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Electrospraying is a method of atomizing fluids using a high voltage potential difference. Since the
atomization of electrostatic atomization does not directly charge the nozzle but only uses the potential
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difference, various equipment structures are possible. In the case of this study, 12 different equipment
ring electrode, and substrate were configured, and data on atomization
characteristics of electrospray, such as spray modes applied voltage, coating area, coating current, spray

velocity, and factors used in industrial processes, were verified. Data are provided for the generation
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1. Introduction

Electrospray is a method of atomising fluids using high voltage
as an auxiliary spray mechanism. Unlike conventional spray
systems using pressure and auxiliary air, it can continuously
produce fine, uniform droplets.™?

As electrospray is performed using a potential difference
(high voltage), the system configuration is simple. This enables
spraying experiments to be conducted under various conditions
in terms of physical properties, including high viscosity. Thus,
the electrospray configuration can be extended to other spray
systems as well.> Although electrospray is strongly affected by
temperature and humidity, it requires less energy than other
spray systems because the spraying is performed under low
flow conditions and primarily at room temperature and atmo-
spheric pressure.* Since an electric field is formed during the
spray, the size and movement of the droplets can be controlled
by adjusting the electric field through the external environ-
ment, which allows the system to be highly responsive.’

Electrospray systems are used in diverse industrial applications
due to their ability to continuously produce uniform droplets.® These
applications include drugs (microencapsulated biological cells”),
combustion, propellants (small-scale combustors®®), coatings
(micro-structured films'® and nano-polymer films'"), textile proces-
sing (alternating current electrospinning'?), semiconductors (elec-
trode patterning,"® quantum dot films,'* and displays'®), secondary
batteries (nanostructure lamination," lithium-sulphur batteries'”),
fine dust reduction,’® biomolecular mass spectrometry,” ion
feeders,? electro hydrodynamic printing (3D structure printing,** Ag
patterning,** and tribogenerators®), face-to-face cooling,> aerosols
(silica nanoparticle production®), and powdered food production.®®
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process using uniform and continuous electrospray.

Several variable conditions affect the spray mode and droplet
characteristics in electrospray. These can be divided into two
main categories: fluid properties and experimental parameters.
Fluid properties include density, viscosity, conductivity, permittiv-
ity, and surface tension. Most studies have experimentally inves-
tigated the effect of spray conditions on a single property, such as
variations in mixture properties due to stirring®” and the effects of
high viscosity and high conductivity.*® Experimental parameters
include nozzle-to-substrate distance (NTS), nozzle diameter,
applied voltage, and flow rate.>*' Because electrospray involves
different spray modes depending on the applied voltage (potential
difference) and flow rate, most studies have focused on identify-
ing the spray modes®* and droplet characteristics,>® providing
limited data on other experimental parameters.*®

However, electrospray systems can adopt various equipment
configurations depending on the application requirements.
These include multiple-array structures,*  substrate-free
structures,**® structures with different nozzle geometries (coaxial
or two-fluid),”” structures with different substrate geometries,*®
structures with rings,***' multi-ring structures,”>** and cross-
flow.** While the characteristics of such electrospray configura-
tions have been studied individually, comparative analysis of
structural variation has focused only on the presence and absence
of rings.* In addition, the spray mode and droplet characteristics
represent basic data for electrospray, while droplet size and
distribution can be analysed to elucidate the mass transfer,
chemical reactions, and chemical characterisation in various
applications.*® Based on previous studies, the increasing use of
electrospray across industries suggests that equipment structure
diversification and characterization are necessary to ensure sys-
tem scalability. In particular, compared to other atomization
systems, electrostatic spraying exhibits different atomization char-
acteristics under different equipment structures. Furthermore,
despite the recent expansion of electrostatic atomization
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applications, it has structurally limited atomization conditions.*’
Experiments were conducted in this study to evaluate the effects of
applied voltage, droplet size, coating area, current, and velocity on
the spray mode with variations in equipment structure, namely the
presence or absence of a ring, the location of the applied voltage
charge (positive or negative pole), the presence or absence of a
substrate, and the presence or absence of applied voltage charge.
The data obtained on electrospray characteristics can be used to
determine the equipment structures for different industrial
applications.

2. Method
2.1 Materials

The working fluid used in the experiment was ethanol (94%),
which is non-toxic and has a relatively high viscosity compared
with other organic compounds with similar molecular weights.
Its properties are listed in Table 1. Ethanol is an organic, polar,
and quantum solvent. Due to its high dielectric constant and
hydroxy group (-OH), it is highly hydrophilic.*®

In addition, ethanol is a versatile solvent that can be mixed
with various other organic solvents, including glycerol and
toluene.*® These properties allow ethanol to dissolve polar,
hydrophilic, nonpolar, and hydrophobic compounds. There-
fore, it is the most commonly used solvent for electrospray in
industrial applications that often utilise mixed solutions with
polymers. Ethanol was chosen as the working fluid also
because of its low surface tension compared with distilled
water, which allows for better spray patterns.

2.2 Experimental apparatus

Fig. 1 shows the experimental setup along with the corresponding
parameters. The apparatus consisted of three main parts: fluid
supply, high-voltage application, and instrumentation. For the fluid
supply, a syringe pump (NEW ERA, NE-1000) was used to maintain a
flow rate of 1 mL h™" to ensure that the spray pattern would not
change. The smallest-capacity syringe (Norm-ject®™, 1 ml) available
was used to facilitate flow control, along with a stainless nozzle (Nano
NC, 17G). A high-voltage power supply (HVPS; Korean switching,
30 kv, 15 mA) was used to electrify the nozzle, ring, and substrate,
with a voltage of up to 30 kV. The equipment structure that yielded
the cone jet spray mode was selected for the experimental analysis.

In addition, the HVPS was used to observe the spray modes
up to the corona discharge region, where the air insulation
breaks down. With regard to the instrumentation, a high-speed
camera (Phantom camera, VEO E310L) was used to capture the
spray modes with LED light sources.®

The spray mode was analysed in real time using the Phantom
Camera Control (PCC) software program. The coating area was

Table 1 Properties of working fluid

Density Conductivity Viscosity Surface tension Dielectric
Solution (kg m®) (uSm™") (mPas) (mNm %) constant

Ethanol 789 0.13 1.1 22.32 16.2
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Fig. 1 Lab-scale experimental apparatus.

stained red with Rose Bengal (Alfa Aesar) for solution analysis.
Specifically, under each condition, the substrate was sprayed in a
stable cone jet mode for 1 min. Then, the coating area and
characteristics were identified using an optical microscope
(Nikon, Eclipse LV150L). Finally, the images, such as those of
the coating area, were analysed using PCC. The Sauter mean
diameter (SMD) was determined using the line-of-sight method
(Malvern/MLXA-A12-635-5); specifically, the size of the droplets
passing between the laser and the detector was measured in real
time based on the degree of diffraction. The data were calculated
as the average from 30 experiments.*®** The SMD was measured
at an NTS of 35 mm point, and the data were acquired in real time
on the computer’s data acquisition (DAQ) board. The current was
recorded using a multi meter (Tektronix, DMM6500), and the data
were monitored in real time using customised software to detect
the current values and noise over time.>"

A laser Doppler velocimeter (LDV; SPECTRA-PHYSICS LASER,
277-604, 177-G0232) was used to measure the spray velocity, and
a velocity measurement program (DANTEC DYNAMICS, BSA-
P60) was used to set the experimental conditions and range. At
least 2000 data points were acquired to average the velocity. The
measurement position was adjusted using a three-axis feeding
device. The velocity was measured at an NTS of 40 mm. Further-
more, the SMD and velocity were measured simultaneously at
the distance closest to the substrate (40 mm) to confirm the
deposition rate. The aluminium substrate (50 x 50 mm) was
directly machined into a circular shape and charged for the
experiment. The heights of the substrate and ring electrode were
adjusted using support jacks (Labkom, KA11-95) to vary the
experimental parameters and equipment structure. The heights
were measured using electronic vernier callipers (SHAHE, 5110-
300). The specifications of the experimental devices are pre-
sented in Table 2, with specific information about the para-
meters, measurements, models, and ranges with resolutions.

2.3 Experimental conditions

Table 3 lists the experimental conditions used in this study.
The flow rate was fixed at 1 mL h™"' because the spray mode
changes with variations in flow rate. The inner diameter of the
ring was set as 10 and 40 mm to compare the spray character-
istics with and without the ring and thereby confirm the
dependence of the spray characteristics on the ring parameters.

This journal is © The Royal Society of Chemistry 2024
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Parameter Measurement Model Range (resolution)

Flow rate Syringe pump NE-1000 5.119 uL h™'-372.5 mL h™" (0.001 pL
h™)

Applied voltage DC power supply B150 0-30 kv (0.01 kV)

Ring diameter
Length [nozzle-to-ring (NTR),

Electronic vernier callipers 5110-300
Electronic vernier callipers 5110-300

NTS]

SMD and SMD standard Simple droplet sizing MLXA-A12-635-5
deviation system

Current Multi meter DMM6500
Coating area Optical microscope LV150L

Velocity LDV

G0232)

For the same reason, voltages 0 and 7 kV were applied to the
ring. Moreover, the distance between the nozzle and the ring
(NTR) was set as 20 mm, which corresponds to the largest NTS
(45 mm) at which the spray image was clearly visible and was
unaffected by the SMD measurements. This is because a larger
NTR ensures better droplet size reduction and distribution. The
outer diameter of the nozzle was set to 1.47 mm as this is the
closest to the diameter of 17G nozzles (1 mm). Additionally, 18
voltages in the range of 3.36-17.29 kV were applied to the nozzle,
which yielded a stable cone jet spray mode. Since electrospray is
dominantly affected by temperature and humidity, the tempera-
ture and relative humidity were set to normal values of 25 °C and
40 £ 10%, respectively, and were checked frequently.

2.4 Equipment structures

Fig. 2 summarises the equipment configurations listed in
Table 4. The voltages applied to the setup are mainly categorised
into the control voltage (+), connected voltage (+), and ground
(=), according to the charge of the positive and negative electro-
des of the HVPS and whether the applied voltage is regulated or
not. The control voltage (+) is the voltage applied to the positive
electrode, with the supply being regulated. The connected vol-
tage (+) denotes the voltage applied only to the positive electrode
without any regulating mechanism. The ground (—) refers to the
voltage applied to the negative electrode. In Fig. 2, the control
voltage is coloured red, the connected voltage is coloured blue,
and the ground is coloured black.

Table 4 shows the experimental conditions corresponding to
the structures of the experimental setup. In this regard, 12
conditions were employed, and they are designated according
to the structure. The three baseline conditions are denoted by
S, R, and R-N. S represents the most commonly used configu-
ration in electrospray, with a nozzle and substrate, while R
represents the addition of a ring to the S configuration. The R-N
configuration represents the connected voltage not being
charged in the R configuration. Each baseline configuration
had five variants—1, 2, O, V, and R. Among these, 1 denotes the
structure with the charge position changed, and 2 refers to the
case where the ground line is not charged. O represents the
configuration without a substrate. V represents the configu-
ration with a 7 kV voltage applied to the ring, while R denotes
the configuration where the ring diameter was 10 mm.

This journal is © The Royal Society of Chemistry 2024
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Table 3 Experimental conditions

0-10 m s~ ' (0.01 ms™)

Parameter Values
Flow rate (mL h™") 1

Ring inner diameter (mm) 10, 40
Applied ring voltage (kV) 0,7

NTR (mm) 20

NTS (mm) 45

Nozzle outer diameter (mm) 1.47
Applied nozzle voltage (kV) 3.36-17.29
Ambient temperature (°C) 25
Relative humidity (%) 40 + 10
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L e o) 7
| | Control voltage | ’7_{_ Connected voltage
(0~30KkV) I O kV)
— —
—_, _
: — . -
Ring electrode — . Ring electrode e
EEE— + ! Connected voltage =™ | + ! Control voltage
1 O kV) 1 (0~30kV)
— —
1 . I
Substrate - Substrate K
Bl m- - - - : Ground - - - - - Ground
Nozzle Nozzle
L T w

Control voltage
(0~30kV)

Ring electrode _—
- - + Connected voltage
OkV)
—

R-O

I
Ring electrode

Substrate

A - -
R-N

Control voltage
(0~30kV)

* Connected voltage
OKV)

Ground

Fig. 2 Charging of electrospray equipment based on experimental conditions.

3. Results and discussion

3.1 Spray image

Fig. 3 shows the spray mode as a function of the applied voltage
for five different equipment configurations. The spray mode can
be categorised into three main types with increasing applied
voltage: dripping, cone jet, and multi-jet. The experiment was
conducted in the cone jet mode, which is the most stable and
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Table 4 Experimental conditions based on setup configuration
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Configuration Substrate Ring Control voltage (+) Connected voltage (+) Ground (—)

S Yes No Nozzle Not connected Substrate

S-1 Yes No Substrate Not connected Nozzle

S-2 Yes No Nozzle Not connected Not connected
R Yes 40 mm Nozzle Ring (0 kV) Substrate

R1 Yes 40 mm Ring Nozzle (0 kV) Substrate

R-O No 40 mm Nozzle Ring (0 kV) Not connected
RN Yes 40 mm Nozzle Not connected Ring

R-N-1 Yes 40 mm Ring Not connected Nozzle

R-N-O No 40 mm Nozzle Not connected Ring

R-N-O-1 No 40 mm Ring Not connected Nozzle

RV Yes 40 mm Nozzle Ring (7 kV) Substrate

RR Yes 10 mm Nozzle Ring (0 kV) Substrate

continuous mode in electrospray. The criterion for selecting the
applied voltage was that the cone’s half-angle at the nozzle tip
had to be 49.3° which represents the most stable spray condi-
tion with a consistent spray pattern. Accordingly, the required
applied voltages for the S, S-1, R, R-N-O, and R-R conditions were
5.71 kv, 13.47 kV, 5.13 kV, 5.84 kV, and 8.96 kV, respectively. The
different configurations yielded similar spray modes despite the
differences in the applied voltage. The applied voltages for all the
experimental conditions are listed in Table 5.

3.2 Coating area

Fig. 4 presents the coating area corresponding to each configu-
ration listed in Table 4. The voltages listed in Table 5 were applied
under each condition to achieve a stable cone jet mode. Between
the S and the R configurations, the latter yielded a smaller coating
area due to the electric field generated by the ring.

Further, among the R, R-O, R-N, and R-N-O configurations,
the coating area was smaller with R and R-N. This is because
the substrate is charged at the negative pole in these config-
urations, which causes the droplets to be surrounded by the
electric field on the substrate.

Unlike in the S, R, and R-N configurations, where the nozzle
was charged, the voltage was applied to the substrate in S-1 and
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Fig. 3 Electrospray modes for different applied voltages.
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Table 5 Applied voltage for cone jet spray mode with each configuration

Configuration Voltage (kV) Configuration Voltage (kV)
S 5.71 R-N 5.35
S-1 13.47 R-N-1 8.51
S-2 7.29 R-N-O 5.84
R 5.13 R-N-O-1 8.94
R-1 6.78 R-V 8.96
R-O 4.6 R-R 4.00

to the ring in R-1 and R-N-1. When a high voltage is applied to
the ring or substrate, the electric field is directed opposite to
the spray; thus, instead of covering the large area over the
substrate and ring, the electric field covers only the narrow area
under the nozzle, which results in a relatively large coating
area. However, the spray intensity at the centre was higher with
the S-1, R-1, and R-N-1 configurations than with the S, R, and
R-N configurations, respectively.

In the S-2 configuration, the substrate was present, but the
ground line was not connected, while in the R-O and R-N-O
configurations, the substrate was absent. In these cases, the

A ORI TR A

Fig. 4 Coating areas with different equipment configurations.

This journal is © The Royal Society of Chemistry 2024
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coating area is considered to have been widened because an
electric field acting in the direction of the substrate was not
formed. The coating area with R-N-1 (with substrate) was about
1.51 times smaller than that with R-N-O (no substrate, charging
positions reversed).

In addition, the coating area with R-1 was about 2.27 times
smaller than that with R-N-O-1; this is because R-1 included the
substrate and had a different ground line position.

The configuration with the smallest coating area was R-V,
where a high voltage was applied to the ring. To achieve the
cone jet spray mode, a high applied voltage had to be applied to
the nozzle as well. Thus, a strong electric field was formed
between the nozzle and the ring, which narrowed the coating
area. In R-R, where the ring diameter was small, the coating
area was narrowed due to the strong electric field from the
inner diameter of the ring. The coating area for each equipment
configuration is shown in Table 6.

These results show that the largest coating area was
achieved with R-O, in which the substrate was absent, the
voltage was applied to the nozzle, and the ring was grounded.
The presence or absence of substrate had the most significant
effect on the coating area, with the ground line position having
the smallest effect.

Fig. 5 presents a graph comparing the droplet distributions
of the S, S-2, R, and R-O configurations. The most sprayed area
for each configuration is represented by a 100% intensity, and
the intensity distribution along the X-axis is compared among
the aforementioned configurations.

A threshold of 80% was selected to define high intensities.
Accordingly, the high-intensity areas were observed to be those
influenced the most by the configuration parameters and
electric field. Between the S and R configurations, the coating
area was narrower with the latter due to the electric field
generated by the ring; this is corroborated by the difference
in spray intensities along the X-axis.

With the R-O and S-2 configurations, which yielded the
largest coating areas, the increase in coating area relative to
the R and S configurations was achieved due to the lack of a
substrate and the uncharged structure, respectively. Addition-
ally, in the high-intensity coating areas (>80%), the intensity
difference between the respective configurations was small,
resulting in a small difference in coating concentration as well.
This is considered to be due to the substrate being grounded in
S and R, which narrows the coating area and leads to a high
coating concentration due to the electrical attraction acting on
the substrate. Thus, an uncharged substrate is required for

Table 6 Coating area with each equipment configuration

Configuration Coating area (mm?®) Configuration Coating area (mm?)

N 978.28 R-N 1046.99
S-1 1170.73 R-N-1 1050.85
S-2 1811.43 R-N-O 1587.57
R 682.22 R-N-O-1 1248.85
R-1 551.24 R-V 417.37
R-O 1912.75 R-R 453.33

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Droplet intensity distributions for S, S-2, R, and R-O.

achieving a uniform and large coating area, whereas a ring is
necessary for ensuring a highly concentrated coating over a
small area.

Fig. 6 presents the coating area distributions of R, R-1, R-V,
and R-R. This graph shows that R-R was the configuration with
the largest proportion of intensities above 80%, whereas R was
the configuration with the widest coverage. Compared with
those in Fig. 5, the overall coating area was narrower while the
difference in coating concentration was affected much more by
the parameters. Between R and R-1, the latter had a smaller
total coating area; however, the higher intensities (> 80%) were
uniformly distributed over a larger area, and variation in
concentration was lower.

With R-1, the electric field generated by the ring did not act
only in the spray (downward) direction; thus, the coating area
was wider than that with R. Moreover, relative to R, R-R
provided a smaller overall coating area due to its smaller ring
diameter, and it had a larger high-intensity area as well. The
coating area is believed to have been narrowed by the electric
field generated by the smaller ring, and the wider high-intensity
area is attributed to the electric field between the ring and
substrate. By contrast, R-V provided the narrowest coating area

10-[ m R
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8| v RR -
9
S o0
E‘
w
|
g
= 40 -
L
20 -
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Fig. 6 Droplet intensity distributions for R, R-1, R-V, and R-R.
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with the spray concentrated in the centre due to the strong electric
field formed between the ring and the nozzle; however, the inten-
sities were distributed more widely along the X-axis. Hence, for
uniform coating over large areas, as required in continuous coating
or film production, a smaller ring diameter (ie., R-R) would be
preferable, whereas for applications requiring highly concentrated
coatings, a higher applied voltage (i.e., R-V) would be desirable.

3.3 Voltage-current

Fig. 7 presents the real-time current measured between the
nozzle and the substrate as a function of the applied voltage for
the S and S-1 configurations. Compared with S, S-1 required a
higher applied voltage over a wider range. Because the voltage
was applied to the substrate in S-1 and the charge density was
lower than that in S, a higher voltage was required to achieve
the cone jet spray mode in S-1.

The noise increased with the current as the spray mode
transitioned from dripping to micro-dripping. This can be
explained as follows: In the dripping mode, the current
increased with the applied voltage because no droplets were
sprayed; however, in the micro-dripping mode, droplets were
sprayed at a high frequency by the electric field, and thus, the
noise was relatively large compared with that in the dripping
mode. In the cone jet mode, the current remained constant with
an increase in applied voltage; hence, less noise was generated
than in the other spray modes. The continuous and uniform
spray in the cone jet mode is believed to result in low noise and a
constant current because the current (amount of charge) carried
by the droplets is constant. After the multi-jet mode, the current
increased rapidly with the applied voltage. This is due to the
instability of the spray pattern, which resulted in uneven droplet
size and considerable noise.

Fig. 8 shows the current measured from the R, R-1, R-V, and
R-R configurations. As discussed regarding Fig. 7, the current
in the cone jet mode remained constant even with an increase
in the applied voltage, and minimal noise was generated.

The current was the lowest when the control voltage was
applied to the ring and the connected voltage to the nozzle, i.e.,

m S (Cone jet 6.21~8.11kV)
® S-1(Cone jet 13.47~16.86kV)

Current (nA)

Voltage (KV)

Fig. 7 Variation in current with applied voltage for S and S-1.
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Fig. 8 Variation in current with applied voltage for R, R-1, R-V, and R-R.

the R configuration. The overall current values are smaller than
those in Fig. 7, which pertains to structures without a ring. As
observed from the spray modes corresponding to the applied
voltages in Fig. 3, since the ring acted as a ground, the droplets
lost a large amount of charge while passing through the ring; as
the current was measured at the ground, after the droplet
passed through the ring, it was lower than for the configura-
tions in Fig. 7. The current in R-1 was higher than that in R
because of an electric field formed between the ring and the
substrate due to the application of the control voltage to the
ring in the former.

In R-R, the ring diameter was smaller than that in R, and
hence, the electric field was stronger; however, the difference
was insignificant. Fig. 8 shows that the largest current was
measured in R-V, which is due to the voltage of 7 kV applied to
the ring. Thus, applying a high voltage to the nozzle and ring to
achieve the cone jet spray mode generates a higher current than
the configurations, even though the ring acts as a ground and
resistor.

Fig. 9 shows the current measured for R-N, R-N-1, R-N-O,
and R-N-O-1. The current values are observed to be higher than
those in Fig. 8 due to the differences in equipment configu-
ration (charging position and presence or absence of the
substrate). As the current was measured between the ring and
the nozzle, higher values were recorded relative to Fig. 7 due to
the 20 mm shorter measurement distance. The variation in
current with spray mode was similar to that observed in Fig. 7
and 8, ie., the current remained constant with increasing
voltage in the cone jet mode, and the noise was minimal.

In R-N and R-N-O, where the nozzle was charged, the current
increased at a significantly higher rate with the applied voltage
than in R-N-1 and R-N-O-1, where the ring was charged. More-
over, in R-N-O and R-N-O-1, where the substrate was absent, the
current increase rate after the cone jet mode was larger. Since
the currents in S and R-N are nearly 50 times larger in the cone
jet mode compared with the corresponding values in Fig. 8,
these configurations would be useful for the production of
semiconductors and other electronic materials, which require
large currents. However, R could be useful in applications
requiring small currents.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Variation in currents with applied voltage for R-N, R-N-1, R-N-O,
and R-N-O-1.

3.4 Coating area - SMD

Fig. 10 shows the SMD data according to coating area to
confirm the correlation between coating area and droplet size.
The droplet size was compared according to the coating area of
the 12 conditions used in the experiment, and it was confirmed
that the SMD increased linearly with the increase of the coating
area. In addition, the SMD according to the equipment struc-
ture was R-O, and R-N-O (no substrate) had large SMDs, as did
S-2 (uncharged substrate). This suggests that an uncharged
substrate, which experiences no attraction force, results in a
large SMD and thus a large coating area. Additionally, R-V and
R-R yielded a small coating area and small SMD due to the
strong electric field created by the applied voltage and the
smaller ring, respectively; this is consistent with the results in
Fig. 6.

Fig. 11 presents a graph of the high-intensity coating area as
a function of SMD. Similar to the trend in Fig. 10, the high-
intensity coating area increased with the SMD. However, the
high-intensity coating area (>80% intensity) exhibited a dif-
ferent trend from the normal coating area (<80% intensity).
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Fig. 10 Coating area as a function of SMD with different configurations.
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S-1 and R-1 provided smaller high-intensity areas compared
with S and R, respectively. In S-1, where a high voltage was
applied to the substrate, the electric field was formed between
the narrow nozzle and the large substrate, which resulted in a
narrow high-intensity area with dense spraying in the centre. In
R-1, where a control voltage was applied to the ring, the electric
field generated by the ring caused a small area to be densely
sprayed in the centre as well. R-V and R-R also produced narrow
high-intensity regions. In R-V, the strong electric field formed
between the nozzle and the ring accelerated the droplets in the
downward (spray) direction; moreover, as in R-1, the strong
electric field generated by the ring sprayed the droplets in a
localised area. In R-R, the ring had a smaller diameter than that
in R and thus created a stronger electric field in the spray
direction; this resulted in a denser spray in the centre. For the
configurations where the ground was uncharged (S-2) or absent
(R-O and R-N-O), no attractive force acted on the ground;
therefore, the spray was distributed uniformly over a large
coating area.

The coating area depends on the intensity and direction of
the electric field. A highly concentrated coating can be obtained
by charging the ring electrode with a control voltage or redu-
cing the ring diameter. By contrast, if the substrate is absent or
uncharged, a uniform coating over a large area is possible.

3.5 Spray velocity

Fig. 12 presents a graph showing the Z-axis velocity as a function
of SMD for the 12 equipment configurations. The measurements
were recorded along the X-axis; the Y-axis was aligned with the
centre of the nozzle, and the Z-axis was at an NTS of 40 mm. The
experiment was conducted with the applied voltages listed in
Table 5, where a stable cone jet was formed. The velocity was
higher with R-V and R-R than in the other configurations,
whereas the lowest velocity was recorded with R-N-O-1.

Similar velocities were achieved with the other configurations
within the error bars. The high voltage applied to the ring in R-V
and the small ring diameter in R-R resulted in stronger electric
fields than in the other configurations, which accelerated the
spray towards the bottom. In R-N-O-1, the connected voltage was
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Fig. 11 High-intensity coating area as a function of SMD for different

configurations.
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Fig. 12 Z-axis velocity for different configurations.

not applied, and no substrate was present; hence, the electric
field was relatively weak, which resulted in a lower spray velocity.
In addition, when the ring was charged, the velocity was reduced
because the direction of the electric field between the nozzle and
the ring was opposite to that of the electric field between the ring
and the substrate. The spray velocity is also known to be affected
by the droplet size.>®

Conclusion

In this study, the results of the applied voltage, coating area,
current, SMD, and spray velocity of the atomization mode,
essential fundamental data for electrospraying processes, were
compared and analyzed for 12 different system configurations
with different parameters. Depending on the installation con-
ditions, the configuration parameters with the greatest impact
on the results were identified, which can be useful in determin-
ing the optimal system structure for a specific industrial
application. The main observations were as follows:

1. The closer the connected voltage or ground is to the
control voltage, the spraying mode is formed by the lower
applied voltage, and the higher the connected voltage, the
spraying mode is formed by the higher applied voltage.

2. When there is no substrate, the coating area is relatively
large, and when the voltage connected to the ring electrode is
applied, the coating area is narrow, and when the ring electrode
parameters are adjusted, the narrowest area is formed.

3. A small current was formed under the condition that the
control voltage, connected voltage, and ground were all con-
nected, and in the case of the cone jet mode, the increase in
current was insignificant even when the applied voltage was
increased, and the noise was small.

4. SMD was found to increase with a linear increase in
coating area, and were found to be small under conditions
where the ring parameters were controlled and large under no
ground conditions.

6798 | Soft Matter, 2024, 20, 6791-6799

View Article Online

Soft Matter

5. The spray velocity shows less variation between experi-
mental conditions and is dominated by the electric field
strength.
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