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Electrohydrodynamic atomization (EHDA) process has received more research atten-
tion in recent years due to its potential to generate monodisperse droplets of low electric
conductivity. It is reported that the EHDA process can be fine-tuned by adjusting the
electrical field strength by an additional ring electrode near the nozzle tip to control
both the spray mode and the droplet size. In the present study, a computational fluid
dynamic (CFD)-based front trackinglfinite volume method has been used to investigate
numerically the effect of the secondary electric field source and the ring electrode on the
EHDA process. The full NavierStokes equations are solved for both the liquid phase
and the ambient air near the nozzle tip, and the liquid—air interface is monitored using a
front tracking approach. At the interface, both the surface tension and the electrical
stress due to surface charging and the applied electric field are taken into account.
Because of the large dimension difference between the Taylor cone and the liquid jet,
the simulations involve two drastically different length scales for describing the dynamic
of the entire process. To accurately include the effect of the ring electrode, the electrical
field distribution is first calculated over a domain large enough to enclose all key com-
ponents of the EHDA process. Subsequently, the calculated electrical field in the large
domain is integrated with the detailed CFD analysis on a small domain near the region
of the nozzle tip. The formations of the Taylor cone, liquid jet, and droplets are suc-
cessfully simulated and compared with experimental results with reasonable agreement.
The numerical simulation method proposed in this article can be used as a platform
for the investigation, analysis, and optimization of electrohydrodynamic atomization
process. © 2010 American Institute of Chemical Engineers AIChE J, 57: 57-78, 2011
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Introduction

Electrohydrodynamic atomization (EHDA) has been
observed and documented over a century.'™ Recently, there
has been a renewed interest in exploring its ability to pro-
duce monodisperse liquid droplets for the fabrication of
monodisperse polymeric particles’’ (Figure 1). Typically,
an electrohydrodynamic spraying system consists of a noz-
zle, a high voltage direct current (DC) power supply
attached to the nozzle to raise its electrical potential to the
kilovolt range relative to earth, and an earthed ground elec-
trode placed directly beneath the nozzle to act as the counter
electrode in the system. When a liquid solution is pumped
through the nozzle, and the solution emerges from the noz-
zle, electrical stresses will exert on the liquid—air interface to
accelerate the liquid, and a cone-like structure, termed as
“Taylor cone,” is formed at the nozzle tip. Subsequently, a
jet emerges from the tip of the Taylor cone at high speed,®’
and breaks into droplets due to the interfacial instability. As
the jet and its physical characteristics are originated from the
Taylor cone, an understanding of the formation of the Taylor
cone is essential to the comprehension of governing physics
for the EHDA processes.

In the process of electrohydrodynamic atomization, the
electrical stresses play a key role in the Taylor cone-jet for-
mation and jet breakup. Three different charge transport
models, namely perfect conductor’ model, perfect dielec-
model, and leaky dielectric'*™" model, have been
introduced to account for the electric charge transport in the
electrohydrodynamic atomization process and to evaluate the
electrical stress due to the electric charge-field interaction. In
the case of a perfect conductor, it is assumed that the charge
relaxation time is shorter than the system time constant and
that charges exist only on the surface of the jet. No electric
field exists inside the jet and the direction of the electric
field on the surface of the jet is normal to the surface. A
good representation of this kind of EHDA process is the

spray of liquid metal. For the case of perfect dielectric, there
is no conduction of electric charge. In this case, electric
fields exist both inside and outside the liquid phase, and the
electrical stress is manifested as a surface electrical polariza-
tion stress due to the interaction of the liquid and the electric
field. As there is no electric charge in the system, the elec-
tric charge-field interaction stress is also absent in the sys-
tem. An example of such perfect dielectric fluid might be
heptane that is completely free from contaminants. Unfortu-
nately, neither the aforementioned limiting models can
adequately describe the typical EHDA spray of most chemi-
cal solvents. To overcome such limitations, the leaky dielec-
tric model, which exhibits both the surface electric charge
feature of the perfect conductor model and the electrical
polarization stress of the perfect dielectric model, has been
developed'® and applied extensively for the analysis of
EHDA process in recent years.'>

In addition to the development of different charge trans-
port models, previous theoretical studies have artificially di-
vided the Taylor cone and the jet emitted from the tip of the
cone, so that the analysis could be done for either Taylor
cone or jet instability'® separately. For the case of the Taylor
cone, Shtern and Barrero!” have analyzed the fluid flow in
the Taylor cone based on the conical similarity class of exact
solutions of the Navier—Stokes equations, and identified a
few interesting features, including the circulatory motion of
fluid inside the Taylor cone. The jet stability in electric field
had been previously studied theoretically under different
assumptions, including perfect dielectric,'"'? perfect conduc-
tor,' and leaky dielectric'®>™"> cases. Taking into account the
effect of the electric charge-field interaction stress and the
polarization stress on the stability of the jet, the presence of
electric charges destabilizes the jet while the presence of the
polarization stress stabilizes the jet. Such models with the
separation of the Taylor cone and jet works well for the case
where the liquid conductivity is high in the EHDA spray,

Figure 1. A: Electrohydrodynamic atomization for the fabrication of microdroplets and nanodroplets. B: Electro-
spinning for the fabrication of microfibers and nanofibers.
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since there is a large size difference between the Taylor
cone and the diameter of the jet'” (with a ratio larger than
the order of 10%). However, a comprehensive understanding
of Taylor cone-jet based on theoretical analysis in the case
of low conductivity fluid, where the size difference between
the Taylor cone and jet is about two orders of magnitude,
has not been achieved due to the complicated nature of the
coupling between the Taylor cone and jet.

Recently, CFD-based numerical simulations have been
used to investigate the formation mechanism of the Taylor
cone and jet. Hothman'® and Hartman'® simulated the for-
mation of a Taylor cone and jet by solving a one-dimen-
sional (1D) conservation of momentum equation to track the
evolution of the liquid—gas interface. Unfortunately, such 1D
simulations are unable to capture any radial motion of the
fluid inside the Taylor cone. Hartman has further assumed a
1D electric field in the longitudinal direction, whereas the
2D nature of the electrical field near the nozzle was taken
into account. In their works, the shape of the Taylor cone
was calculated by solving a force balance on the surface of
the Taylor cone. The liquid flow inside the Taylor cone was
assumed to be unidirectional. Charge transport was taken
into account by considering instantaneous electrical conduc-
tion in the bulk flow inside the Taylor cone and also convec-
tion of the electric charges on the surface of the Taylor
cone. This results in a gradual accumulation of electric
charges on the interface due to the conduction from the bulk
of the liquid. As a result, the charge density at the interface
is needed for the evaluation of the electrical stress on the
liquid—air interface. Because of the instantaneous nature of
the electrical conduction in the liquid bulk, there is no
charge present in the liquid bulk and no electrical stress is
observed there.

Yan et al.?° proposed a 2D axisymmetric model to simu-
late the deformation of the electrically driven liquid menis-
cus in the cone-jet mode. The axisymmetric equations of
continuity, momentum, and electric potentials are solved
numerically. This model is able to calculate the shape of the
liquid cone and the resulting jet, the velocity field inside the
liquid cone-jet, the electric field inside and outside the cone-
jet, and surface charge at the liquid surface. Even though
this model could produce very comprehensive simulation
results, the simulation algorithm is still quite complex in
dealing the free surface. Their modeling algorithm was not
extended further to account for the drop formation from the
liquid jet. Lastow?! performed a two-dimensional simulation
using the commercial software package CFX 4.4 without
taking into account the electrical current in the system. The
Navier—Stokes equation with additional electrical stress term
was solved for the momentum balance, and Poisson’s equa-
tion was solved for the field distribution of electric potential.
Using this method, the circulatory feature of the flow inside
the Taylor cone was reproduced. One limitation in all afore-
mentioned simulations is that they are unable to capture the
formation of droplets.

The recent development of front tracking method for mul-
tiphase flow?*** simulation has provided a novel and robust
numerical approach to treat the moving interface between
two fluids with large density difference. Such method has
been applied successfully in various interfacial flow prob-
lems.”* In this study, to simulate the electrohydrodynamic
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atomization process, the Navier—Stokes equation is modified
to take into account the electrical stresses on the interface.
The front tracking/finite volume method proposed by Hua
and Lou®* is further extended to take into account the elec-
tric charge on the liquid—gas interface and the interface
movement in the coupled electric and fluidic fields. In this
method, a stationary fixed grid is used throughout the whole
computational domain for the fluid flow and electric fields,
and a set of adaptive elements is used to mark the position
of the moving interface. Only one set of Navier—Stokes
equations is solved in the whole computational domain by
treating the different phases as one single fluid with variable
material properties. The distributions of physical properties
such as density, viscosity, and electrical permittivity are cal-
culated according to the position of the interface and the
property difference of two fluid phases. Interfacial source
terms such as surface tension and electric charge-distribution
are computed on the front and then transferred to the fixed
background grid through the use of a dirac-delta function for
interpolation. The position of the interface is advected ex-
plicitly with the velocity interpolated from the flow field on
the background gird.

The electric field is a key parameter in determining the
electrical stresses exerted on the liquid—gas interface. Hence,
it is important to estimate the electric field accurately, espe-
cially at the region near the nozzle tip where the Taylor
cone and the liquid jet are formed. The presence of the Tay-
lor cone and jet has little effect on the electric potential field
at the far field (about 10 nozzle diameter away from the
Taylor cone and jet). Hence, the electrical potential field is
first calculated in the much larger domain (enclosing all key
parts of the EHDA process), which includes the electrodes
and the far field potentials, to get the nonuniform electrical
potential distribution at the region near the nozzle tip. Then,
with proper boundary conditions for fluid flow and also the
electrical potential boundary conditions derived from the
electrical potential field calculation in the large domain, the
detailed fluid flow as well as the electric field is calculated
over a small domain for the region near the nozzle tip. Tran-
sient simulations are also performed on the small domain to
investigate the formation of the Taylor cone and jet in elec-
trohydrodynamic atomization, taking into account the cou-
pling among the two-phase fluid flow dynamics, moving
interface and electric field. The simulation results are then
compared with experimental observation for evaluation of
the accuracy.

In brief, the cone-jet formation of the EHDA process was
simulated in the current work using the front tracking/finite
volume method whereby the electrical stresses is coupled
into the Navier—Stokes equation. These simulations aim at
systematic investigation on the adjustment of the ring elec-
trode potential for achieving fine control of the droplet for-
mation in EHDA process. The rest of the article is arranged
as follows. First, the experimental methods through which
the experimental data were obtained are presented. The nu-
merical models are set up according to the parameters used
in the experiments so that the results from simulations and
experiments could be compared. Following that, the numeri-
cal modeling strategy to capture the details about cone-jet
formation is introduced. The governing equations for liquid—
gas flow and electric potential field calculation, the treatment
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Figure 2. Schematics for the experimental setup.

of moving interface, surface tension and surface charge, and
the numerical solving approach such as non-dimensionaliza-
tion and numerical methods are depicted in detail in the fol-
lowing sections. The numerical simulations results are then
presented and compared with the experiments, and further
discussion is given as well. Finally, the conclusions drawn
from this study are summarized.

Physical Problem and Modeling Strategy
Experimental setup for electrohydrodynamic atomization

The experimental setup for the electrohydrodynamics
atomization is shown in Figure 2. In the present system, two
separate electrodes were included to act as the electric
potential field sources. The nozzle was made from a 29
gauge spinal tap needle (Becton Dickinson) with the sharp
tip cut and filed to form a flat tip. It has an outer diameter
of 340 p and an inner diameter of 220 u. It was connected
to a Glassman high voltage DC power supply (V,). The sec-
ond electrode was in the form of a ring, which is placed
slightly above the outlet of the nozzle, and coaxially with
the nozzle. The ring electrode was made from a copper tube
with outside diameter of 2 mm and formed into a ring with
a diameter of 40 mm (d;). The center of the ring electrode
was placed 10 mm (/,,) above the tip of the nozzle, and was
connected to another separate Glassman high voltage DC
power supply (V). This arrangement enabled the nozzle
electrical potentials on the nozzle and ring electrodes to be
varied independently. An additional 29 gauge spinal tap nee-
dle was located 100 mm (/,,,) below the tip of the nozzle. It
was connected to ground and was used to act as the counter
electrode to the nozzle and the ring electrodes. Thus, the dif-
ference of electrical potential settings on the nozzle and the
ring electrodes (V,, the nozzle electrode to the grounded
needle or V,, the ring electrode to the grounded needle)
modulated the electric field near the nozzle tip. Ijsebaert™
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has previously made use of the ring electrode in his study of
the production of aerosols, but the ring potential was set to a
constant and was thought only to have the effect of focusing
the spray. In the current study, the ring acted as a method to
control the electric field strength near the tip of the nozzle,
where the Taylor cone and jet were formed and tuned by the
electric field.

Photographs were taken with a digital SLR camera (D2H,
Nikon, Japan) with a macro lens (105 mm Micro Nikkor,
Nikon, Japan) for high magnification. Pictures were taken
using a cold cathode fiber optic illuminator (Model 41500-
55, Cole Parmer Instrument Company) to provide back light-
ing, with an aperture size of F-25 and a shuttle speed of 1/
2000 s.

Droplet size was measured with a laser-based phase Dopp-
ler particle analyzer (TSI, Minneapolis, MN). The phase
Doppler method is based upon the principles of light scatter-
ing interferometry. Measurements are made in a small opti-
cal probe volume defined by the intersection of two laser
beams. As a particle passes through the probe volume, it
scatters light from the beams into a multi-detector receiving
probe, strategically located at an off-axis collection angle.
The phase shift between the Doppler burst signals from dif-
ferent detectors is proportional to the size of the spherical
particles.

Modeling strategy

Because of the small size of the cone-jet and the droplet
formed, it is quite difficult to measure the detailed flow dy-
namics and electrical field inside the liquid phase, as well as
the electric charges on the liquid—gas interface. To investi-
gate the electrohydrodynamic atomization process, some
simplifications and assumptions have to be made in the anal-
ysis due to the physical complexity of the problem, for
example, by splitting the Taylor cone and jet into two differ-
ent phenomena as mentioned before in the previous sections.

January 2011 Vol. 57, No. 1 AIChE Journal
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Figure 3. Simulation domain.

Domain A includes the nozzle, the ring, and the ground
needle and is used for electrical field calculation. Domain B
is at the tip of the nozzle and is used for CFD simulation.
The nozzle and ring are connected to the high voltage
power supply V,, and V,, respectively.

Fortunately, the first-principle-based CFD simulations pro-
vide us with an alternative approach to investigate the com-
plex coupling phenomena in EHDA.

For the accurate estimation of electric field, a large do-
main encompassing all the different entities (Figure 3, Do-
main A) is required. However, the larger domain required
for the electric field calculation is prohibitively too large for
the CFD simulation, since the CFD simulation is more com-
putationally expensive than the electric field calculation. In
addition, the interested region for the CFD simulation is
much smaller (confined to the region near the nozzle outlet)
compared to that for the electric field calculation (encom-
passing all the electrodes of nozzle, ring, and ground). This
is due to the small inner radius of the nozzle (R;) as com-
pared to the distances among the nozzle, the ring electrode,
and the ground needle (e.g., [,/Ry ~ 950). For instance, the
ring electrode is located at the position about 90 R, away
from the nozzle and the ground is located at a position about
900 R, away. Therefore, it is not a good approach to per-
form the CFD simulation on the same simulation domain as
the one required for the electric field calculation. Fortu-
nately, the liquid flow changes the electric field only locally,
and the electric field strength at certain distance from nozzle
outlet will be almost unaffected by the presence of liquid jet.
This suggests that only the electric field distribution needs to
be solved for the large domain (Figure 3, Domain A), while
the governing equations for both fluid flow and electrical
field are solved over a smaller domain near the nozzle tip
(Figure 3, Domain B) to capture the details of the fluid flow
and its interaction with the electric field.

To study the electric effect of the ring electrode and
ground needle while keeping the simulation domain reason-
ably small, the electrical potential field in Domain A would
be first calculated using the Laplace’s equation without tak-
ing into account the liquid flow in the system. Here, the noz-
zle electrical potential and the ring electric potential are both
taken into account, and the simulation geometry matches the
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actual production facilities (Figure 3, Domain A). Once the
electric potential field is calculated in Domain A, the electric
potential value on the boundary of the CFD simulation do-
main is extracted, and applied onto the CFD simulation as
the electric potential boundary conditions (Figure 3, Domain
B; Figure 4). During the CFD simulation, the Poisson’s
equation for the electric potential is solved again to obtain
the detailed electric field near the nozzle tip for the electrical
stress calculation. When the stable Taylor cone and jet are
reached, the Taylor cone angle and the jet diameter will
remain constant. The electric potential field in Domain A is
then recalculated with the liquid phase, which is determined
with the CFD simulation in Domain B. The two different
sets of results of electric potential field calculation in Do-
main A, one without the liquid phase and one with the liquid
phase, are compared and checked for convergence. The
whole process of simulation ends when the convergence of
the electric potential field calculation in Domain A is
achieved. The size of Domain B must be properly selected
such that convergence of the electric potential field calcula-
tion in Domain A can be achieved and justified.

In the present study, a CFD simulation domain (shown in
Figure 4) was chosen in a cylindrical coordinate system with
the size of 24 R in the axial direction and 3 R in the radial
direction. Here, R, is the inner radius of the nozzle. The
simulation was performed on a fixed grid mesh of 120 x
960 and the nozzle radius is meshed with 40 grids per unit
dimensionless length scale (=R;). The mesh should be fine
enough to reasonably capture the fluid flow behavior nearby
the nozzle tip according to the mesh sensitivity analysis that

(r*,z%)=(0,0)

To
1 o8 T s
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Figure 4. CFD simulation domain (Figure 3, Domain B).

Dimension length is normalized by the nozzle radius. (¥,
z*¥) = (r/Ry, z/Ry), where r and z refer to the dimensional,
radial, and axial direction coordinates, respectively.
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has been performed in the previous work of Hua and Lou®’
for the front tracking/finite volume method. The left wall was
the symmetry axis of cylindrical coordinate system. Zero gra-
dient of electrical potential was imposed along the normal
direction on the top boundary. This is because the electric
field is in the direction perpendicular to the outer nozzle wall.
On the right and bottom wall, in contrast, the boundary condi-
tions were extracted directly from the electrical field calcula-
tion on Domain A. Note that the gravity in this domain is act-
ing from the top to bottom. The selected size for Domain B
has been checked for convergence, as presented in the previ-
ous paragraph, to ensure that the selection of domain size has
no observable variation on the final results.

Mathematical Formulation
Governing equations for fluid flow

The flow field simulation is formulated by solving the
governing equations of mass conservation and the Navier—
Stokes equations. For the EHDA system, it consists of two
phases, the liquid phase and the gas phase (ambient air). In
addition, the multiphase flow is coupled with the applied
electric potential field and electric charging on the interface.
Assuming the system to be isothermal, both liquid and gas
phases can be considered incompressible. Hence, the mass
conservation of the whole domain, which consists of both
the gas phase and the liquid phase, can be expressed as,

V-u=0, (1

where u is the velocity of the fluid.

To take into account the surface tension on liquid—gas
interface (Fgt), the electrical stresses (Fgs) and gravitational
force, the Navier—Stokes equation would need to include the
additional terms for these forces and can be expressed as,

%pf-ﬁ-v-pﬁﬁ: —Vp+ V- [u(vmv{)}

+(p—py)g + Fst + Fgs,  (2)

where p is the density of the fluid, p is the pressure, u is the
viscosity of the fluid, g is the gravitational acceleration.
Subscript g refers to the gas phase.

The surface tension force on the liquid—gas interface can
be calculated as follows,

Fer = / o (3 — 5 ) dst. 3)
I

where 7 is the surface tension coefficient, « is the curvature of
the interface, Subscript f refers to the front or interface.
0(x — x¢) is a dirac-delta function, which is used to impose the
surface tension force acting on the perimeter of the control
volume where the interface is located.

The electrical volume stress®® can be calculated by taking
the divergence of the Maxwell stress tensor (O'M) while
assuming that the fluid is incompressible,

_ 1. - -
Fps=V.-oM= fEE-EVerqVE, 4)
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where E is electric field, ¢ is the permittivity of fluid, and ¢" is
the volume charge density near the interface. The first term on
the right of Eq. 4 is due to the polarization stress, and it acts in
the normal direction of the interface as a result of the term Ve.
The second term, due to the interaction of the electric charges
with the electric field, acts in the direction of the electrical
field. As it was assumed that the electric charges are located
on the interface, both the polarization electrical stress and the
charge-field interaction electrical stress would thus be exerted
on the interface.

Governing equations for electric field

Poisson’s equation for electrical potential calculation is
given as:

V. (V) = g, )
where ¢ is the electrical permittivity of the fluid, ¢ is the
electric potential, and ¢" is the volume charge density. The
electric field E is related to the electric potential through the
following equation,

E=-V¢. (©6)

Note that at the interface, ¢" is nonzero due to the distri-
bution of electric charge, and ¢ is not constant since it will
change as it crosses the moving interface from the liquid
phase to gas phase. This will cause the electric field to
change both in strength and direction as it crosses the lig-
uid—gas interface.

Electric charge on interface

In the electrohydrodynamic atomization process, the liquid
that emerges from the nozzle is charged electrically. The
interaction between the electrical field, the electric charges,
and also the liquid—gas interface (due to the varying electri-
cal permittivity, causing a polarization stress) creates electri-
cal stresses that will augment the normal flow dynamics,
thus creating new flow forms.

To successfully simulate the electrohydrodynamic atom-
ization process, it is important to obtain the proper estima-
tion of the electric charge density on the interface as well as
its distribution. The distribution of electric charge can be
approximated by first considering two inter-related parame-
ters, the electrical relaxation time of the system and the
Debye length. The electrical relaxation time?’ is used to
define the charge relaxation time in the electrohydrodynamic
system. It is defined as the ratio of the electrical permittivity
(e) over the electrical conductivity (K),

E=2 o)

The Debye length is related to the thickness of the electric
charge boundary layer, where the electric charges will be
located when it is distributed on the surface of an electrohy-
drodynamic system. The Debye length can be defined as

,1:,/013(:\/1)1. ®)
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Note that the molecular diffusivity of the charge species
and the electrical permittivity of the system have a positive
effect on increasing the Debye length, while increasing the
electrical conductivity decreases the Debye length.

In the current study, dichloromethane is used as the liquid
phase for the EHDA process. The relative permittivity is ¢
=773 x 10~", and the electric conductivity is about K =
275 x 107% S/m. Hence, the time scale of charge relaxation
is estimated as t° = 2.81 x 1073 (s). To have a better
understanding about the scales of charge relaxation time, we
also estimate the charge relaxation time in two publications
by Ganan-Galvo et al.’® and Lastow and Balachandran.®'
“Dioxane + 2% Formamide” was used in the work by
Ganan-Galvo and colleagues.28 The corresponding values
for permittivity (¢ = 2.04 x 107" and electric conductivity
(K = 24 x 1077 S/m) are used for estimating the time
scale of charge relaxation, % = 848 x 1073 (s). In con-
trast, “Hptane + 0.1% Stadis”” was used in the work by
Lastow and Balachandran.”' The corresponding values for
permittivity (¢ = 1.68 x 10~'") and electric conductivity (K
= 7.7 x 1077 S/m) are used for estimating the time scale
of charge relaxation, =218 x 107 (s). Hence, the
charge relaxation time scale in the current study is much
larger than the past work where leaky dielectric model is
used. This also indicates that the fluid has a relatively low
conductivity.

Leaky dielectric model was commonly used for the
EHDA system when the charge relaxation time scale
zf = #) is much smaller than the time scale of viscous flow
(7 = pL?/u).*"*® In this study, the charge relaxation time
scale is not small, and is about two orders higher than the
previous studies. Hence, Leaky dielectric model is not suita-
ble to estimate the charge density on the liquid—air interface.
There is not any well developed theory to estimate the
charge density on the interface when the liquid electric con-
ductivity is relatively low. In this study, a constant surface
charge density on the interface was assumed to simplify the
charge transport problem on the interface.

In the numerical modeling, the charge on the interface is dis-
tributed to the control volume where the interface lies. Physi-
cally, this approximation would mean that the electric charge
will thus be located in a thin layer on the surface of the electro-
hydrodynamic system. The interfacial (surface) charge density,
¢°, was applied as an input to the simulation. The interfacial
charge density is then distributed around the liquid—gas inter-
face, so that a volume charge density, ¢*, is obtained on the
background grid to estimate the electrical stress for the mo-
mentum conservation calculation. The interfacial charge den-
sity is related to the volume charge density by,

1
q = / q'dl 9)

I

where the interface spans over a distance of 2/. The
surface charge density was assumed to be constant
throughout. As there is no pre-simulation knowledge of
the charge density on the liquid—gas interface, the charge
density that gave the best fit of the profile of the Taylor
cone and jet from the CFD simulation to the experimental
data was chosen as the interfacial charge density through a
trial-and-error approach.
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Front tracking/finite volume method

Although the physical properties are considered to be con-
stant in each phase, there is a change in the physical proper-
ties across the interface. To solve the Navier—Stokes equa-
tion in the whole domain using “one-fluid” formulation, the
fluid physical properties should vary smoothly from the gas
phase to the liquid phase. The front tracking/finite volume
method has been previously deployed on modeling gas bub-
bles rising in liquid successfully. The novelty of the front
tracking method, proposed by Tryggvason,22 is that the inter-
face (i.e., the moving front) is considered to have a finite
thickness of the order of the mesh size, instead of zero thick-
ness with sharp jump of fluid properties. In the region
nearby the interface, the physical property distribution is
reconstructed using an approximated delta function, and
changes smoothly and continuously from the value on one
side of the front to the value on the other side. The thickness
of the interface thus depends on the grid size and is kept
constant during the interface moving. Thus, the governing
equations could be solved in all domains with variable fluid
properties for the presence of both liquid and gas phases
with an interface.

In the front tracking method, the interface is considered to
have a finite thickness of the same order as the mesh size
instead of zero thickness. In this interfacial transitional zone,
the physical property changes smoothly and continuously
from the value on one side of the interface to the value on
the other side. The field distribution b(x,¢) of the physical
properties of the fluid throughout the whole domain can be
calculated through,

b(x,1) = by + (b1 = bg) - 1(x,1) (10)

where b, is the properties in the liquid phase, b, is the
properties in the gas phase, and /(x,7) is an indicator function
which has a value of one in the liquid phase and zero in the gas
phase. The indicator function can be written in the form of an
integral over the inner domain Q enclosed by the interface,

1(x,1) = / 5(2—2f)dvf 11
Q

where d(x — x¢) is a delta function.

A distribution function D(x) is used to approximate the
delta function and estimate the fraction of the physical prop-
erties distributed across the artificial thickness of the inter-
face. In this study, the distribution function given by
Peskin®®" is used.

D(i—%;)= (4h)—2l1;[1 (1 +COS(%|X,'_XZ'J‘|>), if|7(—}f|<2h7

0, otherwise
(12)

where £ is the grid size, and i represents the directions of the
coordinate system. With the distribution function, the force on
the interface can be distributed into the volume of the
background mesh using the following expression,
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Fsr = yweity, (12a)
FST = /"/KfﬁfD(f— ff)de = ZESTID(-F_ ff)ASf. (12b)
f

In a similar manner, the electric charges on the drop sur-
face can be distributed to the vicinity volume to obtain vol-
ume charge density as

q = Z ¢°D(x — x¢)Asy. (12¢)
T

Taking the gradient of the indicator function I(x,r), a gra-
dient function G(x,), showing the changes cross the inter-
face, is given as follows in an integral form,

G(x,) = VI(x,1) = > D(x - xp,0)nAs;  (13)

where 7; is the unit normal at the interface at an interfacial
element with an area of As¢ whose centroid is x;. Hence, the
indicator function can be reconstructed using the following
equation,

V- VI(x,1) =V -G(x,1) (13a)

With the calculated distribution of fluid property and also
the force source in governing equations, the velocity field is
obtained on the fixed background mesh. The moving veloc-
ity of the interface could be interpolated from the velocity
field at the fixed grid so that the interface is ensured to
move at the same velocity as the surrounding fluids. The dis-
tribution function given by Peskin is used to interpolate the
velocity of the interface from the background field using,

=Y D(¥ —X)u (14)

Then, the interface is advected in a Lagrangian fashion,

bl -
x’;+ 7X’fl:Atuf (15)

After the interface is advected, the mesh size and quality
on the interface (front) may be deteriorated due to the defor-
mation of the front. Hence, front mesh adaptation has to be
performed to improve the front mesh quality.

Numerical Methods
Non-dimensionalized system

The selection of a suitable non-dimensionlization for the
above problem has proved to be an intricate consideration
due to the drastic length scale difference between the electri-
cal system (nozzle, ring, and ground needle) and the fluid
flow system (the liquid ejected from the tip of nozzle). After
careful consideration, it was determined that two different
length scales should be used, one for the electrical system
and one for the fluid flow system, to track this multi-scale
system by suitable non-dimensionalization schemes. As
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shown in the previous section, the choice of using two dif-
ferent length scales stems from the large difference in
dimensions between the electrical system and the flow sys-
tem, and this further rationalizes the division of the simula-
tion work into two parts to facilitate computational work.

For the electrical potential system, a suitable length scale
should be the distance between the nozzle and the ground
needle, which is in the centimeter range in the present model
configuration. This is due to the fact that the electrical field
is distributed throughout the whole region where the nozzle,
the ring, and the ground needle are present, and the changes
in the strength of the electrical field is largely dependant on
the position of each particular point in space relative to the
nozzle and the ground needle. This observation justifies the
first length scale 4, as,

=l (16)

where [, , is the distance between the nozzle and ground
electrodes. The typical value of /,,_, is fixed to 10 cm in the
current study case. For the liquid flow system, a suitable length
scale can be the inner diameter of the nozzle. As the liquid jet
is emerging from the nozzle, the second length scale can be
chosen as the inner radius of the nozzle, R,

A =Ry (17)
Henceforth, the ratio of these two time scales is given by

2 _ 0.0017 (18)
A

The ratio clearly shows that the difference in length scale
is around 3 orders of magnitude. The suitable length scale
for describing the electrical charge system should be the
same as the liquid flow system since the electrical charge
resides predominately in the liquid flow. The electrical
potential can be non-dimensionalized with reference to the
potential difference between the nozzle and the ground nee-
dle, ¢* :%, where ¢, is the dimensional potential differ-
ence between the nozzle and the ground needle. The permit-
tivity (¢) is non-dimensionalized with reference to the per-
mittivity of air (ey), which is the outer fluid, as & = i

Using the two length scales discussed above, and applying
the suitable length scale for the different terms encountered
in the modified Navier—Stokes equation, one can then deter-
mine the suitable dimensionless groups governing the
physics of the system. »

The characteristic electrical field strength scale E can then

be defined using the first length scale as E :f—] And the
dimensionless electric field strength can be defined as

E = %: EL,

For the electrical system, the parameters are analyzed
through the Poisson’s Equation (Eq. 5), ¥V - (eV¢) = ¢".
Conversely, the characteristic volume charge density ¢ can
be determined through the Poisson’s equation (Eq. 5) as
G* = 2% n the above expression, J, was used as the length
scale since the electrical charge is only located in the liquid
flow system. The non-dimensional volume charge density
can be defined as ¢* = :’]— The surface charge density can be

January 2011 Vol. 57, No. 1 AIChE Journal



obtained by the integral of the volume charge density ¢"
across the interface as ¢* = f q'dl. Hence, the characteristic

surface charge density can be defined as ¢* = % The non-
)

dimensional  surface charge density is given as
*S t[; — q“-iz
q q gy’

Conversely, for the fluid flow system, the parameters are
determined through the balance of the viscous term against
the electric stress term along the tangential direction (Eq. 4)
due to charge at the interface.

V- (u(Vi+ Vi) -T~q'E-T. (19)

where T is the unit vector in the tangential direction and the
surface charge density can be assumed as ¢* ~ ¢" - A>. The
ap ~ XN
2 21

characteristic velocity (i) and time scales () can be defined as,

scale analysis of Eq. 19 indicates . Hence, the

(20)

Hence, the fluid velocity can be non-dimensionalized as
ii* = ii/u, the time as * = t/f.

Some additional dimensionless parameters required by the
final dimensionless form of the governing equation are given
by,

|1

;&= 3y

)

After non-dimensionalization, the electrical potential field
can be calculated through the following equation,

V- (e'Ve') = —q" (22)

The modified momentum equation can be re-expressed in
the following dimensionless form:

ag:z* VW = —Vp' +R%EV we (Va4 vaT)|

1 . oy 1 I
+G_rE(p —Pg/Pl)g +B—0E/Kfnf5(X—xf)de
f

1 1 -5 —x * 1 *y ok
EIPZE E Ve +Elcq E (23)
The non-dimensionalized momentum equation has pro-
vided the following five different terms (Reg, Grg, Bog, Elp,
Elc) to characterize the relative importance of the different
stresses in the physical system.
The first dimensionless group is the electrical Reyn-
olds number for the relative importance of the viscous
stress,

_ piiida _ 23 pid by

Reg - 5
H ALK

(24)

This is followed by the electrical gravitational number
(Grg) for the relative importance of gravity,
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~2 s\2 12
Grg = - _%2(@) (25)

— 2 IR
el -2 7l

Third, the electrical Bond number (Bog) is given for the
relative importance of the surface tension stress,

_ 2 _ Epl(qs)ZQﬁ

BOE =
Y oy

; (26)

Fourth, the electrical polarization number (EL,) is intro-
duced for describing the relative importance of the polariza-
tion stress in the system which is created due to the change
in electrical permitivity across the interface,

~2 2 s\2

uw A

Elp = —’.),12 L P (‘72 T 27
E Eg &g,ul

Finally, the electrical coulombic number (El¢) is given for
the relative importance of the coulombic stress, due to the
interaction of the surface charge with the electrical field.

p]ﬁ2~ _ Epl (qs)z (28)
WG'E A gglt]

El. =

In the present work, the momentum equation is discretized
using the finite volume method on a fixed, staggered, uni-
form Cartesian grid. As the front is advected explicitly, the
physical properties and surface tension are updated subse-
quently. Then, the coupling fluid velocity and pressure are
updated by solving the momentum equations and the conti-
nuity equation using SIMPLE scheme.®' The simulation pro-
cess is thus robust even for large density ratio because of the
semi-implicit solving approach.

The liquid phase has the physical properties of dichlorome-
thane, which was used as the reference liquid: density p, =
1360 kg/m3, viscosity 1 = 4.3 X 10~* Pa s, relative electrical
permittivity & = 8.73, and surface tension y = 0.0254 N/m.
The gas phase has physical properties of the normal atmos-
pheric ambient air (density p, = 1.25 kg/m’, viscosity Ug =
1.8 x 10°° Pa s, relative electrical permittivity &g = 1). The
nozzle has an outer radius of 170 y and an inner diameter of
110 u. The gravitational acceleration is 9.81 m/s® and the
electrical permittivity of vacuum is 8.85 X 107" F/m. The
rest of the physical properties were kept constant throughout
unless stated otherwise. For a nozzle voltage of 8 kV relative
to ground, the value of the electrical field strength calculated
by assuming constant field strength between the nozzle and
the ground needle is about 80,000 V/m. In contrast, the elec-
trical field strength in the Taylor cone and jet (the tip of the
nozzle is more like a point source, so a nonuniform electrical
field in the z direction does exist) is typically of the order of
1,000,000 V/m, with the field decaying in strength as we
move further away from the nozzle.

Numerical procedure

As explained in the previous section on modeling strategy,
we adopt two levels of the numerical procedures in the
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Domain A

1. Construct geometry for
electrical field calculation with no
liquid phase present

A 4

Domain B

2. Calculate electrical field in
Domain A to determine electrical
boundary condition for Domain B

(Eq. 5)

No

5. Check convergence of electrical
field?

4. Recalculate electrical field in
Domain A based on new physical
geometry (Eq. 5)

A 4

3.1. Calculate velocity of interface |4
(Eq. 14)

l

3.2. Advect interface (Eq. 15)

I

3.3. Redistribute physical
properties (Eq. 10)

|

3.4. Recalculate electrical field
(Eq. 5)

V- ‘o ur premioy doig

|

3.5. Solve Navier-Stokes equation
for new velocity field (Eq. 2)

)

End of simulation

3.6. Steady Taylor Cone and Jet
formed?

Figure 5. Flow chart for the iterative procedures in Domain A and Domain B, showing the linkage between the two

computational procedures.

simulation, an outer loop for electrical potential field calcula-
tion in Domain A and an inner loop for CFD simulation of
the liquid phase in Domain B (Figure 5). The procedures are
listed below.

1. Individual EHDA elements (nozzle, ring electrode,
and ground needle) are used for the initial calculation
of the electrical field in the entire EHDA computa-
tional domain A. No liquid phase is present in the ini-
tial estimation of the electrical field.

2. The data from the electrical potential field calculation
for the Domain A is extracted and then applied onto
Domain B as the boundary conditions of the detailed
electrical potential field.

3. CFD simulation is carried out in Domain B, and pro-
ceeds iteratively for each time step through the steps
listed below.

3.1. Using the velocity field (time step ) on the back-
ground mesh and the moving interface position
(time step f), the moving velocity (time step f) of
the interface is calculated through interpolation
using Eq. 14.

3.2. The interface is moved explicitly at its interfacial
velocity to a new location (time step ¢ + 1).
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3.3. With the new interface location, the physical
properties (such as density, viscosity, and permit-
tivity) are redistributed throughout the simulation
domain B, with appropriate values used for the
liquid phase and the gas phase. At this point, the
interface electric charge density is also imposed
on the control volume where the interface lies.

3.4. Using a quasi-electrostatic approach, the electrical
field strength (time step ¢ + 1) throughout the
simulation domain B are calculated. The electrical
field strength is used to calculate the electrical
stress.

3.5. The mass conservation equation and the Navier—
Stokes equations, with the inclusion of the electri-
cal stresses and surface tension, are then solved to
give the new velocity field and pressure field
(time step ¢ + 1).

3.6. Presence of the steady Taylor cone and jet is
checked. The criteria for a stable Taylor cone and
jet are that the cone angle and the jet diameter have
reached constant values with increasing times. If
the criteria are not met, repeat steps 3.1-3.6 to con-
tinue with the calculation for the next time step.
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Figure 6. Map of different spray modes in an EHDA
process when the nozzle electrical potential
and the ring electrical potential are varied in-
dependently.

DCM flow rate = 6 ml/h. All other physical properties of
DCM and air are based on the baseline parameter values
mentioned in the text.

4. Once a constant Taylor cone and jet is reached, a
new geometry for electrical potential field calcula-
tion on Domain A is created based on not only
the nozzle, ring electrode, and ground needle but
also the liquid phase (Taylor cone and jet) as
determined from the previous CFD simulation in
Domain B.

5. The electrical potential field calculation on Do-
main A is checked for convergence by comparing
the electrical potential distribution on the location
of Domain B boundaries in the initial estimation
of the electrical potential field and the new esti-
mation based on the presence of liquid phase. If
convergence is not reached, another domain B
with larger size is selected, and steps 2-5 are
repeated. If convergence is reached, the selection
of simulation B is finalized.

The simulations were performed on the IBM supercom-
puter p575 in the Institute of High Performance Computing,
Singapore.

Results and Discussion
Electrical potential field

Experimental work was first performed to determine the
stability map of the various spray modes when the nozzle
and ring electrical potential were varied independently (Fig-
ure 6). As the nozzle electrical potential is increased, the
spray mode changes from the gravity dripping mode to the
single Taylor cone single jet mode, and finally to the multi-
ple jet mode. Conversely, when the ring electrical potential
is increased under high nozzle electrical potential, the spray
mode changes from the multiple cone mode back to the sin-
gle Taylor cone single jet mode, and finally to the gravity
dripping mode. To investigate such findings, the electrical
field near the nozzle is paid great attention in the present
study, since the electrical field strength plays an important
role on the EDHA process.

The electrical potential field is first calculated by solving
the Poisson’s equation in Domain A, which includes the noz-
zle, ring, and ground needle, using a software package Fem-
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Lab (COMSOL®). Both the nozzle and ring electrodes are
applied with constant electrical potential boundary condi-
tions. A typical electrical potential is shown in Figure 7.
From the contour of the electrical potential distribution, it
can be observed that the electrical field is nonuniform over
the whole domain, especially at the region near the nozzle
tip, where the Taylor cone resides. It can be also noted that
the contour lines of electrical potential nearby the cone-jet is
significantly distorted by the low conductive liquid. This can
be attributed to the difference in electric permittivity
between the liquid phase and the gas phase, and the presence
of electric charge at the interface as well.

Figure 8 shows the variations of electrical potential distri-
bution on the right boundary of Domain B under the effects
of the different settings of nozzle electrode (V) and ring
electrode (V) electrical potentials. The electrical potential
distribution on the right boundary of Domain B is the key
input in determining the detailed electrical field distribution
near the nozzle tip. Because of the linear characteristics of
the electrical potential field, the electrical potential distribu-
tion on the right boundary of Domain B for any combina-
tions of electrical potentials on the nozzle and the ring elec-
trodes can be calculated by summing up the contributions
from the nozzle electrical potential (Figure 8A) and the con-
tribution of the ring electrical potential (Figure 8B). Thus,
the magnitude of the electrical potential difference between
the nozzle and the right boundary increases when the nozzle
electrical potential is increased. In contrast, increasing the
ring electrical potential with high electrical potential
imposed on the nozzle has the opposite effect for decreasing
the magnitude of the potential difference between the nozzle
and the right boundary. The electrical potential difference
has a direct relationship with the electrical field strength, as
shown in Eq. 6. The electrical field strength thus increases
with increasing V,, but decreases with increasing V.. As
shown in Eq. 4, increasing the electrical field strength will
increase the magnitude of the electrical stress. The electrical
potential field thus constitutes an important boundary condi-
tion for the formation of the EHDA spray. Different combi-
nations of nozzle and ring electrode potentials may produce
similar electrical potential profiles on the boundary of the

Figure 7. Electrical potential field when V,, is 8 kV, V, is
7.9 kV.

A: Cross-sectional view, equipotential line of electrical
potential field in Domain A. B: Cross-sectional view, equi-
potential line of electrical potential field in Domain B.
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Figure 8. The changes in potential difference between
the nozzle and the right wall (Figure 4) (AV).

The x-axis shows the z coordinates with the origin situated at
the tip of the nozzle, pointing in the direction away from the
nozzle. In contrast, the y-axis shows the potential differences
between the nozzle and the right wall. A: Increasing the elec-
trical potential on the nozzle increases the potential differ-
ence between the nozzle and the right wall. B: Increasing the
electrical potential on the ring has the opposite effect.

system. For example, applying 5 kV on the nozzle and 0 kV
on the ring will have the same electrical potential profile on
the right boundary as the case applying 8 kV on the nozzle
and 7 kV on the ring. Similar electrical potential profiles on
the right boundary of the system will result in comparable
effects on the cone-jet formation pattern. Increasing the noz-
zle electrical potential has the same effect on the electrical
field strength near the nozzle tip as decreasing the ring elec-
trical potential, resulting in similar spray mode. This exer-
cise shows two important points. First, the far field effect
needs to be taken into account for accurate depiction of the
electrical field of the EHDA process. Second, the presence
of the ring electrical potential could possibly serve as a
means for the adjustment of the spray modes through con-
trolling the electrical potential field near the spray nozzle.
The advantage of such a controlling approach can be shown
by in Figure 8. For a range of electrical field strength cov-
ered by increasing the nozzle electrical potential from 0 kV
to 8 kV, the ring electrical potential would need to be
changed from 0 kV to 14 kV. The map of spray modes of
the EHDA system determined through experiments (Figure
6) also shows a similar trend, where for stable single Taylor
cone single jet mode, the ring electrical potential has almost
double the range as compared to the nozzle electrical poten-
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Figure 9. Experimental data (together with the corre-
sponding linear fitting) on the changes in the
droplet size when the ring electrical potential
is varied.

The two data sets correspond to two different nozzle electri-
cal potentials. The solution sprayed is pure dichlorome-
thane. Droplet size was measured using a phase Doppler
particle analyzer.

tial. This shows that the nozzle electrical potential can serve
as a coarse control of the EHDA spray, while the ring elec-
trical potential would serve as a fine control of the EHDA
spray.

Droplet size also changes when the ring electrical poten-
tial is varied while maintaining the EHDA spray in the sin-
gle Taylor cone single jet mode. In the experimental work
performed, the droplets size of pure DCM was measured
using a phase Doppler particle analyzer. The ring electrical
potential is varied while the nozzle electrical potential is
kept constant, first at 5 kV and later at 8 kV (Figure 9). As
the ring electrical potential was increased, the droplet size
was also increased. This simulation result highlights the pos-
sible engineering principle for fine-controlling the droplet
size in an EHDA process.

Cone-jet formation

Through experiments using pure DCM as the liquid phase
for the electrohydrodynamic atomization, the electrical

4= Nozzle Wall
# Taylor Cone

Figure 10. A: Backlit photo of the EHDA Taylor cone
and jet. B: Simulated Taylor cone and jet.
The solution used is dichloromethane. The
nozzle electrical potential is 8 kV while the
ring electrical potential is 8.9 kV.

It has a flow rate of 6 ml/h, and a surface charge density
q° of 2.688 x 107> C/m>. d; is the measured diameter of
the jet, while dj, is the measured diameter of the droplets.
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potential setting on the nozzle and the ring electrodes are
determined and documented (e.g., Figure 10A). The electri-
cal potential boundary conditions on the right boundary of
Domain B are then calculated from the electrical field calcu-
lation in Domain A with the corresponding electrical poten-
tials on the ring and nozzle electrodes. With the proper spec-
ification of electrical boundary conditions for Domain B, nu-
merical simulations are then performed while varying of the
value of interfacial electric charge so that a reasonably
matched simulation results can be obtained.

A typical case of electrohydrodynamic atomization of
HPLC grade dichloromethane was chosen for qualitative dis-
cussion purposes. In Figure 10, the electrical potential on the
nozzle electrode is 8 kV, and the electrical potential on the
ring electrode is 8.9 kV. The flow rate is 6 ml/h. Through
the comparison between numerical simulations and experi-
ments, the interfacial charge density is determined by fitting
the simulated Taylor cone and jet profile with the experi-
mental data (Figure 10).

Comparison of the experimental Taylor cone and jet pro-
file in the single Taylor cone single jet mode with the simu-
lation results in Figure 10 (Panel B) shows that the simula-
tion is able to replicate the major qualitative feature of the
Taylor cone and jet reasonably well. The Taylor cone is
formed near the tip of the nozzle, and at this point, the lig-
uid solution is accelerated due to application of electrical
stresses so that radius of the liquid flow is reduced succes-
sively. From the tip of the Taylor cone, a jet is then formed
that has a diameter of around one order of magnitude
smaller than the diameter of the nozzle. This reduction in
liquid jet diameter is the principal reason behind the ability
of electrohydrodynamic atomization to form droplets that are
smaller than the inner diameter of the nozzle. As the jet
travels downward, interfacial instability sets in and droplets
are then formed. Figure 11 shows the transient snap shots of
the cone-jet formation process.

Figure 12 shows the changes in the spray mode when the
electrical field strength is increased from left to right. To
vary the electrical field strength, the ring electrical potential
is varied. The simulation results agree well with the experi-
mental results. At low electrical field strength, the electrical
stresses are low such that the gravity-surface tension-domi-
nant dripping mode can be observed. As the electrical field
strength is increased by either changing the nozzle electrical
potential or ring electrical potential, the single Taylor cone
single jet mode is obtained, which is the mode where elec-
trohydrodynamic atomization or electrospinning is usually
performed. As the electrical field strength is increased fur-
ther, multiple-cone-jet mode can be observed.

Inside the Taylor cone, the velocity field of the liquid is
shown in Figure 13. The circulation of the liquid is found
inside the Taylor cone. Only the liquid on the surface of the
Taylor cone is accelerated towards the formation of the jet.
This is due to the interaction between the electric charges at
the liquid—gas interface and the electrical field, thus causing
fluid motion on the interface along the tangential direction.
Experimentally, such circulatory motion inside the Taylor
cone has been reported by Shtern.'® Similar results have
been reported by Lastow?' through numerical simulations.
At the liquid jet, no circulation is present and the jet velocity
field is unidirectional. Figure 14 shows the evolution of the
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Figure 11. Snap shots of a typical cone-jet formation
process.
The growth of the Taylor cone and jet is in the downward
direction. The nozzle electrical potential is 8 kV while the
ring electrical potential is 8.9 kV. It has a DCM flow rate

of 6 ml/h, and a constant surface charge density ¢° of
2.688 x 10> C/m” at the interface.

velocity field when the Taylor cone is forming. During the
formation period, the Taylor cone angle changes with time,
and finally a stable Taylor cone with a jet from the tip could
be obtained. The circulatory motion of fluid inside the Tay-
lor cone will also form gradually when the Taylor cones pro-
gresses to a stable shape. In three-dimensional view, such
circulatory motion would have a shape that is similar to a
torus. In the initial period when the electrical stress is first
exerted on the liquid—gas interface, a small circulation of
fluid is first formed near the outer rim of the nozzle. The
size of the circulation is small while the gap in the middle
of the toroidal shaped circulatory motion is large. As the
elapsed time increases, momentum transport occurs and the
size of the circulation increases, until there is no gap in the
middle of the toroidal shaped circulatory motion. The motion
of fluid on the surface is in the direction away from the noz-
zle.

Droplet formation

At the end of the jet where droplets are formed, CFD sim-
ulation has shown the formation of the unstable wave like
structure before the breakup of the jet (Figure 15). This is
similar to the formation of droplets in surface tension driven
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Figure 12. Comparison between experimental (A-C) and the corresponding simulated mode of DCM spray (D-F).

The electrical field strength near the nozzle is increased from left to right (A—C) by varying the electrical potential on the ring. The electric
charge densities kept constant throughout. Panel D: (¢}, ¢, Reg, Grg, Bog, Elp, Elc) = (1, 0.7753, 457.1, 433.4, 6.5, 17356.4, 29.5); Panel

E: (¢;,

o7, Reg, Grg, Bog, Elp, Elc) = (1, 1.1125, 457.1, 433.4, 6.5, 17356.4, 29.5); Panel F: (¢},

:, ReE, GI'E, BOE, Elp, Elc) = (1, 13371,

457.1,433.4,6.5, 17356.4, 29.5). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Rayleigh disintegration. Hohman'® has reported the experi-
mental observation of similar structure on the jet in EHDA.
As the neck decreases in diameter due to surface tension, the
jet will break into droplets of similar size as the jet diameter.
The droplet size can be determined through direct measure-
ments of the droplets simulated. In the EHDA process,
assuming that the polymer-organic solvent mixture is a ho-
mogenous solution, the amount of polymer per droplet has a
direct relationship to the droplet size. Hence, the droplet size
can be varied by controlling the jet diameter in the EHDA
process by adjusting the electrical potentials on the nozzle
and ring electrodes and the charging density on the liquid—
gas interface, which will finally affect the size of the particle
fabricated.

In the EHDA process, the flow physics is dominated by
two different scales. In the region nearby nozzle, viscous
force is the dominating factor for Taylor cone formation,
while the surface tension force dominates the jet formation
and breakup into droplet. In the current numerical simula-
tion, we consider both cone and jet.

The viscous flow time scale can be estimated by

=pL / The relevant physical propertles of liquid
dlchloromethane are given by p = 1360 kg/m w=43x
10~ Pa s. The length scale of liquid flow can be estimated as
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the nozzle or drop diameter, about 100 um. Hence, the time
scale of the viscous flow is calculated as ¥ = 0.0316 (s).

For the droplet formation process, the time scale of fluid
flow is dominated by the surface tension, and the time scale

i i 3 0.5 .
can be estimated as 17 = (/’L /q/) . The surface tension coef-

ficient is given by y = 0.025 N/m, hence 77 = 2.33 x 1074 (s).

The charge relaxation time can be estimated by the follow-
ing formula, t® = &k The relative permittivity is ¢ = 8.73,
and the electric conductivity is about K = 2.75 x 10°® S m.
Hence, the time scale of charge relaxation is estimated as

—12
B = (873 x885x10 )/2.75 x 1078 = 2.81 x 1073(s)-

By comparing the three time scales listed above, it can be
concluded that the electrical relaxation time scale is smaller
than the viscous/inertia one but larger than the surface ten-
sion/inertia one. Hence, the leaky dielectric model is not
suitable for the system studied in this article (Leaky dielec-
tric model may be suitable for simulating the formation of
the Taylor cone, but not for the jet and droplet formation.)

The time interval used in Figure 15 is about 12 ps. The
time step size used in the numerical simulation should be
much smaller than the physical time scale so that the numer-
ical simulation can capture the detailed physics. Twelve
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Figure 13. Dimensionless velocity field of the Taylor
cone.

A: Velocity field represented by velocity vector is plotted
on the left. Streamline of the liquid flow is plotted on the
right. B: Location of the plotted region relative to flow
(Figure 4). ¢ = 1, ¢f = 1.1125, Reg = 457.1, Grg =
433.4, Bog = 6.5, Elp = 17356.4, Elc = 29.5.

microsecond are able to give good continuous snap shots on
the Taylor cone generation process.

Effect of the ring electrical potential and interfacial
charge density on the Taylor cone and jet formation

One of the most interesting points in the electrohydrody-
namic atomization process is the formation of a stable Tay-
lor cone and the jet diameter is closely related to the Taylor
cone angle. In the experimental work, the Taylor cone angle
varied when the ring electrical potential was changed. In our
previous work,” it was also found that the ring electrical
potential can be used to control the size of the particle
formed. To study this effect, the ring electrical potential is
varied in the CFD simulations. Different dimensionless
charge densities on the surface of the liquid were used. To
impose the changes of ring electrical potential in the simula-
tion, the electrical potential field is first simulated using Do-
main A with different ring electrical potentials, and later
imposed on the CFD domain for the jet simulation.

Figure 16 shows the changes of Taylor cone and jet diam-
eter when the ring electrical potential (V) and the interfacial
charge density (¢°) were varied independently. By changing
the ring electrical potential, the electrical field strength near
the nozzle is varied accordingly. As shown in Figure 8,
increasing the ring electrical potential can result in the
reduction of the electrical field strength near the nozzle.
Henceforth, as the ring electrical potential is reduced (with
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increasing electric field strength), the Taylor cone angle is
increased, while the jet diameter is decreased. On the other
hand, when the interfacial charge density is increased, the
Taylor cone angle is again increased, while the jet diameter
is decreased. In brief, when either the electrical field strength
or the electric charge density is increased, the electrical
stresses exerted on the interface increases, causing an
increase in the Taylor cone angle and a decrease in the final
jet diameter and droplet size.

In the single Taylor cone single jet mode of EHDA spray,
when the ring electrical potential is increased, the cone angle
decreases accordingly as observed in experiments shown in
Figure 17. Attempts have been made to replicate such obser-
vation using CFD simulations. From the CFD results, it is
interesting to note that a fixed charge density on the surface
of the liquid would not be able to give reasonable prediction
of the changes in the Taylor cone angle obtained in experi-
ments (Figure 17). In fact, the simulations under-predict the
reduction in Taylor cone angle when the ring electrical
potential is reduced. The simulation results would fit the ex-
perimental results better only when the charge density on the
surface of the liquid is reduced as well when the ring electri-
cal potential is reduced. This suggests that the ring electrode,
although having no direct contact with the sprayed solution,
has an effect on the liquid charging process. Unfortunately,
the complex electric charging process and the charge mobil-
ity problem are not included in the current CFD simulation.
Henceforth, to obtain reasonable agreement between the ex-
perimental data and the simulation work, there is a need to
first determine a suitable interfacial charge density under dif-
ferent ring electrical potentials. This can be achieved through
matching the Taylor cone angle of the simulations using dif-
ferent charge densities with the experimental results. Armed
with the interfacial charge density determined through the
Taylor cone angle matching, the effect of ring electrical
potential on the jet diameter and the droplet size can be dis-
cussed in a more physically realistic manner. For example,
by reading Figure 17, when dimensionless ring electrical
potential (¢;) is set to 0.9875 (or equivalently V, = 7.9 kV),
the dimensionless interfacial charge density should (qs*) be
around 0.1506 (or equivalently ¢° = 6.27 x 107> C/m?).
While for the case where ¢; = 1.1125 (V, = 8.9 kV), the
dimensionless interfacial charge density (¢°) should be
around 0.0861 (or equivalently ¢° = 3.58 x 10> C/m?).

As the ring electrical potential was varied, a change in the
jet diameter was observed in the CFD simulations. As the
ring electrical potential is increased, there is a slight increase
in the jet diameter (Figure 18) when ¢ is below 12. In sim-
ple terms, this can be explained by the fact that the electrical
field strength is reduced as the ring electrical potential is
increased. The imposed electrical stress on the surface of lig-
uid is also lowered, and it causes the liquid flow to flow at a
lower speed. Conservation of mass will thus dictate that the
jet will increase in diameter to accommodate for the reduced
liquid velocity. Using the interfacial charge density matching
of Taylor cone angle, the dimensionless jet diameter for the
case of ¢ * = 0.9875 was predicted to be about 0.16. In
another case of ¢ * = 0.1125, the dimensionless jet diameter
was predicted to be about 0.23.

A comparison of the droplet size obtained in the CFD
simulations and experiments was performed when the ring
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Figure 14. Velocity field evolution when the Taylor cone is initially formed.

The dimensionless time between snapshots Ar = 0.104. Reference scale for velocity vector is shown at the bottom of each plot. ¢} = 1,
¢ = 1.1125, Reg = 457.1, Grg = 433.4, Bog = 6.5, Elp = 17356.4, Elc = 29.5.

electrical potential was varied. From the CFD simulations, it
is found that the formed droplets size increases when the
ring electrical potential is increased. The similar trend is
observed in the experimental data (Figure 19). To get a
more accurate prediction on the changes in droplet size, the
charge density at the interface for the simulation of the Tay-
lor cone, jet, and droplet formation should be first deter-
mined by matching the Taylor cone angle of the simulated
results with the experimental results (Figure 17). As dis-
cussed, the most probable reason for the increase of droplet
size with increasing ring electrical potential is that larger
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droplets can be obtained with the increase in jet diameter
during the breakup stage.

As shown in Figure 6, there are several typical spray
modes for the EHDA process (dripping drop, single cone-jet,
and multiple cone-jets), depending upon the operation condi-
tions. In our previous works,™® the stable single cone-jet
mode was the primary mode where fabrication of micropar-
ticles and nanoparticles was performed. Such previous expe-
rience dictates that it would be sensible to concentrate in
looking into the stable single cone-jet mode with the current
simulation method. Thus, to compare with experiments, our
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Figure 14. Continued.

simulations focus on the mode with single Taylor cone-jet.
Our numerical simulations are based an axisymmetric model.
In the experiments, we have observed the Taylor cone and
jet with both DSLR still camera and high speed video cam-
era to ensure that the Taylor cone and jet was stable. Only
the DSLR still snap shot was presented due to the higher
clarity of the picture. As pointed out by the reviewer, the
snap shot photos of EHDA cone-jet shown in Figures 10
and 17 are not exactly axisymmetric. It is true that in
experiments the axis of jet does not always align very well
with the axis of nozzle due to some experimental uncertain-
ties. In fact, the Taylor cone and jet produced with even a
carefully aligned setup might still be affected by the sur-
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rounding environmental condition. The Taylor cone shape is
characterized by the cone angle. It is defined as the side
angle of a Taylor cone using the liquid jet as the axis.
Normally, a series of photos of cone-jet were taken in an
experiment. Averaged experimental values of cone angle are
compared with those obtained in the simulations with the
same operation conditions (includes the experimental setup,
the electrical potential settings, the properties of the fluid
phase used, etc.) in experiments. The effects of surface
charge density are investigated by varying the surface
charge density in the simulation. The surface charge density
is determined when the simulation result fits experimental
data well through the comparison of the Taylor cone angle
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Figure 15. Unstable wave-like structure at the end of the liquid jet before pinch-off to form droplets.

Left to right: the evolution of droplets formation from jet. The interval between each frame is 12 ms. The liquid used is dichloromethane.
The nozzle electrical potential is_8 kV_while the ring electrical potential is 8.9 kV. It has a flow rate of 6 ml/h and constant surface
charge density ¢* of 2.688 x 10> C/m? at the interface. d, Represents the measured diameter of the droplets.

of the simulated results and the Taylor cone angle measured
using the still snap shots taken through experiments. Effect
of surface charge density on the cone angle can be read
from Figure 17.

Comparison between the constant surface charge model
with the leaky dielectric model

No fully a priori model is available for fluids of low con-
ductivity. We have therefore used a model for which the sur-

face charge density is treated as a constant and is a fit pa-
rameter. The results are consistent with the experimental
observations.

In the investigation of electrohydrodynamic atomization
phenomena, many different methods in treating the surface
charges have been proposed in the literature. In this study,
the constant surface charge model has been used to simplify
the treatment of surface charges as a preliminary step in
developing the front tracking/finite difference numerical

s
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Figure 16. Changes in the Taylor cone when the surface charge density and the electrical field strength near the

nozzle are varied independently.

The nozzle electrical potential is kept constant at V,, = 8 kV and a constant flow rate of 6 ml/h, while the dimensionless ring electrical
potential (¢, * = ¢,/¢p,) is varied. Reg = 457.1, Grg = 433.4, Bog = 6.5, Elp = 17356.4, Elc = 29.5.
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Figure 17. Changes in the cone angle when the ring
electrical potential (¢,*) is increased.

The nozzle electrical potential is kept constant at ¢,* = 1.
Similar trend is observed in the experimental data and in
the simulated results. A and B represent the corresponding
ring electrical potentials in both experimental and simula-
tion results. The liquid used is dichloromethane. It has a
flow rate of 6 ml/h, and different dimensionless charge
densities, ¢°, were used on the surface of the liquid. ¢ *
= 0.925, 0.9875, 0.1.1125, and 1.175 correspond to V, =
7.4 kV, 7.9 kV, 8.9 kV, and 9.4 kV, respectively. The rel-
evant dimensionless number for the different surface
charge density can be found in Table 1. Top: Photographs
of Taylor cone. Bottom: Comparison of experimental and
simulation data.

methods. Hence, a holistic method in simulating both the
Taylor cone and jet together can be developed.

In the leaky dielectric method, it was generally assumed
that the electrical charge relaxation time scale is much
smaller than the viscous timescale, so that electrical charge
relaxes to the surface instantaneously, and a quasi-static state
exist. To determine the electrical volume charge density
around the liquid air interface, the Poisson’s equation was
used,

P =V ¢E (29)

Table 1. Dimensionless Parameter Values Corresponding to
Variations in the Surface Charge Density

¢ = q = q = q = ¢ =

00645 00861  0.1076  0.1291  0.1506
Rer: 457.1 609.5 761.9 9143 1066.6
Grg 4334 7706 12040 17337 2359.8
Bo 6.6 117 18.3 263 358
Elp 173564 308558 482122 694255 944959
Elc 29.5 525 82.0 118.0 160.6
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Figure 18. Changes in the jet diameter as the surface
charge density and the ring electrical poten-
tial (¢,*) are varied.

The nozzle electrical potential is kept constant at ¢ = 1.
Dimensionless ring voltage ¢.* = 0.925, 0.9875, 0.1125
correspond to V. = 7.4 kV, 7.9 kV, and 8.9 kV, respec-
tively. The relevant dimensionless number for the different
surface charge density can be found in Table 1. The liquid
used is dichloromethane with a flow rate of 6 ml/h.

The electrical field is then a pre-requisite before the elec-
trical volume charge density can be calculated. The assump-
tion that the electrical charge relaxation time is small implies
that the electrical charge conduction process dominates. In
this case, the electrical field can be calculated using the elec-
trical conductivity (K) of the system,

V-K'E =0 or V-K'V¢"=0 (30)
where ¢* is the electrical potential field and can be
calculated.

The assumption of leaky dielectric model that the electri-
cal charge relaxation time scale is much larger than the vis-
cous timescale implies that the electrical conductivity of the

200
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+ Experimental o CFD
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Figure 19. Changes in the droplet size when the ring
electrical potential is changed.

The nozzle electrical potential is kept constant at 8 kV.
Both simulation and PDPA experimental data are pre-
sented. The liquid used is dichloromethane, with a flow
rate of 6 ml/h. A different charge density is imposed on
the surface of the liquid, as determined empirically
through the comparison of experimental and simulated
Taylor cone angle data.
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Figure 20. Variations on the normal component of elec-
trical field (on the air side of the interface)
with the traveling distance of the liquid
away from the nozzle.

liquid under investigation is relatively high. In this study,
the liquid used for investigating the EHDA phenomenon is
HPLC grade dichloromethane, which instead has a low elec-
trical conductivity. As discussed in a previous study by Hua
et al.*>? the constant surface charge model can be used
instead as a step forward in modeling a low electrical con-
ductivity fluid when it is charged. The presence of the elec-
trical charges in the system will make the calculation of
electrical field more directly by solving the following Pois-
son’s equation,

V- e'Ve* = p (31)

0.08

006
W ool
002 ¢

Also, as shown in Hua et al.,’? the leaky dielectric model
does not impart a net charge to the liquid system. To impart
a net charge, the constant surface charge model was used
instead in the present study. Although the constant surface
charge model assumes a constant surface charge, it does not
imply that the normal electrical field strength outside the
interface is constant. As evident in Figure 20, the normal
electrical field reduces in its strength as the interface travels
further away from the nozzle. In fact, the normal electrical
field is not constant since the electrical field has both com-
ponents due to the electrical charge and the electrical field
generated by the nozzle-ring-ground needle assembly.

Although the constant charge model and the leaky dielectric
model treat the electrical charge in the system differently, a
comparison of the simulations shows that the results by the
two models are qualitatively similar as shown in Figure 21.
On the left (Figure 21A) is the simulation results by Hothman
and colleagues,'® while on the right is the simulation results
from the current work (Figure 21B). It can be seen that the
qualitative feature of the change in jet radius (&), electrical
potential on the air side of the interface (V), and the tangential
electrical field on the interface (£) are similar in the Taylor
cone jet when simulated using the two different models.

In actual situations, transport of electrical charges in a low
conductivity fluid can be treated similarly as the transport of a
molecular species. In this case, the motion of the electrical
charge is determined by the full conservation of charge model.
The equation for the conservation of electrical charge27 can
be derived through the electrical charge flux equation. How-
ever, since the equation needs to be coupled with the Navier—
Stokes equation due to the presence of the convection term, it
represents a great challenge to simulate such a system

30
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Figure 21. Comparison of simulated h, o, v, and E values predicted by Hohman et a

2 z/Ry 12

1.'® and the present study.

The graphs on the left (Panel A) are taken from the work by Hothman,'® where the leaky dielectric model was used to treat the electrical
charge in the EHDA system. The graphs on the right (Panel B) are from the present study, where the constant electrical surface charge
model is used. It can be seen that the qualitative feature of the change in jet radius (%), electrical potential on the air side of the interface
(V), and the tangential electrical field on the interface (E) are similar. [Panel A is Reproduced from Ref 18, with permission from Ameri-

can Institute of Physics].
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numerically, but effort is currently underway by building on
the basis of the constant charge model.

Conclusions

The addition of ring electrode, acting as a secondary elec-
tric field source in the electrohydrodynamic atomization pro-
cess, has been found to be effective both in controlling the
spray mode of the solution, and in fine controlling the size
of the droplets formed. This method can be further extended
to control the size of the particle formed in the range of
micrometers and nanometers. A novel simulation approach
was proposed in this article to make better prediction on the
electrical potential distributions both in a large simulation
domain including the effect of all electrodes and in a small
simulation domain focusing on region near the nozzle tip. A
front tracking/finite volume method has also been applied to
simulate the electrohydrodynamic atomization process in the
small simulation domain. By solving the Navier—Stoke equa-
tions with the addition of the electrical stresses and interface
tension, the formation of Taylor cone, liquid jet, and the
droplet in the EHDA process can be successfully replicated
numerically. The current method has the advantage of being
able to track the formation of the Taylor cone both tempo-
rally and spatially, and also has the ability to simulate the
formation of the droplets from the jet breakup. As no decou-
pling of the Taylor cone and jet is required in the present
model, a more realistic representation of the physics behind
the EHDA process of a low conductivity liquid can be
achieved. The comparison of the EHDA spray modes and
the droplet size predicted by simulation with those observed
from the experiments proves the reasonably good accuracy
in the simulations. One limitation of the current simulation
methodology is that the charging process on the liquid—gas
interface is not predicted by a model, but is required as the
simulation input. In addition, the distribution of charge on
the liquid interface is assumed to be constant. Here, the
interface charge density can be estimated by comparing the
predicted Taylor cone angle with experimental observation.
Nevertheless, the current numerical modeling method pro-
vides a platform for the in-depth investigation of effects of
the surface charge density and the electrical potentials of the
ring and nozzle electrodes on the EHDA process. As the
fluid has a relatively low electric conductivity and the sur-
face charge density is small, the current numerical simula-
tion still makes reasonable predictions with the simplified
electric charging model. Future studies may focus on the
inclusion of the charging process into the simulation, and the
detailed analysis of the jet breakup process of the charged
jet under the influence of electrical field.
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Notation

*

dimensionless variables
g = variables in the gas phase (air phase)
1 = variables in the liquid phase (liquid solution phase)
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Ui o P x Ve o WSS

= velocity vector

scalar electrical potential field relative to ground
= vector electrical field

surface tension at the liquid—gas interface
electrical permittivity

pressure

= surface curvature

radius of the nozzle

density

dynamic viscosity

= gravitational acceleration

interfacial (surface) charge density

space charge density
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