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The Influence of Electric Dipoles on Bubble Coalescence
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The influence of electric dipole moments of nonionic surfactants
on inertia-dominated film thinning between two bubbles has been
calculated. The repelling force due to dipole moments cannot be the
cause of coalescence inhibition, as was suggested by G. Keitel and
U. Onken, Chem. Eng. Sci. 37, 1635 (1982) and H. K. Tsao and
D. L. Koch, Phys. Fluids A 6, 2591 (1994). © 199 Academic Press, Inc.
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INTRODUCTION

The bouncing and coalescence of two bubbles in aliquid
are processes of great importance in two-phase flows. The
coalescence of a pair of bubbles increases bubble size and
decreases the total interfacial area, which changes the veloc-
ity of rise and mass transfer. In this paper, interaction be-
tween relatively large bubbles (of order 1 mm) in water will
be studied. In the approach process between these bubbles
inertia plays a dominant role (e.g., (1-6)), in contrast to
the approach of very small bubbles or drops in viscous lig-
uidswhereinertiais negligible and thinning can be described
by Stokes flow (e.g., (7, 8)).

In pure water the thinning of inertiazdominated bubbles,
i.e., bubbles with high Reynolds number (Re = 2pUR/ 1), is
studied by severa authors (1-6). It was found that bubbles
coalesce at sufficiently low Weber number (We = pV 2R/
o), so for agiven bubble size and liquid bubbles bounce if
the approach velocity exceeds a critical value.

Water is only free from impurities when special precau-
tions are taken. If surfactants are present in the water, they
adsorb on the bubble surface. The influence of these surfac-
tants on bubbles rising through contaminated water are two-
fold: decrease of the velocity of rise of a bubble (9), and
above a critical concentration of surfactants coalescence is
inhibited (5, 6, 10-13).

The coalescence inhibition by added surfactants is a pro-
cess which is not well understood. Several models based on
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a surface tension gradient caused by film stretching have
been proposed (14—17). None of these models, however,
can explain the experimenta results of bubble coaescence
in aqueous solutions of nonionic surfactants (6, 10-13).

In this paper we consider the dectric effects of nonionic
surfactants (e.g., n-alcohols) on film thinning. The molecules
of these surfactants have a dipole moment and exert arepelling
force on film thinning. Keitel and Onken (11) and more re-
cently Tsao and Koch (18) suggest that an eectric force of
nonionic surfactants may be the cause of coalescence inhibition
of inertia-driven bubbles. Sagert and Quinn (19) have calcu-
lated the effect of electric double-layer forces in solutions of
dectrolytes. They concluded that for electrolytes eectric double
layers have negligible influence. For n-alcohols dectric effects
can be of importance, according to these authors. Therefore,
the repelling force due to dectric dipoles of n-acohols has
been calculated and is included in a smple model to predict
codescence or bouncing of bubbles. The influence of dectric
dipoles of n-alcohols is, to the best knowledge of the author,
not yet theoretically investigated. The results can be extended
to other nonionic surfactants.

During thinning, three parameters are changing (Fig. 1):
the radius of contact a, the velocity of the bubble center,
and the film thickness h. We shall first obtain expressions
for the forces working on the bubbles during approach. With
these forces a thinning equation and an equation of motion
for the bubble center are derived with which the film radius,
the velacity of the bubble center, and the film thickness can
be calculated during thinning. From our calculations it can
be concluded that electric dipoles cannot be the cause of
coalescence inhibition.

REPELLING FORCE DUE TO DIPOLE MOMENTS

If bubbles are formed in an agueous solution of n-alcohols
there will be diffusion of surfactant molecules to the bubble
surface. As a simplification al n-alcohols are denoted here
as surfactants because they influence the surface tension.
These molecules are so-called head—tail molecules, of which
the polar head is hydrophilic and the apolar tail is hydropho-
bic. The dipole moments of surfactant molecules on two
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FIG. 1. Horizontal bubble approach.

approaching bubbles are in opposite direction and therefore
exert arepelling force on each other. Here the configuration
of Fig. 2 isused, and in doing so the repelling dipole force
is overestimated. In reality molecules will not be ordered in
thisway; by dynamic effects the moleculeswill continuously
ater their position, and for dilute solutions the tails of the
molecules will not stick in the air but will lie on the surface
(20). The electric dipole force will, like the van der Waals
force, only play arole at small film thicknesses (~10"" m).

In order to calculate the forces working on the bubble the
following assumptions are made; (1) T" is constant and in
equilibrium on the bubble surface. (2) The bubbles approach
each other as sketched in Fig. 1. (3) The film between the
bubbles is parallel sided and the radius of contact a is as-
sumed small with respect to R (Fig. 1).

ad 1. By assuming a constant surface concentration, con-
vection and diffusion are neglected in the mass balance of
surfactants on the bubble surface.

ad 2. Kok (4, 5) showed that in inertia-controlled motion,
two spherical bubbles approach each other as sketched in
Fig. 1.

ad 3. The assumption of aplan parallel filmisnot fully
correct; in reality the film will, by inertia, develop a
dimple (2).

With these assumptions the repelling force between the
bubbles due to dipole moments can be estimated from the

FIG. 2. Surfactant molecules on the bubble surface.
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FIG. 3.

Model of circular disks.

repelling force between two infinitely thin circular disks with
a constant dipole moment per area. This simplification can
be made because h is orders of magnitude larger than the
size of the surfactant molecules. In the experiments the con-
centrations of surfactants are so low that the influence on
bulk properties of the liquid between the disks can be ne-
glected.

We consider the problem of two disks, both with radius
a, aconstant 7, and distance h between the disks, with the
symmetry axis in the z direction (Fig. 3).

The potential ¢ of an eectric dipole is (21)

p-(rz —ri)
g 11

I — 11]® dmeoe,

The potentia ¢ in a point of disk 2, due to disk 1, is

1
ds, - Vy| ——m |,
47reoerf 95 - 2<||’2—I’1|>

where the V, operator works on r,. The electric field in a
point of disk 2, due to disk 1, is

_ 1
Arege, fs Vg( g5 - V2< [ry — 1y >> '

This can be transformed to

fs(dSI. Vz)vz<ﬁ> .

With a variation on Stokes theorem,

¢ =

[2]

E:

[3]

[4]
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we find

E =

[6]

dL, X V
Arege, ¢ — 2< - r1|>

The force exerted by disk 1 on disk 2 is (21)
T fA(%-Vz)E, in which the dipole moment of disk 2 is

in the opposite direction of disk 1. Again [5] is used, and
because both the curl and the divergence of E are vanishing
we find that

2
g
4repe, —
1
x <dL1xV2<—>>. (7]
- [ry — 1y

The calculation of the force from two surface integrals is
reduced to two path integrals. By using Stokes theorem it
can be proved that this force is, as expected, antisymmetric:

dL, -
47reoer ¢ ¢ —

Theintegralsinthei andinthej direction are both vanishing;
the force has only a component in the k direction,

7_2 J\Zﬂ' for
4repe, Jo Jo

ha?cos(6, — 6;)

cdL, ———

|r2—"1|3

(8]

2

% d46,06,. [9
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2 2 27— 0
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Amene; Jo Y
2
ha“cos ¢ de. [10]

X
[2a®? — 2a®cos ¢ + h?]3?

Changing the sequence of integration gives for the integra
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d¢.
By using the following theorem (22)

nm 7wl2
f f(sin x)xdx = n?z f f (sin x)dx,
0 0

n=012--

iff(y) =f(-y), [11]

it follows that

2 (7 ha?cos ¢

4ege, Jo [2a% — 2a®cos € + h?]¥?

F, = de. [12]

Taking v = 6/2 we find that

_ 7%ha?
2c0e[4a® + h?]%2

2 cos?y — 1
dy. [13
x J:) [1 — [4a?/(4a? + h?)]cos®y]*? v. [13]

This is a standard integra (e.g., (22)), giving

Fo_ T?ma’h F 3 3 0 4a®
27 2epe[da? + 022 [P 2727 7 422 + 12
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In the experiments h/2a < 1, which we discuss later; there-
fore, the following theorem can be used (23):
Ifa+b>c=b>0andx— 1then

I'(c)I'(a+ b —c)

2Fi(a, b; c; x) — (&) T(b) (1 — x)ea®,
So
" eoer[;izzﬁ = ( B ﬁ) [14]
With h? < a? this can be simplified to
= 15



ELECTRIC DIPOLES ON BUBBLE COALESCENCE

This is the force disk 1 exerts on disk 2, which is in the
positive z direction and therefore repelling.
The dipole moment per area, 7, is given by
7 = PI'N,. [16]
The surface concentration is determined with the Gibbs—
Duhem relation (20), which holds for dilute solutions:

In the experiments dilute solutions of n-alcohols in water
are used. With the Von Szyskowski equation (24), an ex-
pression is found for the equilibrium surface tension as a
function of the surfactant concentration:

[17]

o~ o= —F\’gTlen<l + a£> . [18]

For different n-alcohols T'.. is nearly constant, but a’ is
changing drastically with the number of C atoms in the n-
alcohol. Using [17] and [18] gives for the equilibrium sur-
face concentration T’

s [19]
a’'+c
Substituting [16] and [19] in [15] gives
1 (r.c)®> , .,a
Fap = —— ———_ p2N2 - . 20
W e (@ +€)2P eh [20]

For small surface concentrations it can be shown (6) that
the dipole moment of a n-alcohol molecule on the bubble
surfaceis nearly equal to the dipole moment of water, giving
p=6.1x10"%*Cm(25).

DEFORMATION AND VAN DER WAALS FORCE

When during approach bubbl es become close, the pressure
in the liquid film will, due to inertia, increase sharply. This
pressure will deform and exert a repelling force on the bub-
bles. Here it is assumed that the bubbles only deform if d,
< R(Fig. 1). With aparalel-sided film assumption and the
normal stress condition on the bubble surface, P, = P, +
20/R., the repelling force becomes

[21]
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Note that the pressure in the bubble and hence the bubble
volume remains constant. The deformation of the bubble is
caused by the increase of the liquid pressure due to the
stagnation point in the film center.

The eguation for determining the film radius is easily
found by elementary geometry

a’=2R(R - d,), [22]

where we have used d, =~ R. With the constant volume
constraint the deformation causes an increase of R. Elemen-
tary geometry shows however that this increase is for small
a negligible, hence R is constant. So, if this position of the
bubble center is known, d,, and a can be calculated.

The attractive unretarded van der Waals force is valid if
h is less than about 3 X 1078 m (1, 20) and is

—A
W ma’. [23]

deW =
For water A = 2.4 X 10" % kg m? s72 (20).
If hislarger than 3 X 108 m, the retarded van der Waals
force must be used,

[24]

I:VdW = 7T8.2 ’

h4

where B is a constant, of order 1072 kg m® s2 (26). Here
Eq. [24] is used because h exceeds 3 x 10°® m, with B
taken as 1 x 1072 kg m*® s72.

THE THINNING EQUATION

Now that all the forces appearing in our model have been
calculated, the thinning equation will be derived. This equa-
tion is based on Chesters (1) where aso a plan paralel
film was assumed. Using continuity and the Navier—Stokes
eguation, the thinning equation [ 31] of Chesters' paper can
be derived

d’H
dt?

4p dH

2P,
pa? dt

pa’

= 0. [25]

In Chesters (1) Eq. [25] was derived for a pure liquid;
therefore the velocity across the film was constant. Because
here the surfactant concentration is assumed to be constant,
the surface remains completely mobile (27, 28) and there-
forevorticity generationis zero, resulting in aconstant veloc-
ity across the film. The surface cannot become fully mobile
by a gradient in surface concentration; however, this effect
will not be considered here.
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The balancing of forces on an element at the center of
the film gives
dH 200 B Fy
Po=dyul—)+—=+—- - —. 26
° “(dt) R h* na [26]

The first term on the right side is due to the normal stress
at the film center; the other terms are the pressure due to
deformation (which increase thinning of theliquid film), the
van der Waals pressure, and the dipole pressure, where F;,
is given by [20].

Substituting [26] in [25] gives

d*H
dt?

LudH | 4o
pa? dt = pa’R

2B

path*

2Fgip
prat

=0. [27]

For the initial value of the film thickness we follow Chesters
and Hofman (2), hy = (4pV2R?)/c. Theinitial value of the
contact radius a is not zero but chosen very small, a, = 1
X 107 m. Our results show that small variations of h, and
a, have little influence on the results.

EQUATION OF MOTION FOR APPROACHING BUBBLES

In the coalescence models given in the literature the only
aim was to derive an equation for the thinning of the film
between two bubbles. A constant velocity of approach is
assumed in these models. However during approach forces
are exerted on each bubble. In our model these forces are
the repelling force, due to dipoles and bubble deformation,
Fap and Fq, respectively, and the attracting van der Waals
force, Fuaw.

The inertia of the bubble is zero but the liquid displaced
by the bubble has an apparent mass, expressed by M,, the
added mass. The added mass of a bubble, as sketched in
Fig. 1, is (29)

M, = 0.36-% R3p. [28]

This added massis smaller than that of asinglerising spheri-
cal bubble (0.5-3 7R3p) which is caused by the position and
the relative motion of the bubbles. Using the concept of
added mass the equation of motion for the center of mass
becomes

d(Mou)
dt

= Fap + Fas + Fuaw, [29]

where u is the velocity of the center of mass,
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dd,

= —u. 30
pm u [30]
Using [20], [21], and [ 23], [29] becomes
d(Mu) 1 (I.c)?
dt 2ee (@' + C)2
a 20ma® B
X pzNgF] + T — Fl-waz, [31]

with initial conditionsu = 1/2V and d,, = R.

Our model is only valid up to a certain critical film
thickness. This critical thickness for coalescence depends
on the Hamaker constant. In Chesters (1) the critical
thickness is estimated to be a few hundred angstrom. In
Doubliez (30) the critical thickness for a bubble rising to
a free surface was measured. A minimal thickness was
found to be 800 A. Here the critical thicknessis estimated
to be 3 X 10 ® m, which is on the same order as the values
given by Chesters (1) and Doubliez (30). Choosing any
other reasonable value shows no effect on the results dis-
cussed in the next section.

A criterium for coalescence or bouncing is:

—If the thinning is stopped (dh/dt = 0) before a critical
thickness is reached the bubbles will bounce.

—If the film between the bubbles has reached a critical
thickness and the thinning of the film has not been reduced
to zero, the bubbles will coalesce.

The aim is now to determine the critical concentration of
the n-alcohol which will prevent coaescence. This is done
by solving [22], [27], and [31] with the initial conditions
by a standard fourth-order Runge—Kutta scheme.

COMPARISON WITH EXPERIMENTS AND DISCUSSION

The experiments of Keitel and Onken (10) are used to
verify our model. In these experiments coal escence inhibi-
tion of bubbles (R ~ 5 x 10~*m) by n-alcoholsis studied
in a bubble column where bubbles rise under buoyancy.
These authors concluded that, above a critical concentra-

TABLE 1

Experimental and Theoretical Critical Concentrations
for Rising Bubbles

Crrode Ckso a’ I.
n-alcohol (mol/m?) (mol/md) (mol/m®) (mol/m?)
Butanol — 4x 1072 4.7 x 10 6 x 10°°
Octanol — 3x10° 21x10* 6x10°°
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FIG. 4. Forces working in the liquid film for rising bubbles in an
agueous solution of octanol; ¢ = 3 X 107° mol/m?3, V = 0.05 m/s. —,

h; — ——, Fuaw; ===, Faer; * * , Fap.

tion of the n-alcohol, coalescence was inhibited. The ap-
proach velocity in the experiments is unknown. This ve-
locity was estimated using van Wijngaarden's (31) theory
and experiments (6) of bubble pairs. The approach veloc-
ity of bubble pairs just before ‘‘contact’’ depends on the
initial separation between the bubble centers. At the maxi-
mum separation where the bubbles attract each other
(=8R) it was found that the approach velocity is ~0.5U,
where U is the vertical rise velocity of the bubbles. With
U ~ 0.20 m/sfor bubbles with R = 5 x 10~* m this gives
Viax = 0.10 m/s. However if theinitial separation between
the bubbles is smaller the approach velocity decreases.
Therefore we have estimated V = 0.05 m/sfor the calcula-
tions of Fig. 4. Changing to the maximum approach vel oc-
ity gives no other results.

From Table 1 it follows that our model, which overesti-
mates the influence of the repelling dipole force, gives for
both alcohols no critical concentration to prevent coales-
cence. Even the maximum surface concentration I'.., gives a
repelling dipole force which is orders of magnitude too small
to inhibit coalescence. Comparison with other n-alcohols
gives similar results.

In Fig. 4 the different forces, calculated with [20], [21],
and [24], are plotted for a typical concentration used in the
experiment. It is obvious that the electric dipole force is not
sufficient to prevent coal escence.

The previoudly discussed experiments were rising bubbles
in a bubble column. The experiments (10, 12, 13) all ded
with two bubbles, each growing on a capillary. An approxi-
mation for the approach velocity V follows from a mass
balance

V = ifR. [32]
In the equation of motion [29] an extra term is obtained
because the added mass is not constant in time. This extra
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term is uM,f and negligible compared to the other terms.
Also in these experiments coalescence is prevented at con-
centrations which are orders of magnitude smaller than this
model predicts.

In our model the cal culations were based on aplan-parallel
film, while in redity a dimple develops. In doing so the
thinning time is overestimated (2), which overestimates the
repelling dipole force.

The initia condition for the contact area is here taken as
10" m, but this contact area increases very fast during thinning
(at the end of thinning a is of the order of 107> m), while h
decreases very fagt, as can be seen from Fig. 4. Soh/2a < 1
during almost the complete thinning process and a < R.

Changing the critical film thickness and the approach ve-
locity to any other reasonable value has no influence on the
result.

All assumptions overestimate the repelling dipole force;
till the critical concentration calculated is orders of magni-
tude larger than the experimental value. So it can be con-
cluded that the repelling dipole force cannot be the cause of
the bouncing of bubbles in agueous solutions of n-alcohals.
There must be a force, not taken into account in our model,
which is much larger than the repelling dipole force and
responsible for the coalescence inhibition.

The suggestion here is that this force is caused by a
surface tension gradient, which will be only qualitatively
discussed here. In the Introduction some coalescence
models have been already mentioned. All these are based
on a surface tension gradient, caused by film stretching;
i.e., in all models a fully immobile surface is assumed.
This assumption is, however, too rigorous. When there
are no surfactants present, the liquid in the film can slip at
the bubbl e surface during thinning and no film stretching
occurs. At the presence of very small surfactant concen-
trations the surface will first be partly mobile and the
mobility decreases with increasing surfactant concentra-
tion. The immobile surface assumption therefore overesti-
mates the surface tension gradient, hence underestimating
the critical concentration. The reduction in surface mobil-
ity is due to a concentration gradient in the film, which
is caused by a convective accumulation of surfactant at
the rim of the film, where the flow diverges enormously.
This mechanism also occurs in flows of bubblesin capil-
laries (e.g., 27, 32, 33) and the created surface tension
gradient may, at sufficient surfactant concentration, stop
film thinning.

APPENDIX: NOMENCLATURE

Hamaker constant, kg m? s2

Radius of contact, m
Langmuir constant, mol m3
Retarded van der Waals force constant, kg m® s~

WY >

2
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Critical concentration model, mol m3

Experimental critical concentration by Keitel and
Onken (10), mol m3

Concentration, mol m—3

Distance bubble center to disk center (Fig. 1), m

External electric field, N-C™*

Deformation force, N

Dipole force, N

Force exerted by disk (3 — i) ondisk i, N

van der Waals force, N

Bubble generation frequency, s*

Film thickness, m

1/2 In(h),

Line element disk i, m

Avogadro’s number, mol ~*

Pressure in the bubble, N m~

Pressure in the liquid, N m™2

Pressure in the center of the film with respect to P..,
N m™2

Undisturbed pressure, N m2

Dipole moment of one molecule, C m

Radius of the bubble, m

Radius of curvature, m

Gas constant, J mol ~* K

Radia distance in the film, m

Vector from origin to disk i, m

2

-1

Areadisk i, m?
Temperature, K
Time, s

Velocity center of mass, m s™*

Vertical velocity of rise of the bubble, m s™*
Velocity of approach, m s™*

Surface concentration, mol m2

Saturation surface concentration, mol m—2
Permitivity of free space, C2m 2N
Dielectric constant

Electric potential, N C™* m™

Angle with i axis on disk 1, rad

Dynamic viscosity, kg m s~2

Density, kg m™3
Surface tension, N m~
Surface tension of ‘‘clean’” water, N m~
Dipole moment per area, C m™*

1
1
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