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Numerical Simulation of Drop Deformation and Breakup in an Electric Field
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ABSTRACT: Liquid drop suspension in another fluid occurs in many natural processes. Applying electric field 
has shown a promising outlook for the control of motion, deformation, breakup and guidance of the drops. In this 
study, the dynamic response of a liquid drop suspended in another fluid across two conducting electrodes held at 
different electrical potentials has been simulated. In this regard, the effects of electric potential, electrical conductivity 
and relative permittivity have been studied. According to results, an increase in electric potential and conductivity 
leads to increasing trend in drop deformation whereas this trend converts into an ascending-descending pattern due 
to increase in electrical permittivity. An insight into the flow patterns inside and outside the drop shows that the 
positioning of a liquid drop in an external electric field in addition to drop polarization results in an electric field 
induced within the drop which causes the creation of vortices inside the drop. Magnitude of electrical conductivity 
and permittivity factors compared to each other apparently affect the accumulation area of electrical charges on the 
drop surface which in turn determines the circulating direction of vortices within the drop. Increasing electric field 
intensity due to an increase in electrical potential or change in magnitude of other physical properties would fortify 
the electric charge on the drop surface escalating drop deformation towards drop breakup. In this condition, the 
electrical polarization in addition to drop prolation causes jet exit from which a continuous line of droplets is emerged 
until the total dissipation of the drop.
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1- Introduction
Liquid drops (as a discrete phase) suspended in another fluid 
(as the continuous phase) exist in many natural processes 
such as blood flow in the body, petroleum refinement and 
bubbly flow reactors [1]. Applying an electric field has 
offered a promising outlook on the control of the drop 
motion and deformation. Dynamic Response of a drop under 
an electric field, in addition to the strength of the electric 
field, depends on the physical properties of the drop and its 
surrounding medium. The pertinent literature reveals various 
numerical research works in the field of drop deformation 
owing to an electric field. In these research studies, which 
are based on the simulation of two phase flow, tracking 
of the two phase interface can be considered as one of the 
most important differences in the solution methodology. 
For instance, level set, volume of fluid and phase field are 
the methods commonly used [2-4]. In the present study, an 
electrohydrodynamic solver has been developed employing 
the open source software of OpenFOAM based on the volume 
of fluid method for tracking the interface of two phases using 
the thorough structure of the governing equations. The solver 
has been used to investigate the deformation and breakup of a 
liquid drop positioned and imposed to an electric field.
 
2- Methodology
2- 1- Main formulations
The electrospray process includes a set of fluid flow and 
electrical equations. The equations of fluid flow include 
the Navier-Stokes equations as well as the volume fraction 

equation for tracking the liquid-gas interface as given by 
Saville [5]:
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where u, ρ, µ, P and C are velocity vector, density, viscosity, 
pressure and volume fraction, respectively. In addition, FST 
represents the surface tension force on the interface and is 
given as the following [5]:
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In Eq. (2), FES is the electric force whose determination needs 
the electrical equations including Poisson and the electric 
charge conservation equations be taken into account as given 
by,

(5)
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where ε, Φ, ρe and K are permittivity, electric potential, 
volume electric charge density and electrical conductivity, 
respectively. Accordingly, the electric force can calculated 
using the following equation [5]:

(7)

( ) ( )

( )

( ) ( )

( )

2

2

. 0

  .

C . . 1 0

.

.

. . 0

1
2

ST ES

r

ST

e

e
e

ES e

u

u u u P u F F
t

uC u C C
t

CF C
C

u K
t

F E E

ρ µ

γ

ε ρ

ρ ρ

ρ ε

∇ =

∂ + ∇ = −∇ + ∇ + + ∂ 

∂
+∇ +∇ − =  ∂

  ∇
= − ∇ ∇    ∇  

∇ ∇Φ = −

∂
+∇ −∇ ∇Φ =

∂

= − ∇



    

 





  

where E=-∇Φ represents the electric field. In this study, 
the aforementioned set of equations are coupled and solved 
simultaneously.

2- 2- Brief description
The theme studied in this research work consists of the 
deformation of a spherical drop inserted between two parallel 
disks held at different electric potentials as shown in the 
Fig. 1. The simulation is considered axisymmetric and the 
computational domain is discretized using a structured and 
non-uniform grid. After evaluating grid independency, the 
mesh size with Rd /Δz=200 at the drop region was chosen for 
the subsequent simulations.

3- Results and Discussion
In this study, the dynamic behavior of a liquid drop under the 
influence of an electric field has been studied both in small 
(deformation) and large (breakup) conditions for a prolate 
state.

3- 1- Small deformation of drop
In evaluating the small deformations, Rd=1mm and the 
physical properties of the drop and the surrounding fluid are 
considered according to Table 1. For this purpose, the effects 
of electric potential (Φ0), electrical conductivity ratio (Kr) and 
relative permittivity (εr) have been examined and compared 
with the Taylor dielectric theory [6].
In evaluation of Φ0 on drop deformation (D), the relative 
parameters are considered as Kr=10 and εr=2 while the 
simulations are performed for various values of Φ0. Fig. 2 
depicts the changes of drop deformation versus Φ0. It can 

be seen in the figure that increasing in Φ0 results in a larger 
drop deformation stemming from the rise in the electric field 
strength due to the higher electric potential.
In evaluation of Kr on drop deformation, Φ0=7 kV and εr=2 
are taken and the simulations are performed for various 
values of Kr. Fig. 3 demonstrates the changes of D versus Kr. 
As can be seen, an increase in Kr causes an increase in the 
drop deformation with a descending growth rate. 

In evaluation of εr on drop deformation, Φ0=7kV and Kr=10 
are considered and the simulations are carried out various 
values of εr. Fig. 4 shows the variation of D versus εr. As 
the figure shows, increasing εr, by creating a descending-
ascending trend for D, leads to a minimum value for D 
corresponding to εr=Kr.

3- 2- Large deformation and breakup of drop
For large deformation and breakup of drop, Rd=0.3mm, 
Φ0=23kV and the physical properties of drop and the 
surrounding fluid are considered as given in Table 2. Fig. 5 

→

Fig. 1. A sketch of the theme geometry

Property
ρ

(kg m-3)
μ

(mPa s)
K

(S m-1) ε
γ

(N m-1)

drop
surrounding 

fluid

1000 0.001 20×10-13 2ε0

1000 0.001 2×10-13 2ε0 0.0284

Table 1. Physical properties of the fluid phases employed in the 
study of small deformations of drop

Fig. 2. Drop deformation versus electric potential for Kr=10 and 
εr=2

Fig. 3. Drop deformation versus electrical conductivity ratio for 
Φ0=7 kV and εr=2

Fig. 4. Drop deformation versus relative permittivity for Φ0=7 
kV and Kr=10
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shows a temporal pattern of the drop deformation which leads 
to the continuous drop shrinkage owing to the emergence of 
liquid jet wherefrom the tiny liquid droplets are issued out.

4- Conclusions
The drop deformation and breakup is numerically studied in 
a prolate state. The results show that the increase in electric 
potential, electrical conductivity ratio and the relative 
permittivity lead to larger deformations owing to creation 
of higher electric field strengths as well as the inducement 

of greater amounts of electric charge on the drop poles. The 
conversion of drop deformation to drop breakup necessitates 
a considerable rise in the electric potential, which causes a 
strong polarization in the drop leading to an initial prolate 
deformation followed by the emergence of liquid jet from 
the drop poles issuing a stable line of droplets until the drop 
totally fades out.
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Property
ρ

(kg m-3)
μ

(mPa s)
K

(S m-1) ε
γ

(N m-1)

Heptane 684 0.42 1.15×10-6 1.93ε0

Air 1.225 0.0183 1.05×10-13 2ε0 0.0186

Table 2. Physical properties of the fluid phases used in study of 
large deformations of drop

Fig. 5. Temporal pattern of drop deformation and breakup 
under the influence of an electric field




