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Abstract
The concept of smart combustion, where nanofuels and electromagnetic interactions are combined to enhance the flame

characteristics and improve the control of the combustion process, is introduced as a new paradigm for next-generation

hybrid propulsion systems. To gain further insight into the possibility of controlling the fuel location in a turbulent flow,

the fundamental case of dispersion of a cloud of charged nanofuel droplets in initially homogeneous and isotropic turbu-

lence under the action of electrostatic fields is investigated. Keeping electrical repulsion forces relatively small compared

to the other forces, cases with and without evaporation are studied using direct numerical simulations for different

strengths of the external electrostatic field. Results of the non-evaporating cases show that the use of external electro-

static fields enables the control of the location and velocity of the centre of mass of the cloud, with limited effect on the

cloud dispersion, which is mainly determined by the background turbulence. Results for evaporating droplets in decaying

turbulence show that external electrostatic forces enable a quick separation between cloud and vapour distribution in the

case of fast-evaporating droplets. This separation could be further enhanced by designing nanomaterials with specific dif-

fusion properties. This work is the first step towards developing smart combustion and provides new insight into the

control of charged nanofuel droplet dynamics under the action of external electrostatic fields.
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Introduction
The development of clean propulsion technologies is a stra-
tegic research area to reduce the environmental impact of
transportation and allow for a full transition to a zero-
pollution society. Elimination of pollutant and carbon emis-
sions is difficult or unfeasible in most fossil-fuelled propul-
sion systems, even with emission control technology in
place.1 Therefore, to improve the emission performance
over a wide range of operating conditions, there has been
an increased interest in the development and use of alterna-
tive fuels as well as on the development of dual-fuel engine
configurations.2 Promising alternatives to fossil fuels are
the use of tailor-made synthetic fuels3,4 as well as the use
of hydrogen.5–7 At the same time, completely new propul-
sion technologies have also been proposed, such as rotating
detonation engines,8 and all electric transportation.9 While

industry-scale all electric propulsion is already available
for automotive transport, the same is not true for air trans-
portation vehicles with large passenger or cargo capacities
to date. One of the main limitations for the transition to full-
electric air transportation, especially for long-distance
flights, is the low specific energy of currently available
rechargeable battery architectures compared to liquid
hydrocarbon fuels.10 Similar considerations also apply to
energy density, which is higher for hydrocarbon fuels
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compared to batteries. In the foreseeable future, the energy
density of batteries in electric propulsion systems is still
expected to remain significantly lower compared to
today’s fossil hydrocarbon fuels, thus restricting all electric
aircraft (AEA) to small and intermediate scale vehicles.11

Therefore, intermediate solutions such as more electric
and hybrid aircraft technologies have quickly emerged
among today’s aircraft propulsion research and develop-
ments, especially for wide-body aircraft (e.g. see Gnadt
et al.11). Hybrid propulsion systems, where the thermal
engine is combined with electric units, are the most prom-
ising solution for long-distance flights.11 The combination
of thermal engines with electric propulsion units allows
for a better integration of the propulsion system with the air-
craft (therefore, an improved aerodynamics) and at the same
time enables the development of distributed propulsion
strategies, generally improving the global efficiency of the
aircraft propulsion.12 The large availability of electrical
energy on board could also offer new possibilities for the
control of the combustion process through electromagnetic
fields, with the potential of further reducing the emissions
and improving the propulsion efficiency. The interaction
between flames and low-energy electric fields has
been studied extensively, mainly with experiments, in a
wide range of configurations, ranging from laminar to tur-
bulent flows, premixed and diffusion flames, AC and DC
electric fields (e.g. Park et al.,13 Carleton and Weinberg,14

Marcum and Ganguly,15 Lawton and Weinberg16 and
Belhi et al.17). The interaction of the electric field with
the charged species generated during the combustion
process could lead to a decrease in emissions and changes
in shape and location of the flame,18 possibly allowing
for the control of flame stability. Furthermore, the energy
required to yield significant effects on the flame might be
negligible compared to the energy released by the fuel com-
bustion.19 Sakhrieh et al.19 found that 0.1% of the thermal
power in a turbulent flame could be sufficient to yield a
reduction of 90% in CO emissions. The use of high-
energy electromagnetic fields is also currently explored as
a new combustion technology usually referred to as
plasma-assisted combustion.20–22

Recent combustion research has shown an increased
interest in the use of nanomaterials to enhance fuel and
flame characteristics. Numerous recent investigations23–25

have reported that the use of nanoparticles in conventional
fuels (the so-called nanofuels, i.e., suspensions of nano-
sized particles in a base fuel) could improve combustion
performance in terms of increased volumetric energy
density, enhanced catalytic activity, low ignition delay,
higher ignition probability, and reduction of soot and pollu-
tant emissions. Due to the high surface-to-volume ratio,
nano-additives provide more contact surface area for rapid
oxidation as well as increased catalytic activity or superpar-
amagnetic behaviour,26 depending on the particle material
and base fuel characteristics. Synthesis of nanoscale

particles has reached a maturity that enables the develop-
ment of nanomaterials with tailored properties such as
surface texture, chemical and electrical properties
(e.g.Yao and Zhao27 and Ferrari et al.28). As a consequence,
a proper choice of the fuel-nanomaterial combination could
allow for tailored physical and chemical properties of the
fuel. Catalytic effects of metal oxides or their composites
are widely known and used in contemporary devices for
emission control in diesel engines.29 Experimental studies
with CeO2 and Fe2O3 nanomaterials30,31 provide evidence
for enhanced catalytic activity, with also effects on the soot
oxidation rates. On the other hand, the partial or full oxida-
tion of nanoparticles could serve as an additional source of
heat release due to their high oxidation energy.32 Reduced
ignition delay times, an increase in flame stability, signifi-
cant reduction in CO and unburnt hydrocarbon emissions
and possibly a reduction in specific consumption of the
base fuel have been observed in previous works on nano-
fuel combustion.33–35 In particular, non-noble metallic
nanoparticles or organic composites such as aluminium
and iron oxides, carbon nanotubes and graphene have
been investigated in previous works.35 In some cases, it
has been shown that improvements of fuel economy can
reach 15%–20% with a reduction in pollutant emissions
as high as 40%–60%.23 In addition to the direct effect on
the reaction process, the presence of nanomaterials also
affects the evaporation process. Direct modification of
evaporation characteristics due to the presence of sus-
pended nanoparticles in the base liquid has been demon-
strated experimentally for nanofluid droplets.36,37

Nanoparticle transport and agglomeration in evaporating
liquids can lead to formation of micro-scale structures
such as surface shells and densely packed spherical agglom-
erates.37,38 These structures can subsequently affect heat
and mass transfer with the carrier phase. Analytical and
numerical models for the prediction of nanofluid evapor-
ation38,39 and particle drying40,37 have been proposed to
enable a better prediction of vapour release and formation
of the agglomerates. Nanofuel combustion is a flourishing
area of research33,41,42 and more investigations are neces-
sary to understand the effect of micro- and nanomaterials
on all processes influencing the fuel combustion, from
atomisation to evaporation and interaction with turbulence.

The present work is part of a new research direction
where the use of nanofuels and low-energy electromagnetic
fields is proposed to enhance the combustion characteristics
of propulsion systems, possibly leading to improved emis-
sion performance in next generation hybrid thermal-electric
propulsion configurations. The use of nanomaterials with
tailored electromagnetic characteristics is foreseen as one
of the main design parameters to augment the interaction
between the fuel and electromagnetic fields, leading to the
development of a new concept of fuel and combustion
design that could be defined as ‘smart combustion’.
Figure 1 shows a schematic diagram of the main elements
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of this new combustion concept and potential routes for the
control of the combustion process: (1) control of fuel loca-
tion; (2) modulation of evaporation properties; (3) direct
effects of electromagnetic fields on chemical reactions
and species transport; and (4) effects of nanomaterials and
their agglomerates on the base fuel chemistry. The control
of fuel location is achieved by injecting droplets with a
charge and using electromagnetic forces (e.g. generated
by an electrostatic field) to modulate their trajectory.43,44

Such droplets could be produced by electrically assisted
atomisation (electrosprays). Additional control over the
fuel location can be obtained by tailoring the electromag-
netic characteristics of the suspended nanoparticles. Note
that if the nanofuel behaves as a ferromagnetic material,
the droplet trajectory could also be controlled with a mag-
netic field without the necessity of injecting the droplets
with a charge. Evaporation control is achieved by exploit-
ing the porous structures that naturally form during the
drying of a nanofuel droplet. A proper design of the nano-
material could enable the formation of structures with well-
defined shape and porosity, therefore allowing to enhance
the control over the fuel vapour release. Modulation of
the pore size through electromagnetic fields should be
explored as a possible mechanism to achieve full control
of the fuel release. Modification of the reacting field
through the interaction between electromagnetic fields
and ions (which could lead to the so-called ionic wind)
as well as modification of the chemical pathways45 are
further mechanisms to improve the control of the com-
bustion process. Changes in reaction pathways through
catalytic effects of nanoparticles and their aggregates as

well as heterogeneous combustion are further degrees
of freedom offered by smart combustion.46

The focus of the present work is on the dispersion and
evaporation of charged nanofuel droplets in a turbulent flow
under the effect of an external electrostatic field. The control
of particle location through electrostatic fields is widely used
in a number of technologies. One example is given by electro-
static precipitators.47 Numerical investigations of electrostatic
precipitators conducted by Soldati et al.48,49 concluded that the
particle collection efficiency strongly depends on the turbulent
dispersion, particle drift velocity and particle size. Another
example of the potential use of electrostatic fields and
charged particles in fluid-based systems is offered by meso-
scale combustors10,50 (power generation around 10–100 W;
several centimetres in size, see Higuera and Tejera51), where
electrosprays are typically used to inject the fuel and electro-
static fields represent an important element for the evolution
of the combustion process.52,51 More recently, the control of
charged droplets by means of external electrostatic fields has
been proposed as new technology to achieve control of fuel
mixing and increase the fuel residence time in the vicinity of
the injection location.43,44 This adds on previous
work where the use of charge injection atomisation was
proposed to enhance fuel mixing through a finer control of
droplet characteristics and charge-induced secondary
break-up.53,54 In addition, it was shown that a sufficiently
high droplet charge could also help to control droplet disper-
sion and avoid the formation of preferential clusters in turbu-
lent flows.55 Electrosprays are also widely used in mass
spectrometry applications56 and nanoparticle deposition
devices.57 Previous investigations generally demonstrate the
potential of electrostatic fields to control the location of
charged particles. However, to enable applications in the
context of smart combustion, further investigations on the
effect of electrostatic actions in a turbulent flow, also consid-
ering the effect of evaporation on the droplet dynamics, are
still necessary.

To gain knowledge on spray and fuel vapour dispersion
under the influence of electrostatic fields, the fundamental
case of the dispersion of a cloud of electrically charged
nanofuel droplets in a non-reacting turbulent flow is inves-
tigated in this work. More specifically, the dispersion of a
spherical cloud of charged droplets in homogeneous iso-
tropic turbulence (HIT) under a uniform electrostatic field
is studied. The specific objectives of this work are to: (i)
evaluate the relative importance of drag and electric
forces (including repulsion forces) and provide guidelines
for the choice of simulation parameters; (ii) determine the
effect of external electrostatic fields on the dispersion of
non-evaporating droplets and cloud trajectory; (iii) evaluate
the effect of electrostatic forces on droplets dynamics
and vapour location for different evaporation time scales
and nanofuel characteristics. The study has been conducted
using direct numerical simulations (DNSs) in the Eulerian-
Lagrangian framework, which have been extensively used

Figure 1. Schematic diagram of the potential routes to achieve

control of the combustion process through the use of nanofuels

and electric fields. These include (1) control over the fuel

placement, (2) control of vapour release (e.g. through

nanoparticle shell formation and electromagnetic modulation as

indicated in the inset), and (3, 4) reaction modification (e.g.

electromagnetic effects on ion motion, catalytic effects of

nanoparticles, and nanoparticle oxidation).
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to investigate both unladen HIT (e.g. Yeung58 and Eswaran
and Pope59) and particle-laden HIT (Wang and Maxey,60

Vreman,61 and Papoutsakis et al.62). DNS studies of turbu-
lent flows with particles in electrostatic fields have been con-
ducted in a few cases, for instance in the numerical
investigation of electrostatic precipitators.48 To the authors’
knowledge, this is the first investigation of dispersion of
charged nanofuel droplets under the action of electric
forces in a configuration starting from HIT conditions.

The structure of this article is as follows. The governing
equations for the carrier phase and Lagrangian particles as
well as the numerical setup and investigated cases are outlined
in the ‘Methods’ section. More insight into the forces acting
on the droplet and the rationale used to define the investigated
cases is also provided. This is followed by the validation of the
baseline framework and assessment of the evaporation model
for nanofuel droplets (‘Validation’ section). Results for both
non-evaporating and evaporating droplets are discussed in
the ‘Results and discussion’ section. A summary of the
main findings and conclusions closes the article.

Methods
Direct numerical simulations of the dispersion of charged
droplets in homogeneous isotropic turbulence are per-
formed using the Eulerian-Lagrangian approach. In the fol-
lowing, the modelling framework and the main modelling
assumptions are discussed. The models for the gas phase
and Lagrangian particles are presented, followed by the
strategy used to impose and solve electrostatic fields,
together with the numerical settings used in the present
study. The investigated cases are then discussed in detail
with a focus on the selection of the parameters affecting
the electrostatic interactions.

Gas phase
In non-evaporating cases, the gas phase (also denoted as
carrier phase) is treated as incompressible Newtonian
flow, resulting in the continuity equation (bold symbols
indicate vectors)

∇ · u = 0, (1)

and momentum equation

∂ u
∂t

+ u ·∇ u = − 1
ρg

∇p+ νgΔ u+ 1
ρg

Su, (2)

where u is the velocity, p is the pressure, νg is the kinematic
viscosity and ρg is the density of the gas. Here, Su repre-
sents the momentum source terms from droplet interaction,
and t indicates the time. For cases with evaporation, the
approach of Russo et al.63 is followed, and the kinematic
viscosity and density are assumed constant in all simula-
tions conducted in this work. In these cases, a non-reactive

binary gas mixture of air and fuel vapour is considered.
It should be noted that a constant fluid density is a reason-
able approximation only for small vapour concentrations
and moderate changes in gas temperature.64 Therefore,
our simulation configuration is chosen appropriately to
fulfil these conditions. The transport equation for the fuel
vapour in a binary (fuel–air) mixture is expressed as
follows:

∂Yv
∂t

+ ∇ · u Yv( ) = ∇ · Dv ∇Yv( ) + 1
ρg

Sv, (3)

with Yv being the vapour mass fraction, Dv being the binary
diffusion coefficient of vapour in the carrier phase and Sv
representing the source term due to evaporation. The
mass fraction of the second component (air, treated as a
single species in this work) is obtained from Ya = 1− Yv.
Due to the dilute nature of the liquid phase, the influence
of spray evaporation on the gas-phase temperature field is
expected to be negligible. This was confirmed by prelimin-
ary simulations where an energy equation was solved.
Therefore, we treat the system as isothermal in all the simu-
lations discussed in this work.

Droplets
The disperse phase is modelled using the Lagrangian
approach. Droplets are numerically treated as material
points and the corresponding balances of mass and momen-
tum for each droplet are solved.65 It is assumed that the only
forces acting on the i-th droplet are the drag due to the inter-
action with the carrier phase, FD,i, and the electrostatic
force, FQ,i, due to the interaction with the electrostatic
field. All the other forces, including gravity, Magnus,
Basset and Saffman forces, as well as virtual mass, are
neglected.65 This allows us to isolate the effects of electro-
static forces and aerodynamic drag. Brownian motion and
rotational motion are not considered. The sphere drag cor-
relation introduced by Putnam66 is used to compute the
drag force. For the sake of simplicity, it is assumed that
the evaporation process has a negligible effect on the drag
forces. Therefore, the drag coefficient is computed from a
droplet Reynolds number, Red = d|u− v|/νg, based on
the bulk gas properties for both non-evaporating and evap-
orating cases. Note that for evaporating cases, a corrected
droplet Reynolds number based on the film properties is
often used to consider the effects of evaporation on the
drag force.67,68 These effects depend on the fuel type and
typically lead to a decrease in the drag coefficient.67 The
approximation made in this work allows us to study the
cloud dispersion without defining a specific base liquid
for the droplets. We anticipate that this approximation
will not affect the main conclusions of the work, although
a change in the drag force will necessarily require a differ-
ent electric force to obtain the same terminal velocity of the
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droplets. A detailed investigation that considers different
fuels is left for future studies.

Nanofuel droplet evaporation is modelled following a
modified d2-law behaviour with an imposed nominal evap-
oration rate K. This nominal evaporation rate should be
interpreted as the d2-law evaporation constant of the base
liquid fuel in absence of nanoparticles. To take into
account the effect of nanoparticles on the evaporation
process, the evaporation rate computed for pure liquid dro-
plets is modified following the correction model for nano-
fluids developed by Wei et al.38 According to Wei
et al.,38 it is assumed that during nanofuel droplet evapor-
ation, nanoparticles accumulate at the surface of the
droplet (resembling the formation of shells or porous struc-
tures), thus decreasing the effective surface area available
for evaporation. The droplet evaporation mass flow rate is
computed as follows:

dmd

dt
= − π

4
ρldKeff , (4)

where md is the droplet mass, d is the droplet diameter, ρl is
the liquid density and Keff = Kβ gives the effective evapor-
ation rate in the same fashion as proposed by Wei et al.38

As derived in detail by Wei et al.,38 the nanofluid evap-
oration correction factor β can be expressed as follows:

β = 1− 3
2π

αc φ p,0 Ξ
d0
d

( )3

. (5)

In equation (5), αc = sin2(θ), with θ being the nanoparticle
contact angle at the droplet surface, defined as the angle
between the droplet surface tangent and the nanoparticle
tangent.38 φ p,0 and d0 are the initial volume fraction of
the nanoparticles in the droplet and initial droplet diameter,
respectively. The droplet surface blockage, Ξ (originally
named E by Vehring et al.69), depends on the nanoparticle
Péclet number, Pe = K/(8Dpl), with Dpl indicating the dif-
fusion coefficient of the nanoparticles in the liquid, and was
analytically derived by Vehring et al.69 to be equal to

Ξ = ePe/2

3
�R=1
R=0R

2ePeR2/2dR
, (6)

where R denotes the normalised radial coordinate within the
droplet. Accurate numerical integration of the denominator
becomes computationally expensive for variable Péclet
numbers and large number of droplets. Vehring et al.69 pro-
posed a polynomial approximation valid for Pe < 20. An
expression for a wider range of Péclet numbers is used in
the present work by making use of two fourth-order polyno-
mials for low and high Péclet number regimes with a rela-
tive error of less than ±1% for Pe < 400. Note that in this
work, the Péclet number is directly imposed rather than
being computed from the diffusion coefficient of nanoparti-
cles. The model by Wei et al.38 allows for the prediction of
the shell formation, which indicates the end of the first stage

of evaporation. After a densely packed shell is formed (indi-
cated by a maximum nanoparticle volume fraction on the
droplet surface of 0.6), the diameter of the nanofluid
droplet is assumed here to stay constant (terminal diameter)
until complete liquid depletion.

We assume a constant nominal evaporation rate K and
constant nanoparticle Pe throughout each simulation, as in
the original nanofuel evaporation model.38 It is worth
noting that in the approach adopted here, the evaporation
characteristics of the nanofuel (given by the combination
of base fuel and nanoparticles) are fully described by K,
Pe, θ, and φp,0, which in practical applications must be
selected based on the specific nanofuel. Note also that the
correction of the nominal evaporation rate through the cor-
rection factor β is performed under the assumption that the
main effect of nanoparticles on droplet evaporation lies in
the reduction of droplet surface area available for vapour
release. In addition, since the d2-law is used, it is implicitly
assumed that mass and heat transfer between the droplet
and the carrier phase have already reached an equilibrium,
which, in the limit of single-component droplet, implies
constant droplet temperature. Therefore, there is no
heat-up period and no energy equation is solved for the
droplet. The effect of convection on the evaporation rate
is also neglected, which is valid in the limit of small
droplet Reynolds number. The development of models for
nanofuel evaporation is an active field of research (e.g.
Sazhin et al.70) and more advanced and comprehensive
models should be developed in future studies. The source
terms in the gas phase equations from droplet interactions
due to drag and mass transfer are computed as presented
by Higuera52 by assigning each droplet source term to the
finite volume cell where the droplet is located. Carrier
phase quantities at droplet positions are linearly interpo-
lated from finite volume cell centres.

Electric properties
The computation of the electric field is conducted in the
Eulerian framework. The forces acting on the electrically
charged droplets, including the interactions with other
charged droplets, are computed from the local electric
field. No external magnetic fields are considered.
Furthermore, the induced magnetic field due to the
motion of charges is assumed to be negligible. A charge-
free carrier phase is assumed, meaning that all the charges
are confined within the nanofuel droplets. Under the
above assumptions, the electrostatic field can be computed
by solving the equation for the electrostatic potential Φ,
which is expressed by the following elliptic partial differen-
tial (Poisson) equation:17,51,71

∇2Φ = − ρq
ε0

, (7)

where ρq is the local charge density in the Eulerian
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framework and ε0 is the vacuum permittivity (the particle-
laden gas-phase permittivity is assumed to be equal to
ε0). The electric field, E, is directly computed from the gra-
dient of the potential field:

E = −∇Φ. (8)

The electric force, FQ,i, acting on the i-th droplet then equals

FQ,i = Qd,i E = π

6
ρq,d,id

3
i E, (9)

where Qd,i is the net charge in the i-th droplet and ρq,d,i =
Qd,i/Vd,i is the individual nanofluid droplet charge
density, with Vd,i being the droplet volume. Following the
same strategy used for the computation of the droplet
source terms in the gas-phase transport equations, the
local charge density, ρq, in equation (7) is computed by con-
sidering the charges of all the droplets in a given computa-
tional cell. It should be noted that the approach used in this
study could lead to inaccurate evaluations of droplet-droplet
Coulomb forces, especially in the case of high values of
charges and short distances between droplets. To improve
the prediction of droplet-droplet interactions, hybrid
numerical frameworks have been developed for both
non-evaporating72–74 and evaporating75 charged droplets.
In such hybrid methods discrete Coulombic droplet-droplet
interactions are considered in the near field (where the inter-
actions between droplets are more significant), whereas
long-range interactions are computed from the electric
field evaluated in the Eulerian framework. Considering
the low value of the repulsion forces in all the conditions
investigated in this study (see ‘Investigated cases’ section),
no specific near-field treatment is adopted. A comparison
with the forces evaluated by using the discrete Coulombic
method for near-field interactions shows that the approach
adopted in this study leads to deviations of the total force
acting on a droplet lower than 1% in all investigated cases
(analysis performed considering the initial configuration of
the droplets).

Note also that the computation of electric forces on a
given droplet from the local value of the electrostatic field
should not consider the self-induced electrostatic field,
which is automatically included by computing ρq in equa-
tion (7) from the charges of all droplets. Therefore, in prin-
ciple, the computation of the force on a droplet should
include a correction to eliminate the force contribution
due to the self-induced electrostatic field. The value of the
correction required in the specific configuration investi-
gated in this work was found negligible (at least four
orders of magnitude smaller than the forces due to the exter-
nal electric field). Furthermore, the droplet charge is
assumed to not vary during the evaporation process and tur-
bulent transport (therefore ρq,d,i increases with evaporation
of the liquid phase). Charge transfer to the gas phase and
instability phenomena due to the presence of charges,
such as Coulomb explosions,51,72 are neglected. In addition,

possible fragmentation of solid structures due to repulsion
between nanoparticles is also neglected. The charge distri-
bution and evolution depend on many factors, including
external electric field and electromagnetic properties of
liquid and nanomaterial, and should be the focus of future
research. The assumptions made in this work allow us to
simplify the scenario and provide a first assessment of the
interactions between electric and drag forces acting on
charged nanofuel droplets.

Configuration and numerics
As schematically shown in Figure 2, a box domain with
cube length L is considered. A spherical cloud of droplets
is initially placed at the centre of the domain, with droplet
positions randomly distributed within the cloud. Periodic
boundary conditions are imposed for all flow quantities in
the Eulerian framework. A non-periodic external potential
difference is imposed by two virtual electrodes located at
two opposed boundaries of the box domain, as indicated
in Figure 2. Such a potential difference generates an exter-
nal electrostatic field aligned with the z-axis. The electric
potential, equation (7), is solved on a second mesh with
the potential imposed at the electrodes and zero-gradient
boundary conditions imposed on the remaining four bound-
ary patches. The computational meshes of both domains are
kept equal in this study, resulting in a direct mapping of
electric quantities onto the gas-phase domain. Simulations
performed in this work are intended to represent a single
droplet cloud dispersion in homogeneous turbulence,
rather than a uniform array of interacting clouds.
Therefore, periodic boundaries are not used for droplets,
which are removed as they reach a boundary face. This is
in contrast with previous particle-laden DNS with electric

Figure 2. Periodic box domain with spherical droplet cloud at

initial time.
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fields where both fully periodic and quasi-periodic76–78

boundary conditions were explored. It should be noted
that the approach used in the present work limits the ana-
lysis to the time span prior to droplets or vapour reaching
the domain boundaries. Several ‘numerical experiments’
are required for each configuration to collect enough data
for statistically converged results due to the short dispersion
times and constraints on the initial number of droplets (see
‘Investigated cases’ section). A convergence study based on
the ensemble average of the first four statistical moments of
flow and droplet velocities was conducted to determine the
number of trials required per configuration. The mean value
and one-sided Student-t confidence intervals (see Overholt
and Pope79) with a 90% confidence were used to quantify
statistical convergence of the ensemble averaged
moments. As a result, six trials per configuration were
found sufficient to achieve statistical convergence of the
ensemble average of flow field and particle quantities.
Therefore, six simulations with initial flow fields extracted
from uncorrelated timesteps of the statistically stationary
unladen flow were performed for each configuration and
condition discussed in the following. At the same time, a
minimum number of ∼ 1000 droplets per simulation trial
was found to be necessary to achieve convergence of
droplet cloud statistics.

Both decaying and ‘stationary’ (in the limit of negli-
gible effects from droplets) HIT simulations are performed
in this work. Stationary turbulence is obtained by means
of a low wavenumber stochastic forcing algorithm
based on an Ornstein-Uhlenbeck process,80,81 similar to
the forcing processes used in previous studies.59–61,82

The finite-difference formulation of the stochastic
differential equation for the spectral force contribution
F∗

i (κi, tn+1) = (F∗
1,i, F∗

2,i, F∗
3,i) for discrete wavenum-

bers κi at time step tn+1 is given by F∗
i (κi, tn+1) =

(1− αfΔt)F∗
i (κi, tn)+ σfWi. The first term on the

right-hand side represents the force history accounting
for convergence towards a mean value. Wi corresponds
to a random contribution from a Wiener process Wi =
(W1,i, W2,i, W3,i) scaled by a scalar factor σf . The
control terms αf and σf determine the temporal develop-
ment and converged statistics of the process and subse-
quently the overall level of turbulence. The discrete
wavenumber contributions are transformed to the physical
space using a inverse discrete Fourier transform (DFT)
algorithm (F (x, tn+1) ← F∗(κ, tn+1)). The right-hand
side of equation (2) is extended by the forcing vector
source term Fs(x, tn+1) = ℜ(F (x, tn+1))+ℑ(F (x, tn+1)),
where ℜ(·) and ℑ(·) denote the real and imaginary part
of the inverse-transformed forcing vector F (x, tn+1).
Forcing is conducted in a limited band of small wavenum-
bers. A range of 80 whole wavenumbers (Nf ) in each
Cartesian direction was found to be suitable in the HIT
configuration by specifying a forcing wavenumber inter-
val of κf ∈ (0; 4

��
2

√
π/L] as proposed by Wang and

Maxey.60 The numerical properties used in this work are
given in Table 1 (case OF), together with the correspond-
ing parameters from a reference study60 (case WM) used
for validation (see ‘Validation’ section). The number of
finite volume cells in each Cartesian direction is denoted
by N. The forcing parameters were chosen to be
σf = 198, αf = 3.9474, and Nf = 80.

Simulations were performed using OpenFOAM-v7. A
new Euler-Lagrangian DNS solver was developed to
include Lagrangian particles as well as electrostatic fields
and their mutual interactions starting from the base DNS
solver already available in OpenFOAM. Pressure–velocity
coupling in the incompressible flow field is achieved with
a PISO (pressure-implicit with splitting of operators) algo-
rithm.83–85 The unstructured nature of the OpenFOAM
framework restricts spatial discretization schemes to
rather low-order accuracy compared to structured codes
where 10th-order spatial schemes are not uncommon (see
e.g. Borghesi et al.86). In this work, a second-order accurate
cubic differencing scheme87 is used for diffusion terms.
Advective transport is treated with a second-order accurate
central differencing scheme. A second-order implicit
scheme (see Zirwes et al.,87 Jasak,88 and Vo et al.89) is
used for temporal discretization. As proposed by Pope,81

a CFL = k1/2Δt/Δx < 0.1 is desirable for DNS codes.
However, various authors60,61 have successfully applied
higher CFL numbers in their DNS studies. A volume
average CFL (CFLav) equal to 0.1 is used in this work
with CFLmax < 0.3 in the entire domain. The Lagrangian
particle momentum equation is integrated with first-order
accurate implicit schemes. Four particle sub-integration
steps are performed per timestep in order to improve the
accuracy of the computation of droplet quantities. The
Poisson equation for the electrostatic field is solved using
a second-order linear spatial scheme. The computation of
the flow field, droplet dynamics and electrostatic field is
done using a segregated approach. For each time integration
step, the electric potential and related electric field are com-
puted first. Then, the flow field equations are solved fol-
lowed by the Lagrangian droplet equations.

Investigated cases
The cases simulated in this study are designed to investigate
the relative effect of turbulence and drift imposed by the
external electrostatic forces on the differential dispersion

Table 1. Numerical specifications of the unladen HIT.

Case N Δx/L CFLav

WM60 64 1.563 × 10−2 0.301

OF 128 7.813 × 10−3 0.100

HIT: homogeneous isotropic turbulence; WM: Wang and Maxey; OF:

OpenFOAM (present work); CFL: Courant–Friedrichs–Lewy.
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of the droplet cloud and fuel vapour. First, simulations in
stationary turbulence are performed for non-evaporating
droplets. These simulations allow us to maintain a constant
level of turbulence and provide a measure of the dispersion
of the droplet cloud for fixed turbulence characteristics, a
fixed size of the droplets and different strengths of the
electric forces. The investigated conditions are meant to
represent droplets in a cold flow at atmospheric pressure,
such that the assumption of negligible evaporation is
consistent with the physical conditions. Then, simulations
in decaying turbulence are performed for both non-evapor-
ating and evaporating droplets. These cases are used to
investigate the differential dispersion of droplets and fuel
vapour for different rates of evaporation and different
strengths of the external electrostatic field. The investigated
condition represents pre-heated air at atmospheric pressure.
The use of a decaying turbulence allows us to better isolate
the differential dispersion of fuel vapour and droplets
without the additional complexity introduced by the turbu-
lence forcing mechanism.

An overview of the configuration parameters and inves-
tigated conditions for non-evaporating droplets in station-
ary turbulence is given in Table 2. The Taylor Reynolds
number, Reλ, of the turbulent field is given in Table 4.
The initial droplet diameter, d0 (constant for cases with
no evaporation), is taken significantly smaller than the
Kolmogorov length scale, η, of the unladen turbulent flow
(d0/η = 0.058). The initial droplet diameter is also small
compared to the finite volume cell dimension
(d0/Δx = 0.053). The initial velocity of the droplets is
assumed to be equal to zero, with a droplet Stokes
number equal to St = td/τη = 0.1, where td =
(ρld

2)/(18ρgνg) and τη are the droplet relaxation time and
Kolmogorov time scale, respectively. The droplet-carrier
phase density ratio, ρl/ρg = 627, is representative of a
typical fuel droplet in cold air at atmospheric pressure.
The initial radius of the droplet cloud is taken equal to
rc/L = 1/8 in all simulations, with an initial droplet
volume fraction ϕ0 = 10−5 (corresponding to a number

of droplets equal to 2000). The droplet charge and external
base potential are expressed in Table 2 by means of
non-dimensional droplet charge density and potential
difference groups defined as Πq = |ρq,d,0|L/(u′ �����

ρgε0
√ ) and

ΠΔΦ = ΔΦ0
������
ε0/ρg

√
/(Lu′), respectively, where u′ indicates

the RMS of the velocity fluctuations, ρq,d,0 is the initial
droplet charge density (constant in case of no evaporation)
and ΔΦ0 is the base external electric potential difference.
For simulations in stationary turbulence, the eddy-turnover
time Te = u′2/ε (see Wang and Maxey60) is used as a refer-
ence time scale.

Compared to simulations in stationary turbulence, simu-
lations in decaying turbulence are performed with a higher
value of the liquid–gas density ratio, ρl/ρg = 1312, to rep-
licate the density ratio of typical hydrocarbon fuels in pre-
heated air at 600 K and atmospheric pressure. The initial
droplet diameter is equal to the one used for
non-evaporating droplets whereas the initial droplet
Stokes number is equal to 0.24. The density of the nanopar-
ticles is assumed to be ρp/ρl = 6.69, with a liquid–solid
contact angle of θ = 40 degrees. The latter is an important
parameter for the behaviour of the nanomaterial at the
droplet interface and affects the computation of the correc-
tion factor β of the evaporation rate (see equation (5)). The
value of θ depends on the characteristics of the liquid and
nanomaterial and specific values are rare in the literature.
Here, the value used by Wei et al.38 for aluminium oxide
is adopted. More experimental insights should be gathered
to find appropriate values of nanoparticle contact angles for
each specific liquid-nanoparticle suspension. Two different
nanoparticle Péclet numbers, Pe = 50 and 200, are investi-
gated, which are representative of typical nanofuels.36,38

The evaporation rate used in the simulations is defined by
means of the non-dimensional nominal droplet lifetime
τv/τ, with τv evaluated using the nominal evaporation rate

Table 3. Overview of nondimensional parameters for the

simulation of the dispersion of an evaporating nanofluid droplet

cloud in decaying turbulence.

Parameter Symbol Value

No. of trials per config. Nt 6

Droplet cloud radius rc/L 1/8

Init. droplet vol. frac. ϕ0 10−5

Initial diameter d0/L 4.14 × 10−4

Liquid–gas density ratio ρl/ρg 1312

Solid–liquid density ratio ρp/ρl 6.69

Nominal droplet lifetime τv/τ 0.14; 0.28; 0.56

Nanop. Péclet number Pe 50; 200

Init. droplet Stokes num. St 0.24

Init. nanop. vol. frac. φp,0 0.0016

Nanop. contact angle θ 40◦

Nondim. charge group Πq 16,600

Nondim. potential group ΠΔΦ 5.90

External pot. difference ΔΦ/ΔΦ0 0; 2

Table 2. Overview of nondimensional parameters for the

simulation of the dispersion of a non-evaporating droplet cloud in a

homogeneous and isotropic turbulence box (stationary turbulence).

Parameter Symbol Value

No. of trials per config. Nt 6

Droplet cloud radius rc/L 1/8

Init. droplet vol. frac. ϕ0 10−5

Droplet diameter d0/L 4.14 × 10−4

Liquid–gas density ratio ρl/ρg 627

Droplet Stokes number St 0.10

Nondim. charge group Πq 11,800

Nondim. potential group ΠΔΦ 4.12

External pot. difference ΔΦ/ΔΦ0 0; 0.5; 1; 2
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constant, that is, τv = d20/K. Here, τ is the characteristic
timescale of decaying turbulence, τ = k/ε (k and ε are the
turbulent kinetic energy and dissipation rate, respectively),
determined at the time of droplet injection, that is, t = 0 s.
Three different evaporation rates and a non-evaporating
case are investigated. The initial droplet volume fraction,
ϕ0, is taken equal to 10

−5, as in the simulations with station-
ary turbulence. This relatively low value of ϕ0 allows us to
reduce the effects of droplets on the gas phase and to keep
the fuel vapour mass fraction low when evaporation is acti-
vated. A low fuel vapour mass fraction is an important
requirement for the constant density approximation used
in this study. Parameters used in the simulation of evapor-
ating nanofuel droplets are summarised in Table 3. The
initial turbulent profiles for the decaying turbulence simula-
tions are the same as used in the forced turbulence simula-
tions. For cases with decaying turbulence, normalisation in
time is performed using the characteristic timescale of
decaying turbulence, τ.

The choice of droplet charge density and potential differ-
ence requires particular attention since it determines the
external electrostatic force applied to each individual
droplet (see equation (9)). In this numerical study, the
value of droplet charges is kept low to make the repulsion
force between droplets relatively small compared to the
other contributions. This allows us to isolate the droplet
dynamics due to the sole action of drag forces and exter-
nally imposed electric forces. By fixing the initial size of
the droplet d0, the cloud size rc, and the volume fraction
of the droplets ϕ0, it is possible to analytically compute
the number of droplets in the cloud. By imposing the
droplet charge density, the electrostatic force for each
value of the electric field (potential difference) can be com-
puted. Once the value of the electric charge of the droplets
is fixed, it is also possible to estimate the repulsion force
experienced by each droplet, which is maximum for t = 0
s, when the size of the cloud is minimal. Figure 3 sum-
marises the values of external electrostatic force FQ,ext

and estimated repulsion force FQ,rep for various values of
the nondimensional external potential difference and nondi-
mensional droplet charge density at fixed droplet diameter.
Lines at constant value of the external potential difference
and constant value of droplet charge density are reported.
The forces are expressed in nondimensional form by
means of the initial drag force from Stokes’ drag,
FD,0 = 3πνgρgd0u

′, acting on the droplets, estimated from

the initial level of turbulence u′. Since the diameter of the
cloud, the droplet size and ϕ0 are fixed, the number of dro-
plets considered in Figure 3 is constant. Therefore, for each
value of ρq,d,0 a constant value of FQ,rep is found. If a con-
stant external electrostatic field is imposed, an increase in
FQ,ext requires a higher droplet charge density, which
implies an increase in FQ,rep.

Once the value FQ,rep/FD,0 (and, therefore, ρq,d,0 for a
given size of the droplets, initial turbulence level and gas-
phase properties) is fixed, the strength of the electrostatic
field determines the initial ratio between external electro-
static forces and drag forces, FQ,ext/FD,0. When this ratio
is far greater than unity, the droplets are accelerated
towards the direction of the electric field with the forces
due to the drag induced by turbulent fluctuations having a
minor role in the droplet dynamics. The other extreme is
given by values FQ,ext/FD,0 ≪ 1. In this case, the external
electric forces are very weak compared to turbulence

Table 4. Overview of time-averaged turbulence statistics in the unladen HIT. The present results are indicated by OF, wheres data for
comparison, indicated by WM, are taken from the work by Wang and Maxey.60

Case Reλ N νg (m2/s) η/L λ/L k (m2/s2) ε (m2/s3) Te (s)

WM60 42.5 64 0.2381 7.082 × 10−3 0.0920 459 3242 0.091

OF 43 128 0.2381 7.226 × 10−3 0.0948 475 3116 0.102

HIT: homogeneous isotropic turbulence; WM: Wang and Maxey; OF: OpenFOAM (present work); CFL: Courant–Friedrichs–Lewy.

Figure 3. Mean normalised droplet repulsion force in the cloud

FQ,rep/FD,0 against external electric force FQ,ext/FD,0 for

rc/L = 1/8, d0/L = 4.14 × 10−4 and ϕ0 = 10−5. Iso-lines at

constant nondimensional electric field strength ΠΔΦ ( ) and

constant nondimensional charge density Πq ( ) are shown. The

red marker represents the initial conditions used in this work for

the non-evaporating case in stationary turbulence at

ΔΦ/ΔΦ0 = 1.
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interaction and the motion of the droplets is mainly dictated
by the turbulent structures. A more interesting operating
condition is when the value of the ratio between the electric
force and drag forces associated to the initial turbulence
intensity approaches unity. This scenario allows us to inves-
tigate the competing actions of electric drift and turbulent
fluctuations on the cloud dispersion. In this work, a value
of FQ,ext/FD,0 = 0.2 (indicated in Figure 3 by the triangular
marker) is adopted for the base case in stationary turbu-
lence. It is worth remembering that the value of the drag
force is only an estimate from the initial level of turbulence,
assuming zero velocity of the droplets. Depending on the
instantaneous location of the droplets and their relative vel-
ocity, FD will considerably vary during a simulation.

Similar plots can be produced by fixing the ratio
FQ,ext/FD,0 and letting the droplet diameter vary. Figure 4
shows FQ,rep/FD,0 as a function of the magnitude of the
nondimensional external potential difference, for several
values of d/L and droplet charge density group Πq.
FQ,ext/FD,0 = 0.2 (the value used in this work for the base
case in stationary turbulence) is imposed together with the
values of cloud size and initial droplet volume fraction
used in the present work. The minimum droplet size
shown corresponds to the (arbitrarily chosen) limit of N =
107 droplets in the cloud. For every value of the droplet
diameter it is possible to find a combination of droplet
charge density and external electric field to keep repulsion
forces low. The operating condition used in this work for
the stationary turbulence simulations (non-evaporating

droplets) is indicated in Figure 4 by a triangular marker. It
should be noted that the dimensional quantities correspond-
ing to the operating condition could result in a relatively
high electric field (above the break-down threshold in air –
ideal value between parallel electrodes around 3MV/m in
air at atmospheric conditions90). To decrease the value of
the electric field for a given value of the external electrostatic
force and, at the same time, keep the repulsion force between
droplets small, lower initial droplet volume fractions are
required. Note that once the electrostatic force is fixed, the
charge density is inversely proportional to the electrostatic
field for a given geometrical configuration. It might be inter-
esting to look at configurations with high droplet charges and
lower electric fields in future works by investigating cases
where repulsion forces are not negligible.

To evaluate the effect of the external electric field on the
dynamics of the cloud, simulations with different values of
the external potential difference are performed. For
non-evaporating droplets in stationary turbulence, four dif-
ferent values of the external potential difference are inves-
tigated, that is, ΔΦ/ΔΦ0 = 0, 0.5, 1, and 2 (see Table 2).
For cases in decaying turbulence, we only consider no
and strong external electrostatic fields (ΔΦ/ΔΦ0 = 2), as
shown in Table 3. Simulations with zero potential differ-
ence are used as reference case and have been performed
with no electric charges. A preliminary simulation with
zero external potential and fixed droplet charge density
(same value as used in all the other configurations)
showed small cloud repulsion effects, confirming the suit-
ability of the setup to reach negligible effects of droplet
repulsion on the cloud dynamics. All simulations with elec-
tric fields were carried out at the same initial droplet charge
density (with droplets assumed to be negatively charged).

Validation

Unladen HIT flow
Validation of the capability of the solver used in this work to
predict the underlying turbulent flow was performed by com-
paring the unladen stationary turbulence simulation against
the DNS results from Wang and Maxey,60 which were con-
ducted at a similar Taylor Reynolds number (Reλ = 42.5).
As indicated by previous studies with OpenFOAM89,85 and
other finite volume codes (e.g. Vreman61), a higher spatial
and temporal resolution is required for the finite volume for-
mulation with low-order discretization schemes to obtain
resolved spectra. Preliminary simulations conducted with
the same spatial resolution of Wang and Maxey60 confirmed
these observations, as the reference energy spectra could not
be reproduced at largewavenumberswith sufficient accuracy.
Good resolution of the spectra for the case under investigation
was obtained for wavenumbers κmaxη ≈ 2.8 which corre-
sponds to a double resolution in each spatial direction com-
pared to the work conducted with a spectral code.60

Figure 4. Droplet repulsion-drag force ratio for the present

level of turbulence and assuming FQ,ext = 0.2 FD,0 and rc/L = 1/8.

Iso-lines are shown for constant d/L ( ) and constant Πq

( ). Data points are shown for a volume fraction of ϕ0 = 10−5.

The marker represents the initial conditions used in this work for

the non-evaporating case in stationary turbulence at

ΔΦ/ΔΦ0 = 1.
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Statistical convergence of the flow is reached around
t/Te = 7. Averaging in space and time is performed for
another 90 eddy turn-over times after reaching statistical
convergence. Table 4 shows a comparison between the
present results (case OF) and the reference DNS by Wang
and Maxey60 (case WM) in terms of turbulence statistics.
The number of cells used to discretize each direction is
denoted by N. The averaged one-dimensional energy spec-
trum is given in Figure 5. The energy spectrum is normal-
ised by the Kolmogorov scales. Only one spatial direction
is displayed in the spectra due to flow isotropy (also verified
by comparing two-point correlation of all velocity compo-
nents – not shown here). Seven orders of magnitude of
energy are resolved in the energy spectrum with a strictly
monotonic decrease in energy towards the smaller length
scales. The energy predicted in the present work is slightly
overestimated for large wavenumbers compared to the ref-
erence DNS.60 Overall, the unladen HIT simulation of the
present work gives a well-resolved range of turbulent
scales making the numerical framework suitable for DNS
despite the requirement of an increased spatial resolution
due to the use of relatively low-order discretization
schemes.

Nanofluid evaporation model
The nanofluid evaporation model implementation was eval-
uated against the results from the work byWei et al.38 Three
cases have been simulated, each of them characterised by a
constant value of the nominal evaporation rate constant,
K, and nanoparticle Péclet number. The conditions are

summarised in Table 5 for three configurations (cases A
to C). Results are shown in Figure 6. The predicted
droplet diameter at the end of the first evaporation stage
(when β reaches the minimum value) is equivalent to the
reference values for the various cases. The time evolution
of the droplet diameter is also similar to the results reported
by Wei et al.,38 therefore, confirming the reliability of the
model implementation.

Results and discussion

Non-evaporating droplets in stationary turbulence
The action of electrostatic forces on the dispersion of
non-evaporating droplets under stationary turbulence con-
ditions is discussed first. The initially spherical droplet
cloud disperses irreversibly and non-uniformly due to the
turbulent nature of the flow. As mentioned in the methods
section, we recall that droplets are removed from the com-
putation as they reach the domain boundaries. If droplets
were not removed, the cloud would eventually distribute
over the entire domain, potentially forming regions of pref-
erential droplet concentrations as observed in previous
works, for example, Wang and Maxey.60 No such investi-
gations were conducted in this work as the focus is on the
dispersion of an individual cloud. Figure 7 shows the evo-
lution of the total number of droplets in the domain for the
four values of external potential difference. Only the indi-
vidual simulation trial out of six with the shortest droplet
time-to-boundary is reported for each case. The deviations
observed among the trials at the same electric field strength
are generally small. Droplets start to leave the domain
around t/Te = 0.58 for all ΔΦ/ΔΦ0. In general, the
time-to-boundary is short compared to the turbulent time
scales for all four cases. Approximately seven
Kolmogorov time scales τη are captured before the first
droplet reaches the boundary. The temporal evolution of
the one-dimensional turbulence energy spectrum computed
considering the entire domain in the absence of an electric
field, ΔΦ/ΔΦ0 = 0, is shown in Figure 8. Perturbations of
the energy spectrum due to the droplet motion are mostly
negligible. A small temporary increase in energy at the

Figure 5. Unladen box turbulence direct numerical simulation

one-dimensional (DNS 1D) energy spectrum from the present

work ( ) compared with results from the work by Wang and

Maxey60 ( ).

Table 5. Cases used for validation of the implementation of the

nanofluid evaporation model by Wei et al.38

Parameter Value Unit

Contact angle, θ 40 deg

Evaporation rate, K Case A: 3.52 × 10−8 m2/s

Case B: 1.62 × 10−8 m2/s

Case C: 9.5 × 10−9 m2/s

Nanop. Péclet number, Pe Case A: 1 –

Case B: 3 –

Case C: 25 –
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small scales, that is, at large wavenumbers, is observed at
t/Te = 0.177. This may be caused by the relatively large
initial relative velocity between the droplets and the flow
as droplets are initialised with zero velocity. This effect
vanishes at later times as the droplets tend to follow the
flow with small relative velocity. It should be noted that

modification of the turbulent carrier flow due to the droplets
can only be studied to a limited extent for two-way coupled
droplets with turbulence forcing.91,92 Following the recom-
mendations by Lucci et al.,93 a detailed analysis of the spec-
trum modulation compared to the unladen flow is not
conducted here to avoid misleading interpretations due to
overlap effects of the stochastic turbulence forcing and par-
ticle two-way coupling.93

The plane-averaged volume fraction of droplets (average
performed in planes normal to the direction of the external
electrostatic field, i.e., normal to the z-axis) as a function of
time and distance from the centre of the box, is shown in
Figure 9. Results for the two extreme values of ΔΦ/ΔΦ0

investigated in this work are reported. The dispersion of
droplets without external electrostatic field is isotropic in
space and increases in time. When an electric potential dif-
ference is imposed, a preferential shift of the charged dro-
plets in the direction of the external electrostatic field is
observed.

Figure 10 shows the time evolution of the normalised
location of the cloud centre of mass along z and normalised
standard deviation of the droplet locations along z, defined
as rg/L =

����������������������∑
i(zi − z)2/(N − 1)

√
/L, as a function of time.

Here, N denotes the number of droplets in the system. An
additional configuration with zero external potential and
charged droplets was also run to quantify the effect of repul-
sion forces in the absence of external electrostatic fields. A
preferential motion of the cloud in the direction of the exter-
nal electrostatic field is observed when a potential differ-
ence is applied. The cloud moves faster with increasing
external potential difference as a consequence of the

Figure 6. Validation of the implementation of the nanofluid

evaporation model by Wei et al.38: evolution of the droplet

diameter for the cases reported in Table 5. The present results

are indicated by OF, whereas data from Wei et al.38 are indicated

by Wei.

Figure 7. Time evolution of the normalised number of droplets

in the domain as a function of time in stationary turbulence

simulations with non-evaporating droplets for various

electrostatic field strengths, ΔΦ/ΔΦ0 = 0 ( ), ΔΦ/ΔΦ0 =
0.5 ( ), ΔΦ/ΔΦ0 = 1 ( ) and ΔΦ/ΔΦ0 = 2 ( ).

Figure 8. Temporal evolution of the energy spectrum for

non-evaporating droplet-laden flow in stationary turbulence with

ΔΦ/ΔΦ0 = 0.
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larger electrostatic forces. Note that in the case
ΔΦ/ΔΦ0 = 0, a small motion of the cloud centre of
mass, equal to about 2% of the box side L, is observed.
This motion is due to the limited number of trials used to
compute averages and should tend to zero for an even
larger number of trials. Nevertheless, the simulations
clearly show the effect of increasing potential difference
on the cloud dynamics. The spatial dispersion of the
cloud relative to the cloud centre of mass increases with
time, as indicated by the time evolution of rg. All investi-
gated cases show a similar dispersion behaviour, suggesting
that electric forces simply translate the cloud without alter-
ing the dispersion process, which is mainly determined by
the underlying turbulence. The comparison between simu-
lations at ΔΦ/ΔΦ0 = 0 with and without droplet charges
shows similar behaviour in terms of the trajectory of the
cloud centre of mass and cloud dispersion. These results
demonstrate that in the investigated cases, repulsion

forces are very small and, therefore, have a negligible
effect on the statistics of the cloud motion.

A detailed overview of droplet force magnitudes (drag
and electric forces) is shown in Figure 11 for t/Te = 0
and t/Te = 0.35. Results for different strengths of the exter-
nal electric field are shown together with cases at
ΔΦ/ΔΦ0 = 0 with and without charged droplets. The elec-
tric field generated by the charged droplets used to evaluate
droplet repulsion forces, FQ,rep, is computed as
Erep = E− Eext. Repulsion forces are low compared to
drag and external electrostatic forces in all investigated
cases. Droplet drag forces decrease in time compared to
the initial condition as the droplets tend to follow the turbu-
lent flow with small relative velocity (small Stokes number
of the droplets). In cases with an external electric field, a
force balance between drag and electrostatic forces is
reached for t/Te < 0.1.

The absolute values of the components of drag force and
electrostatic force acting on the cloud, both parallel to the
direction of the external electric field, are compared in
Figure 12. These forces are opposed in their direction of
action and increase with increasing external potential differ-
ence. Drag and electrostatic forces show similar magnitudes
for each value of the external potential difference. The
(arithmetic) mean droplet Reynolds number is also shown
in Figure 12. An increase in Reynolds number indicates
an increase in the relative velocity between the droplets
and the carrier phase until a balance between drag and elec-
trostatic forces is reached. Once equilibrium is reached, the
cloud moves with a constant average terminal velocity
which depends on the external electrostatic field as well
as on the droplet diameter and gas properties. Note that in

Figure 9. Plane-average of the droplet volume fraction (average

performed in planes normal to the direction of the external

electrostatic field, i.e. the z-axis) as a function of time and z for

non-evaporating clouds in stationary turbulence without (top)

and with (bottom) external electrostatic fields.

Figure 10. Normalised location of the cloud centre of mass

(left) and st. dev. of droplet positions rg (right) in the direction of

the external electrostatic field in the case of non-evaporating

droplets in stationary turbulence for ΔΦ/ΔΦ0 = 0 ( ),

ΔΦ/ΔΦ0 = 0.5 ( ), ΔΦ/ΔΦ0 = 1 ( ) and ΔΦ/ΔΦ0 = 2

( ). Square markers ( ) represent the droplet centre of mass

and rg from simulations at ΔΦ/ΔΦ0 = 0 with charged droplets.

Weiand and Giusti 281



this condition, with reference to Figure 11 right, the drag
force induced by the presence of an external electrostatic
field is higher compared to the drag force resulting from
the sole turbulent fluctuations (case with no external elec-
trostatic field). In other words, electrostatic forces are rela-
tively high compared to the drag induced by the
background turbulent fluctuations (for time instants suffi-
ciently far from the initial state) in all the cases investigated
in this work. The probability density functions (PDFs) of
the magnitude of the drag force acting on the droplet and
the droplet Reynolds number at t/Te = 0.35 are depicted
in Figure 12, right. An increase in the mean Red with
increasing strength of the electrostatic field is observed, as
an effect of the drift of droplets induced by the electric
forces. At the same time, the width of the distribution is
only moderately affected by an increase in external

potential difference, consistent with the negligible effects
of the external electrostatic forces on the cloud dispersion
observed with reference to Figure 10.

Nanofuel droplets in decaying turbulence
All simulations with evaporating droplets have been per-
formed with decaying turbulence. The initial droplet
volume fraction of ϕ0 = 10−5 leads to dilute vapour con-
centrations (Yv,max < 0.016), which justifies the incompress-
ible DNS formulation used in the present investigation.
The turbulent kinetic energy, k, and dissipation rate, ε, at
ΔΦ/ΔΦ0 = 0 are shown in Figure 13. Similar results
(not shown here) were also found for cases with
ΔΦ/ΔΦ0 > 0, which shows that the particle perturbations
induced by the external electrostatic force have a negligible
effect on large-scale turbulence statistics for the conditions
investigated here.

The mean droplet motion and the cloud dispersion in the
direction of the external electrostatic field are shown in
Figure 14 by means of the location of the cloud centre of
mass and normalised standard deviation of the droplet loca-
tions along z (rg/L), respectively. Results from simulations
with different droplet evaporation timescales, τv, are
reported. Note that with no external electric fields, cases
with different evaporation rate show very similar behaviour,
therefore, only one case is reported in Figure 14. For com-
parison, results from simulations with non-evaporating dro-
plets, that is, τv/τ → ∞, are also shown in Figure 14 (see
markers). The application of an external electrostatic field
results in a preferential motion of the cloud centre of
mass in the direction of the external field. This is consistent
with our observations in the simulations with stationary tur-
bulence without evaporation (see Figure 10). The mean
motion of the cloud along z decreases with increasing evap-
oration time. On the contrary, the cloud dispersion is not
affected by the strong electric field and is mainly driven

Figure 11. Budget of average magnitude of drag and

electrostatic forces (normalised by the initial mean drag due to

turbulence) acting on droplets at t/Te = 0 (left) and t/Te = 0.35

(right) for non-evaporating droplets in stationary turbulence.

Drag forces, FD (black), electrostatic forces, FQ,ext (red), and

inter-droplet repulsion forces, FQ,rep (green, not visible with this

scale due to low force magnitude), are shown. Cases at

ΔΦ/ΔΦ0 = 0 with and without charges in the droplets are

reported to investigate the effect of repulsion forces.

Figure 12. Temporal evolution and distribution of forces acting on the droplets and droplet Reynolds number for different strengths

of the external electrostatic field in the case of non-evaporating droplets in stationary turbulence. From left to right: absolute values of

the average drag (black) and electric force (red) components in the direction of the external electric field as a function of time; time

evolution of the average droplet Reynolds number; probability density function of the magnitude of the drag force acting on droplets at

t/Te = 0.35; probability density function of Red at t/Te = 0.35. The data is shown for various electrostatic field strengths, ΔΦ/ΔΦ0 =
0 ( ), ΔΦ/ΔΦ0 = 0.5 ( ), ΔΦ/ΔΦ0 = 1 ( ) and ΔΦ/ΔΦ0 = 2 ( ).
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by the turbulent flow. No significant effects of the evapor-
ation time on the cloud dispersion are also observed. Note
that the mean motion of non-evaporating droplets under
an external electric field (case at ΔΦ/ΔΦ0 = 2) follows
the trend observed for evaporating droplets with increasing
evaporation timescale.

Figure 15 shows the temporal evolution of the number of
droplets in the domain, the (arithmetic) mean droplet

Reynolds number, Red, the normalised square diameter
and the nanofluid evaporation correction factor, β, as a
function of the evaporation time, τv/τ (top row), and as a
function of the nanoparticle Péclet number, Pe (bottom
row), both with and without external electric fields. It
should be noted that in the evaporation model used in the
present work, the terminal diameter of the nanofuel
droplet, that is, the diameter of the porous shell formed
from the accumulation of nanomaterials at the gas–droplet
interface, only depends on the nanoparticle Péclet
number, the initial droplet diameter and the initial volume
fraction of the nanoparticles. Therefore, simulations per-
formed with the same Pe, d0, φp,0, and varying evaporation
timescale show the same droplet diameter once the shell is
formed, although the evaporation transient is faster in simu-
lations with lower τv (i.e. an increase in droplet evaporation
timescale delays the shell formation). It is interesting to note
that the residence time of the droplets in the simulation box
is significantly lower in the presence of an external electro-
static force. In addition, the residence time increases with
increasing evaporation timescale τv when an external elec-
trostatic force is applied. The effect of evaporation time-
scale on the residence time is a consequence of the
balance between external electrostatic force and drag
force. Faster evaporation implies smaller droplet diameters
at a given time instant (until the terminal diameter is
achieved). Since the droplet net charge is equal in all
cases (and therefore the electrostatic force does not
change for a given external potential difference), droplets
with smaller diameter tend to achieve a higher velocity
such that the drag force balances the electrostatic force. In
the limit of Stokes’ drag, the relative velocity of the
droplet is inversely proportional to the diameter, which
also justifies the similar Red observed in all cases with an
imposed electrostatic field after an initial transient.
Therefore, droplets that experience a faster decay of the
diameter have, on average, a higher velocity in the direction
of the external electric field, which moves them quicker out
of the domain. Considering the cases with no electric field,
the residence time of the droplet in the simulation box does
not show any specific trends with varying evaporation time-
scale. For all investigated cases with electric fields, the
average droplet Reynolds number quickly (t/τ ≈ 0.2)
reaches an approximately constant value equal to 0.15,
which is the result of the droplets drift in the direction of
the external electric field. This relatively low value of Red
makes the drag force very close to the Stokes’ law,
further supporting the above discussion. For cases without
external electric fields, the Reynolds number tends to
reach a value close to zero as droplets follow the turbulent
structures with very small relaxation time. For reference,
non-evaporating droplets (see markers in Figure 15) yield
a non-zero Reynolds number at all times, which is due to
a lower tendency to follow the turbulent flow because of
their higher inertia compared to evaporating droplets. The

Figure 14. Location of the cloud centre of mass (left) and st.

dev. of droplet positions rg (right) in the direction of the external

field for ΔΦ/ΔΦ0 = 0, τv/τ = 0.14 ( ), ΔΦ/ΔΦ0 = 2,

τv/τ = 0.14 ( ), ΔΦ/ΔΦ0 = 2, τv/τ = 0.28 ( ) and

ΔΦ/ΔΦ0 = 2, τv/τ = 0.56 ( ) at Pe = 50 in decaying

turbulence. Quantities are only shown up to the point of the first

droplet leaving the domain. Centre of mass location and st. dev. of

droplet positions for non-evaporating cases at ΔΦ/ΔΦ0 = 0 ( )

and ΔΦ/ΔΦ0 = 2 ( ) in decaying turbulence are shown for

reference.

Figure 13. Temporal evolution of turbulent kinetic energy, k,
and dissipation rate, ε, at ΔΦ/ΔΦ0 = 0 (decaying turbulence).
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different values of Red in simulations with and without
external electrostatic fields indicate that the forces due to
the electric field are dominant compared to the turbulent
fluctuations in the flow field. The inertia of droplets
decreases during evaporation, therefore decreasing the
time droplets require to respond to external forces.
Decaying turbulence leads to a 50% decrease of the turbu-
lent kinetic energy in the relevant time frame (t/τ < 0.65),
but does not seem to significantly affect the force equilib-
rium of droplets in the cases with external electrostatic
fields. The magnitude of turbulent fluctuations is small
compared to the average droplet drift velocity arising
from the external electrostatic force, therefore resulting in
a weak effect of turbulence on the droplet dynamics. The
nanofluid correction factor β monotonically decreases
with shrinking droplets as more nanomaterial accumulates
on the liquid–gas phase interface. Once a closely packed
shell is formed, β remains constant and evaporation is deter-
mined by diffusion through the shell as described by the
chosen nanofuel evaporation model.38

Note that in the formulation used in the present work, the
time evolution of (d/d0)2 and β only depends on τv, φp,0, θ,
and Pe, but not on the external electrostatic force.
Therefore, if these parameters are kept constant, results
for (d/d0)2 and β obtained with different electric field
strengths overlap with each other, as shown in Figure 15.

This is due to the lack of coupling between flow dynamics
and evaporation rate constant in the evaporation model used
in the present work. In reality, some effects on the evapor-
ation dynamics may be expected as a result of the relative
velocity between the carrier phase and the droplet, which
increases with increasing strength of the electrostatic field
(i.e. higher Red). However, it is worth noting that Red is
relatively low for all the investigated cases. Therefore,
only minor effects on the evaporation dynamics are
expected, further supporting the assumption of negligible
effects of convection on the evaporation rate. Fully
coupled evaporation models are required to capture these
effects and this should be addressed in future work.

Results from simulations performed with constant
τv/τ = 0.14 and different Pe (bottom row in Figure 15)
show a clear effect of the nanoparticle Péclet number on
the droplet terminal diameter (i.e. the diameter of the nano-
particle shell), with only minor effects on the time to form
the shell. While a lower Pe leads to smaller final droplet dia-
meters, the terminal velocity of such droplets under an
external potential difference increases with decreasing Pe
as a consequence of the balance between electrostatic and
drag forces. As already observed, in the limit of Stokes’
drag, the droplets tend to reach the same Red , independently
of Pe (for a given ΔΦ/ΔΦ0 and ρq,d,0). It is worth remark-
ing that when an electrostatic field is applied, droplets tend

Figure 15. Temporal evolution of mean droplet characteristics for different values of the evaporation time scale, nanoparticle Péclet

number and electrostatic potential difference for evaporating droplets in decaying turbulence. From left to right: normalised number of

droplets in the domain; droplet Reynolds number, Red; normalised square arithmetic mean diameter (d/d0)2; and nanofluid evaporation

correction factor, β. The top row shows results at various droplet evaporation timescales τv/τ = 0.14–0.56 and Pe = 50; the bottom

row shows results for Péclet numbers Pe = 50 and 200 at τv/τ = 0.14. Results for electric field strengths ΔΦ/ΔΦ0 = 0 ( ) and

ΔΦ/ΔΦ0 = 2 ( ) are shown in all plots. Data at different ΔΦ/ΔΦ0 are overlapping for (d/d0)2 and β due to no effects of the

electric field on evaporation. In the top row, N and Red are also shown for non-evaporating cases at ΔΦ/ΔΦ0 = 0 ( ) and ΔΦ/ΔΦ0 =
2 ( ) in decaying turbulence.
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to achieve a constant terminal velocity, which is
possible because of the formation of a shell with constant
diameter. The value of this terminal velocity (for a fixed
net charge) can be controlled by acting on the strength of
the external electrostatic field, the initial droplet diameter
and the characteristics of the fuel-nanomaterial suspension
(i.e. Pe, contact angle and initial nanomaterial volume
fraction).

Snapshots of the projection of the droplet cloud onto the
y–z plane for ΔΦ/ΔΦ0 = 0 and ΔΦ/ΔΦ0 = 2 at different
τv/τ and Pe are reported in Figure 16, together with iso-
lines of the vapour mass fraction integrated along the
x-direction. An overlay from all six numerical trials is
shown for both droplets and the vapour phase. In the
absence of an external electrostatic field, both the vapour
and droplets are isotropically distributed across the
domain at all times and follow the dynamics of the turbu-
lence structures. Upon imposing an external electric field
in the z-direction, droplets experience a preferential
motion in direction of the external field. At low droplet
evaporation timescales (τv/τ = 0.14), the majority of the
droplet mass is evaporated quickly, leading to a strong sep-
aration between the droplet and the vapour location in the
z-direction. At elevated droplet evaporation timescales,
τv/τ = 0.56, we observe that the vapour distribution
follows the droplet location more closely, as the evapor-
ation rate is reduced. These results demonstrate that exter-
nal electrostatic forces can enable a separation between
the location of vapour release and the position of nanofuel
droplets at later times. The released fuel vapour evolves fol-
lowing the flow structures of the carrier phase. Therefore, to
reach full control of the mixing, a careful evaluation of the
local flow and evaporation time scales is necessary. At the
same time, when all the liquid fuel is evaporated, the nano-
fuel droplets only contain a shell of nanomaterials. In the
concept of smart combustion introduced in the present
work, these shells of nanomaterial could be used later on
in the combustion process to affect the reaction kinetics
(or as energetic materials). Therefore, an accurate control
of the separation between vapour release and droplet loca-
tion could be an important factor to achieve further
control over the reaction process. Once the relevant time
scales of all the processes involved in nanofuel combustion
are known, a more advanced modulation of the external
electrostatic fields could be used to control the trajectory
of charged nanofuel droplets and guarantee sufficient resi-
dence time for completion of a range of processes (e.g.
evaporation, heating and catalytic reactions with nanoparti-
cles and their agglomerates) in given regions of the flow.
Note that in the present work, it has been assumed that
the initial net charge of the droplet remains confined
within the nanofuel droplet. Characterisation of both the
initial charge and the charge evolution during evaporation
in the presence of nanomaterials should be carefully
addressed in future work.

A comparison of vapour and droplet location in cases
characterised by the same τv and different nanoparticle Pe
(see Figure 16) shows that separation between vapour and
cloud location increases with decreasing Pe. This is a con-
sequence of the higher droplet terminal velocity in the dir-
ection of the external electric field reached at low Pe, as
already discussed with reference to Figure 15. These
results demonstrate that, once the potential difference,
base fuel and ambient conditions are fixed, and therefore
the evaporation rate constant K of the base fuel is
imposed, the fuel release and cloud separation from the
vapour can be controlled by tailoring the characteristics of
the nanoparticles so that a desired value of Pe is achieved.
The nanomaterial properties will also affect the characteris-
tics of the porous shell, including their response to external
electromagnetic fields. It is worth remarking that the devel-
opment of a future technology in the smart combustion
framework necessarily requires a combination of different
disciplines, and the study of tailored nanomaterials and
the related electric properties when suspended in a base
liquid should be part of future research.

Summary and conclusions
The effect of external electrostatic fields on the dispersion
of a cloud of charged nanofuel droplets in homogeneous,
isotropic turbulence has been investigated using direct
numerical simulations. Both non-evaporating droplets in
stationary turbulence and evaporating droplets in decaying
turbulence have been investigated. The relative importance
of external electric forces, repulsion and drag forces has
been discussed to provide indications for the setup of
cases of study. Configurations with relatively low repulsion
forces between charged droplets have been consequently
selected and analyzed.

Results show that in the configurations investigated here,
it possible to significantly alter the location of the droplet
cloud within the time frame of an eddy turnover time.
The dispersion of the cloud is not significantly affected
by the external electrostatic field and is mainly related to
the background turbulence. When the external electrostatic
forces are greater than the drag induced by turbulence, dro-
plets tend to reach an equilibrium velocity that can be con-
trolled by modulating the external electrostatic field.

The dynamics of evaporating nanofuel droplets in the
limit of a dilute cloud and constant density flow are
mainly affected by the evaporation rate, the characteristics
of fuel-nanoparticle suspension and the strength of the
external electrostatic field. For relatively high evaporation
rates, it is possible to obtain a fast separation between the
location of fuel vapour and the nanofuel droplet position
when an external electrostatic field is applied. A similar
effect can be achieved for low nanoparticle Péclet
number. Therefore, both electrostatic fields and tailoring
of the nanoparticle characteristics could potentially be
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used to achieve control over the vapour release and the loca-
tion of nanomaterial shells formed during the evaporation
process.

The present study introduces nanofuels and electrostatic
interactions as a new paradigm for the development of

novel spray and combustion technologies. The results
found in this work open up new possibilities for the
control of electrospray location and vapour release and con-
sequent quality of local air–fuel mixture. Future research
should address the simplifying assumptions made in this

Figure 16. Evolution of the ensemble-averaged droplet cloud and vapour distribution at different time instants for evaporating droplet

cases at τv/τ = 0.14− 0.56, Pe = 50− 200, and ΔΦ/ΔΦ0 = 0− 2 in decaying turbulence. The colour coding indicates the normalised

droplet diameter d/d0. Iso-lines represent the vapour mass fraction integrated along the x-direction at 2π/L�LYvdx = 5 × 10−4 ( ),

1 × 10−3 ( ) and 2.5 × 10−3 ( ).
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study and further develop the combination of nanomaterials
and electromagnetic fields for combustion applications, as
well as their modelling.
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