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ABSTRACT: Electrospraying uses a high-voltage potential difference to create fine
droplets. This study conducts a comparative analysis of the spray pattern and droplet
properties using ring electrode parameters. The spray pattern and droplet characteristics
are analyzed based on the experimental parameters of the ring electrode. The results
show that the cone-jet mode forms quickly for the ring electrode. In addition, as the ring
diameter decreases, the ring voltage increases and an increase in the distance between the
ring and the nozzle in the bottom direction decreases the Sauter mean diameter and its
standard deviation. The optimal conditions for the formation of fine and uniform
droplets include a ring diameter of 15 mm, a ring voltage of 7 kV, and a nozzle-to-ring
distance of (+) 20 mm.

1. INTRODUCTION
Food drying is a method used to remove moisture normally
contained in food. This is beneficial for storage and
transportation and provides food in a nonperishable state.1−3

Common methods of food drying include hot-air drying,4

freeze-drying,5 and spray drying.6

Among them, spray drying is widely used to coat food
product activators with heat- and acid-sensitive coating;
however, the product must be spray-dried with the most
optimized material to achieve its desired properties.6 And spray
drying is the most commonly used conventional method for
the production of foods, pharmaceuticals, and compounds
owing to its short drying time and simplicity compared to
other drying methods, offering low energy consumption
compared to conventional methods and enabling scale-up
and simplification.7,8

Hot air, freezing, and power failure, among others, are used
when spray drying is performed to solidify liquid. Rotary disks
and hydraulics are employed for hot air, and a large surface
area is utilized for solvent evaporation by atomizing the liquid
in heated gas.9 This allows for quick drying and is less
expensive. However, spray drying requires high heat,
consuming high energy, and creating a hospitable environment
for microorganisms (e.g., bacteria). In addition, most liquids
are delivered by a pump, which can cause clogging in the case
of highly viscous liquids.9,10 In freezing, frozen droplets are
dried in a lyophilizer by spraying them with a cryogenic liquid
such as liquid nitrogen. The dried droplet size is easier to
control than that in conventional hot-air drying and can
preserve microorganisms that cannot tolerate high temper-

atures. However, it requires high energy, has a long turnaround
time, and is 30−50 times more expensive than hot-air drying.10

The drying of high-molecular-weight materials is critical for
efficient food production.11 Traditional hot-air methods are
limited to viscous materials, whereas freezing requires long
processing times and high costs. Therefore, capacitive spray
drying is considered to address the shortcomings of both
methods.12,13 Capacitive spray dryers can compensate for the
rotary disks’ inability to take advantage of the high viscosity.13

They can micronize many high-molecular-weight solutions and
exhibit high efficiency.14,15 Unlike a dielectric nozzle, the fluid
surface is charged during atomization; hence, uniform droplets
are formed as they do not polymerize and coalesce under the
force of gravity.16 In addition, droplets atomized via capacitive
spray drying have minimal surface exposure of the active
ingredient and rapid dissolution capabilities, which are
favorable for encapsulation and can be stored for long periods,
making them applicable to shelf life-sensitive products, such as
drugs, probiotics, and proteins.17−21 Electrostatic atomization
provides excellent flowability owing to the generation of
uniform droplets.22 It offers simplicity with no postprocessing
systems such as cyclones and bag filters. Lastly, it exhibits
environmental friendliness because no downstream droplet
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processing is necessary.23 The system can be operated at lower
temperatures (80 °C) compared to spray dryers (150−200
°C), reducing energy consumption compared to other
conventional systems.24

In food drying, these electrospraying properties enable rapid
drying at lower temperatures, prevent nutrient destruction,
delay oxidation, and retain color and highly volatile
acetaldehyde.25,26

Various spraying modes have been developed based on
experimental conditions and fluidic properties.27 The most
commonly used spraying mode is the cone-jet mode. Its
conical shape is formed when the electric field (voltage) and
surface tension are parallel to each other. In particular, the
charge coming out of the nozzle tip forms an equal charge
distribution. The cone is formed, provided that sufficient
relaxation time is set.28 In the cone-jet mode, the fluid pattern
blasted from the nozzle tip produces a triangular pyramid
shape. The tip shear tension causes the tip to break into
droplets because of an external disturbance.29 According to
Taylor,28 the theoretical half-angle of the cone is 49.3°,
resulting in a consistent and continuous spray pattern.30

Compared to other electrospraying modes, cone-jet spraying
is more stable, can continuously produce more homogeneous
droplets, and has a higher water concentration. The droplet
characteristic can easily be changed by modifying the external
environment.31 In addition, the cone-jet mode possesses
excellent spray pattern repeatability;32 thus, it is used in a
wide range of applications, including local-area cooling, mass
spectrometry, nanofilm production, nanometal wire produc-
tion, and semiconductor processing.33,34

However, this mode can only be tested under an applied
voltage with a limited scope owing to the complexity of both
experimental and fluidic properties.35 Consequently, expressing
the spraying mode by applying a voltage as a dimensionless
number becomes difficult. The applied voltage must be
evaluated, and its characteristics must be determined depend-
ing on various conditions (experimental parameters).
In the ring electrode system, a ring electrode is attached to

the existing nozzle and substrate while a high voltage is being
applied.36 The ring electrode system can readily change the
spray pattern by altering the external conditions, thereby
adjusting the droplet size, speed, and distribution. This system
is used for local film coatings with high water concentrations
and areas, such as microburners, where fluidic characteristics
and experimental parameters are established. Therefore, the
droplet size, speed, and distribution must be controlled.37,38

Ali39 reported that the applied voltage required for cone-jet
generation increases with the flow rate, contradicting the
results of Liao,40 who concluded that the cone jet is
independent of the flow rate. According to Kim,41 the cone-
jet mode might be delayed depending on the distance between
the nozzle and the substrate. Tang and Kebarle42 confirmed
that the applied voltage in the cone-jet mode is delayed based
on the nozzle diameter. Regarding the droplet size and
distribution, Tang43 showed that the droplet size decreases
with the distance between the nozzle and the substrate. Le44

investigated the droplet size and distribution under various
spraying modes and flow conditions. In the case of the ring
electrode system, Kuwahata38 evaluated the electric field
generated based on the ring electrode, whereas Gan45 verified
that a high speed can be observed in the presence of a ring
electrode. The ring electrode enhanced the droplet distribution
compared to that achieved without droplet dispersion.

The aforementioned experiments and analyses have over-
looked the effects of the location, structure, and applied voltage
of the ring electrode. Information about the applied voltage
and spray properties related to the presence and absence of
ring electrodes is lacking. Therefore, spray characteristics must
be evaluated based on the ring electrode position, and the ring
electrode installation must be optimized. However, the ring
location must affect the nozzle and substrate to ensure that the
spray pattern differs from that of the existing system. Thus,
electrospray patterns in spray systems acting under various
experimental conditions must be investigated.46

In comparison with the existing system, the ring electrode
system may particularly overcome the low flow rate of
electrospraying by increasing the water concentration. This
change may render the ring electrode system applicable to the
film-coating process. Most of the previous studies that involved
fixed ring locations have been restricted to comparative
experiments concerning the presence or absence of ring
electrodes.

In this study, we compared and analyzed ring electrode
locations and droplet characteristics based on the ring position
and the electrospray pattern and droplet size characteristics
based on the presence or absence of a ring electrode.

2. METHODS
2.1. Materials. Ethyl alcohol (94%, Ducksan), which is an

organic and polar solvent commonly used in mixed solutions,
was used to determine the spraying mode and droplet
characteristics based on ring electrode parameters. It has a
lower surface tension and electrical conductivity than pure
water; hence, a stable cone-jet mode is obtained at a low
applied voltage. Table 1 presents information about ethyl
alcohol consumption.

2.2. Experimental Setup. Figure 1 depicts the electro-
spraying setup used in this study. The fluid and voltage
supplies and the measuring and control units constitute the
experimental device diagram. The NE-1000-model syringe
pump with a volume of 1 cc (HSW Norm-Ject) and a radial
metal nozzle (single metal nozzle, NNC-MN 17GA, ID:1.0
mm) was used for the fluid supply unit. For the ring, aluminum
was treated and directly utilized. Moreover, a ring holder was
produced to change the height and apply the respective
voltage. The substrate was produced in a cylindrical shape
using aluminum (D, 45 mm; H, 10 mm). The top surface was
flattened using a milling machine.41 The cover was made of
acrylic and had a ring and double cover to minimize changes in
the internal environment. The board height was modified by
attaching a support jack. The ring height was adjusted by
placing a support within the cover.41

A variable high-voltage power supply (Korea Switching,
B150; 30 kV, 15 mA) was used as the voltage supply of the
nozzle and the ring. The cathode was connected to the nozzle
and ring, whereas the anode was connected to the substrate.
The power supply minimized hysteresis by varying the voltage
using an internal controller. A high-speed camera (Phantom

Table 1. Solution Agitation Data

solution
density
(kg/m3)

conductivity
(μs/cm)

viscosity
(mPa·s)

surface tension
(mN/m)

ethyl
alcohol

789 0.219 1.1 22.32
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VEO E310L, maximum resolution: 512 × 512, sample rate:
11,500 fps) was used for spray images. Spray flow images were
obtained using an appropriate source (i.e., a halogen lamp and
light-emitting diode (LED)). In all experimental conditions,
more than 250 images were used. Visualization was conducted
once the spray pattern achieved a steady state.47

For lighting, three rear LED lights and two front halogen
lights were used to obtain the images. Discerning the subject
when shooting an object in the backlight was generally easy.
The spray pattern contour can be highlighted using the front
oblique light, resulting in an outstanding shape. Five lights
were used to assess the spray pattern.47

The high-speed camera was set to ≥150 value frames. Its
shutter speed was set to 1/11,000 s because the light frequency
was 60 Hz. The aperture setting value was tightened to F9 to
guarantee the field depth. Malvern MLXA-A12-635-5, which
exploits the laser diffraction principle, was used to determine
the Sauter mean diameter (SMD) and the distribution of
droplets sprayed from the nozzle.48

2.3. Experimental Conditions. Figure 2 shows a
schematic representation of the distance between the nozzle
and the ring, expressed as the nozzle-to-ring (NTR) distance,
whereas that between the nozzle and the substrate is expressed
as the nozzle-to-substrate (NTS) distance. The ring was
installed to assess the electric field effect, depending on its
position. For the NTR distance, NTR (−) and (0) represent
the NTR distance based on the bottom of the ring, whereas
NTR (+) represents the NTR distance based on the top of the
ring. The ring was made of aluminum to minimize the
electrical resistance.
Table 2 presents the experimental conditions. The ring

diameter (RD) was set to 15, 20, 30, and 40 mm. The NTR
distances were set to −20, −10, 0, 5, 10, and 20 mm. The
experiment was performed by using a flow rate of 1.5 mL/h.
The applied ring voltage (RV) was gradually increased from 0
to 7 kV to check the hysteresis. The experiments were

conducted at the nozzle-applied voltage, at which a stable
cone-jet mode is formed. Double covers were fitted to reduce
the influence of the external environment and eliminate the
physical changes. In addition, the temperature and relative
humidity were monitored. The experiments were performed at
an ambient temperature of 25 °C and a relative humidity of 40
± 10%.41

3. RESULTS AND DISCUSSION
3.1. Spray Image of the Experiment. Figure 3 shows the

spray image obtained at a flow rate of 1.5 mL/h, an NTS
distance of 45 mm, an NTR (+) of 10 mm, and an RV of 0 kV.
The cone length reduced as the applied voltage increased,

Figure 1. Experimental setup of the electrospraying technique (with a ring electrode).

Figure 2. Nozzle-to-ring location.

Table 2. Experimental Conditions for the Ring Electrode

condition value

ring diameter (mm) 15, 20, 30, and 40
nozzle-to-ring distance (NTR, mm) −20, −10, 0, 5, 10, and 20
ring voltage (kV) 0−7
ambient temperature (°C) 25
relative humidity (%) 40 ± 10

Figure 3. Spray image of the cone jet based on voltage.
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indicating a stable spraying mode. Several cones were
generated when the applied voltage increased to 5.45 kV or
higher. A further increase in the applied voltage resulted in the
disappearance of the cones and the formation of multiple lines
of jets. The cone range was divided into cone start, stable cone,
and cone end subranges. A cone was generated in the cone
start portion, but it was unstable and did not display a
continuous spray pattern compared with the stable cone range
while spraying. In certain cases, the cone does not develop as a
jet but instead instantly separates. A theoretical semiangle of
49.3° claimed by Taylor28 was confirmed by the cone-stable
range. Similar to the study of Panahi,49 the thickness of the
cone and the jet gradually decreased to form a stable spray
pattern when the voltage applied to the nozzle increased.

3.2. Applied Voltage According to Ring Parameters.
Figure 4 demonstrates a graph of the distance and voltage used

to determine the ground role of the board. The NTS distance
in the absence of a ring is expressed in millimeters. The NTR
distance is also expressed in millimeters in the case of NTR (+)
and NTR (−). For NTR (+) and (−), experiments were
conducted at a flow rate of 1.5 mL/h, an RD of 20 mm, and an
NTS distance of 45 mm. The applied cone voltage increased as
the distance between the substrate and the ring increased. In
the case of NTR (+), the applied voltage increased similar to
the case when no ring was used. For NTR (−), a difference
was noted from 20 mm, caused by the insignificant effect of the
electric field at NTR (−) 20 mm (or more) owing to the
length of the single metal nozzle (20 mm). The ring electrode
functioned as a substrate because comparable patterns were
observed in all three circumstances. The difference between
the cases with and without the ring was caused by structural
geometry and differences in the materials and systems between
the substrate and the ring.
Figure 5 presents the cone range data versus the NTR

distance. The experiments were conducted at a flow rate of 1.5
mL/h, an NTS distance of 45 mm, an RD of 20 mm, and an
RV of 0 kV. For NTR (0), the applied voltage increased as the
distance between the NTR distance increased. This was similar
to the result for the ring shown in Figure 4, which acted as a
ground. The applied voltages for the NTR (−) of 20 mm and
the no-ring case were similar in terms of the starting point and
range because the single metal nozzle length was 20 mm and
the strength of the electric field acting on the needle was weak.

Figure 6 shows the graph of RD as a function of RV and
cone-jet mode voltage. The experiments were conducted at a

flow rate of 1.5 mL/h, an NTS distance of 45 mm, an NTR
distance of 10 mm, and a voltage range of 0−7 kV. The applied
voltage of the nozzle was increased under the condition that a
stable and continuous cone-jet mode was formed. The applied
nozzle voltage for the cone-jet mode formation increased with
the RD below 3 kV, and the applied voltage decreased with the
increase in the RD above 3 kV. This is because the ring acts as
a resistance to the applied nozzle voltage when forming the
cone-jet mode, and the smaller the RD, the shorter the
distance, resulting in a relatively stronger electric field. Thus,
for conditions above 3 kV, a smaller RD results in a higher
voltage being applied to the nozzle. In addition, we found that
RD differences were insignificant for RDs larger than 30 mm.
This confirms the lack of an effect of the electric field on the
formation of conjugate modes for RDs larger than 30 mm.

Figure 7 depicts the correlation between the ring and nozzle
voltages as the NTR distance changed. The experiments were
performed at a flow rate of 1.5 mL/h, an RD of 20 mm, and an
NTS of 45 mm. The applied voltage of the nozzle was
increased under the condition that a stable and continuous
cone-jet mode was formed. The nozzle voltage for the cone
started to increase as the RV increased. The electric field
intensity was minimized at NTR (−) 20 mm. At ≤2 kV, which
was a low RV range, the electric field effect in the ring was
insignificant, and a trend similar to 0 kV was confirmed. As the

Figure 4. Relation of the applied voltage with the nozzle-to-ring
(NTR) and nozzle-to-substrate (NTS) distances.

Figure 5. Range of the applied nozzle voltage according to the NTR
distance.

Figure 6. Range of the applied nozzle voltage against ring diameter.
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NTR distance increases, the applied nozzle voltage that must
be applied to form the cone-jet mode increases. In the region
where the electric field of the ring is rather strong (>4 kV), the
closer the ring is to the nozzle, the higher the applied voltage
that must be applied to the nozzle to form a cone jet. In
addition, the difference in applied voltage according to the
NTR distance is relatively small at 3−5 kV, where the reversal
phenomenon occurs.

3.3. SMD and Its Standard Deviation. Figure 8
demonstrates the SMD and SMD standard deviation versus

the NTR distance. The experiments were performed at a flow
rate of 1.5 mL/h, an RD of 20 mm, an NTS of 45 mm, and
RVs of 0, 3, and 7 kV. The applied voltage of the nozzle was
increased under the condition that a stable and continuous
cone-jet mode was formed. The y-axis on the left is the SMD,
and the y-axis on the right is the SMD standard deviation. To
make it easier to distinguish, the SMD standard deviation has
been contrasted. Similar to the earlier work of Gan,45

compared to the case without a ring, the droplet size was
smaller when a ring was present. The SMD also decreased as
the NTR distance increased. When sprayed by the ring
electrode for NTR (−), some droplets traveling in the ring
direction did not form jets at the cone. They were instead
promptly separated. When the NTR was (+), a repulsive force

was generated by the electric force acting on the ring during
spraying, which accelerated the droplets toward the bottom of
the spray, thereby forming a smaller droplet size. We found
that the droplet size decreases as the NTR distance increases
from − to (+). For the SMD standard deviation, we found that
the SMD standard deviation increases as the NTR decreases
from NTR (−) to NTR 0. As the NTR increases from NTR
(0) to NTR (+), the standard deviation of the SMD decreases
when the applied voltage is high and increases when the
applied voltage is low. In NTR (−) conditions, liquid droplets
were not produced as a jet in the cone, resulting in direct
splitting in the cone. For NTR (−), some droplets stick to the
ring, and as the distance from the substrate increases, the
electric field acting at the bottom of the spray weakens,
resulting in a wider distribution of droplets. The standard
deviation of NTR (+) was reduced, similar to that in the study
of Jiang,38 which was caused by the electric field effect of the
charged ring. The standard deviation also decreased with the
increasing applied voltage when the NTR increased to (+). In
the NTR (+) region, when the applied voltage of the ring is
low (<3 kV), the SMD standard deviation increases because a
relatively small electric field acts in the direction of the bottom
of the spray as the distance from the nozzle increases, and
when the applied voltage is higher than 3 kV, the standard
deviation of the SMD decreases as the NTR distance increases
because a strong electric field is formed in the direction of the
bottom of the spray between the nozzle and the ring.

Figure 9 depicts a graphical representation of the SMD and
its standard deviation concerning the NTR distance and RV

variations. The y-axis on the left is the SMD, and the y-axis on
the right is the SMD standard deviation. To make it easier to
distinguish, the SMD standard deviation has been contrasted.
The experiments were conducted at a flow rate of 1.5 mL/h, an
NTS of 45 mm, and an NTR (+) of 20 mm. The applied
voltage of the nozzle was increased under the condition that a
stable and continuous cone-jet mode was formed. The average
droplet size increased when the RD increased. For RVs of 0 kV
and RDs of 30 mm or more, the SMD variation was found to
be insignificant. At 0 kV and an RD of 30 mm or above, the
electric field effect of the ring was insignificant. For an RV of 0
kV, a small amount of voltage was applied to the ring by the
applied nozzle voltage, but no effect was found on the electric
field formation. In addition, for RDs over 30 mm, similar to

Figure 7. Range of the applied nozzle voltage according to the NTR
distance and RV.

Figure 8. Sauter mean diameter (SMD) and its standard deviation
plotted against the NTR distance. Figure 9. SMD and its standard deviation vs ring diameter.
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that shown in Figure 6, the electric field was weakly formed
owing to the large distance but did not influence the droplet
size. In addition, the SMD standard deviation showed a trend
similar to that of the SMD; the smaller the RD, the lower the
standard deviation of the SMD. The standard deviation
decreased as the applied voltage increased. The smaller the
RD, the lower the standard deviation of the SMD. The
standard deviation decreased as the applied voltage increased.
When the applied voltage of the ring is strongly formed, the
atomization acceleration increases. It is believed that the
droplet size is small and is uniformly formed because
polymerization is not prevented by the repulsive force of
charged ions on the surface of the fluid. In addition, when the
applied voltage of the ring is high, the relatively strong electric
field generated accelerates the droplets to the bottom of the
atomization, resulting in a smaller and more uniform droplet
size.
Figure 10 depicts the SMD standard deviation of the applied

voltage concerning the NTR position at a flow rate of 1.5 mL/

h, an RD of 20 mm, and an NTS distance of 45 mm. The
applied voltage of the nozzle was increased under the condition
that a stable and continuous cone-jet mode was formed. This
shows the overall data of the effect of RV in Figure 8, which is
a graph to check the change in the SMD standard deviation of
the RV condition at the NTR position. Similar to that in Figure
8, the standard deviation of the SMD decreased as the applied
voltage increased. In the case of NTR (+) = 20 mm, droplet
polymerization and bonding did not occur owing to the
installed ring at the bottom of the spray. This resulted in the
smallest SMD standard deviation. Splitting was accelerated in
the spray bottom direction. By contrast, at an NTR distance of
0 mm and (−) 20 mm, the standard deviation of the SMD was
relatively larger because the electric field was formed upward
owing to the installation on the top. For NTR (+), the
standard deviation of the SMD decreased as the applied
voltage increased for large NTR values. The smallest SMD
standard deviation was formed at an NTR distance of 20 mm
and an RV of 3 kV and above. This means that when the
applied voltage of the ring increases, the applied voltage of the
nozzle also increases, and the relatively strong electric field

formed in the nozzle accelerates the atomization rapidly and
produces uniform and fine droplets, and the ring at the bottom
of the nozzle also accelerates in the downward direction of the
atomization owing to a strong electric field, resulting in the
smallest SMD standard deviation. The larger the NTR (+), the
smaller the SMD standard deviation according to the applied
voltage of the ring.

Figure 11 shows the droplet size and the frequency data for
NTR (−) 20 mm, 0 mm, and (+) 20 mm. The experiments

were conducted at a flow rate of 1.5 mL/h, an NTS distance of
45 mm, and an RV of 7 kV. The applied voltage of the nozzle
was increased under the condition that a stable and continuous
cone-jet mode was formed. An NTR of (+) 20 mm showed the
smallest SMD standard deviation. The NTR 0 mm showed the
largest SMD standard deviation. NTR (20 mm) had an average
droplet size of approximately 35% at 129 μm. In the NTR (+)
20 mm, the average droplet size was about 35% at 129 μm. We
also found that droplets formed from 15.8 to 107.1 μm, with
the highest frequency at 88.9 μm at 55.5%. This means that
NTR (+) 20 mm had the narrowest droplet size range and the
highest frequency of droplets formed compared with the other
NTR conditions. The generation of fine droplets was smaller
than that of other NTRs owing to the ring location at the
bottom of atomization. This was attributed to the effect of the
droplet acceleration by the ring located at the bottom of the
atomization and the lack of droplet polymerization by the ions
on the droplet surface after atomization from the nozzle owing
to the electric field acting on the ring.

Figure 12 shows the droplet size and frequency data at
applied voltages of 0, 3, and 7 kV. The experimental condition
was conducted at NTR (+) 20 mm because of the smaller
standard deviations. The closer the distance between the ring
and the nozzle, the greater the effect on the electric field. The
range of droplet size varies depending on the applied voltage,
with a minimum of 13.0 and a maximum of 230.7 μm formed
at an RV of 0 kV and a minimum of 15.8 and a maximum of
107.1 μm formed at an RV of 7 kV. It was confirmed that a
relatively narrow droplet size range was formed with the
increase in the applied voltage, and the frequency of droplets of
the same size also increased with the increase in the applied

Figure 10. Standard deviation of the SMD against RV.

Figure 11. Droplet size and distribution according to the NTR
distance.
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voltage. When the applied voltage increased, the strength of
the electric field acting in the substrate direction, acceleration
at the bottom of the atomization, and strength of the electric
field in the ring all increased; hence, the droplet polymerization
was significantly lower than those obtained at lower applied
voltages.
Table 3 shows the SMD, its standard deviation, and relative

standard deviation (RSD) data according to the experimental
conditions. The RSD data can be used to identify the
relationships among droplets, standard deviation, and reli-
ability. Moreover, they are used in the field of biodiesel
combustion and mass spectrometry. According to Jiang37 and
Ren,50 it is used in the range of RSD < 15%. In this range,
droplets form a monodisperse distribution with uniform
formation. We found that the lower the RV, the larger the
SMD and its standard deviation, whereas the higher the RV,
the smaller the RSD. In contrast, the larger the RD, the larger
the SMD and its standard deviation, and the larger the RSD. In
the case of the NTR distance, unlike the previous two
conditions, the SMD and its standard deviation were similar to
the previous two conditions, but the RSD was the smallest at
10 mm. In this experiment, the conditions with the smallest
SMD, standard deviation of the SMD, and RSD are an RD of
15 mm, an RV of 7 kV, and an NTR (+) of 20 mm. When
installing the ring electrode, it was found that the smaller the
RD, the greater the NTR (+) and the greater the distance, and
the greater the applied voltage of the ring, the finer and more
uniform the droplets produced.

Figure 13 shows a graph of NTR variations (Table 3) as a
function of the experimental conditions. The RSD increases

with NTR from −20 to 0 mm and is smaller in the NTR (+)
range than in the NTR (−) range. In addition, the RSD is
maximum at 0 regardless of the ring applied voltage. To
produce uniform droplets, an NTR distance of 0 mm must be
avoided. The smallest RSD was found at an NTR (+) of 10
mm and an RV of 7 kV: it increases with NTR (+) at an RV of
0 kV and decreases at RVs of 3 kV and 5 kV. Since all
experimental conditions were conducted in the stable cone-jet
mode, all conditions formed RSD < 15%.

4. CONCLUSIONS

1. In electrospray, it was confirmed that the electric field
strength of the ring electrode is affected by the
installation position and applied voltage. In particular,
the inversion phenomenon appears at the ring applied
voltage above 3 kv, and the smaller the NTR distance,
the higher the applied voltage is required at the nozzle
for cone-jet formation.

2. NTR position variation and ring diameter affect droplet
size and SMD standard deviation, and we found that
droplet size increases as the NTR moves from (+) to
(−) and increases with increasing ring diameter. For
SMD standard deviation, varies differently with respect
to ring position 0, and the SMD standard deviation
decreases with a smaller ring diameter.

Figure 12. Variations in droplet size and distribution according to RV.

Table 3. SMD, SMD Standard Deviation, and Relative Standard Deviation (RSD) Based on Experimental Conditions

ring voltage (RV)
(NTR 20, RD 20)

ring diameter (RD)
(NTR 20, RV 7)

nozzle-to-ring (NTR) distance
(RD 20, RV 7)

SMD (μm) 76.0−114.0 60.0−97.5 76−122.7
standard deviation (μm) 3.1−5.4 1.9−4.2 3.1−5.9
RSD (%) 4.1−5.3 3.1−4.3 3.9−6.1
highest SMD condition (μm) 0 kV (114.0 μm) 40 mm (97.5 μm) −20 mm (122.7 μm)
lowest standard deviation condition
(μm)

7 kV (3.1 μm) 15 mm (1.9 μm) 20 mm (3.1 μm)

lowest RSD condition(%) 7 kV (4.1%) 15 mm (3.1%) 10 mm (3.9%)

RSD = SMD standard deviation (μm)/Sauter mean diameter (SMD, μm) × 100(%).

Figure 13. RSD data as a function of the NTR distance and RV.
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3. Checked the RSD, which is a criterion for mono-
dispersion, through the experimental parameters, and
found that the conditions with the smallest RSD in this
experiment were an RD of 15 mm, an RV of 7 kV, and
an NTR (+) of 20 mm.
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