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ABSTRACT

In this paper, the behavior of the cone-jet mode of fluid by electrohydrodynamic atomization (electrospray) is numerically simulated and investi-
gated with the effect of liquid wetting and corona discharge effects. The simulation was performed with contact angle condition to fit the Taylor
cone shape by experiments. Experimental data are provided to verify and validate the numerical method, followed by additional analyses on the
effects of electrical conductivity, surface tension, flow rate, and fluid viscosity on the electrospray characteristics, including spray current and jet
diameter. Numerical results by simulations are in reasonable agreement with experiments and consistent with the literature. Analyses on different
contact angles suggest potentially major impacts of this factor on the cone-jet mode in high voltage and low flow rate circumstances.
Furthermore, the influence of corona discharge on electrospray is also investigated by both electrospray-corona simulation and experiment using
a high-speed camera, yielding a significant improvement in the numerical prediction for Taylor cone formation. Numerical results indicate that
liquid wetting on capillary nozzles would be a vital factor for the Taylor cone formation in numerical electrospray—corona discharge studies.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0151085

NOMENCLATURE f,  Surface tension force, N/m?
Regular letters g Gf‘avitational acceleration, m/s?
I;  Discharge current, A
A Area of the discharge surface, m? i.d Inner diameter, mm

Ca,  Dimensionless electric capillary number Lona Conductive current, A

d;  Jet diameter, m Iony  Convective current, A
E  Electric field, —V¢ i.d, Ringinner diameter, mm
E.  Electric field intensity, V/m J  Current density, A/m?
E,n  Onset electric field ny  Uncorrected interface normal vector
E, Electric field component in the perpendicular direction to n, Corrected interface normal vector
the outlet, V/m n,  Boundary wall normal vector
f. Electrostatic force, N/m? 0.d  Outer diameter, mm
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Pressure, Pa
Liquid low rate, ml/h
rg  Interelectrode distance, mm
dr Nozzle sharp edges fillet diameter, mm
S Outlet area, m?
t Time,s
u  Fluid velocity, m/s
u, Artificial compression term
U, Liquid velocity component in the perpendicular direction to
the outlet, m/s
I Cone length, mm
v;  Ionic wind velocity, m/s
ti  Time to first jet induction, s

QO

Greek letters

7iiq  Phase fraction of liquid
¢ Permittivity, F/m
&  Permittivity of free space
¢, Dielectric constant
0  Contact angle
0o  Angle between the uncorrected interface normal vector and
the wall’s normal vector
k  Mean curvature of the free surface, m™
k.  Electrical conductivity of the fluid, S/m
w  Fluid viscosity, Pa.s
1,  Mobility of charge of the gas
p  Fluid density, kg/m?
p.  Corona volumetric charge, C/m’
p.  Volumetric charge density, C/m?
o Surface tension, N.m
¢  Electric potential, V
¢@. Cone angle
0, Actual contact angle between the liquid’s interface and the
nozzle’s wall

1

Abbreviations

AC  Alternating current
CF  Carbon fiber
CSF  Continuum surface force
EHDA  Electrohydrodynamic atomization
N1 Nozzle 1
N2  Nozzle 2
VOF  Volume of fluid

Subscripts

e  Experiment
s Simulation

I. INTRODUCTION

Electrohydrodynamic atomization (EHDA), also named as elec-
trospray, refers to a process where a fluid jet is broken up into par-
ticles/fibers (droplets) by a high electric field. Owing to its potential,
electrospray has been applied in various areas, including pharmaceu-
tics,” ™ food industry,” fuel spray and combustion,”® electric

5,6
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propulsion, ' and jet printing. Among the working regimes of
electrospray ionization, the single cone-jet mode in which only one jet
is induced is the most used due to its stability, controllability, and high
yield rate. This mode was first investigated by Taylor'* who discussed
the equilibrium condition of interfacial force with a specific semi-
vertical angle (49.3°) of the conical shape, known as the Taylor cone.
Notable early works include the publications of Rayleigh, * Zeleny,'”
and Taylor and Melcher'*'® discussing fundamental aspects of electro-
spray. Taylor and Melcher'® suggested a mathematical model, named
as the leaky-dielectric, to explain the relationship of physical parame-
ters involved and approximate the electric force exerted on the liquid
surface. This work has been utilized in various studies to describe the
formation and development of the Taylor cone into droplets.

Due to limits of the analytical approach, numerical methods have
been used to study the formation and behavior of electrospray.'”
Several published works can be cited as follows: model the spraying of
water and weak saline solutions at low-voltage using a double-layer
nozzle;'® approximate the characteristics of a novel carbon fiber emit-
ter electrospray for mass spectrometric study;'” and predict the electric
potential in a large simulation domain.” Specifically, the numerical
simulation of formation of the Taylor cone and its development into
liquid jet and then droplets for various problems have attracted many
researchers using different methods for different objectives. Herrada
et al”' proposed a new interface tracking method, and Du and
Chaudhuri®” simulated the formation and breakup of droplets from
axisymmetric charged liquid jets in electric fields. Several interesting
physical phenomena occurring in charged droplet breakup and atomi-
zation, such as jet instability, necking, and the evolution of an unstable
jet to droplet breakoff, were studied. Rahmanpour and Reza™ and
Panahi et al.”* simulated the formation of the Taylor cone and into
fluid jet under an external electric field*’ as well as the behavior of
Newtonian viscoelastic jet.”* Gamero-Castaio and Magnani’ intro-
duced numerical simulation employing Taylor’s electric potential as a
far-field boundary condition to achieve independence from geometry
and potential of the electrodes, and the least-squared weighted residual
method to the Young-Laplace equation for free surface tracking.
Ouedraogo et al. found (i) the electrical properties of the liquid, such
as electrical permittivity and conductivity can yield various mecha-
nisms of fluid disintegration,l(’ and (ii) the independence of the elec-
trospray current on the applied voltage for conductive fluids.”” Huh
and Wirz"® used a modified interpolation for electrical properties
based on harmonic averages to improve the stability of the simulation
of high conductivity fluids. Suo et al.”” used a similar approach™ to
investigate the current transferred in the cone-jet mode for several dif-
ferent conductive liquids. These studies are most in good agreement
with experimental results, strengthening the reliability of numerical
simulations of the electrospray.

More interestingly, jet printing, one of the most common numer-
ically investigated applications of electrospray, appears in numerous
research works on various configurations, including conventional sin-
gle nozzle” > concentric non-conductive tip,”" alternating current
printer,” pulsating jet regime,’”” and coaxial nozzle.”*” All these
works allow to study various physical behaviors of electrospray, which
have enhanced the capability of electrospray in micro-/nano-
manufacturing industry.

Previous studies concentrated on and validated the simulation of
the Taylor cone by comparing its shape with experiment'**%**2%*%*
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or focused on the development of the Taylor cone into jet under differ-
ent conditions to explore the physics of electrospray.”***
Experimental observations show that during electrospray, liquid tends
to expand and cover the capillary nozzle’s tip due to liquid wetting.
However, so far numerical studies on the electrospray have either
briefly mentioned or ignored the phenomenon, yielding inexact simu-
lation of the cone shape and dimensions and inaccurate estimation of
surface tension force based on the liquid’s interface curvature and noz-
zle diameter. Furthermore, since corona discharge from nozzle elec-
trode significantly affects the formation of the Taylor cone and the
steady cone-jet mode, the introduction of corona discharge into simu-
lations allows us to possibly approach real-life electrospray. Therefore,
in this work, we perform electrospray simulations with a new
approach in which the liquid wetting and corona discharge are addi-
tionally examined. The liquid wetting, considered as one of the key
parameters, allows us to improve the simulating accuracy of the
Taylor cone shape as well as its formulation and development.
Meanwhile, electrospray—corona discharge integration is conducted to
investigate the effects of corona discharge on electrospray and consoli-
date the importance of liquid wetting in electrospray analyses. The
accuracy and reliability of the present simulation are investigated and
evaluated by published works and, especially, experimental works
using a high-speed camera to capture the formation and development
of the Taylor cone.

Il. EXPERIMENT APPARATUS

The numerical simulation for the jet formation at the nozzle tip
is investigated and evaluated by experiment using the nozzle-to-ring
configuration whose schema is described in Fig. 1. Liquid is fed to the
tip of a nozzle, where its interface is deformed by an applied electric
field before elongating into a jet. The system consists of a steel nozzle,
a metal ring with an outer diameter of 10 mm and an inner diameter
of 4.8 mm, a high-voltage power source, and a syringe pump. Two
types of nozzles, Nozzle 1 (N1) and Nozzle 2 (N2), are employed for
the experiment, with N1 featuring outer diameter (o.d) and inner
diameter (i.d) of 0.3 and 0.15 mm, respectively, and N2 featuring o.d
and i.d of 0.7 and 0.4 mm, respectively (stainless-steel G29 nozzle and
G22 nozzle—Musashi Engineering, Inc., Japan). The distance between
nozzle and ring (rg) is adjusted at 4 mm for N1 and 7 mm for N2 to
establish sufficient electric field. A high-speed camera (HHC X9 Pro,
Mega Speed, USA) and a microscope camera (AM 4113, Dino-Lite,

Nozzle S SESESESESA S8

Taylor cone
L Jet

Ring

I—3D rinted holder frame
\Y4 p

FIG. 1. Schema of experiment installation (image of devices is in supplementary
material S$1).
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Australia) are used to capture the formation of the Taylor cone and its
development into fluid jet and droplets at the nozzle tip. The used lig-
uid is polyethylene glycol with a molecular weight of 200 (PEG-200 -
Merck, Australia).

The objective of this experiment is to observe the formation of
Taylor cones, jet elongation, and propagation of liquid using both
high-speed and microscope cameras. To achieve a stable Taylor cone
and jet, the applied voltage is fixed at 3400 and 5400 V for N1 and N2,
respectively. Meanwhile, a voltage of 5600V is applied to capture
the formation process of a Taylor cone with the high-speed camera.
The flow rate is fixed at Q = 0.75 ml/h, which is determined by the
approximation of the minimum flow rate required for a stable Taylor
cone Q ~ ge,&/ pic.."” These experimental conditions allow for the
observation and analysis of the physical phenomena of interest.
Moreover, the contact angle of PEG-200 is determined by capturing
the droplet on a stainless-steel plate with a digital camera (HHC X9
Pro, Mega Speed, USA). The measurements are performed using the
Image] software (NIH). Here, similar material with metal nozzles is
employed to reflect equivalent conditions with the liquid on nozzles.

lll. SIMULATION MODEL
A. Governing equations
1. Fluidic field

116

This work employs the Taylor-Melcher’s leaky-dielectric model
utilized in a great deal of electrospray research. This model provides a
system of governing equations to consider the fluid-dynamic and elec-
trostatic regimes involved in electrospray. For the fluid flow, the conti-
nuity and the momentum equations are

dp

5+V~(pu):0, (1)

p {% + (u- V)u} = -—Vp+uNViutf,+f,+pg (2
where p is the fluid density, t is the time, # is the fluid velocity, p is the
pressure, u is the fluid viscosity, and g is the gravitational acceleration.
Surface tension force f, and electrostatic force f, are added to the sys-
tem to consider multiphase behaviors and electrostatic involvement.
In our approach by OpenFOAM, the surface tension force is calculated
per unit volume by the continuum surface force (CSF) model,”!

f,=0xVy,, =—aV- ﬂ A% (3)
g /ltq - |vyliq| ))lzqa

where ¢ is the surface tension, x is the mean curvature of the free sur-
face, and the phase fraction of liquid y;, solved by the VOF method to
capture the interface in the inhomogeneous fluid field** combined
with a second convection term to increase the interface’s resolution,

ayliq
ot

where u, is an artificial compression term for higher interface
resolution.”®

Fluid density and viscosity are defined via arithmetic averaging
with the phase fraction

+V- (yliqu) +V- (yliq(l - yliq)ur) =0, (4)
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P = P1Vig + P2(1 = Viig)

(5)
1= Vg + Mo (1= Vig)-

Contact angle correction in OpenFOAM is implemented by
some additional calculations in the process of estimating the interface
curvature x appearing in Eq. (3). These calculations modify the nor-
mal vector of the interface at the boundary wall in correspondence
with the prescribed contact angle 0. The corrected interface normal
vector n, must be planar with both n,, and ny, arising the following:

n. = an,, + bng, (6)

where a and b are correction coefficients, n,, is the normal vector of
the boundary wall, and n is the uncorrected interface normal vector.
The coefficients a and b can be obtained by further considering
cosl) = n.n,, which guarantees that the angle between n, and n,
equals the prescribed contact angle 0. Eventually, the below formula-
tion can be derived from Eq. (6):

. cos 0 — cos Oycos(0y — 0)

1 — cosf? '
0 )

_cos(0y — 0) — cos O cos 0

b

1—costp ’

where 0 is the angle between the uncorrected interface normal vector
and the wall’s normal vector (costy = ny.n,,). The corrected interface
normal vector n, is then normalized and used to derive the gradient of
the phase fraction near the wall whose value is later considered in the
VOoF solver as suggested in Eq. (4). The detailed formulation of a and b
can be found in supplementary material S2.1.

2. Electrostatic field

For the electrostatic regime, governing equations are solved itera-
tively with magnetic induction neglected to calculate the electrostatic
force f,. The Gauss’s law is first involved,

V - (¢E) = p,. (8)

Integrating Eq. (8) with the relation E = —V¢ formulates
Poisson’s equation for electrostatics,

WOESS ©)

where ¢ is permittivity of the fluids ¢ and p, are the electric potential
and the volumetric charge density, respectively. Next, the conservation
of charge equation is considered,

p.
ot
where J is the current density, which can be expressed as Ohmic

charge conduction and the charge convection in the fluid flow; thus,
Eq. (10) can be rewritten as

9p.
ot

where «. is the electrical conductivity of the fluid. It is worth noting
that the electrical conductivity and the electrical permittivity are
defined by harmonic averages throughout the computational region,

+V-J=0, (10)

+V-(peu)+v~(KeE) =0, (11)

ARTICLE pubs.aip.org/aip/pof

which has been shown more reliable in EHD simulations than arith-
metic averaging,

1:@4,71 7?/1’{17

& &1 & (12)
1, 1

Ke Ke1 Ke2

For incompressible fluids, electrostatic force is the summation of
Coulombic force and polarization force due to the presence of interfa-
cial charge and the inhomogeneity of the fluid field,*

1
fo=p.E—|E[Ve. (13)

3. Corona discharge

Additionally, as corona discharge is considered, its influence
on the electric field must also be examined. In this study, we utilize
a previously reported formulation.”” *” First, Eq. (9) is modified
into the following equation with p, being the corona volumetric
charge:

(e + pc)
B

Vi) = - (14)

Since the charge movement of the corona effect is purely in the
gas phase of the field, ie., there is no phase transition associated,
the current density and the electrostatic force exerted are dictated by
the following formulas:

J=pu+ ppE, (15)
fe=pcE; (16)

where 1, = 1.6 x 10~ m?/V s denotes the mobility of charge of the
gas. Substituting Eq. (15) into Eq. (10) gains charge conservation equa-
tion for the corona discharge,

ap,
ot

As implied in Egs. (16) and (17), the effects of electric field, which
transport corona charge from its source to the reference electrode and
exert Coulombic force on it, inducing ionic wind. Additionally, the
boundary condition on the electrodes’ discharge surface is set up by a
density g; as the function of discharge current I;,

+ V- (ptt) + V- (1pE) = 0. (17)

I
teEonA’

qs = (18)
where A is the area of the discharge surface and E,, = 3.23
x10% V/m is the onset electric field.”

B. Schema, mesh, and boundary conditions

We utilize the interFOAM solver of the open-source
OpenFOAM package. This solver has been proven reliable in a wide
range of complicated problems, such as cavitation or microfluidic
capillary flows,” and, hence, emerges as the suitable solution for
electrospray simulation. The additionally developed electrostatic

solver and the existing fluid dynamic solver are coupled and solved
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‘ Boundary conditions ‘

ELECTROSTATIC LOOP

Solve: Poisson’s Equation New fluid states

Solve: Charge conservation
equation

FLUID DYNAMIC|LOOP

Calculate Electric Field
and exerted forces

Volume -of-Fluid

Navier-Stokes
equations solver

Electrostatic forces

FIG. 2. Flowchart of the present numerical solver.

consecutively each time step. A detailed description of the solving pro-
cedure is presented in Fig. 2.

Simulations in this study involve two nozzle configurations,
Nozzle 1 (N1) and Nozzle 2 (N2), whose sizes and conditions conform
to experimental setups. Figure 3 shows the computational mesh and
dimensional annotations of these configurations. The feeding nozzle
(i) is positive electrode with constant voltage ¢ = ¢,. The ring elec-
trode (ii — i.d, = 4.8 mm) is set with ¢) = 0V. The domain is enclosed
by atmospheric boundaries with far-field conditions (more informa-
tion of the computational model is in supplementary material S4.1
and S4.2). An axisymmetric 2D model is employed to simplify the

Atmospheric
9 A

)

FIG. 3. The axisymmetric hybrid mesh model with (i) a feeding nozzle and (i) a
ring electrode. Inset figure shows a close-up view of the mesh resolution nearby
the nozzle. The nozzle’s sharp edges are filleted at ry; = 1.5%0.d (see supplemen-
tary material S4.3 for detailed descriptions of the computational domains).

ARTICLE pubs.aip.org/aip/pof

solution and reduce computational resources, with the front and back
patches having a wedge condition with a 5° angle.

The computational mesh and domain, shown in Fig. 3, is con-
structed by the open-source gMsh mesh generator developed by
Geuzaine and Remacle.”® In this work, hybrid mesh resolution is
employed to reduce the number of mesh elements whilst maintaining
good flow alignment. The nozzle’s sharp edges are filleted to guarantee
better shape agreement with empirical nozzles as well as to describe
somewhat more accurately the motion of the fluid on the surface of
the capillary nozzle (see supplementary material S2.2). Here, total
numbers of cells of 49 620 and 68 551 for N1 and N2 are obtained as
minimum cell size is kept at 3 um in both cases. For numerical
schemes, we employ Gauss minmod for divergence components,
Gauss linear corrected for Laplacian components, and cellLimited
Gauss linear for gradient components. These schemes seem to provide
good stability with an average time step of 3 x 10~ s. Moreover, the
physical properties of air and PEG-200 used in this work are shown in
Table I

The contact angle for nozzle is measured by experiment and used
as the boundary condition for contact angle in simulations. Figure 4(a)
shows (i) the experimental capture of a stationary PEG-200 droplet on
a stainless-steel plate and (ii)(vi) verification simulation results of dif-
ferent contact angle conditions. Comparing each simulation case to
experimental manifestation specifies most comparable shape between
experiment and (iii) 05 = 20°. On top of that, measurement from the
experimental capture also yields 0. = 20°, potentially indicating the
reliability of the contact angle correction discussed in the previous sec-
tion. Furthermore, the influence of the contact angle on the propaga-
tion mechanism of liquids is evaluated by fluid-dynamic (no
electrostatic field) simulation results provided in Fig. 4(b). These
results are obtained from completely similar boundary conditions,
except for the contact angle, and at the same time instant. Case with
no contact angle considered yields a liquid’s surface being attached to
the inner edge of the nozzle’s tip, as commonly seen in preceding liter-
ature. Meanwhile, different contact angles result in a different wet tip’s
surface. Particularly, the smaller the liquid’s contact angle is, the
quicker its surface would propagate on the nozzle’s wall and reach its
outer edge. Therefore, to ensure adequate agreement with empirical
state, the condition 0 = 20° is applied on the nozzle boundary in sub-
sequent electrospray simulations.

Corona discharge is considered as the inherent process of electro-
spray and may take various forms.” Discharge can initially originate
from the metal electrode,” the tip of the cone where electric field
intensity is high,”’ or molecular ions emission from jet/droplets
breakup,””*" and can be measured in both dry-spray (no liquid flow
rate) and wet-spray conditions.””** Since the formulation process of

TABLE 1. Physical properties of air and PEG-200.

Fluid Air PEG-200
Density p (kg/m?) 1.225 1124
Dynamic viscosity u (Pas) 1.813x10°° 0.06
Surface tension ¢ (N/m) None 0.043
Dielectric constant &, 1 22 (Ref. 57)

Conductivity k.(mS/m) 1x107° 0.2 (Ref. 58)
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(2)

(1) Experiment

SRR

FIG. 4. (a) Experimental measurement of contact angle of PEG-200 on stainless
steel plate and simulation of static droplet on wall boundary with different contact
angle conditions. (b) Simulation shows different fluid propagation schemes due to
different contact angles on nozzle; (vi) no angle represents zero-gradient condition
07iy/On=0. In both (a) and (b), the gravitational acceleration vector is
downward.

the Taylor cone from a dry nozzle (no liquid on the nozzle’s tip) is our
concern here, we would assume that the corona discharge in our case
solely originates from the outer sharp edge of the metal nozzle. The
outer sharp edge is the closest point of the nozzle to the ring electrode,
causing the electric field to be most intense at this position.
Furthermore, the sharpness of the edge, despite filleted, can emphasize
electric field intensity in the adjacent region. Given that corona dis-
charge is a consequence of strong electric field and the feasibility of
discharging from metal surface, we consider corona discharge from
the outer edge of the nozzle in our analysis.

IV. RESULTS AND DISCUSSION
A. Simulation model validation

The empirical and numerical cone shapes for the two nozzle con-
figurations are digitalized and plotted in Fig. 5. It is worth noting that
in our simulation, the voltage in case N2 has to be ¢, = 6500V,
approximately 20% higher than in experiment (¢, = 5400V), to
maintain steady cone-jet mode. It could be the 2D axisymmetric sim-
plification of our model and the errors in experimental electrode
arrangement that cause this difference. Nonetheless, our results show
that the model that additionally considers liquid wetting and contact
angle has produced visually comparable shapes with experiment in
both cases. For the N1 configuration, experiment cone length (1) is at
around 0.162mm, while simulation registers a cone length of
0.142 mm (12% difference). This value for the N2 configuration is 0.45
and 0.41 mm for experiment and simulation, respectively, marking a
9% deviation. Simultaneously, the cone angles (¢,) of the two sets of

ARTICLE pubs.aip.org/aip/pof

data also show good agreement in both cases. For N1, cone angles are
82° in experiment and 91° in simulation, while in case N2, we obtain
84° and 94°, respectively. Moreover, empirical images showed that the
jet produced in the N1 configuration is visibly thicker than in the N2
configuration, which can also be observed in simulation, indicating
good qualitative agreement in terms of jet diameter between the
results. Quantitatively, our measurement from the digitalized cones
yields experimental jet diameter djo = 13.8 um and numerical jet
diameter dj; = 7.96 um for the N1 configuration, while these parame-
ters are di = 14.2 and dj; = 9.8 um for the N2 configuration.
Overall, the inclusion of the contact angle and subsequent liquid prop-
agation on the nozzle’s wall accurately recreated the liquid state empir-
ically manifested despite some deviations from experiment. Errors in
voltage and measured quantities or inability of the model to produce
the jet disintegration into a spray cloud as in experiments may be due
to the axisymmetric model, grid resolution, and inaccuracy in image
processing. These defects are to be addressed in future works.
Considering the proposed scope of this study and the presented corre-
lations between our experiments and simulations, the developed com-
putational model can be deemed satisfactory and employed in next
investigations.

B. Dimensionless analyses

The correlations between current and jet diameter with conduc-
tivity, voltage, surface tension, flow rate, and viscosity are widely dis-
cussed operational characteristics of electrospray. To optimize
computing resources, we limit our simulations to employing solely the
Nozzle 1 configuration, which enables us to investigate parametric
relationships and confirm the dependability of our recently developed
solver.

The total current of electrospray is the summation of convective
current I,y due to charge transport by the liquid flow and conductive
current I,ng due to electrical conductivity and electric field."”**** In
this work, total current is calculated by

T (0

total = Lcony + Leond = ,L (peUz)dS + TEZK[” (19)
where U, and E, are liquid velocity and electric field component in the
direction perpendicular to the outlet, S is the outlet’s area, p, and .
are as previously defined. Here, we integrate the value p,U, on the
whole outlet face to compute convective current and approximate the
conductive current based on the jet diameter d; whose estimation for-
mulation can be found in supplementary material S3.

The correlation between spray current and jet diameter with elec-
trical conductivity r, is graphed in Fig. 6. Simulations yields I oc k9%
and d; < ;%% in the range 0.0l mS/m < x, < 0.5mS/m, which
agrees well with early experimental reports by Tang and Kebarle®
(I o k92704 for x, > 1072 mS/m (1077 Q"' cm™!), and does not
divert much from the asymptotic law by Gafidn-Calvo™
(I x k9% d; o 1, %17). Qualitatively, this can be a consequence of the
thicker charge concentration because of high conductivities, which
exerts more Coulombic force under the influence of electric field and,
subsequently, gives rise to higher jet velocities. The higher flow rate,
coupled with the conservation of mass, leads to a reduction in the
diameter of the jet, resulting in the commonly observed electrical
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FIG. 5. Comparison between Taylor cone’s shape of experiment (dashed line) and simulation (solid line) of (a) N1 nozzle configuration and (b) N2 nozzle configuration. Insets
provide images of the (i) Taylor cone in experiment and (i) 3D rendered phase fraction from simulation. Cone angle ¢, is approximated in the cone tip region represented by
the black lines; cone length /; is the distance from nozzle tip (L = 0 mm) to the intersection point of the black lines.

conductivity effects. (Additional simulation results are provided in
supplementary material S4.3.)

Furthermore, the impacts of applied voltage and the liquid’s sur-
face tension are also comparable with other reports. Our model pre-
dicts an independence of current on the applied voltage and a
reduction of jet diameter in the steady cone-jet range, as shown in Fig.
7(a). Here, simulations yield a constantly developing Taylor cone
shape for lower voltage range (¢ < 3400 V) due to lack of equilibrium
between feeding and spraying flow rate. We consider this range as
unsteady cone-jet and neglect it in any dimensionless analyses. Under
steady conditions, simulations have successfully reproduced the inde-
pendent current-voltage relationship as has been reported in recently
published experiment data.””® The slight decrease in jet diameter
with increasing applied voltage also shows good conformity with
experimental gains of Gafidn-Calvo et al”” While the jet diameter
characteristic is caused by a growth in electrostatic force, the

50 9
—o— Diameter
40 L --0-- Current
_____ 17
230 El
5 L g
3 20 L Jet diameter 8
o @)
13
10+
0 — e 1
0.005 0.05 0.5

Conductivity [mS/m]

FIG. 6. The variation of spray current and jet diameter with electrical conductivity.

voltage—current relation results from the compensation of the rise jet
velocity for the contraction in diameter. As suggested by Eq. (19), an
increase in velocity and a corresponding decrease in diameter would
result in an unchanged current (see additional results in supplemen-
tary material S4.3). It is worth mentioning that our model also produ-
ces charge density p, reliance with the phase fraction value y;;,, which
is used to calculate jet diameter; hence, both the conductive and con-
vective currents are affected by jet diameter reduction. For the surface
tension effects in the cone-jet mode, scaling law from®® suggests analo-
gous trends with conductivity (I oc 6°%;d; o 7%17). As can be seen
in Fig. 7(b), in the steadily working range, our model registers mildly
consistent I oc ¢%* for current, while jet diameter shows an agreed
downward trend.

In Fig. 7, steady cone-jet can be achieved at higher voltage range
and lower surface tension range. Additionally, in the unsteady cone-jet
regions, the trend of current and diameter in the two graphs are almost
opposite to each other. These features adhere to the relative variation
of the electrostatic force and surface tension, which can be character-
ized by the dimensionless electric capillary number Ca,,”””" repre-
sented in the following equation:

_ E,SOEicD __ &réo ¢*D (20)
ory

Ca,

where ¢y = 8.85 x 1072 F/m is the permittivity of free space, E, is
the electric field intensity, D is the outer diameter of the nozzle, ¢ is
surface tension coefficient, ¢ is the applied voltage, and g is the inter-
electrode distance. At this point, Figs. 7(a) and 7(b) can be plotted
with the capillary number, obtaining Figs. 8(a) and 8(b). Our simula-
tions produce steady cone-jet for Ca, > 1 in both voltage and surface
tension variation as electrostatic force further exceeds surface tension,
whereas smaller capillary number Ca, < 1 may result in dripping or
spindle mode as sprayed and pumped flow rate cannot be equalized
due to weaker electrostatic force.

The spray current and jet diameter variation with flow rate and
viscosity are shown is Fig. 9. Our simulations predict a similar upward
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FIG. 7. Characteristics of electrospray: (a) spray current and jet diameter vs applied voltage and (b) spray current and jet diameter vs surface tension.

trend I o< Q%*? and d; x Q%? in the steady cone-jet range, which
agrees in order with scaling law** (I o< Q";d; < Q"?), yet overpre-
dict the change in current and underestimate the increase in jet diam-
eter. On the one hand, numerical results show negligible change in jet
diameter as viscosity increases, which is comparable with reported
work’” predicting the insignificant effect of viscosity. Furthermore,
scaling law from Ganan-Calvo® excludes viscosity on both spray
current and jet diameter relations, implying the independence of
these parameters on liquid’s viscosity. On the other hand, our spray
current results register an upward trend as viscosity value rises, which
might have been mildly overestimated considering its insensitivity to
viscosity.”>”” This dissimilarity between simulations and empirical
data on spray current was also obtained by Suo et al.”’ in which sur-
face charge convection and strong tangential stress along the cone-jet
surface were mentioned as the cause of the increasing trend of current.
This explanation can also be applied in our study where we record a
reduction of surficial charge density as viscosity increases due to the
weakened recirculating motion (see supplementary material S4.3).

(a) 50 8
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(b)so0 8

This motion arises due to the tangential electric stress along the
Taylor cone’s surface and is weakened or canceled when the liquid’s
viscosity is higher, which is consistent with experimental works of
Barrero et al.”*"”

C. Contact angle effects on a Taylor cone

To achieve better insight into the influence of contact angle on
the cone-jet mode’s characteristics, simulations on three contact angles
conditions 0 = 10°,20°, and40° have been performed for both the
N1 and N2 nozzle with ¢ = 3400V and Q = 0.75ml/h. Figures
10(a) and 10(b) present Taylor cone’s shape of N1 and N2 configura-
tion, respectively, whereas Fig. 10(c) provides spray current and jet
diameter variation with contact angles. Our results obtain negligible
differences in the Taylor cone’s shape despite considerable changes in
liquid’s contact angle, which results in the corresponding somewhat
unaffected spray current and jet diameter characteristics. In both noz-
zles, our simulations produce relatively similar cone’s shapes for all
three contact angle conditions, except for slight differences at the
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FIG. 8. Characteristics of electrospray: (a) spray current and jet diameter vs electric capillary number estimated from applied voltage (¢ = 0.048 N/m); and (b) spray current
and jet diameter vs electric capillary number estimated from the fluid surface tension (¢ = 3400V).
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FIG. 9. Characteristics of electrospray: (a) spray current and jet diameter vs flow rate; and (b) spray current and jet diameter vs the fluid viscosity.

attachment positions at the filleted outer edge of the N1 setting [Fig.
10(a)]. However, this effect only localizes to liquid region adjacent to
the nozzle’s wall and does not affect the rest of the Taylor cone.
Moreover, the actual angles between the liquid’s surface and the wall
of the nozzle’s tip 0, [annotated in Fig. 10(b)] are considerably higher
than the contact angle conditions employed and even approaches 90°
in some cases. Underlying reasons for these behaviors can be the over-
whelming effects of other factors, namely applied voltage, flow rate,
and other liquid’s properties (conductivity, viscosity, and density)”® on
the cone’s shape. For a chosen liquid, this potentially indicates that the
roles of contact angle can be promoted under different voltage and
flow rate. To avoid further complicating the investigation, we only
conduct contact angle analyses under two separated conditions, one
with a higher voltage (¢ = 3600 V; Q = 0.75ml/h) and the other a
lower flow rate (Q = 0.6 ml/h; ¢ = 3400 V), using the N1 nozzle.

As observed in experiments,” *’ higher applied voltage and
lower flow rate can shorten the length of the Taylor cone I, enlarge
the cone angle ¢, and reduce the actual contact angle 0,. Such behav-
iors of cone length and cone angle occur to balance the increasing elec-
tric stress due to rising voltage as well as the decreasing feeding
volume due to lessening flow rate, which eventually keeps the cone-jet
mode stabilized.”’

Figure 10(d) shows spray current and jet diameter variation with
contact angle for new voltage and flow rate condition while the cone’s
shape for each separated condition is provided in Figs. 10(e) and 10(f),
respectively. One the one hand, in both voltage and flow rate condi-
tions, no significant difference in spray current, and jet diameter as
well as cone’s shape is obtained between 6 = 10° and 20°. At these
contact angles, our simulations produce noticeably shorter I, larger ¢,
compared to cases in Figs. 10(a) and 10(b), conforming with the previ-
ously discussed experimental observations. Here, the actual contact
angle 0, is also smaller due to higher voltage and lower flow rate, yet
still significantly larger than the declared contact angle of liquid
(0 = 10°, 20°). On the other hand, in case 0 = 40°, the higher voltage
and lower flow rate both yield receding cones with markedly higher
spray currents and larger jet diameter [Fig. 10(d)]. At 0 = 40°, the sur-
face tension induces force more inclined toward the center of the cone,
whereas at 0 = 10° and 20°, this force is diverted more toward the

nozzle’s wall. Therefore, instead of producing a shortened cone, the
high contact angle 0 = 40° develops a receding motion of the liquid’s
interface on the nozzle in which the liquid’s surface quickly withdraws
from the attachment position at the filleted outer edge, shrinking the
Taylor cone radially. Despite not commonly reported, this retractive
response can still be encountered in experiments.”'

Overall, our results could imply that although the influence of
other factors, such as voltage and flow rate, is more decisive in terms
of modifying the Taylor cone’s shape and the characteristics of the
cone-jet mode, the liquid’s contact angle is still impactful in certain cir-
cumstances, i.e., high applied voltages and low flow rates. The quanti-
tative correlation between the receding mechanism with the liquid’s
contact angle 0 as well as the actual contact angle 0, remains an open
problem and can be explored in dedicated research.

D. Corona discharge in electrospray

Figure 11 shows different liquid states at six consecutive time
steps obtained from our experiments and simulations for the N2 con-
figuration. Figure 11(a) includes numerical results neglecting any
corona calculation, while Fig. 11(b) provides results considering
corona discharge with a current of I3 = 1 uA. By further considering
corona discharge, our simulations show better agreement with empiri-
cal captures displayed in Fig. 11(c). As stated, experimental data yield
a slowly propagating liquid [at t; and t, in Fig. 11(c)] on the nozzle
and the deformation of liquid’s interface into steady cone-jet mode
can only be obtained after the liquid completely covers the outer edge
of the nozzle (t; and t4). Similar behavior is reproduced by electro-
spray—corona simulation [Fig. 11(b)] where a cluster of analogously
signed charge can be observed forming around the electrode (see Fig.
12), reducing the field intensity on the liquid surface to below its criti-
cal value for jet induction. As the nozzle edge is progressively covered
by propagating liquid, the surface discharge is, therefore, obstructed
and alleviated, causing an increase in electric field intensity. Due to
this relationship, critical field value can be reached at t,, gradually
deforming the interface, and giving rise to jet afterward [at t5 and ts in
Figs. 11(b) and 11(c)]. On the other hand, if corona discharge is
ignored, the field strength induces jet at very early time steps [t, to t,,

Phys. Fluids 35, 062014 (2023); doi: 10.1063/5.0151085
© Author(s) 2023

35, 062014-9

1G:917:20 €202 J9qWIBAON /T


pubs.aip.org/aip/phf

pubs.aip.org/aip/pof

Physics of Fluids ARTICLE

b
(a)O.IS. Attachment positions ( )0.35
03k N
7 1%
£0.2 “\‘Q\
Mo mg=100
0.1 [ e p— 200
‘ —0=40° . .
0 005 0.1 015 02 025 03 0 0.1 02 03 04 05 06 0.7
L [mm] L [mm]
(c) s0 7 (d) 70 7
Receding
a0l O — 416 60 - cone \"'j‘? |
-------- O-------msmoTTTT — 50t bl =
Tl 1’8 = L 5g
=y e — 5 240 1’
5 N . 148 § ' ?’é
Eo0f OTTTTTrrOmmommomoemoeeoe ° § E30r 145
© 1?8 %y 8
106 L L —— Diameter 3k6V | 3
o C1.1rrent N2 -o Cl'lrrentNl 12 10k - - Current 0.6ml/h
. | —o—Dlarr‘leter N2 —.Ia—Dlamet?r N1 1 . — o Diameter 0.6ml/h )
10 20 30 40 10 20 30 40
Contact angle 0 [°] Contact angle 0 [°
(e) () ==
0.15
V4
———92100-"‘92200——6:400 i = o____9=200_92400
ois T T PRl Al i k)
0 005 01 015 02 025 03 0 005 01 015 02 025 03
L [mm)] L [mm]

FIG. 10. Taylor cone shape under different contact angles for (a) N1 configuration; and (b) N2 configuration with the attachment positions and the actual angles between the
liquid's surface and the wall of the nozzle's tip 0, annotated; (c) spray current and jet diameter vs contact angle for N1 and N2 configuration under original ¢ = 3400V and
Q = 0.75ml/h. (d) Spray current and jet diameter vs contact angle for N1 configuration with ¢» = 3600V and Q = 0.6 mi/h; Taylor cone’s shape variation with contact angle
with (€) ¢ = 3600V; and (f) Q = 0.6 ml/h for N1 configuration. Higher contact angle shrinks the Taylor cone radially at increased voltage and reduced flow rate, yielding

receding Taylor cones.

Fig. 11(a)] when the liquid is still expanding on the nozzle, which is
not consistent with empirical records.

In our simulations, we have shown that corona discharge has
a delay effect to the formation of the cone-jet mode by weakening
the electric field. Based on this, we reasonably predict that if the
discharge is vigorous enough or originates from other positions on
the nozzle (due to microscale surficial imperfections), steady cone-

jet mode may not be achieved. Moreover, in cases where corona
discharge and the cone-jet mode can coexist, further increase in
applied voltage would not destabilize the cone-jet mode also
because of the electric field reduction effect. These predictions are
on par with many electrospray—-corona research works,” indicat-
ing good physical conformity with empirical gains of our numeri-
cal model.
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FIG. 11. High-frequency captured Taylor
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steps [ti—tg] from (a) simulation neglecting
corona discharge; and (b) simulation
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Figure 12 provides additional results on the velocity field and the
corona discharge contour at two greatly distinguished time instants.
The discharge gives rise to a large cluster of charge (charge cloud) and
an jonic wind field at t,. Tonic wind is the movement of air caused by
the momentum transferred from electrically charged molecules to
neutral ones when they are accelerated by an electric field,”” and it is
the commonly known by-product of corona discharge. In this work,

t2:15 s

3

2.5

Velocity magnitude (m/s)
15 2

1

0.5

the average velocity of the ionic wind measured at the outlet boundary
stays at around v; = 2.6 m/s for unobstructed discharge (t, in Fig.
12), which concurs in order with empirical measurements of pure
corona-induced ionic wind of Zhang et al. (needle-to-ring: 1-8 m/s*)
and Wang et al. (multiple-needles-to-mesh: 0.7-1.7 m/s** and two
non-uniform needles-to-ring: 0.75-3.5m/s"”) or of our team’s recently
published works (dual pin discharge: 0-1.3 m/s).””*? At ts, the

t5:65 ms
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0

FIG. 12. Taylor cone’s shape, ion wind velocity contour, and charge cloud from corona at t, and ts. Background contours illustrate (a) ionic wind velocity and (b) charge density
from corona; vector field represents an ionic wind field; and streamline denotes an electric field. Electrodes annotated, (i) nozzle and (ii) ring electrode. Inset shows a glowing
region from nearby the outer edge of dry nozzle in high voltage, which is an indicator of strong electric field.
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tration of charge cloud from corona for different discharge currents. The boundary of the charge cloud is determined by a selected value of p, = 0.75mC/m? in all cases for

comparative purpose.

discharge coverage and the velocity are significantly lessened, influenc-
ing the system in the manner described earlier. Additionally, the inset
in Fig. 12 shows a long exposure capture of the corona discharge in
the case of a dry nozzle, showing a glowing ionized region nearby and
underneath the outer edge. This glow is the light emitted by excited
neutral atoms when their electrons revert to ground state and can
behave differently under different surrounding gaseous fields.”* The
characteristic glow indicates strong electric field, verifying the intense
field in the vicinity of the relatively rounded edge in the contour results
of Figs. 11(a) and 11(b) and confirming our earlier assumption regard-
ing the origin of corona discharge in the electrospray.

The electrospray-corona simulation model developed in this
study, with the proposed assumptions, is able to accurately reproduce
the empirical formation of the Taylor cone and achieve reasonable
consistency with existing literature regarding the effects and behaviors
of corona discharge and ionic wind. The inclusion of corona discharge
in the electrospray simulation highlights the crucial role of liquid wet-
tability, which should be taken as a prominent impacting factor.
Neglecting this factor may cause the solution flawed and unable to
achieve a steady cone-jet mode.

Additionally, we perform multiple simulations with different dis-
charge currents to further explore the effects of corona to the formula-
tion of the Taylor cone. Figure 13(a) plots the ionic wind velocity
and the maximum electric field (max E-field) at the nozzle’s tip at
tm = 30 ms when the liquid has not yet reached the outer edge of the
nozzle. Results for discharge-free case (Is = 0 1tA) are also included to
provide a thorough comparative view. Simulations yield that both ionic
wind velocity and max E-field follow a similar exponential relationship
with discharge current, yet opposite in trend (v; o< I35 Epax o< I7%%).
Simulated wind velocity is within 1-3 m/s, which still registers good
order agreement with the discussed literature. In terms of electric field,
simulations predict the field within 0.5 x 107 = 2 x 107 V/m, which is
weakened from E,y & 2.5 X 107 V/m in the discharge-free case. Here,
we also calculate the time required for first jet induction t; (elapsed
time from the initial instance to the beginning of the induction of the
first jet) to investigate the influence of discharge current on the delay
effect of corona. At low current Iy = 0.1 uA, the weakened field can

still give rise to jet when the liquid is still propagating on the nozzle’s
surface, while in the range 0.5 uA < I3 < 1.5 A, the propagation of
liquid and the delay effect can be clearly observed. In this range, the
time t; is relatively close with only several milliseconds difference (52;
57; 65 and 71ms). This tendency suggests that higher discharge
current requires a larger portion of the discharge area to be covered by
liquid for electric field to sufficiently increase and exceed the critical
value for jet induction.

Moreover, Fig. 13(b) provides a graph of cloud charge for three
distinguished discharge currents, (i) Ig = 0.1, (ii) Is = 0.5, and (iii)
Ig = 1.5 pA also at the same time step t = 30 ms. Broader cloud width
is generated in cases of higher corona discharge current. As the dis-
charge current increases, the Coulombic force in the charge cloud is
more intense, expelling the charges outward, resulting in wider charge
clouds (additional contour results in supplementary material $4.3).

In our study, the current values at which delay effect is observed
(0.5uA <Ij < 1.5puA) are weak in intensity, yet realistically possible
considering corona discharge current may vary from a few hundred
nanoampere to a few dozen microampere for various configura-
tions.*>***%#*51°% Moreover, the 2D axisymmetric model employed
in this work may overemphasize the field reduction effect of the charge
cloud from corona and the ionic wind velocity; thus, to avoid greater
deviation from reality because of overprediction of these factors, low
current range is investigated. Appropriate 3D models can be utilized
in the future for more accurate numerical reproductions of corona dis-
charge in electrospray.

V. CONCLUSION

A relevant numerical simulation for the cone-jet mode of electro-
spray has been carried out using a new approach in which the liquid
wetting and corona discharge are considered as impacting parameters.
Numerical results show that the present simulation achieves Taylor
cone shapes very similar to those by experiments of two different con-
figurations. Also, the electrospray’s characteristics by the new
approach, including the relations of the spray current and jet diameter
with respect to the electrical conductivity, applied voltage, surface ten-
sion, flow rate, and viscosity are in reasonable agreement with those
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stated in published works.”” ®*’>”* The impacts of contact angles on

the cone-jet mode are shown to be minor compared to those of
applied voltage, flow rate, and other properties of liquids and, however,
can be significant under higher voltages and lower flow rates.
Furthermore, the electrospray—corona discharge integrated simulation,
evidenced by experimental results, depicts that the introduction of
corona discharge yields better and more appropriate simulation of the
Taylor cone formation with higher accuracy compared with one by
conventional non-corona simulations. The work demonstrates the
crucial role of liquid wetting and corona discharge not only in the
cone shape formation of the electrospray but also in further improving
the numerical study of electrospray in the relation with corona
discharge.

SUPPLEMENTARY MATERIAL

See the supplementary material for more information about the
experiment installation, the contact angle correction formulation,
additional experiment results, the computational model, jet diameter
estimation, and more simulation results.
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