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NOTATION

Cp = drag coefficient

d = particle diameter

F(e) = a function appearing in Eq. 4

g _ = acceleration resulting from gravity

M = U/ e

Nge = Reynolds number defined by Eq. 2

Nre,m = Reynolds number for a suspension defined by Eq. 9

Ngetr = Reynolds number based on terminal velocity, defined
by Eq. 6

R =ps/0¢

U, = superficial liquid velocity

UR = vr/ Ut

U, = terminal velocity of a particle in an infinite medium

0, = relative velocity between liquid and particles

Subscripts

i = ith particle species

£ = liquid

m = mixture or suspension

$ = solid

Greek Letters

(44 = CD (N Re,t )2

8 = functional form in Eq. 7
€ = porosity

0 = density

1’ = viscosity
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Electroconvective Enhancement of Mass or Heat Exchange Between a
Drop or Bubble and Surroundings in the Presence of an Interfacial

Tension Gradient

Experimental evidence suggests (Thornton, 1968; Bailes and
Thornton, 1971; Harker and Ahmadzadeh, 1974; Bailes, 1981) and
computations appear to confirm (Motrison, 1977; Griffiths and
Morrison, 1979; Chang et al., 1982; Chang and Berg, 1983) that
electric fields may, under certain circumstances, lead to significant
enhancements in the mass {or heat) exchange rate between drops
or bubbles and a surrounding liquid medium. The premise of the
computational models is that such enhancement may be traced to
electric-field-induced circulation in the drop, as first described by
G. L Taylor (1966). When the drop is stationary with respect to the
external medium and the electric field is uniform, the circulation
takes the form of a symmetrical pair of tori inside the drop, with
surface flow directed either from the poles toward the equator or
vice versa, depending on the electrical properties of the system.
For the situation more likely to exist in practice, in which the drop
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or bubble translates by gravity and the electric field is oriented
parallel to the translation, the flow becomes a hybrid between the
single torus, Hadamard-Rybczynski circulation and the elec-
trohydrodynamic circulation, as described by Taylor (Chang et
al., 1982; Chang and Berg, 1983). The torus on the rear side of the
drop is reduced in size and may be absent altogether. Under the
latter conditions, no significant electroconvective enhancement
of exchange rates may be anticipated. The extent of flow modifi-
cation by the electric field may be conveniently characterized in
terms of the dimensionless parameter W (Chang et al., 1982):

_4V(1 + X)
=T
where V is the maximum electrically-induced interfacial velocity
in the corresponding Taylor problem and is given by:
_ 9E2tl€2<1 - 6151/6252)
T 102+ S1/S22m(1 + X)

w (1)
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Figure 1. Ratios of interfacial velocities as a function of the polar angle
measured from the frontal stagnation point. The dashed lines are for u;,/u;,
whereas the solid lines are for u;, ./ u;,. Numerical values correspond to the
following conditions: a = 1.0 X 1075 m; K = 4.0 X 10" m; T = 293.15K; U,
=458X107*m's™; uy =7.0X 1074 Pas; Dy = 1.53 X 10~ ¥ m%s™!; Cu
= 0,05 mmolm™3,

U, is the Hadamard-Rybczynski terminal velocity, which is un-
affected by the electric flow as long as creeping flow conditions
prevail. For creeping flow, the condition for the existence of the
second torus is |[W| > 1. For pure solvent systems, W takes the
form:

E2
W = $(physical properties) ” 3)

where E is the electric field intensity. W values for moderate
electric field strengths and based upon the nominal electrical
properties of the solvents have been evaluated for many systems
and for most have been found to be much less than unity. Systems
can be found, however, for which W is large, and it should be noted
that the electrical properties upon which W depends, particularly
the resistivities, are highly sensitive to the presence of traces of
charge-bearing impurities. Of particular interest is the fact that
large W systems may be created by the use of very small amounts
of ail-soluble electrolyte species.

Computations of the transfer efficiency as a function of W and
related parameters have been carried out for the high Peclet
number (thin concentration boundary layer), creeping flow case
of a drop or bubble translating in an electric field (Chang et al.,
1982). In addition to the above-stated limitations, these results
suffer from the fundamental shortcoming of not accounting for
interfacial tension gradients around the drop periphery. The mass
(or heat) transfer process will generally lead to the development
of such gradients (Carleson and Berg, 1983), but it is the presence
of traces of surfactant (either as the transferring solute, an additive
used to increase W, or as a contaminant) that may lead to major
modifications of the flow structure. We have recently obtained
stream functions for the drop and the continuous phase for the case
of steady steady creeping flow in the presence of gravity, an im-
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Figure 2. Sherwood number ratios as a function of surfactant concentration
for the specific case shown in Figure 2.

posed electric field and an arbitrary axisymmetric interfacial
tension gradient (Chang and Berg, 1983a). From these we have
determined the quasisteady interfacial distribution of surfactant
under various conditions and the corresponding interfacial velocity
distribution and terminal velocity. Numerical results are presented
for the case of a very small air bubble rising in a liquid of moderate
viscosity under various conditions. We have found that, depending
upon the electrical properties of the system, the surfactant will tend
to concentrate along the interface to produce quasistagnant zones
either at the two poles of the drop or near its equator. The present
note seeks to examine the consequences of interfacial tension
gradients on convective mass {or heat) exchange rates. In particular,
it is of interest to determine if the W criterion for assessing the
significance of electric field effects still holds in the presence of
interfacial tension gradients.

We consider here again the case of a small, spherical gas bubble,
from which a surfactant species is slowly and quasisteadily absorbed
by the continuous liquid phase. For such a case, the thin concen-
tration boundary layer approximation is valid, and in accord with
the method of Lochiel and Calderbank (1964), the appropriate
Sherwood number is given by:

Sh = (2/77)1/21"61/2 (j:)w (ui/U)Siﬂzedﬁ)l/z (4)

Equation 4 is valid if the Peclet number is large (Z100), the vis-
cosity ratio X 5 2 and there is negligible recirculation (W < 1).

Equation 4 requires the interfacial velocity distribution under
the desired conditions, and for present purposes of comparison,
these would correspond to the presence and absence of an inter-
facial tension gradient (as caused by the presence of a given type
and amount of surfactant) for various relative electric field
strengths, i.e., various values of W. Some examples of such inter-
facial velocity distributions are shown in Figure 1 for the specific
bubble system considered by Chang and Berg (1983a). The sur-
factant concentration if C., = 0.05 molsm ™3, The curve for W =
2 represents a situation in which there is significant recirculation;
thus, the method of Chang et al. (1982) is used to compute the
Sherwood number. Interfacial velocity is seen to vary sharply with
electric field intensity, even for values of W less than unity. The
influence of the interfacial tension gradient can be seen by com-
paring the ratio u; ./t to w./us, for given values of W. The most
significant effect of the modest interfacial tension gradients de-
veloped in this example is the large reduction of interfacial velocity
in the rear stagnation region of the bubble for low values of W. A
modest and approximately uniform reduction occurs over the rest
of the bubble surface. Velocity reduction at the rear of the bubble
is moderated as W approaches unity, because the electric field
effect reduces the intensity of the convergent flow there. When
W surpasses unity, the flow separates, and its reversal in the rear
part of the bubble is evident in the curve for W = 2.0.

When interfacial velocity distributions of the type shown in

AIChE Journal (Vol. 31, No. 1)



Figure 1 are substituted into Eq. 4, results of the type shown in
Figure 2 are obtained. The curve of Sh,/Shq vs. surfactant con-
centration shows the reduction in mass transfer coefficient caused
by the presence of the interfacial tension gradient in the absence
of an electric field. The curve of Sh,g/Sh, for W = 0.8 shows that
the electric field effects are essentially negligible below a W value
of unity, whereas for W = 2.0, quite substantial increases are ob-
served despite the interfacial tension gradients. These results closely
paralle]l those obtained earlier for the electric field effects on
transfer rates in the absence of interfacial tension gradients. Thus
it appears that the use of traces of surfactant additives (for the
purpose of increasing W) or the presence of traces of surfactant
contamination will not alter significantly the electroconvective
enhancements predicted earlier for mass (or heat) transfer in the
presence of electric fields.
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NOTATION

a = droplet radius
C.. = surfactant concentration far away from droplet
D = mass diffusivity
E = uniform electrical field intensity
K = adsorption coefficient for the surfactant
kr = mass transfer coefficient
Pe = Peclet number, 2Ua/D
S = electrical resistivity
Sh = Sherwood number, k; (2a)/D
U = terminal velocity of droplet
u;, = interfacial velocity
V = electrically-generated characteristic speed
W =4V(1 +X)/U
X = viscosity ratio, ta/ 1y

Greek Letters

€ = permittivity
# = polar angle from frontal stagnation point
M = viscosity
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Subscripts

1 = continuous phase
2 = drop phase
E = electrified, surfactant-free system
0 = nonelectrified, surfactant-free system
g = surfactant-containing system
gE = electrified, surfactant-containing system
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