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ABSTRACT

The leaky-dielectric model is incorporated in the Finite Volume Method (FVM) code, OpenFOAM, to investigate the electrospray emission
behavior of low to moderate conductivity liquids. This work extends FVM modeling to moderate conductivities by employing a new interface
interpolation scheme that is devised in the volume of fluid method to ensure charge conservation for accurate reproduction of charge accu-
mulation and resulting meniscus shape in the cone-to-jet region and jet breakup. The model results agree well with experiments and scaling
laws for droplet diameter and total current for low and moderate conductivity fluids, i.e., heptane and tributyl phosphate, respectively. The
droplet diameter is shown to increase as the dimensionless flow rate increases or the electric Reynolds number decreases. The results are also
consistent with a parametric investigation of the meniscus shape and the maximum charge density for key operating conditions (flow rate
and extraction potential) and liquid properties (conductivity, surface tension, viscosity, and relative permittivity). These results show that the
new interface interpolation scheme provides accurate results for a wide range of conductivities, fluid properties, and operating conditions.
The results also provide valuable physical insight for varying liquid conductivity in the electrospray emission process. In particular, low
dimensionless flow rate or high electric Reynolds number leads to the emergence of convex-outward menisci associated with a high charge
density in the cone-to-jet region, resulting in high jetting velocity and high specific charge droplets.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0120737

I. INTRODUCTION

Electrosprays are attractive for many applications, such as
mass spectrometry, MEMS fabrication, nano-fiber deposition, and
electric propulsion (EP). In the last few decades, considerable study
has been undertaken to understand the underlying physics of elec-
trohydrodynamics (EHD) in an electrospray. A potential differ-
ence of hundreds to several thousand volts is typically applied
between an emitter and an extraction electrode, producing a cone-
shaped meniscus that can lead to a liquid jet, droplets, and ions in
the operation of an electrospray.

A conical meniscus is developed by surface tension and electro-
static forces balanced on the interface in the cone-jet mode. Zeleny
first observed different modes of electrosprays including the steady
cone-jet mode, which has been of significant interest for stable emis-
sion of droplets.1 Cloupeau and Prunet-Foch examined various
cone-jet structures and operating modes experimentally in a range of
operating conditions and physical properties of low to moderate con-
ductivity liquids2 (2� 10�8 to 1� 10�4 S m�1). Taylor applied elec-
trostatic analysis for perfectly conductive liquid up to the location

where a jet begins to develop from the cone;3 the half cone-angle at the
apex was shown to be 49:3�. The Ohmic, leaky-dielectric model of
Melcher and Taylor supplements Taylor’s analysis by introducing tan-
gential electrostatic force due to free charge accumulation at the liquid
interface, unlike in perfect conductors and dielectrics involving per-
pendicular electrical stress.4 Pantano et al. solved the zeroth-order
electrostatic equations from the theory of Taylor to observe the effect
of charge accumulation on the cone-jet formation.3,5 They acquired
the meniscus shape with a conical tip for the first time assuming the
vertex angle as 49:3�. The charge accumulation at the tip of the menis-
cus allows high enough electrostatic force dominating over the surface
tension force in the cone-to-jet region. Furthermore, a concave-
outward meniscus transitions to a convex meniscus with the decreas-
ing Taylor’s number, e0/

2
0

2cDe
, where e0; /0, c, and De are the vacuum per-

mittivity, potential relative to the ground electrode, surface tension
coefficient, and outer diameter of the electrode, respectively.5

Important scaling relationships have been developed to correlate
the output parameters of interest under different assumptions.6–8

Although they provide valuable physical insight, the scaling laws
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cannot describe the emission mechanics during evolution of a cone-jet
and subsequent droplet breakup. Several numerical models have been
developed to describe the process of cone-jet formation and electro-
spray emission. The boundary element/integral method (BEM) is
computationally cost-efficient and allows accurate analysis under the
given constraints.5,9,10 Higuera investigated the surface charge density
with varying flow rates and permittivities with the far-field boundary
condition obtained from electrostatic solution3 in the restricted cone-
to-jet region.9 Herrada and Montanero applied Newton–Raphson
method to solve the nonlinear discrete equations and observed nonlin-
ear dynamics of a liquid bridge at the minimum volume stability
limit.11 Ponce-Torres et al. applied the boundary fitted method to cal-
culate the base flow and the corresponding eigenmodes to determine
the linear global modes of the system.12 Gamero-Casta~no and
Magnani went further to obtain solution in an extended cone-to-jet
region,10 concluding the surface position of tributyl phosphate (TBP)
largely invariant to physical properties and flow rates for dielectric
constants of 8.91 and 64.9. The current boundary element/fitted meth-
ods cannot make prediction of emitted droplets or internal flow in
bulk liquid, which are important observable parameters in electric
propulsion.

The finite volume method (FVM) allows robust handling of non-
linear conservation equations as a more flexible approach than the
BEM. The FVM can reproduce not only the cone-jet structure but also
downstream breakup and emitted droplets in an electrospray.13,14

Several EHD models have been developed on the basis of the FVM.
L�opez-Herrera et al. and Herrada et al. used the volume-of-fluid
method to track interfaces in a multiphase problem by an open source
tool, Gerris.15–17 Roghair et al. developed an EHD OpenFOAM solver
based on the work of L�opez-Herrera et al., which was extended by
Dastourani et al. to simulate electrosprays of low conductivity
(�1� 10�8 to�1� 10�6 S m�1) liquid.13–15 Complex emitter geome-
try, such as a porous emitter, is effectively modeled by the CVFEM
(control volume finite element method) for high conductivity liquid
where self-heating can be significant.18–20 More recently, Guan et al.
applied OpenFOAM for modeling pulsating electrospray emission
with no droplet breakup in a steady cone-jet mode at low electric
Bond numbers.

The objective of this study is to develop a high-fidelity EHD
model that can provide detailed emission mechanism for electro-
spray devices in a wide range of operating conditions and fluid
properties. A new interface interpolation scheme is developed and
shown to effectively suppress charge lass and simulate jet breakup,
thus extending the modeling capabilities up to moderate conduc-
tivity (�10�4 S m�1) liquids while still providing accurate results
for lower conductivity (�10�7 S m�1). We will validate the sug-
gested models against experimental observations and scaling rela-
tionships. In particular, we run the model across the operating
conditions and the fluid properties critical in defining the steady
cone-jet mode. We show how the charge distribution varies along
the interface and how the meniscus shape is determined by the
competing electrostatic and surface tension forces on the interface.
The governing equations are discussed in Sec. II and numerical
methods in Sec. III. The modeling results for the low conductivity
liquid are presented in Sec. IVA and those for the moderate con-
ductivity liquid in Sec. IV B. The concluding remarks are provided
in Sec. V.

II. MODEL FORMULATION
A. Fluid flow

Electrohydrodynamic fluid flow is governed by the incompress-
ible continuity and momentum equations given as

r � u ¼ 0; (1)

q
@u
@t
þ u � ru

� �
¼ �rP þ lr2uþ qg þ FE þ FST ; (2)

where u, t, q, P, and l represent velocity, time, density, pressure, and
dynamic viscosity, respectively. Note that the electrostatic force, FE ,
and the surface tension force, FST , are added to the momentum equa-
tion.15 Here, FST is given as

FST ¼ cjra ¼ cð�r � n̂Þra; (3)

n̂ ¼ ra

jraj þ d0
; (4)

where the surface tension term is reformulated according to the con-
tinuum surface force (CSF) model by Brackbill et al.21 c is the surface
tension coefficient, j is the interface curvature, and n̂ is the unit nor-
mal vector. d0 is a small number relative to jraj to ensure a non-zero
denominator in Eq. (4).

The volume of fluid (VOF) method captures the interface
between liquid and vacuum by using a Heaviside function of the liquid
volume fraction,22 aliq. Each computational cell is represented as aliq
¼ 0 within gas or vacuum, aliq ¼ 1 within liquid, and 0 < aliq < 1 at
the interface. The liquid volume fraction is calculated by solving the
transport equation given as

@aliq
@t
þr � ðualiqÞ þ r � ðaliqð1�liqÞurÞ ¼ 0; (5)

ur ¼ Calpha

���� /a

jSaj

����n̂; (6)

where ur is an artificial compression term for sharpness of the inter-
face.23 /a, Sa, and Calpha are velocity flux, face surface area, and an
adjustable compression factor. Calpha is set to unity here, whereas it is
between 0 and 4 in most practical cases. Large Calpha allows a sharp
interface but increases the magnitude of possible spurious current.24,25

In the conventional VOF method, a cell-averaged property, w, such as
density, viscosity, electrical conductivity, or permittivity is calculated
as

w ¼ w1aliq þ w2ð1� aliqÞ for w 2 q; �; r; e½ �; (7)

where w1 and w2 are the properties of liquid and vacuum, respectively.
The interface is reconstructed according to the liquid volume fraction,
aliq, and solution of the transport equations for all relevant cell-
averaged properties.

B. Electrostatics

The volumetric electrostatic force, FE , is described by the Maxwell’s
equations which are reduced to the electrostatic equation with negligible
magnetic effect in Eq. (8). The Gauss’s law is given in Eq. (9) as

r� E ¼ 0; (8)

r � ðeEÞ ¼ qe; (9)
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where E is the electric field vector, e is the electrical permittivity, and
qe is the volumetric charge density. The charge conservation equation,

@qe

@t
þr � J ¼ 0; (10)

is converted to Eq. (11) by substituting the current density, J, as the
sum of Ohmic conduction and charge convection as J ¼ rE þ qeu,

@qe

@t
þr � ðqeuÞ ¼ �r � ðrEÞ: (11)

The electrostatic force is given as the sum of Coulombic and polariza-
tion forces as

FE ¼ qeE �
1
2

E2re; (12)

which acts on the electric charge accumulated on the surface of an
electrospray. Important dimensionless parameters are defined as fol-
lows: the dimensionless flow rate, d, in Eq. (13), the electric Reynolds
number, ReE, in Eq. (14), and the electric Bond number, BE, in Eq.
(15), where Q is the flow rate, e0 is the vacuum permittivity, V0 is the
emitter voltage, and R0 is the outer radius of the emitter,

d ¼ qrQ
ce0

; (13)

ReE ¼
qe0c2

l3r

� �1
3

; (14)

BE ¼
e0V2

0

R0c
: (15)

III. NUMERICAL METHODS

The open source code, OpenFOAM, is based on the FVM to
obtain linearized relationships among neighboring cell-averaged varia-
bles of the governing equations.26 The second-order-accurate linear
upwind scheme is employed to suppress false diffusion due to the dis-
cretized convection term.27,28 As the velocity boundary conditions, a
fixed uniform value is applied at the inlet, the zero-gradient condition
at the outlet and the wall, the symmetry condition on the axis, and the
cyclic boundary condition at the front and the back of the wedge-
shaped three-dimensional domain. Similarly, as the pressure boundary
condition, the zero-gradient is applied at the inlet and zero total pres-
sure at the outlet and on the wall to maintain vacuum in the domain.
The electrospray emission behaviors have been reported to be in the
steady cone-jet mode for heptane and tributyl phosphate in this
study.29,30 Measurements have shown the flow to be axisymmetric
below the threshold when the jet begins whipping at high electric
Reynolds number or low non-dimensional flow rates.12,31 We limit the
scope of our study to the steady cone-jet mode at moderate electric
Reynolds number where axisymmetric modes are dominant.
Sensitivity study is performed to determine the total number of mesh
cells, Nc, large enough to show no further dependence of the computed
results on the grid size.Nc is set equal to 138 800 for the low conductiv-
ity case and 98 990 for the moderate conductivity case, where the
droplet diameter converges to 15.6lm for heptane and 6lm for TBP
in Fig. 2(a). The average computational time step for each iteration is
about 2.3� 10�8 s, and 5.7� 10�9 s for heptane and TBP. The final
residuals of Ux, Uy, and Uz are 9.6� 10�11, 9.0� 10�11, and

9.8� 10�11 m s�1, respectively, and the residual for pressure is
1.5� 10�6 kg/m s2. We applied adaptive time stepping based on the
maximum allowed Courant number, which was 0.5 for both heptane
and tributyl phosphate per the CFL (Courant-Friedrichs-Lewy)
condition.

The VOF method is employed to reconstruct the interface to cap-
ture the interfacial forces on the jet and the cone meniscus.32,33

Preliminary results showed importance of avoiding false leakage of
mass and charge through appropriate treatment of the cell-averaged
quantities at the liquid–vacuum interface. Tomar et al.; L�opez-Herrera
et al. used the weighted arithmetic mean (WAM) for two-phase r and
e based on their linear weighted averages in terms of the liquid volume
fraction.15,34 In our simulation, the WAM led to significant numerical
diffusion with no droplet breakup occurring for moderate to high con-
ductivity liquids. L�opez-Herrera et al. investigated the interpolation
schemes, weighted arithmetic mean (WAM), and weighted harmonic
mean (WHM), concluding that the WHM does not provide any better
accuracy for moderately conductive dielectric-conducting liquid.15

The WHM essentially assigns zero conductivity to all cells involving
liquid–vacuum interface to result in code failure due to the abrupt
change in the physical properties between neighboring cells. In this
study, we devised a new interpolation scheme in Eqs. (16) and (17) to
determine the cell-averaged conductivity and permittivity in every
two-phase cell involving the interface. Note that Eqs. (16) and (17)
reduce to the WAM for f¼ 1 and to the WHM for f¼ �1,

rcell ¼ ðaliqr1=f
liq þ ð1� aliqÞr1=f

vac Þ
f ; (16)

ecell ¼ ðaliqe1=fliq þ ð1� aliqÞe1=fvac Þ
f ; (17)

where rcell and ecell are the cell averaged quantities, while the sub-
scripts, liq and vac, represent liquid and vacuum, respectively. Here,
rvac is equal to zero and evac is equal to the vacuum permittivity, e0.
The liquid volume fraction and the corresponding charge density are
shown for f¼ 1(WAM) and f¼ 20 in Fig. 1. Linear interpolation for
the WAM results in smoothly varying r and e with significant false
diffusion and leakage through the interface. Note the erroneous results
by the WAM showing excessive droplet sizes and failure in charge
conservation for heptane in Fig. 1. Note that the charge is well con-
served to result in converged droplet diameters showing no further
dependence on f for f> 20 in Fig. 2(b). It was a compromise between
smooth resolution without code failure and a sharp interface with sup-
pressed numerical diffusion. A larger f better reproduces sharp varia-
tion of r and e with less false diffusion, leading to a finer jet and
smaller droplets. The maximum charge density is qE;max
¼ 430C=m3 for f¼ 20 and qE;max ¼ 60C=m3 for f¼ 1 in Fig. 1.
Obviously finer grids will be required for better resolution accuracy
and numerical stability for electrosprays of high conductivity liquids.

IV. RESULTS AND DISCUSSION

The computational domain covers the region from emitter to
extractor both in Tang and Gomez (Sec. IVA) and Gamero-Casta~no
and Hruby (Sec. IVB).29,30 Simulation is based on the published
experimental setups with the given physical properties and operating
conditions including flow rate and voltage. Photographs in Fig. 3 show
the experimentally observed cone-jet formation and emitted droplets
for heptane of low conductivity. Relevant physical properties are listed
for heptane and TBP in Table I.
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The total current, I, in an electrospray includes the two contribu-
tions by charge conduction and convection to be given as

Itotal ¼
ð
S
ðrE þ qeuÞ dS; (18)

where S is the cross-sectional surface of the cone-jet. We define the
cone-to-jet length, Lcj, as the region where the convective current
changes from 5% to 95% of its final value. It corresponds to the transi-
tion region in Gamero-Casta~no and Magnani and the charge relaxa-
tion region in De La Mora and Loscertales.8,10 The charge relaxation
time is defined as se ¼ e

r.

A. Low conductivity liquid

Figure 3 shows experimental observations of cone-jet formation
and droplet breakup of heptane.29 Figures 4(a) and 4(b) show the

computational domain and grid for the experimental setup in Tang
and Gomez.29 The nozzle and outer diameters are 120 and 450lm,
the orifice diameter is 12mm, and the distance between emitter and
extractor is 29.8mm. Figures 4(c) and 4(d) show the computed distri-
butions of liquid volume fraction and contour and magnitude of the
electric field on a 2D plane through the axis. Note the concave-
outward meniscus in the qualitative agreement with the experimental
observations in Figs. 3(a) and 3(b). Note the maximum electric field at
the cone-to-jet region well below the minimum threshold for ion emis-
sion35 (�1� 109 V m�1). Scaling relationships by Ga~n�an Calvo are
given for the dimensionless droplet diameter and the total current,6

respectively, in Eqs. (19) and (20). Another scaling relationship by De
La Mora and Loscertales is given for the dimensionless droplet diame-
ter8 in Eq. (21). er is the relative permittivity. These scaling relation-
ships apply only to the steady cone-jet mode

FIG. 1. Comparison of the WAM and the new interpolation scheme for heptane: (a) computational domain, (b) liquid volume fraction for f¼ 1 (WAM), (c) liquid volume fraction
of f¼ 20, (d) charge density for f¼ 1, and (e) charge density for f¼ 20.

FIG. 2. Sensitivity analysis for the dimen-
sionless droplet diameter, D�, with respect
to (a) the number of cells, Nc, and (b) the
parameter f.
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D ¼ qe0Q3

rc

� �1
6

; (19)

I ¼ crQð Þ
1
2; (20)

and

D ¼ ere0Q
r

� �1
3

: (21)

D� in Figs. 5 and 8 is the mean droplet diameter normalized by
the inner diameter of the emitter. In Fig. 5(a), 1=ReE ranges from 0.03
to 0.068 for the dimensionless flow rate varying between d ¼ 2:4 and
d ¼ 9:7. In Fig. 5(b), the electric Bond number is varied from
71 to 198 for the dimensionless flow rates of 13.9, 46.4, and 69.6 for
c ¼ 0:0186 Nm�1 according to Tang and Gomez. The reasonable
agreement is shown with proper trends of variation of D� for model
predictions, scaling laws, and experimental observations in Fig. 5. The
mean droplet diameter is compared with the universal scaling law in
the steady cone-jet mode in Eq. (19) and the experimental results in
Tang and Gomez. The droplet size was reported to decrease with
decreasing ReE, decreasing flow rate, and increasing BE as previously
discussed in the literature.6–8,14,29,30 In Fig. 5(b), although Eqs. (19)
and (21) are given as functions of the flow rate and physical properties
only, the measured and computed droplet diameters show strong
dependence on the emitter voltage with the increasing flow rate. The
computed modeling results show the droplet diameter reduced by

about 30% with the increase in the BE from 71 to 127 at the lowest
flow rate, d ¼ 13:9, in Fig. 5(b).

Figure 6 shows distributions of the cone radius, R, and the charge
density, q�E , along the meniscus for varying operating conditions and
liquid properties about the reference condition, Q ¼ 0.5mm3/s,
V ¼ 4 kV. q�E is the volumetric charge density nondimensionalized by
ðcrQÞ

1
2

pd21vs
, where vs ¼ Q

pd2 is the scaling parameter for jet velocity.7 In Fig.

6(a), the flow rate decreasing from Q ¼ 2.5mm3/s to Q ¼ 0.5mm3/s
results in a steeper meniscus induced by increasing tangential electric
field and increasing charge density according to the Gauss’s law in Eq.
(9). Note the electric field magnitude increasing exponentially as the
flow rate decreases, as given in Gamero-Casta~no.35 A high charge den-
sity leads to a high FE in Eq. (12) resulting in a fine jet and small drop-
lets with a short Lcj. Likewise, the increase in c from 0.01 to 0.05
N m�1 results in transition from a concave to a flattened meniscus.
Note the largest q�E and the shortest Lcj at the largest c of 0.05 N m�1

in Fig. 6(b). In Fig. 6(c), the tangential force increases with the increas-
ing voltage up to 4.0 kV to result in a steeper meniscus leading to a
finer jet and smaller droplet diameters. Note the menisci largely invari-
ant with respect to the kinematic viscosity, �, varying in the range
between 6.3� 10�7 and 5.0� 10�5 m2/s in Fig. 6(d). q�E also remains
approximately the same, varying about 3% within the tested range of
the kinematic viscosity. Note the largest viscosity,
� ¼ 5:0� 10�5 m2=s, resulting in a jet elongated up to the location,
z ¼ 2lm. The relative permittivity, er , in Fig. 6(e) shows a different
trend from those for varying d, c, V, and � in Figs. 6(a)–6(d). High
permittivity leads to a steep meniscus induced by the high polarization
force,� 1

2 E2re, increasing with er , which is dominated by the effect of
the low electrostatic force due to q�E lower by 64% for er ¼ 50 than
that for er ¼ 10 in Fig. 6(e). It is due to a large charge relaxation time
leading to decelerated charge transport and low q�E for the high per-
mittivity case.

B. Moderate conductivity liquid

Figure 7 shows the setup and computed results for liquid volume
fraction and electric field for TBP of moderate conductivity in
Gamero-Casta~no and Hruby.30 It involves the nozzle inner and outer
diameters of 110 and 230lm, the diameter of the extractor orifice of
0.8mm, and the distance between emitter and extractor equal to
2.5mm. Note the maximum electric field of about 9.1� 107 V m�1 at
the cone-to-jet region, which is well below the minimum electric field
of�109 V m�1 required for ion emission.35

Figure 7 shows the meniscus shape and the magnitude of the
electric field in the steady cone-jet mode. Note the smaller jet diameter
and smaller droplets together with smaller cone-to-jet length due to
higher charge density and stronger electric field than those for heptane
in Fig. 4.

Figure 8 shows reasonable qualitative agreement of droplet diam-
eters and total currents by experiment, modeling, and scaling laws in
Eqs. (19)–(21). Deviation of the droplet diameters by modeling may
indicate numerical uncertainty or underpredicted electrostatic force
due to ignored viscous self-heating and temperature-dependent con-
ductivity at a relatively low Reynolds number.36,37 In experiment,
droplets could fragment or undergo downstream influences such that
droplets reaching the detector may not be those emitted off the jet.38,39

Note in Fig. 8(b), the total current by modeling lying between those by

FIG. 3. Photographs of (a) cone-jet formation and (b) emitted droplets for heptane
of low conductivity29 (r ¼ 6.26� 10�7 S m�1). Reproduced with permission from
Tang and Gomez, J. Colloid Interface Sci. 184, 500–511 (1996). Copyright 1996
Elsevier.

TABLE I. Liquid properties of heptane and tributyl phosphate (TBP).29,30

Liquid qðkg=m3Þ rðS=mÞ cðN=mÞ eðF=mÞ lðm2=sÞ

Heptane 684 6:26� 10�7 0.0186 1.91 4:28� 10�4

TBP 976 2:3� 10�4 0.028 8.91 3:59� 10�3
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the experiment30 and scaling law proportional to a half-power of the
flow rate in Eq. (20).

Figure 9 shows the cone radius and the charge density along
the meniscus for varying d, c, and er about the reference condition,
Q ¼ 0.04mm3/s and V ¼ 1:7 kV. Note a lower d resulting in
higher charge density so that the lowest Q ¼ 0.04mm3/s presents
the highest q�E and the shortest Lcj in Fig. 9(a). At a lower flow rate,
the jet may develop into the unstable whipping mode due to exces-
sive electrostatic force as experimentally observed in Uchizono
et al.31 Similarly, c increasing from 0:01 to 0:04Nm�1 results in
increasing charge density with transition of the meniscus from
concave to convex toward vacuum.

A scaling equation for the surface charge density, qs, was derived
from a quasi-one-dimensional analytical model as40

qs ¼ e0E0 ¼ 0:62 e0c
2qr2

� �1
6; (22)

which supports q�E increasing with increasing c in Fig. 9(b). The
change in q�E is associated with transition of the meniscus from convex
(@

2R
@Z2 < 0) to concave-outward (@

2R
@Z2 > 0). Note the maximum q�E for

Q ¼ 0.04mm3/s or q�E ¼ 2.5 for c ¼ 0:04Nm�1 nearly doubled as
compared with the maximum q�E without such transition of the menis-
cus for higher d’s or lower c’s. Rapid increase in q�E with a short Lcj
beyond the inflection point suggests that charge accumulation takes

FIG. 5. Comparison of the dimensionless
droplet diameters, D�, by the experiment29

(T & G), modeling and scaling6 for hep-
tane at different d’s with respect to (a)
1=ReE and (b) BE.

FIG. 4. Computation for heptane of low conductivity in steady cone-jet operation: (a) axisymmetric domain with 138 800 cells, (b) magnified emission region, (c) liquid volume
fraction, and (d) magnitude and contour of the electric field.
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FIG. 6. Predicted distributions of cone-jet radius and charge density along the meniscus for heptane at varying (a) flow rates Q (mm3/s), (b) surface tension coefficients, c
(N m�1), (c) voltages, V (kV), (d) kinematic viscosities, �ð¼ l=qÞ (m2/s), and (e) relative permittivities, er .

FIG. 7. Computation for TBP in steady cone-jet operation: (a) axisymmetric domain with 98 990 cells, (b) magnified emission region, (c) liquid volume fraction, and (d) magni-
tude and contour of the electric field.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 112017 (2022); doi: 10.1063/5.0120737 34, 112017-7

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/phf


place mostly in the concave region where the electrostatic force domi-
nates the surface tension and the viscous forces for moderate to high
conductivity liquids. Low d or high c results in high charge density
associated with high electrostatic force, leading to steeper menisci and
smaller droplets. It is due to the geometrical constraint associated with
transition of the meniscus from concave to convex according to the
sign of the second-order derivative along the axis.

Note that er varying from 8.91 to 30 shows a relatively constant
meniscus in Fig. 9(c) unlike those for the low conductivity cases in Fig.
6(e). It is because the Coulombic force proportional to the charge den-
sity dominates the polarization force to determine the shape of the
meniscus for moderate conductivity. The large relaxation time for er
¼ 30 suppresses charge transport to result in a jet radius of 265lm
much larger than 8:78 lm for er ¼ 8:91. It is also consistent with the
result observed by Gamero-Casta~no and Magnani that the normalized

total current decreases from 2.5 to 2.0 for the relative permittivity increas-
ing from 8.91 to 64.9 with no noticeable variation in the meniscus.10

The scaling equation for qs in Eq. (22) suggests the surface charge
independent of the flow rate high enough above the minimum
Q� ¼ dReE , to maintain a stable cone-jet.40 The results in Fig. 10(a)
also support qE;max insensitive to d in the range, d > 50. Note the
increasing effect of d on qE;max with increasing conductivity in Fig.
10(a). Similarly, decreasing 1=ReE results in increasing charge
density with such effect intensifying with increasing conductivity in
Fig. 10(b).

The cone-to-jet length was scaled as c
e0E2

t
� ð e

2
0c

qr2Þ
1
3d in Ga~n�an Calvo,

where Et is the tangential electric field.
6 The predicted results for the cone-

to-jet length are fitted as Lcj � d0:42 for heptane and as Lcj � d0:58 for
TBP in Fig. 11(a). Weaker dependence on d for heptane is associated
with lower charge density, resulting in a shorter Lcj than for TBP.

FIG. 9. Predicted distributions of cone-jet radius and charge density along the meniscus for TBP with respect to (a) Q (mm3/s), (b) c (N m�1), and (c) er .

FIG. 8. Comparison of (a) dimensionless
droplet diameters D�, and (b) total currents
I (A), by the experiment,30 simulation, and
scaling by Ga~n�an Calvo1 and De La Mora
and Loscertales2 with respect to varying d
for TBP (r ¼ 2.3� 10�4 S m�1).6,8
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Note lower qE;max at the cone-to-jet region for heptane than for TBP

in Fig. 11(a). The scaling, Lcj � d0:58, fitted for TBP (ReE ¼ 0:86)

shows stronger dependence than Lcj � d0:17 from the BEM results in
Gamero-Casta~no annd Magnani.10 It may be due to the emergence of
a convex meniscus leading to higher charge density and a shorter Lcj,
which is not taken into account in Gamero-Casta~no and Magnani. In
Fig. 11(b), the specific charge of the emitted droplets decreases with
increasing d, to support the experimental observations for moderate
conductivity.30 As a result, decreasing d and increasing ReE yields high
charge concentration at the cone-to-jet region with shorter Lcj resulting
in high specific charge (q/m) of the emitted droplets. Further work may
be required to extend the new FVM to higher conductivity liquids, such
as the ionic liquid, EMI-Im [1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide] employed in electric propulsion. For such high
conductivity liquid the meniscus is expected to have a more convex con-
ical shape31 with an even shorter Lcj. High normal electric field, En, due
to the increased charge density could explain possible ion evaporation at
the high conductivity limit.41–44

V. CONCLUSION

We have developed the leaky dielectric EHD model in the open
source FVM code, OpenFOAM. As compared with the BEM, the

FVM can accurately predict the interface and multidimensional mech-
anisms, such as charge transport, internal flow, and droplet breakup,
in an electrospray. Our new interface interpolation scheme for the
VOF method allows conservation of electric charge and reproduces
experimentally observed meniscus shapes in the cone-to-jet region.
This interface scheme extends the FVM approach from low conductiv-
ity (�10�7 S m�1, i.e., heptane) to moderate conductivities that are
three orders of magnitude higher (�10�4 S m�1). The new model is
validated against droplet diameter, total current, and specific charge in
good agreement with experiment and scaling laws for heptane and
TBP in the literature. The results show the droplet diameter decreasing
as the dimensionless flow rate decreases or as the electric Reynolds num-
ber increases. These are consistent with parametric investigation for the
meniscus shape and the maximum charge density varying with the key
operating conditions, i.e., flow rate and potential difference; and key liq-
uid properties, i.e., conductivity, surface tension, viscosity, and relative
permittivity. Decreasing charge density with increasing relative permittiv-
ity is explained in terms of the effect of larger relaxation time being dom-
inant over that of a steep meniscus due to large polarization force. The
results also show the meniscus changing from a concave to a convex
shape toward vacuum with increasing maximum charge density and
decreasing cone-to-jet length, as either the conductivity or the surface
tension coefficient increases. A high charge density in the cone-to-jet

FIG. 10. Predicted maximum charge den-
sity at the cone-to-jet region as a function
of (a) the dimensionless flow rate, d, and
(b) the inverse of electrical Reynolds num-
ber, 1=ReE .

FIG. 11. Predicted (a) cone-to-jet length
(lm) and (b) specific charge (C/kg) of the
emitted droplets as a function of the
dimensionless flow rate, d.
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region leads to a high specific charge of emitted droplets with a high jet-
ting velocity. Further work will be required to extend the FVM approach
with the new interpolation scheme to more challenging ionic liquids of
high conductivity such as EMI-Im [1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide].
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