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A B S T R A C T

The use of electrostatic fields to control the trajectory of charged droplets is investigated as a new technology to
enhance mixing in liquid-fuelled combustors. The canonical configuration of a spray in crossflow is numerically
studied with a focus on the effects of the fuel type on the onset of charge-induced breakup and droplet
trajectories for a range of bulk flow velocities and electrostatic field strengths at conditions relevant to
gas turbine applications. The investigated fuels are ethanol, n-heptane, and n-decane. Operational maps for
each fuel are provided to assist the selection of the external electrostatic field required to achieve a balance
between the drag and electrostatic forces, and enable a system design that considers fuel flexibility. The results
demonstrate that the fuel type has an important impact on the diameter at which the charge-induced breakup is
achieved, which mainly depends on the droplet equilibrium temperature. It is also shown that, for cases where
the droplet net charge is fixed to a given fraction of the maximum possible charge (based on the Rayleigh
limit), the temperature of the droplet at injection could be used as a parameter to control the onset of secondary
breakup. Analysis of the strength of the electrostatic field necessary to achieve droplet stabilisation in a bulk
flow shows that a balance between the electrostatic and drag forces can only be achieved for relatively low
values of the bulk flow velocity, if the strength of the electrostatic field is kept below the breakdown limit of
the carrier phase. This balance mainly depends on the droplet net charge and flow conditions, whereas the
effect of the type of fuel on the drag force is less important. When the charge is imposed as a fraction of the
maximum possible value at injection, for low values of the bulk flow velocity, the strength of the electrostatic
field that balances the drag tends to become independent of the droplet diameter for a wide range of droplet
sizes. Further investigation of the trajectories of evaporating droplets demonstrates that, although affected by
the type of fuel through the evaporation rate, with the same settings of the electrostatic field, it is possible to
achieve evaporation in a confined region for all the fuels and ambient conditions studied in this work once
the initial droplet charge and initial droplet diameter are fixed. The present findings offer new insights for the
development of future technologies for fuel preparation with enhanced mixing and fuel flexibility.
1. Introduction

Many energy systems used for transportation make use of liquid
fuels to generate mechanical power and thrust. Although concerns
about the global warming effects of carbon dioxide emissions call for an
urgent development of technologies based on zero-carbon and renew-
able energy sources, in the short to medium term, the most promising
solution to decarbonise hard-to-abate sectors such as aviation and
shipping [1] is represented by the use of a range of sustainable fuels.
These fuels include biofuels, which could allow for the achievement
of net-zero carbon emissions, as well as e-fuels, i.e., hydrocarbon-
based fuels synthesised through the use of electrical energy, possibly
coming from renewable sources [2]. Typically, sustainable fuels are
designed such that their use in conventional systems does not imply
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major changes to the combustion technology. In this way, current
combustion technologies can still be used while decreasing the net
amount of carbon dioxide released into the atmosphere. Although the
use of sustainable fuels is the most practicable solution in the short
term, there are still a number of technological issues, related to the
liquid nature of the fuel and the necessity of controlling the mixing with
the oxidiser, that limit their extensive use in current devices. Reducing
the formation of pollutants (including particulates) while achieving
flame stabilisation and fuel flexibility is one of the main challenges of
current combustion technologies used in transportation, together with
the necessity of minimising the weight and size of the engine. These
challenges are predominantly addressed through the control of the
fuel-air mixing, starting from a fine fuel atomisation and an optimised
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design of the combustion chamber geometry and air flows such that
a precise control of the local air-to-fuel ratio can be achieved [2–5].
Fine atomisation and turbulent mixing are typical strategies adopted
to enable the quick formation of a homogeneous mixture, e.g., for the
reduction of nitrogen oxide emissions. However, the design of the injec-
tion system, combustion chamber geometry, and air flows is often the
result of a compromise between multiple requirements in terms of spray
atomisation, droplet location, residence time, quick mixing, and flame
stabilisation, which are related to a wide range of scales (in space and
time) that characterise liquid breakup, evaporation, ignition, chemical
reactions, and the formation of pollutants and particulates [6–10].

In the attempt of improving the overall performance of combustion
technologies, the use of electromagnetic fields to control the reaction
process has gained increased attention in recent years. In addition
to the direct use of electromagnetic fields to enhance the flame and
emission characteristics, e.g., via plasma-assisted combustion [11–13]
or low-energy electromagnetic fields [14,15], the use of charged fuel
droplets (i.e., electrosprays) to improve the atomisation and mixing
has also been proposed [16,17]. Inducing an electric charge into the
fuel droplets can improve the atomisation characteristics through a
secondary breakup mechanism caused by charge repulsion within the
liquid. As a charged droplet evaporates and its diameter decreases,
repulsion forces inside the droplet become more and more dominant
against the surface tension, until an instability is triggered either by
aerodynamic interactions [18] or directly by charge repulsion (at the
so-called Rayleigh limit [19]) causing the droplet to fragment into
smaller child droplets. This phenomenon further reduces the evapo-
ration time [18], possibly enabling an improved mixing between the
fuel vapour and air. In addition, electric repulsion between differ-
ent droplets promotes better inter-droplet separation with additional
benefits on the fuel-air mixing [20,21]. The possibility of achieving
control over the trajectory of droplets and over the size distribution
of injected droplets has also been pointed out [21,22]. Effects of the
charged droplets on the flame characteristics have also been studied,
demonstrating that the presence of charges could have an impact on
the shape and stability of the flame [23,24]. The technology used to
create charged droplets depends on the electrical properties of the
fuel (see e.g., [20]). For low conductivity fuels, such as diesel and
kerosene, a charge injection technology has been developed [25,26].
In this technology, the total amount of charge injected in the spray
depends on the injector configuration; it generally increases with in-
creasing potential difference until partial breakdown of the liquid is
reached [26]. Characterisation of the spray downstream of the injection
location has shown that the droplet size and charge density of the
droplets depend on the fuel properties, as well as on the geometry of the
injector [20,26,27]. Efforts have been made over the years to increase
the flow rate of fuel to reach values useful for practical combustion
applications [28], as well as to increase the spray charge density
and narrow down the droplet size distribution resulting from charge
injection technology [20]. Charge injection of fuels characterised by
high viscosity, e.g., biomass fuels, has also been investigated [21,29].
Advancements in the direction of enabling larger fuel flow rates in
injection systems used for aviation are reported in Ref. [17], where fuel
injectors capable of producing large quantities of charged fuel droplets
are evaluated. An alternative is represented by the use of multiple
injectors, which, in principle, could also enable staged combustion [30]
and an enhanced potential for fuel flexibility. However, there is still un-
certainty over important aspects involved in electrospray atomisation,
including the characteristics of the droplets after primary breakup, the
actual mass of injected fuel that is involved in the charged-induced sec-
ondary breakup, and the charge density of the droplets resulting from
secondary atomisation. More in general, for a given injector geometry,
a better characterisation of the droplet size and charge distributions as
a function of fuel properties must be established to further improve the
control of electrospray technologies and determine to what extent the
2

use of electrosprays could lead to improvements in the fuel preparation. d
A significant step towards the use of electrohydrodynamic effects
to control the fuel-air mixing in energy systems was recently reported
by Fredrich et al. [16]. The combination of electrosprays and external
electrostatic fields to modulate the dynamics of charged fuel droplets,
and thereby the fuel location, was proposed as a new technology
referred to as targeted evaporation. By applying an electrostatic force to
counteract the drag force imposed by a bulk flow of air, this technology
was shown to have the potential of increasing the residence time of
droplets within a confined region, thus allowing for full pre-evaporation
of the fuel before the droplets reach the flame zone. The investigation
focused exclusively on kerosene fuel. However, in a scenario where fuel
flexibility and the use of alternative sustainable fuels are of paramount
importance to decarbonise the transportation sector, there is a necessity
to further examine this new technology for a range of fuels to better
understand its limitations and range of applicability.

To provide further insight into the use of electrosprays and elec-
trostatic forces to enhance the fuel preparation process, fuel effects
on the trajectory of droplets in a spray in crossflow under external
electrostatic fields are investigated. The objectives of this study are to:
(i) investigate the effect of the fuel type on the onset of the droplet
Rayleigh instability for a range of initial droplet charge densities, ini-
tial droplet diameters, and ambient conditions relevant to gas-turbine
applications; and (ii) identify the range of bulk flow velocities and
strengths of the external electrostatic field that could enable complete
evaporation in a confined space as a function of the fuel type. Three
different fuels are considered in this work, namely ethanol (a biofuel),
n-heptane, and n-decane. The first objective is addressed through an
evaluation of the evaporation timescales and a theoretical analysis
of the effect of fuel properties on the Rayleigh limit for the specific
fuels and ambient conditions investigated here. This analysis provides
fundamental droplet characteristics, including total evaporation time
and minimum droplet diameter before fragmentation, to be used later
on in the analysis of droplet trajectories and balance between drag
and electrostatic forces. The second objective is addressed by means
of an a-priori balance between drag and electrostatic forces and a
computation of droplet trajectories using a deterministic model. The
paper is organised as follows. First, the test case configuration and
investigated conditions are presented. Then, the methods utilised in
this work are described, followed by the results and their discussion.
A summary and conclusions close the paper.

2. Configuration and investigated cases

The spray in crossflow already investigated in Ref. [16] is studied
here as a canonical configuration to evaluate the competing effects
of the drag and electrostatic forces. This configuration represents a
premixing section to be located upstream of the flame to ensure con-
trol over the preparation of the fuel-air mixture. A schematic of the
investigated geometry is provided in Fig. 1. The spray is injected
perpendicularly into a bulk flow between two parallel, horizontal walls.
The distance between the two walls is assumed to be sufficient to avoid
any impact of the droplets on the walls. From a practical point of view,
given a specific flow condition (i.e., bulk flow velocity and density),
this distance could be adjusted to ensure the desired mass flow rate.
For the sake of post-processing, a two-dimensional (2D) Cartesian frame
of reference with 𝑥-axis aligned with the bulk flow direction, vertical
𝑦-axis, and origin at the spray injection location is utilised.

Three different combinations of ambient air pressure, 𝑝𝑔 , and tem-
erature, 𝑇𝑔 , are considered, as summarised in Table 1. Each case
epresents a condition relevant to real engine applications, where the
ulk flow preheating is a consequence of the adiabatic compression
f air. The initial temperature of the fuel, 𝑇𝑑,0, is equal to 320 K at
ll conditions, and the injection velocity of the droplets, 𝒖𝑑,0, points
n the vertical upward direction with a magnitude of 20 m∕s. An
xternal electrostatic field is imposed to generate a force on the charged

roplets in the direction opposite to the bulk flow. In practice, such
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Fig. 1. Schematic of the canonical spray in crossflow configuration investigated in
this work including the use of an electrospray and an external electrostatic field. The
external electrostatic field is assumed to be generated by two parallel plates. The
distance, 𝐿, between the parallel plates and the electrical potential difference, 𝛥𝜙,
etween them should be adjusted such that |𝑬| = 𝛥𝜙∕𝐿. The anode and cathode, as

depicted in this schematic, refer to the specific case of negatively-charged droplets.

Table 1
Gas-phase conditions and corresponding initial droplet temperature and velocity
magnitude investigated in this work.

Case 𝑝𝑔 [bar] 𝑇𝑔 [K] 𝑇𝑑,0 [K] |𝒖𝑑,0| [m∕s]

(a) 5 470 320 20
(b) 10 575 320 20
(c) 20 700 320 20

external electrostatic field could be generated by a pair of parallel,
electrically-conductive, perforated plates (see e.g., Ref. [31]) installed
normal to the bulk flow inside the channel. For each case, a range
of droplet diameters and gas-phase bulk flow velocities up to 500 μm
nd 100 m∕s, respectively, are investigated. In addition, different initial
roplet charges are considered up to the theoretical limit related to
he Rayleigh instability [19]. Cases either with a fixed initial droplet
harge density or with a droplet charge expressed as a fraction of the
aximum theoretical value are investigated. This is further detailed

n the remainder of the paper. For each condition, the corresponding
trength of the external electrostatic field needed to obtain a stationary
roplet (i.e., to reach spatial equilibrium in the absolute frame of
eference) is computed from a balance of forces acting on the droplet.
ote that the vertical penetration of the droplet is mainly the result
f the initial droplet velocity. If a different penetration is desired for a
iven droplet size, then either a different initial droplet velocity or an
lectrostatic field in the vertical direction can be used [16].

. Methods

To study the trajectory of charged droplets, the deterministic model
ntroduced in Ref. [16] is further developed to include droplet evapo-
ation. In addition, the droplet diameter at which the Rayleigh limit is
chieved is evaluated. In the following, the deterministic model used
o compute the trajectory of charged droplets is first discussed. Then,
he method used to evaluate the evaporation rate constant is presented,
ollowed by a discussion of the Rayleigh limit for secondary breakup.

.1. Deterministic model

A numerical framework for computing the trajectory of a single,
on-evaporating droplet under the effect of an external electrostatic
ield in 2D space was recently proposed in Ref. [16]. The model is based
n the integration of Newton’s second law to solve for droplet velocity
nd position, and includes both the applied external electrostatic force
nd the drag force induced by a bulk flow surrounding the droplet. All
ther forces acting on the droplet, including the added-mass force, are
eglected. The electrostatic force is simply the product of the droplet
et charge and the external electrostatic field:

= 𝑞 𝑬, (1)
3

𝐸 𝑑
where 𝑬 is the applied external electrostatic field and 𝑞𝑑 is the droplet
net charge, which is given by the droplet charge density, 𝜌𝑞,𝑑 , multi-
lied by the droplet volume, 𝑉𝑑 . During droplet evaporation, the net
harge is assumed to be constant [32], i.e., there is no charge transfer
nto the gas phase. This is due to the much slower charge decay rate in
omparison to the droplet evaporation rates.

The drag force, under the assumption of a spherical droplet, is
omputed as:

𝐷 = 1
8
𝜌𝑔 𝒖rel |𝒖rel|𝐶𝐷 𝜋 𝑑2, (2)

where 𝜌𝑔 is the density of the gas phase, 𝑑 is the droplet diameter,
and 𝒖rel is the relative velocity between the bulk flow and the droplet.
For the simulation of the droplet trajectories in the channel flow
configuration discussed in Section 2, the velocity profile of the bulk
flow is assumed to be uniform; as if the air stream is supplied from a
large plenum and the droplet injection is very close to the entrance of
the channel. In addition, droplet trajectories are computed under the
assumption of one-way coupling, i.e., no effects of the droplet on the
gas phase. The drag coefficient, 𝐶𝐷, for spherical droplets is evaluated
using the relation [33,34]:

𝐶𝐷 =

⎧

⎪

⎨

⎪

⎩

0.424, if Re𝑑 > 1000,
24
Re𝑑

(

1 +
Re2∕3𝑑
6

)

, otherwise,
(3)

where Re𝑑 = 𝜌𝑔 |𝒖rel| 𝑑∕𝜇𝑔,𝑟 is the droplet Reynolds number and 𝜇𝑔,𝑟 is
he dynamic viscosity of the gas phase computed at certain reference
onditions. For evaporating droplets, 𝜇𝑔,𝑟 is evaluated at the reference
onditions given by the ‘1/3-rule’, as detailed in Ref. [34]. This allows
s to include into the model the effect of evaporation, which determines
change in gas properties in the region around the droplet, on the drag

orce. The dynamic viscosity of the air is computed using correlations
rom Ref. [35], whereas the dynamic viscosity of the fuel vapour is
valuated using the method in Ref. [36]. An equilibrium assumption
s invoked to compute the fuel vapour partial pressure at the droplet
urface, which is used to evaluate the fuel mass fraction in the reference
onditions. Correlations from Ref. [37] are used to evaluate the vapour
ressure of each fuel. The viscosity of the gas mixture is computed
ccording to the method of Wilke [38] with Herning and Zipperer
pproximation, as discussed in Ref. [39]. Note that no explicit correc-
ion of the drag coefficient to account for the influence of the Stefan
low (e.g., Refs. [40,41]) has been used in this work. This follows the
ecommendation of Ref. [42] in the specific case of Re𝑑 computed with
dynamic viscosity evaluated at the ‘1/3-rule’ reference conditions.

In the present work, the evolution of the droplet diameter over time
s modelled using a simple d2-law:

=

⎧

⎪

⎨

⎪

⎩

𝑑0, if 𝑡 < 𝜏hp,
√

𝑑20 −𝐾
(

𝑡 − 𝜏hp
)

, otherwise,
(4)

where 𝑡 is the time from injection, 𝑑0 is the initial droplet diameter,
𝐾 represents the evaporation rate constant, and 𝜏hp is the duration
of the initial heat-up period. The evaporation rate constants at each
ambient condition and for each fuel of interest are evaluated from
single-droplet computations, as described in Section 3.2. The duration
of the heat-up period is computed as 𝜏hp = 𝜏ev−𝑑20∕𝐾 [43], where 𝜏ev is
the total evaporation time evaluated from single-droplet computations.
During the heat-up period, the temperature of the droplet is assumed
to increase linearly from 𝑇𝑑,0 to the equilibrium value, 𝑇𝑑,eq (wet
bulb temperature), also taken from the single-droplet computations. It
should be noted that the present formulation used for evaporation does
not consider the effect of a relative velocity between the droplet and the
gas phase, i.e., the effect of a Re𝑑 greater than zero on the evaporation
rate is not included in the model. The presence of a relative velocity
between the droplet and the gas phase generally leads to an increase
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of the evaporation rate and, therefore, shorter droplet lifetimes. Non-
zero Re𝑑 effects are estimated in the Appendix, which also demonstrates
hat the increase of the evaporation rate with Re𝑑 further supports the
ain conclusions of this work regarding the possibility of confining

vaporation in the vicinity of the injection location. Note also that
n the present formulation, it is assumed that the presence of a net
harge in the droplet does not affect the mass transfer at the droplet-
as interface. This assumption is consistent with previous work [18,44].
n addition, secondary breakup is not included in the computation of
roplet trajectories. Evaluation of secondary breakup effects should be
ddressed in future studies, e.g., starting from the models proposed in
efs. [18,44].

.2. Evaporation rate constant

To evaluate the evaporation time scale and related evaporation rate
onstant, 𝐾, to be used in the d2-law, as well as the droplet equilibrium
emperature, single droplet computations in a quiescent medium are
erformed using the methods described in Refs. [45,46]. Conservation
quations for both the droplet and the gas phase, under the assumption
f spherical symmetry, are solved with interface conditions to ensure
xchange of mass and energy between the two phases. Thermodynamic
quilibrium is assumed at the droplet surface, i.e., the partial pressure
f the fuel vapour is taken equal to the saturation pressure at the
roplet temperature. The reader is referred to Refs. [45,46] and the
eferences therein for more details regarding the numerical method.
or all three fuels, the liquid thermodynamic properties (e.g., vapour
ressure, latent heat, and heat capacity), which are very important for
he computation of the evaporation rates, are evaluated using corre-
ations taken from Ref. [37]. The solver allows us to extract the time
volution of the droplet diameter, in addition to the radial distribution
f the temperature and vapour around the droplet, as well as the
adial distribution of the temperature inside the droplet. From the
ime evolution of the square of the droplet diameter, the evaporation
ate constant, 𝐾, can be estimated. In this work, 𝐾 is computed by
inearly interpolating the points corresponding to 𝑑2∕𝑑20 = 0.8 and
2∕𝑑20 = 0 in the plots shown in Fig. 3, which reports the square
iameter against time (see also Ref. [43]). In addition, the droplet
quilibrium temperature, 𝑇𝑑,eq, is evaluated as the average temperature
t the droplet surface in the time period corresponding to 𝑑2∕𝑑20 < 0.8.

For each fuel, the capability of the solver to predict the total
vaporation time has been assessed through comparisons with data
rom the literature. In particular, for ethanol we performed an extensive
omparison with data at various ambient pressures (up to 20 bar)
nd temperatures (up to 1000 K) published in Ref. [47]. The droplet
emperature at equilibrium (after the initial heat-up period) was also
ompared. This assessment showed an excellent agreement, yielding
eviations within 5% of the reference values. As far as n-heptane and
-decane are concerned, an assessment in terms of the total evaporation
ime was performed against data from Ref. [48] at low and high
mbient temperatures, and for a range of ambient pressures (up to
0 bar). For both fuels, a very good agreement with the reference
ata was obtained at elevated temperatures (𝑇𝑔 ∼ 750 K), whereas
n over-prediction of the evaporation time, with deviations of around
0%, was found at lower temperatures (𝑇𝑔 ∼ 450 K). Overall, the
ssessment can be considered satisfactory, demonstrating the reliability
f the framework (i.e., the applied method and selected correlations for
he properties of the liquid) used in the present investigation.

.3. Charge-induced breakup

There is a maximum limit, usually referred to as the Rayleigh limit,
o the amount of charge that a droplet of a given fuel and diameter
an contain [19]. If the amount of charge goes beyond this limit, the
epulsion forces inside the droplet may cause instabilities that will
ventually lead to the fragmentation of the droplet (i.e., a breakup
4

Fig. 2. Surface tension as a function of the droplet temperature for the three fuels
investigated in this work: ethanol , n-heptane , n-decane . The correlation
used for ethanol was validated in Ref. [49]. The Brock-Bird method [37,50] is used
for both n-heptane and n-decane, and is compared here to experimental validation
points from Ref. [51], represented by square and diamond markers for n-heptane and
n-decane, respectively.

Table 2
Fundamental relations between the droplet diameter, surface tension, and charge
density for a droplet with a net charge of 𝑞𝑑 = 𝑞∗0∕𝑎, where 𝑞∗0 is the critical charge
valuated using Eq. (5) at the droplet injection conditions. The relations were derived
hrough manipulation of Eqs. (5) and (6). 𝑑0 and 𝜎0 are the diameter and surface
ension at injection; 𝑑∗ is the droplet diameter at the Rayleigh limit; 𝜌𝑞,𝑑,0 and 𝜌𝑞,𝑑∗

re the droplet charge densities at injection and Rayleigh limit conditions, respectively;
is the surface tension corresponding to the droplet temperature when the Rayleigh

imit is reached.
Quantity Relation

Initial droplet charge density |

|

|

𝜌𝑞,𝑑,0
|

|

|

= 6
𝑎

(

8𝜀0𝜎0
𝑑3
0

)1∕2

Droplet charge density at the Rayleigh limit |

|

|

𝜌𝑞,𝑑∗
|

|

|

= 6𝑎𝜎
𝜎0

(

8𝜀0𝜎0
𝑑3
0

)1∕2

Ratio between the critical and initial diameter 𝑑∗

𝑑0
=
(

𝜎0
𝑎2𝜎

)1∕3

induced by electric forces). A fuel droplet is said to be at the Rayleigh
stability limit when the net charge reaches a value of [48,52]:

𝑞∗ = 8𝜋
(

𝜀0𝜎
𝑑3

8

)1∕2
, (5)

here 𝜎 is the surface tension of the fuel and 𝜀0 is the vacuum
ermittivity. In this work, we deal with a droplet with a given initial
harge. For the droplet to exist, the charge must be below the critical
alue imposed by Eq. (5). As the droplet evaporates, the diameter
ecreases until the Rayleigh condition is achieved, which is followed
y instability growth and breakup. For a given initial droplet charge
ensity, 𝜌𝑞,𝑑,0, the value of the critical diameter, 𝑑∗, at which instability
s triggered is given by (this is obtained by rearranging Eq. (5) after
mposing the initial charge density):

∗ =
𝑑20
2

(

𝜌2𝑞,𝑑,0
36𝜀0𝜎

)1∕3

. (6)

It should be noted that once the initial droplet charge density,
𝜌𝑞,𝑑,0, is fixed, the critical diameter depends on both the initial droplet
diameter, 𝑑0, and the type of fuel through the surface tension. In the
evaluations done in this work, the surface tension for n-heptane and
n-decane is computed according to the Brock-Bird method [37,50],
whereas for ethanol, the correlation from Gonçalves et al. [49] has been
used. Fig. 2 shows a comparison between the surface tension obtained
from the correlations and some reference experimental data [51],
demonstrating the reasonable accuracy of the surface tension values
used in the present work. In the following, the surface tension of the
fuel a long time after injection is evaluated at the droplet equilib-
rium temperature, which is directly extracted from the single droplet

computations.
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Fig. 3. Time evolution of the droplet diameter for the various fuels at the three conditions investigated in this work: ethanol , n-heptane , n-decane .
There is evidence in the literature that for electrosprays, the net
charge contained in a droplet of diameter 𝑑0 after atomisation is about
half the value given by the Rayleigh limit (i.e., half the value given by
Eq. (5)) or lower [27,53,54]. Therefore, in addition to cases with an
imposed initial droplet charge density, it is also sensible to investigate
cases with a droplet charge set equal to a fraction of 𝑞∗ evaluated at
the droplet injection conditions, i.e., 𝑞𝑑 = 𝑞∗0∕𝑎 = 𝜋(8𝜀0𝜎0𝑑30∕𝑎

2)1∕2,
here 𝜎0 is the surface tension at 𝑇𝑑,0 and 𝑎 > 1. Note that in the

remainder of the paper 𝑞∗0 will be used to indicate the critical charge
evaluated at the droplet injection conditions. For each value of 𝑎,
it is possible to find relations for the initial droplet charge density,
critical diameter, and droplet charge density at the Rayleigh limit as a
function of the injection droplet diameter, 𝑑0, and surface tension, 𝜎0.
These relations are summarised in Table 2. In the following, evaluations
with both imposed initial charge density and imposed 𝑞𝑑 = 𝑞∗0∕𝑎

ill be performed. It is important to point out that the presence of
n external electric field may determine a redistribution of charges
t the droplet surface, with an effect on the onset of charge-induced
ragmentation [55]. This effect is not taken into account in the present
tudy. In addition, when a droplet is in relative motion with respect to
he surrounding gas, the presence of charges contributes to reducing
he stabilising effect of surface tension, possibly favouring instabilities
riggered by the aerodynamic interactions (see e.g., [18,22]).

. Results and discussion

.1. Evaporation time scale

Fig. 3 shows the time evolution of the droplet diameter for the vari-
us fuels at the three ambient conditions investigated in this work. After
n initial heat-up period, all the fuels exhibit, with good approximation,
linear decrease of the square of the droplet diameter, therefore

ustifying the applicability of the d2-law after the initial transient. A
omparison of the behaviour of the various fuels shows that n-heptane
s the fuel characterised by the shortest total evaporation time, whereas
thanol, despite the relatively quick heat-up period, is the fuel with the
ongest total evaporation time. As far as n-decane is concerned, droplets
f this fuel are characterised by a relatively long heat-up period.
owever, after the equilibrium temperature is reached, the evaporation
rocess is relatively quick. This is further demonstrated in Fig. 4, where
oth the evaporation rate constant, 𝐾 (extracted from the d2-law),
nd the droplet equilibrium temperature (i.e., the droplet temperature
fter the heat-up period) are shown for each of the cases investigated
ere. n-Heptane is the fuel with the highest evaporation rate constant
n each ambient condition, immediately followed by n-decane. The
ighest equilibrium temperature is reached by n-decane. This higher
emperature is related to the lower volatility of n-decane compared to
he other fuels, which implies the necessity of a higher surface tempera-
5

ure to attain a fuel vapour pressure high enough to achieve equilibrium
Fig. 4. Evaporation rate constant and droplet equilibrium temperature for the various
fuels at the three conditions investigated in this work. Marker shapes indicate the fuel:
circles are used for ethanol, squares for n-heptane, diamonds for n-decane. Colours are
used to distinguish the various conditions: grey for Case (a), blue for Case (b), green
for Case (c). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

between the heat and mass transfer with the surrounding medium. The
higher droplet temperature, together with the fuel thermal properties,
leads to higher peak values of the droplet diameter and a longer heat-up
period, as already observed with reference to Fig. 3. On the contrary,
ethanol droplets are characterised by a very high volatility, which leads
to relatively low equilibrium temperatures and a short heat-up period.
By comparing ethanol with n-decane, this short heat-up period explains
the faster evaporation of the ethanol droplet in the first part of the
transient. However, the lower value of the ethanol evaporation rate
constant eventually leads to a longer total evaporation time for the
ethanol droplets. From a practical point of view, a quicker evaporation
of ethanol droplets (compared to n-decane droplets) in the vicinity
of the injector may be expected. However, ethanol requires a longer
residence time to complete evaporation. Note that in this discussion,
we have not considered any increase of the fuel vapour mass fraction
in the gas phase (far from the droplet surface – i.e., the discussion is
only valid in the limit of a very dilute spray), which would decrease
the evaporation rates.

4.2. Rayleigh limit

For the sake of developing technologies based on the use of electro-
sprays, it is important to analyse (for each fuel and in each investigated
ambient condition) the critical diameter, 𝑑∗, below which droplet
instability and breakup driven by repulsion forces between charges is
expected. We first investigate the behaviour of 𝑑∗ as a function of 𝑑0 for
imposed values of the initial droplet charge density. Then, cases with
a droplet net charge equal to a fraction of 𝑞∗ are analysed. By making
0
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Fig. 5. Ratio between the droplet volume when the Rayleigh limit is reached and the initial volume of the droplet as a function of the initial droplet diameter for the various
fuels at the three ambient conditions investigated in this work: ethanol , n-heptane , n-decane . Different colours indicate different initial droplet charge densities:
lack lines for |𝜌𝑞,𝑑,0| = 0.5 C∕m3, blue lines for |𝜌𝑞,𝑑,0| = 1 C∕m3, green lines for |𝜌𝑞,𝑑,0| = 3 C∕m3. Note that the dashed and dash-dotted lines in Case (a) are overlapping. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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use of Eq. (6), Fig. 5 shows the critical diameter as a function of the
initial droplet diameter for different values of the initial droplet charge
density. Note that the equilibrium temperatures reported in Fig. 4 are
used to evaluate the surface tension of each fuel when the critical
diameter is reached. The critical diameter is reported as (𝑑∗∕𝑑0)3, which
provides an estimate of the fraction of the droplet mass, compared to
its initial mass, involved in secondary atomisation. It is worth noting
that the balance of forces described in the next sections is based on the
assumption of no secondary breakup. After secondary breakup, the net
charge in each child droplet will be a fraction of the initial charge, and
the electrostatic force acting on these droplets will be lower compared
to the value before breakup. Fig. 5 demonstrates that for all fuels and
for initial charge densities lower or equal to 1 C∕m3, an initial droplet
diameter lower than 75 μm implies that only a small fraction (< 3.5%)
of the initial mass is involved in secondary atomisation at all ambient
conditions investigated here. The fraction is smaller in Case (a) and
increases with increasing droplet equilibrium temperature, i.e., in Case
(c) – this is due to changes in the surface tension of the fuel. However,
for high initial droplet charge densities, e.g., 3 C∕m3 as shown in Fig. 5,
a significant part of the initial mass could be involved in secondary
atomisation also for relatively low initial droplet diameters. Note that
droplets with 𝑑∗∕𝑑0 > 1 cannot exist. Therefore, Fig. 5 also provides
n upper limit to the initial droplet diameter for each value of the
nitial droplet charge density. Comparing the various fuels with each
ther, we observe that for a given initial droplet diameter and a given
nitial droplet charge density, ethanol is characterised by the lowest
ritical diameter in all of the investigated gas-phase conditions. This
s related to its higher surface tension at the equilibrium temperature.
t should also be noted that n-heptane and n-decane exhibit similar
ritical diameters, despite being characterised by large differences in
quilibrium temperature at all gas-phase conditions.

If the net charge of the droplets is imposed as a fraction of 𝑞∗0 , the
initial droplet charge density becomes a function of the initial droplet
diameter (see also Table 2). Fig. 6 shows the initial charge density and
the charge density of the droplet once the critical diameter is reached
(with the net charge fixed at the initial value) as a function of 𝑑0 for
the three fuels and ambient conditions investigated in this work and in
the case of a droplet net charge equal to 𝑞𝑑 = 𝑞∗0∕2. The charge density
decreases with increasing droplet diameter, demonstrating that smaller
droplets are able to carry much more charge per unit volume. In addi-
tion, the initial charge density is similar for all the fuels investigated
in this work, which is a consequence of the similar values of surface
tension at the droplet initial temperature (cf. Fig. 2). Conversely, the
charge density when the droplet reaches the Rayleigh limit is much
more dependent on the fuel type. The results shown in Fig. 6 have
been obtained by using the droplet equilibrium temperature (cf. Fig. 4)
6

to evaluate the surface tension at the Rayleigh limit. Ethanol droplets v
each the highest values of charge density, which implies a lower
roplet diameter at the onset of the charge-driven breakup. On the
ontrary, n-decane droplets show the lowest charge density at breakup.
his is mainly a consequence of the different values of surface tension at
he equilibrium temperature. From the relations in Table 2, the values
f 𝑑∗∕𝑑0 depend solely on 𝑎 and the ratio of the fuel surface tension at
njection, 𝜎0, over the fuel surface tension, 𝜎, when the critical diameter
s reached. The values of 𝑑∗∕𝑑0 obtained with 𝜎 computed at the droplet
quilibrium temperature are shown in Fig. 7 for 𝑞𝑑 = 𝑞∗0∕2 (i.e., 𝑎 = 2).
n all ambient conditions, ethanol droplets are characterised by the low-
st critical diameter, followed by the n-heptane and n-decane droplets.
he decrease in surface tension with increasing droplet temperature

eads to an increase in (𝑑∗∕𝑑0)3 compared to the value (𝑑∗∕𝑑0)3 =
∕𝑎2 = 0.25 obtained in the case of constant surface tension. This
mplies that, as the droplet heats up after injection, the Rayleigh
imit is achieved earlier compared to a constant droplet temperature
ase. The effect is particularly significant for n-decane droplets, which
xperience the largest differences in temperature between injection and
quilibrium. It is interesting to note that in Case (c), the ratio 𝑑∗∕𝑑0 is
ery close to 1.0 for the n-decane droplets. This means that the droplets
ay undergo charge-induced breakup shortly after the heat-up period.
ote that the results in Fig. 7 depend on the initial droplet net charge

i.e., on the values of 𝑎) and injection temperature (which affects the
alue of 𝜎0). The above considerations highlight the importance of the
uel properties and injection temperature on the onset of droplet fission
nduced by charge repulsion. In the case of an initial net charge equal
o a fixed fraction of 𝑞∗0 , the droplet injection temperature could be
sed as a design parameter to change the initial net charge in the
roplets. Given that the equilibrium temperature only depends on the
as-phase conditions and fuel type, it is also possible to modulate the
atio 𝑑∗∕𝑑0 by means of 𝑇𝑑,0 for each ambient condition and each fuel.
his is shown in Fig. 8 for 𝑞𝑑 = 𝑞∗0∕2. The effect of 𝑇𝑑,0 is greater
or the fuels that experience a greater change in droplet temperature
uring the heat-up period. With reference to Case (c) and n-decane
roplets, it is interesting to note that for low values of the initial droplet
emperature, the ratio 𝑑∗∕𝑑0 becomes greater than 1.0. This condition
s not physically possible and the droplet is expected to break up
uring the heat-up period, as the surface tension decreases, making it
ncapable of stabilising the repulsion forces between the charges. Note
hat the equilibrium temperature considered here has been evaluated in
uiescent conditions. In case of a relative velocity between the droplet
nd the gas phase, different values of the equilibrium temperature may
e found. The increase of charge density (of the spray) with decreasing
emperature of the fuel has been demonstrated experimentally for
harge injection atomisation of diesel [56]. Note that fuel temperature
lso affects the physical properties of the fuel, such as the dynamic

iscosity, which could have an effect on primary atomisation [56].
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Fig. 6. Initial droplet charge density, 𝜌𝑞,𝑑,0, (black colour) and charge density when the droplet has reached the critical diameter, 𝜌𝑞,𝑑∗ , (green colour) as a function of the initial
roplet diameter, 𝑑0, for an initial net charge equal to 𝑞∗0∕2. The various fuels at the three conditions investigated in this work are indicated by different lines: ethanol ,
-heptane , n-decane . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. 𝑑∗∕𝑑0 over 𝜎0∕𝜎 for a net charge of the droplet equal to 𝑞∗0∕2 for the various
uels at the three conditions investigated in this work. Marker shapes indicate the fuel:
ircles are used for ethanol, squares for n-heptane, diamonds for n-decane. Colours are
sed to distinguish the different ambient conditions: grey for Case (a), blue for Case
b), green for Case (c). (For interpretation of the references to colour in this figure
egend, the reader is referred to the web version of this article.)

o improve the degree of control, the characterisation of electrospray
tomisation needs to be improved. Research in the future should focus
n better identifying what fraction of the net charge given by the
ayleigh limit is left in the droplet after atomisation, as a function of

he fuel properties and atomiser geometry [22,27,57].

.3. Operational maps

The intention of this section is to estimate the strength of the
lectrostatic field necessary to reach a balance between drag and elec-
rostatic forces for a range of bulk flow velocities, droplet diameters,
nd droplet charge densities. For the sake of simplicity, let us consider
n evaporating droplet of diameter 𝑑, which has already reached the
quilibrium temperature, immersed in a steady and uniform flow with
elocity 𝒖𝑔 . We assume an external electrostatic field aligned with the
irection of the gas-phase velocity such that the electrostatic force
cting on the droplet is opposite to the direction of the flow (e.g., if
he droplet is negatively charged, then the electric field is in the same
irection as the flow velocity). If the droplet is not moving in space
with respect to a frame of reference attached to the walls of the chan-
el), then the relative velocity of the droplet must equal the gas-phase
elocity at the droplet location, and the electric force must balance
he drag force acting on the droplet. From this balance of forces,
t is possible to find the strength of the electrostatic field necessary
o stabilise a droplet with a given diameter and charge density. The
esults of such calculation for ethanol are shown in Fig. 9 as a function
7

Fig. 8. (𝑑∗∕𝑑0)3 as a function of the initial droplet temperature, 𝑇𝑑,0, for the various
fuels at the three conditions investigated in this work and with an initial net charge
of the droplet equal to 𝑞∗0∕2. The fuels are indicated by different lines: ethanol ,
n-heptane , n-decane . Colours are used to distinguish the different ambient
conditions: black for Case (a), blue for Case (b), green for Case (c). Only initial droplet
temperatures below the equilibrium value are considered. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

of the flow velocity and for different droplet diameters and charge
densities. For a given droplet diameter and charge density, the strength
of the electrostatic field necessary to stabilise a droplet increases with
increasing flow velocity, as a consequence of the higher drag force
acting on the droplet. Droplets with larger diameter (but the same
charge density) generally require a lower strength of the electric field
to reach stabilisation for a given flow velocity. This is a consequence
of the larger net charge of the droplet (proportional to 𝑑3, whereas
the drag force for a fixed relative velocity is at maximum proportional
to 𝑑2), which requires a lower electrostatic field strength to reach a
balance between the electrostatic and drag forces. Similarly, the effect
of increasing the charge density is to decrease the strength of the
electrostatic field necessary to reach force equilibrium. It is interesting
to note that if a maximum theoretical value of the electrostatic field
strength is imposed (limited e.g., by the breakdown threshold of the
gas phase), the flow velocities for which the concept of electrostatic
stabilisation can be implemented remain relatively low. As far as the
ambient conditions are concerned, it is noted that the strength of the
electrostatic field to reach force equilibrium increases with increasing
pressure and temperature of the gas phase (higher drag force). Note
that the ambient conditions affect the drag force through the gas-
phase density and dynamic viscosity, whereas the type of fuel affects
the drag force by changing the properties of the gas film around the
evaporating droplet [34] (film conditions also depend on the ambient
temperature). If the polydisperse nature of a spray is considered, and
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Fig. 9. External electrostatic field strengths required to achieve droplet stabilisation as a function of the gas-phase velocity at the three ambient conditions investigated in this
work for ethanol droplets with the diameters: 𝑑 = 10 μm , 𝑑 = 50 μm , and 𝑑 = 100 μm . Different colours indicate different charge densities: black lines for
𝜌𝑞,𝑑 | = 0.5 C∕m3, blue lines for |𝜌𝑞,𝑑 | = 1 C∕m3, green lines for |𝜌𝑞,𝑑 | = 3 C∕m3. These results have been obtained by using Eqs. (1) and (2) and imposing 𝑭 𝐸 +𝑭𝐷 = 0 with 𝒖rel = 𝒖𝑔 .
n external electrostatic field aligned with the gas-phase velocity is implicitly assumed. 𝑇𝑑 = 𝑇𝑑,eq is also assumed for all droplets. (For interpretation of the references to colour

n this figure legend, the reader is referred to the web version of this article.)
ig. 10. Relative velocity required to achieve droplet stabilisation as a function of the droplet diameter at |𝑬| = 1.5×106 V∕m and |𝜌𝑞,𝑑 | = 3 C∕m3 for the three ambient conditions
nvestigated in this work. The drag force was calculated by using 𝐶𝐷 according to Eq. (3) , 𝐶𝐷 with a constant value of 0.424 , or by directly invoking Stokes’ law
i.e., 𝐶𝐷 = 24∕Re𝑑 ) . The three fuels are indicated by different colours: black for ethanol, blue for n-heptane and green for n-decane. 𝑇𝑑 = 𝑇𝑑,eq is assumed for all droplets.
For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
ig. 11. Maps of the external electrostatic field strength (scaled by the constant 𝑎) required to achieve droplet stabilisation as a function of the gas-phase velocity and droplet
iameter for ethanol at the three ambient conditions investigated in this work and using a net charge of the droplet equal to 𝑞∗0∕𝑎. Droplets with initial diameter 𝑑0 are considered
nd the equilibrium is evaluated at the end of the heat-up period assuming 𝑑 ≈ 𝑑0 and 𝑇𝑑 = 𝑇𝑑,eq.
w
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ssuming a uniform charge density across all droplets, only droplets
ith a specific diameter can be stabilised for a given flow velocity
nd electrostatic field strength. This is further demonstrated in Fig. 10,
here the relative velocity necessary to stabilise a droplet as a function
f its diameter for a selected electrostatic field strength and droplet
harge density is shown. Results for all three fuels investigated in this
ork are reported. Assuming an electrostatic force aligned with the
as-phase velocity, every horizontal line |𝒖𝑔| = |𝒖rel| indicates the
iameter for which equilibrium is reached, separating the spray into
wo distinct regions. Droplets with diameters falling in the top area
8

d

ill move upstream, whereas droplets with diameters in the region
elow the line will move downstream, as also observed in Ref. [16]. The
esults also demonstrate that the relative velocities necessary to achieve
patial equilibrium of the droplets are similar for all fuels investigated
n this work. The implications of the fuel type on the trajectory of the
roplets will be further discussed in Section 4.4.

The strength of the electrostatic field necessary to balance the drag
orce in the case of 𝑞𝑑 = 𝑞∗0∕𝑎 is shown in Fig. 11, as a function of the
roplet diameter and gas-phase velocity. The equilibrium between the
rag and electrostatic forces is evaluated at the conditions immediately
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Fig. 12. Relative velocity required to achieve droplet stabilisation for a single,
evaporating droplet with initial diameter 𝑑0 = 50 μm and initial charge density
|𝜌𝑞,𝑑,0| = 3 C∕m3 at |𝑬| = 1.5 × 106 V∕m. Each fuel is distinguished as: ethanol ,
n-heptane , and n-decane . Colours indicate the three ambient conditions
investigated in this work: black lines for Case (a), blue lines for Case (b), green lines
for Case (c). Results were obtained by imposing a constant droplet net charge equal to
the initial value 𝑞𝑑 = 𝜋𝑑3

0𝜌𝑞,𝑑,0∕6. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

after the droplet heat-up period, such that the droplet diameter is still
equal to 𝑑0 and the droplet temperature is equal to 𝑇𝑑,eq (consistent with
the evaporation model used in this study). Note that the strength of the
electrostatic field reported in Fig. 11 is scaled by 𝑎. Only ethanol fuel, at
the three ambient conditions investigated in this work, is considered.
It is interesting to note that for low values of the flow velocity, the
strength of the electrostatic field to reach a balance between the drag
and electrostatic forces becomes almost independent of the droplet size.
This is due to the fact that for intermediate droplet diameters, the
increase of the drag force (proportional to 𝑑0 for very low Re𝑑 and to
𝑑20 for high Re𝑑) with increasing droplet diameter is counterbalanced
by an almost equal increase of the net charge (proportional to 𝑑3∕20 ).
Therefore, a given electrostatic field strength could enable stabilisation
(or quasi-stabilisation) of a range of droplet diameters. This range
becomes narrower with increasing gas-phase velocity. In addition, we
note that the electrostatic field strength required to balance the drag
force increases from Case (a) to Case (c) as a consequence of the in-
crease in drag force with increasing gas density and dynamic viscosity.
Equivalent maps for the other fuels considered in this work (not shown
here) look very similar to the ones shown in Fig. 11 for ethanol. Small
deviations are due to the differences in surface tension between the
fuels at the droplet injection temperature (cf. Fig. 2), which lead to
different values of 𝑞𝑑 , and to differences in the viscosity of the gas
film around the droplet, which affect the drag coefficient. Note that
the fuel with the highest surface tension is also capable of holding the
highest net charge, which implies a lower electrostatic field strength
required to reach force equilibrium. It is clear at this point that the
main uncertainty is related to the evaluation of the actual value of
the net charge within a given droplet. Future research should focus on
understanding whether this net charge is dependent on the fuel type
and droplet size. If the net charge after atomisation is 𝑞𝑑 = 𝑞∗0∕𝑎, with 𝑎
independent of the fuel type and droplet size, then the proposed droplet
stabilisation mechanism could be used for multiple fuels, i.e., fuel
flexibility could be achieved.

4.4. Droplet trajectories

We conclude our analysis by investigating the fuel effects on the
droplet trajectories in a channel flow. A specified case with a gas-phase
velocity of |𝒖𝑔| = 10 m∕s, 𝑑0 = 50 μm, |𝑬| = 1.5 × 106 V∕m, and
|𝜌𝑞,𝑑,0| = 3 C∕m3 is considered as reference. Since the initial charge
density and diameter of the droplets are given, the net charge of the
droplets is the same for all the fuels. The type of fuel affects the initial
9

Fig. 13. Single droplet (𝑑0 = 50 μm) trajectories with evaporation in a bulk flow
velocity of 10 m/s when applying either no electrostatic forces (i.e., 𝑭 𝐸 = 0 N) or using
|𝑬| = 1.5 × 106 V∕m and |𝜌𝑞,𝑑,0| = 3 C∕m3 for the various fuels at the three ambient
conditions investigated in this work. The red star symbols indicate the location in
each trajectory where the Rayleigh limit is reached (for the cases with an electrostatic
force). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

mass of the droplet, the evaporation rate, the drag force through the
properties of the film around the droplet, and the critical diameter
(onset of the Rayleigh instability). It should be noted that, as also
marked in Fig. 12, the equilibrium relative velocity for the initial
diameter used in the present case is slightly lower than the imposed
gas-phase velocity for all the investigated fuels. Therefore, we expect
the droplet to initially move downstream immediately after injection.
As the droplet evaporates, the charge density increases (constant net
charge assumption). For sufficiently small droplets, the relative velocity
required to maintain an equilibrium between the drag and electrostatic
forces becomes higher than the imposed gas-phase velocity (cf. Fig. 12),
which implies upstream movement of the droplet. Note also that the
equilibrium relative velocity is similar for all the fuels and decreases
with increasing ambient pressure, i.e. moving from Case (a) to Case
(c). Therefore, the upstream movement of the droplets is expected
to be more evident in the low-pressure cases. The resulting droplet
trajectories for all the fuels in the three ambient conditions investigated
in this work are shown in Fig. 13, with and without the influence
of electrostatic forces. Red star symbols mark the location where the
Rayleigh limit is reached and charge-induced secondary breakup is
expected. In all cases, it is demonstrated that the applied electrostatic
forces are sufficient to confine droplet evaporation within a relatively
narrow region close to the injection location before the onset of charge-
induced secondary breakup. As the droplet diameter decreases, a strong
acceleration in the negative 𝑥-direction is observed as a consequence of
the reduction of the drag force (the net charge of the droplet is assumed
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Fig. 14. Non-dimensional critical diameter, 𝑑∗∕𝑑0, for a droplet with initial diameter
𝑑0 = 50 μm as a function of the initial droplet charge density, |𝜌𝑞,𝑑,0|. Each fuel is
istinguished as: ethanol , n-heptane , n-decane . Colours indicate the

different ambient conditions: black lines for Case (a), blue lines for Case (b), green lines
for Case (c). The critical diameter has been computed by evaluating the fuel surface
tension at the droplet equilibrium temperature. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

to not change during evaporation; therefore, the electrostatic force
is constant). The space necessary to complete evaporation decreases
with increasing temperature of the gas phase (i.e., moving from Case
(a) to Case (c)) due to the higher evaporation rate constant. It is
also interesting to note that the penetration of the droplets in the
𝑦-direction depends on the fuel type. The final location along the
𝑦-axis is mainly the result of the temporal evolution of the droplet
mass; therefore, it depends on the initial mass (density of the fuel
at the injection temperature) and the evaporation dynamics (heat-up
period and evaporation rate constant). Overall, ethanol droplets tend
to penetrate more in the vertical direction, whereas n-heptane droplets
show the least penetration. Note that for different values of the initial
droplet charge density, similar trajectories can be obtained through an
adequate choice of the strength of the external electrostatic field, with
the only difference being the diameter at which the Rayleigh limit is
reached (see Fig. 5).

Similar considerations also apply in the case of a droplet net charge
equal to a fraction of the critical charge at injection, i.e., 𝑞𝑑 = 𝑞∗0∕𝑎.

iven that the net charge is very similar for all the fuels (see Fig. 6 and
elated comments), trajectories similar to the results shown in Fig. 13
an be obtained with a proper adjustment of the electrostatic field
trength (e.g., based on the maps shown in Fig. 11). Also in this case,
or each ambient condition and for a given initial droplet diameter, the
ritical diameter, 𝑑∗, at which the Rayleigh limit is reached depends
nly on the initial droplet charge density, i.e., on the choice of 𝑎 (see
lso Eq. (6) and Table 2) and the fuel type. For reference, Fig. 14
hows the critical diameter for the various fuels and ambient conditions
nvestigated in this work as a function of the initial droplet charge
ensity. Note that the data in Fig. 14 refers to the specific initial
roplet diameter used for the trajectories reported in Fig. 13. The
ritical diameter increases with increasing initial droplet charge density
i.e., lower values of 𝑎). In addition, 𝑑∗ increases from Case (a) to Case
c) for all the fuels. It is important to note that the hydrocarbon fuels,
hich tend to have higher critical diameters compared to ethanol, show
ery similar values of 𝑑∗, which could become relevant in the context
f fuel flexibility.

The axial movement of the droplets can be controlled by modu-
ating the strength of the electrostatic field. This is demonstrated in
ig. 15, where the minimum and maximum 𝑥 location of the droplet
rajectories, from injection until the Rayleigh limit is reached, is shown
s a function of the strength of the electrostatic field. Results for 𝑑0
qual to 50 μm and 100 μm (with a bulk flow velocity of 10 m/s and
𝜌𝑞,𝑑,0| = 3 C∕m3) are shown, together with a case with lower velocity
f the carrier phase and a case with a higher initial droplet charge
10
ensity. It is clear from Fig. 15 that for each ambient condition, the
xial movement of the droplet tends to be more confined close to the
njection location for intermediate values of the strength of the electro-
tatic field. In addition, the axial movement is much more sensitive to
he strength of the electrostatic field at low-pressure ambient conditions
Case (a)) compared to high-pressure ambient conditions (e.g., Case
c)). The axial movement is in general larger for ethanol, which is
haracterised by a larger evaporation time and lower values of the
ritical diameter (cf. Fig. 14). The strength of the electrostatic field to
chieve droplet stabilisation decreases with increasing initial droplet
iameter (for the same value of the initial droplet charge density) as
lready observed with reference to Fig. 9. An increase in initial droplet
iameter also results in a higher sensitivity of the axial movement of
he droplet to changes in the strength of the electrostatic field. Similar
onsiderations can also be made for lower bulk flow velocities and
igher initial droplet charge densities. Both a decrease in the flow bulk
elocity and an increase in the initial droplet charge density result in a
ower strength of the electrostatic field necessary to achieve a confined
vaporation, as well as a higher sensitivity of the droplet axial location
o the strength of the electrostatic field (see also Fig. 9).

Secondary breakup induced by charge repulsion is not the only
echanism that could lead to droplet fragmentation. It is also impor-

ant to evaluate the breakup induced by aerodynamic interactions [58].
ifferent aerodynamic breakup regimes can be distinguished on the
asis of the Weber number of the droplet, We = 𝜌𝑔|𝒖rel|2𝑑∕𝜎. For
roplets characterised by a low Ohnesorge number, significant frag-
entation is observed starting from We = 12, which is the threshold

or the so-called bag breakup [58]. Larger values of We make the frag-
entation even more intense (up to the catastrophic breakup regime),
hereas for We < 12, only vibrational breakup is expected. The

atter is the least effective breakup regime and generally does not
ead to the formation of small droplets, but rather fragments of size
omparable with the parent droplet. When electrosprays are used, it
s important to evaluate which mechanism of breakup, charge-induced
r aerodynamic-induced, occurs first. It should also be noted that the
resence of charges reduces the stabilising effect of surface tension,
hich may anticipate the aerodynamic-induced breakup. As suggested

n Ref. [18], this could be taken into account by defining a corrected
eber number We∗ = 𝜌𝑔|𝒖rel|2𝑑∕(𝜎 − 𝑞2𝑑∕(8𝜋

2𝜀0𝑑3)). Fig. 16 shows the
ime evolution (from injection) of We and We∗ corresponding to the

trajectories reported in Fig. 13. The occurrence of the Rayleigh limit
is also marked, which corresponds to a vertical asymptotic behaviour
for We∗. It can be determined that in this specific case, the dominant
breakup effect is driven by charge repulsion and possibly triggered
by aerodynamic interactions as demonstrated by the rapid increase of
We∗ in the vicinity of the Rayleigh limit. However, it is important
to note that in Case (c) (high gas pressure and temperature), the We
number immediately after injection is slightly above the bag breakup
threshold, which could lead to early droplet fragmentation. It should
be noted that these results depend on the injection conditions (initial
droplet diameter and injection velocity), on the type of fuel, and on the
gas-phase conditions (velocity, pressure, and temperature). Therefore,
careful evaluations should be made in each specific configuration.

5. Summary and conclusions

The effects of fuel type on the electrohydrodynamic control of
charged droplets were numerically investigated. The considered con-
figuration combines the use of an electrospray and an external elec-
trostatic field to counteract the drag force induced by the flow, and
provides a basis for the development of new technologies towards en-
hanced fuel preparation and fuel flexibility in liquid-fuelled combustion
systems. The characteristics of three different fuels, namely ethanol,
n-heptane, and n-decane, were studied in various ambient conditions
relevant to gas turbine applications. It was shown that the critical
droplet diameter for charge-induced breakup, given by the Rayleigh
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Fig. 15. Minimum (black lines) and maximum (green lines) 𝑥 location of an evaporating droplet as a function of the strength of the electrostatic field. The fuels are indicated
by different lines: ethanol , n-heptane , n-decane . Each row is reporting results for different conditions: First row for 𝑑0 = 50 μm, bulk velocity of 10 m/s, and
|𝜌𝑞,𝑑,0| = 3 C∕m3; Second row for 𝑑0 = 100 μm, bulk velocity of 10 m/s, and |𝜌𝑞,𝑑,0| = 3 C∕m3; Third row for 𝑑0 = 50 μm, bulk velocity of 5 m/s, and |𝜌𝑞,𝑑,0| = 3 C∕m3; Fourth row
for 𝑑0 = 50 μm, bulk velocity of 10 m/s, and |𝜌𝑞,𝑑,0| = 6 C∕m3. The droplet trajectories considered for this plot are from injection until the time when the Rayleigh limit is reached.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
limit for droplet stability, is strongly dependent on the fuel type for
the three fuels and the three ambient conditions investigated in this
work. Furthermore, the results suggest that the droplet temperature
at injection could be used as a parameter to control the onset of this
secondary breakup, if the droplet net charge is fixed to a given fraction
of the maximum possible charge. This could also enable the control of
the fraction of the initial droplet mass that undergoes charged-induced
breakup.

The implications of the above findings on the modulation of the
droplet trajectories were investigated through the study of a canonical
electrospray in crossflow configuration. The objective was to stabilise
the injected droplets within a confined region by counteracting the drag
11
force induced by the bulk flow. This enables full pre-evaporation of
the fuel before the droplets reach the flame zone. Operational maps
were presented for a range of bulk flow velocities, droplet diameters,
and droplet charge densities to facilitate the selection of the external
electrostatic field strength required to balance the drag and electro-
static forces. Limited by the electrical breakdown threshold of the
carrier phase, such balance may only be achieved for relatively low
bulk flow velocities. When assuming equal charge densities and droplet
sizes, the effect of fuel type on the balance of forces is negligible. In
addition, if the charge at injection is assumed to be a fraction of the
Rayleigh limit, the strength of the electrostatic field that balances the
drag was also found to be largely independent of the initial droplet
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Fig. 16. Temporal evolution of the Weber number (We, top) and corrected Weber
umber (We∗, bottom) of a single, evaporating droplet with initial diameter 𝑑0 = 50 μm
nd initial charge density |𝜌𝑞,𝑑,0| = 3 C∕m3 in a bulk flow velocity of 10 m/s and using
𝑬| = 1.5 × 106 V∕m. Each fuel is distinguished as: ethanol , n-heptane ,
-decane . Colours indicate the different ambient conditions: black lines for Case
a), blue lines for Case (b), green lines for Case (c). The red star symbols (top) and red
otted lines (bottom) mark the time instant when the Rayleigh limit is reached. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

iameter for intermediate droplet sizes. Finally, it was demonstrated
hat with identical electrostatic fields, and despite being affected by
he individual evaporation rates of each fuel, (targeted) evaporation
ithin a confined region can be achieved for all the fuels and ambient

onditions studied in this work. The axial movement of the droplets
an be controlled by modulating the strength of the electrostatic field.
he sensitivity of the axial movement of the droplets to changes in
he strength of the electrostatic field increases with decreasing bulk
low velocity and increasing initial droplet diameter and initial droplet
harge density.
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Appendix. Estimation of droplet Reynolds number effects on evap-
oration

To include the effects of a relative velocity between the gas and the
droplet on the evaporation rate, the droplet diameter is computed by
integrating the following equation together with the equation for the
droplet velocity:

d𝑑
d𝑡

= −𝐾 ′

2𝑑
, (A.1)

where 𝐾 ′ is a corrected evaporation rate ‘constant’ that includes Re𝑑
effects. 𝐾 ′ has been obtained by combining the Frössling correlation
for mass transfer under forced convection and the evaporation rate
constant, 𝐾, obtained for a quiescent medium under the assumption
of equilibrium between heat and mass transfer with the surroundings.
Assuming the droplet diameter to be constant during the heat-up
period, 𝐾 ′ can be expressed as:

𝐾 ′ =

⎧

⎪

⎨

⎪

⎩

0, if 𝑡 < 𝜏hp,

𝐾
(

1 + 0.276Pr1∕3Re1∕2𝑑

)

, otherwise,
(A.2)

where Pr is the Prandtl number, taken equal to 0.7. 𝐾 and 𝜏hp have
been evaluated with the same methodology discussed in Section 3.2.
The integration of Eq. (A.1) is performed by considering a variable Re𝑑 ,
which is updated at every integration step to take into account changes
in diameter, dynamic viscosity, and relative velocity. It should be noted
that the presence of a relative velocity between the gas and the droplet
also enhances the heat transfer, leading to a shorter heat-up period. A
correction to the duration of the heat-up period is not applied for the
evaluations performed in this section.

Fig. A.17 shows the trajectories of droplets obtained with the evap-
oration formulation described above. Simulations have been performed
at the same conditions used for the results discussed in Section 4.4
(with the only difference being the inclusion of Re𝑑 effects into the
evaporation rate constant). By comparing Fig. 13 with Fig. A.17, it is
clear that the main effect of a relative velocity between the droplet and
the gas is to decrease the droplet lifetime. Droplets are confined in a
narrower region when the effects of the relative velocity on the evap-
oration rate are considered, making the use of external electrostatic
fields to stabilise the droplets in the vicinity of the injection location
even more effective.

The observed increase of the evaporation rate is particularly strong
when an electrostatic force is applied on the droplets. The stabili-
sation of droplets at a fixed location increases the relative velocity
between the gas and the droplets, leading to a high droplet Reynolds
number [16]. This is demonstrated in Fig. A.18, which shows the
temporal evolution of Re𝑑 corresponding to the trajectories of the
ethanol droplets shown in Fig. A.17. Note that the evolution of Re𝑑
for the other fuels (not shown here) shows trends similar to ethanol. In
the case without an external electrostatic field, Re𝑑 is high immediately
after injection (because of the vertical injection velocity), and then
quickly decreases to very small values, which characterise a droplet
with a strong tendency to follow the bulk flow. When an external
electrostatic field is applied, Re𝑑 remains relatively high even a long
time after injection, as a consequence of the balance between the
drag and electrostatic forces, which stabilises the droplets in space.
Therefore, droplet stabilisation also has the effect of increasing the
evaporation rate, which could be exploited to further improve the fuel

preparation process.
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Fig. A.17. Single droplet (𝑑0 = 50 μm) trajectories with evaporation in a bulk flow
velocity of 10 m/s when applying either no electrostatic forces (i.e., 𝑭 𝐸 = 0 N) or using
|𝑬| = 1.5 × 106 V∕m and |𝜌𝑞,𝑑,0| = 3 C∕m3 for the various fuels at the three ambient
conditions investigated in this work. The evaporation rate constant is corrected based
on the droplet Reynolds number according to Eq. (A.2). The red star symbols indicate
the location in each trajectory where the Rayleigh limit is reached (for the cases with
an electrostatic force). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. A.18. Temporal evolution of the droplet Reynolds number of a single, evaporating
ethanol droplet (𝑑0 = 50 μm) in a bulk flow velocity of 10 m/s at the three ambient
conditions investigated in this work: Case (a) , Case (b) , Case (c) .
Black lines: no electrostatic forces (i.e., 𝑭 𝐸 = 0 N); green lines: |𝑬| = 1.5 × 106 V∕m
and |𝜌𝑞,𝑑,0| = 3 C∕m3. Note that for simulations without electrostatic forces there is a
strong overlap between the three cases. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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