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Abstract

Electrohydrodynamic flows and sprays hold several potential benefits for combustion systems, such as the
production of smaller droplets, a wider spray cone, and the ability to control or “tune” the spray. Nev-
ertheless, key questions regarding the complex interactions among electrostatic charge, electric fields, and
the dynamics of atomizing liquids remain unanswered. In this work, a recently developed numerical scheme
is used to simulate primary atomization for an electrically charged liquid hydrocarbon fuel. This novel
technique is implemented within a conservative finite difference scheme of high-order accuracy that employs
state-of-the-art interface transport techniques ideally suited for simulating multiphase flows. The model
is applied in direct numerical simulation of a charged liquid kerosene jet and qualitatively compared to
experiments. To more accurately replicate the hydrodynamic inflow conditions, different preliminary inlet
simulations are conducted and discussed.
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Introduction

Electrohydrodynamics, or EHD, may provide a
viable means to enhance combustion. EHD may en-
able improved spray control and finer atomization,
thereby offering efficient enhancements that could
benefit a broad range of engines and even other, non-
combustion applications. One application of imme-
diate interest to the authors is the development of
inexpensive fuel injection systems for the small (200
cm?) internal combustion engine class. EPA reports
show that this class of engines emits pollutants at
high rates [1]. Compounding the challenge of fuel
injecting these engines is their low cost, suggesting
that miniaturization of automotive-type fuel injec-
tion systems would be far too expensive for market
adoption [2].

EHD flows and sprays have drawn consider-
able interest over the past three decades, pro-
gressing from pioneering work by Kim and Turn-
bull [3]. Shrimpton and co-workers have studied the
technique of “charge injection” through experimen-
tal [4, 5, 6, 7, 8, 9] and numerical [10, 11] inves-
tigations. Notwithstanding these efforts, the com-
plex interactions among electrostatic charge, electric
fields, and the dynamics of atomizing liquids are not
well understood. Considering the challenges and ex-
pense of experiments, high-fidelity numerical simu-
lations should be able to provide some clarity to the
underlying fundamentals and dynamics of EHD at-
omization. To this end, Van Poppel, Desjardins, and
Daily [12, 13] recently developed a novel methodol-
ogy for simulating multiphase EHD in liquid dielec-
tric hydrocarbon fuels. The scheme leverages the
ghost fluid method (GFM) to accurately solve the
electric potential Poisson equation and also uses the
GFM to provide a numerically sharp representation
for the EHD interface conditions. The methodology
is robust and capable of handling large density ra-
tios. The numerical scheme captures the singular
nature of the surface tension force, and accurately
transports the phase interface using state-of-the-art
interface tracking techniques.

The present work employs the recently devel-
oped computational scheme to perform fully three-
dimensional direct numerical simulations of electri-
cally charged liquid jets and qualitatively compare
simulation results with experiments performed by
Shrimpton and co-workers [6, 7, 8]. Multiphase sim-
ulations are performed using different inflows, in-
cluding a bulk inflow, a fully turbulent inflow using
the results of a turbulent pipe preliminary simula-
tion, and a realistic charge injection nozzle modeled
after nozzles employed in experiments. Effects of dif-
ferent inflows are compared to experimental results.

Mathematical Formulation

To mitigate the challenge of modeling the full set
of governing equations, charge is assumed constant
through a time scale analysis. For the inertial flows
of interest in this work, the advection time scale is
expected to be the governing time scale, which is
much shorter than the space charge relaxation time
scale for the highly insulating fuels considered here.
We assume constant volumetric charge, using a time
scale analysis detailed in [12], and employ this as-
sumption to simplify some of the governing equa-
tions and interfacial boundary conditions.

Conservation of mass and momentum for a vari-
able density, low Mach number flow are given as
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where w is the velocity field, p is the hydrodynamic
pressure, p is the mass density, and g is gravitational
acceleration. The viscous stress tensor, o, is given
by
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with I the identity tensor and p is the dynamic vis-
cosity. The electric body force, f,, is given as,
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where € is the electric permittivity, ¢ is a volumetric
electric charge density, and E is the electric field vec-
tor. The three terms of f, represent the Coulomb
force, the dielectric force, and the electrostrictive
force, respectively. Assuming incompressibility and
material homogeneity within a phase, f, reduces to
the Coulomb force in the bulk [14, 15] as

fe=4qE. (5)

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

D =¢E. (6)

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

E = -V (7)



The Gauss law can be employed for a dielectric ma-
terial to relate the electric displacement vector to
the volumetric charge, as

V:-D = V-eE=-V-(eV9) =g (8)
Charge conservation and current density are de-
scribed by

Jq

e . J =

9 + V 0, (9)
J = pqFE — D;Vq+ qu, (10)

where J is the current density, D; is the molecular
diffusion coefficient and p; is the ionic mobility co-
efficient. Uniform space charge reduces these equa-
tions to solenoidal current density that convects with
the flow, as

v-J 0, (11)
J = qu. (12)

The interface boundary and jump conditions are
essential to capturing the dominant mechanisms in-
fluencing the flow and atomization. While the veloc-
ity and tangential electric field components are con-
tinuous across the interface, the mass density, vis-
cosity, and electric displacement vector experience
jumps, described by
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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 t represent the normal and tangen-
tial vector components at the interface, subscripts
l and g represent quantities in the liquid and gas
phases, respectively, and ¢s the surface charge. The
assumption of constant volumetric space charge im-
plies negligible surface charge, suggesting that the
normal component of the electric displacement vec-
tor is continuous. However, the jump in electric per-
mittivity across the phase interface imposes a dis-
continuity in the normal component of the electric
field, and Eq. (18) can be written as

n-[Dp =n-[eElr = [eEr =0.  (20)

A direct consequence of the irrotational jump con-
dition, Eq. (19), ensures that the tangential compo-
nents of the electric field, and therefore the electric
potential, ¢, are continuous,

[EtJr =0, [Ey]r =0, and (21)
[¢]r = 0. (22)

The pressure interface jump condition includes con-
tributions from viscous, electric and surface tension
forces, and is represented as

~lplr +[n" - (e + o) nlr = -9k, (23)

which can be simplified as
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where [p]r is the jump across the interface, v the sur-
face tension coefficient, and & the local interface cur-
vature. The tangential shear stress balance, again
employing negligible surface charge, yields

[n' - (07) t;].=0. (25)

Additional details are provided in [12].

Numerical Approach

All simulations performed in this work employ
an in-house code named NGA [16], for which the nu-
merical methods described herein have been imple-
mented in parallel using Message Passing Interface
(MPI). NGA extends the family of high order fully
conservative finite difference schemes proposed by
Morinishi and Vasilyev [17, 18, 19] to variable den-
sity low-Mach number flows [16, 20]. These schemes,
tailored for DNS and LES, provide excellent accu-
racy, while retaining exceptional numerical robust-
ness since they discretely conserve mass, momen-
tum, and kinetic energy. A three-dimensional formu-
lation of the black-box multigrid (BBMG) solver [21]
is employed to efficiently solve the pressure and elec-
tric potential Poisson equations.

To fully capture liquid breakup, the NGA
code employs two state-of-the-art interface trans-
port techniques [22, 23], one of which is called Accu-
rate Conservative Level Set, ACLS [22]. This novel
methodology combines an improved version of the
conservative level set technique introduced in Ols-
son et al. [24] with a ghost fluid approach [25].
By employing a hyperbolic tangent level set func-
tion that is transported and re-initialized using fully
conservative numerical schemes, mass conservation
issues that are known to affect level set methods are
greatly reduced. In order to improve the accuracy



of the conservative level set method, high order nu-
merical schemes are employed. ACLS is used for all
multiphase simulations described in this paper.

Ghost Fluid Method for FElectric Potential

The ghost fluid method (GFM) [25] provides a
very attractive way of handling discontinuities by
using generalized Taylor series expansions that di-
rectly include these discontinuities. Because GFM
explicitly deals with the density jump, the resulting
discretization is not affected by the density ratio.
Similarly, the surface tension force can be included
directly in the form of a pressure jump, providing an
adequate sharp numerical treatment of this singular
term. The EHD module solves the electric potential,
¢, which is an additional variable coefficient Poisson
equation given in Eq. (8). In previous work, a gener-
alized Taylor series expansion was employed to pro-
vide a sharp implementation for the pressure Lapla-
cian across an interface jump [16, 22, 20]. Using a
similar approach, a sharp formulation is employed
for the gradient and Laplacian of the electric poten-
tial, in either the gas or the liquid phase, to provide
an accurate and efficient solution for the electric po-
tential.

EHD Interface Methodology

Even with perfect dielectrics, EHD effects can be
noticed due to the strong coupling through the jump
conditions at the interface. The right hand side of
Eq. (24) shows how the electric stresses contribute
to the pressure jump across the interface through
the normal and tangential components of the elec-
tric field. The NGA code employs a staggered grid
methodology, which poses challenges for the solution
of the electric potential Poisson equation as well as
the EHD jump conditions. The normal vectors are
known at the cell centers and the Cartesian com-
ponents of the electric field are known at the cell
faces. Therefore, it is necessary to interpolate the
components of the electric field to the cell center,
re-construct a cell-centered electric field vector, and
subsequently partition this interpolated vector into
its normal and tangential components. The GFM is
integrated with this scheme to handle interpolation
across the inteface. This tri-linear GFM interpola-
tion scheme yields an accurate and efficient numeri-
cal solution for the EHD jump conditions.

Implementation of Coulomb Force

The Coulomb force, Eq. (5), is implemented as a
face-centered source term in the Navier-Stokes equa-
tions. For each Cartesian dimension, charge is com-
puted at each cell face using a height function of the
liquid volume fraction according to Eq. (26), and

then multiplied by the local face value of the elec-
tric field. The height function, A, ; 41 is defined
as

Aijkty =
1 if Gi,j,k and Gi+1,j,k >0,
0 if Gi,j,k and Gi+1,j,k <0, (26)
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where G = max(G; j,0). Additional details can
be found in [12] and [13].

Simulations of Charged Kerosene Jet

A charged liquid kerosene jet in quiescent air
is simulated. A charge injection scheme is modeled,
similar to that investigated by many researchers else-
where [9, 7, 26, 3, 27, 28], and a schematic of the
charge injection nozzle and multiphase flow domain
is depicted in Fig. 1. Several different hydrodynamic
inflows are qualitatively investigated: a bulk flow in-
let, a fully turbulent inlet using a turbulent pipe pre-
liminary simulation, and a realistic charge injection
nozzle geometry used in experiments [6, 7, 8].

Bulk flow inlet

A charged liquid kerosene jet is simulated us-
ing a bulk inflow, with liquid injection through a
circular port of diameter d,. The properties for
the simulation are inspired by charge injection ex-
periments performed by Shrimpton and co-workers
[7, 8, 29, 9]. Simulation parameters are summa-
rized in Table 1, with the electro-inertial number
defined as N.; = ¢?d%/eqe,pu®. The domain size
is Ly = 21d,, and L, = L, = 7d, discretized on
a 768 x 256 x 256 mesh. The boundary conditions
implemented for this simulation are inflow and out-
flow conditions on the upstream and downstream
x—faces, respectively, and zero electric potential on
the y— and z—faces. The interface is initialized as a
liquid cylinder spanning the domain. Compared to
experiments, the simulation employs a greater space
charge in order to enhance liquid break-up in the
absence of flow disturbances in the bulk inflow. In
Figs. 2(a) and 2(b), a charge injection experiment
performed by Shrimpton [10] and the charged simu-
lation are shown side-by-side for comparison.

The multiphase simulation employing bulk in-
flow revealed that the domain size chosen for this
simulation is too short in the lateral (y and z) direc-
tions. The domain size was increased from previous
work used to study turbulent atomization of an un-
charged Diesel jet to account for greater lateral dis-
persion resulting from the presence of space charge.
However, Fig. 2(b) clearly shows that liquid struc-
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Figure 1. Sketch of computational domain employed in multiphase simulations.

Table 1. Parameters for charged liquid kerosene jet
simulation employing bulk inflow. Total mesh size
is 50.3 million grid points; d,/h represents number
of grid points across nozzle diameter.

Parameter Simulation Experiment
Ne; 1.25 0.1
Re 2000 4900
We 850 1700
do/h 25 n/a
i/ pg 652
/by 56
€ 2.2
~ [N/m] 0.0235

tures reach the domain boundary near x ~ 15d,. To
remedy this issue, the domain size was increased for
subsequent simulations.

While the bulk inflow simulation displays
promising qualitative agreement with experiment,
the quantity of electric charge employed in the sim-
ulation is much higher than experiment. Due to
the high electric charge in a cylindrical jet and the
boundary conditions on a rectangular domain, this
simulation exhibits some evidence of mesh align-
ment. To explore this issue, a simple test is con-
ducted to demonstrate the effect of the Coulomb
force implementation. A two-dimensional simula-
tion of a charged liquid cylinder in a rectangular
domain is conducted. Simulations employ 2D peri-
odic cylinders, R, = 0.1, with Dirichlet boundary
conditions for the electric potential (¢ = 0) on all
four sides of a domain of 10R, x 10R, with mesh
spacing, R,/h, set to 10. The relative permittivity
is set to the value for kerosene, €, = ¢ /¢; = 2.2. The

ratio of Coulomb force to surface tension takes the
form of an electric Bond number, Ng = ¢%73 /ye,€,,
and in this test Ng is set to 100, approximately one
order of magnitude greater than experimental value
in order to exaggerate the influence of the Coulomb
force.

Two simulations are performed and evaluated.
The first simulation employs a symmetric circular
cylinder. Figure 3 displays the mesh alignment of
the symmetric cylinder, with the Coulomb force
stretching the interface non-uniformly toward the
corners of the square domain. The other simula-
tion employs a circular cylinder with a slightly dis-
turbed surface. The surface disturbances are intro-
duced using a cosine function for mode m = 3 and a
disturbance amplitude equal to R,/500. Also shown
in Fig. 3 is the disturbed surface case, illustrating
that the small disturbances are magnified by the
Coulomb force. The surface is deformed in the direc-
tion of the three disturbances, commensurate with
theory. Given the results of this test, we expect that
the introduction of flow disturbances in the inflow,
as well as lower levels of space charge, will eliminate
any issues of mesh alignment.

Fully turbulent inlet

A second simulation is conducted with relevant
non-dimensional parameters matched to Shrimp-
ton’s experiment, Case 2 [7]. Simulation parameters
are summarized in Table 2. To introduce flow dis-
turbances, a turbulent pipe preliminary simulation
is performed and then used as the inflow to the mul-
tiphase simulation. The turbulent pipe preliminary
simulation is performed with Re = 4900 to match
the experimental value. To ensure fully developed
turbulence, the inflow simulation is run until the ax-
ial skin friction coefficient, Cf, reaches an approx-
imately constant value, as depicted in Fig. 4. The



(a) Charge injection experiment, reproduced with permis- b) Charged simulation.
sion [10].

Figure 2. Charge injection experiment and simulation of charged liquid kerosene jet. Simulation initiated
with bulk inflow. Experiment shadowgraph and simulation figure are not to scale.
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Figure 3. Evolution of initially perturbed interface (blue) and unperturbed interface (black) under the

influence of the Coulomb force and surface tension.

simulation is run in cylindrical coordinates on a do-
main of 20dy x d, x 27 and discretized on a mesh
of 192 x 96 x 64. As mentioned previously, the do-
main size was increased for this simulation from the
20d, x 7d, x 7d, domain employed in the bulk inlet
simulation to 20d, x 10d, x 10d, in order to accom-
modate increased lateral dispersion.
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Figure 4. Axial skin friction coefficient for turbu-
lent pipe preliminary inflow simulation.

Figures 5(a) and 5(b) compare Shrimpton’s ex-
periment [10] and the charged simulation. Unlike
the bulk inflow case, the turbulent inflow shows no
evidence of mesh alignment, attributable to lower

Table 2. Parameters for charged liquid kerosene jet
simulation employing fully turbulent inflow.

Parameter Simulation Experiment
Ne; 0.1
Re 4900
We 1700
d,/h 25 n/a
oi/g 652
1/ g 56
€r 2.2
v [N/m] 0.0235

levels of volumetric charge as well as the presence of
flow disturbances introduced by the fully turbulent
inflow that contribute to a non-uniform interface at
the nozzle exit. The simulated jet shows more liquid
disintegration than the experiment, especially near
the axial centerline. The experiment shows the lig-
uid core largely intact with satellite ligaments that
begin to tear away from the core. The greater disin-
tegration in the simulation may be due to the fully
turbulent inflow, which appears to carry more turbu-
lent kinetic energy and more flow disturbance than
what is noticeable in the experiment shadowgraph,
Fig. 5(a).
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(a) Charge injection experiment, reproduced with permis- (b) Charged multiphase simulation using fully turbulent in-
sion [10]. flow.

Figure 5. Comparison of experiment and simulation of charged liquid kerosene jet with turbulent inflow.
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Figure 6. Charge injection nozzle geometry.
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(a) Axial cut showing flow detail.
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(b) Flow detail at the nozzle exit plane.

Figure 7. Charge injection nozzle preliminary inflow simulation results showing flow detail.

Charge injection nozzle inflow

A third inflow employs a preliminary simulation
of a realistic charge injection nozzle. One of the
nozzle geometries described in [6, 7, 8] is modeled.
Figure 6 depicts the nozzle geometry. An outflow
domain of reasonable extent is employed to fully
capture three-dimensional effects at the nozzle exit
plane. A simulation is performed in cylindrical coor-
dinates with Re = 4900 to match the experimental
value. The domain shown in Fig. 6 is discretized on
a 256 x 128 x 64 mesh. Figure 7(a) illustrates the
flow detail along an axial plane, and Fig. 7(b) shows
flow detail at the nozzle exit plane, both clearly il-
lustrating the three-dimensional nature of the flow
at nozzle exit. As of paper publication, a multi-
phase simulation using this inflow had not yet been
performed.

Conclusions

In this paper, a novel numerical scheme was used
to simulate primary atomization for an electrically
charged liquid hydrocarbon fuel. The computational

scheme is implemented within a conservative finite
difference scheme of high-order accuracy that em-
ploys state-of-the-art interface transport techniques
ideally suited for simulating multiphase flows. The
methodology was applied in direct numerical simu-
lation of a charged liquid kerosene jet using a bulk
inflow and qualitatively compared to experiements.
To more accurately replicate hydrodynamic inflow
conditions, preliminary simulations were conducted,
including a fully turbulent pipe and a realistic charge
injection nozzle used in experiment. Effects of bulk
and fully turbulent inflow cases on the multiphase
simulation were discussed.
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