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ABSTRACT OF THE DISSERTATION

DYNAMICS OF FALLING DROPLET UNDER EFFECTS OF ELECTRIC FIELDS

by

Esmaiil Ghasemiahebi

Florida International University, 2019

Miami, Florida

Professor Cheng-Xian Lin, Major Professor

Physical properties and especially the size of drops are important parameters in many industrial
and medical applications. High voltage electric field is one of the effective means to control the
final size of drops during the fabrication process which could greatly influence the quality of the
product. Therefore a detailed study of electric field effect on a liquid drop is very important. In this
work, the deformation and fragmentation of a falling droplet under gravity and electric forces have
been studied numerically and analytically. The electric force is used as an effective external
controlling mechanism to influence the deformation of a drop. The three-dimensional deformation
of a falling droplet is studied numerically using an open-source volume-of-fluid solver, Gerris, with
dynamic adaptive grid refinement and direct numerical simulation (DNS). The current numerical
results are compared with previously published analytical and experimental data in the literature,
and excellent agreements between the results are obtained. In addition, the numerical results are
comapared with the current alanalytical solution developed in this work. The results are presented
for a broad range of Bond numbers (Bo) from low Bond numbers (drop with small deformation) to
large Bond numbers (drop breakup and fragmentation). The results revealed that the electric field
can be used as a powerful controlling tool in delaying and expediting the falling drop breakup

process. The results also showed that falling drop deforms severely by increasing Bo number which

Vi



leads to the breakup and fragmentation as compared to the cases of low Bo number in which the
drop deforms mildly without breakup. The numerical results are presented for various values of
density ratios and electrical conductivity and permittivity. Within the investigated parameter
ranges, the comparison of the results shows a great agreement between the analytical solutions and

the direct numerical simulation (DNS) results.
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Viscous stress tensor

5 Deformation tensor

Greek Letters

Xiv



7 Viscosity (Pa.s)
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A Ratio of the inner to the outer viscosities
J Vector current density
Q@ Electric potential (V)
K Curvature
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Subscripts or Superscripts

* Provisional value
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2 liquid 2 (outside medium)
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1 Chapter 1: Introduction to Falling Drop

1.1 Motivation and Hypothesis

1.1.1 Motivation

As will be discussed and concluded in the literature review section, the main focus of many
researchers on this subject was the drop deformation that is surrounded in a medium with a similar
density in a stagnant form without considering the effect of gravity for the falling drop which in
reality may be an important factor. To this date, a majority of the research is based on the
development of empirical models and production of laboratory experimental results. The literature
review reveals that there are very few mathematical models published and most of them are semi-
empirical approaches for capturing and analyzing the drop deformation especially at the early
stages of their deformations. Another challenge is related to how accurately the drop deformation
is analyzed for a broad range of density and viscosity, which could be extremely lengthy and

complex to be modeled if they are subjected to gravitational and electric fields.

Developing and implementing a numerical tool for modeling the drop deformation is always a
significant challenge. This is because tracking a free surface that changes topology is a difficult
task to accomplish for an accurate investigation and analysis of an underlined two-phase flow.
Multiphase flow, including atomization, has significant applications in science and engineering and
plays an important role in a broad range of industries such as aeronautics applications (rockets and
aircraft), automotive engineering, pharmaceutical industry, power generation, petro-chemical
industry, manufacturing, agriculture and meteorology. Although atomization is widely used and
drives the performance of many systems, characterizations of the spray produced still require more
detailed research in terms of size and dispersion. Since the prediction of fuel sprays in gas turbines
is of critical importance for aero-engine manufacturers to improve the injection process,

implementing a mechanism that maximizes the combustion efficiency and reduce the aviation



emissions is very significant. Other concerns are the fuel-air mixing as well as emissions of
greenhouse gas and its effect on global warming. As the production of NOx and COz in gas turbines
is affected by the fuel-air mixing in combustion chambers, aero-engine manufacturers are facing
challenges finding a tool to reduce the emissions of greenhouse gas through the optimization of the
fuel injection. The fuel-gas mixing is primarily driven by the atomization that involves both the
initial fragmentation of the bulk liquid into droplets (primary breakup) and the transport and further
fragmentation of the drops (secondary breakup). Whereas the secondary breakup is fairly well
predicted by the current numerical methods, the accurate simulation of the droplet still remains one

of the toughest challenges in computational fluid dynamics (CFD).

Motivated by the limits of existing analytical and numerical methods, in this dissertation an
accurate numerical method in CFD will be implemented to capture and predict the two-phase flow
nature of drop deformation under both gravitational and electric fields. It is expected these fields
will have a significant effect on the shape and location of the droplets. In this work, to analyze and
study the real world problem the dynamics of the drop fragmentation have been investigated under
gravitational force wherein almost all the application such as fuel injection, metal coating and 3D
printing, the droplet is moving and is not stagnant (surrounded by a medium with the same density).
The gravitational and electric forces have been implemented in DNS solution to model the real-life
physical phenomena to study the behavior of the droplet. It is expected that, under gravitational
force, the droplet undergoes various deformations before it eventually reaches fragmentation and
is converted to much smaller drops. Moreover, a practical and comprehensive analytical model for
the assessment of small deformation of the droplet will be developed for a much quicker way of
predicting the drop deformation rather than relying on a complicated, expensive and time
consuming experimental work. This analytical solution for a falling drop under electric field
provides an excellent tool for faster and easier prediction of the small drop deformation. With an

accurate CFD modeling using the capability of a powerful numerical tool such as DNS, the



aeronautical industry would not have to rely solely on comprehensive and expensive experimental
test apparatus and thus the design of efficient devices would be more cost-effective. Also, with the
recent progress in experimental measurements of the multiphase flows, the combination of the
numerical tool with the experimental approach would allow the manufacturers to improve the
combustion efficiency. The research of this dissertation would address significant concerns and
challenges regarding the quality of fuel sprays in gas turbines to maximize the combustion
efficiency, reduce aviation emissions, and related the emissions of greenhouse gases, and lower the

fuel consumption, by boosting the fuel-air mixing in combustion chambers.

1.1.2 Hypothesis

In dealing with the above crucial concerns and challenges, it is hypothesized that the size of the
drops and their dispersion can be optimized and improved by an auxiliary mechanism such as an
extra force imposed on the fluid flow system. It is also hypothesized that an external force such as
an electric force can be an applicable controlling mechanism to impact the drop deformation.
Preliminary research and case studies of this dissertation have supported the hypothesis by
comparing the data of the preliminary study with some previously published experimental work.
Another hypothesis is that DNS modeling is a powerful numerical tool to model the drop

deformation in the present studies.

1.2 Literature Review

As noted above, the physics and particularly the dynamics of two-phase flow have grown into a
major scientific domain with crucial fundamental issues as well as many practical and industrial
applications. Fields of interest include drop impact phenomena involved in the study of rain on
soils or foliage, inkjet printing and combustion chambers. In particular, atomization processes play
an important role in combustion studies. In-depth understanding of physics and dynamics of

multiphase flow and in particular two-phase flow is very crucial due to its broad and practical



applications in science and industry and also because of its complexity in scientific research with
essential fundamental issues. These applications include atomization in the aerospace industry for
modeling the fuel injection in combustion chambers over the gas turbine, different types of
combustion processes, drug delivery inside the body, engines with diesel fuels, ink-jet coating
process, spray painting and drying, microfluidic applications, heat exchangers evaporation-based,
desalination, emulsification, etc. Taylor [1] studied a drop in a fluid field with high velocity to
investigate the drop shape and its acceleration. The results showed that equilibrium can only be
established in a drop when circulations are set up both in the drop and its surroundings; moreover,
his results found a relation between the ratios of the conductivity, viscosity and dielectric constant
for the drop and surrounding fluid which permits the drop to remain spherical when subjected to a
uniform field. Pilch and Erdman [2] studied the size of a drop during breakup which was influenced
by acceleration using the data for the time during which breakup occurs and also the history of the
data for velocity. Hinze [3] studied the dispersion procedures to investigate the hydrodynamic
principals for particle splitting in which he found out that the splitting of globules is an important
phenomenon during the final stages of disintegration processes. Giffen E and Muraszew [4] studied
the liquid fuel atomization and Faeth et al. [5] investigated the structure and breakup of sprays.
Villermaux [6] thoroughly studied the atomization process and examined the drop, jets and liquid
sheets fragmentations and bursting phenomena. Contrary to a lot of studies on drop deformation,
very few studies have been done on a mechanism to control the drop behavior. One of these
methods is applying an external force such as the electric field. A drop suspended in a viscous
liquid undergoes complicated behaviors such as abrupt transitions, breakup, deformation which
depends on the magnitude of the electric field and also the properties of the fluids such as surface
tension, electrical conductivity, viscosity, and permittivity. Electrohydrodynamics (EHD) field is
used as an effective external controlling force to influence the drop's deformation in order to have

a much better and more efficient distribution due to their importance in atomization, raindrop size



distribution many other problems of industrial importance. EHD is a multidisciplinary subject that
deals with the complicated interaction between fluid mechanics and electric fields in which the
coupling between electrostatic and hydrodynamic forces are studied. Melcher [7] provided a
thorough review of electrohydrodynamics. EHD can improve the control over spray mechanism to
have a much better and finer atomization which is significantly important for the small compact
combustion engines and therefore the fuel injection schemes can be developed economically at a
much lower price. EHD increases the heat and mass transfer rates and is implemented in inkjet
printing and electrowetting which is a driving mechanism for a wide range of fluidic and electro-
optic applications for modifying the surface tension of liquids on a solid surface. EHD efficiently
improves the atomization of the hydrocarbon fuel which benefits a much wider range of engines
and other types of non-combustion applications in the pharmaceutical industry, such as
pharmaceutical coating and micro/nano-thin-film deposition. Ryan et al. [8] studied that EHD
atomization enhances the breakup of liquid fuel at lower pressures which produce high-quality
atomization in which there is no more fuel injection at high pressure required. Bio-fuels are one of
the alternatives to the diesel with higher viscosity and water content that requires high pressures to
atomize the fuel in the combustion chamber; because of that larger and less efficient engines are
required for these types of fuels. EHD atomization is an applicable method for use in small
combustion engines which reduces the high fuel injector pressures required by these engines to
atomize the bio-oils fuels with high viscosity [9]. Another advantage of the enhancement of the
fuel atomization is to more likely have complete combustion during the burn cycle resulting in a
better burning and less emission[10]. Moreover, the electric fields in the engine exhaust direct the
burn residue such as soot, NOx to easily cleanable containers as the EHD atomization keep these
residues charged[11]. Paknemat et al. [12] studied the effect of electric field on three different types
of the drop using a level set method. They conducted their numerical results for a different range

of capillary number to observe different modes of breakup under the effect of the DC electric field.



Notz and Basaran [13] numerically investigated the effect of electric field on the formation and
deformation of a perfectly conducting drop form a capillary. After validation of their results with
the previous analytical and experimental works, they have studied the effect of an electric field
with variable strength for the zero-flow rate case. They showed that for small values of change in
the strength of the electric field the results of transient calculations are in a good agreement with
the previous works. Jung et al. [14] numerically studied the deposition of droplets from a spray
under the effect of an electric field. They used a three-dimensional Lagrangian model to study the
application of electric fields on the characteristics of deposition pattern such as the spatial
distribution and the average thickness distribution. The results of simulations showed that in
general for the case with the electric field the deposition thickness in the intervening region of spray
is less than the core region for all the control parameters such as moving speed of the nozzle. Van
Poppel et al. [15] numerically studied the EHD effect on a high Reynolds number (Re) multiphase
regime of a liquid kerosene jet. They used a fully three-dimensional model to simulate the
atomization process of a charged liquid jet and compared their results with the previous data.
Lopez-Herrera et al. [16] developed a conservative scheme for electrohydrodynamic (EHD) of two-
phase problems incorporating the Volume-of-Fluid (VOF) method. They implemented their
scheme in a free and open-source software Gerris. They also compared the results obtained from
the proposed scheme with the available analytical solution for droplet surrounded by conducting
environment which showed a great agreement between the outcomes. Baygents et al. [17] studied
the motion of two leaky dielectric drops under the effect of a uniform electric field. They observed
a significant deformation near drop contact because of the local enhancement of the electric field.
The deformation and burst of the drop are caused by electrical stresses at the drop surface due to
the difference between the dielectric properties of the fluids. Up to the pioneering studies by Taylor
[18], it was commonly perceived that the fluids are either infinitely conducting or perfect dielectric

(insulator). According to the electrostatic theory in either case of infinitely conducting or perfect



dielectric drop suspended in a surrounding perfect dielectric, the net electric stresses at the interface
are normal to the interface pointed from the fluid with higher conductivity or permittivity to the
one with lower mentioned properties; in this case the drop takes the prolate (large deformation in
electric field direction) form due to distribution of these stresses. There is no fluid flow exists at
steady state as inequality in tangential electric stresses is excluded in electrostatic theory. Allan and
Mason [19] did an extensive experimental study for a broad range of fluid systems in which they
showed that conducting drops took the prolate form while some other dielectric drops deformed
into oblate (large deformation direction in the perpendicular direction to the electric field) shape.
Later, inspired by similar observations of Allan and Mason [19], Taylor [18] mentioned that the
fluids should be given finite permittivity and conductivity instead of considering them as either
perfect dielectrics or perfect conductors for the free charge gathering at the interfaces of fluid. The
effect of electric field on this charge results in unbalance normal and tangential stresses which leads
to oblate deformation. At equilibrium, the hydrodynamics stresses have to be balanced by the
imbalance in the electrical shear stresses and therefore fluid motion forms inside and outside of the
drop due to the hydrodynamic shear stresses. From then on, Taylor’s theory has been known as the
leaky dielectric theory. By using this theory, Taylor could explain the experimental data of Allan
and Mason [19] by solving the electrohydrodynamic equations for the creeping flow. Although,
further experimental results obtained by Torza et al. [20] revealed some disagreements between the
theory and the experimental data. This theory has been improved by including the higher order
terms to Taylor’s linearized theory by Ajayi [21]. The electrokinetic effects issue stated by Torza
et al. [20] has been investigated by Baygents et al. [22] by replacing the leaky-dielectric model by
an electrokinetic one but these modifications did not improve the deformation of the drop
significantly. These outcomes demanded more experimental studies by Vizika and Saville [23] to
carry out new sets of experimental investigations for obtaining the data in closer agreements with

the theory. In spite of existing some discrepancy, generally, it is considered that the theory of leaky-



dielectric is the correct ‘‘lumped-parameter model when there is no net charge the drop [23]. The
interest in this topic rooted from the raindrops breakup and deformation [24] and the aerosol
deformation effect on optical studies [25]. This interest increased over time due to its various
important applications in chemical engineering [26], nuclear physics [27], materials processing
[28]. Recently this interest is in the area of microfluidic systems such as liquid jets atomization
influenced by electric field in inkjet printing [29], controlling the drop breakup in electrowetting
[30], electrorheological fluids [31], pharmaceutical industry, such as pharmaceutical coating and
micro/nano-thin-film deposition and improvements of the atomization of the hydrocarbon fuel and
many more. Study of stability and deformation of a drop under electric field is therefore an
important and ongoing research area. Melcher and Taylor [32] and other researchers [33] and [34],
provided a thorough review of governing electro-hydrodynamics laws and their solution for planar

interface separating two fluids, a suspended drop in quiescent and creeping flows

1.3 Research objectives

As explained above, detailed knowledge of the droplet’s dynamics and behavior is significant for
industrial applications. In this work, the Direct Numerical Simulation (DNS) method using Gerris
has been used which can model the droplet break up in detail without any simplification in the
physics of the problem. And also for having more optimized and efficient droplet’s distribution,
the EHD force has been applied on the falling droplet to be able to control the droplet’s dynamics
for better and optimized dispersion. Literature review shows that very few researches have been
conducted on complete CFD based simulation of the droplet in detail for various wide ranges of
density and viscosity under the electric field. In this research, we will study the dynamics of a
droplet in details and the controlling of its behavior by applying the electric field. The main
objectives of the present research are controlling the dynamics of a falling droplet by implementing

EHD force that incorporated into the fluid flow equations as an external force. The EHD as an



external force has been implemented to the open-source volume-of-fluid solver, Gerris, using direct
numerical simulation (DNS). Extensive case studies have been performed using different turbulent
CFD models in order to come up with a powerful numerical tool that is able to simulate this
complicated problem precisely by other researchers. However, turbulence modeling is a big
challenge. Another concern regarding modeling the EHD flows with a proper CFD model is the
number of grids and computational time which must be considered methodically. A thorough case
study examining different CFD models considering their meshing algorithm and computational
time has been done. It has been shown that it is possible to use DNS that has the dynamic adaptive
grid refinement feature providing a notable reduction of computational cost for controlling the drop

behavior.

In this work, an analytical solution of falling drops under the effect of electric field has been
provided and the results have been compared with our numerical DNS data for verification and
validation. Validation of the current numerical results of EHD field and falling drop have been
investigated by comparing the data with the previously published analytical, experimental and
numerical solutions in the literature. In addition the numerical results are also comapared with the

present alanalytical solution developed in this work.

1.4  Outline of the Dissertation

The remaining chapters of this dissertation are organized as follow:

¢ Inchapter 2 governing equations of the incompressible fluid flow are described along with
numerical methods

e Chapter 3 presents the numerical modeling and validation, definition of the problem
studied in this work, explanation of the computational domain and the grid independence
study for the falling droplet. Moreover, the validation of numerical results obtained by

Gerris for fluid flow and electric fields has been explained.



In chapter 4, analytical solutions of the problem have been provided in detail for a variety
of cases.

In chapter 5, the coalescence of two falling drops for cases in which the drops are affected
with and without external electric fields is provided. Moereover the effects of distances
that separated the two drops and also the strength of the electric field have been investigated
on the coalescence of the drops. At the end of the chapter the near wall deformation of
falling droplets under the effect of the electric field has been studied.

Chapter 6 presents a summary of the dissertation and the conclusions.
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2 Chapter 2: Governing Equations

The continuity and momentum equations of incompressible fluid flow are,

V-i=0, (1)
p(8,0 +0.Vi) = Vp+ V.('I=')+GK55 i+F @)
where G = (u,v,w) is the velocity vector, and p:p(i,t) and u=p(%,t) are the local fluid density
and dynamic viscosity, respectively. '? = 2,u[=) is the wviscous stress tensor in which

B:Dij :(éiuj +0,u, )/2 is the deformation tensor. The Dirac delta J;states the fact that the
surface tension term is concentrated on the interface. o is the surface tension coefficient, while x
and n are the curvature and normal vector with respect to the interface, respectively. Maxwell’s
electromagnetic equations are required to calculate volume electric force, which is Ife. In EHD

flows, as mentioned by Saville [33], the equations for electrostatic gives an accurate approximation

and the effects of the magnetic field is ignored. The characteristic time for the magnetic phenomena

t, 0 4y K ¢* where M, is the magnetic permeability, K is the conductivity and £ the characteristic

length. This time is many order of magnitude smaller than the electric relaxation timet, [ g/K .

The relaxation time is the characteristic time for electric phenomena where ¢ is the electric

permittivity. Thus we have:

P, =V. (g E) ©)

The electric field E is assumed to be irrotational. Vx E = 0. In this equation E is the electric

field, where p, is the volumetric charge density. In terms of the electric potential, ¢ gives

11



V.(eVh)=-p, (4)

The bulk-free charge should be implemented for the conservation equation of the,

%Pe ,v.T=0 )
at

where J is electric charge flux defined as:

—

J=KE+pu 6)
The ohmic charge conduction is the first term and the second term is from convection of charges.

Considering the Eq. (3), Eg. (5) can be written as

%+v.(pea):_£pe+‘E'.(5v8_v»<j )
ot € €

For homogeneous K and &, it gives

—

Loy (pi)=-Sp, ®)

The electrostatic Maxwell stress tensor is used to calculate the volumetric electric forces in the
bulk F, .

7. =5(E‘E*_Efj ©
2
Implementing divergence operator gives

E=v.T. =peE—%(E2V8) (10)

The first term presents the electric forces applied on the free charges in fluid, and the electric forces
applied on the electric dipoles induced in dielectric mediums is the second term. Figure 1 shows

the two-phase flows, media 1 and 2, where the interface separates the immiscible mediums.

12



Medium 1
PLUL K&

Medium 2
P2 Uz Ko €5

Figure 1. The interface of two fluid mediums.

The position of the interface is defined as F (it) = 0which moves freely. The normal and tangent

vectors to the free surface are N and t respectively. Kinematic condition governs the evolution of

the interface

F 1i-VF =0, (11)
ot

The electric field’s tangent component, ||[Et|l = O, the potential of electric field [l¢ll = O and the
velocity. In the tangent direction following should be satisfied for balance of stress at the interface.

Il Il represents the jump across the interface

Te

t-|T,[-n+t-|T.[-n=0 (12)

And in the normal direction

Qtotal = Qsensible + Qlatent (13)

13



T -n+n{T.[-n=ox (14)

[p+n-
On the interface, the pressure discontinuous and this is because of the normal components of the
electric stresses and also the surface tension. On the interface, E, = E ., the normal electric field,

is also not continuous

|eE,[ = (15)

where ¢ stands for the gathering of free charge on the interface (charge/unit area). Following

equation expresses the tangent component of electrical stress on the interface

t-

TeH'nz(glEnl_ngnz)Et =0k (16)
And the normal component on the interface

T

e

n-

.1
.n:E[glEfl ~5E% ~(&-&,)E’ ] (17)

t

Following equation satisfies the charge density g

oq - Sy _
§+u.vsq—qn~(n.v)-u+||KEn||_0 (18)

The 2nd term is surface charge convection, surface divergence is shown by Vs, the 3rd term is the
dilation of the interface and the last term shows how ohmic conduction adds a net charge to the

bulk or withdraws the net charge from the bulk.
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2.1  Numerical method

For the numerical solution an open-source solver is used for modeling of the incompressible fluid
motion. This software is called Gerris which uses the finite volume method. Popinet [35] and [36]
developed the software that implements the Volume of Fluid (VOF) method for simulation of the
two-phase fluid flows. Using the VOF method the Navier-Stokes equations give

V.-u=0,

p(6u +u.vu) =Vp+ V.(Zy 13)+0'1<55 M+pg+F

o,c+ V.(cu)=0, (19)

p(c)=cp, +(1-c)p,
,u(C)zC,ui +(1—C)/¢O

where c stands for volume fraction, ¢(X, t) . For the surface tension stress , the Continuum-Surface-

Force (CSF) method [37] is implemented.

Second order staggered-in-time discretization combined with a time-splitting projection method is

used in Gerris. Time stepping is

Crivp —Cno o) —

%WLV.(%U”)_O (20)
pe nl/2 IOE n-! 0 E

(Poss (P 7 () K, Bre] 0 e
v'':v(‘c"n+1/2q)n+1/2):|=_('0€ )n+1/2 (22)

IR o
Pz (T‘i‘unwz +VUn+1/2J = V'(ﬂnﬂ/z(Dﬁ +D. ))

(23)
+ (GK&S n)n+1/2 + ( Fe )n+1/2
- = At
Una =U, o prz (24)
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V-lUna=0 (25)

* shows the provisional variables. If the Eq. (24) combine with Eq. (25), they result in

V( At vmszvﬁ* (26)

Phiv2
Therefore the Eq. (23) can be written gives:
Prae = . D |-
At u, \% (/un+1/2 D*)_

— (27)
V- <lun+1/2 Ds ) + (O'K55 ﬁ)nwz + (l—fe )n+1/2 + P2 (% —Uniw2 -Vl]mllzJ =

The expression Unswz - VUnswz , advection velocity, is calculated by [36].
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3  Chapter 3: Numerical Modeling and Validation

3.1 Problem definition and geometry

Figure 2 shows the computational domain used in the current work along with the boundary
conditions. The dimensions of the domain and drop are shown in the figure. The width of the
computational domain is 40R with the height of 160R and R is the radius of the drop. A spherical

droplet with density and viscosity of p, , £ and radius R falls under the action of gravity g. The
initial velocity of the drop is zero. The surrounding medium has a viscosity of ., and density of
P, - Index 1 refers to drop and 2 is for the outside medium The initial location of the drop and also

the size of the computational domain are considered such that the boundaries have a negligible
effect on the falling droplet break-up process. Symmetry boundary conditions are applied on the
boundaries and the drop falling down under effects of external EHD force which has been applied

on the side boundaries.

. Q:
High [ 2

<

AN
N\

Figure 2. Schematic of the problem and the boundary conditions.
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3.2  Numerical method

The open-source solver Gerris has been used [35] and [36]. The VOF is combined with an adaptive
guad/octree spatial discretization in Gerris for solving the two-phase incompressible fluid flows.
The numerical code solves the governing equations, combining a quad/octree spatial discretization,
a projection method, and a multilevel Poisson solver. Advection terms are discretized using the
robust second-order upwind scheme. For more detailed the readers are referred to Popinet [35] and

[36].

3.3 Grid Study

Figure 3 shows the grid independence study for the falling droplet for three different grid levels of
9, 10 and 11 [35] and [36]. The figure shows the cross-sectional of 3-D drop at t=3. The initial grid
level is 6 which means Gerris initially creates a regular Cartesian grid with cells in each dimension.
The levels 9, 10 and 11 are the maximum refinements of the grids near the interface. The smallest
grid size is equal to 1/8, 1/16 and 1/32 of the initial grid for grid levels of 9 (coarse), 10 (medium)
and 11 (fine), respectively. Itis concluded that grid convergence is achieved for simulations having

the medium grid level of 10. Thus all the three-dimensional simulations have been conducted using

this grid size. And the non-dimensional time and velocity aref =(V/R)t .V =V//gR .
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Figure 3. Grid independence study of the model for the falling drop; cross section at t=3.

3.4 Validation of numerical results obtained by Gerris for fluid flow field

Presented in Figure 4, the numerical results have been compared with previously published
experimental data [38] for bubble deformation as shown in Figure 4. The results show the bubble
deformation for different values of Bond and Reynolds numbers and for more detail the readers are
referred to [38]. The results shown here are just for the purpose of the validation of the current

numerical solution against previously published experimental data [38].

-
g
Bo' = 116,Re’ =6.546
(@)
Q Bo' = 116,Re’ =8.748

(b)



Bo"=116,Re* =13.95

(©

C 5 Bo"=116,Re" =23.06

(d)

Bo =116,Re" =33.02

()

B
Bo' = 116,Re’ =62.36
M

Figure 4. Comparison of current numerical results and previously published experimental data

[38] for various values of Reynolds and Bond numbers.

Also in Figure 5 more comparison between the current numerical results obtained by Gerris and
the previously published experimental data [38]. Here the results are presented for different Re and
Bo numbers. As the figure shows there is a good agreement between the results qualitatively which

confirms the accuracy of the current numerical model by Gerris.



Bo" =8.67,Re* =0.979
@

Bo'=17.7,Re" =1.671

(b)

Bo*=32.2,Re" =79.88

(©)

Bo* =243,Re’ =15.24
(d)

Figure 5. Comparison of current numerical results and previously published experimental data

[38] for various values of Reynolds and Bond numbers.

The validity of the numerical results is also studied by comparison of the current results (yellow
color) for drop deformation with those by [39] (green color) shown in Figure 6. Results show the

drop deformations for a broad range of density ratios for Bond number, Bo= p,gR?/o of 5 and
the Gallilei number, Ga=p R¥?g¥?/u, of 40. The results are in excellent agreement with

previous results obtained in [39]. As it is shown in the table, the drop remains almost spherical at
low ratios of density but it deforms into a dimpled ellipsoidal shape for slightly greater density

ratios. The drop tends to take an upward opening cup-like structure for higher values of density

ratio. At density ratios p, = p, //0O approximately higher than 20, the surrounding medium tends to
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shear off a thin portion of the drop resulting in a thin skirt-like structure which originates from drop

periphery. This shearing might happen over the surface of the drop at several locations, resembling

a Kelvin-Helmholtz like instability which is more noticeable at greater density ratios p, . For the

values of density ratios of 100 or larger, a severe breakup might happen to result in multiple drop

fragmentations. These regimes might change which is dependent on other parameters such as Ga,

Boand 4, = 44,/ 1, .

/: 1 2 3 4 5 6
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Figure 6 . Drop deformation for different density ratios for Ga = 40, Bo=5and x, = 10.
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3.5 Validation of numerical results obtained by Gerris for the electric field

In this section, the numerical results obtained by Gerris for electric field is validated against the
analytical data. As shown in Figure 7 the spherical drop either transforms into prolate or oblate
depending on properties of the involved fluids as stated by Hua et al. [40]. Liquid 1 and liquid 2

refer to drop (i) and medium (o) respectively.

Oblate: D<0

Prolate: D >0

Liquid 2 . R

Figure 7. The computational domain for the study of the EHD deformation on the droplet.

Taylor [41] characterizes the total deformation of the droplet by

where, b and a are the sizes of the spherical in parallel and perpendicular directions to the electric
field respectively. D > 0 represents the prolate spheroids while D < 0 shows the oblate. Taylor [41]

also gave the following equation for D :
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_9 Cag
16 (2+C)2

[1+C2—2Q+§(C—Q)2+3/1

1+ 2 (29)

whereC =0, /o, ,Q=¢/e,and A = 11,/ 11, represent the ratio of the inner to the outer
conductivities, permittivities and viscosities, respectively.Ca. is the electric capillary number

Ca. =E’Rg, /o .

In Figure 8 the numerical results have been compared to Taylor’s deformation theory for different
permittivity ratios. The numerical results are in good agreement with the analytical data, especially
for the region when the droplet deformation is small (Taylor’s theory is valid in this region). For
large deformations, the numerical results start to deviate from the analytical data, in agreement with
previous numerical studies in [40] and [42]. Saville [33] mentioned that for deformations |D| > 0.07

numerical results are more accurate than Taylor’s theory.

0.1

0.1 F

2 gk
03
w w = w Taylor theory 1
o4l Small drop deformation range \
T 5] Numerical A}
|
0.5 ]
1 T | il R N
10" 10° e 10' 10°
&/ €m

Figure 8. Comparison of the numerical results and the theoretical prediction at conductivity
ratio C=5.
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Figure 9 shows a comparison of the deformation predicted in the numerical simulation and
analytical results by Taylor’s theory. For a conductivity ratio of C=1, the deformation is nearly

Z€ero.

w w = = Taylor theory

Small drop deformation range

=} Numerical

-0.05

-0.1 F

0.15

o 0
Figure 9. Comparison of the numerical results and the theoretical prediction when Ca. =0.2
and Q= 2.

Figure 10 shows the streamlines (Red) and the velocity vectors (Black) for the droplet shape for
different permittivity ratios. Figure 10a shows the results for the permittivity ration of Q =10. At
this ratio, drop takes a prolate form. As the permittivity of the droplet increase its shape changes to
an oblate form, and for a permittivity ratio of Q =1 the droplet stays almost undeformed as shown
in Figure 10b. As can be seen in Figure 10c, for a permittivity ratio greater than 10 (Q > 10) the
droplet’s shape deforms into an oblate form, for Q=20. As depicted in Figure 10 the dynamics of
the two-phase flow is in agreement with Taylor’s theory shown in Figure 8. In Figure 10, the
corresponding locations of the drop shown in Figure 8 are numbered in 1, 2 and 3 which are
correspondent to permittivity ratios of 1, 10 and 20 respectively. The results for the flow fields are
also in agreement with the numerical results of Hua et al. [40]. Leaky dielectric fluids have been

considered in this study [27]. According to the results shown in Figure 8-Figure 10, it is concluded
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that the model presented accurately predicts the electro-hydrodynamic forces on a leaky dielectric

droplet immersed in a leaky dielectric fluid.

0.6

Figure 10. Drop deformation under effect of electric field (a) Q=10, (b) Q=1, and (c) Q=20 for
C=5and Ca; =0.2.
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In Figure 11 numerical simulation has been compared to the analytical results of Sherwood [43]

which shows the relationship between the droplet deformation and the Ca. number. The numerical

results are in excellent agreement with analytical theory.

10°

Sherwood theory

=] Numerical

L L Ll L A | L Ll
10 10 10° 10’
CaE

Figure 11. Deformation of the drop for various values of electric capillary number at
permittivity ratio Q=5.

3.6 Numerical results for low Bo and Ga number

Figure 12 depicts the applicability of EHD as a controlling method to affect the deformation of the
falling droplet under gravity. The figure displays time evolution of the falling drop and includes 3

columns in which the results obtained for Ga = 40, Bo =5, p, =2, y, =10. Figure 12a displays the

timely sequence of the falling drop without being under EHD. The EHD force keeps the drop in
ellipsoidal oblate form which is in agreements with previous results mentioned above. EHD delays
the deformation of the drop into a bowl-like form. As it is explained later in the current work, the
break up the drop initiates by bag formation which generates after becoming the bowl-like shape.
In contrast, Figure 12b shows how EHD can expedite the deformation of the drop into bag form by

stretching it into the prolate form which is again in agreements with previous findings.
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Figure 12. Effects of EHD on drop for, Ga = 40, Bo =5 Cag=0.11, p, =2, x, =10 for (a)
Q=25, C=5and (b) Q=5, C= 15 from t=1 to t=6.

In Figure 13 the more results are shown to present the effects of EHD on the falling drop for
different density ratio. Similarly, as shown in Figure 13a, the EHD delays the deformation of the
drop into a stretched bowl-like shape and contrary to that EHD speeds up the process of bowl like

formation by stretching the drop into the prolate form along the applied electric field.
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No EHD force a b

Figure 13. Effects of EHD on drop for, Ga = 40, Bo =5 Ca, =0.11, p, =5, x, =10 for (a) Q=25,
C=5and (b) Q=5, C=15 from t=1 to t=6.

Figure 14 shows the effect of EHD force on terminal velocity’s variation compared to the case that
drop is not influenced by the electric field. Initially, there is not much of a difference between the
velocity values and this difference increases as the drop gradually deforms into oblate form. The
terminal velocity occurs when the sum of the drag force and the buoyancy is equal to the downward
force of gravity acting on the object. Since the drag force heavily depends on the shape and as the
area (projected area) of the drop reduces by deforming to oblate shape, therefore, the drag force

reduces resulting in higher terminal velocity.
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Velocity

: sl Terminal velocity without EHD
= Qs Terminal velocity with EHD

Figure 14 . Effect of EHD force on terminal velocity for Ga = 40, Bo = 5, Ca, =0.028, p, =1.1,

4, =10 for Q=5, C=25.

Similarly, for the results shown in Figure 15, the drop takes the prolate form under the influence of

the electric field which results in a larger projected area and therefore the magnitude of the drag

force increase. The higher the drag force the lower the terminal velocity and as seen in the figure

the terminal velocity reduces as

the area of the drop increases.

09 s Terminal velocity without EHD

O o O

0.7F

0.6 F

Velocity

05F

s Terminal velocity with EHD

L PR " PEETI (R " = 1
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Figure 15 . Effect of EHD force on terminal velocity for Ga = 40, Bo = 5, Ca. =0.11, p, =1.1,

4, =10 for Q=25, C=5.
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3.7 Numerical simulation for high Bo and Ga number

Figure 16 and Figure 17 show the numerical results of the time evolution of the drop deformation
for Bo=98 and Ga=24. As shown in Figure 16, initially, the rear part of the drop starts deforming
softly caused by the pressure difference as the vertical velocity of top of the drop is greater than the
other parts. Therefore, as the front side stays rounded, the rear side of the drop changes to a flat
surface. As the falling drop is under constant gravitational force the deformation increases. Thus

the drop takes a bowl shape which is the beginning of the bag formation.

O O OO

t=1 t=1.5 t=2 t=2.3 t=2.5

t=2.7

t=3 t=3.3 t=3.5 T=3.8

Figure 16. Initial deformation of the drop into bag shape for Bo=98, Ga= 24 and p, =10.

The first column, Figure 17a shows the serial shot of droplet deformation and fragmentation when
the electric force is not applied to the boundary of the computational domain. At the early stages,
falling drop deforms to an oblate ellipsoid form from its initial spherical shape and then into a bag
formation. This deformation is caused by the hydrodynamic pressure which is distributed non-
uniformly around the drop that is set into motion by gravity [44]. The surface tension resists the

deformation but it is not strong enough to keep the drop un-deformed in its initial stable shape.
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Then the bag-shape grows and breaks and after ligaments, liquid bridges and droplets form. During
the process of the atomization different types of instabilities such as capillary wave instabilities,
Rayleigh-Taylor, and Rayleigh—Plateau take place. This atomization process continues with
fragments’ break-up until reaching a stable condition. The similar process of drop deformation is
seen in an experimental study by Cao et al.[45]. During the breakup process the bag bursts forming
droplets, filaments, the rim on top and a core (The core here is stated as a considerable volume of
the original drop is left). During the falling process, the liquid columns in forms of either straight
or rounded decompose and form smaller fragments. Instability analysis investigates the bursting
and retraction of a liquid sheet analytically. Bermond and Villermaux [46] presented a non-
dimensional dispersion relation in which they showed that the film modifies its thickness and
afterward is punctured by many holes in different positions which depends on the value of
acceleration and the thickness. The holes formed at the interfaces because of the capillary force
grow in radial directions as the capillary force acts radially and then attach to the neighbor’s
punctures. The process of merging of the punctures leads to a network of attached ligaments which
thereafter Bermond and Villermaux [46] into many droplets. The deformation of the falling drop
into the bag shape has a similar procedure as those explained by Bermond and Villermaux [46]. In
the present study, multiple holes are formed on the bag and then grow generating ligaments and
these ligaments then decompose and form small fragments in which they are mostly stable. And at
the end, the remaining unstable fragments collapse shortly. The holes are formed mostly closer to
the rim at the top the bag which is thinner in the high curvature region compared to the other area
and that causes the holes generated close to the torus on top. Afterward, the holes grow until
filaments create between them. By development of the punctures, the filaments transform to liquid
bridges, linking the core of the drop to the torus on top. Finally, these liquid bridges decompose
into small, stable fragments. At this moment, the bag is entirely broken up and a new stage of

breakup starts. Compared to the liquid sheet breakup study by [46] there is a notable similarity to

32



the bag breakup of a droplet. Multiple holes (punctures) perforates the bag then they grow and then
the net of ligaments is generated. After the bag breakup, the rim on top, the core and the fragments
generated between them remain. Following the bag breakup, a core of the primary drop remains.
As shown the interface of the core starts to rupture for the bag breakup caused by the instabilities
earlier. A network of ligaments is generated again and disconnected quickly afterward. Because of
the fast growth of the capillary waves the ligaments are extremely unstable and therefore a thicker
area in the ligament forms leading to creating a neck. By forming necks, the pinch-off mode
generates over the ligaments resulting in detaching droplets from them. Fig. 14b shows the results
for the falling drop under the electric field for Q=25, k=5. As seen, by applying EHD force the
process of breaking up slows down compared to the case of no EHD force. Until t=3 the electric
field causes some twist and turn in the shape of the falling drop. As seen from this figure, at t=4 the
upper rim has not been separated distinctly yet, the fewer number of holes forms, the rupture slows
down and still much thicker and stronger ligament exists between the core and the upper rim. And
as the time goes on (from t=5 to t=8), the process of forming holes to perforates the bag, growing
and generating the ligament occurs with a slower pace which can be seen at t=7. At this time, there
is still a noticeable portion of the core left and at t=8 the drop structure consists of thick, stronger
ligament and bridges which take much longer to be broken in smaller fragmentation and droplets
compared to the case of no EHD force. In Fig. 14c electric field (EHD force) expedites the
formation of the breakup. Initially, at t=1 the spherical shape of the drop takes ellipsoidal form. At
t=2, it takes a strong twist and after transform into a basket form which is completely different from
the bowl-like shape compared to the previous cases. It should be mention that all of these
deformations depend on the fluid properties and magnitude of the electric field. At t=4 much more
holes formed and grow faster; as seen a large portion of the drop transforms into filaments as the
process of merging of the punctures speeds up leading to a network of attached ligaments. At t=5,

only a small portion of the core is left and this amount reduces more and more as time goes on from
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t=6 to 7. The structure of the breakup becomes much more uniform with smaller fragmentations.
The results show that the electric field can be used as a powerful tool in controlling the deformation

of the drop.
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Figure 17. Time sequence deformation of the falling drop for Ca; =0.028.

35



4  Chapter 4: Analytical Solution
In this section, detailed analytical solutions of falling drop under effects of electric field have been
presented and compared with DNS solution. Figure 18 shows a spherical droplet. The drop is

centered and the spherical coordinate systemr,@ is at the center of the drop. The motion of the

droplet caused by the application of the electric field is negligible and the center of the mass of the

drop remains unchanged.

Figure 18. Schematic of a droplet under electric field.

Considering the radial distance from the center (r) and the polar angle (&) which the positive value
is measured in the counterclockwise direction and in relation to the direction of the electric field,
we are now trying to solve the problem in the spherical coordinate system. An analytical solution

has been presented for defining the deformation of the falling drop under the electric field.
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It is worth mentioning that determining the deformation of a droplet under electric field requires
the balance of net normal stresses by curvature effect. Here it should be noted that we used the
formula which already presented in [20] and [47] to find the stresses induced by the electric field
and falling respectively. Before using these relationships, a detailed derivation of these
relationships is presented to give a better understanding the way how these stresses were obtained
in [20] and [47] and also their physical effect on the governing physic. Then finally we used a

balance of stresses to find the profile of the droplet.
4.1 Drops under electric field

In order to investigate the deformation of the droplet in the alternating current state, we first rectify
the equations and boundary conditions again to find the potential electric field. So that the electric

field is E = E, cos(wt),w = 2zv . Eo is the maximum value of the electric field and v the angular
frequency. When v is zero the uniform field of DC electric field. The dielectric constant properties
ki, k2, and the electrical resistance 4, , , are independent of the frequency. In the absence of the

electric charge in the environment, the potential equation in both the droplet and oil phase holds,

therefore
Vi, =0.0,(j =1,2) (30)
Followings are the assumptions:
» The amount of electrical potential inside the droplet is limited.
- E =E, cos(wt) in far field (infinite).

* The surface charge density o is equal to the difference in electrical displacement D.

* On the interface ®; =@, .
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* Current transfer on the interface is negligible and the increase rate o is equal to the net flow of

the charge from the interface.

We introduce the complex electric potential V" andV | to begin solving so that the real and virtual

part of it both applies to the Laplace equation.

®,=Rel,") =Re{/,’e™)

* it (31)
® =Rel{,)=Re{ e™)
V,"V," mixed functions are not time dependent.
—0D iwt iwt
0= ® =—Re(E_e" )cos(d) >d, =r cos(d) Re(E e™)
_8(1) iwt iwt (32)
Eyx = >y ° =—Re(E_e"")sin(@) >D, =r cos(d)Re(E e™)
@, (r =o) =rcos(d)Re(E ") =Rel &™) =V, =rE_cos(d)
For solving the potential equations we have:
10 0 1
Vb= —(r*— +—————(sin(0) —
2ar or’ r?sin (9)89( () ) (33)
8CD 1
=— ( ? ( (9)—)=0-0
or - or sm(@) 00 00
Using Separation Variable method [48] gives:
O(r,0)=R(r)Y (), ®, =RY ,®,=RY "’
i[rzd—R\( } 1 0 { (9)—R}:o.o +~RY
or dr sin(0) 06
24 ey, 19 Ging) Y )—00 (34)
R dr dr” Y sin(@)dé déo
2dR 1 dy
{R ar " ar) =P Y sin (e)de( O 49 =7

Two equations are obtained in terms of radius and angle. To solve the first equation we will have:
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dR d°R

2r —+ r =pR = r’R"+2rR'— pR =0.0
dr dR
1
-1 (4p+1)2
AA-D)+21-p=00=> R
(4-1) p= A= > 35)

A+A,=-1
=L ,4 =—-(L+1
hA:#fjﬁ By =~(L+1)

R(r)=Ar"+Br "

The solution of the second equation is:

(S (e)ﬁ(' (0)—)— Y p)xsin®(0)
sin(e)@(sin(e)ﬁ) +Y psin©(6)=0.0

dx d d dx d
X :COS(Q) —>@=—Sln( ) @:&E E:d—( Slﬂ(e))

. d : d : d .o n_d o
sm(@)@—sm(e)&(—sm(e))_—d—xsm (6?)_dX x°-1

36
—(1—x2)d—((x2—1)dl)+Y p(1-x%)=0.0 %)
dx dx
U
d—((—x2+1)di)+Y p=0.0:>d—((—x2+1)di)+YL(L +1)=0.0
dx dx dx dx
Y =R, (x)+S,(X) =
Co{l_wxz_{_m}_FCl{x _WX3+...}
2! 3!
Y =3 AP()
) —(1+1) A'ﬁl (37)
O(r,0) =R(r)Y (8) = IZ;(Ar +B,r )P(x) B B4

39



where subscript m is even, Rm (X) is a polynomial of degree m, which contains paired powers up to
xm, and Sm (X) remains an infinite series, and when m is odd, Sm (x) is a polynomial of degree m
and only contains the powers of odd values to xm, and Rm (X) remains an infinite series. Here we
use the change of variable x = cos(@&)so that we have a Legendary Polynomial [48] according to

cos(d) . The result is

21
Po(X)=1,py(x) =X ,pﬂx):%
2 (38)
V©= (Ao + Boril)+(A1r + Bll"fz)COS(Q).k(Aer + Bzra)w
V., = (Ar +B,r?)cos(0)
(39)

V" =(Ar +B,r?)cos(d)
Since, given the first condition of the first potential, the electrical potential must be limited,

therefore B, =0 , with respect to the external potential boundary condition in infinity results in:

BC,: V., =(E_r+B r?)cos()

(40)
V." =(Cr)cos(d)

BC,:®, =®_ (r =a)=> Re{/,"e"") =Re{ 'e™")

41
V=V = Ea+Ba’*=Ca=E_+Ba’=C (4D

Electric conductivity causes the electric charge to accumulate over time on the interface. If J the

surface density and o represents a charge on the surface, it gives the following:
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-¢,E, +5E;, +o0, =0.0

oV " oV.®
- k,(——>)+¢,k,(——)+0o, =0.0
80 2( ar ) 80 1( ar ) O-f
oV . oV
k, Re[—>e"™]-¢ k. Re[——e"]+0o, =0.0
ek, Re[— ™ |,k Re[—e™ |+, @)
o, =Re[o’e™]
akzﬁﬂL_qkrﬂﬁ_:_a*
or or

Assuming o, = Re[o"e""], the two sides of the equation can be simplified as

323, +99% _og
ot

-1 Re[av—"eiWI ] 2 Re[aieth ]+Re[c'iw .e™]=0.0 (43)
1o or ya or

IR VA N- VA
oliw =— -=

X, Or  y or

10V, 1oV, . oV, ov/®
— ———=iw(-gk, —>+¢gk,—)
X, OF  y or or or

* . (44)
oV, {1 : } v, {1 : }
Bc,: —+iwegk, |= —+iw gk,
or | 1, or |y

(E. —2Ba) (L +iw £.k,) =C (= +iw £,k,)

X2 YA

1 .
—+iw gk,
le—zo = (E, -2Ba®)0=C =(E, +Ba™)
—+iw gk,

X1 (45)

E.(0-1)
1+20

C—E.+E, 0-1 “E_[1+ 0-1 =3EOOO
1+20 1+20 1+20

OE,-20Ba®=(E_+Ba®)=Ba’=
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iJriW &k,

X2
—+iw gk, i+iw<e0k2
= O = Zl = ZZ = ...
2041 1 ek, 2t siwek)+t+iwek,
2 X2 1 x> X1
—+iw gk,
X1 (46)
gk
k2
X
+iw g k
X» ohedn B R +iwa R :%
= : .
Lriw ko +24 2w e k,y, CREDTWAQ+2)
2
a= gout
O-in
C =3E_A,Ba®=3E_A-E_ 47
B=E_a’*@3A-1) 47
The phrase A is an imaginary phrase.
V, =E, {r+(3A -Da’r *}cos(6)
(48)
V.," =3E_Ar cos(6)
If the frequency is zero, then o _ R (here g _ % ).
2R+1 o,
V) =E_|r+( SR —Da’r? |=E_| r+( 3 —~Da’r?
2R +1 2+R
1-R.a’° R
V' =E | r+(——)—|cos(Q)V."=3E r cos(@ 49
o w[ (2+R)r2j 0)V; T (0) (49)

V.= 3E, r cos(0)
R+2

In this case, the result of the zero frequency is exactly the same as the solution obtained from the

solution above. Next, the electrical stresses on the droplet environment, around, and also on the

interface are calculated.
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E = _0® _ ~Rel &™), = —Re(ie”“)
or or
E,. =-3E_Acos(@e"™ =E, =-3E, cos(9)Re(Ae™) (50)

E,=- Re(%o*e ") = Re{—Ew {1— 2(3A —1)(%)3}c05(0)e e }

EH — _aﬂ — __lRe(%eth)
roé r 00

E, =3E_sin(d)Re(Ae™) (51)

E, = Re[Ew {1+(3A —1)(§)3}sin(0)e ‘Wt}

In order to obtain electrical stress on the interface we need to substitute r = b in the above relations.
E. =-3E_ cos(d) Re(Ae™)
E,, =Re| -3E, (1-2A)cos(9)e™ |=-3E, cos(d)Re| (1-2A)e™ |
E, =3E_sin(6)Re(Ae™)
E, =3E, sin(d)Re(Ae™)

(52)

Therefore, tangential tensions on the interface for droplets and oils are the same that indicates the

correct voltage setting on the interface. To calculate the electric charge distribution on the interface,

o is calculated as
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1= o' (r =a) = (—&.k, a;/ro rok,

iwt

=R i

o eloe or ) r=a
o' =-¢gk,3E_ (1-2A)cos(9)+¢,k,3E A cos(d) =...
Re[ (-¢,k,3E , (1-2A) +£,k,3E ,A) cos(d) ™ |
Re[e,k,3E,.[A(q +2)—1]cos(8)e™]
Aq+2)-1= @Q +2)R +iwa (2R +1)+iwa(q +2) _

(2R +D+iwa(@+2) (2R +1)+iwa(q+2)

Rg -1

(2R +1)+iwa(q +2)
(2R +1) +iwa(q +2) = \/(ZR +1)° + (wa(q + 2))* exp(i 6,)

a (wa(q + 2))
(2R +1)

A@Q+2)-1=

6, =tan

Rg -1
J2R +1? + Wa(q +2))?
L &k3E.(Rg-D
" J2R +1) + wa(q +2))?

o, =Re[g,k,3E . exp(~i 6,) [cos(9)e™]

cos(—6, +wt).cos(6)

(53)

For zero frequency we have the following expression, which indicates that the solution is correct.

_ 80k23Eoo(q _R)

o; R +2) cos(6)

The term A decomposes into two real and imaginary parts therefore

A=Re,+i IM,
R +iwa _A+iBC-iD (AC +BD)+i(BC —AD)
(2R +1)+iwa(g+2) C +iD C —-iD C?+D?
_R(2R +1)+w a’*(q +2) M - aw (1-Rq)

AR+ 4w (@427 N (2R +1)% +w %a?(q + 2)°

As we have proved in the DC current discussion, the electrical stresses are calculated as.
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T, zégo(Enzo _Eti)_%gi (Er12| _Etiz)

£k,

Te =
2

(Enzo _Eti)_q(Enzi _Etiz)

Tnet :gokZEnoEto _goklEniEti :goszt(Ero _qEri)

(57)

(58)

As the electric charge relationship indicates, the overall charge on the interface is zero and

decreases with increasing frequency of electric charge on the interface. Also, in the case where Rg>

1, the portion of the droplet encountered with positive voltage is positive and the negative electrode

is negatively charged, while for Rq <1, the reverse happens. When Rq = 1, the electric charge on

the interface is zero. The pure electric stresses on the interface will have a stable portion and a

transient portion. Based on the results obtained for electrical potential and tangential and normal

stresses,

E* =9E? cos® (9)‘Re(Aeth)‘2
E2 =9E?2cos’(0) ‘Re[(l—ZA)eth]r

E 2 =9E 2sin(6)|Re(Ae™)[

2 Re(A%®™) +AK
2 2

\ Re[@-2A)e™ ] ‘z :[(1_ 2M)™ 4 (1 2R)e™ Jz

Re(Ae™)

2

_Re[(@=2AYe™)] 1-2(A+A)+4AA

Re[@-2a)e™ ][ - .
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7). = (€L € -a(EL ~ED)

e 9E ’g,k,
)net N 2 (

cos®(6)

2
2 2iwt N
Re(A’e™)  AA

sin®(@
) > >

—q

cos’(0) —sin’(6)

Re[ (A-2AYe™)] 1-2(A+A)+4AA

2

2
i j 950Kz (cos?()

(1-2A)%2" +1-2(A +A) +4AA +
Re(A%2"™)+AA +
—q (Re(A%2") +AA)

Re(AZ 2IW'[)+AK ] Re(A?_ 2IWt)+
2

(62)
AA
2
9E’? 6‘0 2 (

(63)

—Re(A 020y _AA
g (Re(A%2™)+AA)

—q (Re(A%2")+AA)

We already know that A is conjugate of Aand Ais divided into two real and imaginary parts,
whose components are known. Therefore, ifA=qa+iB, then it will be A= —iBand
AA =a?+B? A+A=2a .We already obtainede,B. By placing in the above relations, we

will have a constant normal stress part. The droplet radius is shown with b.

TS )Steady = cos? () (1—2(A +A)+4AA +AA —20AA +AA( —1))
TE )Steady = cosz(e){A/K(s—Zq)+1—2(A +K)} +AA(@Q -1

(64)

) _9EZgk, | (R*—20R?+1)+aw *(q -1)°
" Jsteady 4 (2R +1)* +a'w *(q +2)°
9E’gk, (@-D(R*+aw?)

4 (2R +1)*+aw?(q+2)°

}cos2 (6) +ws

ws =(q -1)(a” + %) =

The transient part of the normal stress is:
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e
18

)unsteady - RE[((]_— ZA)Z +A 2 - ZqA 2)9 2wt C032 (Q) + (A Ze 2iwt ) (q _1)]

(1-2A)2 +A?—20A%) = A*(5-2q) —4A +1=F’'

2
)unsteady = 9E_m:~ oKz Re[F.'e*" cos® (0)] +wt (65)

2
— 9Ew:0k2 (q _1) Re[AZeZth]

e
I

wt

T5) . =&k.E (B —GE,) = &K, 3E,, sin(6) Re(Ae™ ){..}
—3E,, cos(0) Re| (1-2A)e™ |+q3E,, cos(0) Re(Ae™)
g0k ,9E 2 sin(0) cos()| ~Re(Ae™ ) Re(1-2A)e™ +q(Re(Ae™))’ ]

2iwt N LA N
Re(Ae‘Wt).Re(l—ZA)eth _ Re(A(1—2A)e )+A—2AA +A -2AA

i A A * (66)
[..]=Re(2A? —A)e*™ +Re(@A%e*™") + 4AA _Z(A +A)
2A7—A +gA? = (Rg -1)(R +iwa)
(2R +1) +iaw (q+2))?
Er— (R +iwa)
¢ (2R +1) +iaw (q +2))2
2
r?g )unsteady - ggOi;ZEw Sm(e) 005(9)(Rq _1) RE[F;E 2th]
2 — JE—
Trea)steady =%°k2—2E°°sin(9)cos(0){2AA—a+qAA} (67)
e gé‘osz 2 . (Rq —1)R
=——=-"=3in(d)cos(d
m)swady 2 e (2R +1)° +a’w *(q +2)*

As the relations above indicate, T,,q.,q, Changes sign in Rq =1, and as a result, the flow of fluid on

both sides of the interface is affected by this sign change. As mentioned earlier, in Rq = 1, the
tangent electric stress’s constant is zero. When the DC current is used, the resultant electrical

stresses on the interface, which indicate the electrical forces applied to the droplet border, are:
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9¢.k ,E2 (Rq-1R
F, ="2"2"25sin(d)cos(d) ~——
ro > (6) cos( )(2R )’ N
_9E’Zgk, (R?—2qR?* +1)cos? () +R?*(q —1) (%8)
" 2 (2R +1)?

Due to the fact that the stresses of the electric field by the stresses on the hydrodynamic must be

neutralized, therefore:

VZ— 0? S|n(¢9) 1 3
Tal 60 sin(0) 00

w(r,0) =F(r).sin?(8) cos()
w(r,0)=F(r).(x -x°) (69)

" 3 0 - (—
W:F (x —x?%), %_6 (=sin(®))

2

X
VZ =Y, + r—zlr//xx
In order to obtain the function F, we must solve the Cauchy-Euler equation [48]. The results is:

v, =—6x ,Viy=F"(x —x3)+£2(—6x +6x°)
r

, 6F
sz/:(F —r—zJ(X —XS)

Viy =Viy, +

Vi —F" 6 FZ_ZFS +6|= 2F ( —x)
r r I’

v, (S-S eon-x)

(70)

Vi = [F 12F—+24 }(x x%)

A -1)(A - 2)(1—3) “124(A-1)+ 242 =0.0
A1=-2,0,3,5
(x =x*)=x (1—-x?) =cos(8)(1-cos*(8)) = cos(#)sin’(6)
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Since the inside velocity of the droplet must be limited, A = B = 0 for the droplet inside and, also

to limit the tangential and normal velocities at infinity it is requiredto C=D = 0.

w, =(Ar~?+B +Cr®+Dr®)sin®(8) cos(d)

71

w, = (Ar?+B +Cr®+Dr®)sin?(8) cos(d) (71)
1 oy -1 oy
U =————"——"—,Uy=""—-—""
r-sin(@) o6 r sin(@) or

w, = (Cr®+Dr®)sin?(0) cos(8) (72)

v, = (Ar~?+B)sin’(0)cos()

By determining the form of the flow function, the tangential and normal velocities in and out of the

droplet are:

Cr®+Dr®

Uj =—_-—+
r<sin(@)

u. =(Cr +Dr®)(3cos*(d)-1)
_Ar?+B

© r?sin(6)
u, =(Ar~+Br7?)(3cos’(0)-1)

_ ~CoS(O)SIN*(6) o2, ppty -
r sin(@)

(2cos®(8)sin(@) —sin*(0)) =...

(2cos®(8)sin(@) —sin®(0)) =...

(73)

Uy, :L(ze)(:{:r +5Dr?)
2

o, = —CoSOSIO) 0y _cinag)ar
r sin(9)

In order to obtain the velocity constants, we consider boundary conditions as DC solutions,

therefore
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Ch+Db*=0.0
BC,:u,=u,=0. =
r=>b Ab™ +Bb?*=0.0
(74)
BC, : U, =U,, i b:>3Cb+5Db3 =-2Ab™
Before we apply the two further boundary conditions, we must first obtainT ", T " .
o u 10u
T = yfr —(-2)+=—-
o = tlr — )+ 751 _[_( 0y 12U,
outside : r oo
! Inside :
—2)=Ar"°sin(20
(r) (20) ( %)~ (3 +5Dr )sm(29)
0 .
—()=-5Ar’sin(20) sin(26
or 20=-oon "2 79
— _BArSai
r() =-5Arsin(20) 3|n(20)
ou, 4 o2 : r()=-(0Dr?)——
£=(Ar +Br)(6cos(d)sin(6)
ou .
=—(Ar* +Br?)3sin(26) 86; =—(Cr +DI’3)38II’I(29)
1 - 3nn
20 =~(Ar*+Br *)3sin(20) 0 =-(C +Dr2)3sin(20)
r
= 14,[-5Ar* —3(Ar * +Br *)]- 4 | -5Dr*—3(C +Dr?) |sin(20)
76
T =[ 4, (-8Ar ™ —3Br ) — 4 (-3C —8Dr?) |sin(20) (7%
ou
T =2u—"
I /’l ar
(77)

outside := (—4Ar~> - 2Br *)(3cos’(#) -1)
inside := (C +3Dr?)(3cos’(#) -1)
TN )net = (3cos”(9) ~1)[ x4, (~4Ab~* =2Bb*) - 11, (C +3Db?) |
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BC,:T ) +T% =00
9¢,k,E2
4

. . * . 2iwt (Rq _1)R
sm(ze){(Rq DRe[Fe™ I+ R +1)2+aW(q+2)2}

~5Ab (1, + p,)sin(260) =0.0
B =-Ab"

BC,, =C =Ab™® =T} =-5Ab~(1 + 1,)sin(20)
D=-Ab"’

9e,k ,E 2 (Rq-1R 1
4 (2R +1)?+aWw?(q+2)? p (1+m)

2
9€0k2Eoo (Rq _1) Re[F;e 2iwt] 1 _
Ho (1+m)

steady :
5Ab~°
unsteady :

A = 9,k ,E 2 (Rq-DR 1
s 20 (2R +1)’+aw?(q+2)° u, (1+m)

9ok ,E S 5o 20wt 1
=—2=(Rq-1Re[Fje™ ] ———
Ay 20 (Rg —-1)Re[F, ]ﬂ0(1+m)

A=A, +A,

As we know:
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£ (R +iwa) _ A+Bi (C-Di)?
(2R +1) +iaw (@+2)* (C+Di)*(C -Di)?
AC?-AD?+2CDB +i(BC?-BD?-2ACD)

F,=

¢ (C?+D?)?
£ O, +i0,

B (C?+D?)?

0, =R (2R +1)* —Rw “a’(q +2)* + 2w %a*(q + 2)(q +1)
, =aw (2R +1)?—aW ®(g +2)*-2Raw (2R +1)(q +2)

»\/OZ+02 JRZ+aw?

(C?+D?)? (2R +1)?+aw ?(q +2)°

9

9% -
sin(g,) = C7+D7Y
F, m(ZR +1)* +a'w *(q +2)°
0
_(C*+D?*?* O
O T T R e @R raw G2

aw [ (2R +1)(-2Rg - 2R +1)-a'w *(q +2)* |
JRZ+aWw 2(2R +1)2 +aw *(q + 2)?

sin(6,) =

R (2R +1)2 —aiw 2(q +2)°(Rq - 2R —2)

JRZ+aWw ?(2R +1)* +a'w °(q + 2)*

cos(6,) =
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9,k ,E 20° JRZ yaiw? R LN

=Re —(Rg -1 —
A (20y0(1+m)( a )(2R +)*+aw?(@+2)°R
2 2
A =A, —m;a?Wcos(Z\Nt +6,)
80
Uy =AD = (A, +A b * = Ab* +A D™ (80)
! _ 9g.k,EZ (Rg-1)R b
fmaxsteady 20 (2R +1)*+aw (g +2) 4, (1+m)
JRZ+aiw?
uemaxunsteady :uemaxsteady 'TCOS(ZWt +91)
r r., )
Uy = ((5) = (5 ey (30052(6) ~1)
a’ a
ayg Ay 2
uro =((F) _(F) )uemax'(SCOS (9) _1) (81)
r r sin(260 a .
U = G =S Mo ), Uy = (Y esin(20)

In fact, velocity is divided into two parts. The part that is relevant to T %, and the part that includes
T,.. and interface fluctuation and thus creates a fluctuating current. So far the velocity related to

T,5 has been specified. The pressure difference associated with this velocity is obtained through

the following relationships.
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1) = () = N s (B057(0) 1)
a a
ai() = -, Beos (6) 1)
r a a
L 0= - Ny (Beos2(9) -1)
r a a

aﬁo — (- g)ugmax.(Scosz(Q) -1)
r a

au, Py Tas e
= ()= W (3sin(26)
sin()() = ((g) - (2)3)ugmax.(—ssin(w»sin(e)

0 r I . .
0 0= ((g) - (g) M ey -(—3)(2C03(26) sin(6) + cos(0) sin(26)) (82)

1
r?sin(6)

0=((2) = () Wymoe (-3)(2C05(26) + 2¢05%(6)
ra a

()= () Yy (-6)(3C082(0) -1)
ra a

sin(26)
2

20 =3 =5y, (2c0s(20)sin(6) + cos(0) sin(26))
06 a a

Uy SIN(8) = (3(2) ~5() M (- ).sin(6)

-2 1 r
=(3(—=)-5(— )u,,...(6cos*(8) -2
2 5in(0) 0=( (ra) (a3 DU grmase-( (0)-2)
1 r 2
= (3(-2) ~5(=5 Uy -2(3C05°(6) -1)
ra a
~Vp = VU :
V=£§+1i§9
or r oo
0,1 0,, o . our 2 0 . (83)
—(—(ru))+ —(sin(@ - —(u,sin(@
ar(r2 ar( ) r?sin(6) ae( ( )ae) r?sin(6) ae( $In(0)
izi(rzau_g +i2i( _1 8(u05|n(6?)))+%8ur
re<or or” r° o080 sin(@) 00 r< oo
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op; 14r

r = lui uHmax

T (84)
p,(r,0)=—r— - U - .(3cos*(0) - 1) +11,

It should be noted that the same results would be achieved if the momentum equation was used in
a radial direction. To obtain the pressure outside the droplet, we repeat the process above using

external tangential and normal velocities.

2 a
ru :(r_ - ) fmax " (3COS (9) 1)
0= ("2 Yy B005°(0) -1

r r

0= (T2 Yy (3005 (0) -1

2 0= (2 M (3005°(0)-)

r r

e (= (Bl (35in(20)

06
SiN(O)) = () = (G- (-3sin(260)) sin(6)

(85)
io = () =9 (B)BE0S ()1

sm(e) ((ae) ( )) Uy e -(—6)(3C08%(6) 1)

u, sin(0) :ugmax.(r—)4.sin(20)sin(¢9)

9 :uamax,(a—)“Zcos(Ze)sin(e) +cos(d)sin(26)
06 r

2 —2a* 2
rzsin(é?)z -—(2cos(20) +2cos*(0))
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op 6a’ )
O =y ——Uu .(3cos°(0) -1
ar uo I’_4 @ max ( ( ) ) (86)

p,(r,0) =-2ua’r *u,,  .(3cos*(8)—1)+11,

& max

The difference in pressure on the interface is calculated as:

Uy -(3C08%(0) 1)
a

p; (r,0)—p,(r,0)= (T +2u,) (87)

Given the coefficients in terms of maximum tangential velocities, the hydrodynamic stresses are:

7). =(3cos’(0)~1)| 4, (-4Ab°~2Bb ) - 1, (C +3Db?) |
'), =Bcos®(0) 1) 24, (-2Ab®) - 244, (-2Ab ) |

r

T
T
T, )net = (3c0s?(0) 1) 4Ab > (1, — 11,)

(88)

A = Homer = Loms (4, — 1 )3c0s*(0) -1

In order to obtain curvature, the total hydrodynamic stress on the interface is required. So that:

o =T =(P — py) =4 (3c05”(6) D) [T + 204 + sy~ s
(89)

18

o = —“‘%(mosz(e) ~1)[3p4 +2, ]

The velocities resulting from the fluctuation of the interface are obtained through the correction of

boundary conditions. So that:

n ro

or
ot (90)
h
Tre)net =0.

Since the general deformation is in two parts, Ds + Dt for small deformation, one can write:

56



r:b{1+§(DV+DTx3aB%9)—D}

o 2b

D, =Re(H ¢*"') = ¥°3 Re(2iwH e ?"")(3cos*(0) 1) (91)
Zt—r = 4bTW Re(iH "e*"")(3cos*(8) 1)

For calculating the velocity constants the boundary conditions above are applied which result in

I: Cb+Db’= 4bTW Re(iH e *"")(3cos’(#) -1)

M: Ab~+Bb2 =Y Re(iH e )(3cos? (6) 1)
3 (92)
II: Cb+Db®=Ab™*+Bb™
IV: 1, (-8Ab~°-3Bb~°)= 4 (-3C —8Db?)
V: 2Ab™=-3Cb-5Db?
All constants are obtained as a function of A:
_ —A@64, +194,)
30% (24, +31)
—Al9u, +164
_ g Ho +1644) 1 ©3)
3b° (24, +314;)
b’ (2, +3u,)
Ab~ 4 ap~ 104 ~1944) _ 40W oty gomy
3(2p, +314;)
Ab—4(_10 Ho T 1 ) — 4bw RE(IH e 2iwt)
3 (24, +3u4) 3
S oRA 2iwt . (94)
Ab~ = 2bw Re(iH "¢ )(2+3m)

—5(1+m)
_ 2 bw Re(iH "e®™)

A =b@+3mUy' (-3).U4" = )

The tangent velocities inside and outside the drop are:
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U, =sin (20)Ar~ =b*(2+3m)U." (-3)r *sin(26)
U, =-6U." sin(d)cos(O)b*r *(2+3m)

- 2 -
- —cos(e_)sm )] (3Cr2 +5Dr%) :_sm(ze) (&Cr +5Dr?)
r sin(@) 2
—A (194, +1644)

artl :(3Cr )=3r. =
Pt 0T =3 e 2, + 3
— 194, +1642)
rb*(2+3m)." (3)(0—'
! b®(2u, +3u,) (95)

U.'3(19+16m)br

part Il (5Dr?) =52 ACHK +24)

b7 (24, +34)

Bty +244) 4 N
5r3(°—'b 2+3mJ; (=3) =
b 2u, 3 oI )

~15U." b%r3(3+2m)

Uy =-U" [3(19+16m)b 'r ~15(3+2m )b r* |sin(6) cos(®)
The normal velocities inside and outside the drop are:

Uy =U." [@9+16m)b*r —3(3+2m)b r* |(3cos*(9) -1)

_ _ (96)
u, =U." [(19m +16)b%r 2 —3(3m +2)b4r-4](3cos2(9)—1)

The resultant normal electric stress on the interface due to the droplet fluctuation is:

T”“)net = (3c0s*(0) ~1)| 244, (—4Ab* —2Bb*)— 24 (C +3Db?) | 97)

The hydrodynamic pressure inside and outside the droplet and consequently the pressure

difference on the interface are:

%‘ =14Dr (3cos*(0) 1), p, (r,0) = 1, 7Dr*(3cos* () —1) +11,

aa& =—6Br~* (3cos’(0) -1), p, (r,6) = 4, 2Br *(3cos’(0) ~1) +11, (98)
r

P, (r,0)=p,(r,0)| _, = (3cos’(6) ~1)[ 44 7Db* - 1, 2Bb* |+ 1, —TI,

The total hydrodynamic stress perpendicular to the interface is:
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on =T =(p,—p)=

14, 7Db? — 11 2Bb > + 24 (—4Ab™° —2Bb ) - 24 (C +3Db?)

A (8944 11, +38,° +4811,%)
30° (24, +3u;)

4, (Db? =2C )+ 11, (-8Ab° —6Bb°) =

e Ay02(895+385_2 +48) (99)
" 30°4, (2+3m)
b*(2+3m)U," (-3)1,°(89m +38m  +48) _
30°4, (2+3m)

ol =T"—(p, —p,) =-U"b 1 (19m +16)(2m +3)(3cos?(6) —1)

4.2  Steady drop deformation

To study the deformation of the droplet in a stable state, the equilibrium of normal stresses can be

investigated (Capillary equation):
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+Tr$ )net :7k
= Uy (Bc08? () —1) [314 + 244, |+

9 - O9E 26k, {(R2 —20R*+1) +alw *(g _l)z}cosz(e)+ws
™ e 4 (2R +1)? +aw 2(q +2)*
] _ 9gk,E 2 (Rg-1)Rb _
omesteal T 00 (2R +1)*+aiw 2(q +2) p (L+m)
9¢,k,E2 (Rg-DR (3m +2)

on ), =005’ (0)-1) 20 (2R +1)2+aw2(q+2)?° (1+m)

TE) _[(R?-2qR? +1) +aw 2(q ~1)’Jcos’(8) + (4 ~(R® +aw ?)
™ /et (2R +1)2+a2VV 2(q+2)2
- (100)
<Y T ) I .
0c k2| 5 RATDR [y T (R -2R +1)+aw 2(q —1)
4 (2R +1)? +a’w 2(q +2)?

S (Rg-1R B2 | R2_20R? 1) +adw ’(q 1)
O - 5 (1+m)

Y (2R +1)* +a'w *(q + 2)°

2
Left :WTZE“’CDV cos®(8) +cons = rk

In order to find the deformation, we consider steady stresses terms on the left side of the equation

(time-dependent stresses have no stable term). The droplet radius r is defined asr = R+ £(6) , then
the curvature relation for the sphere is obtained from the following equation. Below &£(8) =Rf (x)
and x =cos(¢) are the assumptions.

k:i—z—f—iz{#i(sin(e)%)}
R R R |sin@a0 " 06

(101)
k= l{Z—Zf —i{(l— xz)ﬂ}}
R dx dx
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The above equation is the second order Legendre equation r. To solve this equation with respect to

the power series, it is assumed that the answer to the problem is in a form of f (x ) = ianx " . And
n=0

the convergence range is between -1 and 1. Substituting this series in the Capillary equation yields

f(x)=>ax"
n=0
k=212 of 4 (1—x2)i =ax’+ X +const
R dx dx
2-2f —f "(1—x?)+2xf "= ax?+ fx +const

fo)=>ax" f'(x)=>anx""f"(x)=>ann-9)x"?
n=0 n=1 n=2

Z—ZZanx "—Yan(n-1)x"? +Zann (n-Dx" +22ann X" =...
n=0 n=2 n=2 n=1
2-2a,—2ax —2a,x*-2) a,x" —2a, —6axX
n=3

) ) (102)
~12a,x* =Y an(n-D)x" 2 +2ax’+> an(n-0x" +
n=5

n=3

2ax +4a,x>+2> a,nx".
n=3

dan-Dx"?=>a ,(n+2)(n+)x"
n=5 n=3

Y [a,,(n+2)(n+)-2a, +a,n(n-1)+2ankx"

n=3

D [a,..(n+2)(n+D+a,(n*+n—-2)Ix" +2-2a, —2a, —6a,X
n=3
—12a,x * +4a,x ?

Given that there is no x4 on the right side,
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a,=0.0

4a2—7/ =q =a,= ﬂ
R 4y (103)
a3y —-pR
_6_ — = -1
R b =3 6/

The radius of the droplet in the form of Legendre polynomials is defined as

2_
_g. ¥ l, x2:3—|3':a2:>B=2612
2 2 3
- - - 104
x° —B=a0= % , r:a—2(3x2—1), amz:ann—1 >3 (104)
2 3 3 n+1
9gok2qu) _4a,y 8Dy
4 Y R R
(105)

—2
:9gok2E£q) _9ek,E v o

DS 14 v
32 16

For frequency of zero, the frequency response for the zero frequency should be calculated and also
the sum of the responses should be introduced as zero frequency. Therefore, we will have a total of

two to 9/32 or 16.9, so with the replacement of E =g /.2 ,Ds is achieved. By doing this, it is not
necessary to calculate the frequency part at w = 0 to get the answer at zero frequency. The
deformation function @ changes in frequency when® is zero, so D = 0 and as a result of the shape

of the droplet remains spherical. Therefore, the droplet will oscillate around its spherical shape in
terms of frequency w. The droplet remains spherical in a specific frequency. In order to obtain this

critical frequency, the expression @ is equal to zero. So that:

o, =00=>

L \/5(1+E)(16qR2 +19R2%qm —6R —9RmM —5R 2 —5R*m —5-5m) (106)
‘ 5@+m)blg -1
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The condition for the existence of an answer to the critical frequency of the positive is the phrase

inside the radical. So:

R? [q (19m +16) —5(1+E)}—3R (3m +2)-5(1+m)>0.0 +R;

R [q(19m +16)-5(1+m)]-3(3m +2)- 5(1;zr m)

RQ(19m +16) —5R (1+m)—3(3m +2) —

5(1+m)
R

1 R
5(R +E)(1+m)_ 3(3ﬁ+2) - 00

Rq - = — > 0.
(219m +16) (19m +16)

1 —
5(R + =)L+ m) — (107)
R +3(3r_n+2) >+
(19m +16) (19m +16)

Rqg >

5(R +;)(1+H)+9H+6—196—16

a= — =
(19m +16)
g= M) @ 1 gy SEM) p gy
(19m +16) R (19m +16)R
R > 1 MR 1)’
(19m +16)R

When g = 1, that is, the electrical diffusivity of the droplet and the surrounding area is the same and

more frequencies are needed to keep the droplet in a spherical state. Also, when Rg> 1, the increase

in the frequency the deformation of the droplet increases. INnRq=1and® =(q-1/q +2)2 indicates

that the drop shape is independent of the applied frequency. As the obtained relation for the critical
frequency shows, three different classes for the fluids under investigation can be defined (through

the drawing of q diagram in R). According to Figure 19, three types of areas are defined as
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A: Rg<1, D, <0.0,D,6>0.0
ov

51+m)(R -1)> D,
19m +16)R ' ov
MR —1)2 D, >0.0
+5(1+r_n)(R 1) ,6DV - 00, v>v, D >
(19m +16)R  Ov v<yv, D, 6<0.0

B: 1<Rg<1l+

>0.0 ) DV >0.0 (108)

C: Rg=21

As seen in the figure, in the very high electrical conductivity ratio, q is toward 5(1+m)/(16 +19m)

and the AB line towards zero is desired. For both AB and BC lines, BC leads to infinity in a low
conductivity resulting in q goes toward infinity. Therefore, the rate of deformation of the droplet
depends on the ratio R, g and A . But the effect of m is negligible, so that between the zero viscosity
and the infinity, the difference is very small in the BC line. The deformation rate is obtained at zero

and infinite frequencies as follows:

BRRA-DE+3M) g2 _pepe g
v=00= O, = > (@d+m)
' ’ (2R +1)* (109)

2_ —
vo>o= O _4 2q+1: q-1

2
g’ +4q+4 q+2)
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Figure 19. Different areas associated with the deformation of the drop at a critical frequency.

Table 1 shows the electrical properties related to the graphs displayed in Figure 20.

Table 1. Electrical properties related to Figure 20.

System R q m D, O,
a 0.1 3 0.1 0.72 0.16
b 10 0.2 0.1 0.10987 0.1322
C 100 1 0.1 -0.55491 0
d 100 3 0.1 -2 16603 0.16

As shown in Figure 20, the a diagram, which belongs to the A-domain, always has the prolate shape
and decreases with increasing frequency of deformation. The b diagram, which belongs to region
B, has the same trend, but at lower frequency has smaller deformation compared to region A. The
graphs c, d both belong to region C, where the droplet is oblate at a zero frequency, but as the

frequency increases, the deformation decreases until finally reach zero. This point is the same as
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the critical frequency. As the frequency increases, the amount of deformation from @ _<o0goes to
@, >0, indicating that the droplet is prolate and increases along the path with increasing

deformation frequency.

0s5F
- a
L b

o---————-=-=-=-=--- e
L c

050

aF
B d

A5

_2_ Ll Ll I | Lol Lo

10° 10 10° 10°

aw

Figure 20. Deformation form with increasing frequency for different areas.

4.3  Transient droplet deformation:

To investigate general deformation and oscillatory deformation, it is necessary to neutralize the
general oscillatory normal stress on the interface by surface tension. Considering transient parts,

we will have normal stresses as

11 op =—Uyneb " (30s%(0) —1)[314 + 24, |

1I: h __U IIb—l . - 2 _ (110)
Doy =—U; b, (19m +16)(2m +3)(3cos*(6) —-1)
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i _ 2 bw Re(iH e*"") )
T 15 (1+ m) o unsteady

—VRZEaQ""z (111)

cos(2wt +6,)

E Ze.k ‘o
_ 9Bk, °°4g° 2 Re[F,'e*™" cos’ (0)] +wt

u & maxunsteady =u Omaxsteady *

ggokz oo(Rq l)Re[F* 2|Wt]

Omaxunsteady 2 O

b

u .
4, (1+m)

coefficients : cos®(6):
I - b ]uemax [3/u| +2/uo]
2 bb™*3[3u +2
950k Eoc (R _1) Re[F* 2|wt] [ /u|_ /uo]
20 4, (1+m)
Il —-U."b™x, (19m +16)(2m +3)3

2 bw Re(iH e Z'Wt)b,l

1, (19m +16)(2m +3)3

15 (1+m)
[ —>9E2:°k2 Re[F,'e*"]
———————— Re[(...)e2th ] (112)
(%{ (R _pe; 3m Jr_z} 6, (196+16)£26+3)]
4 (l+m) | 15 (1+m)

) 9E gk, . . . o | o 2wt
cos?(0) Re T[Fr ~A4(RA-DF, |-8W i L,H" |e

A—§SE+2 %_(195+16)(25+3)
5@0+m) "’ 20(1+m)
yk =201 D —Re(H o)

2
Pl [Fr R -DF; = (LB g )M

4
32H y w i R
OE 2k, [ F — 4(Rq -DF, | = - Z( ﬂ"yﬂ? D (113)
K WHR L :9Ejgok2 F'—4(Rq-1)F,
y 32y 1+Ki 4,
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h*:Fr*—ﬂj(Rq—l)F; H OE ek, , .

. =0 114
1+Ki 4, 32y (114)
2
DT — Re(H *EZth)z gEcogokz Re(h *e 2iwt)'
1+KiZ, =1+ K222 exp(i o),
-1
h*=F"+ 4, (-Rq +1)F, exp(-i ), o, =tan(K 4,)
_ R(2R +1)+w *a’(q +2)
- 2 2,2 2
A—a+ib, (2R +1)° +w “a*(q +2)
_ aw (1-Rq)
YO(2R +1)% +w %a%(q + 2)?
F'=A%(5-29)-4A +1=a, +i f3, (115)
— 2 e 2 g2
2 =a1+iﬂ1{al = 2qb? - 2qa} — 4a, +5a2 —5b7 +1
b :10a1b1 _4alb1q _4b1
S
- 12 12
F - (R?Llwa) o +if (' +p"7)
(2R +1) +iaw (q+2) B, = o,
2 (aIZ +ﬂ¢2)

0, =R (2R +1)*—Rw “a*(q +2)* + 2w “a’*(q +2)(q +1)
0, =aw (2R +1)* —aWw *(q +2)* —2Raw (2R +1)(q +2)
(@”+pB7%) = (2R +1)’ +w *a’*(q +2)* |?
where Dt is a function of H * and eziwt, none of which is a function of the angle, and since we have
a derivative of the curvature with respect to the angle, then Dthas the same form as Ds. To acquire

a relationship for D,
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h"=(a +1 ) - ARG -1)(, +i 5,)
real part:o, +a,4,(Rq-1)

imaginary part : g, + 5,4 (Rq -1)

1
2 2\2
h*=Re (Re™+IM ") exp(—ia,).exp(i &,).exp(2iwt) |,

«/1+ K?4? (116)

1

a, =tan‘l(%) I =(Re*+IM )2 o, =a,—a, +2Wt
_9EZgk b I

D pansient = .
Transient 327 m

_9E &k,b @ +9E£50k2b | I
2y " 8%y \1+K?37

COS(atotal )

DTotaI = Ds + DT Cos(atotal)

D, = 9E g,k b [(Dv s | cos(ct,yy )],
32y K242 (117)
O =0, + )
_9EZgk.b D I cos(ay)

Drgw = 222y =
Total 32}/ Total DS q)v\/m

i : z *4 2iwt
) :ibw Re(iH e?™) 2 bw Re(exp(i 2)H e ™)

TT15 (14m) 15 (L+m)
. 2bw  9E’gk b |

T

T
Cos(atotal + E)

T150em) 32y ek Ay (118)

T .
Cos(atotal + E) = _Sm(atotal )

U _—BElgkp 2Kl

sin(e,
N T

The dimensionless number K represents the oscillatory hydrodynamic stress (W £, ) and » the
b

Capillary pressure on the surface of the droplet. When 7 is constant and the frequency goes to
b
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infinity, the value D, /D, goes to zero, which indicates that the drop does not respond to radial

oscillation stresses. Figure 21 shows the overall deformation relative to wt. For higher K values,
the oscillation of interface is very low, and, conversely, for smaller values, the general deformation
takes a more oscillating state, so that in e mode it is greater than Ds and the droplet fluctuates
between the prolate and the oblate states. Drop oscillation is twice the voltage fluctuation. When K

approaches zero (eg, c¢), the maximum and minimum oscillation values occur where the electric
field is maximized and minimized. Meanwhile, uTII has a phase difference of 90 degrees with Dt.
It should be noted that for conductive drops in the dielectric field, the electrical resistivity of the

droplet is very small and the electrical resistance of the surrounding fluid is very high, thus R =0,

X2 = oo and the electric charge on the droplet is:

3.k ,E, cos(0)

o= \/l+a2w a2y coswt —6,) ,6, =tan"(aw (q +2)) (119)

If the conductive drop is placed in the alternating field with a frequency of zero, then the rate of
deformation of the droplet in a stable state is:
o =3¢,k ,E_ cos(d) (120)

In the above relationship, moving electrical charge on the interface due to the flow of fluid flow
and the electrical conductivity of the interface layer is not considered. From this relations, we

obtained the stable deformation of the droplet as follows:

— 2
_9ak,(ED)

D _
*lv=0,R =0 Y
Y 16k7 (121)
D,=m E.b,m, :hd)v
16y
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Figure 21. Total deformation function in terms of time for R=100, 1 = 0.1 ,aw=1Ex4,
a) k=10, b) k=1, and c) k=0.1, d) aw=1E2, k=10, e) aw=1Ez, k=1
As mentioned earlier, for Rq <1, the environment is silicon oil (system 1) as shown in Table 2. An
increase in frequency reduces the deformation of the droplet. As the frequency increases to 60 Hz,
the drop deformation decreases compared to that of zero frequency. For a conductive drop (system
2), water that comes with an additive, there is no difference between the frequency of 60 and zero,
and the shape of the drop is prolate. In (system 3), where Rg> 1, for example, a droplet of silicone
oil, then the deformation of the droplet at a zero frequency is oblate and at a frequency of 60, the
prolate. According to the relations obtained in this system, there is certainly a critical frequency in

which the degree of deformation is zero. If the ratiom, /m,, is plotted in terms of the frequency for
system 3 then v, =1.6063Hz is obtained in which the droplet remains in a spherical state (Figure

22), and after almost frequency of 5 results in infinite frequency, which has the same deformation
as that in the frequency of 60. In addition, the proposed relationship for the critical frequency
indicates that this frequency does not depend on the diameter of the droplet. An increase in the
electric field causes an increase in the deformation of the droplet until the other surface tension is

able to balance the normal stresses and the moment of separation begins.
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Table 2. The three studied cases (systems).

N.System 4 —
N Q
(NM3) phasesD/C y(Nm™) m K | q | xn(@Qm) a(s) R
1 (NM3) 5.5E-3 1.2 277 | 2.3 | 1E9 2.4E-2 | <0.03
N: oxidized castor oil |, —0.98gr /cm? 1 =65(kg /ms)
M3: siliconoil(200F) p=0.98gr /cm? 1 =54(kg /ms)
N.System phasesD/C 7(Nm™) m Kz q 2 (Qm) a(s) R
(YN)
2 (YN) 13E-3 1E-4 | 6.30 | 12.7 | 1E4 5.6E-7 | 1E-5
Y: distilled water p=1gr/cm? pu=1E —6(kg /ms)
(N): oxidized castoroil | ,—0.98gr /cm? 1 =65(kg /ms)
N.System ) — O
(MiT) phasesD/C y(Nm™) m Ko q x.(Qm) a(s) R
3 (M1T) 3.9 3E-2 | 6.04 | 0.46 | 3E10 1.6 14
Maz: siliconoil(500F) p=1gr /cm? 1 =0.5(kg /ms)
(T): sextolphthalete p=1.04gr /cm? pu=174(kg /' ms)
0.1
r r
0.075 F
E 05
0.05 r
0.0252 | &
¥ D0 (A1 Bl = eritical frequency= 1.6063
S - n(ssn,&1
. — —A— — DO(A2)
-0.025F » — —s— — D(60) A2
C 4 4 DO (A3)
0osf “-qq < D(60) A3
_0.075; 4.4'4 .
.0_1:_“|‘|‘q"*ﬂd . [P S R A SRR ARV ST
0 1 ] 0 5 10 15 20 25 30

v(Hz)

Figure 22. Deformation rate of the field in two modes of zero and 60 (left) and deformation
ratio at each frequency to deformation at a frequency of 60 (right).
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4.4  Falling drops

The relationships presented in previous sections are true for stationary droplets, considering the

probability of errors such as:

1. Assumptions in the boundary conditions.

2. The effect of free current in space that is set to zero but may in fact still exist in the environment.
3. The effect of the ion distribution layer on the interface.

4. Error in electric and hydrodynamic constants such as electrical conductivity, diffusibility, surface

tension and etc.
5. The effect of the convection term on the Navier Stokes equation.

When the drop falling or bubble is rising, the fluid hydrodynamics of the surrounding area and the
electric field affect them together. This means that in the absence of an electric field, it is possible
to imagine the deformation of the droplet, vortex, and fluid rotation. It should be noted that in the
equations in this chapter, if the viscosity ratio is very high, it can be an indication of a particle, and
if the viscosity ratio is to zero, it should have a bubble. For a falling drop, we can solve the problem
from the point of view (coordinates corresponding to the drop). That is, assume that the droplet is

constant, but the surrounding fluid in the infinity moves upward; as a result:

u, =U_cos(@),u, =-U_sin(0)

oy .
i r’u cos(d)sin(6)

W _\y_sin’(0)
or

=y, =Er2Umsin2(6?) (122)

In Stokes regime, thusV*y =0 . Given the form of the received external stream function, it is

justified to assume that the stream function is assumed to be y = G(r)sin?(6).
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2

V(r,0)=G (N)sin*(0) V' =y, +* v,

. 1-x? , 2G
V=G (1-x )+ (—ZG):(l—xz){G —7}
avzl// 2 " _ZG G'
or =(1-x ){G —2( e +r—2j:| (123)
82V2l// 9 (—ZG' 6G G’ —2G'j
— T =(1-x3)|G"=-2 +—+—+
or? ( ) r? r* r*> rd
o°Viy , 2G
vy o8

26" 4G’ 4G 126 26" 4G
V“y/:(l—xz){G -ttt - 2+—4}

r r r r r r
V4l//=(l—X2){G"”—4GZ +£3_§4:|:0Xr4

r r r
r'G™ —4rG"+8rG’'-8G =0.0
AA-D(A-2)(1-3)—-44(A-1)+81-8=0.0

A=-1124

(124)

The above equation is a Cauchy-Euler equation which according to the roots obtained, the bases of

the answer are as follows.

w = (Ar* +Br® +Cr +Dr ™) sin?*(0)

4 2 -1

u, :(Ar +B£ _+Cr+Dr )Zsin(e)cos(a)

r-sin(@)
u, =(Ar>+B +Cr™ +Dr*)2cos(8) (125)

_ 3 _Pr2
u, = (4Ar +2I§r+C Dr )sinz(é?)
r sin(6)

u, =—(4Ar?+2B +Cr ' —Dr ®)sin(0)

Due to the fact that the velocity inside the droplet must be limited, therefore, C and D are zero for
the internal stream function. Meanwhile, when we move away from the droplet, the speed must be

limited so that the coefficient A is zero for the external stream function.
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w!' =(Ar*+B,r’)sin*(9)

126
w. =(B,r’+c,r+D,r)sin*(9) (120)
According to the obtained form for the flow and velocity function, we will have:
u, =(A r*+B,)2cos(d)
U, =—(4A,r*+2B;)sin(0)
. " (127)
u,=(Bo+C,r +D,r~)2cos(9)
Uy =—(2B, +C,r*—D,r*)sin(9)
Now boundary conditions are applied:
u, =U,, cos(d) =-2B, cos(d
BCl:r—)OO ro fall ( ) 0 ( ) :>Bo=ufi
U, =—Ug, Sin(@) =-2B, sin(6) 2
ur, =0.0 > Ab*+B. =0.0
BC,:r—b { ' ' ' (128)
u, =00 —(Bo +Cob’l + Dob’3) =0.0
BC,:u, =u, = (4Aib2 +2B;)=(2B, +C0b‘l—D0b‘3)
Three unknowns are obtained as a function of A.i:
B, =—Ab?, Db™ =%—Aib ,
(129)

C,=-B,b-D,b? :%(ZAin -3B,)

It should be noted that the tangential electric stress on the interface is zero and the tangential

hydrodynamics stresses are:

75



o \u 1 ou
Th: r__9 4+ —_—r
ro 'u{ 8r(r) rae}
outside :
ue

— =—(2B,r *+C,r?-D,r *)sin(d)
»
ai() =—(=2B,r?-2C, r=>+4D,r°)sin(6)
.
r()=—(-2B,r *—=2C,r?+4D,r*)sin(0)
ou,
00

1() =—(Bor ' +C,r*+D,r *)2sin(0)
.

=—(Bo+C,r*+D,r*)2sin(9)

Trhaout =—Hy [6D0r74i|5in(9)

Yo _ —(4A, 1 + 2B, r *)sin(6)
.

io =—(4A, —2B,r*)sin()
or

r() =—(4A,r —2B,r )sin(9)
ou,
00

%() =—(A,r +B,r*)2sin(9)

=—(A;r?+B,)2sin(0)

T oo =4 [GAi r }sin(e)

Trgnet = _GSin(e)I:,UO Dol"_4 2 Ai r:'

BC, :[[T,311=00-> 4,D,b* 14 Ab =0.0

/Jo(Ufa” —Aib)=/uiAib jﬂow_anzAib(#i +Iu0)

4b 4b

ufaII

A =— -t
402 (m +1)
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B~ Ab?— Y
' ' 4(m +1)
D :M_A_tﬁ:ufaub3 _m
i 4 | 4 (m+l)
C = Bb-Db?e Mtml |Uawb Uab | (132)
0 o 0 2 4 4(m +1)
2im
U 3+ _1 3ufaub 3
4 m+1)) 4 (m+1)

Therefore, internal and external flow functions are obtained for falling drops without affecting
EHD, and the sum of these functions with electrohydrostatic steam functions results in the general
formula of the flow function. Therefore, the second stream function is related to the case that we
have falling but not an electric field and the drop falls. And the first one is for a state that we have

just an electric field.

v, = (A,r* +B,r?)sin’(6) = (A,r* ~ Ab?r?)sin?(6)

P S
=ADb (b—4—b—2)sm )

(133)
I ufallb2 r'ort. 2
Pl — ——|sin“(@
l//l 4(m +1)|:b4 b2 ( )
w! =(B,r’+c,r +D,r")sin’(6)
2+m _
! = Utan 2 _ b 3 r+ufa"b3 M= sin®(0)
2 4 (m +1) 4 (m+1)
(134)
3 o+m

1r r m
V/JI =ufallb2 ( ) - 3.3 (=) +

1 2
4Am+) b’ 4(m+ )() sin“(9)
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Vi =V TV W =W T

r UggD? ﬁ_ﬁ ;2
Vi =Upmad {( )’ (H) }sm (0)cos(0) + am +1)[b4 bz}m (9)

w, =u, b {() }sinz(e)cos(e)h. (135)

201 ry, 3 B ‘2
Ug D ( )? 4(m 1) (b) 4(m 1)(I’) sin“(0)

We continue calculations based on the AC current and considering its steady state, but before that

a summary of the relationships is presented in Table 3.

Table 3. Analytical relationships obtained up to this section

EHD Falling
u; =(Cr +Dr”)(3cos*(0)-1) u, =(A,r’+B;)2cos(9)
— _(4A p2 Nei
u, =M (26) (aCr +5Dr?) u, =—(4A,r®+2B;)sin(9)
j s , u, =(Bo+C,r*+D,r*)2cos(d)
Uro :(Ar +Br )(3COS (9)_1) ugo :_(ZBO +Cor—l_D0r—3)Sin(8)
u, =sin (20)Ar™
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_ 4
A =Uomsd B, =Ya B —_ap?Dp="Al_Ap
B =-u, b2 2 4b
" fall
—u_ b Db =22 _Ab
C ut9maxb ! o 4b 1
D :_ué’maxb73 b
C, =2 (2Ab%-3B,)
2
_Ab~ = 9ok ,E (Rg-)Rb _ U
uamaxsteady —Ms - — 2 2 20N T 2 (1
204, (1+m) (2R +1)* +a'w *(q + 2) 4b?(m +1)

With the above relations, we now look at the normal hydrodynamic stress on the interface c)'rhr .To

do this, we first specify the normal hydrodynamic stresses for the inside and outside of the droplet

as well as the pressure gradient on the interface.

Th o, 0 {outside :(-C,r?-3D,r™*).2cos(d)

# or |inside : (2A,r).2cos(6)

o [—4(C,r?+3D,r™*).u, cos(9) (136)
" 18, A rcos(d)

T)) =—4cos(0)| (C,r ™ +3D,r *).pt, + 214 AT |

™ /et

The hydraulic stress is:

“im _
Ch2= —gy 3 -4 _ ey, M _ Uy

° o M+ 4 m+) T db(m+l) (137)

T h) — 2ufall:uo (__H_i_l) COS(@)
" Jnet b (m+1)

Introducing the dimensionless number w, the ratio of the maximum effect of the electric field
velocity due to the electric field and the steady-state velocity which results in the falling drop and

the form of the flow function is expressed as
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W = Yoms (M +1)

ufall

vy =W [(5)3 —(g)ﬂsinzw) cos(9)+[

v, =W {(?)2 —1}sin2(¢9) cos(6)
1r, 33™M 1 m

;
128 T B amey

Calculating the pressure on the interface for inside the drop:

u, =(A r*+B,)2cos(d)
r’()=(A.r*+B,r?)2cos(d)

i():(4Air3+ZBir )2cos(8)
or

riz() — (4A;r +2B,r™)2c0s(0)
Q():(4Ai —2B,r?)2cos(0)
or

ou,

oo
sin(@)() =—(A,r* +B,)2sin’(0)

=—(A;r?+B,)2sin(9)

0 2 ;
%()=_4(Air +B,)sin (#)cos (6)

1
r?sin ()

() =—4(A, +B,r?)cos ()

u,sin(@) = —(4A,r? +2B,)sin’()
0 2 .
%O =-2(4A,r° + 2B, )sin(6) cos(0)

-2
r2sin(6)

() =4(4A, +2B,r?)cos(6)

o g—z} sin’(6)
(138)
®) [sin(o)
(139)

(20A, ) cos(0) = 1 a@% = p, (r,0) =1 (20A,r)cos(6) +11,
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Calculating the pressure on the interface for outside the drop:

u, =(Bo+C,r*+D,r*)2cos(d)
r’()=(Bor’+C,r'+D,r*)2cos(d)

ai() =(2Bor +C,—D,r?)2cos(d)

r

iz() =(2Bor *+C,r?-D,r*)2cos()

.

air() =(-2Bor > —2C r*+4D,r °)2cos()

aué =—(Bo+C,r*+D,r*)2sin(0)

sin(@)() =—(Bo +C,r*+D,r®)2sin*()

a _ _1 _3 -

@O =—4(Bo+C_r—+D,r)sin(8)cos(d) (140)
1 o -3 5

m() ——4(Bor +Cor +D0r )COS(H)

u,sin(@) =—(2B, +C,r*—D,r*)sin*(#)
%02—2(250 +C, r*-D,r®)sin (0)cos ()

-2
r?sin(0)

()=4(2B,r?+C,r*-D,r°)cos ()

(4T *)008(0) = 1, T = , (1,0) = 244, (C,1 ) cos(0) +T1,
Calculating the pressure difference on the interface:
~(P, = Pi) = P; = P, =C08(6)] 14 (20A,b) — 24, (C,b ™) |+IT, -1,

Usan 3
Ho { —— U }
SUgy 4 21+m) 2

| (141)
b(1+m) b

pi_po:

l"Ifll
= p, =——5—|264 +4u |cos(6)+I1. —I1
p| po 4b(1+m)[ Hi 0] () i o

Calculating the resultant hydrodynamics on the interface:
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O-rr :Trr _(po - pi):

gy 4y (-M +1) Ut
e cos(é) + E—1264 +4u |cos(8)+I1. —I1
b (m+1) @ 4b(1+m)[ ' 0] @ ' °

(142)

hy" U 26 }
o = —| 24, — 24, + .+ 44, |cos(6) +1IT; —1I1,
. b(l+m){ Ho =244 =ty =+ t, | COS(O) + 1,

h I ufaII 9 :|
o =—% |3y +—u |cos(0)+1I1. —I1
i) b(1+m){ Ho +~ 44 €0S(0) +1T; =TI,

To obtain a droplet shape, we use the balance of normal stresses by the force of the capillary. So

that:

T, +0'rhr =yk
I: o )net = ~U D (30087 () —1) [34 +244, |+ 11, — 11,

m

II: O':,)" = Y 3y0+gyi}cos(9)+l‘[i -1,
et b(l+m) 2 (143)

2
ggoszE“’cbv cos?(8) + pcos(0) +11, —T1, = yK

Uty 2
ﬂ_b(1+ﬁ) {3% + Zﬂi}

If it is not Falling, then B = 0 and consequently a3 = 0, and all the coefficients inside the series are
zero and the iteration is not repeated. Of course, when B is not zero, we have a cut-off cutoff error,

and all the coefficients inside the series are dependent on B.

r=b[1+f ()] (x)=Dax”

-R
R 6y
9e,k ,E 9 gk,EZDR 9 (144
427_ozooq)v = S02me vE T oy @,
16 % 16
_ "%
% 3
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As stated, W is a non-zero number that represents the importance of the ratio of the electric field to
the motion of the droplet. Figure 23 and Figure 24 show this dependence. In very high W numbers,
the electric field is dominant and in low numbers the effect of the electric field is negligible. The
positive value of this number means the movement of the fluid from the poles to the corners and
for the negative values is reversed. For W>10, the shape of the vortexes within the drop is not much
different from the state of the electric field. In Figure 23, two vortexes are initially formed within
the droplet. As w increases, the vertex center moves from the center of the droplet and shifts to the
higher. Because Rq <1, the electric current seeks to move the fluid from the corners toward the
pole. So in the upper hemisphere, the droplet behaves like a falling drop, while in the lower

hemisphere EHD seeks to move fluid from g = /2 3,/2100=7. The fall of the droplet causes the

fluid to flow from the bottom up and these two behave in the opposite of each other. And this is a
factor for creating a negative gradient at the bottom of the drop and thus forming a vertex. With
increasing w or the electric field, the power of the current flowing from the EHD has increased and
the center of the vectors is shifted to the outside. Ultimately, the electric field is overcome, and the
vertexes are converted to open vortex. Figure 24 is for Rg> 1. The results are exactly the same as

the previous one.
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W=30 W=70

W=150 W=o0

Figure 24. Movement of fluid around and within the droplet for system 3 based on the increase
of the dimensionless number W.

Figure 25 shows the shape of the deformed droplet in three cases. The figure on left shows the pure
electric field effect, the figure on the right shows the pure falling effect and the figure in the middle
shows both effects. Figure 26 shows that the form obtained from the analytical solution corresponds
to numerical results. Figure 27 shows the comparison of the number of polynomials considered in
the power series to solve the curvature equation, and therefore, 80 sentences seem to be sufficient

to examine the shape of the droplet.
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Figure 25. Drop deformation in the two systems, effects of EHD and falling.
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Figure 26. Comparison of the analytical solution calculated in this study against the current
direct numerical solution using Gerris.
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Figure 27. The number of necessary series terms to reach the converted solution for the
deformation function

89



5 Chapter 5: Coalescence of Two Falling Drops
As presented in Figure 28, the coalescence of two falling drops has been studied numerically to
investigate the effects of the electric field on their interactions compared to those of without the

electric field effects.

Figure 28. The geometry for two drops.

5.1 Coalescence of two falling without electric field effects

In the first case, the coalescence of two falling drops has been studied without considering the
electrical field effects. The two falling drops descend without having any effects on each other as
they are not influenced by an external electric field. As can be seen in Figure 29 the two drops

falling down up to the end of the domain with no influence on each other’s behavior
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Figure 29. The coalescence of two falling drops without the electrical field effects.

5.2  Coalescence of two falling drops under electric field effects

5.2.1 Distance effects

The coalescence of two falling drops has been influenced by external electrical field effects. The
drops fall at different distances from each other. As shown in Figure 30 the drops at the shorter
distances from each other have more effect on each other and coalescence is a shorter time as here

the results are shown at t=2.
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Figure 30. The coalescence of two falling drops under electric fields at different distances from
each other at Ca, = 0.4 and t=2.

Figure 31 shows the coalescence of two falling drops under electric fields at different distances
and different time sequences. As seen the two drops located closer to each other initially

coalesces stronger under electric field compared to those at the further distance at the beginning.

O o O
A W W
o~ N
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d=0.5r d=1.5r

Figure 31. The coalescence of two falling drops under electric fields at different distances from
each other at Ca, = 0.4 and t=2 to t=6.

5.2.2 Electric field strength effects

Figure 32 depicts the coalescence of two falling drops under electric fields at different distances
from each other at various electric fields at two electric fields. As the results show, by increasing
the electric field the two drops influence on each other so strongly so that at t=3 upward they start
merging each other which shows the much stronger coalesce of the drops under stronger electric

field although they were located at the same distance apart from each other initially.

g —
e
Ca.=04 Ca.=0.6

Figure 32. The coalescence of two falling drops under electric fields at different distances from
each other at different electric fields, d=0.5r and t=2 to t=6.

Figure 33 displays the coalescence of two falling drops under different electric fields which are

initially separated from each at d=r at t=4. As seen from the results as the strength of the electric
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field grows, the two drops coalesce much stronger up to the point they get completely merged into

each other.

Figure 33. The coalescence of two falling drops under different electric fields at d=r and t=4.

5.3 Near Wall Deformation of Falling Droplets under the Effect of Electric Field

Figure 34 shows the computational domain used in the current work along with the boundary
conditions. The dimensions of the domain and drop are shown in the figure. The width of the
computational domain is 40R with the height of 160R. A spherical droplet with density and

viscosity of p, , 14 and radius R falls under the action of gravity g. The initial velocity of the drop

is zero. The surrounding medium has a viscosity of , and density of p, . The subscript 1 refers to
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drop and 2 is for the outside medium. Wall boundary conditions are on left and right sides of the

domain and symmetry boundary conditions are applied on the rest of the boundaries.

Wall

Wall

High
Voltage

e

Figure 34. The schematic of the problem and the boundary conditions.

Figure 35 depicts the wall effect on the falling droplet for Ga = 40, Bo = 5, p, =2, u, =10.

Figure 35a shows that the drop feels the repulsive force from the wall due to the wall shear and as
a result, the right side of the drop pushed upward. The drop is compressed horizontally (along larger
diameter) deforms toward oblate shape compared to the ellipsoidal form that drop has under
symmetrical boundary condition. As seen the wall boundary condition slows down the process of
drop deformation toward the bowl-like shape which is the beginning of the drop breakup. Figure
35b shows the results of the falling drop deformation with wall boundary conditions under the
electric field. As seen under EHD force the falling drop takes the oblate shape which is tilted

because of wall shear. Wall repulsive force on drop push the right side of the drop upward which
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will be combined by the EHD force compressed drop more and deform it toward initial spherical
shape which noticeably delays the transformation of the drop to bowl-like shape and after drop

breakup.

O 0
O 0
O 0
o-
@ B ¢
- o

No EHD a

No EHD force with
wall effect

Figure 35. The Effects of EHD on drop for, Ga =40, Bo=5 Ca, =0.11, p, =2, x, =10 for (a)
wall boundary condition applied and (b) Q=25, C=5 from t=1 to t=6.

Figure 36 shows the wall effect on the falling droplet for Ga = 40, Bo =5, p, =5, x, =10. Again

similarly, the drop is compressed horizontally and its right side pushed upward under the shear wall
which takes an oblate form and after this behavior slows down and becomes volatile as at t=5 and
6 the right side tilts downward. Figure 36b shows the drop influenced by the electric field and as
seen the drop takes the oblate form and also becomes tilted due to the wall effects improving the

oblate form and after t=4 the deformation changes and the drop side faces the wall pulls downward.



No EHD force a b
No EHD force with wall effect

Figure 36. The effects of EHD on drop for, Ga = 40, Bo =5 Ca. =0.11, p, =5, u, =10 for (a)
for (a) wall boundary condition applied and (b) Q=25, C=5 from t=1 to t=6..

Figure 37 shows the results for the falling drop under wall effect (Figure 37b) and electric field for
Q=25, k=5 (Figure 37c). In Figure 37b, at t=5 the drop slightly tilted by the repulsive force from
the wall boundary. At t=6, the drop’s side faced to the wall pushed away from the wall as the
symmetry shape of the drop under symmetry boundary condition distorted. Because of the wall
effect the core of the drop becomes less perforated which delays the breaking up process. At t=7
and 8 also the drop feels the wall repulsive force due to the wall shear as the side faced the wall is
pushed away toward the symmetrical shape the drop structure at those times deflected. Under wall
effect, the higher portion of the drop core is left less perforated with thicker and stronger ligament
which again slows down the process of the further drop breakup toward small fragmentation and
then small droplets. Figure 37¢ shows the breaking up process under wall affects and EHD force.
The electric field combined with wall shear effect the drop becomes distorted with the higher rate

as the multiple holes grow rapidly forming a network of attached ligaments which thereafter into
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many droplets. Also, the drop structure pushed stronger away from the wall and the ligaments and
bridges form closer to the wall transform into smaller droplet faster as the regions near the wall

more drops and weaker ligaments form.

@ (®) () Q=25. k=5,
No EHD No EHD force Caz=0.028.
with wall effect
Figure 37. Deformation of the falling drop under (a) wall effect and no EHD force (b) EHD
force.
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6 Chapter 6: Conclusion and recommendations

6.1 Conclusion

In this dissertation, a three-dimensional study of the deformation of a single falling droplet
surrounded by another liquid under the effect of the electric field has been studied analytically and
numerically. In addition, the effects of EHD on the coalescence of two falling drops have been
investigated and their interactions under influence of EHD force have been studied numerically. An
open-source volume-of-fluid solver, Gerris has been used for numerical modeling using direct
numerical simulation (DNS). The analytical solutions have been compared for various values of
electrical conductivity and permittivity against DNS results. The comparison of the analytical
solutions and the numerical results show a great agreement between them. The analytical modeling
of drop deformation has been presented in detail and also the DNS results are compared for both
electric and fluid fields against analytical and previously published experimental data [38].
Extensive numerical studies have been performed in order to come up with a powerful numerical
method that not only can capture the complicated physical nature of the two-phase-flow falling
drop deformation but also to be computationally cost-effective. To avoid issues of turbulence
modeling, DNS has been used for simulation of this complicated problem as it solves the whole
computational domain directly without any simplification for accurate results. Using Gerris
provides a significant tool in investigating the EHD-multiphase problems as it uses the adaptive
mesh and a smaller number of grids for capturing the drop’s deformation perfectly and is
tremendously cost-effective in terms of computational cost.

Contrary to most of the previously published work that studied the drop deformation surrounded in
a medium with a similar density, the gravitational force has been implemented to the Gerris code

in this study; the drop deformation has also been studied under the gravitational effect to represent
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the real-life problems. As the results showed, under the effect of gravity, the drop undergoes various
deformations before it goes to fragmentation. These deformations can be managed by using the
external electric force in order to speed up or slow down its behavior.

The analytical solution has been developed for modeling the small deformation of the falling drop
under the effect of the electric field. This analytical method provides an easy, fast, accurate and
cost-effective solution in analyzing the drop behavior for small deformation. The developed
analytical method produced a user-friendly solution for prediction of the drop deformation rather
than performing a complex, high-cost and time consuming experimental study. In addition, the
analytical solution can be used for investigating the deformation for various physical parameters
much easier and quicker compared to the limited cases of experimental work that makes the
investigation much more difficult as each change in physical parameters needs a new set-up for
measuring the data.

The wall effect is also studied in order to investigate its influence on the falling drop behavior. The
results have been presented for the drop deformation under the wall effect with and without
combination with the external electric field. Results revealed that the shear wall effects impose a
force on drop behavior which causes the drop to form the oblate and prolate shapes, which results
in speeding up and slowing down its bowl-shape formation. This shear force can be reinforced by
its combination with the electric force which significantly affects the drop deformation in
expediting and delaying its deformation toward final fragmentation.

The coalescence and interaction of the two drops under gravity and electric force have been studied
numerically. As the results showed, without an EHD force the two falling drops have no interaction
with each other as they descend toward the bottom of the computational domain in spite of their
deformations. The application of the EHD force showed that the two falling drops start interacting
with each other which leads to their coalescence. The interaction and coalescence are affected

significantly by the strength of the electric field. Within the investigated parameter range, it was
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found, as the strength of the electric field grows, the two drops’ coalescence becomes much stronger
up to the point that they get completely merged into each other. In addition, the effects of the
distance on their coalescence and interaction have been presented using the numerical solution; the
two drops which are initially at a farther distance from each other have a weaker effect on each
other compared to those that are in a closer distance from each other and this interaction can be

improved by using the electric force.

The results showed that electric force can be a significant external force in controlling the drop
deformation and fragmentation. The numerical results revealed that the electric field can expedite
or delay the bowl-like shape formation of the drop which is the initial stage of the drop to go to the

bag formation stage and eventually to its fragmentation.

A main focus of the work was on the contribution of an electric field, which induces a deformation,
to the behavior of a falling drop since falling/rising of a drop itself can deform the drop. It was
found that the latter is dependent on the hydrodynamic properties of both continuous and dispersed
phases while the former is hinged to the electrical properties of these distinct phases. The results
reveal that depending on the direction of the imposed electric field, deformation can be halted or
promoted with respect to the different flow regimes. While a drop can turn into a cup shape due to
falling, the electric field can be strong enough to generate sufficient electrical stresses to revert the
drop to its initial shape. Comparing the electrical stresses contours around the interface of the drop
as well as viscous stresses, it is found that pressure gradient can be determinative factors in
assessing at which conditions electrical behavior is dominant compared to solely hydrodynamic
induced deformation. While in a low Reynolds number or a low Weber number analytical results
specify the different forces implemented on the interface, a high Weber or Reynold number results
specify the Plateau—Rayleigh instability arising at the tips of the drop results in rupturing the drop,

resulting in rupturing the drop and generating satellite drops.
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It was found that DNS has the potential to resolve the mechanism in a short timescale. It is worth
mentioning that circulation inside the droplet, as a result of balancing viscous and electrical
stresses, plays a significant role in drop behavior particularly in the turbulent regime; in turbulent
flow regime, vortices inside and outside the drop undergo sever time-dependent interaction, which

are the phenomena difficult to be captured by the available analytical techniques.

6.2 Recommendations

Following the importance of electric field on deformation, coalescence or rupturing of the droplet,
which depends on different parameters, more investigations are needed for practical applications
such as emulsions which consist of the population of droplets (rather than a single droplet case)

within the continuous phase e.g., water in oil emulsions as follows :

1- Check the effect of electricity on the stability of the emulsion.

2- Conducting a numerical simulation to see how one/two droplets or multiple drops interact
with each other inside the dialect medium to give an idea of how the droplets (suppose
conductive ones-water) behave in the emulsion.

3- How much they can be deformed,

4- How much they are likely to attract each other because of the dipole-dipole attraction,

5- How EHD-induced vortexes can change the motion of these droplets and become them
closer together and addresses many important issues in terms of the rheology of droplets
in an emulsion.

6- Improving and extending the analytical solution for a high range of Capillary number

This work definitely improves the idea behind making an emulsion. Effect of the electric field for
making an emulsion can be explained as below. Today’s research regarding the emulsion synthesis

can be divided into parts 1) size of the dispersed droplet (making nano-emulsion by the typical
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processes such as homogenizer, microfluid or porous membrane have limitation. In the case of
homogenizer, where shear forced is used to break the droplet (dispersed phase), it depends on many
factors (viscosity of the continuous phase, rotational speed, turbulent energy, or in case of
membrane /microfluidic, the limitation in terms of the manufacturing process to make nano-sized
channel or pores and so on ). The electric field is a promising technique which enables us to break
the dispersed phase to satellite droplets (the same was done for electrospinning [49] or even mixing
the two viscous oils). If one considers the two oils where one is less dense than the second, we can
have two layers of oils. When we apply the electric field on the interface between these two liquids,
the instability propagates as a wave which finally leads to mixing one into another. One can replace
one of that oil by water phase to make w/o or o/w emulsions. Depending on the applied electric
field and properties (hydrodynamic, electrical, and chemical) of those two phases, different types
of emulsion can be made. Note that, after breaking the dispersed phases to tiny droplets, these
droplets want to coalescence again to reduce the free energy and decreasing the surface area, then
stabilizers (surfactant or particles) are used to hold these droplets inside the continuous phase and
prevent merging ( break up of emulsion-separation). Here how electric field can affect the interface
by the presence of a surfactant or in another scenario charged particles is another important thing
which has not been investigated yet. Even neutral hydrophobic/hydrophilic particles at the interface
of o/w show charges which create Columbic force or dipole-dipole interaction, for which the

amount of each force needs to be measured.
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