-transfer

POTENTIOSTAT

CWR
(LX)

L]

||

E

Dé;—]

—-
|

L

Fig. 3. Circuit for maintaining equal potential on probe
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coefficient decreases with increasing cell gap and is ex-
pected to attain a steady value at larger cell gaps which
corresponds to the contribufion due {o natural convection
in infinite medium. In all regimes there is a return flow;
however, in the thin gap regime the downcoming flow is
less significant and the fluid percolates through the rising
bubbles, while in the thick gap regime, a spatially sepa-
rated downcoming flow is well established. It can be no-
ticed in Fig. 4 that the general behavior of the two curves,
obtained by two independent methods, is similar. How-
ever, the values of the mass-transfer coefficients obtained
by the limiting current method are higher by 10-20% than
those obtained by the zinc corrosion method. This differ-
ence can be due to the roughness of the dense graphite
compared to the zinc plate. Figure 5 shows a representa-
tion of visual observations of the fluid motion for a cell gap
of 5 mm. Higher convection occurs at the top of the cell
where a vortex can be observed due to the circulation of
the mixture of electrolyte and gas bubbles. For smaller cell
gaps the return flow is opposed by the rising bubbles.

The height distribution of the local mass-transfer coeffi-
cient is shown in Fig. 6. These data were obtained using
segmented zinc plates and potentiostatic limiting current
on probe electrodes. The local mass-transfer coefficient in-
creases with distance from the bottom of the electrode.
The increase is due to the accumulation of rising bubbles
which causes more intense fluid motion. The local mass-
transfer coefficients for the lower half decrease with in-
creasing the cell gap. However, for cell gaps beyond 3 mm,
the mass-transfer coefficients for the upper half increase
with cell gap. The increase in average mass-transfer coef-
ficient from 4 to 5 mm cell gap is due to the increase in
local mass-transfer coefficients for the upper half of the
zinc plate. Figure 4 shows the zinc corrosion measurement
to be lower than the potentiostatic, but Fig. 6, in which
local distribution is reported, shows the reverse trend. It is
possible that the segmented zinc electrode is responsible
for the higher local mass transfer rates.

The shape of the bubble envelope formed near vertical gas
evolving electrodes is shown schematically in Fig. 7 where
two distinct shapes of expanding envelopes of gas bubbles
can be seen. The bubble envelope expands with height due
to the accumulation of gas bubbles. In the case of smaller
cell gaps, the bubble envelope expands almost lin-
early with height and reaches the opposing wall gradually
as shown in Fig. 7a. A weak circulation loop is established
in the bottom section of cell gap. The velocity of the liquid
does not significantly affect the shape of the bubble enve-
lope. For larger cell gaps, the bubble envelope expands lin-
early with height near the bottom of the cell. The circu-
lation loop is taller and stronger than in the case of the
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Fig. 4. Bubble-induced convection: mass-transfer coefficient vs. cell
gap.
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Fig. 5. Representation of the vortex near the top of electrode in bub-
ble-induced convection at a cell gap of 5 mm.

smaller cell gap. The liguid velocity affects the shape of
the bubble envelope. In the upper section, the envelope
expands abruptly and reaches the opposing wall as shown
in Fig. 7b. The abrupt expansion of the bubble envelope is
due to the horizontal component of the liquid velocity to-
ward the opposing wall. The horizontal velocity near the
bottom is toward the gas evolving wall, and hence the bub-
ble envelope is narrower than in the case of smaller cell
gaps. For smaller cell gaps, the bubble envelope gradually
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Fig. 6. Local mass-transfer coefficients vs. height obtained by weight
loss measurements of segmented zinc plate and potentiostatic meas-
urements (bold circles).

Fig. 7. Schematic representation of region in which gas bubbles are
confined.

reaches the opposing wall before the horizontal com-
ponent of the liquid velocity can become strong enough to
drag the bubbles along. It is easy to see that in the case of a
larger cell gap, a well-defined circulation loop occupies
most of the cell gap. The critical cell gap at which the lig-
uid velocity begins to affect the shape of bubble envelope
is expected to be a function of the rate of gas evolution on
the vertical electrode. The data reported here were col-
lected at current density of 33 mA/cm?, which corresponds
to a rate of chlorine gas evolution of 0.251 cm®¥cm?-min.

Discussion

An attempt is made here to analyze and explain the ex-
perimental results for isolated bubble-induced convection.
It is believed that in the case of mass transfer to a vertical
gas-sparged electrode the following two mechanisms con-
tribute to the overall rate of mass transfer:

1. The mass transfer due to the stirring or disturbance
caused by the rising bubbles.

2. The mass transfer due to the well-defined circulation
of liquid caused by the variable density.

The contribution to overall mass transfer due to the dis-
turbance caused by the rising bubbles would exist even if
the bubbles were uniformly distributed in the liquid. How-
ever, the well-defined circulation loop, similar to one in the
case of natural convection caused by a temperature gradi-
ent, would occur only if the bubbles were distributed non-
uniformly, causing density gradient in the horizontal di-
rection. In the case of a bubble column, where the gas bub-
bles are introduced uniformly at the bottom, the mass
transfer to the vertical walls occurs only due to the disturb-
ance caused by the rising bubbles and the well-defined cir-
culation loop does not exist. The downcoming liquid per-
colates back through the rising bubbles. On the other
hand, in the case of natural convection due to temperature
or concentration gradient, the mass transfer to vertical
walls occur only due to circulation of liquid. The identifi-
cation of a thin gap regime where the downcoming flow is
less significant and a thick gap regime where the down-
coming is spatially established has not been reported be-
fore. Sigrist et al. (12) did not observe cell gap dependency
as can be seen from Eq. [1]. The transition in the present
work occurs at 4 mm, however, it is expected to depend on
the electrode height.

We do not have experimental data on the rate of mass
transfer due to the individual mechanisms. The mass
transfer due to the disturbance caused by rising bubbles is
expected to depend on the proximity of bubbles to the ver-
tical wall and the velocity of the bubbles. As the cell gap is
increased, most of the bubbles would not reach the cath-
ode and the contribution to the overall mass transfer due
to this mechanism would decrease. As shown in Fig. 7, due
to the accumulation with height, bubbles come close to the
vertical cathode in the top section of the cell. Hence, the
contribution to local mass transfer, due to disturbance
caused by the rising bubbles would increase along the
height of the electrode.
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The rate of mass transfer due to the circulation of liquid
depends on the gradient of velocity at the vertical cathode.
A hydrodynamic model for the circulation caused by the
density gradient in the horizontal direction is presented by
Shah (17), and the results of the model will be discussed
later in the theoretical section. For small cell gaps, con-
trary to our expectation, the velocity of the circulation
loop increases with an increase in the cell gap. This is due
to the decrease in the viscous losses. The higher velocity
results in a steeper gradient at the vertical cathode and
hence, the contribution to the overall mass transfer, due to
the circulation of liquid, increases with an increase in the
cell gap. However, the velocity of liquid circulation cannot
keep increasing with cell gap in the entire range of cell
gaps. At a definite cell gap, the velocity of the circulation
loop would reach a maximum and then decrease with an
increase in the cell gap. This would cause a decrease in the
rate of mass transfer. A higher rate of local mass transfer
near the top of the cathode is suggested by the intense cir-
culation in the top region.

The contribution due to the individual mechanisms and
the combined mass-transfer coefficient are qualitatively
shown in Fig. 8. The curve for the combined mass-transfer
coefficient is similar to the experimental curves in Fig. 4
and only qualitative agreement is observed.

The general shape of the experimental curves presented
in Fig. 4 and 6 does not entirely agree with the experimen-
tal data published by other investigators (7, 9-12). The
major reason for this apparent disagreement is the unique
geometry of the experimental cell used in this investiga-
tion. Some important differences are discussed below. (i)
The cell gaps investigated here are smaller than those in-
vestigated by others. In this study the cell gap was varied
from 0.1 to 0.8 cm. In most other published investigations
the cell gaps range from 1.0 to 5.0 em. (ii) The cavity be-
tween the two electrodes is closed at the bottom. This pre-
vents the circulation of liquid around either electrode and
includes a circulation loop within the cavity. (i4i) The rate
of gas evolution of 0.25 cm®cm®min, is lower than the
rates used by other investigators. (iv) The mass-transfer
coefficient is measured along the entire surface of a 10 ecm
tall electrode, unlike Sigrist et al. (12) who measured the
rate of mass transfer only for a small section at the top.

Theoretical Analysis
The theoretical analysis is divided into two sections:
mass transfer under bubble-induced convection and bub-
ble-driven fluid flow in a vertical electrochemical cell.

Mass transfer under bubble-induced convection.—The
bubble-induced mass transfer can be treated similarly to
natural convection due to concentration or temperature
variations (13, 20, 21). The density variation here is caused
by the void fraction in the vicinity of the gas evolving elec-
trode.
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Fig. 8. Schematics of contribution by individual mechanisms

The general correlation for mass transfer under tur-
bulent natural convection is given by

Sh = a(Gr - Sc)!? [4]

where a is a constant and the dimensionless numbers are
based on the height of the electrode

Sh= kh [5]
D
gh’e
Gr=—— 6
r Vil —¢) [6]
Sc = vD {7]

where k is the mass-transfer coefficient, D the diffusion co-
efficient, v the kinematic viscosity, € is the void fraction of
the electrolyte-bubbles mixture, g is the gravitational ac-
celeration, and h is the electrode height. The mass-transfer
coefficient k is given by

13
k = aDZ/3(v)’1/3g”3|:1 € :I [8]
—€

Accordingly, a logarithmic plot of k vs. (¢/1 — €) should give
a straight line with a 1/3 slope.

In order to estimate the void fraction, a simplified model
has been used. The void fraction is defined by

VB
Vi +V,

{9l

where V, and V), are the volume of gas and liquid, respec-
tively in the cell gap

Vi + V, = dbh [10]

where d, b, and h are the cell gap, width, and height, re-
spectively.
The volume of the gas V, can be expressed as

V=V, x t [11]

whereV; is the volume rate of gas evolution and t is the resi-
dence time. The volumetric rate of gas evolution can be ob-
tained by Faraday’s law

v Vbhi 2]
¢ nF [

where V,, is the molar volume of a gas under STP, and i is
the applied current density.

A simplified assumption is made to determine the aver-
age residence time t. It is assumed that all the bubble uni-
formly rise through the entire height (h) of the electrode.
Therefore

t= h [13]
2v

where v is rigsing velocity of the bubbles, and hence

V.- V.bhi [14]
T )
Substituting in Eq. {9] gives
Vimhi
= [15]
2dnFuv

For the experimental conditions of h = 10 ¢m, i = 0.03
A/em?d = 2-8 mm and an assumed constant rising velocity,
it can be approximated that

€ Vahi
1-¢ 2dnFo

(16]
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Therefore, the mass-transport coefficient is inversely pro-
portional to the cell gap

hi\ 13

A logarithmic plot of the mass-transfer coefficient vs. the
cell gap is shown in Fig. 9. An approximated slope of —1/3
can be observed for cell gaps up to 4 mm. Beyond this gap,
the mass-transfer coefficient increases probably due to the
establishment of a return flow and circulation within the
cell gap, as discussed above. Thus, bubble-induced con-
vection can be treated as a natural convection phenome-
non. This convection is driven by the density variation due
to the void fraction of the bubble-electrolyte mixture adja-
cent to the gas evolving electrode. The constant a in Eq. [4],
can be estimated from Fig. 9 once the rising velocity v is
known. By visual observation, the rising velocity was esti-
mated at 1 cm/s and the constant a is approximated at a =
0.12, in reasonable agreement with a = 0.31, obtained by
Fouad and Ibi (23) for turbulent natural convection at ver-
tical electrode.

According to this model, the mass transfer coefficient
depends on the electrode height to the 1/3 power and on
the current density to the —1/3 power. These dependences
have not been investigated in the present work.

Bubble-driven fluid flow in a wvertical electrochemical
cell.—The fluid flow dué to bubble induced convection in
an electrochemical cell consists of a two-phase mixture,
gas and liquid, flowing in a narrow vertical channel. A
large number of very small bubbles are dispersed into the
continuous liquid phase. The rectangular coordinate sys-
tem used for the modeling is defined in Fig. 10. The bottom
left-hand corner of the rectangular cavity is selected as a
coordinate origin. The components of velocity in the x and
y directions are u and v, respectively. The height of the
electrodes is “I” and the distance between the two elec-
trodes is denoted by “d.” The electrode on the left is the
anode on which gas bubbles evolve. The wall on the right
could be a metal plate or a working electrode depending
on the experimental method. The bottom of the cell is
closed and the top is a free surface.

The following assumptions were made while formulat-
ing the governing differential equations for the bubble-
driven fluid flow in an electrochemical cell:

1. The Boussinesq approximation: the effect of variable
density is confined to the body force term of the mo-
mentum equations, otherwise the thermodynamic and
transport properties of the fluid are constant.

2. The two-phase fluid mixture is assumed to be incom-
pressible,

3. The fluid is Newtonian.

4. The flow is laminar and two dimensional.

The governing hydrodynamic equations are as follows
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Fig. 9. Mass-transfer coefficient vs. cell gap isolated bubble-induced
convection.
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ox ay ax
Equation [18] is the continuity equation and Eq. [19] and
[20] are the Navier-Stokes equations in x and y directions,
respectively. The density in the gravity term of Eq. [19] is
given by

_ pLVL + pgVe
4 Vo
Substituting v,

€ = —

Vy

p
p=pL<1~e+—Ee)
L

The ratio of p,/pr, is generally very small and hence the last
term may be neglected

p=p.ll—¢ f21]

The density p, in the gravity term of Eq. [19] can be re-
placed by Eq. [21].

Now we have a system of three simultaneous nonlinear
second-order partial differential equations involving four
unknowns: u, v, p, and €. A fourth equation which relates
the concentration of the bubbles or the void fraction distri-
bution in the x-y plane to the velocity components, pres-
sure, and the physical properties of the two phases is re-
quired in order to be able to solve these equations. Various
assumptions for the void fraction distribution are pre-
sented in the next section as a mathematical expression
for this function is unknown and an analysis from first
principles is complicated. However, qualitative informa-
tion on the behavior of this function is available. Recently,
Ziegler and Evans (15) used a convective diffusion equa-
tion to describe this function under turbulent flow, how-
ever, as far as we know, there has not been any investiga-
tion in support of their assumption. Furthermore, the
bubble turbulent diffusivity, the bubble diameter, and the
relative velocity are needed for solving the convective dif-
fusion of the bubbles.

ANODE CATHODE

| S—

y
|~ d ]

Fig. 10. The schematics of electrochemical cell with coordinate
system,
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The boundary conditions for the differential equations
are

y=0andy=d u=0 y=0

x=0 u=0 v=0 [22]
v

r=1 u=0 —=0
dx

To obtain an approximate solution of the four equations
one may proceed by the elimination of the pressure term
from the momentum equations. Further, the continuity
equation is satisfied by the introduction of a stream func-
tion Y, defined as

s a
u = — U = e
oy ox

This procedure leads to a fourth-order equation in terms of
Y. This formulation has been used by Rubel and Landis
(24) for natural convection problem in a vertical rectangu-
lar enclosure.

The pressure terms from the two momentum equations
are eliminated by appropriate differentiations and subtrac-
tion of Eq. [19] and [20]. The resulting equation, following
simplification, can be written

oty ou 8% 8%
U +Vv——U— — v ——
dxoy oy’ dx? X0y
delx, Y) 9 9
= +v—Vu—-v—Va  [23]
oy ] ox

Equations [18] and [23] describe the fiuid flow due to bub-
ble-driven fluid circulation. Note that the pressure term
has been eliminated, however, the order of the equations
has increased from two to three.

The following dimensionless variables are introduced
into Eq. [18] and [23]

ud vd
U=—" V=_—
v vV
x
X=- Y=2 [24]
d d

The following equations in terms of the dimensionless
variables are obtained

U oV
—t—= [25]
aX aY
a2U U v 2V
T V—es-U-—-V
0XaY 0Y? X2 aXoY
B gd® 0e(X,Y) 9

9
_— 4+ — V3 - — V¥V [26]
12 Y Y X

A dimensionless stream function defined by the follow-
ing equations is introduced

ol
5%
b
-- = 21
4 o (27]

Notice that the stream function is defined in such a way
that it satisfies the continuity equation, Eq. [25]. Equation
[26], in terms of stream function, is given by Eq. [28]

a9 (azq, ER] W 0 (azq; a%)

+ AR S
aY 8X \aX? aY? 0X Y \aX® oY?
d® 9eX,Y 9% 9%
=< _E(_—)+v2( vy ¢) [28]
v? Y X2 0Y?

The dimensionless boundary conditions are as follows

oy

y=0andY =1 =0 —=0
v Y
ay
X=0 =0 —_—= 29
U o= [29]
l ER
=— =0 —
T4 v C

The solution to Eq. [28], subjected to the boundary con-
ditions in Eq. {29], would give a stream function field. The
velocity components could be obtained from the stream
function by differentiation according to Eq. [27].

The nonlinear fourth-order partial differential equation
in terms of a stream function is solved using a generalized
Newton’s method described by Rubel and Landis (24).
This implicit method of solution is stable and has a rapidly
converging iteration scheme. A detailed description of the
numerical method for solving the equation is given by
Shah (17). All calculations were performed on a personal
computer using an assembly language program. The effect
of mesh size was studied by comparing the stream func-
tions obtained by using different size grids. The more ac-
curate values of the stream function is found by extrapo-
lation of the stream function values obtained by the two
finest grids. The results of this investigation are given in
am.

Assumption of void fraction distribution.—As discussed
earlier, the void fraction distribution and stream function
field are coupled, hence the stream functions obtained by
numerical solution of the governing equation depends on
the assumed void fraction distribution. Furthermore,
among the infinite number of void fraction distributions
that can be assumed to obtain the stream functions, only
very few can physically exist in a real system. In the ab-
sence of a fundamental relation between void fraction and
velocity field or stream function, the fictitious void frac-
tion distributions are eliminated using the qualitative in-
formation available in literature and experimental obser-
vations (17). It is necessary to point out that this is only an
approximate method through which a qualitative insight
into the bubble driven fluid circulation can be gained.

It was experimentally observed that in a narrow vertical
channel the bubbles are confined to a region near the verti-
cal gas evolving wall and the boundary between the region
containing gas bubbles and bubble-free region is sharp
and distinct (17). The bubble envelope expands along the
height of the column and may or may not reach the oppos-
ing wall depending on the cell gap, cell height, and rate of
gas evolution. Typical shapes of the bubble envelope in
vertical slots are shown and discussed in (17). The sudden
expansion of the bubble envelope near the top of the cav-
ity was experimentally observed.

A brief comment on the types of void fraction distribu-
tions primarily used in this study is in order. The types of
void fraction distributions described here are thought to
simulate the real void fraction distribution. In the very first
numerical experiment the void fraction at the origin of the
space coordinate (see Fig. 11) was assumed zero and was
increased linearly along the gas evolving wall and de-
creased linearly to zero across the cell gap as shown in Fig.
11a. In this distribution none of the gas bubbles reach the
opposite wall at ¥ = d. In another simulation, a constant
nonzero value of void fraction was assumed in the entire
bubble envelope and a zero void fraction was assumed out-
side the bubble envelope as shown in Fig. 11b. The shape
of the bubble envelope was also varied. In yet another sim-
ulation a constant nonzero void fraction was assumed
along the gas evolving vertical wall and the void fraction
linearly decreased in the horizontal direction to zero along
the boundary of the bubble envelope as shown in Fig. 11c.
In this case also the shape of the bubble envelope was
changed. A sudden expansion of the bubble envelope near
the top of the channel, as shown in Fig. 11d, was also simu-
lated.
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/ Fig. 13. Streamlines for void fraction distribution as shown in Fig.

11c, cell gap d = 0.2 cm and height I = 10 cm.
) D)

Fig. 11. Assumed void fraction distributions
crossing any line joining the point to the wall. Due to the
uncertainty associated with the assumption of the final

Results and Discussion steady-state void fraction distribution, the analysis and
The results of the numerical study are presented in the comparison of the results presented here must remain
form of stream function contours. All contours were ob- qualitative in nature.

tained by linear interpolation of the nodal point values.
For improved clarity of presentation, only a few stream
function contours are included. The value of the stream

function at a point is proportional to the flow per unit time
£€=0.1 £E=0
I= 5cm
0o d = 05cm 0 d=0.2cm
Fig. 12. Streamlines for void fraction distribution as shown in Fig. Fig. 14. Streamlines for void fraction distribution as shown in Fig.
11a, cell gap d = 0.5 ¢m and height / = 5 cm. 11d, cell gap d = 0.2 cm and height/ = 10 cm.
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Figure 12 shows the stream function distribution for the
cell gap of 0.5 cm and height of 5 cm. This distribution was
obtained using void fraction distribution shown in Fig.
11a. The closeness of the stream lines at the top indicates a
higher velocity in the horizontal direction. This is in agree-
ment with the experimental observation (17) of intense cir-
culation of electrolyte at the top of the cavity as shown in
Fig. 5. This unicellular flow pattern is similar to one re-
ported by Rubel and Landis (24) for natural convection
with moderate Rayleigh numbers (<10%). Figure 13 shows a
similar stream function distribution for the cell gap of 0.2
cm and height of 10 ecm. A dashed line indicates the bound-
ary of the bubble envelope. The void fraction distribution
used for obtaining this contour was similar to the one
shown in Fig. 11c. A constant void fraction of 0.1 was as-
sumed along the gas evolving electrode (the left-hand ver-
tical border). Once again the closeness of the stream lines
near the top of the cavity indicates a higher horizontal ve-
locity. The stream function distribution in Fig. 14 is for a
cell with the same parameters as in Fig 13 except for the
shape of the bubble envelope and constant void fraction of
0.3 along the gas evolving electrode. Comparison of Fig. 14
with Fig. 13 shows that the flow patterns in the two cases
are similar. However the shape of the stream lines slightly
above the eye of the loop in Fig. 14 indicates the possibility
of a second circulation loop. It should be noticed that in Fig.
14 the stream function values are approximately three times
that of the stream function values in Fig. 13. This increase in
stream function is due to the threefold increase in the void
fraction at the gas evolving wall. A similar proportionate in-
crease in the stream function was observed in many other
numerical experiments. A higher stream function value indi-
cates more intense liquid circulation. The stream
lines in Fig. 15 are for a cell with the same parameters as in
Fig. 13, except for a change in cell gap from 0.2 to 0.3 cm.
The higher value of stream function for larger cell gap indi-
cates more intense circulation and is due to decrease in the
viscous losses. The effect of decrease in the viscous losses
with increasing cell gap can be clearly noticed in Fig. 16,
where the stream lines for a cell gap of 0.5 cm are shown.
The distinctive feature in the stream lines in Fig. 16 is the

£=0.1 £€=0

1 =10 cm

0 d=0.3 cm

Fig. 15. Streamlines for void fraction distribution as shown in Fig. 2d,
cell gap d = 0.3 cm and height I = 10 cm.

presence of two circulation loops. Multicellular flow pat-
terns in a narrow cavity have been reported in the litera-
ture. Elder (25) experimentally observed a multicellular
flow due to natural convection in a cavity with open top.
He noticed the appearance of strong cells at Rayleigh num-
ber greater than 10° and noted that the size of these cells
decreased while their number increased with an increase
in the Rayleigh number. The multicellular flow in the case
of natural convection due to temperature gradient has
been numerically predicted by De Vahl Davis (26), Wilkes
and Churchill (27), and Pepper and Harris (28). De Vahl
Davis (26) noted that at high Rayleigh numbers the strong
vorticity is able to sustain flow in opposite directions, simi-
lar to the one seen in Fig. 16. The second circulation loop in
Fig. 16 causes an intense mixing of electrolyte at the top
and an increased rate of mass transfer there. Both of these
effects were experimentally observed in a zine-chlorine
cell (17-19).

Conclusions

The bubble-induced convection in a vertical thin slot is
isolated from other modes of convection using a compos-
ite electrode. The composite electrode, 10 cm high, is made
of a porous layer of titanium, plasma sprayed on a porous
graphite substrate. The average rate of mass transfer gen-
erally decreases with increasing cell gap, except at around
a cell gap of 0.5 cm where a local maximum is observed.
Two independent mechanisms of mass transfer contribute
to the overall rate of mass transfer. The two mechanisms
are circulation of liquid due to nonuniform distribution of
bubbles and stirring caused by the rising bubbles. The
local rate of mass transfer increases with height and de-
creases as the cell gap increases to 0.3 cm. With further in-
crease in the cell gap the local rate of mass transfer coeffi-
cient increases, in agreement with the observed local
maximum in the average rate of mass transfer. Mass frans-
fer under bubble-induced convection can be treated as a
turbulent natural convection.

A mathematical model for bubble-driven fluid flow in an
electrochemical cell is presented. The cell consists of a nar-
row vertical slot where gas evolves electrochemically at
one wall. The bottom of the cell is closed and the top is a
free surface. The numerical results indicate the presence

€=0.1 €=0

1= 10 cm

L] d= 08 cm

Fig. 16. Streamlines for void fraction distribution as shown in Fig. 2d,
cell gap d = 0.5 cm and height / = 10 cm.

Downloaded on 2015-06-09 to IP 141.210.2.78 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

J. Electrochem. Soc., Vol. 136, No. 1, January 1989 © The Eiectrochemical Society, Inc. 153

of circulatory flow which depends strongly on the cell gap,
height, and assumed void fraction. The shape of the bub-
ble envelope and the distribution of the void fraction de-
termine the intensity of the circulation and the possibility
of multicellular flow patterns.
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Mass Transfer under Combined Gas Evolution
and Forced Convection
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ABSTRACT

The combined effect of forced convection and bubble-induced convection on mass transfer in an electrochemical cell
with vertical planar electrodes is investigated experimentally. The results indicate that a minimum is established in the
mass-transfer coefficient due to the opposing effects of the two convections. A linear correlation exists between the rate of
gas evolution and the rate of liquid flow at the minimum points. The effect of the cell gap is nonlinear, and it appears that a
—1/3 power dependence exists. Beyond the point of minimum, the mass-transfer coefficient is dominated by the bubble-
induced convection and a universal correlation exists between the rate of gas evolution and the increase in mass-transfer

coefficient beyond the minimum value.

In many electrochemical processes gas evolution and
forced convection interact to establish the mechanism for
convective diffusion in the cell gap and near the electrode
surface. Gas evolution can occur in two ways: external in-
troduction of gas by bubbling gas through a porous me-
dium and electrochemical gas evolution. Furthermore, the
electrochemical gas evolution can occur at the electrode
which is mass-transfer-limited or at an auxiliary or a coun-
terelectrode. The present work is concerned with the situa-
tion in which gas evolution occurs at an auxiliary porous
electrode and the induced electrolyte flow interacts with a
forced convection through the porous electrode. This situ-
ation occurs for example in flow batteries (1), where po-
rous electrodes are widely utilized and in electrochemical
reactors where gas evolution occurs. In the zine-chlorine
battery (2, 3), for example, during charge, the chlorine-
saturated zinc chloride electrolyte is circulated through
the gas-evolving porous chlorine electrode. The combined

* Electrochemical Society Active Member.
! Present address: Teledyne Analytical Instruments, City of In-
dustry, California 91748.

flow affects the convective diffusion of dissolved chlorine
to the zinc electrode, which is responsible for the cou-
lombic inefficiency. In order to increase the coulombic ef-
ficiency of the zinc-chlorine battery, the convective diffu-
sion of dissolved chlorine to the zinc electrode must be
minimized. This can be achieved by balancing the forced
convection by the opposing bubble-induced convection
(1-3). In the chlor-alkali cell, gas evolution and flow of elec-
trolyte interact to establish the flow pattern in the gaps be-
tween the electrodes and the separator (or membrane).

In the present work, the effect of bubble-induced con-
vection and forced convection on the mass transfer within
a vertical electrochemical cell is investigated. The experi-
mental system is based on the design of the zinc-chlorine
battery where chlorine gas is electrochemically evolved on
a flow-through porous graphite electrode. The mass trans-
port of dissolved chlorine to a parallel nearby zinc elec-
trode is measured under various combinations of forced
flow and gas evolution. The mass-transfer rate is measured
by the limiting current method, although special. pre-
caution and arrangement had to be made in order to elimi-
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