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Abstract — The aim of this study is to investigate the effects of a uniform electric field on bubbles. Numerical analyses have been
carried out in order to determine the shape of an axisymmetric conducting bubble immersed in an isothermal dielectric fluid.
A detailed analysis of the interfacial electric stresses acting on the liquid-vapour conducting interface is discussed. This study shows
a deformation of the bubble in the electric field direction and also electroconvective movements within and around the conducting
bubble. The electroconvective movements are analysed on the basis of the creeping flow approximation. A comparison between the
conducting bubble shape and the dielectric bubble one is also presented. 0 2000 Editions scientifiques et médicales Elsevier SAS

bubble / heat transfer enhancement / electrohydrodynamic effect / electric field

Résumé —Etude du comportement d’une bulle dans un champ électrique : forme de la bulle et mouvement local du fluide. Cet
article concerne I’étude des effets d’un champ électrique uniforme sur une bulle. La forme d’une bulle conductrice axisymétrique, au
sein d’un fluide diélectrique uniforme, a été calculée numériquement. Une analyse détaillée des contraintes interfaciales agissant
sur l'interface conductrice liquide-vapeur est présentée. Cette étude montre une déformation de la bulle dans la direction du
champ électrique et met en évidence le réle des mouvements électroconvectifs a I'intérieur et autour de la bulle. Ces mouvements
électroconvectifs ont été déterminés en supposant un écoulement rampant. Une comparaison entre les formes des bulles conductrices
et diélectriques est aussi présentée. J 2000 Editions scientifiques et médicales Elsevier SAS

bulle / augmentation des échanges thermiques / effet électrohydrodynamique / champ électrique

Nomenclature qv electrical volume charge density . . . . .. 3
r  radial coordinate . . ... ..........
a thermal diffusivity . . . ... ... .. 51 r* dimensionless radius
D electric displacement vector . . . . . AFmM—2 R bubbleradius . . ............ ...
er, ep unit radial and orthoradial vectors Re Reynolds number
E electric field strength . . . . .. ... vh—1 ¢ unittangential vector
fs electricstress . . . . . . . . ... ... N2 tc  Characteristictime . . ............
#  volumeforce . ... .......... M3 u_ radial velocity .. ..... RERRTRT 1
fuis  VISCOUS SUESS . ... oo .. N2 u* dimensionless radial velocity u/U* .
g gravitational acceleration . . . . . .. 72 u* mammum liquid Yelouty """"" s 1
j currentdensity . . . . . ... ... .. A2 v orthora@al velocity . SR REEERE -
n unit normal vector v* dlmeQS|onIess qrthoradlal velocity v/ U™
P DIESSUME . . o oo Pa V  electrical potential . . ... .........
P,  Legendre polynomial X = pel/pev
qs electrical surface charge density . . . ngc2 roo=en/en
Greek symbols
“~Correspondence and reprints. e dielectric permittivity . . . ... ...... 1
m.lal@cethil.insa-lyon.fr gg Vvacuum dielectric permittivity . . . . . . . . -l
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er relative dielectric permittivity

" dynamic viscosity . . ... ... ... Pa
u* dimensionless coordinate cos?

0 angular coordinate

Pe electrical resistivity . . . . ... ... Q-m

0 density . ................ kg3

o surfacetension . . . . .. .. ..... w1t
oe electrical conductivity . . . . .. ... Qlm1

T relaxationtime . . . . ... ... ... 5
W stream function

£(®) bubble deformation . .. ....... m
c* dimensionless coordinate ¢ /R

Subscripts

j liquid or vapour

| liquid

n normal

0 applied electric field

t tangential

% vapour

X horizontal component

z vertical component

1. INTRODUCTION

An electric field can be an efficient method to en-
hance nucleate boiling heat transfer [1, 2]. The Electro-
HydroDynamical (EHD) boiling process has been used
in many industries such as in refrigerating units [3].
Large enhancements have been achieved by Ohadi [4]
in a shell-and-tube heat exchanger. The great interest in
use of the electric field in conjunction with boiling re-
sults from: (i) the nucleate pool boiling heat transfer en-
hancement [5], (ii) the increase of the Critical Heat Flux
(CHF) [6], (iii) the elimination of boiling hysteresis [7],
and (iv) film boiling has been found to be deferred to
higher values in presence of an electric field [8].

Several fundamental studies have been carried out

for which the dielectric permittivity exceeds twenty
times the medium permittivity, elongate until a critical
shape is reached, then bubbles become unstable. Bubbles
of dielectric permittivity ratio lower than 20 elongate
indefinitely when the electric field increases. Miksis [10]
shows theoretically that, when the dielectric permittivity
of adrop is larger than a critical value, the drop develops
two obtuse-angled conical points at its ends for a certain
electric field strength. For dielectric permittivities lower
than the critical value, the drop elongates and keeps its
nearly prolate spherical shape without developing conical
points as the field is increased.

The second group deals with the electric field effect on
bubbles attached to a wall in isothermal conditions [11—
14] or non-isothermal conditions [15, 16]. Cheng and
Chaddock [11] extended the Fritz’s analysis on maximum
bubble volume during boiling under zero-field conditions
to the EHD conditions. They found that the bubble
departure size decreases as the electric field strength or
the dielectric permittivity of the fluid increase. Ogata
and Yabe [12] have obtained the following conclusions
from experimental results: the bubbles in the electric
field are pushed against the grounded wall by the vertical
component of the electric stresses and move horizontally
due to the horizontal component. They attribute this
effect to the fact that the horizontal component of the
electric stresses is more than four times larger than the
vertical component. More recently, Cho et al. [13] have
investigated numerically and experimentally the effects
of uniform DC electric fields on a bubble attached to
a wall. In their numerical analysis, the bubble is found
to be extended in a direction parallel to the applied
electric field. The elongationincreases as the electric field
strength increases. Consequently, the contact angle also
increases with an increase of the electric field strength
if the contact radius is fixed. If the contact angle is
fixed, the contact radius decreases as the electric field
strength increases. Moreover, Kweon et al. [14] studied
experimentally the effect of the uniformity of the electric

in order to understand the basic mechanisms. In these fie|d on the deformation and the departure volume of

studies, the electric field effects on the bubbles have been
particularly studied because the change in the bubble
behaviour in the presence of an electric field is one of

a bubble under DC/AC electric field. For DC electric
field, the bubble departure volume in a nonuniform
electric field decreases continuously, while in a uniform

the main reasons for the heat transfer enhancement. The gjectric field it remains nearly constant. For AC electric
experimental and theoretical researches can be classified fig|d, the departure process of a bubble is associated

into two groups.

The first group deals with the electric field effect on
bubbles or drops immersed in an isothermal dielectric
medium. Garton and Krasucki [9] have shown that a
bubble, subjected to an electric field between two parallel

with the bubble oscillation and the applied voltage. The
bubble departure volume drops suddenly near a critical
voltage and the decrease of the bubble departure volume
is greater in an AC than in a DC electric field. By
considering the presence of the thermal boundary layer,

plate electrodes, assumes the shape of a prolate spheroidOgata et al. [15, 16] showed that, for a bubble deformed

in the direction of the field. They show that bubbles,
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at the bottom of the bubble is enlarged. An analytical

simulation indicates that this shape is due to the weaker
electric field strength in the thermal boundary layer than

in the saturated region, resulting in a weaker electric
stress.

In spite of the large number of studies on the bubble
behaviour, the bubble elongation under an electric field
has often been considered assuming a liquid—vapour in-
terface without electrical free charges. However, although
the electrical conductivity of either phase is small, the

charge associated with steady currents adds up at the in-

terface till the steady state is achieved. In the present
study, the effects of an electric field on the bubble in the
presence of electrical free charges at the liquid—vapour
interface is considered. For this purpose, the effects of
electrical parameters, such as electrical conductivity, di-
electric permittivity and the electric field strength on the
bubble shape are investigated under isothermal condi-
tions.

2. ELECTROHYDRODYNAMIC
EQUATIONS

With EHD phenomena, the basic momentum and en-
ergy equations are modified by appropriate terms. They
are written with in addition the electrical equations and
appropriate boundary conditions for an incompressible
fluid with the purpose of outlining the main physical as-
pects and the importance of the assumptions. We will dis-
tinguish equations that are relative to the electrodynamic
aspect and those relative to the hydrodynamic one.

2.1. Electrodynamic equations

Let us consider the basic electrical laws defining the
problem. A prominent feature of electrohydrodynamic
interactions is the fact that the electric field, is
irrotational. Dynamic currents are so small that the
magnetic induction is negligible and the appropriate laws
are mainly those of electrostatics, as summarised below:

curlE=0 (1)
D=¢E (2)
V-D=gqy (3)
j:aeE+un+% 4)
V.j=0 (5)

TABLE |
Relaxation time for different dielectric fluids.
Fluid P (bar) Tsat(°C) &1 re (7Im™) 1 (s)
n-pentane 1 36 180 6mM° 2410°
R-113 1 47 240 101t 2.12
R-123 1 28 342 3.40% 09108

In equation (3), the electrical free charges densgity
are expressed in terms of the electric displaceni2nt
The current density is the sum of three terms: the first
term,oeE, is the contribution of the electrical conduction
in the medium, the second terigu, is due to the free
charge convection and the third term is due to the electric
displacement variations with time. The conservation of
free charges is expressed by equation (5).

Even though electrical conduction in fluids is often
poorly characterised by the Ohm lay = oeE), this
simple conduction law can be used to make some impor-
tant conclusions. By considering equations (2)—(5) writ-
ten for the steady state, an equation for the electrical free
charge density is obtained

(6)

This equation shows that the appearance of the electrical
free charges is due to a gradient of the quantity ¢ /oe
which is a characteristic of a fluid. The relaxation time,
represents the time needed by a free charge to relax from
the fluid to its external boundary (liquid—vapour interface
for example). From the relaxation time, we can determine
if the liquid behaves like an insulating fluid or not by
comparing its value to the dynamically characteristic
time 7. which can be the period of the imposed electric
field [17], the period of the mechanical oscillations of
a liquid—vapour interface [18], the detachment period
of bubbles [5], etc. Then, if; « 7, the fluid can be
considered as highly insulating and the electric field is
distributed within both the liquid and the vapour. In this
case, no electrical free charges appear within either the
media or the liquid—vapour interface. At the opposite,
if tc > t, the electric field is totally excluded from the
liquid, which behaves as a conducting fluid, and the entire
voltage drop occurs at the liquid—vapour interface where
electrical free charges appear. The values &r some
dielectric fluids are shown itable I.

1
qVZ_D'VT
T

2.2. Hydrodynamic equations

The set of equations written for an incompressible
fluid is as follows:
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Figure 1. Electric stresses acting on an interface.
V-u=0 @) wherej is the liquid or the vapour subscript and is the
Du vp - @® unit normal componentin each phase.
—=—VP+ fy,+pg+ u _ _ . :
Y futrgtn The liquid—vapour interface is submitted to the resul-
DT ) oeE? tant of two stressedigure 1), that is
— =aVT + — 9
Dt oCp

DT /Dt is termed the material derivative.

The momentum equation (8) involves an additional
term, which represents the electric force acting on the
fluid. This force is due, on the one hand, to the electrical
free charges that contribute to conduction and to convec-
tion currents, on the other hand, to the polarisation of the
medium. This force is given by [19]

() o

The first term is the Coulomb force exerted on the space
electric charges within the dielectric fluid. The second
term is the dielectrophoretic force due to the spatial gra-
dient of the dielectric permittivity in the fluid. Physically,
this force acts on polarisation charges appearing in the di-
electric medium under the electric field effect. The third
termis the electrostriction force due to the variation of the
dielectric permittivity with the density and to the nonuni-
formity of the electric field in the medium. The expres-
sion of the electrostriction force can be simplified in the
case of nonpolar fluids by using the Clausius—Mossotti
law

1
=V

1
fu=qE — 5EZW +3

de  (e—D(+2)
ap 3e0
In order to study the electric force effect on an interface
between two fluids, the electric forg, can be expressed

as a stress (Maxwell stress) by using the Gauss’ theorem
as follows [19]:

(11)

p de

&),
J

L ) &2
fsi_el,(n-E).,-EA,——Ej 1-

5 (12)

B dop
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fs:fsl+fsv (13)

Rearranging this equation yields the following expres-

sions for the normal and tangential components of the
electric stress (see Appendix):

1
Fon= 3| e(Ef — ED) — vl — £3)

de dey 21|
+o0—Ef—pyv—EFES | 14
o d,Ol | Pv d,Ov Y ( )
[st= (€1 EnEx — evEvnEv)t
= (81 EIn — &vEvn) Evit| = gsEwit| (15)

wheren, is the unit normal vector directed towards the
liquid phase and, is the tangential vector to the liquid—
vapour interfacegs is the electrical charge density ap-
pearing at the liquid—vapour interface due to the electric
field strength imbalance along the liquid—vapour inter-
face.

The tangential component (equation (5)) is the
Coulomb stress generated on the liquid—vapour interface
by the electric field. When a fluid in a two-phase system is
considered as perfectly insulating, there is no free charge
density acting on the liquid—vapour interface and only the
normal component of the electric stress acts on the inter-
face. For a more conducting fluid, the liquid—vapour in-
terface can be regarded as perfectly conducting and the
electric field has only a normal component. By contrast
with these two limiting cases, tangential electric stresses
act on the liquid—vapour interface. This latter case is the
subject of this study.
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3. ELECTRIC STRESSES ACTING ON A In the liquid phase, the normal and the tangential compo-
CONDUCTING BUBBLE nents of the electric field are
2(1- X) R®
The analysis of the effect of the electric stresses on Ein = Eocosy [1_ 2+ X r_3} (18)
the liguid—vapour interface requires the knowledge of the
electric field distribution around and within a conducting Er — —Easing| 1 1-X R® 19
bubble. t=—Eosing|1+>—— 3 (19)
For the vapour side, these components are
3.1. Electric field distribution within aVy 3Eocosd
and around a conducting bubble En=—{—- T T2rx (20)
The electric potential distribution for a spherical con- Eyt= _<} %> = _M (21)
ductor immersed in an other conductor is known [19]. If r 90 J,_g 2+ X

pel andpey are the electrical resistivities of the liquid and
the vapour phases, respectiveythe radius of the bub-
ble andEq the uniform electric field far from the bubble,
the electric potentiald| and V,, outside and inside the
bubble are expressed in spherical coordinaigsiie 2

If the liquid—vapour interface supports no electrical
free charges, it is shown [20] that the same equations,
as written above, are obtained by replaciig with

as follows:
[ streamlines
1-X RS Fo
Vi=—Egcos9|r + 2+—X Tz (16) liquid
3Eor cosd
V= — 0 17
Y 2+ X an

whereX = pel/ pev.
From the above equations, the electric field distribu-

tion in the liquid and the vapour phases can be obtained. vapour
[ +VW
(@)
> >

VA
liquid C &

i o streamlines
- liquid ) Pojiiiglh]

vapour

L (b)

Figure 2. Freely bubble immersed in a dielectric medium in Figure 3. Electric field streamlines within and around a spheri-
EHD conditions. cal bubble. (a) Dielectric bubble, (b) conducting bubble.
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(a)

streamlines

—_— — =

(b)

Figure 4. Electric field direction effect on the electrical free charge distribution at the bubble interface.

1/Y = &y/¢. In figure 3aare given the electric field
distributions within and around a spherical dielectric
bubble(1/Y = 0.5, R =1 mm) fora5 kVcm1 electric
field strength. In the vapour phase, the electric field is
uniform. However, in the liquid phase, near the liquid—
vapour interface, there is an electric field distortion due
to the presence of the bubble. Far away from the bubble,
the electric field is uniform and its strength is equal to
that of the applied electric field. figure 3bare given the
electric field distributions within and around a spherical
conducting bubbleX = 0.25, R =1 mm) for the same
applied electric field strengthg as in the previous case.
The electric field streamlines have a tendency to be
normal to the liquid—vapour interface.

The appearance of free electrical charges at the liquid—
vapour interface is due to a discontinuity of the normal
electric field component. The electrical charge density is

(8VV> <8V|)
gs = €0&rl — &0¢rv
or r=R or r=R

Yx-1
2+ X
whereY = &y /ery = &1/ év.

The sign of the electrical free charges depends on
the electric field direction, the electric field strength and
the product of the liquid to vapour permittivity rati®,
and that of electrical resistivityX. When the electric
field is directed towards the heat transfer surface (positive
polarity) and if XY < 1, the bubble tip surface bears
electrical free charges opposite in sign to the electrode
that it faces figure 49. On the other hand, iKY > 1,
the bubble tip surface bears electrical free charges of the

= 3eperv Eg COSH ( (22)

44

same sign as the electrode that it faces. At the opposite, if
the electric field direction is inverted (negative polarity),
the electrical free charges distribution on the bubble
interface is also invertedigure 41.

3.2. Electric stress expressions

The normal and the tangential components of the elec-
tric stress acting on a conducting bubble are expressed as
i T 4en —

follows (see Appendix):
980E(2) (en — 1)? n &2 2 2
22+ X)2 3 3
2 _2en+4

(24)

sn=

= ggogwE (YX 1) sinf cosh

The normal electric stress can be rewritten in the follow-
ing form (see Appendix):

9spE? 5
fon= 554 xp @ oS0 —B) (25)
where
e <eﬁ + dey — 2)X2 B <eﬁ — 2¢y +4)
3 3
(26)
g (=D’
B 3

The normal components ofsy acting on the bubble
interface can be decomposed into horizontal and vertical
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Figure 5. Electric stresses acting on a conducting bubble
interface. (a) Normal electric stresses, (b) tangential electric
stresses.

ones, fsne and fsy, respectively. Variations offsn,
and fsy, along the liquid—vapour interface, faEg =

20 kV-cm™1, are plotted as a function of the angular
coordinated in figure 5a The electrical resistivities
ratio X is equal to 0.25. The horizontal component
strength is maximum at the bubble equator where it is
directed towards the vapour phase and contributes to
the compression of the bubble. The vertical component
strength is maximum at the bubble tip where it is
directed towards the liquid phase and contributes to
the bubble elongation in the electric field direction.
The fsw and fs; variations are plotted against the
angular coordinaté in figure 5h No tangential electric
stresses act on the bubble equat®r= +90°) or on

15 30 60 75 90

Electric stress (N/m?2)

25

20 +
15 +
10 +
5L

R VI O A
T T T T

-90-75 X0 -45 -30 15 f0

T SRR RS VI
(v T T T T T

15 30 45 60 X5 90

Electric stress (N/m?2)

15 +

0(°)
(b)

Figure 6. Horizontal and vertical components of the electric
stresses. (a) Dielectric bubble, (b) conducting bubble.

the bubble tip § = 0°) because there is no electrical
free charge density on these locations. The horizontal
componentfs,, directed towards the vapour phase, has
a maximum value fop ~ 35° and a minimum one for

6 ~ —35°. The vertical componenfs, directed towards
the liquid phase, presents two maxima&at +£55°. The
tangential electric stress directiois;, can be deduced
from fst and fs variations. This is obvious since the
bubble tip bears negative electrical free charges (the
bubble tip faces the positive electrode) and the electric
field direction is the same as the gravitational force,
the Coulomb stressf; stress) generated on the bubble
interface is opposite to the electric field direction as it is
shown infigure 4a Figure 6arepresentss, and fs, as

a function ofé for a dielectric bubble (no electrical free
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charge density at the bubble interfages= 2) submitted

to a 20 kvecm™! electric field strength. The bubble

is compressed strongly near the equat®r=+90°)
because the horizontal component of the electric stress is
stronger than the vertical one. figure 6bare shown the
horizontal and vertical components of the electric stresses
acting on a conducting bubbi{&l = 0.25).

For a dielectric bubble as well as a conducting bubble,
the normal electric stress causes a distortion of the
bubble. Whereas, the tangential electric stress, which is
the Coulomb stress, acts if the bubble interface bears
electrical free charges and it induces liquid movements
around the bubble and vapour movements within the
bubble. In the next section both the distortion and the
induced electroconvective movements are studied for a
conducting bubble immersed in an isothermal dielectric
liquid.

4. ELECTROCONVECTIVE MOVEMENTS
AROUND AND WITHIN A
CONDUCTING BUBBLE

The immersed-bubble problem is solved on the basis
of the creeping flow approximation. The basic assump-
tion of creeping flow, developed by Stokes [21], is that
inertiaterms can be neglected in the momentum equation.
In such a flow, with stream velocity and body lengtii,
pressure cannot scale with the dynamic tepv$) but
rather must depend upon a viscous teypd/( L). If the
Reynolds number is smalRe« 1, e.g., inertia terms are
negligible), the momentum equation which represents the
creeping flow is

VP =puVu (27)
to be combined with the incompressible continuity rela-
tion (equation (7)).

By taking the curl of the above equation, we obtain the

useful relation

V2o =0 (28)

wherew = curlu is the vorticity vector. Thus the vorticity

satisfies Laplace’s equation in a creeping flow. In two-

dimensional Stokes flow, we can write [21]
w=—-V2y (29)

where is the stream function. The vorticity equation
(equation (28)) may be rewritten as
Vi =0 (30)

46

Y is called biharmonic equation. In spherical coordi-
nates, equation (30) is written
2
) v=0 @

52

[m i
This equation allows the determination of the velocity
profiles in both phases.

sind a
r2 96

1 9
sing 90

4.1. Velocity profiles in liquid and
vapour phases

The normal and tangential velocity componentnd
v are related to the Stokes stream functipiby
1 oy 1 9y
u = - — = — - —
r2sing 06 rsing ar
In order to solve equation (31), solutions can be found by
assuming the following form:

(32)

¥ = r" sin’ 6 cosd (33)
The solutions of equation (31) for the flow outside and
inside the bubble are respectively

R4
= (A—2 + BR2> sin’ 6 cosd
r

] (34)

3
r r .
Yy = (CE + Dﬁ) Sinf 6 cos?

The constantsA, B, C and D whose dimension is
a velocity are determined by the following boundary
conditions written at the liquid—vapour interface

uy=uy=20
(35)
V| = Vy
These equations allow for
A=—-B=C=-D=U* (36)

U* has the dimension of a velocity.

By considering equation (36), the radial and orthora-
dial velocities in the liquid phase are given by

U*R? [ R?
(37)
_ 2U*R*

v = 7 sind cosh

r

In the vapour phase, the radial and orthoradial velocities
are expressed as follows:



Dimensionless radial vapour velocity u,*

Dimensionless radial liquid velocity u*
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Figure 7. Velocity distributions within and around a conducting bubble. (a) Radial liquid velocity, (b) orthoradial liquid velocity,

(c) radial vapour velocity, (d) orthoradial vapour velocity.

U*r
W=

U*r
Vy=——

R

2

1- %)(30&39 -1)

5r2\ .
3— — | sin6 cosv
R2

(38)

The radial and orthoradial velocities are showfigmre 7

as a function of the dimensionless raditidor 6 = /4.

In figure 73 the radial velocity in the liquid phase, di-
rected towards the vapour phase, decreases from the zero
value at the bubble interface (boundary condition) to a
negative minimum value. Then, increases and tends to
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zero far away from the bubble interfaag.variations are
shown as a function of* in figure 7h v decreases from

its maximum value at the liquid—vapour interface to zero
far away from the bubble. It appears that, near the bubble
interface, they values are higher than thosewf So, the
electroconvective movements around the bubble interface
are mainly due to the orthoradial component of the liquid
velocity. The radial vapour velocityy, is shown as a
function of r* in figure 7c It increases from the bubble

Svisnl = —I1| + p1gr cOSH

2U*R?

+
el

[1— 47122}(3 cog 6 — 1) (45)

Sfvisnv = —TI1y + pygr cOSH
2

U* r
+?uv[2+ ﬁ](:scoée -1)

The tangential viscous stresses in each phase are given by

(46)

centre, reaches a maximum value and decreases to theequation (40)

zero value at the bubble interface (boundary condition).
The orthoradial vapour velocityy,, decreases to a neg-
ative minimum valuef{gure 79, then it increases to its
maximum valuey* at the bubble interface.

These velocity profiles in the liquid and vapour phases
are completely defined by the knowledge of the veloc-
ity U*. This will be done by considering a force balance
at the liquid—vapour interface.

4.2. Force balance at the liquid-vapour
interface

The forces acting on the liquid—vapour interface are
mainly the electric forces and the viscous forces (the iner-
tia forces are negligible in the creeping flow approxima-
tion). The electric stresses are determined in Section 3.2.
The normal and tangential viscous stresses acting on the
liquid—vapour interface are

u
Nisn=—P +2u— (39)
or
J (v 10u
fwst:M(VE(;) +; £> (40)

P, the pressure acting on the liquid phase or the vapour
phase, is determined by integrating the momentum equa-
tions

~VP +pig+mVu =0 (41)

—VP +pvg +l/«vv2uv =0

and the following expressions are obtained:

(42)

*RZ
P =TI} — pigr cosh —

3 i (3code —1) (43)

U*I’Z
R3

7
Py = Iy — pygr COSH — ,uv(3 cog9 — 1) (44)

whererll) andr1y are the zero-field hydrostatic liquid and
vapour pressures.

Thus, the normal viscous stresses are
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R* _R?
Jvist = i (—16r—5 + 6r—3) U*sinfcost (47)

2

6 :
Fuisty = (16% - E) U* sinf cos (48)

The equilibrium equations to be satisfied at the liquid—
vapour interface are

fst|,:R + fvistl|,:R - fvistv|,:R =0 (49)
fsn‘r=R + fvisnl|r=R - fvisnv‘rzR +o L + L =0
rLr2
(50)
o is the surface tension whila andr, are the principal
radii of curvature.
The balance of tangential stresses is written by con-
sidering equations (47)—(49)

Oepery E2
_Z0VE0 y ¥ 1) sing cosd
2+ X)?

*

U .
- 107(;“ + uy) sindcosd =0 (51)

From this equation, an expression of the velodity is
obtained as a function of the applied electric figlgl the
dielectric permittivities, the electrical conductivities and
the dynamic viscosities of each phase

B 9e0en ES(XY — DR
© 10 + ) (2+ X)2

*

(52)

U* is the maximum liquid velocity which occurs ét=
/4 on the bubble interface.

The maximum liquid velocity depends on the square
of the electric field strength and therefore does not
depend on the electric field polarity. Indeed, when the
polarity is inverted, the electric field direction and the
electrical free charges on the liquid—vapour interface are
also inverted. As a result, the Coulomb forces have the
same orientation and the liquid movement around the
bubble is unchangedigure 2. The liquid flows from
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liquid

electroconvective
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AN
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Figure 8. Electroconvective movements within and around a
conducting bubble.

the bubble tip to the equator. The streamlines are shown
in figure 8 for a 5 kV.cm~1! electric field strength. The
electroconvective movementdirection, which is indicated
by arrows, is the same as that of the tangential electric

stresses (Coulomb stresses) and depends only on the

product XY. For the bubble, this product is generally
lower than 1.

From equations (45), (46) and (50), the equilibrium of
the normal stresses is as follows:

1 1
o[— + —} =1y — I) — (o — pv)gR cost
rnor2
3(2
4 SCME I e 3002 — 1)
9e0E3 (et cOS 6 — B)
- 22+ X)?
By considering the hydrostatic pressure difference
(ITy — IT)) equal to & /R, we obtain

1 1 20
ol —+—|=— —(p—pvgRcosy
rnoor2

R
32w + ) o,
+——F U
9e0E5(a cOS 6 — B)
- 22+ X)?
This relation can be rewritten by considering the Legen-
dre polynomialsp,:

(53)

(3cogs — 1)

(54)

1 1
o [— + —} = agPy(cos9) + a1 P1(COH) + arx Po(COH)
ry o r2
(55)

where

20 3(3 —a)eoE3
O R T T 221 x)2
a;=—(p — pv)gR

3e0ES [9 2m1 + py
(24 X)2 [5 Wi+ iy

(56)

az = (a1 X —ey) + oz:|

From equation (55), we can determine the bubble defor-
mation in presence of an electric field. For small devia-
tions from a spherical shape, we can express the defor-
mation as

r=R+¢(0) (57)

r is the local radius of curvature expressed as a function
of the initial spherical bubble radiugandc is the bubble
deformation that depends only on the angleThus we

have
(.i i(sinaa—‘;)) (58)
sing 26 00

1 2 2 1
R R2 R2
Puttings* =¢/R, u* = cosd, equation (58) is rewritten

rL.rz

d

2—-2¢% — e

*2 R 2 *
I:(l—/,b ) }:;Zanpn(,u )
"0 (59)

This equation may be solved to express the deforma-
tion simply in terms of the coefficients

2

n=2

dc*
du*

an Py (0*)

2+nm)(1—-n) (60)

¢t =

g

The comparison between the bubble shapes with and
without electroconvective movements is shownfiig-
ure 9 for 5 kV.cm™! and 10 kvcm™! electric field
strengths. For these numerical results, the dielectric per-
mittivities ratio is equal to 1.8 (case afpentane) and
the electrical conductivities ratio to 1. Initial spherical
bubble radius is 1 mm. For a 10 ksém~* electric field
strength, the bubble shape is not ellipsoidal as for the
liquid—vapour interface without electrical free charges.
Also, it is predicted that the bubble deformation is more
pronounced in the presence of electroconvective move-
ments. The bubble deformation is shownfigure 10
for different values of the productY. In these calcu-
lations, X = 1.8 andY varies from 1 to 4. The results
show the greatest bubble elongation for the highest value
of Y.
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Figure 9. Deformation of a dielectric and a conducting bubble

v

vapour

under a DC electric field. (@) Eo =5 kV-cm™, (b) Eo = (b)
10kV-cm™1,
Figure 10. Effect of the electrical conductivity on the bubble
5. CONCLUSION deformation.

We have investigated the effects of a uniform electric tial stresses in the presence of electroconvective move-
field on bubbles. The electric stresses acting on conduct- ments leads to a determination of a maximum liquid ve-
ing bubbles are analysed and compared with those act- locity around the bubble. The equilibrium of the normal
ing on dielectric bubbles. The normal electric stresses stresses allows for a determination of the bubble defor-
cause a distortion of the bubble in the electric field di- mation. Numerical simulations are done in order to com-
rection. Whereas, the tangential electric stresses, which pare the bubble shape with and without electroconvec-
are the Coulomb forces, induce liquid movements around tive movements. It is shown that the bubble deformation
the bubble and vapour movements within the bubble. The is more pronounced in the presence of electroconvective
electroconvective movements are analysed on the basis of movements. The bubble elongation depends on the di-
the creeping flow approximation. Thus, the momentum electric permittivities as well as the electrical conductivi-
equations are solved analytically. The balance of tangen- ties.
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APPENDIX

Electric stresses acting on the
liquid-vapour interface

1. Electric stresses acting on a nonconducting
bubble

The interfacial electric force acting on each phase
expressed as follows:

&) 2 p de

The force resultanf ¢ acting on the liquid—vapour inter-
face is

fs= {a(n -E)E| — 8—2|E|2(1— a %)m}

el dpi
e de
+ {ev(n E)Ey — %E&(l— ;ﬂv d_,ov)n}

& o p de
=& En(E Ent)) — —EZ(1- 52—
fs {8| in(Einny + Eitt)) > |< o d,o|)n|}

+ {SVEvn(Evnnv + Evity)

&v .2 pv dey
-2 1-2 X
2 V< &y denv)}
fs= {8|E|%n| + e EinEnt

&l

| o e
> (Ef + ER)m + 3E|2—n|}

2 " dp
+ {SVE\?nnV + evEvnEvity

Ey

de
> (Egn + E&t)nv + &EZ—Vn }

2 Vd,o\,V
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o1 de
fs—{ (Eln E|t)n|+ 2 d EI

& py de
+ 5 (B~ B+ 2 }

+{e1EnExt) + evEynEvity) (A.2)
If we consider the relations
n| = —ny
(A.3)
t=—ty
equation (A.2) can be rewritten as
1 2 2 2 2
fs= > €l (Eln - Elt) - SV(Evn - Evt)
I T
—Ef — n
ol dpi I ,Ovd o I
+{e1EnElt — evEvnEvt}t| (A.4)

For a nonconducting bubble without electrical charges
at the liquid—vapour interface we have the following
relations (continuity of the electric displacement):

elEn=évEvn
(A.5)
Eyt=Ew
Therefore, equation (A.4) is written as
1 &
fs: _{8I<1— —>E|%,+(8v—<9l)E|%
2 Ev
dey de
epg B - g Efm (A9

Thus, f is a normal stress. For a nonpolar dielectric

fluid, the above relation is expressed by considering the

Clausius—Mossotti equation as

fsn=— {8r|(l 8r|)E|%+(l—8rl)E|%

n (e — D(en + 2)

3 gl }

(A7)

or
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e — 1)? e —1)2

— 12
= —807(8” ) {2E|% —

= (A.8)

Eﬁ}m

2. Electric stresses acting on a conducting
bubble

The normal electric stress is

&
fon=" {Sn (ER — Ef) — en(EG, — ER)

4 (erl — 1)3(8rl +2) E }

By considering equations (18), (19), (20) and (21), the
following equations can be written:

(A.9)

2 — 9 [X2cog0 +sinfo]
T2+ x)2 (A.10)
o_  9E§ '
F2—_"0
V(24 X)2
2
2 2 2 _
E:—E}= (2+X)2[X cogé S|n29](A )
2 . )
E2 — E%= W[cos’-& Shad

Then, the normal component of the electric stress acting
on the liquid—vapour interface is

9eoE2 .
— (cog6 —sirf6)
L en=Dent2) 1)3(8” +2) [X?cog6 + sinze]}
or
_ 9e0Ed [ (en—1)2 e2 +4en—2\ ,
e 2(2+X)2[ 3 +{< 3 )X

- (L — 2;” hi 4) } c0§9:|



