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ABSTRACT

This study achieves stable multi-jet formation in annular slit-type electrospray emitters, focusing on the effects of viscosity and electric poten-
tial. Using water—glycerin mixtures, the transition from Taylor cone formation to multi-jet generation is analyzed. Higher viscosity is found
to enhance the jet stability, enabling up to a maximum of seven stable jets at optimal conditions. Key parameters are identified as the capillary
number (Ca) and Reynolds number (Re), and insights into the interplay between surface tension and viscosity are reported. The annular slit
design demonstrates superior scalability and efficiency compared to the capillary emitter. Higher flow rates allow stable multi-jet formation
at lower voltages, while voltages above 18.5kV trigger instability. The reported findings provide design guidelines for optimizing electrospray
systems by balancing jet stability and pulsation frequency. Sustained multi-jet formation at lower voltages improves efficiency by reducing
power consumption, a critical factor for nanosatellite propulsion. High pulsation frequencies enhance thrust stability, making annular slit-

type emitters viable for low Earth orbit operations in microgravity environments.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0269240

NOMENCLATURE

Ca  Capillary number
L Characteristic length (m)
I Circumference of inner diameter or slit (m)
qr  Rayleigh charge (C)
qv  Vonnegut charge (C)
Re  Reynolds number
s Cross-sectional area of the emitters’ outlet (m?)
u  Flow velocity (m/s)
Ap  Pressure gradient between the conductive liquid and the air
¢  Dielectric constant
&  Vacuum permittivity
n  Viscosity (mPa s)
v Droplet volume (m?)
p  Density (kg/m)
o Surface tension (N/m)
0p  Diameter of spherical drop (m)
¢ Electric potential (V)

I. INTRODUCTION

Electrospray technology has emerged as a critical tool in various
scientific and industrial applications, ranging from satellite propul-
sion' " to microfabrication'*'” and biomedical systems.'®"” This

method involves the use of electric fields to ionize or disperse liquids
into fine sprays of molecular ions or charged droplets, enabling precise
control over thrust and mass flow.'” In the domain of spacecraft pro-
pulsion, electrospray thrusters are particularly attractive for their abil-
ity to deliver high efficiency and precision, essential for micro- and
nanosatellite operations.w However, the advancement of this technol-
ogy hinges on the development of innovative emitter designs that bal-
ance structural simplicity, operational stability, and scalability.

Among conventional emitter designs, capillary-type configura-
tions have been widely utilized due to their simplicity and effectiveness
in producing single jets.” Despite their reliability, capillary emitters are
limited in scalability and thrust density, as they rely on single-point
emission. To overcome these limitations, a crown-type emitter config-
uration was introduced, leveraging multiple discrete emitters arranged
radially to achieve multi-jet formation.”” While this configuration
increases thrust capabilities, it introduces new challenges such as fabri-
cation complexity, high production costs, and difficulties in maintain-
ing uniform jet stability across all emitters.

Electrostatic propulsion systems can also be classified based on
propellant type and emission mechanism. Field emission electric pro-
pulsion (FEEP) thrusters, for example, use low-vapor-pressure liquid
metals such as indium, gallium, or cesium, and emit ions directly from
sharp emitter tips through field emission under high voltages.” These
systems typically produce sub-millinewton levels of thrust and achieve
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specific impulses in the range of 4000-6000 s, making them well suited
for fine attitude and orbit control applications.”*” FEEP emitters are
typically categorized into needle-type, capillary-type, and slit-type.””
Multi-emitter configurations—like crown-type arrays or slit-based
geometries—have been developed to achieve higher thrust densities by
enabling multiple simultaneous emission sites. Commercial devices
such as Enpulsion’s IFM-Nano series employ crown-type emitters,”””*
though they require intricate fabrication techniques including photoli-
thography and electrochemical etching.”

Slit-type emitters, in contrast, offer an efficient path to dense jet
generation along a continuous edge and high thrust-to-power ratios.
However, their use has been limited by challenges such as beam diver-
gence and thermal instability—particularly when using metal propel-
lants, which may vaporize under excessive slit heating.”” One
promising strategy is to reconfigure the emitter geometry into an annu-
lar slit. This circular design increases the effective perimeter within a
compact area, enabling more uniform jet formation and potentially
mitigating end-effect divergence. Although such annular slit configura-
tions were conceptually proposed decades ago,”’ they have not been
systematically investigated or validated through experiments.

To address this gap, our prior work introduced a novel annular
slit-type emitter, aiming to integrate the benefits of multi-jet capability
with a simplified structure.'” Unlike crown-type emitters, which
require multiple discrete capillary emitters,”® the annular slit design
enables continuous jet formation along the periphery of the slit.'>*’
Recent experimental results demonstrated that this design could pro-
duce up to seven stable jets using water and glycerin as working fluids
under the atmospheric condition.'” These results revealed key chal-
lenges, including jet instability at higher voltages and sensitivity to
operational parameters such as fluid viscosity and flow rate, highlight-
ing the need for thorough and comprehensive parametric studies that
lead to the practical operation of an electrospray thruster. Then, the
findings highlighted the need for further optimization and a deeper
understanding of the underlying mechanisms governing multi-jet for-
mation and stability.

The present study advances the investigation of annular slit-type
emitters by addressing critical challenges. Specifically, this research
focuses on exploring the effects of water-glycerin mixtures with vary-
ing viscosities and electrical properties to better understand the factors
influencing jet stability and efficiency. The study introduces a new
experimental setup that allows for precise control and monitoring of
electrospray phenomena under a broader range of operating condi-
tions, including higher voltages and flow rates. High-speed imaging
and advanced analysis techniques are utilized to capture the dynamics
of jet formation, shedding light on the transitions between different
electrospray modes. To establish a framework for optimizing the annu-
lar slit-type emitter’s performance, the relationship between opera-
tional parameters and the spatial distribution of jets is analyzed by
identifying conditions that minimize interference and maximize uni-
formity. Unlike the prior studies that primarily focused on demon-
strating the feasibility of the annular slit design,'” this work delves into
the mechanism of multi-jet interactions, investigating how electric field
distributions and fluid properties contribute to stability and perfor-
mance. Additionally, this study aims to quantify the tradeoffs between
thrust efficiency and system complexity. The annular slit-type emitter
offers potential advantages in terms of manufacturing and operational
simplicity compared to crown-type emitters, which require intricate

ARTICLE pubs.aip.org/aip/pof

assembly processes. The investigation also incorporates a comparative
analysis of capillary and annular slit-type emitters, emphasizing their
respective strengths and limitations. This comparison is critical for
identifying the contexts in which annular slit-type emitters provide
clear advantages, such as applications requiring higher thrust densities
or improved scalability.

The relevance of this study to nanosatellite propulsion is particu-
larly significant. The ability of annular slit-type emitters to generate
multiple stable jets at lower voltages directly contributes to electrospray
thruster efficiency by reducing power consumption—a critical factor
in nanosatellite systems with limited power budgets. Additionally, the
high-frequency pulsating jet behavior observed in certain regimes
enhances thrust stability, enabling precise attitude control and maneu-
verability in space. In the multi-jet regime, however, the jets exhibited
highly stable and steady emission with no measurable pulsation fre-
quency. While this prevented direct frequency analysis, the absence of
pulsation suggests excellent temporal thrust uniformity, which is favor-
able for precise spacecraft control. This stability may also help avoid
interference with control bandwidths, supporting fine maneuvering
capabilities. This multi-jet capability also opens new avenues for appli-
cations such as precision manufacturing, inkjet printing, and precise
drug delivery systems.

Il. THEORY ON THE TAYLOR CONE FORMATION AND
MULTI-JET FORMATION

The formation of Taylor cones and subsequent multi-jet emission
in electrospray systems is driven by the interaction of electrostatic
forces, surface tension, and viscosity. These parameters collectively
influence the stability and dynamics of cone-jet transitions, which are
essential for multi-jet formation.

A. Taylor cone formation

A Taylor cone forms when the electric stress at the liquid-air
interface surpasses the restoring forces of surface tension. This balance
is described by

IV = (V) = Ap, M

where 7 is the surface in the direction of the air, V - n is the curvature,
¢ is the electric potential which is the emitter voltage, and Ap is the
pressure gradient between the conductive liquid and the air.”' The crit-
ical charge required for instability leading to cone formation is given
by the Rayleigh and Vonnegut charge equations,

qr = n(Zm@Z)%, )
%V - 6<280’®53)%. 3)

Here, gr is the Rayleigh charge, qv /v is the Vonnegut charge divided
by droplet volume, ¢ is the dielectric constant, ¢ is the surface tension
of the liquid, and (), is the diameter of the spherical drop.” These
charges mark the threshold at which the liquid interface destabilizes to
form jets.

B. Influences of surface tension and viscosity

The interplay between surface tension and viscosity plays a
critical role in determining jet stability and multi-jet formation.
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This relationship is captured by the dimensionless numbers such as
Capillary number (Ca) and Reynolds number (Re),

Ca=—, (4)
o

Re = 24L 5)
n
4Xs

L:T’ (6)

where ¢ is surface tension, # is viscosity, p is fluid density, u is flow
velocity, L is a characteristic length, s is cross-sectional area of the emit-
ters” outlet, and [ is circumference of inner diameter or slit.”’ When Ca
is low, surface tension dominates, leading to fewer, more stable jets.
However, when Ca is high, viscosity becomes significant, enabling
higher stability in multi-jet modes, especially in high-viscosity fluids
like glycerin.

In contrast, the Re represents the balance between inertial and
viscous forces in the fluid. Higher Re values indicate a greater influence
of inertial forces, leading to increased flow instability and jet breakup,
whereas lower Re values suggest a flow dominated by viscosity, which
can help stabilize the jets. In the case of annular slit-type emitters, the
presence of multi-jet is influenced by both Ca and Re, where an opti-
mal range of Re ensures stable jet formation without excessive droplet
detachment or chaotic oscillations. Thus, while Ca determines the like-
lihood of multi-jet formation, Re dictates the stability and transition
dynamics of these jets under varying operating conditions.

C. Multi-jet formation mechanism

The formation of emission sites in slit emitters follows wave-like
instabilities on the liquid surface under an applied electric field.”” The
spacing between jets (1) is determined by the balance between surface
tension (o) and electrostatic forces caused by the electric field (E)),
given by the characteristic instability wavelength,””

2Kno
L= ma (7)
Eo = (20’/801’0)1/2. (8)

Here, K is 1 or 10, and & is the vacuum permittivity. As the volt-
age increases, E, increases, reducing 4 and allowing more emission
sites to form. However, beyond a certain threshold, jet merging and
charge repulsion effects lead to instability, which limits the number of
stable jets.

The annular slit emitter effectively acts like a closed-loop slit
emitter, where jets form at periodically spaced emission sites around
the slit circumference.”” The total number of jets N depends on the
emitter perimeter L and the instability wavelength 4,

A

For a given slit length, the maximum possible number of jets is
determined by the minimum stable emission site spacing (4). As the
voltage increases, 4 decreases, and more jets can form, but only up to a
certain limit before instabilities form. Applying the derived equation
to the glycerin used in this study and the cylindrical slit emitter, the
calculated number of jets was 7.8 when the slit length was 12.56 mm.
The experimental results showed the formation of seven jets,
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demonstrating a strong agreement between the theoretical calculations
and the experimental observations.

Higher viscosity fluids, such as glycerin-water mixtures, exhibit
greater resistance to shear stresses caused by fluctuations in fluid flow
and electric forces, stabilizing the multi-jet configuration. However,
excessive emission sites lead to flow competition, which disturbs uni-
formity and forces weaker jets to collapse. In the current study, the
combination of emitter geometry (annular slit), electrohydrodynamic
jet spacing constraints, electrostatic repulsion between adjacent jets,
and fluid properties (viscosity and surface tension) result in seven jets
for this configuration.

D. Implications for annular slit-type emitters

The annular slit-type emitter demonstrates superior multi-jet per-
formance compared to traditional capillary emitters due to its geome-
try. At an optimal potential (e.g., 18.5kV for glycerin), up to seven
stable jets are formed, distributed symmetrically around the slit.
Beyond this voltage, instability due to excessive electrostatic forces
reduces jet numbers. This interplay between viscosity, surface tension,
and electric field strength underpins the emitter’s ability to achieve
high thrust efficiency with stable multi-jet configurations.

Ill. MATERIALS AND METHODOLOGY
A. Experimental setup

Figure 1 illustrates the experimental setup designed to investigate
electrospray phenomena under atmospheric conditions using various
emitter types. The configuration is modeled after the concept proposed
by Kwon et al.,'” consisting of an emitter and an accelerator mounted
on an acrylic holding plate. The emitter is oriented vertically upward,
while the accelerator is a simple aluminum extractor plate with a circu-
lar aperture positioned horizontally. To evaluate the electrospray pro-
totype, water—glycerin mixtures were used as working fluids in an
open-air environment.

The setup includes a push-fit mechanism to facilitate easy switch-
ing between different emitter configurations. The distance between the
emitter tip and the extractor hole can be adjusted by repositioning the
extractor on the retaining plate using screw-and-tighten arrangements.
The emitter and the extractor are connected to the high-voltage power
supply, with the positive terminal linked to the emitter and the nega-
tive terminal to the extractor. The negative terminal of the extractor
was maintained at ground potential during all experiments to ensure a
stable electric field configuration. A steady low flow rate of the working
fluid is maintained via a non-conductive conduit connecting the emit-
ter body to the fluid input source. A syringe pump, with a capacity
ranging from 1 xm/min to 150 mm/min and an accuracy of *0.5%,
regulates the flow rate, ensuring smooth and pulsation-free delivery of
the working fluid. The pump was calibrated for the different fluid mix-
tures used in this study.

Flow rates of 30 and 55 cc/h were used to ensure stable jet forma-
tion, particularly for high-viscosity mixtures like the 100% mixture
(glycerin). Although these rates are higher than those typically used in
ionic liquid-based electrospray thrusters (1-5cc/h per emitter), they
were chosen to enable clear observation of multi-jet dynamics and
maintain operational stability under atmospheric conditions.

A high-speed camera (PHANTOM V711, featuring a 1280 x 800
CMOS sensor) equipped with a miniature zoom lens (focal length
105mm) and illuminated by an LED light source was employed to
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FIG. 1. Schematic of experimental setup.

capture the transition from Taylor cone formation to steady jet devel-
opment. The camera recorded time-resolved shadow spraying images
at a frame rate of 10 000 frames per second, with a gate time of 1.0 us,
at intervals of 100 us for subsequent analysis. All experiments were
conducted under controlled atmospheric conditions, with a tempera-
ture of 20°C and a pressure of 1 atm. These conditions were selected
to enable controlled evaluation of jet behavior and emitter perfor-
mance, with water—glycerin mixtures serving as a surrogate for ionic
liquids in early-phase testing. An in-house algorithm was used to pro-
cess and analyze the captured images.

B. Emitter configuration

Figure 2 illustrates the dimensional specifications of the two emit-
ter configurations employed in this study. The first configuration is a
capillary emitter, which has a diameter of 2mm and a length of
115mm, representing a conventional design that has been extensively
studied in prior research as shown in Fig. 2(a). To facilitate electrical
connection, a disk-shaped structure with a diameter of 30 mm is inte-
grated into the setup. The second configuration is an innovative annu-
lar slit-type emitter, explored in this study for its novel design and
functionality. As depicted in Fig. 2(b), this emitter has a height of
113 mm, an inner diameter of 4mm, and a slit thickness of 0.5 mm.
Additionally, a central hole with a diameter of 3 mm is incorporated
into the annular slit to enable drainage of liquids flowing toward the
center. Similar to the capillary emitter, a 30-mm-diameter disk is posi-
tioned 30 mm from the bottom edge to assist in establishing an electri-
cal connection.

C. Working fluids

In the current experiment, a variety of water—glycerin mixtures
were used as working fluids for atmospheric testing. The transition
from cone to jet formation, along with the subsequent flow interac-
tions, is strongly affected by the physical properties of these liquids.

In this study, water—glycerin mixtures were selected as surrogate
working fluids for electrospray thruster experiments. This selection is
motivated by their tunable physical properties, particularly viscosity

and surface tension, which are critical to electrospray behavior.
Glycerin’s high viscosity and low vapor pressure enable stable jet for-
mation and suppress evaporation under atmospheric conditions,
whereas water provides lower viscosity and higher surface tension,
allowing broader exploration of electrospray regimes. Furthermore,
the range of electrical conductivities and permittivities of water—glyc-
erin mixtures qualitatively resemble those of ionic liquids used in prac-
tical electrospray propulsion systems. Therefore, they provide an
effective experimental proxy for understanding cone-jet transitions,
pulsation behavior, and jet stability in conditions analogous to those in
space propulsion applications.

In addition to viscosity and surface tension, the electrical proper-
ties of the water-glycerin mixtures—namely, conductivity and relative
permittivity—also vary with composition. As the glycerin concentra-
tion increases, both conductivity and permittivity decrease, which in
turn affects charge relaxation behavior and the electric field distribu-
tion near the emitter. These changes influence the onset of jet forma-
tion and the stability of the cone—jet mode.

Table I presents the electrical and physical properties of the work-
ing fluids under investigation.

IV. RESULTS AND DISCUSSION
A. Capillary-type emitter

1. Hydrodynamic mode

The observed diameters of water—glycerin mixture drops gener-
ated by a capillary-type emitter at various applied voltages are pre-
sented in Fig. 3. Figure 3(a) demonstrates that drop sizes increase with
applied voltage within the dripping mode. In this mode, the gravita-
tional force is dominant over the electromagnetic force, resulting in
the observed behavior. As the applied voltage increases, the stronger
electric force inhibits drop detachment, leading to larger drop sizes.
For instance, as shown in Fig. 3(b), the diameter of the drop from the
15% mixture is 4.0 mm at an applied voltage of 4kV, increasing to
4.8 mm as the voltage rises to 10kV. Additionally, at the same applied
voltage, the drop sizes for the 15% and 30% mixtures are larger than
those of the 0% mixture. However, when comparing the two mixtures,
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the drop size of the 15% mixture is greater than that of the 30% mix-
ture, as illustrated in Fig. 3(b). This indicates that as viscosity increases,
drop size also increases; however, beyond a certain point, excessive vis-
cosity results in smaller drop sizes in the dripping mode.

2. Cone-jet mode

A pulsating jet, marked by an alternating transition between cone
and jet, was observed in a capillary-type emitter with 0%-60% mix-
tures as the electric potential increased. At higher voltages (10-11kV),
this mode shifted to a whipping emission, with jets alternately forming
on either side of the emitter, as shown in Fig. 4(a). When the voltage
exceeded 13kV, the rapid alternation created the appearance of two
continuous jet streams. For the 60% mixture, a thin and elongated jet
formed along with the cone, and a whipping jet was observed at the
end of the jet, as illustrated in Fig. 5. This whipping jet subsequently
detached from the cone and transitioned into discrete droplets,
highlighting the complex dynamics of jet formation and detachment at
higher viscosities and electric potentials.

TABLE I. Physical properties of the water—glycerin mixtures.”**
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(b) FIG. 2. Schematic of different emitter con-

figurations: (a) capillary-type, (b) annular
slit-type (this work), and (c) crown needle-

type.

3. Effect of viscosity on droplet size

Figure 6 depicts the droplet diameters resulting from jets detach-
ing from the emitter meniscus. As the applied voltage increases, the
droplet diameter decreases due to the heightened electric charge, which
accelerates droplet formation near the emitter outlet during pulsating
jet modes. At higher flow rates, the effects of viscosity become more
pronounced. Figure 6(a) shows that at lower flow rates, the trend of
droplet size variation with respect to liquid mixture ratio is less dis-
tinct. This is because at low flow rates, the effects of viscosity are less
dominant, and surface tension variations among different mixtures do
not significantly alter the droplet formation process. Additionally, the
slower jet detachment rate reduces the influence of viscosity on droplet
size differentiation.

In contrast, Fig. 6(b) demonstrates that at higher flow rates, an
increase in glycerin concentration leads to a more pronounced trend
of larger droplet sizes at the same voltage. This behavior arises because
higher glycerin content results in greater viscosity, which correlates
with increased surface tension, making droplets less susceptible to

Mixture ratio Density (kg/m3) Surface tension (mN/m) Viscosity (mPa s) Conductivity (S/m) Relative permittivity
0% (Water) 1000 72.6 1.131 0.02-0.08 80
15% 1040 71.4 1.537 1.5-2.0 65-73
30% 1073 70.8 2.227 1.0-1.5 55-62
60% 1154 68.3 10.81 0.6-1.0 40-48
100% (Glycerin) 1261 63.4 954 1.0 17-74.32
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FIG. 3. (a) Time sequential images of one cycle with a capillary-type emitter illustrating the dripping mode of 15% water—glycerin mixture at 10kV and (b) average diameter of

water—glycerin mixtures’ drop with voltage in a capillary-type emitter.

deformation and breakup. Consequently, at high flow rates, the impact
of viscosity on droplet formation becomes more significant, leading to
a clear trend where higher glycerin concentrations produce larger
droplets. This interplay between voltage, flow rate, and viscosity high-
lights the complex dynamics of droplet formation and the significant
role physical properties play in determining droplet behavior.

4. Effect of viscosity and flow rate on pulsating jet
frequency

During the cone-jet mode, a jet formed by 0%-60% mixtures
detaches from the emitter meniscus and transitions into micro-sized
droplets. The figure demonstrates the relationship between the applied
voltage and the pulsating jet frequency of the water—glycerin mixture.
It is observed that the pulsating jet frequency of jet formation increases
with higher applied voltage, with this effect being more pronounced at
greater flow rates. However, at the same voltage, the pulsating jet fre-
quency decreases as viscosity increases. This indicates that higher vis-
cosity dampens the rate of jet formation, likely due to the increased
resistance to flow and deformation in more viscous mixtures. This
decrease in pulsating jet frequency occurs because the greater viscosity

of the mixture increases droplet size and delays its separation from the
meniscus. Since pulsating jet frequency is directly related to thrust sta-
bility, the experimental results confirm that lower viscosity leads to
higher frequencies, thereby enhancing thrust stability.

In addition, the comparative results for flow rates of 30 and
55 cc/h are also presented in Fig. 7. For the 0% mixture, the pulsating
jet frequency is similar at both flow rates. However, for mixtures with
15%, 30%, and 60% glycerin content, the pulsating jet frequency
increases with higher flow rates. This behavior can be attributed to the
dynamics of droplet formation: at lower flow rates, droplets take longer
to reach the critical size required for separation, resulting in a lower
pulsating jet frequency. Conversely, higher flow rates accelerate droplet
formation and separation, leading to an increase in pulsating jet fre-
quency. Thus, higher flow rates provide greater thrust stability due to
the higher pulsating jet frequency.

B. Annular slit-type emitter

To evaluate the geometric influence on electrospray behavior,
the same experimental procedures were applied to the annular slit-
type emitter. Sections [V B 1 and IV B2 present the results obtained
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from this configuration before making comparisons with the capillary
emitter.

1. Effect of viscosity on droplet size and pulsating jet
frequency

Figure 8(a) presents a time-sequenced visualization of one com-
plete pulsation cycle at 15kV for the 15% water—glycerin mixture. The
images show the evolution of the cone-jet structure from the initial
cone formation to jet ejection and droplet detachment, highlighting
the characteristic pulsating behavior of the annular slit emitter. In con-
trast, Fig. 8(b) presents snapshots of the 15% mixture at varying vol-
tages (13-20kV), captured at similar time frames (4.1 ms), illustrating
how the cone-jet structure evolves with increasing voltage. After

glycerin mixture with increasing voltage.

\ \

19.0 kV

20.0kV

achieving the necessary cone—jet length, this phenomenon occurs as
the forces within the system cause the jet to split and disperse. This
process resembles the behavior observed in capillary emitters, which
are characterized by a repeated cycle of transitions between cone-to-jet
and jet-to-droplet configurations. These transitions result in the for-
mation of a pulsating water jet that mirrors the oscillatory patterns
seen in the capillary emitter systems, as shown in Figs. 8 and 9.

For the 60% mixture, a thin and elongated jet formed along with
the cone, and a whipping jet was observed at the end of the jet similar
to the case of capillary-type emitter, as illustrated in Fig. 10. This whip-
ping jet subsequently detached from the cone and transitioned into
discrete droplets, highlighting the complex dynamics of jet formation
and detachment at higher viscosities and electric potentials, as shown
in Fig. 10(a). A slender, extended jet formed in conjunction with the
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cone for the 60% mixture. At the jet’s tip, a whipping motion was
observed, comparable to the behavior seen with capillary-type emitters.
The complex dynamics of jet generation and detachment under higher
viscosities and electric potentials were evident when this whipping jet
eventually separated from the cone and transitioned into distinct
droplets.

In the cone-jet mode, higher voltages accelerated droplet forma-
tion at the emitter outlet, leading to a reduction in droplet diameter,
consistent with observations from capillary-type emitters. Additionally,

at the same voltage, droplet size increased with viscosity, as observed
with the capillary-type emitter, as shown in Fig. 11(a). However, in
terms of pulsating jet frequency, the 15% and 30% mixtures exhibited
lower values compared to the 0% and 60% mixtures, as shown in
Fig. 11(b). The higher frequency observed in the 0% mixture (pure
water) is due to its low viscosity and high surface tension, which allow
the liquid to respond dynamically to the electric field, resulting in faster
pulsations. For the 60% mixture, despite its high viscosity, the lower
surface tension facilitates rapid droplet detachment once jets are
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FIG. 9. (a) Time sequential images of jet formation of 30% water—glycerin mixture in annular slit-type emitter at 16 kV and (b) formation of pulsating jet of 30% water—glycerin

mixture with increasing voltage.
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formed, while the viscosity stabilizes the jets, supporting higher fre-
quencies. In contrast, the 15% and 30% mixtures have intermediate vis-
cosity and surface tension, which do not provide the optimal balance
for either rapid detachment or jet stability, leading to lower pulsating
jet frequencies.

The difference in pulsating jet frequency trends between
capillary-type and annular slit-type emitters, as seen in Fig. 11(b), can
be attributed to their geometries and how they distribute electric
forces. In capillary-type emitters, the electric field is concentrated at a
single point, making the system more sensitive to viscosity, which
slows down droplet detachment and reduces pulsating jet frequency as
glycerin content increases. Conversely, annular slit-type emitters dis-
tribute the electric field evenly along the circular slit, enabling the for-
mation of multi-jet. This geometry reduces the dominance of viscosity

09| —=— 0%, q=55 cc/hr
—eo— 15%, q=55 cc/hr|
08| —A— 30%, q=55 cc/hr|
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Pulsating jet frequency (Hz)

in slowing jet pulsation and stabilizes the system even at higher glyc-
erin concentrations. Thus, in annular slit-type emitters, the distributed
electric field and multi-jet formation support higher frequencies for
high-viscosity mixtures, such as 60%, while intermediate mixtures
(15% and 30%) do not achieve the same stability due to their subopti-
mal balance of viscosity and surface tension. As previously explained,
higher pulsating jet frequency enhances thrust stability, indicating
that the 0% and 60% mixtures provide superior thrust stability.
The reduced pulsation frequency observed in the 15% and 30% mix-
tures may be attributed to non-ideal molecular interactions between
water and glycerin, which can create local interfacial tension gradients
or alter the charge relaxation dynamics. These effects could delay
the charge buildup required for jet emission, resulting in longer pulsa-
tion cycles.
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FIG. 11. (a) Average diameter and (b) pulsating jet frequency of water—glycerin mixture droplets during pulsating jet mode with voltage in an annular slit-type emitter.
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at 13-20kV and flow rate of 55 cc/h and (b) variation of number of jets of 100% mix-
ture (glycerin) with voltage and flow rate.

In the case of the 100% mixture (glycerin), pulsating behavior was
not observed due to the extremely high viscosity.” However, the jet
remained steady and stable,'” suggesting that thrust stability in high-
viscosity regimes can be achieved through viscous damping rather than
high-frequency pulsation. This indicates the existence of two distinct
mechanisms for achieving thrust stability: high pulsation frequency in
low-viscosity fluids and strong viscous damping in high-viscosity fluids.

2. Effect of flow rate

For the 100% mixture (glycerin), as the applied voltage increased
from 13 to 18.5KkV, the electrospray mode transitioned from a single
jet to crown-like multi-jet. At 13.5kV with a flow rate of 30 cc/h, the
first jet emerged, initiating a stable single jet mode that expanded to a
maximum of seven jets around the circumference of the emitter slit.
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This crown jet formation is attributed to the distribution of charged
fluid along the emitter slit, driven by the elevated accelerator voltage.
However, when the voltage exceeded 18.5kV, an imbalance in electric
forces between the emitter and accelerator destabilized the jets. This
instability reduced the number of jets to three, as shown in Fig. 12(b),
and introduced jet width fluctuations resembling a pulsating mode.

This abrupt reduction in jet number may not result solely from
charge repulsion, but could also stem from space charge accumulation
and local electric field distortion near the emitter slit. These effects can
alter the stability of emission sites under high-voltage conditions.

At a higher flow rate of 55 cc/h, the number of cone jets increased
compared to 30cc/h at the same voltage up to 18kV, although the
maximum number of jets remained the same at both flow rates and
decreased beyond 18kV, as shown in Fig. 12(a). Moreover, as the flow
rate increased, the voltage required to form the maximum number of
jets decreased from 18.5 to 18kV, as shown in Fig. 12(b). This indi-
cates that higher flow rates allow the maximum number of jets to form
at lower voltages, thereby increasing efficiency due to reduced voltage
requirements.

In contrast, the capillary emitter generated at most two jets under
the 100% mixture (glycerin),'” as reported in the previous study, due
to limitations in electric field distribution. The formation of up to
seven stable jets was only observed in the annular slit-type emitter,
highlighting the advantage of the continuous slit geometry for support-
ing dense and uniform multi-jet emission.

Figures 13 and 14 show the calculated Re and Ca as a function of
glycerin concentration for the capillary and annular slit emitters,
respectively. The dimensionless values were computed using the fluid
properties listed in Table I and the flow rates of 30 and 55 cc/h, based
on the respective emitter configurations. The jet velocity was estimated
from the known volumetric flow rate and the outlet cross-sectional
area of each emitter. However, charge density could not be measured
due to equipment limitations. In both cases, the Re decreases and the
Ca increases with increasing glycerin concentration. This behavior is
driven by the simultaneous increase in viscosity and decrease in surface
tension and is consistent across both emitter configurations.

These trends provide physical insight into the role of fluid rheol-
ogy in multi-jet electrospray behavior. They also form the basis for
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FIG. 13. Calculated dimensionless numbers as a function of mixture ratio for the capillary emitter: (a) Re and (b) Ca.
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FIG. 14. Calculated dimensionless numbers as a function of mixture ratio for the annular slit emitter: (a) Re and (b) Ca.

interpreting the relationship between Re and the number of jets, as
presented in Fig. 15. As shown in Fig. 15, the comparison of the num-
ber of jets formed based on voltage and the Re reveals that multi-jet
formation occurs only when the Re is below 0.1. This indicates that
multi-jet formation does not occur when the inertial force of the fluid
is significantly larger than the viscous force. Furthermore, observations
of multi-jet formation at different voltages show that the transition
region, where the cone-jet first forms, occurs at 13 kV. After this point,
from 18 to 18.5kV, an increase in voltage leads to an increase in the
number of jets, defining a stable zone. In contrast, beyond 18-18.5kV,
as the voltage increases, the number of jets decreases, defining an
unstable zone. In addition, a maximum of seven jets was observed only
for the 100% mixture (glycerin). This is because only the 100% mixture
(glycerin) has a Re within the range that allows for multi-jet formation
as determined by Egs. (7)-(9).

In summary, the observed trends in Re and Ca across varying
mixture ratios exhibit consistent behavior with classical electrospray
theory. The decrease in Re indicates reduced inertial forces, while the
increase in Ca reflects stronger viscous dominance. These changes
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correlate with improved jet stability and are consistent with previously
reported electrospray regimes in high-viscosity fluids. The results vali-
date the use of Re and Ca as predictive indicators for multi-jet opera-
tion in both capillary and slit-type emitters.

V. CONCLUSION

This study explores the electrospray performance of the annular
slit-type emitter, emphasizing the role of viscosity and electric potential
in multi-jet formation. By integrating theoretical and experimental
findings, the interplay between these parameters in influencing the jet
stability and system efficiency is analyzed for advancing the electro-
spray technology.

Key contributions of this research are summarized:

* Quantitative analysis of multi-jet dynamics of annular slit
emitters: This study systematically investigated the relationship
between viscosity, electric potential, and multi-jet formation
in annular slit-type emitters. The ability to generate up to
seven stable jets at optimal conditions marks a significant
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FIG. 15. Comparison of number of cone jets based on Re and voltage.
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improvement over the mission-proven traditional capillary-type
emitters.

* Understanding the effect of viscosity for choosing the ionic pro-
pellant: We demonstrated that higher viscosity enhances jet sta-
bility by reducing pulsating jet frequency and increasing
uniformity. This finding extends the applicability of the Ca and
Re framework to the annular slit configuration.

e Optimization of voltage and flow rate of electrospray system:
Higher flow rates enabled stable multi-jet formation at lower vol-
tages, enhancing energy efficiency. This finding highlights the
annular slit design’s scalability and adaptability for various elec-
trospray applications.

e Advanced emitter design for ensuring multi-jet stability: This
work identified the critical threshold for voltage and viscosity
beyond which jet instability occurs, providing actionable design
guidelines for future electrospray systems.

Future research will focus on validating the annular slit-type
emitter performance in vacuum conditions and assessing its dynamic
compatibility with nanosatellite attitude control systems.
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