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In this work, the combined effect of electrohydrodynamic forces and domain confinement on the for-
mation of a toroidal bubble is numerically studied. The numerical scheme is the Volume of Fluid (VOF)
method and the surface tension and electric forces are implemented using the Continuum Surface Force
(CSF) and leaky dielectric models, respectively. It is found that both domain confinement and electric

forces are influential on the formation of a toroidal bubble. For smaller confinement ratios, larger electric
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forces are required to pierce the bubble. Moreover, the influence of both electric forces and confinement
ratio are presented and discussed for bubble vertical velocity, terminal Reynolds number, velocity stream-
lines and side-wall shear stress.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

The motion of a lighter fluid with a continuous interface in an-
other heavier fluid due to the gravitational force is known as the
bubble rising. In addition to numerous natural phenomena, there
are plenty of industrial applications such as liquid separation and
waste-water treatments (Takahashi et al., 1979; Al-Shamrani et al.,
2002), nucleate pool boiling (Yoon et al., 2001) and chemical reac-
tions (Pigeonneau, 2009) where the bubble rising is frequently ob-
served. In most of these applications, the bubble rising is normally
accompanied by the deformation of the bubble due to external, en-
vironmental and geometrical parameters. Numerous studies have
been carried out to investigate the effect of various parameters on
the regimes of bubble rising. Clift (Clift et al., 1978) reviewed the
bubble rising and illustrated that the motion of the bubble can be
categorized by three dimensionless numbers, namely the Reynolds,
Morton, and Eotvos numbers which the later can also be referred
to as the Bond number. He showed that in small Reynolds and
Bond numbers, the bubble remains spherical, but increments of
both Reynolds and Bond numbers yield different bubble regimes
such as elliptical and spherical caps, as well as ellipsoidal and wob-
bling shapes. Further investigations (Chen et al., 1999; Bonometti
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and Magnaudet, 2006; Han et al., 2010; Hua and Lou, 2007) re-
vealed that bubbles may deform to a toroid under sufficiently large
magnitudes of Reynolds and Bond numbers.

Chen et al. (1999) studied the bubble deformation and its rise
for variations of Reynolds, Bond, density and viscosity ratios, and
observed that the transition from an elliptical cap to a toroid is fa-
cilitated by means of a jet at the wake of the bubble. They con-
cluded that such a transition occurs in density ratios of greater
than 5, but the viscosity ratio does not have a significant effect on
the bubble shape and velocity. They also realized that a toroidal
bubble always travels slower than an elliptical or mushroom-
shaped bubble. Bonometti and Magnaudet (2006) investigated the
transition from a spherical cap to a toroidal bubble and realized
that the transition takes place by means of two different scenar-
ios. In the first scenario, they mentioned that for large Reynolds
numbers, an upward liquid jet is driven by the hydrostatic pressure
difference between the two poles of the bubble. If surface tension
can not compete with the force due to the upward jet current, the
bubble is pierced. The piercing occurs at the Bond number 32 <
Bo < 35. The piercing due to the second scenario occurs in the
absence of surface tension force. If the viscous effects are not suf-
ficiently strong to sustain the local pressure maximum at the bub-
ble front, a toroidal bubble is formed. The second scenario is found
to take place in Reynold number 79 < Re < 84. Later, Hua and
Lou (2007) numerically studied the bubble rising and reported that
for constant magnitudes of Reynolds, Bond, density and viscosity
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ratios, a toroidal bubble is more likely to be formed when the bub-
ble has an initial prolate shape compared to an initially oblate one.
Nonetheless, these bubble regimes can also be affected by other
parameters such as external forces and domain constraints.

The electrohydrodynamics (EHD), the imposition of electrical
forces on fluid flow problems, is one of the means of manipulat-
ing flow regimes in bubble rising problems. Mdhlmann and Pa-
pageorgiou (2009) studied the electrified bubble rising in a two-
dimensional space for spherical and ellipsoidal rising regimes un-
der the assumption of perfect dielectric model. They revealed that
the bubble initially deforms to a prolate shape and later changes
to an oblate shape performing "wobbly-like” oscillations. They also
showed that the EHD effects increase the vertical rise velocity of
the bubble. Wang et al. (2015) simulated the influence of EHD ef-
fects on bubble rising and showed that increments of the elec-
tric field strength has a direct relationship with the deformation
of bubble. They also illustrated that further increments of electric
field lead to the formation of a toroidal shape.

Also, the domain constraints have a significant effect on the
bubble morphology. Mukundakrishnan et al. (2007) investigated
the effect of domain confinement in a two-dimensional axisym-
metric geometry on the bubble rising. They realized that the ver-
tical and horizontal confinements are important when the domain
height and width are smaller than 8 and 3 times of the bubble
diameter, respectively. Recently, Kumar and Vanka (2015) studied
the effect of domain confinement on bubble dynamics in a square
duct for Bond number ranges of 1 — 100 and three confinement ra-
tios and realized that for Bond number of 1, the bubble does not
deform and corresponding aspect ratios (the ratio of vertical bub-
ble diameter over its horizontal diameter) are independent of con-
finement and Reynolds number. For higher Bond numbers, how-
ever, the deformation is significant and the aspect ratio increases
by incrementing both Bond number and confinement ratio. Never-
theless, the combined effect of the external electric forces on the
bubble dynamics during its rising in a confined domain and pos-
sible influence of the EHD effects on the on the formation of a
toroidal bubble has not been studied yet.

In this paper, the combined effect of external electric force and
confinement ratio on the formation of a toroidal bubble is numer-
ically investigated. In Section 2, the governing equations and di-
mensionless parameters are presented. In Section 3, the compu-
tational domain and relevant boundary conditions are introduced.
Moreover in Section 3, the numerical tool is validated by compar-
ing the results with some of those available in the literature, and
the dependency of the results with respect to the grid resolution is
tested. In Section 4, the results are provided and the combined ef-
fect of electrical Capillary and confinement ratio on the formation
of a toroidal bubble is discussed. Finally, the concluding remarks
are presented in Section 5.

2. Governing equations and numerical scheme
Equations governing an incompressible flow may be written as
V.u=0, (1)

Du 1 1 1
pﬁz—VP-F EVT—’_ %f(s)—’_Eigf(e)’ (2)

where u is the velocity vector, p is pressure, p is density, t is time
and D/Dt = d/0t+u - V represents the material time derivative. In
this study, normal letters indicate scalar quantities and bold letters
represent vectors and tensors. Here, T is the viscous stress tensor,

T= ,u[Vu+ (Vu)T], (3)

where (t denotes viscosity and superscript (Jf represents the trans-
pose operation. Local surface tension force is expressed as an

equivalent volumetric force according to the continuum surface
(CSF) method (Brackbill et al., 1992),

f(s) = )/Kﬁ8 (4)

Here, surface tension coefficient, y, is taken to be constant while x
represents interface curvature, —V - fi, where i is unit surface nor-
mal vector. fy is the electric force vector defined as (Saville, 1997)

1
f(e) = —EEEVE-FQUE (5)

In the above equation, & denotes electric permittivity, g” is the
volume charge density near the interface while E is the elec-
tric field vector. Assuming small dynamic currents and neglect-
ing magnetic induction effects, the electric field is irrotational
Hua et al. (2008) and may be represented by gradient of an electric
potential ¢, E= —V¢. In the above equation, the electrostrictive
force vanishes due to the fact that the system is assumed to be
incompressible, thus the electric permittivity does not vary with
respect to the fluid density (Eringen and Maugin, 2012). Further
assumption of fast electric relaxation time compared to viscous re-
laxation time leads to the following relations for electric potential
and charge density

V. (0Vg)=0. (6)

=V (V). 7)

where o is the electrical conductivity.
Dimensionless values are formed using the following scales

r=r/d, z=z%/d, p=pT/p;, u=pt/u; u=u"/\/gd,

t=t"y/g/d  E=E'/E., p=(p"-pg x")/psed
D = pp/ Py, V= p/ . P =&p/es, C=op/o5,  (8)

leading to Reynolds, Bond, Electro-gravitational and Electro-
capillary numbers defined as

pry/8d3 pred? pred
Re=———— Bo=—"—"—, Eg=—"7>,
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9)
Here d is the bubble diameter, E., is the undisturbed electric field
intensity and g is the gravitational acceleration. A plus sign marks
dimensional variables whereas subscripts [J, and [y denote bubble
and surrounding fluid phases, respectively.

In the Volume of Fluid (VOF) method, the volume fraction « is
calculated by solving an evolution equation as,

Ec

Ja

W+u~Va:0, (10)
and fluid properties are smoothed on the interface by,

& =aby+ (1 -a)é;, (11)

where & can be any physical fluid property such as density, viscos-
ity, electrical conductivity or permittivity whichever is appropriate.

In this paper, the finite volume method is used to discretize
the continuity and momentum equations. The momentum equa-
tion (Eq. 2) is solved by a second-order upwind formulation both
in time and space. The PRESTO! method is employed to calculate
the pressure field, and the pressure and velocity fields are coupled
using the SIMPLE scheme.

The commercial ANSYS Fluent software is used to solve the rel-
evant governing equations together with the associated boundary
conditions. In addition to the continuity and momentum equations,
a Laplace equation needs to be solved to obtain the electric field
(Eg. 6) in the domain. This has been carried out using a User De-
fined Function (UDF). Then, the electric field is evaluated as the
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