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Abstract

The use of electrostatic fields to control the location of charged fuel droplets in a spray jet flame is investigated as a
means of developing fuel-flexible combustion systems to accelerate the transition to carbon-neutral transportation.
The focus of this work is on the effects of an external electric field parallel to the jet direction on the spray penetration
and fuel vapour distribution, and the subsequent effects on flame shape and location. This study is conducted using large-
eddy simulations under the assumption that there is negligible production of charged species during combustion. Non-
reacting simulations at atmospheric conditions show that with practical electrostatic fields and droplet charges, it is pos-
sible to significantly change the spray penetration. Electric forces in the opposite direction to the spray jet lead to a
reduction in the spray penetration, an effect that increases with stronger electrostatic fields. This leads to an increase
in drag between the droplets and the air flow, resulting in a smaller penetration of the air jet. The reduced droplet pene-
tration confines the fuel vapour to a region closer to the jet inlet and leads to a more compact flame in the corresponding
reacting cases. Similar trends are observed in simulations performed at a higher pressure and temperature. This study
suggests that electrostatic fields can be used with charged fuel droplets to provide an element of control over spray
jet flames, which may allow for the development of novel hybrid thermal—electric combustion systems.
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Introduction land transportation, with electrification being the main solu-
tion to abate carbon emissions,* challenges still remain for
the aviation sector. In particular, the specific energy density
of the latest battery technology is insufficient to allow for
all-electric long-haul flights.” Furthermore, the necessity
of keeping the weight and size of the aircraft down, together
with safety considerations, makes the use of zero-carbon
fuels such as hydrogen challenging. Therefore, it is not sur-
prising that the main engine and aircraft manufacturers are
currently looking at hybrid thermal—electric propulsion con-
figurations® coupled with sustainable aviation fuels (SAFs)

An urgent transition to a zero-carbon energy infrastructure
is needed to reduce the impact of human activities on the
concentration of carbon dioxide in the atmosphere and on
climate change. An analysis of carbon dioxide emissions
by sector highlights that the transportation sector is respon-
sible for a significant portion of global carbon dioxide
emissions, approximately 23% in 2023 with aviation consti-
tuting over 10% of these emissions.! Additionally,
estimates from pre-pandemic data indicate that aviation
accounts for around 5% of human-induced global warm-
ing.? Decarbonising the transportation sector is therefore
essential and requires the use of alternative energy vectors,
including batteries and zero-carbon fuels, as well as the 'Department of Mechanical Engineering, Imperial College London,
development of new technologies for their safe and efficient ~London, UK

use. Although progress towards a ;ero—carbon economy has Corresponding author:

been made for both power generation, for example, through  Nayraj S Lalli, Department of Mechanical Engineering, Imperial College
the development of technologies for zero-carbon fuels,® and  London, London, UK. nsl|6@ic.ac.uk

@ @ Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License (https:/
creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work without further permission
provided the original work is attributed as specified on the SAGE and Open Access page (https:/us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0002-3421-5742
https://orcid.org/0000-0001-5406-4569
mailto:nsl16@ic.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://us.sagepub.com/en-us/nam/open-access-at-sage
https://uk.sagepub.com/en-gb/eur/journals-permissions
https://journals.sagepub.com/home/scd
http://crossmark.crossref.org/dialog/?doi=10.1177%2F17568277261431227&domain=pdf&date_stamp=2026-04-22

106

International Journal of Spray and Combustion Dynamics 18(2)

as a medium-term solution to lower the carbon footprint of
aviation. The use of hybrid thermal—electric propulsion sys-
tems will lead to a large availability of electrical energy on
board, which could offer new possibilities to achieve con-
trol over the combustion process and to extend the range
of fuels used in aviation.” In this context, technologies
that make use of electrical energy to improve mixing®’
and combustion characteristics'® have been proposed.

In general, the behaviour of a combustion system used in
aviation is very sensitive to the type of fuel. In most cases,
an injection system and a combustor designed to work for a
given fuel lose performance (e.g. lower atomisation quality
and higher emissions at the exhaust) when operated with
fuels with significantly different properties. Consequently,
SAFs are typically designed with thermophysical properties
that replicate the properties of conventional jet fuel so that
they can be used in existing combustion technologies.”"!
However, this may exclude some fuels that have good prop-
erties from an environmental standpoint because the com-
bustor design is not suitable for their use. From this
perspective, it would be ideal to have a fuel-flexible com-
bustor, that is, a combustor that can operate well with fuels
characterised by a wide range of properties. By taking
advantage of the electrical energy available on board in
hybrid configurations, Fredrich et al.* proposed the combin-
ation of charge injection atomisation and electrostatic con-
trol of droplet trajectories to achieve fuel pre-evaporation in
a compact space. Considering the same technology, Giusti
and Fredrich'? further investigated the possibility of pre-
evaporating fuels characterised by different properties,
such as n-decane, n-heptane and ethanol. Their study con-
cluded that it is possible to control the trajectories of dro-
plets of different fuels and achieve their pre-evaporation
with electric fields of similar strengths. Although the focus
of those studies was exclusively on pre-evaporation tech-
nologies, such work is an important step towards the devel-
opment of new combustion technologies that utilise electric
fields to provide fuel flexibility.

The possibility of using electric fields to control combus-
tion is not limited to the modulation of mixing of charged
fuel droplets. Electric fields can also be used to directly
affect flame characteristics. Over the years, many studies,
mainly experimental, have demonstrated that both AC and
DC electric fields can influence emissions, change the shape
of flames and allow for the control of combustion instabil-
ities.">~!7 The macroscopic effect of electric fields observed
in those investigations is mainly due to the action of the
electric field on charged species that form during the com-
bustion process, leading to an ionic wind.'® In the context of
spray flames with no applied electric field, recent studies
have shown that the presence of charged droplets can affect
the local flame structure.'® However, the combination of an
external electrostatic field and charged droplets in a reacting
environment has not been investigated yet. In this case, the
applied electrostatic field is expected to affect both the

positions of the fuel droplets, which influences the mixing
of fuel vapour with the surrounding gaseous mixture, and
the transport of ionic species. The combination of these
effects will change the flame characteristics.

The aim of this work is to investigate the use of electro-
static fields to manipulate the location of fuel in a spray jet
flame containing charged fuel droplets, a configuration of
practical interest for both power generation and transporta-
tion, and to evaluate the subsequent effects on mixing and
the reactive field. The specific objectives of this work are
(1) to investigate the effect of an electric field parallel to
the jet axis on the location of charged droplets under non-
reacting conditions and (ii) to study the spray penetration,
vapour distribution and flame location under reacting condi-
tions for different strengths of the external electric field and
different pressure conditions. The investigation is per-
formed using large-eddy simulations under the assumption
that there is negligible formation of charged species during
the combustion process. This assumption means that elec-
tric field effects on the transport of ionic species and elec-
trons generated by the combustion process are not
accounted for, which allows for a first assessment of electric
field effects on the mixing and reacting field due solely to
the modulation of droplet locations. The combined effect
of an electric field on the spray and on ionic species and
electrons formed in the reacting region should be investi-
gated in future work.

Methods

Configuration

The spray jet flame schematically shown in Figure 1 is
investigated. The configuration is similar to the piloted
spray flame investigated at the University of Sydney.*°
The spray, generated upstream of the burner, is injected
together with an air flow through a central duct of diameter
7.5 mm, referred to as the spray inlet. This duct is sur-
rounded by a concentric flow, called the pilot flow, that
under reacting conditions enables the injection of hot com-
bustion products to stabilise the flame. The pilot flow is sur-
rounded by a co-flow of air. In the configuration
investigated in this study, the co-flow extends over the
remainder of the bottom boundary of the domain. In experi-
mental set-ups, however, the co-flow is often injected
through a smaller annular duct.

The electric field is generated by applying a potential dif-
ference between two planar electrodes with normal parallel
to the axis of the spray duct (the z-axis). One of these elec-
trodes is located at the height of the spray inlet (i.e.z = 0 —
see Figure 1 for the definition of the coordinate system),
whereas the other electrode is located further downstream,
sufficiently far from the flame. These electrodes can be
practically implemented by means of two metallic grids or
perforated plates (e.g. Park et al.'®). The surfaces of the
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Figure I. A schematic of the configuration investigated in the present work, which indicates the dimensions of the domain used for
large-eddy simulations. A vertical cross-section of the domain is shown on the left; the inlet flows are shown on the right.

electrodes are assumed to be sufficiently large to generate a
uniform electric field in the entire flame zone, with the elec-
tric field direction parallel to the axis of the spray duct. The
investigated fuel is kerosene, which is a dielectric liquid
with a static relative electric permittivity of approximately
2 at room temperature.”’ Charged droplets of dielectric
liquid fuels can be generated using charge injection atom-
isation.?** It is assumed here that the charged spray of ker-
osene fuel droplets is produced by charge injection
atomisation in a configuration that results in negatively
charged fuel droplets.

Investigated cases

The effects of an electrostatic field on the spray and flow
dynamics are investigated under both non-reacting and
reacting conditions. The non-reacting (‘cold-flow’) cases
allow the effects of an applied electric field on the trajectory
of droplets and spray jet dynamics to be studied without the
additional complexity of chemical reactions. The reacting
cases build on the knowledge developed from the cold-flow
conditions and reveal how modifying droplet trajectories
using an electric field affects the fuel vapour distribution
and flame characteristics. Cold-flow simulations are per-
formed at a pressure of 1 bar, with air injected through all
inlets at a temperature of 293 K. For the reacting cases,
two pressures are investigated, p = 1 bar and p = 5 bar.
The case of higher pressure is intended to replicate the con-
ditions in the combustion chamber of a gas—turbine cycle
operated at ground level. Therefore, the temperature of
the air inlets is set to 483 K, a value obtained by assuming

a compression of air from ambient conditions with isen-
tropic efficiency equal to 0.9. The higher pressure case
allows for an investigation of the electrostatic field effects
on the spray jet flame under conditions much closer to prac-
tical applications. The investigated cases are summarised in
Table 1. Note that for the cold-flow simulations the pilot
flow is pure air at the same temperature as the other air
flows, whereas for the reacting cases the pilot flow consists
of a mixture of combustion products (mass composition:
Yco, = 0.151, Yu,0 =0.124, Yy, = 0.725), taken from
complete stoichiometric combustion of methane with air
under the conditions used in the large-eddy simulations.
The behaviour of the system is assessed for different
strengths of the electrostatic field; electrostatic fields point-
ing both upwards (positive z-direction) and downwards are
investigated. Since the droplets are negatively charged, an
upward electric field results in a downward electric force
on the droplets. A monodisperse spray is assumed with
droplet diameter at injection equal to 50 um and a mass
flow rate corresponding to a stoichiometric air—fuel ratio
in the spray jet (0.030 g/s at p = 1 bar and 0.089 g/s at
p =5 bar). Droplets are injected with a temperature of
300 K and a velocity of 10 m/s in the z-direction. The
charge of the droplets is assumed to be half of the
Rayleigh stability limit,"> which experiments suggest is
an upper limit for the droplet charge after atomisation.>*

Large-eddy simulations

Simulations are performed with the large-eddy simulation
approach and a two-way coupled Eulerian—Lagrangian
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Table I. Investigated conditions.

Case p (bar) U; (mls) U (m/s) U, (m/s) my (gfs) Tair (K) Ty (K) E, (kV/m)

Non-reacting | 82 0.5 37 0.030 293 293 {100, 0, 50, 100}
Reacting A | 82 0.5 3.7 0.030 293 2326 {—100, 0, 50, 100}
Reacting B 5 8.2 0.5 37 0.089 483 2446 {—100, 0, 50, 100}

p is the pressure; U is the bulk velocity of the jet; Uc is the velocity of the co-flow; U, is the velocity of the pilot flow; i indicates the mass flow rate of the
spray; T,i- and T, are the temperatures of the air flow and pilot flow, respectively; and E, is the z-component of the applied electric field (all other

components are zero).

method for dilute sprays. The solver, implemented in
OpenFOAM-v7,” is the same as used in previous work®
with the addition of chemical source terms for the gaseous
phase and combustion modelling. The charged fuel droplets
are modelled as point Lagrangian particles with gravity, drag
and electric forces acting on them; all other forces are
neglected. A drag force relation for spherical droplets is
adopted.’ Local variations of the electrostatic potential due
to the presence of charged droplets and Coulomb repulsion
between the charged droplets are neglected. Therefore, the
electric force acting on the droplets is simply computed as
the product of the droplet charge and the external electric
field. Secondary atomisation, including droplet breakup
induced by electrostatic repulsion between the charges inside
each droplet,®'° is not accounted for in the present work.
Secondary breakup models that account for droplet deform-
ation and the charge distribution within each droplet under an
external electric field should be developed in the future.?!
The presence of charges within the droplets is assumed not
to affect the evaporation process.*’ In addition, it is assumed
that the charge of each droplet stays constant during the
entire evaporation process.”® Under cold-flow conditions,
the evaporation time of the droplets (approximately 5.1 s,
computed with single-droplet simulations using the method-
ology discussed in Fredrich and Giusti*®) is much larger than
the simulated time. Therefore, non-evaporating droplets are
used in the cold-flow simulations. In the reacting simulations,
evaporation is modelled using a rapid mixing model with the
Ranz—Marshall heat transfer correlation.>® Furthermore,
combustion is modelled with infinitely fast chemistry and a
single-step chemical mechanism, with water and carbon
dioxide being the only combustion products. This simple
modelling approach is sufficient to provide an estimate of
the flame location, which is the focus of this work. The mech-
anism used does not include the formation of charged spe-
cies, such as ionic species, charged radicals and free
electrons; therefore, it is not possible to capture the influence
of the applied electric field on the transport of gaseous spe-
cies or related ionic wind effects.>'** An extensive investiga-
tion of the flame structure using a more comprehensive
combustion model and a detailed chemical mechanism that
includes the formation of charged species should be per-
formed in future work. This will allow for a complete assess-
ment of electric field effects on the flame structure and

pollutant formation, as well as an examination of electric
field effects on flame behaviour under extreme conditions,
such as flame extinction and re-ignition. Depending on the
chosen combustion model and simulation framework, clos-
ure of terms in the transport equations representing sub-grid
effects of the electric field may be necessary.

Numerical set-up

The numerical domain, shown in Figure 1, is a cylindrical
geometry concentric with the axis of the spray duct, with
the lower boundary located at the exit of the spray jet.
The velocity of the air flow entering through the spray inlet
is modelled with a power-law profile (1. = Uy(1 — r/R)"/7,
where Uy is the velocity at the centre of the air flow, r is the
radial distance from the jet axis and R is the radius of the
spray jet inlet). In contrast, a uniform velocity is used for
both the pilot flow and the air co-flow. No turbulent fluctua-
tions are imposed at any of the inlets. A wave transmissive
condition is used for the pressure at the far field boundaries.
The composition of each species and the temperature are
imposed at all inlets. Droplets are injected at the spray inlet
boundary, with the injection uniformly distributed over the
boundary. For the electrostatic potential, a potential differ-
ence is imposed between the top and bottom boundaries of
the domain. The bottom boundary of the domain is
grounded (set to zero potential), while the value of the
potential at the top boundary is adjusted to obtain the
desired external electric field: the external electric field in
the z-direction is given by E. = —¢y,/L, where ¢, is
the electric potential imposed at the top boundary of the
domain and L is the distance between the top and bottom
boundaries (L = 0.6 m). The domain is discretised with a
hexahedral grid of approximately 4.9 million cells.
Refinements are used near the inlets and in the shear layers
between the three concentric flows. Second-order spatial
discretisation schemes are used for all quantities and a first-
order Euler scheme is used for the discretisation in time.
The timestep (of the order of 107° s) was adjusted to
keep the maximum Courant-Friedrichs-Lewy number
below 0.4. For the computation of statistics, time-averages
in the non-reacting and reacting cases were performed for
0.1 and 0.5 s, respectively. All post-processing was per-
formed using Python with PyVista.*?
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Figure 2. The z-component of the jet velocity (a—d) and the cloud of charged droplets (e-h), coloured by age, overlaid on the
z-component of the jet velocity after time t = 0.2 s from the beginning of droplet injection. The velocity fields are shown on a plane
normal to the x-direction passing through the centre of the domain. Each column corresponds to a different electric field, as indicated

by the annotation at the top of the figure.

Results

The velocity field and spray location obtained with cold-
flow simulations are first presented to assess electric field
effects in the absence of a flame. Then, reacting conditions
are analysed with a focus on the fuel vapour distribution and
the flame location.

Cold-flow simulations

Figure 2 shows a snapshot of the spray and the z-component
of the jet velocity after 0.2 s from the start of droplet injec-
tion for the four electric fields investigated in this work. The
age of the droplets is also indicated to show their residence
time in the domain after injection. The air flow injected
through the spray inlet exhibits the typical features observed
for jets with a relatively low injection velocity. In the
absence of an external electric field, the air jet penetrates
up to about one-third of the domain before it breaks up
with substantial formation of turbulent structures. The dro-
plets closely follow the evolution of the air flow, that is,
with a small relative velocity. This is because the droplets

have a relatively small diameter, leading to short dynamic
relaxation times. As shown in Figure 2(e), the droplets
move vertically upwards in the region immediately down-
stream of the injection plane and become more dispersed
as the jet develops into turbulent structures. When an elec-
tric field is applied in the positive z-direction (electric forces
on the droplets in the negative z-direction), the penetration
of the droplets is reduced. The spray penetrates up to a max-
imum height without reaching the upper boundary of the
domain. With an electric field of E, = 50 kV/m, some of
the droplets located in the central region, where the flow
velocity is higher, stabilise at an intermediate height of
around z = 0.25 m. This is clear from the large age of dro-
plets located at the tip of the spray cloud in Figure 2(f). For
a given droplet diameter and charge, the electric field
strength necessary to stabilise the droplets, that is, zero
absolute velocity in the z-direction, is a function of the gas-
phase velocity.'> Therefore, stabilisation can only be
achieved for those droplets in regions of the flow where
the air velocity allows for a balance between drag and elec-
tric forces. If the air velocity is too small, the electric forcing
becomes dominant and a reverse flow of the charged
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Figure 3. The time-averaged z-component of the gas-phase
velocity along a line in the z-direction passing through the centre
of the domain. The time average was performed for 0.1 s, starting
at 0.2 s from the beginning of droplet injection. Each line
corresponds to each of the four cases shown in Figure 2.

droplets is observed. This is the case for droplets in the outer
part of the spray that move back towards the inlet plane (e.g.
see the droplets with large age close to the inlet for £, = 50
kV/m in Figure 2(f)). In principle, the stabilised droplets
have an infinite residence time in the domain. However, if
evaporation was included in these simulations, the droplet
diameter would decrease over time and the subsequent
decrease in drag would eventually cause a departure of
these droplets from their stabilised positions. If the strength
of the electric field is further increased to £, = 100 kV/m,
the motion of the droplets is completely reversed and the
droplets quickly return to the inlet plane after an initial tran-
sient due to the vertically upward injection velocity. In prac-
tical situations, such as a cold start, this situation should be
avoided since it leads to entrainment of liquid fuel into the
air flows or wetting of the base plates with fuel.
Consequently, the electric field strength may need to be
modulated during ignition transients. With E, = —100
kV/m, the electric forces are in the same direction as the
air jet and the spray quickly penetrates and leaves the
domain, as shown in Figure 2(h). In this case, the spray
tends to stay coherent with little dispersion of the cloud
for the entire height of the domain. This is due to the strong
vertical acceleration of the droplets induced by the electric
forcing, which is dominant over the drag.

The effect of the droplets on the air flow was also inves-
tigated. Considering the cases with an applied electric field
in the positive z-direction, an increase in electric field
strength leads to an increase in momentum loss of the air.
This is because stronger positive electric fields result in lar-
ger relative velocities between the droplets and the air flow,
with some droplets moving in the opposite direction. The
interaction between the droplets and the air flow results in
turbulent structures forming earlier and a reduced penetra-
tion of the air jet, as shown in the top row of Figure 2.
This is also demonstrated by Figure 3, which shows that
the time average of the z-component of the gas-phase

velocity along the centreline of the domain falls with
increasing E.. In contrast, when electric forces are in the
same direction as the air jet, there is a transfer of momentum
from the droplets to the air flow. This increases the speed of
the air jet compared to the zero-field case, as is clear from
Figure 3. The air jet then tends to stay more coherent and
penetrates more compared to the zero-field case (see the
top row of Figure 2).

Flame simulations

Snapshots of the temperature and z-component of the vel-
ocity of the gas phase, together with the location of the
spray and the age of the droplets, are shown in Figure 4
for p = 1 bar and the different electric fields investigated
in the present work. All cases show the formation of a rela-
tively compact flame. Due to the absence of turbulent fluc-
tuations at the inlet, the flow tends to be laminar close to the
spray jet inlet, with turbulent structures developing at the tip
of the high-temperature region. This behaviour is typical of
spray flames under the investigated conditions and is not
commented on further. The focus is instead on the spray
behaviour and the flame characteristics with different elec-
tric fields. As illustrated in Figure 4, all droplets fully evap-
orate in a region very close to the injection plane (before
z = 0.105 m) within 10.4 ms from injection, which is a con-
sequence of the high evaporation rates induced by the high
flame temperature. For the spray penetration, observations
similar to those made for the cold-flow simulations also
apply to the reacting cases. For electric fields in the positive
z-direction (electric forces on the droplets in the negative
z-direction), the penetration of the spray decreases with
increasing strength of the electric field. Due to the very
short evaporation time, reverse droplet motion is only
observed for a very small fraction of droplets (0.05% and
0.3% of the droplets in the domain for £, = 50 kV/m and
E. =100 kV/m, respectively). When the applied electric
field is in the negative z-direction, the droplets tend to reach
the flame region quicker (with a smaller age compared to
the case with no applied electric field). However, this
does not necessarily lead to a larger spray penetration since
droplets fully evaporate before they can reach larger
heights. For example, it is evident from Figure 4(i) and
4(1) that the spray penetration is similar for £, = —100
kV/m and no external electric field.

The change in penetration of the spray affects the location
of fuel vapour release, altering the extent of the reacting
region. This is shown in Figure 5 for p = 1 bar by means
of the time-averaged fields of temperature, fuel and CO,
mass fractions and their root mean square (RMS) deviations
about the time-averaged values. When the applied electric
field is in the positive z-direction, the reacting layer (the
area close to the inlet with high temperature gradients and
high RMS values of the temperature) moves closer to the
injection plane with increasing strength of the electric field.
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Figure 4. The temperature (a—d), z-component of the velocity (e-h) and an enlarged view of the charged droplets (i-I), coloured by
age, overlaid on the mass fraction of fuel, Y;, at time t = 0.7 s after the beginning of injection for p = | bar. The region shown in (i)
aligns with the dashed square of length 0.105 m marked on (a). The dotted square of length 0.3 m indicates the region visualised in
Figure 5. All values are shown on a plane normal to the x-direction passing through the centre of the domain. Each column corresponds
to a different electric field, as indicated by the annotation at the top of the figure.

This is a consequence of the more compact spray penetration
and the release of fuel vapour closer to the spray inlet, as
shown by the statistics for the fuel mass fraction. With the
electric field in the reverse direction, £, = —100 kV/m, the
extent of the reacting region is similar to the zero-field case
because the spray penetration is similar in these two cases.
For all cases, the mass fraction of carbon dioxide follows
the same trend observed for temperature, as is expected

with infinitely fast chemistry and a single-step mechanism.
Relatively large fluctuations of the temperature and the car-
bon dioxide mass fraction are observed in a narrow region
of conical shape close to the spray injection plane, which cor-
responds to the reacting layer, as well as in the post-flame
region, where turbulent structures develop.

Figures 6 and 7 present the instantaneous and time-
averaged results for the cases at p = 5 bar. As indicated
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Figure 5. The time-averaged statistics of the temperature (a—d), the mass fraction of fuel (e—h) and the mass fraction of CO; (i-I) at
p = | bar. Each panel shows the time average on the left, which is denoted by , and the root mean square (RMS) deviation on the
right, which is denoted by . All values are shown on a plane normal to the x-direction passing through the centre of the domain. The
area shown in each panel corresponds to the square of length 0.3 m indicated in Figure 4(a) (dotted line). Each column corresponds to
a different electric field, as indicated by the annotation at the top of the figure.

by the spray location and droplet age reported in Figure 6,
evaporation occurs significantly faster at p = 5 bar com-
pared to p = 1 bar due to the higher temperature of both
the air and pilot flows (see Table 1). For example, with
no external electric field, droplets completely evaporate
within ~8.2 ms after injection at p = 5 bar and within ~
10.4 ms after injection at p = 1 bar. The faster evaporation
reduces the penetration of the spray for all four electric field

configurations investigated in this work, resulting in a more
compact flame compared to the lower pressure case. This is
further supported by the time-averaged fields and their RMS
values provided in Figure 7. As far as the effect of the elec-
tric field is concerned, in alignment with the observations at
p = 1 bar, the height of the reacting region decreases as the
electric field E, is increased from 0 to 100 kV/m. With E, =
—100 kV/m, the reacting layer is located at a height
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Figure 6. The temperature (a—d), z-component of the velocity (e-h) and an enlarged view of the charged droplets (i-l), coloured by
age, overlaid on the mass fraction of fuel, Y;, at time t = 0.7 s after the beginning of injection for p = 5 bar. The region shown in (i)
aligns with the dashed square of length 0.105 m marked on (a). The dotted square of length 0.3 m indicates the region visualised in
Figure 7. All values are shown on a plane normal to the x-direction passing through the centre of the domain. Each column corresponds
to a different electric field, as indicated by the annotation at the top of the figure.

intermediate between the heights of the reacting layers for
E. =0kV/mand E,; = 50 kV/m. This suggests that an elec-
tric force in the same direction as the spray jet flow does not
necessarily lead to a downstream movement of the reacting
region. This is due to the strong coupling between the tem-
perature field and the spray evaporation: an upward electric
force drives the droplets into the high-temperature flame
region, causing a reduction in their lifetime and therefore
a lower spray penetration.

The droplet dynamics are further analysed in Figure 8,
which shows the normalised droplet count, the average
diameter and the average axial droplet velocity as a function
of the distance from the injection location for the two pres-
sures and the different electric fields investigated in this
work. The normalised droplet counts (see Figure 8(a) to
(d)) provide further evidence of the reduced penetration of
the spray with increasing operating pressure. It is also evi-
dent that the spray penetration falls with increasing E,
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Figure 7. The time-averaged statistics of the temperature (a—d), the mass fraction of fuel (e—h) and the mass fraction of CO, (i-I) at
p = 5 bar. Each panel shows the time average on the left, which is denoted by , and the root mean square (RMS) deviation on the
right, which is denoted by . All values are shown on a plane normal to the x-direction passing through the centre of the domain. The
area shown in each panel corresponds to the square of length 0.3 m indicated in Figure 6(a) (dotted line). Each column corresponds to
a different electric field, as indicated by the annotation at the top of the figure.

from 0 to 100 kV/m for both pressure conditions.
The average droplet diameters (see Figure 8(e) to (h))
tend to be smaller at the tip of the spray in all cases, which
is consistent with minimal reverse spray flow. Compared to
the zero-field case, the z-component of the droplet velocities
(see Figure 8(i) to (1)) is reduced when the electric forcing is
in the opposite direction to the spray jet flow and is
increased when the electric forcing is in the same direction

as the spray jet flow. The decreasing droplet diameters con-
tribute to the change in droplet velocities observed with
increasing distance from the injection location since a
reduction in droplet diameter increases droplet acceleration
in the direction of the electric force (the electric force
remains constant with evaporation since constant charge
is assumed, while the drag force tends to decrease with
decreasing droplet diameter). The high velocity of the
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Figure 8. The droplet counts normalised by the total number of droplets in the system (a—d), the droplet diameters (e-h) and the
z-component of droplet velocity (i—I) vs. z-position at time t = 0.7 s after the beginning of injection. The solid and dashed lines are used
to indicate results at p = | bar and p = 5 bar, respectively. Each quantity was computed by arithmetically averaging over droplets in
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droplets at the tip of the spray with £, = —100 kV/m sup-
ports the conclusion that these droplets tend to penetrate
faster into the flame region, possibly resulting in a reduction
of the height of the reacting region compared to the zero-
field case. This phenomenon should be further investigated
in future work with a comprehensive methodology that
includes a more accurate description of the flame structure.

Discussion

The present investigation demonstrates that with realistic
electric fields, that is, electric fields with strength signifi-
cantly below the dielectric strength of air (3 MV/m at
ambient temperature), it is possible to change the spray
location and thus influence the fuel vapour distribution
and the flame characteristics. The penetration of the spray
can be controlled by modulating the strength and direc-
tion of the electric field, which may increase the operating
range of novel hybrid thermal-electric combustion
technologies.

A monodisperse spray with the same charge for all dro-
plets has been considered in this work. The presence of a
polydisperse spray with a relatively wide droplet size distri-
bution, together with differences in the charge of each drop-
let, may make it more challenging to control the penetration
of the spray and where the fuel vapour is released. This is
because the diameters and charges of the droplets impact

the drag and electric forces acting on the droplets, which
determine the penetration of the spray. In addition,
charge-induced secondary breakup may lead to a significant
redistribution of charge from a given droplet to smaller
child droplets,®* causing further dispersion of the droplet
size and charge distributions. Therefore, the control of
sprays characterised by a dispersion of diameters and
charges should be investigated in future work, while also
accounting for charge-induced secondary breakup.?! This
first requires a more comprehensive characterisation of
the sprays produced by charge injection atomisers.
Furthermore, this study did not account for repulsive
Coulombic interactions between the charged fuel droplets,
which may affect the flame shape by increasing the disper-
sion of the spray. Further work is necessary to accurately
model and characterise the effects of electrostatic interac-
tions between the droplets.

The ability to modulate the spray location is strongly
dependent on the spray jet bulk velocity. To counterbalance
drag forces with electric forces while keeping the required
electric field strength below the dielectric strength of air,
relatively low jet velocities must be employed. In addition,
evaporation occurs significantly faster when increasing the
operating pressure from 1 to 5 bar due to the larger air and
pilot flow temperatures. Since faster evaporation limits the
time available to modify the trajectories of droplets, stron-
ger electric fields will likely be needed to induce significant
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changes in the spray penetration as the evaporation time is
reduced. An alternative would be to inject droplets with a
larger diameter to increase their evaporation time. This
strategy should be investigated in future research.
Additionally, the uniform electric field investigated in this
study would be difficult to achieve inside a realistic com-
bustor. Consequently, future studies should move towards
the investigation of configurations of practical interest,
which may also involve pressures greater than 5 bar when
considering medium- to large-sized gas turbine systems.

It should be re-iterated that the chemical mechanism
used in the present study does not include the formation
of charged species and free electrons. However, there is
strong evidence that the combustion of hydrocarbons leads
to substantial formation of ionic species.'’*? The move-
ment of charged gaseous species under an electric field
and their collisions with neutral species could generate a
relatively strong flow, known as ionic wind, which could
further affect the flame shape. Integration of a detailed
chemical mechanism that includes free electrons and ionic
species,’'*? as well as the development of a large-eddy
simulation framework with closure of sub-grid scale terms
representing the effects of species drift driven by an electric
field, are part of current research. In addition, combustion
was modelled in this study with a simple single-step mech-
anism and with infinitely fast chemistry. The study of pol-
lutant formation and the effects of electric fields on the
local flame structure necessarily requires the use of more
detailed chemical mechanisms. Furthermore, the investiga-
tion of spray flames with a higher level of turbulence will
require the use of more advanced combustion models.*”
Finally, experiments in canonical configurations such as
the one studied in this work should be conducted in the
future to provide experimental evidence of electric field
effects on spray flames with charged droplets and to support
the validation of modelling frameworks.

Concluding remarks

The use of electrostatic forcing to modulate the penetration
of charged fuel droplets in a spray jet flame configuration
and the subsequent effects on the fuel vapour distribution
and the flame shape have been investigated using
large-eddy simulations. The results demonstrate that realis-
tic electric fields with strengths of the order of 100 kV/m
can provide an element of control over droplet trajectories.
When the applied electric field exerts a force on the charged
droplets in the opposite direction to the spray jet flow, the
penetration of the spray decreases with increasing strength
of the electric field. This results in a more compact reacting
region that moves closer to the spray inlet. Electric forces in
the same direction as the spray jet flow tend to move the
droplets away from the spray inlet, an effect that is very evi-
dent under cold-flow conditions. This, however, does not
necessarily result in flame elongation. An increase in the

operating pressure reduces spray penetration and makes
the flame more compact, with the applied electric field lead-
ing to similar effects on the spray penetration and position
of the reacting region as compared to atmospheric condi-
tions. The present investigation provides evidence that elec-
trostatic fields have the potential of assisting fuel
preparation by reducing the space necessary for full evapor-
ation, an effect that could be used to build compact combus-
tors with fuel flexibility enabled by modulating the strength
of applied electric fields.
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