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ABSTRACT

In this paper, the influence of evaporation in electrohydrodynamic atomization (electrospray) is numerically and
experimentally investigated. The simulation was performed utilizing the Taylor-Melcher’s leaky-dielectric model
and the d? Law to simulate thermophysical processes in electrospray. Experiments were conducted to validate the
numerical approach and to investigate the influence of evaporation on particle morphology. Results by simu-
lations are consistent with experiments, showing agreement in both Taylor-cone captured by high-speed camera
and vapour field visualized by Schlieren imaging. Experiments on different solvents suggest major impacts of
interelectrode distance on the residual solvent on the collected particles. However, these impacts were less
significant on particle size and morphology particularly when using solvents with medium to low volatility.
Particle size is found to increase with temperature and solvent volatility, confirming the correlation reported in
literature. Moreover, evaporation was determined to have limited effect on the overall shape of the Taylor-cone
and spray jet, due to inherently high vapour concentration around the nozzle vicinity. These contributions will
improve the understanding of evaporation process in electrospray and offer useful guidelines for optimizing the
technique, particularly in situations where evaporation is a key factor controlling particle size and minimizing

harmful residue.

1. Introduction

Electrohydrodynamic atomization (EHDA), or electrospray, is a
technique that produces charged droplets from a liquid solution by
applying high voltage onto a nozzle’s tip, creating an intense electric
field that can break the liquid into micro and sub-microscale droplets.
Electrospray has found applications in various fields, including food
processing [1,2], fuel spray and combustion [3,4], electric propulsion
[5,6], cooling [7,8] and pharmaceutics [9-11]. A closely related tech-
nology, electrospinning, where the liquid involved often possess high
viscosity and viscoelasticity so that the jet can be kept in continuous
form to produce fibres instead of droplets [12]. Electrospun fibres has
been proven useful in a wide range of applications, such as tissue en-
gineering [13], filtration [14], biosensors and affinity membrane [15],
protective clothing [16], smart textile and garment [17,18], energy
storage and conversion [19,20], and jet printing [21] due to its
controllability in size, morphology, structure, and shapes.

* Corresponding authors.

The single cone-jet mode is the most used working regime in elec-
trospray or electrospinning for its stability, controllability, and high
yield rate. In the cone-jet mode, the liquid forms a conical shape, known
as Taylor-cone, from which a jet is emitted and then broken into small
droplets. Due to the residual charge concentration in the droplets and
the continuous effect of electric field, these small droplets are broken
into smaller droplets in a process named Coulomb fission. Fig. 1 illus-
trates the working principles of EHDA showing the Taylor-cone, jet,
Coulomb fission and evaporation region accompanied by different ap-
plications of electrospray/electrospinning.

Evaporation of solvents is a crucial factor in Coulomb fission where it
dictates division of the electrosprayed droplets [22] or the quality and
the toxicity of electrospun fibres [12]. Despite being an important
element, evaporation is insufficiently investigated. Smith et al. [23]
presented an experimental technique to measure the size and charge of
individual droplets using phase Doppler interferometry. The authors
were able to monitor the temporal evolution of the droplet size which is
dominated by evaporation. Wilhelm et al. [24] proposed a theoretical
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Nomenclature

Regular letters:

d; jet diameter, ym

I cone length, mm

E electric field, — V¢

fe electrostatic force, N/m?3

fs surface tension force, N/m?

g gravitational acceleration, m/s?
id inner diameter, mm

o.d outer diameter, mm

J current density, A/m?

P pressure, Pa

Q liquid low rate, ml/h

e interelectrode distance, mm

t time, s

u fluid velocity, m/s

u, artificial compression term

[ specific heat capacity, J/kgK

T temperature, K

S source term

m; mass transferred from liquid to vapour, kg/sm?
Cc model coefficient

D,; diffusion coefficient

Y mass fraction

Le Lewis number

M molar masses

Dsat saturation pressure, bar or Pa
A, B, C Antoine coefficients

AHyap latent heat of vaporisation, kJ/kg
Q flow rate

Greek letters:

Viiq phase fraction of liquid

13 permittivity, F/m

£ permittivity of free space

& dielectric constant

u fluid viscosity, Pa.s

@ cone angle, °

K mean curvature of the free surface, m~—!
Ke electrical conductivity of the fluid, S/m
He mobility of charge of the gas

0, fluid density, kg/m?>

e gas density, kg/m?

Pe volumetric charge density, C/m?

c surface tension, N/m

¢ electric potential, V

@ cone angle

A thermal conductivity, W/mK
Abbreviations:

EHDA  electrohydrodynamic atomization
VOF volume of fluid

CSF continuum surface force

DMF dimethylformamide

PVDF polyvinylidene fluoride

SEM scanning electron microscope
Subscripts:

v vapour

g gas

model to investigate the transport, evaporation and deposition of elec-
trosprayed droplets on a heated substrate to predict the production of
electrolyte films for solid oxide fuel cells. The results suggest that
evaporation does not significantly affect droplet transport, but it

Fibres generation

increases the salt concentration due to reduced droplet size, which
causes damage to the film quality. The influence of evaporation on the
morphology and solidification of electrospun poly(ethylene oxide)
aqueous solution was investigated by Tripatanasuwan et al. [25]. They
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Fig. 1. Illustration of EHDA working principles and its various prominent applications.
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concluded that thinner fibres can be created by reducing evaporation
rate through controlling relative humidity. The correlation between
fibre diameter and evaporation rate was later reaffirmed by Cai and
Gevelber [26] and Golecki [27]. Meng et al. [28] introduced a modified
electrospray process for the preparation of poly lactic-co-glycolicacid
microparticles. This work concluded that rapid evaporation of solvent
restrains the droplet fission, while the increase of solvent vapour pres-
sure was found to prolong jet thinning and reduce collected particles’
size [28]. A similar correlation between particles’ size and solvent
evaporation was reported by Jafari-Nodoushan et al. [29]. The authors
further found out that cup-like and more porous microparticles can be
produced with more volatile solvents [29]. Vu et al. [30] utilised a
chamfered nozzle to create a nonuniform evaporation rate at the noz-
zle’s outlet, preventing clogging and improving the uniformity of par-
ticles and fibres. Molecular dynamics simulations were recently
employed to investigate the effects of evaporation in electrospray by Li
et al. [31] showing temperature rise can weaken the bonds between
molecules and yield a larger number of broken droplets. This work [31],
however, did not study the influences of evaporation on the morphology
of the sprayed particles.

This paper presents a comprehensive numerical and experimental
analysis on evaporation in electrohydrodynamic atomization, focusing
on the behaviors of electrospray process and generated particles. The
study provides an in-depth understanding of the evaporation dynamics
in electrohydrodynamic atomization and guidelines for optimizing the
process. This is beneficial to electrospray applications such as pulmo-
nary drug delivery where controlling the morphology of the particle is
important for optimal drug efficacy.

The numerical model presented in this work is developed in Open-
FOAM. It is constructed based on the Taylor-Melcher’s leaky-dielectric
model and the d? Law to simulate the electrohydrodynamic and mass
transfer processes. Electrospray experiments were carried out to validate
simulation results and to investigate the influence of evaporation on the
morphology of polymeric particles. Simulation results showed reason-
able agreement with experiments in terms of Taylor-cone’s geometric
characteristics captured by high-speed camera and vapour field visual-
isation technique using Schlieren imaging method. Particle morphology
analyses suggest that the interelectrode distance has negligible impact
on the particle size and morphology, yet the interelectrode distance
influences the amount of residual solvents in the collected particles in
certain cases. The analyses also show that the size of particles increases
with evaporation rate but independent to temperature changes. Both
simulations and experiments show that Taylor-cone and jet’s shape is
independent with temperature, implying that evaporation is solely
influential in the Coulomb fission region.

2. Experiment apparatus
2.1. Electrospray

Two set of electrospray experiments, namely the pure-solvent elec-
trospray and polymeric solutions electrospray, were conducted to vali-
date the reliability of the numerical solver and investigate the
morphology of polymeric particles with different evaporation rates. In
the pure-solvent cases, the point-to-plane configuration was employed,
whilst the point-to-drum configuration was used for the polymeric so-
lutions. Fig. 2 shows the illustration of the experimental setup of both
cases.

For the electrospray of pure solvents, we used Acetone (Sigma
Aldrich, >99.5 %), Ethanol (Sigma Aldrich, >99.5 %) and Dime-
thylformamide (DMF - Sigma Aldrich, >99 %) as spraying liquids. The
liquids were delivered by a syringe pump (New Era) at flow rate Q = 1.5
mL/h to the tip of a stainless-steel nozzle (Gauge 30 - Musashi Engi-
neering, Inc., Japan, i.d. = 0.159 mm, o.d. = 0.312 mm). The nozzle is
connected to a high-voltage DC power supply (Gamma High Voltage
Research). The distance between the nozzle and the grounded plane

International Communications in Heat and Mass Transfer 165 (2025) 109079

;—(i)ﬁla?;l%

DC power supply

1
| Nozzle Spray region 10
e e e
e ) 10
7

x Interelectro n ‘Iqi

A e ":: Distance r, ©/|m

O i) Drum'ec
Syringe pump

Microscopic ¢ “Fe==== |
amera

Fig. 2. Schema of electrospray experimental setup. The nozzle (gauge 30 or 22)
is connected to positive high voltage. The grounded plane electrode or rota-
tional drum electrode is used as reference electrodes to conduct pure-solvent
electrospray and polymeric solutions electrospray, respectively. The interelec-
trode distance ry is measured from the top of the nozzle to the surface of the
plane electrode or the rotational center of the drum.

electrode was fixed at r; = 5 mm for all cases. To capture the shape of
the Taylor-cone, a high-speed camera with microscopic view (HHC X9
Pro, Mega Speed, USA) was used.

For the electrospray of polymeric solutions, 3 % w/w (weight/
weight) of polyvinylidene fluoride (PVDF - Sigma Aldrich, average M,,
~ 534,000) was dissolved into pure Acetone, DMF and a mixture of
Acetone and DMF (w/w of 1:1) to form three different solutions with
different vapour pressures. The solution was sprayed with gauge 22
nozzle (i.d. = 0.413 mm, o.d. = 0.718 mm) in 20 min while the drum
electrode, covered with NiCu tape, rotated at 1300 rpm approximately.
Three separated samples of electrosprayed particles were then extracted
at different locations on the collector and analysed by a scanning elec-
tron microscope (SEM — Thermo Fisher Scientific) and the ImageJ image
processing program. In additional, the impact of temperature on the
morphology of particles was investigated using point-to-drum electro-
spray with PVDF 3 % in Acetone 1:1 DMF solution. The interelectrode
distance was set at r; = 8 cm, and the temperatures were regulated at
T = 35 °C and 45 °C using a syringe heater.

2.2. Schlieren imaging

Schlieren imaging is used to visualise optical inhomogeneities that
are transparent to the human’s eyes [32]. The applications for this
technique include shock imaging, supersonic jets visualisation, ball
lightning and explosion imaging [33]. Recently, there have been reports
of this technique in visualising the vapour field from the plume of
electrosprayed droplets [34,35]. Since the evaporated vapour field is a
crucial part of solvent evaporation process in electrospray, we utilised
the Schlieren technique in this study to examine the behaviour of the
vapour field of different liquids and to validate the simulation results as
shown in Fig. 3. A concave mirror (diameter 50 mm, focal length 200
mm), a light source and a razor blade were added to the point-to-plane
electrospray configuration. The light was directed through the spray
region which included the Taylor-cone, jet and the sprayed plume. Due
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Fig. 3. Schema of Schlieren experiment installation. The point-to-plane
configuration with the addition of a light source, a razor blade and a
concave mirror.
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to the difference in refractive index of the liquid and vapour field, the
light bends differently as it passes through these liquid and vapour. The
spherical mirror functions to reflect and focus light from a point source,
subsequently forming an image on the high-speed camera sensor (HHC
X9 Pro, Mega Speed, USA). The razor blade, placed at the mirror focal
point, selectively blocked the stray light, preventing them from reaching
the camera sensor and simultaneously increase the image contrast. Thus,
the vapour field would appear to be darker than the air in the resulted
images. This experiment was conducted on Acetone, Ethanol and DMF
(see Table. 1 for relevant properties) to contrast their vapour plume. To
obtain the best vapour field visualisation, a high flow rate of Q = 4 mL/h
and the Gauge 17 nozzle (i.d. = 1.067 mm, o.d. = 1.473 mm) with an
interelectrode distance of ry = 5 cm were used.

3. Simulation model
3.1. Governing equations

The Taylor-Melcher’s leaky-dielectric model [36,37] was imple-
mented to simulate the fluid dynamics and electrostatic regimes in
electrospray. To consider the thermophysical behaviour and mass
transfer of liquid evaporation, the energy equation was solved accom-
panied by a diffusion evaporation model based on the d? Law [38] which
is provided by the OpenFOAM package.

3.1.1. Fluidic field

For the fluidic field, the continuity and momentum equations are
considered,
op

5t Vw =0, €Y

;
/)L,—'ﬁ (u~V)u} =-Vp+nVu+f, +f,+r8 (2)

where p represents fluid density, t denotes time, u is the fluid velocity, p
stands for the pressure, 7 is the fluid viscosity, and g corresponds to the
gravitational acceleration. The two force terms f and f, indicate the
surface tension force and electrostatic force, respectively. In Open-
FOAM, the surface tension force is calculated per unit volume by the
continuum surface force (CSF) model [39],

\% }/liq
| V}'liq {

f, = o0xVyy = —0V- Vigs 3)

where o is the surface tension, x represents the mean curvature of the

Table 1
Physical properties of air, Acetone, Ethanol and DMF.
Fluid Air Acetone Ethanol DMF
Density p (kg/m®) 1.225 784 800 944
A . 1.8 x 3.06 x 1.1 x 0.796 x
Dynamic Viscosity u (Pa.s) 10°5 104 10-3 10-3
Surface tension ¢ (N/m) NaN 0.0245 0.022 0.037
Dielectric constant &, 1 20.7 23 36.7
Electric conductivity . 9 5 5.1 x 4
(mS/m) 1x10 2 x 10 106 1.6 x 10
Specific heat i J,
pecificheatcapacity ¢, (/4 2140 2570 2060
kgK)
Latent heat of vaporisation
NaN 534 846 639
AH,p (kJ/Kg)
. . . 4.42448 5.24677 3.93068
A‘g;’me coefficients (A, B, .y 1312253 1598.67  1337.716
—32.445 —46.424 —82.648
Saturation pressure pgq at
%8¢ (bar) NaN 0.3 0.08 0.005
Thermal conductivity 1
.0262: 1 151 .1
(W/mK) 0.02624 0.18 0.15 0.19

International Communications in Heat and Mass Transfer 165 (2025) 109079

free surface, the phase fraction of liquid yy;, is determined using the VOF
method to capture the interface in the inhomogeneous fluid field [40].
This approach is combined with a secondary convection term to enhance
the resolution of the interface,

% +V (}’liqu> +V- (qu (1 - yh.q)ur) —o, @

where u, is an artificial compression term applied to achieve higher
interface resolution [41]. Fluid density and viscosity are determined
through arithmetic averaging based on the phase fraction,

P = P1Vig T P2 (1 - 7liq)7

()
B = MYig T Ha (1 - 71iq)~
3.1.2. Electrostatic field

In the electrostatic regime, the governing equations are solved iter-
atively to calculate the electrostatic force f,. The magnetic induction is
neglected in the equations. The process begins with the solution of
Gauss’s law,

V-(¢E) = p,. ®)

By integrating Eq. 6 with the expression E = —V¢, the Poisson’s
equation for electrostatics is formulated,

Vig) = L, %!
where ¢ represents the permittivity of the fluids, ¢ is the electric po-
tential, and p, is the volumetric charge density. This is followed by the
conservation of charge,

9.

+VJ=0, (€)]
ot

where J denotes the current density and is expressed as the combination
of ohmic charge conduction and charge convection within the fluid flow,
hence Eq. 8 can be rewritten as,

9. _

il V-(p,u) + V-(x.E) =0, (C)]
where «, represents the electrical conductivity of the fluid. Both elec-
trical conductivity and permittivity are defined using harmonic averages
across the computational domain, a method that has proven to be more
reliable in electrohydrodynamic simulations compared to arithmetic
averaging [42],

1 ng 1om

& &1 &g (10)
i:@_t,_—l 7““1_

Ke Ke1 Ke2

For incompressible fluids, the electrostatic force is the combined
effect of the Coulombic force and the polarization force, which arise
from the presence of interfacial charges and the inhomogeneity of the
fluid field [43],

1
f.=p.E— E\E\ZV& an

3.1.3. Thermophysical and evaporation mass transfer model
Firstly, the incompressible energy equation is solved to obtain the
temperature field,

2 (6 T) + Vo (pguT) = V o (VT + 5. 12

where the left-hand-side includes the temporal derivative and the
convective transport of internal energy e = c,T, and the right-hand-side
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shows the conductive transport and source term S.
The d? Law gives the following mass transfer formulation,

dYVl
e dn 13)
m; = —Cp,Dyi—=F—r!
£l zlv Yj

in which m; is the mass transferred from liquid to vapour, C = 1 is the

model coefficient by default, p, represents gas phase density, d‘gf is the

normal derivative of evaporated component. The diffusion coefficient
D,; is calculated by,

A

T as)

v.i

where Le is the Lewis number, equals to unity. The saturated vapour
mass fraction Yy is determined from,

1

P\ M s
! + (Psat 1) Mv

Here, py is the saturation pressure of liquid, M, and M, are respec-
tively the molar masses of the ambient air and vapour phases. Saturation
pressure p, is calculated using the Antoine equation,

Ygj =

B
101 (Psar) = A — C+T (16)

where A, B and C are Antoine coefficients which are liquid property, and
T is temperature which can be determined from solving Eq. 12.

3.2. Schema, mesh and boundary conditions

The electrostatic and fluid-dynamics solver are solved consecutively
with the evaporation phase change calculations each timestep. A
detailed description of the solving procedure is presented in Fig. 4(a).
Simulations in this study employ the computational domain built in
accordance with the pure-solvent experimental setups described in
Section 2.1. Fig. 4(b) shows the computational mesh and the relevant
dimensional annotations. The nozzle boundary is applied with constant
voltage ¢ = ¢y, while the reference plane electrode is set with p =0 V.
The atmospheric boundaries enclose the domain and assigned with far-
field conditions. We used the axisymmetric 2-D model to simplify the
solution and reduce the computational costs, with a 5° wedge condition
for the front and back patches. Additional information on simulation
model is provided in Supplementary Material S1. Moreover, the relevant
physical and thermophysical properties of air and the liquids used in this
study are shown in Table 1.

(@)

Initialisation

Boundary conditions

% FLUID DYNAMIC CALCULATION
Evaporation mass Volume-of-Fluid for
transfer calculation Vapour
Volume-of-Fluid for Navier-Stokes equations
Liquid and Air solAver
ELECTROSTATIC|LOOP
4

Solve Poisson’s Equation

\Z
Solve Charge || Calculate Electric Field
conservation equation and exerted forces
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4. Results and discussion
4.1. Evaporation model validation

Experiment and simulation on the natural evaporation of an Acetone
droplet at room conditions were conducted to verify the evaporation
model. Acetone is a highly volatile liquid, evaporating quickly when
placed in normal atmospheric conditions. The simulation of the evapo-
ration of a similar droplet was carried out using the presented models
and properties listed in Table. 1.

Fig. 5(a) graphs the volume of the Acetone droplet in simulation and
experiment at different timesteps with inset illustrating the experi-
mental setup. Solidworks (Dassault Systemes) was used to reconstruct
and measure the volume of the 3-dimensional Acetone droplet from the
captured droplet’s profiles. The acquired results show good correlation
between experiment and simulation, with an average error of roughly
18 % for the whole period. It is worth noting that the experimental
droplet evaporation rate in both cases reduced at the droplet shrunk,
indicated by the steepness of the plot lines. This trend can be explained
by the decrease in surface area of the droplet which is a key factor
affecting the evaporation rate of liquid droplets [44]. However, the
evaporation rate of experimental droplet was higher in the first half
period (t < 35 s), and lower in the second half period (t > 35 s). These
differences caused the peak in error at t = 30s and yielded excellent
agreements at the last few timesteps (t = 60, 65, 70s). Possible factors
accounting for these differences are the inaccuracy in experimental
angle setup and image processing. Moreover, the current numerical
model does not consider relative humidity which is generally known to
be inversely proportional with evaporation rate of liquids [45,46].
Nevertheless, the numerical model provides a good agreement with
experimental data and will be used to simulate the evaporation process
of electrospray.

4.2. Validation of evaporation in electrospray simulation model

Acetone, Ethanol and DMF with high, medium and low volatility
respectively and distinct evaporation rates (see saturation pressure in
Table 1) were electrosprayed experimentally. The evaporated vapour
field in the vicinity of the Taylor-cone and jet region was visualized
using the Schlieren imaging method described in Section 2.

Fig. 6 shows results acquired from the electrospray experiment and
simulation of Acetone, Ethanol and DMF, respectively. Experimental
results in Figs. 6(i, a-c) indicate that the liquids require different voltage
conditions (Pacerone = 2300 V5 dphanot = 2100 V; ¢ppr = 3000 V) to
establish a stable cone-jet mode due to the difference in surface tension
(Table 1). As the cone-jet mode is maintained by an equilibrium between
electrostatic force and the surface tension force [47], higher surface
tension requires stronger electric field. This behaviour is supported by

r Atmosphere
/i, S
Liquid
3mm

=
=]
@
=
E
=
B
7
<<

Plane electrode

Fig. 4. (a) Flowchart of the numerical solver for electrospray with evaporation model; (b) The axisymmetric mesh model with dimensional and boundary anno-

tations. Inset figure shows close-up view of the mesh resolution nearby the nozzle.
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Fig. 5. (a) The correlation between simulation and experiment results of the acetone droplet evaporation, a droplet of Acetone (~3 pL) was dropped onto a Teflon
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Fig. 6. Simulation and experiment results of Taylor-cone in electrospray of different liquids: (a) Acetone; (b) Ethanol; and (c) DMF. Results include: (i) Taylor-cone
and jet shape; (ii) Simulated Taylor-cone and jet shape with evaporated vapour contour; (iii) Evaporated vapour visualized by the Schlieren method, with the dark
areas in the plume indicating the presence of the vapour field; and (iv) Comparison of Taylor-cone shape and jet region between simulation and experiment.

the simulated result Fig. 6(ii, a-c) which yield stable cone-jet mode at the
same voltage conditions with experiments. Furthermore, the vapour
field contour from simulations also demonstrates a reasonable agree-
ment with Schlieren visualisations (Fig. 6(iii)) which display very
distinguishable vapour plumes for the three liquids. For Acetone,
simulation yields dense vapour field adjacent to the cone and jet region
(Fig. 6(a-ii)), whilst Schlieren visualisation shows a wide and thick

vapour plume emitted from the nozzle (Fig. 6(a-iii)). With lower vapour
pressure, Ethanol has significantly less vapour field concentration in
simulation and narrower vapour plume in Schlieren visualisation
(Figs. 6(b-ii&iii)). Finally, the vapour field can hardly be seen in both
experiment and simulation for DMF (Fig. 6(c-ii) and Fig. 6(c-iii)).
However, due to the limitations in sensitivity of the Schlieren method,
the vapour field of the DMF case may be underestimated and appears
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invisible in Fig. 6(c-iii). Future upgrades and calibrations to the exper-
imental apparatus can be implemented to enhance the resolution of the
visualisations [48]. Videos of Schlieren visualisation are provided in the
Supplementary Materials Videos.

The Taylor-cone’s length . and angle ¢, obtained from the simula-
tion and experiment results in Figs. 6(iv) are compared in Table 2. In
generally, the empirical cone’s length is larger than that of the numer-
ical but the empirical cone’s angles are smaller compared to simulations
in all three cases. For Acetone, the measured cone length and angle have
a deviation of 17.33 % and 15 %, respectively, while for Ethanol, these
deviations are higher, which are 27 % and 24 % for length and angle
respectively. Finally, the DMF case yields the highest agreement,
marking a roughly 7 % and 5 % for length and angle differences,
respectively. Similarly to the validation in Fig. 5, the deviations between
simulation and experiment could be attributed to the lack of humidity
consideration in the evaporation model. Furthermore, the employed
axisymmetric 2-D mesh model with simplified boundary conditions and
incompatible charge interpolation scheme. Future improvements such
as the implementation of relative humidity in the d® Law [49], 3D
simulations and other charge interpolation schemes [41] can be carried
out to enhance the accuracy of the numerical method. Nevertheless, the
proposed numerical model has achieved acceptable agreement with
experiments in both qualitative and quantitative analyses for all three
liquids, further consolidating the potential of simulations for evapora-
tion in electrospray.

4.3. Morphology of polymeric particles electrosprayed with different
conditions

In this section, we analyse the morphology of the PVDF particles
electrosprayed at room temperature (25 °C) with three different inter-
electrode distance rg (8 cm, 12 cm and 16 cm) to investigate the effects
of evaporation in electrospray. The particle size distribution for PVDF 3
% in Acetone, PVDF 3 % in Acetone 1:1 DMF solution and PVDF 3 % in
DMF solution are plotted in Fig. 7.

Results of PVDF 3 % in Acetone are shown in Fig. 7(a-c). Particle
sizes are relatively similar across the three cases of rg (8 cm, 12 cm and
16 cm), with approximately 40 % of the total number of particles falls
into the [2,3] pm range and a majority of 70 % falls into the [2-4] ym
range. Additionally, due to the high evaporation rate of Acetone, the
obtained particles for this solution are highly porous and geometrically
inconsistent (see Supplementary Materials S3 for high-resolution SEM
captures). Despite the identical spray duration and sampling area, the
total number of particles collected decreases as interelectrode distance
increases (Fig. 7(h)). The particles are more likely to be deflected by
surrounding by ion wind flow at higher interelectrode distances, causing
the particles to spiral out of the electric field, resulting in sparser particle
depositions (Supplementary Materials Fig. S2).

With the PVDF 3 % in Acetone 1:1 DMF solution, SEM images for
rg =8 cmandrg =12 cm (Figs. 7(d) and (e)) show that there is a layer

Table 2
Quantitative comparisons of Taylor-cone’s dimensions between simulation and
experiment.

Acetone Simulation Experiment Deviation (%)
Cone length [, (mm) 0.1498 0.1812 17.33

Cone angle ¢, (°) 92 80 15

Ethanol Simulation Experiment Deviation (%)
Cone length [ (mm) 0.1609 0.2193 26.63

Cone angle ¢, (°) 88 71 23.94

DMF Simulation Experiment Deviation (%)
Cone length [ (mm) 0.1681 0.18 6.61

Cone angle ¢, (°) 85 81 4.94
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of polymeric materials between the conductive tape surface and the
deposited particles. Because of the low evaporation rate of DMF, the
solvent cannot completely evaporate before arriving at the collector.
Therefore, the residual solvent accumulates, and dissolves polymeric
particles previously deposited on the collector. This behaviour is not
observed for the 16 cm case where deposited particles are distinctly
visible on the collector’s surface. Moreover, the dissolution of deposited
particles due to residual solvent might have underestimated the number
of collected particles in case rz = 12 cm, leading to a negligible differ-
ence between the particle counts of ry =12 cmandrg = 16 cm as shown
in Fig. 7(h).

Unlike particles in Acetone from the previous case, particles in the
Acetone-DMF solvent are more intact with no porosity observed in SEM
images. This is due to the presence of DMF which reduces the overall
evaporation rate. In terms of size, the acquired particles in rg = 12 cm
and rg = 16 cm are distributed among [1,2] pm, [2,3] pm and [3,4] pm
ranges. For rg = 8 cm, a large number of sub-micro (< 1 pm) particles
was found, and majority of particles distributing over the [1,4] pm
range. This behaviour can be explained by the lack of deflection due to
ion wind flow in smaller distances, i.e. ry = 8 cm .

In addition, no particle can be observed in the case of PVDF 3 % in
DMF. At all three interelectrode distances, SEM images yield a layer of
polymeric substance created by the collective deposition and dissolution
of solvent-rich droplets, as shown in Fig. 7(g). Thus, no analysis on the
particle morphology can be conducted in this case.

Fig. 7(h) summarises the averaged particle size of the PVDF 3 % in
Acetone and in Acetone 1:1 DMF at different interelectrode distances.
Based on this graph and previous results, the interelectrode distance
does not have a clear influence on the particle size or size distribution.
However, it has considerable impacts on the number of deposited par-
ticles and residual solvent on the collector. The averaged particle sizes of
the PVDF 3 % in Acetone is considerably higher than that in the mixed
Acetone-DMF solvent. This finding agrees with literature where
decreased evaporation rate elongates the charged jet and reduces the jet
diameter [25,27] considering that jet diameter is closely related with
particles’ size due to local charge-to-mass ratio [50]. This has significant
contributions to pulmonary drug delivery application of electrospray
where smaller particles can deliver drugs to deeper parts of the lung
[11]. Specifically, in all cases the majority of particles is within 1-5 pm
which is considered the optimal range to reach the lower respiratory
tract and deposit in the alveoli [51]. However, 7 % to 11 % of the par-
ticles in the PVDF 3 % in Acetone falls into >5 pm range, whereas only 3
%-6 % of the particles in the PVDF 3 % in Acetone 1:1 DMF yields this
measurement. This could mean that the use of mixed Acetone and DMF
solvents can offer a relatively higher deposition efficiency as particles
with size larger than 5 pm may be trapped primarily in the mouth,
throat, and upper airways [52].

Figs. 8(a) and 8(b) show the size distribution for the electrosprayed
particles at 35Cand 45C, respectively, whilst Fig. 8(c) plots the averaged
particle size at three investigated temperatures. The higher temperature
cases registered more than 80 % of particle falling into the [1,4] pm
range which is slightly different from the result of the 25C sprays shown
in Fig. 7(d). Furthermore, there is fewer sub-micro particles detected at
35C and 45C compared to the 25C result. These characteristics along
with the averaged particle size graph in Fig. 8(c) suggest that higher
evaporation rates due to higher temperatures induce larger particles.
However, the increase in particle size among these cases is also influ-
enced by the mechanical and electrical properties of the liquid, such as
electrical conductivity, surface tension, and density. These factors are
known to affect the jet diameter and potentially the induced particles’
size, following an established scaling law [53],

4= (/’SOQ3> %, 17

KeO

where p is density, ¢ is electric permittivity of air, Q is flow rate, «, is
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indicate range of measured values for each data point.

electric conductivity and o is surface tension. This law suggests that jet
diameter is exponentially proportional to density and inversely pro-
portional to conductivity and surface tension. The change of density
with temperature for liquids is trivial and can be neglected, meanwhile
conductivity of dielectric liquids is reported to increase with tempera-
ture, i.e. approximately 3 % to 8 % for ic temperature increase (k.xT)
[54,55]. Surface tension is inversely proportional to temperature, with a

decrease of roughly 0.2 % to 0.4 % for iC increase in temperature (co<})
[56]. The change in these properties would collectively reduce the jet
diameter as temperature rises. However, considering the exponent in Eq.
17 (n=}), the jet reduction effect might be insufficient and easily over-
whelmed by the effect of increasing evaporation rate, thus resulting in
the observed rise in particle size as shown in Fig. 8(c). Similar obser-
vations were reported by De Vrieze et al. where electrospun poly
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measured values for each data point.

(vinylpyrrolidone) nanofibers increased in diameter as temperature
rised [57], in which the authors briefly cited the dominant effect of
evaporation over the variation in the rigidity of the polymer chains as
the explanation for this finding.

From the insets of Fig. 8(c), the experimental captures of Taylor-cone
and jet at the investigated temperatures show insignificant differences in
the cone shape and jet length, which indicate the impact of evaporation
rate on the particles is more prominent in the subsequent Coulomb

fission process. This behaviour is supported by the simulated results in
Fig. 8(d) (see Supplementary Materials S2 for more information on the
measuring method of jet diameter and length). Similarly, simulations
yield negligible impact of temperature on the diameter and length of the
jet. Fig. 8(e) shows that there is no significant impact of temperatures on
the shape of the Taylor-cone despite considerable differences in vapour
field contour. The vapour field tends to concentrate in the vicinity of the
liquid-air interface and cannot be dispersed due to the relatively steady
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motion of the Taylor-cone and jet, decreasing the evaporation rate. In
the subsequent Coulomb fission region, vapour field is dispersed due to
the chaotic movement of particles and the ionic wind promoted by
corona discharge [58], enhancing the evaporation rate. Simulations also
yield negligible impact of temperatures on the maximum vapour diffu-
sion velocity in the vicinity of the Taylor-cone (Fig. 8(f)) and maximum
charge density on the Taylor-cone’s liquid-air interface (Fig. 8(g)). The
maximum vapour velocity correlation may imply that the evaporation
rates among different temperatures are equalized by the localized
vapour concentration, thus yielding similar values. The maximum
charge density, which occurs at the throat of the Taylor-cone, potentially
presents insignificant differences in charge behaviour within the Taylor-
cone across these cases.

5. Conclusion

In conclusion, this study presents a comprehensive analysis of
evaporation in electrohydrodynamic atomization, combining both nu-
merical modelling and experimental validation. The proposed numerical
model, based on the Taylor-Melcher leaky-dielectric model and the d?
Law, successfully captured the geometric characteristics of the Taylor-
cone and vapour field distribution. The findings highlight several
important aspects: (i) the interelectrode distance has a negligible effect
on particle size and morphology but it influences the solvent residue in
deposited particles when solvents with medium to low volatility are
used; (ii) higher evaporation rate reduces particle size; and (iii) while
particle size is influenced by temperature, the evaporation process has
minimal impact on the overall geometry of the Taylor-cone and jet due
to the concentrated vapour field. Results also suggest that evaporation
plays a more significant role in the Coulomb fission region, where
vapour field disperses vigorously due to chaotic movement of particles
and ion-wind generated by corona discharge, thus promoting solvent
evaporation. These insights enhance the understanding of evaporation
dynamics in electrohydrodynamic atomization and provide valuable
guidelines for optimizing the process, especially in applications where
controlling particle morphology and harmful solvent residue is neces-
sary [10,11,59].

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.icheatmasstransfer.2025.109079.
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