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ABSTRACT

The aerospace engineering profession has made significant strides with the
development of the ion propulsion system, which opens up previously
unimaginable opportunities for efficient and environmentally friendly air travel.
This final-year project intends to design, build and assess the viability of an ion
propulsion system technology. The project involves a thorough analysis of
fundamental concepts and technical features of the ion propulsion system,
including the investigation of various ionization strategies and propellant
possibilities. Numerical simulation will be used in conjunction with the
theoretical study to analyze the performance traits, effectiveness, and
operational parameters of the proposed ion propulsion system. During the
design stage, the ion propulsion configuration will be optimized while
considering things like environmental factors, power requirement, size, and
distance. In order to ensure flawless operation and compatibility with other
subsystems, the propulsion system will be integrated into the structure of the
test bench for experiments. The thrust generation, energy consumption, and
overall effectiveness of the ion propulsion system will be evaluated
experimentally. To determine areas for additional improvement and to evaluate
the accuracy of the suggested design, the experimental findings will be
compared with theoretical predictions. The benefit of the technology, including
lower emissions, and higher fuel efficiency have the potential to revolutionize
air travel by enabling more environmentally friendly operations. Additionally,
this project’s research will add to the body of knowledge developing in the area
of ion propulsion systems, opening the door for new development and
applications in aeronautical engineering. In conclusion, this final year project
aims to investigate, design and test an ion propulsion system to revolutionize
air travel by offering a cost-effective and environmentally friendly alternative

to conventional combustion-based propulsion systems.
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CHAPTER 1: INTRODUCTION

1.1 Electro-Aerodynamics (EAD):

The study of fluid dynamics known as electro aerodynamics, commonly
referred to as electrohydrodynamic or electric wind, examines how ionized
gases (plasmas) behave when exposed to electric fields. It focuses on the
interactions between electrically charged and neutral particles in a gas or fluid
medium.

Electro aerodynamics encompasses the study of ionized gases and their
interaction with electric fields, with applications ranging from air purification
to microfluidics and atmospheric physics with continued efforts to investigate
its possibilities in numerous domains and deepen our understanding of plasma

dynamics, it remains an active topic of research.
1.2 Corona Discharge:

When the air around a conductor is ionized by a strong electric field, a
phenomenon known as a corona discharge occurs, resulting in a visible glowing
discharge or halo. It generally happens on conductors exposed to high voltages
at their sharp edges or tips.

The air molecules become ionized when the electric field intensity rises above
a specific limit known as the breakdown voltage. Atoms lose their electrons,
resulting in positively charged ions and negatively charged free electrons. The
corona discharge can occur when these charged particles flow through the

atmosphere.
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DESIGN AND FABRICATION OF ION PROPULSION
AIRCRAFT

1.3 Environmental Impact:

Transportation is highly dependent on fossil fuels, leading to carbon emissions
and environmental degradation. Scientists believe that human activities have
increased the number of carbon-containing gases in the high atmosphere as well
as the number of small particles in the lower atmosphere, which are both factors
in the current warming of the climate. Scientists refer to the microscopic
particles as "black carbon" and believe that the lower atmosphere's ensuing layer
of black particles, which acts as a blanket to trap heat, causes the warming

impact.

The graph given below shows the annual carbon emissions caused by fossil
fuels that strongly affected the environment and it reaches the highest-level
causing air pollution it also shows the carbon emissions caused by different
countries worldwide. The countries which add most of the value are highly
developed countries on top of the list is China which leads to an unhealthy

environment.

Annual CO2 emissions
Ca

rbon dioxide (CO:) emissions rom fossil Tuels and industry’ - Land use chenges is nol included

10 killion t
& billlon t
& billion t
4 billicn t

v
2 Billion t
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1750 1800 1850 1900 1950

rea; U Werd in Date hasad on e Glabal Garson Project (Z073)
) G B

Graph 1.1: Annual CO2 emissions
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CHAPTER 1: INTRODUCTION

The graph shown below shows that global primary energy comes from which
fuel consumption as we see gas is mostly used fossil fuel in the world and the
combustion of gas produces air pollutants that damage the environment and

cause global warming.

Global fossil fuel consumption

Glabal primary enaqgy consumplion by Tossil foal sourss, measurad in erawatl-hours (TUWh)

120,000 TWh

100,000 TWh

80,000 TWh

50,000 TWh

40,000 TWh

20,000 TWh

0 TWh

1800 1850 2000 2021

Graph 1.2: Global fossil fuel consumption

Fossil fuel consumption
800 TWh
G500 TVWh
400 Twh
200 TWh e L
J/-,-’-
TR e
0 Twh . .

1965 19280 19490 2000 2010 2021

Baurn Our Word in Dota pesed an BF Statiatical Reiow of Ward Encrgy CurwordinCoa orgionangy = G0 BY

Graph 1.3: Fossil fuel consumption in Pakistan
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DESIGN AND FABRICATION OF ION PROPULSION
AIRCRAFT

As fossil fuel combustion is undeniably associated with significant adverse
impacts on the environment. The release of greenhouse gases, such as carbon
dioxide, during combustion, contributes to global warming and climate change.
Additionally, the emission of air pollutants, including nitrogen oxides and sulfur
dioxide, leads to air pollution and its detrimental effects on human health and
ecosystems. In this context, exploring alternative technologies becomes
imperative, and ion propulsion technology presents itself as promising. lon
propulsion systems, powered by electricity and utilizing ionized particles for
propulsion, offer several environmental advantages. They produce minimal

emissions, reducing the release of greenhouse gases and air pollutants.

1.4 Technology Advancement:

Aviation has made significant advances in more efficient and sustainable
propulsion systems. As we strive to address the challenges posed by
environmental concerns and resource limitations. The aviation industry is
changing due to the search for engines not powered by fossil fuels. One notable
development in the pursuit of greener aviation is the exploration of electric and
hybrid-electric propulsion systems. These systems offer the potential for
reduced carbon emissions and improved fuel efficiency. Electric aircraft,
powered by batteries or fuel cells, have the advantage of zero direct emissions
during flight.

1.5 lon Propulsion:

lon propulsion, sometimes referred to as ion thruster technology, is an electric
propulsion method that produces thrust in spacecraft. Compared to conventional
chemical rockets, which generate thrust by burning fuel, lon propulsion uses

electricity to ionize and accelerate propellant particles to high speeds.

lon Propulsion technology works in a way that high voltage is applied between
two conducting electrodes which ionizes the nitrogen present inside the air. The
nitrogen is then made positively charged by ionizing it by removing electrons
from its atoms. Electric fields are used to accelerate the ions. The ions are
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CHAPTER 1: INTRODUCTION

attracted to the negatively charged electrode and speed up as they pass through
the electrode’s tiny gaps and collide with the neutral particles in the air and

giving them momentum to flow and produce wind.

— —| HvC

lonizaten Zona
lanic Wind
v 8w Airfoil Collector
DA TN -

P — - =S -
Sealiw _wm - T
@S Neutral Air Molecule @ ==
@ rPositivelon Diift zore o
@ Negative lon >

Figure 1.1: Schematic Diagram of Wind Generation between Two Conducting

Electrodes

Since its origin, ion propulsion technology has been advancing. The origin of
the idea can be found in Robert H. Goddard's early 19th-century work on
electric propulsion and plasma physics. The development of ion propulsion was
greatly aided by Harold R. Kaufman's work at the NASA Lewis Research
Centre in the 1950s. Various space agencies and institutions around the world
are now conducting continuous research and development to advance ion

propulsion.

lon Propulsion Technology has made great strides in recent years. As we
navigate an increasingly complex and interconnected world, it becomes
imperative to explore new avenues of research that contribute to our
understanding and address the emerging challenges in ion propulsion

technology.
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DESIGN AND FABRICATION OF ION PROPULSION
AIRCRAFT

1.6 Organizations Contribution

lon propulsion technology is used by different organizations. NASA (National
Aeronautics and Space Administration), European Space Agency (ESA), and
Japan Aerospace Exploration Agency (JAXA) have used this technology in
their spacecraft sent for space missions. This technology is also used for LED

chip cooling systems.

1.7 Research Objective

The main objective of this research paper is to increase the thrust produced by
the multi-stage ion thruster enabling exceptional efficiency. By extending the
capabilities of ion propulsion technology beyond existing achievements, we
contribute to the ongoing efforts in sustainable aviation and propulsion system
innovation. Our research is also focused on understanding the feasibility and

potential of ion propulsion technology in aircraft design and fabrication.

To achieve our research objectives, we do a detailed research methodology that
combines theoretical analysis, numerical simulations, and experimental
investigations. The methodology involves an extensive literature review to
establish a solid foundation of knowledge on ion propulsion technology,
existing limitations, and potential improvements. We do 1D and 2D studies on
COMSOL on ion mobility. We will conduct numerical simulations to optimize
the design parameters for maximizing the thrust. Additionally, we will perform
prototype fabrication and testing to validate the proposed enhancements and
assess the performance of the multi-stage ion thruster. The research will also
consider potential challenges and safety considerations associated with the

design and fabrication process.

7|Page



CHAPTER 1: INTRODUCTION

1.8 Motivation

The motivations behind adopting ion propulsion technology lie in the urgent
need to reduce emissions, minimize environmental impact, and enhance
performance. lon propulsion features unique characteristics, including reduced
emissions, and improved and potential operational cost savings. Inspired by
recent advancements in the field, particularly those by MIT, this research
endeavors to build upon existing knowledge and contribute original insights to

propel the development of ion propulsion technology.
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CHAPTER 2: LITERATURE REVIEW

2.1 Jack Wilson [1]

2.1.1 Introduction:

The paper titled "An Investigation of lonic Wind Propulsion” explores the
concept and feasibility of using ionic wind propulsion for aerospace
applications. lonic wind propulsion, also known as electro-aerodynamic
propulsion, utilizes electric fields to generate airflow and provide thrust. This
study's goal was to see whether this thrust could be scaled to an amount that
would be useful for airplane propulsion. Different types of electrodes are used
for the experimentation and then compare based on their experimental
performance and efficiency. This paper also shows the effect on the thrust

produced by increasing the applied voltage.

2.1.2 Experimental Setup:

In the experimental setup, ionic wind tests are performed and corona discharge
lifters of two types are used in the experiment.

The hexagonal lifter is the first setup that contains horizontal bars as collector
electrodes and they are covered with aluminum foil. The lifter contains six
equilateral triangles and, on each side, the collector electrodes are attached.
Wires are used as an emitter electrode. and a high-voltage supply is attached to

the setup.

~ Wire emitter electrodes

>

Aluminum foil collector electrodes

8 =

Figure 2.1.1: Hexagonal Lifter
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DESIGN AND FABRICATION OF ION PROPULSION
AIRCRAFT

The box lifter is the second setup in which two experiments are performed in
the first experiment bow lifter contains thirteen collector electrodes that are
parallel to each other to make them a conductor they are covered with aluminum
foil and all these electrodes are set in a square duct and copper wires are used

as emitter electrodes and high voltage supply is attached with the setup.

:g—x'—?.'_.-’ o ] ) R - .‘. R \\ = = ‘»1‘

. Ground
~ collector
~_ electrodes

Ground lead ——p»

Figure 2.1.2: Box lifter
In the second experiment, there is a thrust plate also present with the box lifter
that is made of basswood and covered with paper and there are shafts that are
passing through the plate and the purpose of this is that the wires are attached

with the end that is passing through to hold the thrust plate.
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CHAPTER 2: LITERATURE REVIEW

The reading taken by all three experiments are shown in the graph below

10

Hexalifter mounted directly on balance T

LIFT-OFF

Balance reading, g

4 —
With shield between
2 - hexalifter and balance
0 1 1 I
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Current, mA
Graph 2.1.1: Balance readings versus current
10
.m
8 Balance "
=
.-'D"—'
o 8 Thrust plate
g
L
4
2
) | |
0.0 0.2 0.4 0.6 c.8 1.0 1.2 1.4

Current, ma
Graph 2.1.2: Box lifter force on balance and thrust plate.
2.1.3 Emitters Comparison and Experimentation:
In the emitter’s comparison, the author compares the pin and wire emitters and
suggestions from previous studies that emitters are superior to wires so the two
experiments are performed using pins. In the first experiment, there are five pins
with an emitter electrode, and in the second experiment, 254 pins are attached

to the brush electrode and taking various variables under consideration.
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DESIGN AND FABRICATION OF ION PROPULSION
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Figure 2.1.3: (a) Five pins with emitter electrode (b) 254 pins with emitter

electrode

The experiment is performed for optimum separation of electrodes in which per

electrode there are fifteen pins and three emitter electrodes with separation of

four electrodes and pin tip radius and critical voltages for different

configurations are found out. Results are shown in the tables below

Separation, |  Voltage, Thrust, 0.
mm kV N NkW
9.5 253 0.02 0.79
19 243 0.02 0.82
38 24 0.023 1.03
57 2.1 0.02 0.90

Table 2.1.1: The separation of three emitters varied results

Electrode amay Tipradivs, | Chritical voltage,
7, m kV
One electrode with two hundred fiffy-four pins 10 125
Seven electrodes with seven household pins 10 10
Three electrodes with five houseliold pins 10 15
Three electrodes with five tungsten pins ) \
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CHAPTER 2: LITERATURE REVIEW

Table2.1.2: Critical voltages for different electrode configurations

Due to the use of pins as a collector, the thrust results are also affected by the

gap size, and the value of five different sizes of the gap is taken and across them,
thrust is found.

1.5

-
J Gap = 19 mm

— e
e
.F"".'.: -

e Gap = 44 mm

a4
o
|

710.238 %%

s S = |
&&= Gap = 57 mm

1.0 1.5 20
I/

Graph 2.1.3: Thrust plotted against current/mobility

In summary, this paper provides a comprehensive investigation of ionic wind
propulsion, exploring its principles, performance characteristics, and potential
applications in aerospace. The findings contribute to the understanding of this
innovative propulsion technology and highlight its potential as a viable

alternative in the aerospace industry.

2.2 Kento Masuyama and Steven R. H. Barrett [2]

2.2.1 Introduction:

The paper titled "On the Performance of Electrohydrodynamic Propulsion™
explores the performance characteristics of electrohydrodynamic (EHD)
propulsion systems. EHD propulsion involves the generation of airflow or fluid
flow by applying an electric field to a conductive fluid. The authors investigate
the efficiency and effectiveness of EHD propulsion through a combination of
experimental measurements and theoretical analysis and evaluate the

performance of single-stage thruster and double-stage configuration and
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compare the performances of both. They focus on the relationship between the
applied electric field, fluid flow velocity, and the resulting thrust generated by

the EHD system and find the thrust-to-power ratio.

(aa) (b)

< iH

| T

1||
|
l

N
/I\ direction of thrust

Figure 2.2.1: (a) Single-stage thruster electrodes. (b) Dual-stage thruster

electrodes
2.2.2 Experimental Setup:

In the experimental setup to test both single-stage thruster and double-stage
thruster, they made a frame of the square thruster and made a design in a way
to allows interelectrode gap adjustments. They take an aluminum pipe as a

collector and copper wire as an emitter.
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Figure 2.2.2: Overall experimental setup
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2.2.3 Results:

After performing multiple trials for both the SS thruster and DS thruster

results are
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Graph 2.2.1: Voltage—thrust relationship for varying air gap, positive polarity
(SS Thruster)

120 —
7 ———d=1lcm
] ——— d=4dcm
100 — | d=9cm
] tesy d=13cm
s 5 |f'( < d=15cm
= B0 - [ d=21cm
2_: -
g 60
= 7
£ 7
= 404
=
-
20 W,
7 v
(8] B e e L B e e o o e e L o e LA e e o
—50 ] 50 100 150 200 250 300 350 400
thrust (mN)

Graph 2.2.2: Variation in thrust/power (SS Thruster)
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The graph shown below shows the variation of voltage across the gap between

two electrodes and the thrust-to-power ratio across the gap of electrodes.
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Graph 2.2.3: Variation of V/d and F/P with d2/d1 DS thruster
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Graph 2.2.4: Thrust-to-power variation with y
Overall, the paper provides a comprehensive analysis of the performance of
EHD propulsion systems. The findings contribute to the understanding of the
underlying mechanisms and offer insights into optimizing the design and

efficiency of EHD propulsion technologies.
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2.3 Haofeng Xu, Yiou He, Kieran L. Strobel,
Christopher K. Gilmore, Sean P. Kelley, Cooper C.
Hennick, Thomas Sebastian, Mark R. Woolston,
and David J. Perreault [3]

2.3.1 Introduction:

The paper reports the first flight of an airplane powered by solid-state
propulsion, which uses electro-aerodynamic thrust to move air without moving
parts or combustion. The authors describe the design, fabrication, and testing of
a prototype aircraft that weighs 2.45 kg and has a wingspan of 5 m. The aircraft
achieved a maximum speed of 5.4 m/s and a maximum thrust-to-power ratio of
11.6 N/kW. The paper discusses the advantages and challenges of solid-state
propulsion, such as low noise, high efficiency, scalability, and reliability, as
well as the need for high-voltage power supplies, air ionization, and

aerodynamic optimization.
2.3.2 Experimental Setup:

The experimental setup of this paper consists of the following components:

A fixed-wing airplane with a five-meter wingspan and a mass of 2.45 kg, is
made of balsa wood, carbon fiber, and polystyrene. The airplane has a
conventional tail configuration and ailerons for roll control. The airplane is
equipped with a radio receiver, a flight controller, a GPS module, an inertial

measurement unit, and a data logger.

A solid-state propulsion system that uses electro-aerodynamic thrust to move
air without moving parts or combustion. The propulsion system consists of an
array of thin wires (anodes) at the leading edge of the wing and a perforated
aluminum foil (cathode) at the trailing edge, separated by about 10 cm. The
wires are connected to a high-voltage power converter that generates a constant
potential difference of about 40 kV between the anodes and the cathode,
creating a corona discharge that ionizes the air near the wires. The ions are then

accelerated by the electric field towards the cathode, colliding with neutral air
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molecules and producing an ionic wind that propels the airplane forward. The

power converter is powered by lithium-polymer batteries carried onboard.

Figure 2.3.1: Design of 3D rendered EAD Airplane

Total (kg) 245
Power converter (kg) 0.51

Mass Budget Battery (kg) 023
Wing (kg) 0.63
Electrodes (kg) 041
Wing Span (m) 5.14
o : Flight Velocity (m/s) 4.8+0.2
C lle ;:ac{::::;ss Aspect Rafio 17.9
Drag (N) 3.0+£02
Lift/Drag Ratio 8+1
Thrust (N) 32+02
EAD Propulsion Voltage (kV) 40.3 £ 0.1
System Power Requirement (W) 620 + 20
Thrust Frontal Area (m?) 0.9

Table 2.3.1: Engineering and Performance Parameters

This design consists of an onboard power system which is a high-voltage power
converter and it consists of three stages of the series-parallel resonant inverter,

a high-voltage transformer, and a Full-wave Cockcroft—Walton multiplier.
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Figure 2.3.2: High-Voltage Power Converter (HVPC)

2.3.3 Results:

The results they gain from the experimental setup are:

They measure the thrust generated by the propulsion system and measure the
power consumed by the propulsion system and also find the thrust-to-power
ratio. The flight trajectories are measured and the height gain on every flight
and the increase and decrease of kinetic and potential energy can be seen in the

graphs below.

a, Flight 9 b 3 Al fights
= Powered flights
_ +  Beginning of free flight
E ¥ Thruster power off
N
b -
; u:
ir — Centre of gravity ) N
—— Grean tracking lignt b £
—— Red tracking light k]
0 | | i I
‘Tm gl
E4 N
%2t
g.n L L L L - i | | L | T | |
D% 20 40 o 2 10 60
Distance, ¥ m) Distance, ¥ {m)

Graph 2.3.1: (a) Flight 9 trajectories at the top & speed profile at the bottom
(b) All ten powered and ten unpowered flight glides trajectories
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Graph 2.3.2: (a) Physical height gain by steady flight (b) K.E & P.E variation
in steady flight

The paper concludes that solid-state propulsion is a promising technology for
future aviation applications that require low emissions, low noise, and high
endurance. The authors open up possibilities for aircraft and aerodynamic
devices that are quieter, mechanically simpler, and do not emit combustion
emissions, which could have significant benefits for future aviation

applications.
2.4 Haofeng Xu, Nicolas Gomez-Vega, Devansh R
Agrawal, Steven R H Barrett [4]

2.4.1 Introduction:

The paper reports an experimental study of electron-aerodynamic (EAD)
devices with large electrode gap spacing for aircraft propulsion. EAD devices
use electric fields to accelerate ions in the air and produce thrust without moving
parts or combustion. The paper shows that EAD devices with large gap spacing
can achieve higher thrust-to-power and thrust density than current
implementations with smaller gap spacing, which are important metrics for
aero-plane propulsion. The paper also explains the discrepancy between the
theory and experiment of EAD devices with large gap spacing, which is caused

by three factors: leakage current, reverse corona emission, and the electric
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potential of the thruster relative to its surroundings. The paper proposes methods
to account for these factors and to optimize the design and operation of EAD
devices with large gap spacing. The paper provides a proof of concept for EAD
aero plane propulsion with large gap spacing, opening up possibilities for
quieter, simpler, and greener aircraft and aerodynamic devices.

2.4.2 Experimental Setup:

The paper uses a wire-to-cylinder EAD device with a variable gap spacing to
measure the thrust-to-power and thrust density of EAD propulsion. The paper
simulates the in-flight conditions using a wind tunnel and a force balance and
measures the current and voltage of the EAD device using a current sensor and
a voltage divider. The paper also accounts for the effects of leakage current,
reverse corona emission, and electric potential on the performance of the EAD

device.
Balance
I P . T
| Grounded Direcii |
| surroundings fH;ECIOP I
| of thrus i
I Py force i
| T
| e . |
i " 750mm o }
I = =2 !
| |
| |
l Emitter :l |j — i
2500 mm i I
| P
| d=50-
! Collector || | | 300 mmi
: o = T I
' I
|
| |
| |
| |
| |
i |
| |
' I
I |
i_ 2500 mm '

Figure 2.4.1: Schematic setup of the thruster and thrust measurement

2.4.3 Experimental Results:

The paper reports the following experimental results: The paper measures the

power consumed by the EAD device using a current sensor and a voltage divider
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and finds that it depends on the applied voltage and the current. The paper also
finds that power consumption decreases with increasing airspeed, which means

that the EAD device becomes more efficient at higher speeds.

(a) (b)
0.6 0.05
Gap spacing — Emittercurrent | 0 | ----- Data fit
gl 50mm - Collector current
|| m—100mm ¥ . 0.044
—t— 150mm | E A
~ / g 4
E 0.41 —— 200mm r p B e
Eé’ —— 250mm | £ 4 2003 b
=0.3] — 300mm f £ | 41 2
5 3
o
= w 0,024
w02 E
[}
3
0.1 2.041
0.07 0.00- T T
0 20 40 60 80
Vaoltage (kV) Voltage (kV)

Graph 2.4.1: (a) Current versus voltage at varying gap spacings (b) Leakage

current versus voltage

The paper calculates the thrust-to-power ratio and the thrust density of the

EAD device using the measured thrust and power, and compares them with

previous theoretical and experimental studies.

(a) (b)
200 » 200 »
/i 7
175 1 175 o
i /
150 - /"“/ 150 A
; 7 r #
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# 100 # /,/ 100 // e S
2 ¥ A — 100mm
£ 75 ,/‘Z/_//' 75 - —— 150mm
S —— 200mm
50 p 501 e 250mm
%
25 Z 25 == 00mm
==-== Linear fit
0 ! I | 0 I ! I !
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Graph 2.4.2: (a) Total drawn current (b) Corrected Current

The results of the thrust-to-power ratio when the spacings are greater than

100mm is:
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Figure 2.4.2: (a) Entire simulation domain (b) Electrodes magnified view

The paper concludes the feasibility and potential of EAD devices with large
electrode gap spacing for aircraft propulsion. EAD devices use electric fields to
accelerate ions in the air and produce thrust without moving parts or
combustion. The paper shows that EAD devices with large gap spacing can
achieve higher thrust-to-power and thrust density than current implementations
with smaller gap spacing, which are important metrics for aero-plane
propulsion.

2.5 Zhongzheng He, Pengfei Li, Wei Wang, Liwei Shao
and Xi Chen [5]
2.5.1 Introduction:

The paper titled “Design of indoor unmanned airship propelled by ionic wind”
uses ionic wind as a propulsion method. The ionic wind is a phenomenon where
electrically charged particles create a thrust force in the air. The paper describes
the structure, circuit, and control of the airship, which has two ionic wind
propulsion devices on both sides. The paper also reports the results of a flight
experiment, where the airship can perform forward and yaw motions under
remote control. The paper claims that the ionic wind-powered airship has
advantages such as low noise, low vibration, and high safety compared to other

propulsion methods.
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2.5.2 Experimental Setup:

The paper uses an ionic wind-powered airship that has a length of 1.5 m, a
diameter of 0.4 m, and a volume of 0.25 m3. The airship is filled with helium
gas and has two ionic wind propulsion devices on both sides, each consisting of
a needle electrode and a ring electrode. The electrodes are connected to a high-
voltage DC power supply and a control circuit that can adjust the voltage and
polarity of the electrodes. The control circuit is connected to a Bluetooth module
that receives commands from a mobile phone app. The app can send four
commands: “stop”, “forward”, “forward left”, and “forward right”. The paper
tests the performance of the airship in an indoor environment with no wind
interference. The paper measures the thrust force, power consumption, and
flight speed of the airship under different voltages and polarities. The paper also
evaluates the stability, maneuverability, and noise level of the airship during
flight.

Figure 2.5.1: Airship Powered by lonic Wind

2.5.3 Results:

The paper presents the following results and graphs:
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The paper tests the device with different voltages and polarities and finds that
higher voltage and positive polarity give better performance. The paper also
tests the airship with two ionic wind devices and shows that it can fly forward
and turn left or right with a remote control.

The graph below shows that the thrust force increases with the voltage, but
decreases with the power consumption. This means that higher voltage can

produce more ionic wind, but also consumes more energy.

20

0 5 10 15 20 25 30
VikV)
Graph: 2.5.1: Thrust to voltage graph
The graph below would show that the air resistance increases with the speed,
but reaches a limit at a certain speed. This means that higher speed causes more

friction between the airship and the air.
25

Ve(m/s)

Graph 2.5.2: Speed versus air- resistance graph
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The paper concludes that compared with other propulsion methods, such as
propeller and bionic wing, the ionic wind propulsion device has advantages such
as low noise, low vibration, and high safety. The paper also claims that the ionic
wind-powered airship designed in this paper uses two ionic wind propulsion
devices as power sources and can complete forward and yaw movements under

remote control.

2.6 S. Coseru, D. Fabre, and F. Plouraboué [6]
2.6.1 Introduction:

The paper "Numerical Study of Electro-Aerodynamic Force and Current
Resulting from lonic Wind in Emitter/Collector Systems" presents a
comprehensive numerical investigation into the electro-aerodynamic force and
current generated by ionic wind in emitter/collector systems. The study aims to
enhance the understanding of these phenomena, which have significant
implications for optimizing the design and performance of electro-aerodynamic
systems.

2.6.2 Methods:

Methods that are used in this paper are theoretical formulation and
dimensionless formulation, variational formulation, and Regularization. In
theoretical formulation, they set the boundary conditions and constitutive
equations and use a Kaptzov approximation. Recent scientific evidence has
been provided for this Kaptzov hypothesis, which asymptotically holds for the
axisymmetric arrangement, and after that propulsive thrust and current intensity

are measured.
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Figure 2.6.1: Various emitter and collector configurations (a) 1E/1C, (b)

1E/2C, (c) 2E/2C (d) 1E/2C

In dimensionless formulation, they use the reference length scale to make the

dimensionless collector radius value equal to one and then they set the

variational formulation of the problem and for replacing condition they use a

regularization method.

2.6.3 Numerical Validation:

In this section, they perform axisymmetric tests that have different cases of

regularization techniques and emitter configuration.

1 1
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0
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Figure 2.6.2: Computed lon density (p) and electric potential (a) without

regularization term and (b) with a regularization term
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Figure 2.6.3: 1E/1C lon density, electric potential, and electric field (a) V
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Graph 2.6.1: 1E/1C case (a) Dimensionless intensity vs dimensionless
applied voltage. (b) Dimensionless Electro Aerodynamic force vs applied
voltage for the same configuration and both electrodes’ contributions.

2.6.4 Experiments Comparison:

There is a comparison between 1E/1C and 1E/2C in graphs in which they set
the electrodes at different gaps and compare them with experimental data.
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Graph 2.6.2: Results on several values of gap D for 1E1C configurations.

Compared with experimental data. All panels [(a)—(d)] have the same legend

as (c) not duplicated.
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Graph 2.6.3: 1E2C configurations with several values of gap D. Experimental

data compared. Panels [(a)—(d)] having the same legend as (d), not duplicated

In summary, this paper provides valuable insights into the numerical study of

electro-aerodynamic force and current resulting from

ionic wind in

emitter/collector systems. The findings contribute to the broader understanding

of electro-aerodynamics and offer potential avenues for further research and

development in this field.
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3.1 Introduction:

The existing literature acknowledges the potential benefits of ion propulsion for
aircraft but there is a clear research gap concerning its practical implementation,
performance optimization, and safety considerations. This research gap hinders
the realization of ion propulsion planes as a viable, sustainable, and
commercially viable option.

We design a test bench and an HVPC for the experimentation and then
experiments are done using software Design Expert and an optimum
configuration is concluded and other factors affecting the efficiency of thrust
generation are measured. First, we discuss the research gap and challenges for

ion propulsion systems to perform in the aviation industry.
3.1.1 Research Gaps and Challenges:

Based on the literature review, several research gaps are identified regarding ion

propulsion planes:
3.1.2 Power Generation and Management:

Developing efficient and lightweight power generation systems for ion
propulsion planes remains a significant challenge.

3.1.3 Power Generation:

Generating sufficient electrical power for ion propulsion planes poses a
significant challenge due to the high energy requirements of ion thrusters. The
power source must be lightweight, compact, and capable of providing sustained

power over long durations.
3.1.4 Fuel Cells:

Fuel cells offer the advantage of high energy density and long endurance. They
convert chemical energy from onboard fuel such as hydrogen into electrical
energy through an electrochemical reaction. Fuel cells can provide a continuous
power supply for extended periods making them suitable for long-duration
flights. However, challenges include the weight and storage of fuel as well as

the overall efficiency of the fuel cell system.
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3.1.5 Solar Panels:

Solar panels harness the energy from sunlight and convert it into electricity
using photovoltaic cells. This renewable energy source has the advantage of
being lightweight and environmentally friendly. However, solar power
generation is subject to variations in sunlight availability making it less reliable
for continuous and high-power applications. Additionally, the limited surface

area of an aircraft poses a challenge in maximizing solar panel efficiency.
3.1.6 Hybrid Systems:

Hybrid power generation systems combine multiple sources, such as fuel cells
and solar panels, to enhance overall power availability and reliability. These
systems aim to leverage the advantages of each power source while mitigating
their limitations. By combining fuel cells and solar panels, for example, the
aircraft can operate using solar power during the day and rely on fuel cells for

power during the night or in low-light conditions.
3.1.7 Power Management:

Efficient power management is crucial for optimizing the performance of ion
propulsion systems and ensuring the effective utilization of electrical power.
Power management systems monitor and regulate the distribution of electrical
power to various components and subsystems, prioritizing their power

requirements and managing energy storage.
3.1.8 Power Distribution:

Power distribution systems ensure that electrical power is supplied to the ion
thrusters, avionics, control systems, and other onboard equipment as required.
These systems must balance power demands, manage voltage levels, and
prevent power fluctuations or surges that could affect system performance or

damage sensitive electronics.
3.2 Propellant Efficiency and Mass Flow Control:

Optimizing ion propulsion propellants and controlling mass flow rates are
critical for achieving optimal performance and range. Propellant efficiency and

mass flow control are critical aspects of ion propulsion systems in ion
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propulsion planes. These factors directly impact the performance, thrust

generation, and overall efficiency of the propulsion system.
3.2.1 Propellant Efficiency:

Propellant efficiency refers to the effectiveness with which the ion propulsion
system utilizes the propellant to generate thrust. In ion propulsion, the propellant
is typically a gas, such as Nitrogen usually xenon, which is ionized and
accelerated to generate thrust. The propellant efficiency is determined by

several factors:
3.2.2 lonization Efficiency:

The ionization efficiency measures the ability of the ionization subsystem to
convert a significant portion of the propellant gas into ions. Higher ionization
efficiency ensures that a larger fraction of the propellant is utilized for thrust

generation, minimizing wastage.
3.2.3 Charge Exchange Losses:

Charge exchange losses occur when the ions in the ionized propellant collide
with neutral atoms resulting in the recombination of ions and a loss of kinetic
energy. Minimizing charge exchange losses is crucial to maximizing propellant

efficiency.
3.2.4 Beam Neutralization:

In some ion propulsion systems, beam neutralization is employed to neutralize
the ion beam by injecting electrons or neutral gas into the beam. Efficient beam
neutralization reduces the interaction of the ion beam with the surrounding

environment, optimizing propellant utilization.
3.2.5 Recirculation and Reutilization:

Developing methods to recirculate and reutilize the propellant that has been
ionized and accelerated can significantly improve propellant efficiency. This
involves capturing and recycling the ionized propellant to reduce consumption

and extend the operating lifetime of the propulsion system.
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3.3 Thrust-to-Power Ratio:

The thrust-to-power ratio determines the efficiency of the ion propulsion
system. It represents the amount of thrust produced per unit of electrical power
consumed. Optimizing the mass flow rate in conjunction with the power input
is necessary to achieve an optimal thrust-to-power ratio and overall system

efficiency.
3.3.1 Acceleration and Extraction Grids:

lon propulsion systems employ grids to accelerate and extract ions. The
geometry, voltage potentials, and grid spacing significantly affect the mass flow
rate and the resulting thrust. Precise control and optimization of these grids are

essential for efficient mass flow control.
3.3.2 Magnetic Field Configuration:

Magnetic fields are often utilized to control the ion beam and improve its
efficiency. The configuration of magnetic fields can influence the mass flow
rate, ion trajectories, and beam divergence. Optimizing the magnetic field
configuration helps ensure efficient mass flow control and enhanced thrust

generation.
3.3.3 Safety and Environmental Considerations:

Comprehensive studies on the environmental impact and safety of ion
propulsion planes are lacking, necessitating further research and risk
assessment. Safety and environmental considerations are vital aspects that need
to be addressed in the development and implementation of ion propulsion
planes. As with any new propulsion technology, it is crucial to ensure that the
operation of ion propulsion systems is safe for passengers, crew, and the

environment.
3.3.4 lon Beam Effects:

The ion beam emitted by the ion thrusters can interact with the surrounding
atmosphere, potentially causing the ionization of atmospheric molecules and
generating secondary particles. These interactions may have implications for

human health, avionics systems, and other onboard equipment. Understanding
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and mitigating the effects of the ion beam on the aircraft and its surroundings is

essential for ensuring safety.
3.3.5 Electrical Systems and Interference:

lon propulsion systems rely on high-voltage electrical systems for ionization
and acceleration. It is crucial to assess and mitigate potential risks associated
with high-voltage systems, such as electrical arcing, electromagnetic
interference (EMI), and compatibility with other aircraft systems. Adequate
shielding and insulation measures need to be implemented to prevent hazards

and ensure the safe integration of ion propulsion technology.
3.3.6 Atmospheric Impact:

lon propulsion planes emit ionized particles into the atmosphere, potentially
affecting the composition and chemistry of the surrounding air. The impact of
these emissions on the environment, including air quality, ozone depletion, and
climate change, needs to be carefully evaluated and compared to conventional
aircraft emissions. Comprehensive environmental assessments and modeling

studies are necessary to quantify and mitigate any potential negative effects.
3.3.7 Life Cycle Assessment:

Conducting life cycle assessments (LCAS) of ion propulsion planes can provide
a holistic view of their environmental impact. LCAs evaluate the environmental
effects of the entire life cycle of the aircraft, including manufacturing, operation,
and disposal. Assessing the environmental footprint of ion propulsion planes
will help identify areas for improvement and guide the development of

sustainable aviation practices.
3.4 Integration and System-Level Challenges:

Integration and system-level challenges are critical aspects that need to be
addressed when considering the implementation of ion propul