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Abstract

A robust computational framework for simulating primary atomization in electrically charged liquid hydrocarbon jets is devel-
oped, tested and demonstrated in this work. First-principles-based numerical methods developed specifically for high-fidelity direct
numerical simulations of electrohydrodynamic (EHD) flows are implemented within a conservative flow solver using an unsplit,
geometric volume-of-fluid transport scheme that includes EHD effects. The numerical framework globally conserves mass, mo-
mentum, and the electric charge density even at the gas-liquid interface where discontinuities exist. A novel approach using a
separate mesh is used to obtain accurate boundary conditions of electric potential on the computational domain. Simulations em-
ploy a recently developed physics extraction tool that tracks every breakup and coalescence event occurring during an atomizing
spray. Data characterizing the atomization processes are stored in a Neo4j graphical database providing an easily accessible format
to query and study the atomization process. The framework is demonstrated in five simulations focused on a region of interest
relevant to primary atomization and varying fluid and EHD parameters, confirming the robustness of the methodology and its tools.
Statistics for droplet size, breakup and coalescence events, onset of primary atomization, and spray cone angle are reported for
all simulations revealing earlier and enhanced liquid breakup and greater spray dispersion with increasing electric charge. Some
comparison with experimental work reveals the role of electric stress in de-stabilizing the jets and breakup consistent with the

Plateau-Rayleigh mechanism.
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1. Introduction

Electrohydrodynamics is an interdisciplinary topic that de-
scribes the complex interaction between fluid mechanics and
electric fields, explored since Lord Rayleigh revealed the com-
peting forces and resulting dynamics of a liquid drop that is ra-
dially stressed by an applied electric field [1] and subsequently
by many researchers. EHD may enable improved spray control
and finer atomization so that fuel injection schemes can be in-
expensively developed for the small combustion engine class.
Moreover, EHD may provide efficient enhancements to hydro-
carbon fuel atomization that could benefit a much broader range
of engines and even other, non-combustion applications, such
as pharmaceutical coating and micro- or nano-thin-film deposi-
tion [2].

The enhancement of atomization through the injection of
electric charge into semi-insulating or dielectric liquids has
drawn notable interest over the past several decades, progress-
ing from pioneering work by Taylor [3, 4, 5, 6], Melcher [7, 8],
Saville [9], Kim and Turnbull [10] and others. Kelly [11] ex-
tended the original demonstration of Kim and Turnbull. Lehr
and Hiller [12] used experimental methods to confirm the ob-
servations of Kim and Turnbull, and Kelly, and predicted an
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injected charge density limit due to the observed phenomenon
of corona discharge. Shrimpton and co-workers have stud-
ied the technique of “charge injection” through experimen-
tal [13, 14, 15] and numerical [16, 17] investigations.
Notwithstanding these efforts, the complex interactions
among electrostatic charge, electric fields, and the dynamics
of atomizing liquids are not well understood. Considering the
challenges and expense of experiments, high-fidelity numerical
simulations should be able to provide some clarity to the under-
lying fundamentals and dynamics of EHD atomization. While
numerical simulations of realistic liquid breakup are computa-
tionally expensive to resolve small structures and require large,
parallel resources to perform these simulations, recent advances
in scientific computing, numerical methods, and statistical tools
render simulation a viable method of investigation. Leverag-
ing these developments, several numerical studies have been
conducted over the past few decades, including early work by
Baygents and co-workers [18], Collins and co-workers [19],
Tomar and co-workers [20], Feng [21, 22], Sherwood [23], and
Shrimpton [24]. Hu [25], Paknemant [26], Hokmabad [27],
Du [28], Xie and co-workers [29], Dong and co-workers [30],
Holgate [31], and Frederich [32], among many others, have ex-
plored EHD systems for a range of electrical parameters, report-
ing two-dimensional results for mostly static droplets and struc-
tures under an externally applied electric field. Schnitzer, Yariv
and co-workers employed an electrokinetics approach to ana-
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lyze EHD phenomena for conducting drops [33] and to address
the Taylor-Melcher leaky dielectric model commonly used to
describe the role of electric stress in poorly conducting lig-
uids [34, 4, 8, 35]. Lopez-Herrera and co-workers simulated
Taylor cone-jets solving the electrokinetic equations [36], one
of the most recent of many works exploring semi-conducting
or ionic liquids. Few works published to date report fully
three-dimensional, high-fidelity multiphase simulations of elec-
trically charged Diesel-type jets—liquids with very low con-
ductivity and few charge carriers—to elucidate primary atom-
ization mechanisms and processes that are comparable to clas-
sic experiments, such as [15, 14, 24].

The distribution of electric charges within an atomizing flow
is governed by two main fluid characteristics: the charge ad-
vection and charge mobility timescales [37, 38]. The ratio of
these timescales, defined here as the electric Reynolds number
(Re.) [39], dictates how fast the electric charges are advected
by the flow relative to how fast they relax to the fluid interface.
Thus, the EHD fluid properties and flow characteristics control
the resulting charge distribution within atomizing flows. Van
Poppel [40] employed first-principles-based numerical methods
in high-fidelity direct simulations of electrically charged liquid
hydrocarbon jets undergoing electrostatic-enhanced primary at-
omization. Subsequently, Owkes and Sheehy [41] improved
upon these methods to include charge mobility and conducted
three-dimensional simulations of electrically charged liquid jets
to assess the effects of Re, on atomization efficiency.

The objectives of this work are (i) to establish a computa-
tional framework for simulating primary atomization in elec-
trically charged Diesel-type jets; (ii) to provide statistics that
quantify key breakup events and electrohydrodynamic proper-
ties of the spray from the recent development and integration
of novel tools; (iii) and to identify the role of electric stress
and breakup mechanisms in primary atomization. The frame-
work detailed in this work extends EHD numerical schemes
and integrates two novel, recently developed tools to perform
fully three dimensional direct numerical simulations of liquid
jets subject to a self-precipitating electric field due to the pres-
ence of bulk charge in the liquid. The computational approach
employs a state-of-the-art numerical framework that globally
conserves mass, momentum, and electric charge density even
at the gas-liquid interface where discontinuities exist [42]. The
Navier-Stokes solver’s numerical scheme sharply handles the
discontinuous electric charge density, allowing robust and ac-
curate simulations. A conservative unsplit geometric volume-
of-fluid (VOF) employing semi-Lagrangian transport is used
with a piece-wise linear interface reconstruction (PLIC), lever-
aging the combination of VOF and PLIC to efficiently capture
breakup mechanisms and small satellite droplets [43] through
its sharp and accurate representation of the phase interface.

Simulation results and analysis assess the effects of EHD
on atomization quality, droplet size, and primary atomization
events and processes. To better address the electric bound-
ary conditions, known to be challenging for EHD flows, sim-
ulations employ a recently developed, novel approach using a
separate mesh to obtain accurate boundary conditions of elec-
tric potential on the computational domain [44, 45]. Known

as e-Mesh, this mesh is much larger than the flow solver do-
main, implemented with well-defined boundary conditions for
the electric potential, ¢, and used to compute electric boundary
conditions accurately and efficiently for the flow-solver domain.
Another improvement is the implementation of a novel physics
extraction tool that tracks every breakup and coalescence event
occurring during an atomizing spray. Data characterizing the
atomization processes are stored in a Neo4j graphical database
providing an easily accessible format [46, 47] for analyzing pri-
mary and secondary atomization processes, although this work
reports only the results of primary atomization events.

This paper is organized with §2 describing the governing
equations and interface boundary conditions with relevant sim-
plifications followed by §3 which summarizes the numerical
approach employed in the flow solver and the e-Mesh tool. Data
extraction employing the ASSET tools is summarized in §4
with some details provided for clarity and completeness. The
simulation domain and parameters are provided in §5. Sim-
ulations are compared and primary atomization statistics and
mechanisms are reported and discussed in §6.

2. Mathematical Formulation

This work solves the full set of governing equations to pre-
dict the dynamics of the flow (velocity and pressure), gas-liquid
interface topology, and electric charge distribution within the
liquid phase. The dynamics of the charge distribution are con-
trolled by diffusion and the electric field created by the presence
of space charge in the liquid domain. While assuming a con-
stant charge density (insulating fluid) or surface charge (con-
ducting fluid) has been done, notably reported in [19] among
many others, predicting the non-trivial charge dynamics is im-
portant for accurate simulations. The formulation presented
here couples the electrostatic and hydrodynamic phenomena for
a poorly conducting liquid through the Maxwell stress tensor
and implements gas-liquid interface boundary conditions.

2.1. Governing Equations

Conservation of mass and momentum for a variable density,
low Mach number flow are given as

dp; _
E+V-(piu,’)—0, (1)
and
Opil;
otV ui®u) = ~Vpi+ V(o] + o) + pig.

where u; is the velocity field, p; is the hydrodynamic pressure,
p is the mass density, g is gravitational acceleration. The sub-
script i represents the phase and can take the value g for the gas
phase or / for the liquid phase. The viscous stress tensor, o7, is
given by

of = i (fui + Vai)(~ %mv uil, o)

with I the identity tensor and ; is the dynamic viscosity.



The Maxwell stress tensor, 0% is used to define the electric
body force, f; = V - 07, and leads to,

fi = qiEi - %EEV&‘:‘ +V %pg—;Eﬁ)( 3)
where g; is the electric permittivity, g; is a volumetric electric
charge density, and E; is the electric field vector. The three
terms of f; represent the Coulomb (or Lorentz) force, the di-
electric force, and the electrostrictive force, respectively. As-
suming incompressibility and material homogeneity within a
phase,

S reduces to the Coulomb force in the bulk [48, 37] as

fi = qiEi. “)

The electric displacement vector, D), is assumed to vary linearly
with the electric field vector, as

D;‘ = SiEi. (5)

The electric field vector is irrotational, hence it can be expressed
as the gradient of the scalar electric potential, ¢;, as

E;i = -V¢;. (6)

The Gauss law can be employed for a dielectric material to re-
late the electric displacement vector to the volumetric charge,
as

V‘D,’ZV'S,'E,' (-f')

which can be simplified to the Electric Potential Poisson Equa-
tion, as

V- (Vi) = —qi. (8)
Charge conservation and current density are described by
3(}’j _
ot +V-Ji=0, ©)
Ji = KigiEi — DiVq; + qiui, (10)

where J; is the current density, D; is the molecular diffusion
coefficient and K; is the ionic mobility coefficient.

2.2. Interface Boundary Conditions

The interface boundary and jump conditions are essential
to capturing the dominant mechanisms influencing the flow
and atomization. While the velocity and tangential electric
field components are continuous across the interface, the mass
density, viscosity, and electric displacement vector experience
jumps, described by

[u-nlr = 0, (11)
[w-tj][ = 0, forj=1,2 (12)
[elf = p1—pe (13)
lulf = -, (14)
[elk = & — &, (15)
[Dlr = n-[¢E]r=gs (16)
nx[Elr = 0, (17)

where [(-)]r represents the jump of “(-)” across the interface,
I', and for example, [D]r represents the jump of the electric
displacement vector across the interface, n and f represent the
normal and tangential vector components at the interface, sub-
scripts / and g represent quantities in the liquid and gas phases,
respectively, and g, the surface charge. The electric charge is
modeled as volumetric space charge that migrates throughout
the liquid, which implies negligible surface charge and leads to
the normal component of the electric displacement vector being
continuous. However, the jump in electric permittivity across
the phase interface imposes a discontinuity in the normal com-
ponent of the electric field, and Eq. (16) can be written as

n-[Dlr=n-[eE]r = [¢E;]r = 0. (18)

A direct consequence of the irrotational jump condition,
Eq. (17), ensures that the tangential components of the electric
field, and therefore the electric potential, ¢, are continuous,

[E;Jr =0, [E,Ir=0, and (19)
[¢lr = 0. (20)

The pressure interface jump condition includes contributions
from viscous, electric and surface tension forces, and is rep-
resented as

~[plr + 1" - (° + &) - nlr = —yx, 21)

which can be simplified as

[p] _QUI]FHT-VH-H—):K:

Lo Lo, e

where [p]r is the jump across the interface, y the surface tension
coefficient, and « the local interface curvature. The tangential
shear stress balance, again employing negligible surface charge,
yields

[n"- @) 4i][ = 0. (23)

Additional details are provided in [40, 41].

3. Numerical Approach

The simulations in this paper were conducted using the NGA
computational platform, which employs a staggered grid with
pressure and any scalars stored at the cell center and velocity
components stored on cell faces [49]. Away from the inter-
face, we use second-order finite difference operators that con-
serve mass, momentum, electric charge density, and kinetic en-
ergy. Near the interface, where discontinuities exist, special
numerical methods are required. For convection, we use an un-
split, geometric, semi-Lagrangian framework. The framework
is based on Owkes and Desjardins [50] and is used to transport
the volume-of-fluid (VOF) representation of the phase inter-
face, momentum, and electric charge density. Due to the stag-
gered grid, consistent transport of both VOF and momentum
is complex, requiring that the fluxes of mass used to transport
VOF and momentum are discretely equal. This is achieved by
discretizing VOF on a mesh twice as fine as the flow solver and



computing fluxes on all faces of pressure and momentum cells,
implemented as an unsplit, geometric, semi-Lagrangian with
details provided in Owkes and Desjardins [S51]. The resulting
scheme is second-order and conserves mass, momentum, and
scalars even near the interface where discontinuities exist. The
interface is using a piece-wise linear interface reconstruction
(PLIC) [52] with interface normal vectors computed using the
efficient least-squares VOF interface reconstruction algorithm
(ELVIRA) [53]. Interface curvature is computed with the ad-
justable curvature evaluation scale (ACES) method [54]. NGA
is fully parallelized with a message passing interface (MPI) pro-
tocol and scales well to tens of thousands of cores [55].

The electric field is computed from the electric potential us-
ing Eq. 6, which depends on the boundary conditions as well
as the distribution of electric charge within the domain. The
electric potential Poisson equation, Eq. 8, provides a relation-
ship between the electric charge, ¢;, and the electric potential,
¢i, and is solved using the hypre library of routines for scal-
able parallel solutions of linear systems [56, 57]. The pressure
and electric potential Poisson equations are solved utilizing the
ghost fluid method [58] and a black box solver [59].

The challenge of obtaining accurate electric potential bound-
ary conditions on the computational domain for electrohydro-
dynamic flows is well documented, for example in [40, 41]
among many others. For the model used in this work, grounded
(¢ = 0) conditions exist at the boundaries of the computational
domain. For smaller computational domains with higher elec-
tric charge concentrations, some mesh-alignment of the spray
can result. To eliminate this numerical artifact of the computa-
tional model, a second domain called e-Mesh is introduced that
spans from the nozzle to surfaces that represent physical bound-
aries that are grounded. The e-Mesh grid is implemented with
well-defined boundary conditions and the charge density field,
which is transferred from the flow domain. The electric Poisson
equation, Eq. 8, is solved in e-Mesh to obtain a potential field
and values of ¢ are transferred from e-Mesh to the boundaries
of the flow domain to compute ¢ in the flow domain. Solv-
ing for the potential on the e-Mesh and then interpolating to
the boundaries of the smaller flow domain allows for accurate
boundary conditions of ¢ on the flow domain where they are
needed but not well defined. The electric potential field, ¢, is
computed on e-Mesh and values are interpolated to the Navier-
Stokes mesh using a tri-cubic interpolation scheme. Figure 1b
shows the enlarged and coarse e-Mesh domain surrounding the
much smaller and finer Navier-Stokes mesh. The e-Mesh is
fully described in [44] and demonstrated in a numerical study
in [45].

4. Data Extraction

Simulations employed the atomization simulation statistics
extraction tool (ASSET), a recently developed physics extrac-
tion tool that identifies every breakup and coalescence event oc-
curring during an atomizing spray. Data characterizing the at-
omization processes were stored in a Neo4j graphical database
providing an easily accessible format. An in-depth description

of the process is available in previous works [46, 47], but a brief
synopsis is included here for clarity.

ASSET operates at the same time as the simulation and runs
every timestep, identifying droplets, which meet the criteria for
either breakup or coalescence within that step. The algorithm
works by assigning two integer identification numbers to ev-
ery liquid structure within the domain. The first of these values
(S) is reassigned every timestep using a connected-component
algorithm to identify every independent liquid structure. A sec-
ond value (£) is transported as a scalar value with the liquid
and is only reassigned when a new droplet is formed either
from breakup or coalescence. The sequence of events for one
timestep is as follows:

1. Transport & Coalescence: L values are transported con-
sistently with the liquid volume fraction via flux volumes.
If multiple £ values flux into a single computational cell,
the liquid structures associated with the £ values coalesce
and these £ values are stored for later processing of the
coalescence event.

2. Sassignment: A band-growth algorithm [60] assigns
unique S values to structures separated by at least one full
gas cell.

3. Structure statistics calculation: Each structure is added to
a linked list with properties like volume, velocity, principal
axis lengths, and average charge density.

4. Coalescence processing: Structures identified as coalesc-
ing are processed into a single structure. This structure is
assigned a new L and the structures are tagged for data
extraction.

5. Breakup identification and processing: Distinct structures
(identified with multiple & values that contain the same
L values were previously the same structure and therefore
broke up. These structures are assigned new £ values and
tagged for data extraction.

6. Data extraction: Statistics from all identified coalescence
and breakup structures are saved, along with old and new
L values into the Neod4j database to construct a droplet
“genealogy”.

5. Computational Domain and Simulations

Five liquid Diesel-type jets were simulated with liquid injec-
tion through a circular port of diameter Dj.;, covering a range
of relevant electrohydrodynamic and flow parameters. Simula-
tion parameters are summarized in Table 1, with bulk veloc-
ity, Ujer. The domain size employed was L, = 24Dj, and
L, = L, = 8Dy discretized on a uniform mesh of different
sizes commensurate with the number of cells across the nozzle
diameter, CAD, reported in Table 1. The Navier-Stokes com-
putational domain is illustrated in Figure 1a. The electric po-
tential boundary conditions implemented through e-Mesh for
the charged simulation are Neumann on the upstream x-face,
and Dirichlet (¢ = 0) on the downstream x-face and y- and
z-faces. Figure 1b displays the e-Mesh surrounding the Naver-
Stokes domain to provide a degree of scale and illustrate the
e-Mesh stretching scheme employed to improve efficiency with
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(a) Flow solver domain in two dimensions.

(b) Navier-Stokes and e-Mesh domain.

Figure 1: Simulation domain (left); Navier-Stokes mesh in blue and e-Mesh in black (right) showing relative scale of each domain.

Table 1: Non-Dimensional simulation parameters.

SimID | Reynolds, Re; Weber, We,  Electro-inertial, N;  Density ratio  Visc. ratio  Resolution*
P1UietDiet/ 1 PgU;leeth’; q?Ditf(agp;Uil) pilpg Jop Djer/Ax
Lo_00 5000 2 Uncharged 1000 50 30 (60)
Lo_05 5000 2 0.05 1000 50 30 (60)
Lo_10 5000 2 0.1 1000 50 30 (60)
Hi_00 10000 10 Uncharged 1000 50 30 (60)
Hi_10 10000 10 0.1 1000 50 30 (60)

Domain Size L, = 24Dj;, Ly = L, = 8Dy

*Parenthetical value represents VOF resolution described in §3

refinement near the nozzle and coarse spacing further from the
injection location. As an initial investigation, EHD parame-
ters were chosen similar to those reported in [41] and bulk hy-
drodynamic parameters similar to those reported in [47]. The
electric Reynolds number, Re,—a ratio of the residence time of
liquid in the domain to the charge relaxation timescale [39]—
is maintained at a moderate level of approximately 780 for all
charged simulations, thereby permitting some charge mobility
representative of poorly conducting liquids but limiting charge
relaxation within the domain.

6. Results

Five cases were run for analysis and comparison, varying
global Weber and Reynolds numbers and electro-inertial (N;)
values. The cases are outlined in Table 1. The Lo_00 and Lo_05
simulations are shown separately in Figure 2 because these
cases show minimal liquid breakup for analysis, although case
Lo_05, Figure 2b, exhibits minimal droplet shedding. Figure 3
displays renderings of the Lo_10, Hi_00, and Hi_10 simulations
in Figures 3a, 3b, and 3c, colored by liquid volume attached to
the continuous liquid core (blue) and structures detached from
the core (orange), illustrating the utility of the ASSET extrac-
tion tool for analyzing primary atomization mechanisms result-
ing from breakup events.

Figure 3a is shown next to experimental work reported by
Shrimpton and co-workers [15, 14] for comparison of this case.
The experimental work has hydrodynamic and electric param-
eters that closely match the Lo_10 case (see Table 1) with ex-

perimental values of Re; = 4,900, We, ~ 2.1, and Ng; = 0.09.
The comparison reveals strong qualitative similarities, includ-
ing the point of primary atomization onset, droplet size, and
other structures within the disintegrating jets. The presence
of numerous ligaments oriented radially outward from the ax-
ial centerline bears a strong resemblance to the experimental
photograph, and the radial orientation of liquid structures is
attributable to mutual repulsion arising from the space charge
field.

Unlike simpler jet-to-dripping regimes, case Hi_00 did not
exhibit a clear pinch-off point. Some droplet shedding was
observed in Hi_00; however, complete disintegration of the
liquid core was not evident. The presence of electric charge
in the liquid plays a role in primary atomization, leading to
initial de-stabilization. Electric effects on secondary atom-
ization processes are expected to be small for these simu-
lations due to the low values of electric charge compared
to inertial and surface tension forces. The mutual repulsion
of unipolar electric charge leads to greater spray dispersion
through the action of the Coulomb force in the liquid bulk,
thereby altering droplet trajectories and velocities after sepa-
rating from the liquid core. The influence of electric charge
is evident in Figures 3a (Lo_01) and 3c (Hi_O01), particularly
compared to their uncharged companion simulations in Fig-
ures 2a (Lo_00) and 3b (Hi_00), revealing the influence of elec-
tric effects in de-stabilizing the jet. The wider plume in Fig-
ure 3b, completely filling the domain, suggests a strong inter-
play among inertial, viscous, surface tension, and electric ef-
fects. Generally, increasing electric charge moves the initial



(a) Lo_00 uncharged simulation.

(b) Lo_05 charged simulation.

Figure 2: The Lo_00 (uncharged) and Lo_05 (low electric charge) simulations, showing minimal liquid breakup.

jet de-stabilization and point of atomization onset upstream,
increases the number of structures dislodged from the liquid
core and “radial fullness” of liquid in the domain, and widens
the spray cone angle. The radial orientation of liquid struc-
tures in simulations with greater electric charge is attributable
to Coulombic repulsion that arises from the space charge field,
and is similar to that discussed elsewhere, for example in Tang
and Gomez [61] among others. Coulombic repulsion leads to an
electric field oriented radially from the liquid core, thereby con-
firming that the Coulomb force is a disruptive force that gives
rise to the shape and orientation of the structures dislodged from
the liquid core.

6.1. Uncharged and Charged Simulation Comparison

The uncharged and charged simulations demonstrate the ro-
bustness of the computational framework and their recently in-
tegrated tools, highlighting the notable differences in atomiza-
tion processes due to electrostatic effects. Hydrodynamic and
electric parameter values are listed in Table 1 for cases Hi_00
and Hi_10, identical except that there is no background electric
potential and no liquid charge density in the uncharged simu-
lation (Hi_00). The two cases are compared to elucidate the
effects of electric charge and the corresponding electric field
on the breakup mechanisms driving primary atomization while
also demonstrating the accuracy and utility of the ASSET and
e-Mesh tools. Figures 2a and 3c provide a visual comparison
of the atomizing jets for the uncharged case (3a, Hi_00) and
charged case (3c, Hi_10) at the simulation final time step. The
presence of electric charge within a realistic Diesel type jet con-
tributes to an earlier onset of primary atomization, and it modi-
fies the interface shape leading to a fuller and wider plume and
increased spray cone angle. The charged simulation, Figure 3c,
shows the presence of droplets dislodged from the liquid core
as well as interface corrugations and ligaments. At this point
in the simulation, the charged case, Figure 3c, produced more
than 2000 droplets; however, at the same point in the uncharged
simulation, Figure 2a, only 50 droplets were created.

Figures 3e and 3f display “bloom” plots from the data stored
in a Neo4j database demonstrating how the event data is orga-
nized in a logical and accessible format. The nodes are the lig-
uid core and droplets produced from breakup events, which are
represented by the lines connecting the nodes. Node colors rep-
resent the number of breakup events a structure has undergone,
with the ordering (purple (liquid core) — orange — blue — red
— gray — green). The liquid core is in the center of the im-
age and the orange droplets represent primary breakup events.

These images illustrate all the droplets produced during the
simulation, and all the intermediate droplets between the coher-
ent liquid core and the final droplets. Paths between nodes rep-
resent the connections among parent and child droplets. Each
node stores the extracted data from the simulation at the lo-
cation and time at which that droplet separated from the lig-
uid core and became independent. Figure 3f shows many more
droplets and breakup events than the uncharged bloom plot in
Figure 3e.

6.2. Charged Simulations Comparison

The two cases with highest electro-inertial number, Ng; =
0.1, exhibit interesting atomization features and a clear pinch-
off point. Because of these characteristics, cases Lo_10 and
Hi_10 are analyzed and contrasted henceforth, including esti-
mates for the initial onset of primary atomization, breakup and
coalescence, charge density distributions in the domain, and es-
timates for the spray cone angle. Renderings of both cases are
shown in Figures 3a and 3c, illustrating a wider spray plume
in case Hi_10 attributable to the higher Reynolds number and
aerodynamic effects.

Figures 3d and 3f present “bloom” plots generated from
the Neodj database. In these visualizations, nodes represent
droplets formed during breakup events, while the lines connect-
ing them signify relationships between parent and child droplets
(breakup or coalescence). The colors of the nodes indicate the
number of breakup events each droplet has undergone. At the
center of each plot lies the liquid core, with all nodes and paths
eventually leading back to this core. These visualizations rep-
resent the entire droplet breakup cascade. The paths between
nodes trace the lineage of droplets as they separate and evolve,
while each node stores data about the droplet at the time and
location it became independent from its parent droplet. The
Lo_10 simulation ultimately produced 269 droplets, whereas
the Hi_10 simulation generated 2,014 droplets, reflecting the
significant differences in breakup dynamics between the two
cases. Table 2 summarizes total droplets and mean diameter
for cases Lo_00, Hi_00, and Hi_10, revealing the role of electric
effects in jet de-stabilization, droplet production and size.

6.3. Primary Atomization Analysis

Spray cone angle is a useful qualitative description, and in
these cases it is an effective parameter to analyze the effects
of EHD and Weber and Reynolds numbers. It is clear from
these numbers and the jet renderings in Figs. 3a-3c that EHD



(a) Experiment [15] and Lo_10. (b) Hi_00. (c) Hi_10.

L
: ¢
(d) Lo_10 Bloom. (e) Hi_00 Bloom. (f) Hi_10 Bloom.
(g) Lo_10 Axial View. (h) Hi_00 Axial View. (i) Hi_10 Axial View.

Figure 3: Renderings of experiment reported by Yule and Shrimpton [15] (reproduced with permission) and Lo_10 simulation (a, images not the same scale), Hi_00
(b), and Hi_10 (c) simulations showing contiguous liquid core (blue) and dislodged structures (orange); Bloom plots visualizing breakup events in simulations using
ASSET (middle row, (d)-(f)); and axial view of simulations (bottom row, (g)-(i)). Full simulation parameters detailed in Table 1.
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Figure 4: Charged simulations statistics for N = 0.1. Lo_10 (left column) and Hi_10 (right column).

Table 2: Droplet statistics and spray cone angle approximations for select sim-
ulations.

Sim ID | Total Droplets | Mean D,, | Spray Cone, a1/,
Lo_10 269 0.2137 Djey 8.6°

Hi_00 50 0.0749Dje ~

Hi_10 2014 0.0797 Dje 14.0°

has a strong effect on the spray cone angle. The spray cone
is defined as a half-angle, @2, measured from the edge of the
nozzle. To determine this angle, a 2D domain is constructed
in the radial-axial plane and the volume of liquid at each loca-
tion is calculated by summing along the corresponding radial

ring. A line is defined on this domain, extending from the outer
edger of the nozzle, such that 99% of the total spray volume
lies within the resulting conical region. ay;, is calculated us-
ing the radial and axial coordinates of this line as the legs of
a right triangle. Table 2 reports spray angles measured at the
final timestep in each of the five simulations. Both of the un-
charged simulations, Lo_00 and Hi_00, experienced negligible
radial spread. The plume width increases notably with added
charge. Simulations with higher Reynolds and Weber numbers
showed greater radial spread, suggesting a strong interaction
among inertial, surface tension, aerodynamic, and electric ef-
fects, and likely attributable to the relative thinning of liquid
structures resulting from higher Reynolds and Weber numbers.
These thinner structures are also more susceptible to the effects



Figure 5: A magnified segment of the Lo_10 simulation, displaying ligaments
stretching off of the liquid core (blue) and bulging due to Plateau-Rayleigh
instability, ultimately forming large droplets and small satellite droplets (both
orange). The VOF resolution for simulations is 60 Dje;/Ax.

of the Coulomb force, thereby increasing their radial dispersion.

Figures 4a and 4b illustrate the droplet size distribution
across different stages of the breakup process for both simu-
lations. The data reveals that the Lo_10 simulation generated a
greater proportion of larger-diameter droplets compared to the
Hi_10 simulation. A clear progression is evident in the plots:
larger primary structures give way to smaller secondary struc-
tures, culminating in a significant prevalence of small droplets
classified as “final” droplets—those that do not undergo fur-
ther breakup within the simulation. The mean diameter of final
droplets was approximately 0.2137Dje in the Lo_10 simulation
and 0.0797Dj in the Hi_10 simulation, highlighting a notable
difference in the resulting droplet distributions. The sequence
of breakup events leading to these final droplets is depicted in
Figures 4c and 4d showing the number of breakup events re-
quired to reach the final droplet stage, with some structures un-
dergoing as many as seven breakups before stabilizing into their
final form.

The ASSET methodology permits the extraction of the loca-
tions of primary breakup events. However, sufficient data for
meaningful analysis was available only for simulations Lo_10
and Hi_10. Figures 4e and 4f show the total volume of droplets
shed at each location along the x-axis. This weighted distri-
bution highlights the regions where the jet becomes most un-
stable and undergoes significant disintegration. In the Hi_10
simulation, two pronounced peaks appear around X = 8 and
X = 16. The first corresponds to a similar spike in the num-
ber of breakup events, indicating both high droplet count and
size. The second peak likely represents a large liquid structure
detaching from the core, as suggested by a relative decrease in
total droplet production seen in Figure 4e. The Lo_10 simu-
lation also shows two peaks, but given its comparatively low
droplet output, both peaks are more plausibly linked to large
liquid structures separating from the liquid core.

Analyzing the drop size distributions in Figures 4a and 4b
confirms the prevalence of small droplets in both simulations.
The Lo_10 simulation maintains larger droplets and many fewer
droplets total as seen in Table 2. In both cases, there are few
large droplets and many small droplets. This distribution is
largely due to capillary effects driven by the Plateau-Rayleigh
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instability—smooth ligaments are stretched from the liquid
core, after which surface tension forces create bulges linked by
thinner ligaments, ultimately leading to pinch-off. The result-
ing thin ligaments formed undergo the same process, producing
smaller “satellite” droplets, described in experiments reported
by Qian and Law [62] and later in Villermaux [63]. Figure 5, a
magnified segment of the Lo_10 simulation, illustrates this phe-
nomenon, showing several ligaments with bulges and smaller
satellite ligaments and droplets. Furthermore, electric effects
have been shown to reduce the influence of surface tension,
leading to enhanced secondary atomization, more droplets, and
a greater number of breakup and coalescence events.

6.4. Electric Charge Density

For completeness, a preliminary assessment of electric
charge density is provided here. Figure 6 illustrates x-y cut
planes of the Lo_10 and Hi_10 simulations colored by elec-
tric charge density showing charge migration through the lig-
uid. The effects of charge mobility even near the issuing nozzle
can be observed in both Figure 6a and 6b with higher charge
density near the surface resulting from the unipolar charge mu-
tual repulsion. Ligaments and structures dislodged further from
the centerline carry higher charge density as both jets disinte-
grate downstream from primary atomization mechanisms and
the interplay among electric stress, inertial forces, and surface
tension. Further downstream, structures originating closer to
the axial centerline carry lower charge density with levels sim-
ilar to those nearer jet center prior to initial disintegration.

Using the ASSET tool, values of charge density (Lg) were
extracted for every final droplet in the domains of the Lo_10
and Hi_10 simulations. Electric charge levels are shown as dis-
tributions in Figure 7a and 7b, with the initial injected charge
value represented as a dashed red line. The distributions are fi-
nal droplets, meaning droplets that do not experience further
breakup in the simulation. Charge density may vary within
droplets, but the values reported in Figure 7 are mean charge
values within each droplet. Most droplets contain a charge den-
sity that is very close to the initial bulk charge. Because charge
migration is included in the model, there is a distribution of
charge densities in the droplets. Charge migration toward the
outer surface of a liquid jet results in higher charge density
away from the jet centerline and a higher value of Ly in struc-
tures dislodged near the liquid-gas interface. This trend is more
pronounced in the Hi_10 case, illustrated in Figure 7b and the
scatter plot in Figure 7c in blue, compared to the charge den-
sity distribution for Lo_10 shown in Figure 7a and Figure 7c
in orange. The effect of the low electric Reynolds number in
these simulations is evident in the prevailing electric charge in
the liquid bulk throughout the domain with some migration to
the outer surface of the jet.

7. Conclusions

A robust computational framework for simulating electri-
cally charged liquid hydrocarbon jets is developed, tested and
demonstrated in this work. First-principles-based numerical
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methods developed specifically for high-fidelity direct numer-
ical simulations of electrohydrodynamic (EHD) flows are im-
plemented within a conservative flow solver using an unsplit,
geometric volume-of-fluid transport scheme that includes EHD
effects. The numerical framework conserves mass, momentum,
and the electric charge density even at the gas-liquid interface
where discontinuities exist. A novel approach using a separate
mesh is used to obtain accurate boundary conditions of electric
potential on the computational domain. Simulations employ
a recently developed physics extraction tool that tracks every
breakup and coalescence event occurring during an atomizing
spray. Data characterizing the atomization processes are stored
in a Neodj graphical database providing an easily accessible
format. The framework demonstrated in this work confirms the
robustness of the methodology and its tools. The efficient meth-
ods for simulating complex atomization of electrically charged
jets enable much improved understanding of the effect of the
electric field, the interplay between electric and hydrodynamic
effects and their influence on atomization processes, and spray
characteristics that have proven challenging to obtain experi-
mentally.

Statistics for droplet size, breakup and coalescence events,
onset of primary atomization, and spray cone angle are re-
ported for all simulations revealing earlier and enhanced lig-
uid breakup with increasing electric charge. The presence of
electric charge de-stabilizes the liquid core, thereby advanc-
ing the onset of primary atomization, and increases spray angle
and droplet spacing due to the effect of the electric force act-
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ing radially outward from the liquid core. Subsequent to initial
breakup, a reduction in the effective surface tension in liquid
structures due to the presence of electric charge enhances sec-
ondary atomization breakup processes in the electrified jet. The
effects of charge mobility are evident, resulting from mutual re-
pulsion of the unipolar charge within the liquid and influencing
the charge density distribution in droplets and structures dis-
lodged during primary atomization.

The work reported here is an initial step toward a much
broader application of DNS for atomizing EHD flows. The
simulations reported herein demonstrate extensions to recently
developed tools—a physics extraction scheme and the e-Mesh
domain solver for electric boundary conditions—to a complex,
multi-physics, multi-phase atomization scenario, thereby vali-
dating their robustness and the utility of the framework. The
integration of these new tools within NGA improves the effi-
ciency and accuracy of EHD simulations and significantly ex-
pands the analysis opportunities of primary atomization pro-
cesses for these types of flows. Analysis of secondary atom-
ization processes and mechanisms is a natural extension of the
work reported here. Moreover, continuation of this work will
permit the development of DNS databases to support future
efforts, both experimental and computational. The method-
ologies developed in previous work [41, 40, 42, 44, 47] and
demonstrated here open new, simulations-based avenues of ex-
ploration within a broader category of electrohydrodynamics.
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