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Abstract

This project investigates the effect of collector electrode geometry on the thrust of
single-stage electrohydrodynamic (EHD) thrusters. EHD thrusters are silent and feature
no moving parts, which makes them promising alternatives to small-scale drone propellers.
However, their low thrust density remains a major hurdle. A significant contributor to
this inefficiency is the aerodynamic drag generated by the collector electrode, which acts
against the generated thrust. Using a customized low-friction force measurement setup,
our team managed to deduce how different geometries of collector electrodes change the
net thrust, with a focus on the annular airfoil shape. The thruster was tested with a con-
stant voltage of 8 kV, at a constant electrode gap of 25.4 mm. A negative correlation was
observed between thrust and thickness, camber and convergence angle of the annular air-
foil. These findings suggest that while a slimmer airfoil shape improves aerodynamics,
minimizing the collector’s frontal area remains critical for maximizing EHD propulsion

efficiency.

Keywords: Electrohydrodynamic thrusters, Ionic wind, Corona discharge, Electric propul-

sion, Plasma physics, Aerodynamics
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1 Introduction

1.1 Context and Motivation

Electrohydrodynamic thrusters generate thrust by accelerating ions in an electric field and
transferring momentum to neutral air molecules. EHD thrusters are enabled by a process called
ionic wind, which uses high-voltage electric fields to propel ions, which then collide with
neutral air molecules to transfer their momentum. Because they do not have moving parts
and operate silently, EHD devices have gained popularity in applications where mechanical
simplicity, reduced carbon emissions, and low acoustic signature are desirable. Despite these
advantages, current EHD thrusters typically offer a low thrust density, which has limited their
practical adoption (Xu et al., [2018). The geometry of the collector electrode presents a chal-
lenge in both electrostatics and aerodynamics, since the profile determines the electric field
distribution and the aerodynamic drag produced. Current literature has largely focused on the
emitter electrode’s corona discharge, yet the aerodynamic influence of the collector remains
poorly characterized. This study aims to investigate whether streamlined geometric profiles
can minimize drag without compromising the electric field strength. A parametric study is

conducted to evaluate how variations in parameters of the annular airfoil affect thrust.

1.2 Theoretical Framework of Electrostatic and Fluid interactions

In order to quantify the influence of collector geometry, the physical principles governing elec-
trohydrodynamic thrust and aerodynamic resistance must be established. The net thrust of the

EHD propulsion system is defined as:

Foet = FEup — Fp (D)

Where Fryp is the force associated with ion-neutral momentum transfer and Fp is the
aerodynamic drag of the collector electrode
Assuming total ion-neutral momentum transfer, the EHD force generated by the thruster

can be expressed as the volume integral of the electric body force over the discharge region:

Feup = /v pgEdV (2)

where p, is the local charge density and E is the electric field at each point within the
electrode gap. Assuming steady ion drift and approximating the electric field and charge density

as uniform within the active discharge region, the integral reduces to



Fep ~ pyE [ dv 3)

Feup =~ pgEV 4)

where V denotes the volume of the discharge region. Approximating this region as having

effective cross-sectional area A and gap length d, such that V = Ad, yields

Fenp ~ peEAd 5)

The ionic current is given by
1= quDA (6)

where vp is the ion drift velocity and A is the effective cross-sectional area of flow. Solving
for charge density,
1
- 7
Pq oA (7)
The ion drift velocity is related to ion mobility and electric field by vp = uE. Substituting

into the charge density expression gives

1
- 8
Pq LEA (&)
Substituting into the thrust equation,
IEAd
=— 9
EHD =" pa )
Which simplifies to
Id
Fgup =~ — (10)
U

This expression relates thrust to the ionic current I, electrode separation d, ion mobility
W under the stated uniform-field and negligible diffusion. For corona discharge, current is

modeled by the Townsend Relation as:
I=KV(V-V) (11)

Where V is the applied voltage and Vj is the corona onset voltage dependent on the emitter’s
geometry. The proportionality constant K reflects the global electrode configuration and field
distribution, and is therefore dependent on both emitter and collector geometry. Since F o< [,

and I o< K, collector geometry affects the electric field distribution.

To account for the influence of collector geometry on net performance, the electrostatic
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thrust is combined with the aerodynamic drag force acting on the collector, modeled here using

a standard drag model. For a streamlined body in incompressible flow, the drag force is:

1
Fp = - PairVeirCDA (12)

Where p,;» is air density, v is airflow velocity, Cp is the drag coefficient of the collector,
and Ay is the frontal area of the collector. v is assumed to be the average velocity of neutral
molecules assuming uniform momentum transfer.

The drag force is proportional to the drag coefficient and frontal area, which are both depen-
dent on collector geometry. The drag coefficient is a function of the flow’s Reynolds number
(Re). The Reynolds number characterizes the ratio of inertial forces to viscous forces within
the fluid:

_ pairVL
Nvisc
Where L is the characteristic length (in this case, the chord length of the collector), and

Re (13)

Nvise 18 the dynamic viscosity of air. Assuming an average air velocity range between 1 to 4
meters per second, 1500 < Re < 8000. The airflow remains in a laminar-to-transitional range,
predicting that the frontal area will have a substantial effect on drag.

To obtain a self-consistent expression for net thrust, the induced airflow velocity must be
related to the generated electrohydrodynamic force. Under steady conditions, thrust equals the

rate of momentum imparted to the air,

Feup = mvgir (14)

Where 1 is the mass flow rate of air through the discharge region. Assuming incompressible
flow and uniform velocity across an effective cross-sectional area A, the mass flow rate may be

expressed as

1M = PuirAvair (15)
Equating this with the previously derived thrust relation gives

Id
T PairAVy, (16)

Solving for the induced airflow velocity,

1d
.upairA

(17)

Vair =

Substituting into the drag model:



1 1d
Fp = 5 Pair (—) CpAy (18)

Canceling pg;- gives
Fp=-—CpAy (19)

By substituting the derived expressions for ion-driven momentum transfer and the drag
model for a body in a fluid stream,
_Id 11d

Frr = — — ——CpA 2
= 2‘uACD f (20)

We can factor out the common term Iﬁd to arrive at the total governing equation for the

thruster:

1d CpA

Frot = — (1 — —f) 1)
u 2A

Where [ is current, d is electrode gap, u is ion mobility, Cp is drag coefficient of the collector

electrode, Ay is frontal area of the collector electrode, and A is the cross-sectional area of

momentum transfer.

1.3 Literature Review

Due to the ongoing development of electrohydrodynamic plasma propulsion as a field, lim-
ited research has been conducted on the effects of collector electrode geometry on net thrust.
However, research has explored the effects of other variables on system efficiency and thrust
generation.

Drew & Pister (2017) conducted an analysis of the geometry of wire-needle and grid elec-
trodes within electrohydrodynamic thrusters, particularly the effects of electrode tip angle on
current generation and plasma localization. A key finding of their study was a significant cor-
relation (p = 0.01) between the number of electrode tips and the Corona Inception Voltage (C).
However, Drew & Pister observed no significant effect of emitter electrode spine height on ei-
ther the inception voltage or resulting discharge current. Their research provides a foundation
for the geometric optimization of EHD electrodes and concludes that electrode geometry is
vital to the maximization of a system’s thrust. Notably, the authors concluded that decreasing
the electrode gap distance increased the thrust loss factor by approximately 30%, highlighting
the intricate yet unexplored balance required between compact design and aerodynamic effi-
ciency. The deduction by Drew and Pister that "positive corona discharge is primarily driven
by geometry” serves as a key pillar for our research, as it reinforces our hypothesis that collec-

tor electrode geometry significantly impacts net thrust. Further developing their findings, this



study holds the number of emitter spikes and the electrode gap constant, allowing for a concise
analysis of the effects of collector electrode geometry. While Drew and Pister delved into the
effects of voltage and grid-style electrode geometries on thrust, their analysis did not extend
to cylindrical electrode configurations. Our research addresses this gap by demonstrating that
the geometry of cylindrical electrodes is a significant factor in the thrust produced by EHD

systems.

The study of the Performance Characterization of Electrohydrodynamic Propulsion De-
vices (2012) authored by Kento Masuyama provides further insight into some of the effects of
electrode geometry on the performance of electrohydrodynamic (EHD) thrusters. His research
supports the previously determined conclusion that an increase in system voltage yielded an
increase in thrust produced. A critical observation in this work is that increasing the electrode
gap distance raises the voltage threshold for thrust onset but simultaneously enhances effi-
ciency, generating “more thrust per input power.” Notably, Masuyama’s research claims that a
thrust-to-power ratio as high as 68.43 mN/W was obtained for a thruster with an electrode gap
of 21 cm. An integral claim by Masuyama notes that an unexplored part of EHD propulsion
that must be studied includes "how much losses are induced from neutral particles colliding
with the additional surface area of electrodes.” Our research seeks to answer this question by
exploring the correlation between net thrust and increasing electrode thickness. Our collector
electrode designed with the greatest thickness has a significantly large frontal area, meaning

that assessing its performance will address the research gap identified by Masuyama.

Modeling of Electrohydrodynamic (EHD) Plasma Thrusters: Optimization of Physical and
Geometrical Parameters, by Calvo and Pinheiro (2022) similarly investigates the effects of
cathode geometry on EHD thruster output. Though their research involves gas-facilitated EHD
propulsion, they have nonetheless introduced the crucial concept that the collector electrode’s
geometry holds a particular significance to the function of an EHD system as a whole. Their
findings reported measured optimal cathode width in EHD thrusters supplied with Argon to
be 12mm, as any other variation, upper or lower, would decrease the output thrust and the
thruster efficiency. The team’s experiments with xenon concluded that the optimal hollow
radius was 20 mm, providing the best thrust and thruster efficiency. While Calvo and Pinheiro
experimented with variables such as hollow radius, cylindrical height, and secondary electron
emission coefficient, they did not cover parameters of an aerodynamically streamlined body.
Our study addresses this gap by investigating how these specific structural parameters influence

thrust in standard atmospheric conditions.

While previous studies, such as those by Kahol et al. (2023), have established scaling
relations for wire-to-airfoil configurations, these findings are primarily optimized for airfoil-

shaped electrodes. Kahol et al. demonstrate that while increased electrode thickness increases



generated thrust, it simultaneously incurs a ’drag penalty’ by disrupting airfoil aerodynamics.
Considering the observed effects of collector electrode chord and thickness on EHD propulsion
systems, Kahol et al.’s research determines that electrode morphology and the resulting aero-
dynamics are critical to the performance of EHD systems. This investigation also supports the
premise that the optimization of electrode geometry will further studies of EHD thruster effi-
ciency. Our research builds on this foundational principle but seeks to identify the relationships

between thrust and geometry within the context of cylindrical collector electrodes.

Famously, in the investigation of Electrohydrodynamic thrust density using positive corona-
induced ionic winds for in-atmosphere propulsion, Gilmore and Barrett characterized the crit-
ical relationship between wire emitter gauge and corona discharge stability. They found that
wires larger than 0.2.mm resulted in accurate fabrication and thrust measurement, but suffi-
ciently large emitter electrodes fail to result in corona inception.” This relationship implies that
electrode geometry dictates system output; specifically, insufficient corona discharge inherently
limits resulting thrust. Perfecting electrode design electrode architecture is a significant step
toward developing functional EHD thrusters. While Gilmore and Barrett provide a comprehen-
sive analysis of the emitter’s role in thrust production regarding the effects of emitter electrode
geometry on the thrust of EHD thrusters, their research does not explore the effects of varied
collector electrode geometries. Our research will seek to build on the principles established by

Gilmore and Barrett to work towards fully optimized electrohydrodynamic propulsion.

1.4 Research Gap

The current literature on EHD propulsion remains weighted toward the parametric characteri-
zation of the emitter electrode, specifically concerning the influence of corona wire curvature
on ionic wind velocity. Current experimental frameworks prioritize the voltage-thrust scaling
laws while treating the collector as a passive reservoir to neutralize ions. Consequently, investi-
gating collector aerodynamics represents a necessary advancement in the field. While research
has begun incorporating streamlined architectures like annular airfoils, the performance char-
acteristics of simpler, more accessible geometries like airfoil-based annular collectors remain
under-examined. This is largely attributable to the high degree of nonlinear coupling between
electrostatic fields and fluid dynamics, which complicates the possibility of a simplified analyt-
ical modeling to develop precise scaling relationships. An experimental study on the trade-off
between electrostatic and aerodynamic optimization is conducted to determine their effects
on thruster performance. Considering the existing conclusions that the aerodynamics of elec-
trodes and geometrical optimization are crucial to optimizing the performance of a system, our
research seeks to understand the relationship between an EHD propulsion system’s collector

electrode thickness, camber, and convergence angle and output thrust.



2 Objectives and Variables

The primary objective of this study is to conduct an experimental parametric analysis of col-
lector airfoil geometries to determine their influence on the net thrust of a single-stage EHD
thruster. The study aims to identify geometric trends and parameter ranges that maximize
absolute thrust under fixed operating conditions; efficiency and thrust-to-power ratios are not
considered. This characterization is limited to specific geometric ranges and does not claim

global optimization of an ideal electrode geometry.

2.1 Variables

Within the context of this study, the emitter electrode is ring-shaped with sawtooth spikes in
order to reduce corona onset voltage and increasing electric field intensity. The collector elec-
trode, featuring a cylinder with an airfoil cross-section, is located axially downstream of the
emitter. The parameters of the collector electrode geometries are varied, while the emitter-
collector separation and emitter geometry are kept constant.

This investigation studies three independent geometric parameters:
* Airfoil Thickness, defined as a percentage of the chord length

* Airfoil Camber, defined as a percentage of the chord length, representing the depth of the

curve of the airfoil

* Convergence Angle, defined in degrees from parallel, defining the radial convergence of

the nozzle created from the ring

Airfoil Thickness and Camber are identified using 4-series NACA Numbers.

Figure 1: Control electrode: 0024, 0° convergence angle
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(a) Maximum thickness (b) Maximum camber (¢) Maximum conver-
gence angle

Figure 2: Visualization of maximum collector electrode geometries

2.2 Hypotheses

Based on expected influence of collector electrode geometry on ion collection and aerodynamic

drag, the following hypotheses were formulated for each geometric parameter.

1. Airfoil Thickness: Increasing collector airfoil thickness will reduce net thrust due to

higher aerodynamic drag from increased frontal area.

2. Airfoil Camber: Moderate positive airfoil camber will increase thrust due to mass flow
entrainment through the Coanda Effect, while excessive camber will decrease thrust due

to flow separation and increased frontal area.

3. Convergence Angle: Increasing the collector convergence angle will increase thrust by
reducing the cross-sectional area of flow to further accelerate the air. Thrust will decrease
past a certain threshold beyond which the increase in frontal area causes significant aero-

dynamic drag and the decrease in exit area causes back pressure.
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3 Methods

3.1 Lab Setup

This research required the design of an experimental system in order to operate the thruster
and facilitate data collection. The apparatus is comprised of three primary subsystems: a high-

voltage power source, a force measurement assembly, and a data acquisition (DAQ) system.
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Figure 3: A block diagram of the system integration

3.1.1 High Voltage Power System

The thruster was powered with the help of a regulated DC supply that provided a constant
10 V input. This low-voltage input was fed into a high-voltage step-up transformer module,
producing an intermediate potential of approximately 3 kV. The transformer output was then
connected to a Cockcroft—Walton voltage multiplier stage to generate the final high-voltage
output applied to the emitter electrode. The collector electrode was maintained at ground po-
tential.

The effective high-voltage output under operating conditions was not measured directly us-
ing a calibrated high-voltage probe. Instead, voltage was estimated using a high-resistance di-
vider network and scaled according to the divider ratio. Because the corona discharge presents
a dynamic and load-dependent impedance, the measured divider voltage provided only an ap-
proximate indication of the operating potential. Based on these measurements, the applied

voltage during operation was estimated at 8 k'V.
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Figure 4: Circuit Diagram

3.1.2 Force Measurement Apparatus

The thrust generated by EHD propulsion is measured by millinewtons, and the commercial load
cell used in this experiment did not feature sufficient signal-to-noise ratio (SNR) to reliably
measure such forces. The force generated by the thruster required amplification to increase
the SNR. In order to facilitate this mechanical advantage, the experimental setup included a
horizontal lever with a 6:1 ratio. The lever had one degree of freedom around a vertical yaw
axis, negating the effect of gravity on the load cell’s measurements. The electrodes were placed
on one side, while the opposite side transferred force onto the cantilevered load cell using a
rigid stick. During steady-state operation, the standard deviation of the thrust signal over time
was approximately 5 percent of the mean measured thrust, indicating reasonable measurement
stability. The wires supplying voltage to the thruster were coaxially routed through a tube on
the pivot point of the lever such that the wires would not exert a torsional force on the lever.
The lever consisted of two wooden dowels spanning the length between the rigid pivot
point and 3D-printed electrode mount using standard PLA filament. A ball bearing was used to

minimize static friction along the pivot point.

Lever Side View Rod

Pushes
Load Cell

EHD Thruster Ball Bearing

® Y
- T

Pivat Point Base

Figure 5: Lever with thruster mounted

3.1.3 Data Acquisition System

The main tool for data acquisition was a 5 kg Wheatstone bridge load cell paired with a HX711
analog-to-digital converter (ADC). The ADC was connected to a Arduino UNO Microcontroler
which relayed the data to MATLAB which we used to perform data analysis. The microcon-

troller was physically elevated to reduce the risk of high-voltage surface leakage or tracking
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along nearby surfaces. The millivolt-range wires between the load cell and amplifier had a
grounded aluminum foil shield wrapped around them to prevent electrostatic charges and elec-
tromagnetic interference from disrupting the data. A grounded Faraday cage was constructed
from cardboard and aluminum foil as a continuous conductive enclosure to protect the data ac-
quisition system from EMI from the HV generator. A star ground plane was used as a common
ground reference and was connected to earth ground.

Data acquisition was automated via a MATLAB script, triggered by a physical input on
the Arduino controller. Each test cycle lasted 30 seconds and was divided into three distinct

phases:

1. Baseline Calibration (0—10s): With the thruster inactive, the system recorded the average
load cell output to establish a zero-reference baseline. This accounted for residual sensor

offset and minor calibration errors.

2. Stabilization Period (10-20s): The thruster was activated; however, data recording was
suspended to allow the system to reach a steady state. This delay prevented measurement
inaccuracies caused by transient spikes or the initial mechanical impact of the lever arm

against the load cell.

3. Measurement Phase (20-30s): The final 10 seconds of steady-state thrust were averaged.

The net thrust was determined by subtracting the initial baseline average from the final mea-

surement average, then dividing by the lever ratio.

3.2 Electrode Fabrication

The collector electrodes were designed as NACA 4-series airfoils, with the NACA 0024 (0
degree convergence angle) designated as the control geometry. Each collector maintained a
chord length of 2.54 cm and a mid-chord diameter of 3.81 cm. The physical models were 3D
printed in PLA and rendered conductive through the application of three coats of copper-based

paint.

3.3 Experimental Procedure

The load cell was calibrated prior to testing using a known 50 gram weight to establish the
force conversion factor. To ensure measurement accuracy before each experimental trial, the
load cell output was tared to eliminate residual offset or drift from previous measurements.
Data acquisition was initiated by executing the custom MATLAB script, which established
serial communication with the microcontroller and began real-time data logging and plotting of
the load cell output. An initial baseline period of 10 seconds was recorded prior to energizing

the high-voltage (HV) supply to record steady-state zero conditions. Following this baseline
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interval, the HV supply was activated and operated for the remainder of the programmed ac-
quisition window.

Following each trial, raw measurement data was exported and stored in .csv format for sub-
sequent analysis. The time-averaged thrust value was computed from the recorded data. After
each test, the electrodes were intentionally discharged to ensure safe handling and eliminate
residual electrical potential.

Each electrode was tested with 4 trials, and T=trials were organized in rotational cycles
where all three configurations were tested once before any single configuration was repeated.
This structured rotation was implemented to mitigate the influence of thermal effects, charge

accumulation, and time-dependent system drift on the comparative results.
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4 Results

4.1 Thickness

Experimental data indicated that increasing collector electrode thickness decreased net thrust,

as seen in Figure 4. However, statistical analysis using a one-way ANOVA yielded p = 0.270,

meaning the study failed to reject the null hypothesis. While the raw data demonstrates that

thrust decreases as thickness is increased, the relationship between thickness and thrust was not

statistically significant within the tested range.

Thrust in Relation to Thickness
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Figure 6: MATLAB graph of thickness data.
4.2 Camber

The experimental data indicates that the camber of the collector electrode significantly influ-

ences propulsion performance. An increase in electrode camber resulted in a pronounced de-

crease in net thrust as seen in Figure 5, a trend confirmed by ANOVA to be highly significant

(p =~ 0.00337). Consequently, the null hypothesis regarding collector camber is rejected.
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Thrust in Relation to Camber
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Figure 7: MATLAB graph of camber data.

4.3 Convergence Angle

Experimental data revealed that the collector electrode’s convergence angle significantly influ-
ences thrust production. Specifically, an inverse relationship was observed: as the convergence
angle increased, the generated thrust decreased. A one-way ANOVA confirmed the statistical
significance of this trend with p = 0.00463, allowing for the rejection of the null hypothesis.
The downward trend pictured in Figure 6 shows a consistent decrease in thrust with an increase

in convergence angle.
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Figure 8: MATLAB graph of convergence angle data.
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4.4 Conclusions

The experimental data suggested that increasing collector electrode thickness reduces net thrust,
as the penalty of parasitic drag consistently outweighs any potential gains in ion collection area.
Experimental results contradicted the hypotheses for camber and convergence angle, with both
parameters showing a significant inverse correlation with performance. These findings indi-
cate that for annular EHD geometries, prioritizing frontal area reduction is more effective than
attempting to leverage the Venturi effect for neutral exhaust acceleration. At the characteris-
tic low Reynolds numbers (1500 < Re < 8000), the airflow remains in the transitional regime
where thicker profiles and aggressive geometries incur substantial drag. This suggests that at
this scale, the aerodynamic refinement of the collector electrode exerts a more dominant influ-

ence on net thruster performance than gains in electrostatic efficiency.
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5 Discussion

5.1 Aerodynamic-Electrostatic Tradeoff at Low Reynolds Numbers

The tested configurations operate within a moderate Reynolds number regime (1500 < Re <
8000), where both inertial and viscous effects contribute to aerodynamic behavior. In this range,
bluff-body drag remains strongly dependent on frontal area and characteristic length. Increas-
ing electrode thickness enhances ion collection area and electrostatic interaction; however, it
also increases projected frontal area and therefore aerodynamic drag. The scaling relationship
derived in this study indicates that electrostatic gains from increased collection surface grow
slower than the aerodynamic penalty associated with increased thickness. Accordingly, thicker
electrodes do not produce improved net thrust performance under these flow conditions. These
results demonstrate that aerodynamic considerations impose a stronger constraint on electrode

geometry than electrostatic surface maximization in small-scale EHD systems.

5.2 Experiment Limitations and Potential Sources of Error

Several potential sources of systemic and environmental error that may have introduced marginal
variance into the experimental results include mechanical resistance within the system, specifi-
cally ball bearing friction, which likely exerted a non-negligible influence on force distribution.
The precision of data acquisition may have been impacted by load cell drift, a common phe-
nomenon where sensor output fluctuates over time due to prolonged strain or internal heating.
Environmental factors also presented challenges; fluctuations in ambient humidity and tem-
perature can alter material properties and sensor sensitivity, while inconsistent internal wind
currents within the testing facility may have introduced lateral forces. While these variables
were monitored, their stochastic nature suggests they remain primary considerations for future

calibration and refinement.

5.3 Potential Applications

The optimization of electrohydrodynamic (EHD) thrust density and power efficiency presented
in this study provides a critical framework for transitioning “ion wind” technology from spe-
cialized laboratory setups to viable atmospheric propulsion systems. By eliminating the me-
chanical complexities and moving parts inherent in rotary propulsion, optimized EHD thrusters

offer a solid-state alternative with unique advantages in several thrust-critical domains.

5.3.1 Ozone Replenishment and HAPS.

The utilization of optimized EHD actuators presents a viable propulsion alternative for High-
Altitude Pseudo-Satellites (HAPS) operating within the lower stratosphere. At altitudes ap-

proaching 20 kilometers, the reduction in atmospheric density significantly diminishes aero-
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dynamic drag, which partially offsets the lower thrust-to-power ratios characteristic of ionic
wind generation in rarefied media. In this environment, EHD systems provide the precise,
low-magnitude vectoring required for the persistent station-keeping of solar-electric gliders and
lighter-than-air communication platforms. A distinctive feature of EHD propulsion is the local-
ized ionization of ambient air, which facilitates momentum transfer through a corona discharge
process. A chemical consequence of this ionization is the formation of triatomic oxygen, or
ozone (03), as a dilute byproduct. Unlike conventional chemical propulsion systems that emit
nitrogen oxides (NO,) and water vapor—compounds known to catalyze the depletion of strato-
spheric ozone—the EHD process yields an exhaust profile that is chemically congruent with the
existing atmospheric composition.While the volumetric output of ozone from a decentralized
fleet of HAPS is negligible relative to the multi-billion ton annual production cycle driven by
solar photochemistry, it represents a superior ecological alternative to traditional aviation emis-
sions. The deployment of EHD-driven HAPS facilitates a dual-purpose operational synergy
where the propulsion mechanism maintains the integrity of the stratospheric chemical environ-
ment. In this framework, the generation of ozone is classified as a benign secondary benefit
that avoids the introduction of anthropogenic pollutants, ensuring that the act of maintaining
persistent telecommunications infrastructure does not compromise the protective utility of the

ozone layer.

5.3.2 Acoustically Stealthy UAVs

The near-silent acoustic profile of optimized EHD systems makes them ideal for the next gen-
eration of stealth Unmanned Aerial Vehicles (UAVs) and environmental monitoring drones.
Because these systems minimize the acoustic footprint by removing the broadband noise of
spinning blades, they allow for covert surveillance or non-disruptive wildlife observation in
noise-sensitive ecosystems. Unlike traditional battery-powered propellers, these ion-driven
systems offer a higher degree of mechanical reliability due to the total absence of rotating

parts and frictional wear.

5.3.3 Micro-Scale Robotics

Furthermore, the thrust-to-weight advantages of EHD systems scale exceptionally well at the
micro-level. As the distance between electrodes decreases, the electric field strength increases,
permitting significant thrust generation relative to the vehicle’s mass. This makes optimized
EHD propulsion the primary candidate for insect-scale micro-robotics, where traditional elec-
tromagnetic motors are often too heavy or mechanically inefficient to sustain autonomous
flight.
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5.4 Future Work

The findings of this study provide a foundational framework for the geometric optimization
of atmospheric ion engines. By identifying that aerodynamic drag reduction is the primary
driver of thrust in annular collectors, this research paves the way for a new generation of high-
efficiency, solid-state propulsion systems. The transition from a single-stage to a multistage
EHD thruster introduces complex fluid-structure interactions, meaning that future experiments
may investigate how the wake and ionized plume from initial stages affect the potential gradi-
ent and pressure distribution of subsequent stages. Potential future research applications may
include focusing ionic wind into a coherent jet to minimize radial losses and determining the
effects of intermediate stage geometries on net thrust. Our study was able to address the gap in
research regarding cylindrical collector electrode geometries and their role in thrust maximiza-

tion, paving the way for future electrohydrodynamic plasma propulsion system optimization.
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