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Abstract

Since the first airplane invented 100 years ago, most or all airplanes propulsion systems
are based on moving parts powered by fossil-fuel which is impacting our environment by
producing unwanted gases such as carbon dioxide, methane, greenhouse gases and more,
furthermore, it is well known that there is a degradation in Oil & Gas resources on earth.
Therefore, scientists are interested in finding an alternative way to fly an object. Recently,
ionic wind-induced by Direct-Current (DC) Corona discharge have been introduced to
enhance the future generation of airplanes without the need for moving objects. Corona
discharge phenomena occurs when high potential differences of the order of tens of
kilovolts between two asymmetrical electrodes do exists, which enable the generation of
Electrohydrodynamic (EHD) thrust in the air. As of now, no “ion” airplane with such a
solid-state propulsion system has yet flown. Hence, this study takes a close outlook to
investigate such possibility. This work examines the use of a multi-directional thruster
integrated in an airplane structure to enhance its flying performance. The proposed design
is of spherical shape that incorporates several couple of layers to generate the required
ionic wind distribution. The designed airplane is composed of a body that contains the
pilot cabinet with all required control and sensory systems. The body is attached by four
propellers (ionic wind generators) to provide the required thrust and direction. Each
propeller consists of two spheres: outer sphere and inner one. The outer sphere is a sector
of distributed multi-needle electrodes. The inner sphere is shaped like a net/mesh. The
outer sphere is connected to positive polarity, while the inner is connected to the negative
polarity of a voltage source. This arrangement will result in the generation of a strong
electric field region to ionize the surrounding gases in the gap between both spheres. The
generated ions will travel from the positive outer towards the negative inner mesh which
will collide the neutral atoms on the way and generate the required wind, based on
established design, which will be assembled with many ionic wind producers as a sectors
of sphere, the power supply for each sector will be connected to a controller to control
which sector to be on and which one to be off, it will be working as a switcher, then based

on selected sectors, the direction of flight will be controlled accordingly.

Vi



Keywords: Corona discharge, electrostatic field, gap discharge, ionic wind, propulsion,
silent airplane, multi-needle-to-net electrodes

Vil



Title and Abstract (in Arabic)

Lilabiall 3 jilall (g g S JSagd) ada aaS 8 4 o) L0 (85 sal) Sl gl

tbﬁimésd»ﬁ&\ju\ﬂﬁ)u‘_ﬁdg?ﬁuc@ 100 sa3 U Lo a5 Lgalis) 233 il J 4l dia

8 _ball <l Sl (any i) IS e Al e Ul i35 Al g 5 s8aY) 2685l Gl sin) Taae e oLy 38 aia
las Of asteall g ad) il e s dle | ST (gl pall paiiaY) il e ¢ lisall oy g SN apusT G Sl
alaainly ol plall Al (3 pa dladls () 68 sad ) sialll ol G Joal gia a3 sl g dadil) 3 28U
Y e sel) Claiie bl Cpan AlSa) 8 Cand ) Gl ol Gans @l e dadas 400 5eS A8l
Aol o il duilie LSy s o I (Corona Discharge) fase s (Madl agall 658 e aaiad )
Ombad O e axaa (358 35 5 2ie zi0 Al (Corona Discharge) dsala e ol il 3 ,Sall Ll
sda LY 5 el LSl il e e Juay  Jadl Laiall (38 cel sl 5 <ol Sl Jie (plall (48 dass 5 Lagin
o Lo 138 5 ¢ JSEN (A (puiline (puadad (s gl B8 A58 o (3 Y) o) el L) B dsalal)

o2a Caagd clia (ya A 50¥) Ll aladiuly salail) s § il wiaa oy ol (W) (i Saalinn g 5 5 S
i Saalinn 5 a5 5681 o 2aiad CS jae apanal (33 5h o AiSaa 5S40 028 (IS 13) Lagd (3iail] Al )
Lo sl (a5 A8 ) Sl e JSEN 45 S S jae ol ol o ppensll S 55 cclalai¥) JS 8 (gl
Ll alS g ) jalditinall amy g aSaia g (Dl jUay) A8l juas e Glarall (3 gaiia e AS jall (g gins
JS 5 (Clalad¥l yaadl) adalia (e S5 A JlAl 5 S ¢ ranll Laguzany Jalo 05 S (e & ae JS o 5S0
Ol il o s dun e Y1 e Aind (5SS Gy JAll dga ga g mhauill e de jga ) e (s siag adaia
Anviiall oY) Tl i Calliall il e A g g g 5805 4803 IS e Lpapana 23 Adalall 3 S0 Ll
A Ll Cadadll 8 0y g (535 Sl iy sy 0¥ Gags e lall (Sl seSI Jlaall i SN g
iy Al 5 Alaleiall 3l i3 ae anbiailly o i cpadandl (il 1 Ol cCaga 3l S Jlae Lala,
G5 7 i) avanaill o ol uSlaall olaiVl 8 dadla s 8 plisly JiSh 63l g 5 5a¥) o) sl oy ¢ 52

528 Jrea 55 (S ¢ 3aY) o) sel) ladia o ral adalia e 058 & jaa IS5 A58 S jae )l e 0 SY
ASaill Ky A8y pall 03¢y caliadl Cany ahaia (gl HLEAY aaas alea o) JaseS Jarg o) 52 (531 alaially cilaiaal)
Ol ahall oladly aSal) UL 5 miiall o) sl olaily

idia b yilda cadall iy V1 ~ Ll 68 sndl) Adlise Sl oy eI Jlaa ¢ ST o 55 A 1) Giad) asalia

iy

ALl c._1U=§;Y\5 oY) Baaxia uu\

viii



Author Profile

Tha’er Shekh Ibrahem holds bachelor’s degree in electrical engineering from An Najah
National University — Palestine, since 2017. Currently, He works as a Customer Service
Manager at INNIO Waukesha Gas Engines, Abu Dhabi/UAE. In addition to that, he is

studying Master of Science in electrical engineering at United Arab Emirates University.

He has received the “2022 UAE Engineering Challenge” organized by Elsevier. His

current research interests focus on the design and implementation of ion-based airplanes.

IX



Acknowledgements

All thanks and praise to Almighty Allah for all the graces He granted to me along
with my life.

I would like to thank my committee for their guidance, support, and assistance
throughout my preparation of this thesis. My immense appreciation to Dr. Mahmoud F.
Al Ahmad for his kindness, mentorship, and generosity for the support he gave me to
fulfill my aspiration.

Furthermore, special thanks go to my parents, family, and friends for their

unconditional support and encouragement.



Dedication

To my beloved parents who gave their lives to be who | am, and to my soulmate my wife

for her extraordinary support and encouragement.

Xi



Table of Contents

LIPS UP PSPPSR [
Declaration of Original WOrK ...........cocoiiiiiiiiiiie e ii
Approval of the Master THESIS .....cviiiiiii e \Y
ADSTIACT ...ttt b e b nrs Vi
Title and ADStract (I ArabiC).......cviiiiiiiise e viii
AUTNOT PTOTIIE ..o et be et IX
ACKNOWIEUGEIMENTS. .....eivieiiie sttt ettt et beenaeenee e X
D =To [T [0 o H PP URSP Xi
TabIE OF CONTENTS....eiuiiiie it e e be e beenbe et s Xii
LISE OF TADIES ..o nree s Xiv
LIST OF FIQUIES ..ottt et et e ra e e b e e naesnneanee e XV
LiSt Of ADDIEVIALIONS ....c.vviiieiieeie e XVi
Chapter L: INtrOQUCTION .......ccuieiie et e esrae e e e reeenree s 1
1.1 OVEIVIBW ... bbb b et b etk sttt e e bt e be et e e be e b 1
1.2 Statement Of the ProbIem ... 1
1.3 Research Aims, Objectives, and QUESHIONS..........cccecverieeiiee e 3
1.4 Relevant SIgNITICANCE........cuvi et et e e enes 4
1.5 Research OrganizZation ...........cueiceeiieie et e e 5
Chapter 2: LITerature REVIBW .......cccuviiiieiie et stee sttt snae e e e nneeennee s 6
2.1 Theory of Corona DIiSCNAITE ......cccvvveiieiie e ee e 6
2.2 Generation Of the 10NIC WING.........ooiiiiiiiiie e 9
2.2.1 10NIZALION ZONE ...oiiieiieiiee sttt ettt e e e eraenraesreennes 10
2.2.2 DITE ZONE.....o ettt et nnes 11

2.3 Theoretical Background and Model.............ccoooviiiiieiiiii e 12
2.4 Effect of EIeCtrodes StIUCTUIE .........ocveiieiie e 15
2.4.1 Wire-to-Cylinder StrUCTUIE. .......cooiiiiieie e s 16
2.4.2 Needle-t0-RiNG STIUCLUIE. ........cooiiiiiiie e s 20
2.4.3 Multi-Needle-t0-Net SITUCTUIE. ........ccveiieece e 22
Chapter 3: Methodology and SImMUIAtioN.............ccccceiiiiie i 24
3.1 Brief Description of Simulation SOftware...........c.ccccvviiieiieiiic i 25
3.2 Geometry and Design Parameters .........ccvcvvviieiieiieiie e 26

Xii



3.3 SIMUIATION RESUITS. ..ttt ettt e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 29

3.4 Application Of the DESION .....c.ccviiiiiieiie e 36
Chapter 4: CONCIUSION ......veiiieiiieie ettt s ra e be e e e sbeenreene s 39
RETEIEINCES. ...ttt bbbt bbbt 42

Xili



List of Tables

Table 1: Comparison of Thrust-to-Power ratios with Thrust Density............cccccccvvvvennnnne

Table 2: Results of Simulation based on Applied Voltage

Xiv



Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:

Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:

List of Figures

10NIC WiING HTUSErATION ... 2
Two Stages of Wire to Cylinder StruCture...........ccoecveiiiie e 3
Positive Corona Discharge SChematiC.........coccviveiiniiiniienie s 9
1ONIC WING FIOW. ..o 10
Simulated 10NIZAtION ZONE ........ccooceiiiiieiie e 11
Geometric Ilustration of Warburg's Theory.........cccccevviiiiiiiiiienee s 13
Schematic View of the Experimental Setup. ........ccccoevveiieiiive i 16
[Hlustration of EICIrodes AITAYS. .......cviueiieiiieiie e s 17
EAD Silent Aeroplan DESIQN. ....cccueiviiieiieiieit e 19

Wind Velocity at Different Gap DiStance. ........cccccccevvveviveiieeve e 21
Discharge Mechanism in Positive & Negative COrona. .........cccocvevveieninennens 21
Multi-Needle to Net STrUCTUIE. ......ccviiieie e 22
Electrodes Structure and Arrangement. ........cccovcvevieerieeiie e eree e 23
SCRITErEN SYSIEM. .. it 25
Basic Process of FEM [Ansys Fluent User Guide]..........ccccovvvvvieiiieiiineinnns 26
Full Geometry of Multi-Needle to Net Electrode. ..........cocovveiiieiiieiiiecinnnns 27
Geometry Without CONLAINETS. ........ooviiiiiiieie e 27

Figure 18: Unstructured Mesh of the GEOMELrY........ccceooveiiieii e 28
Figure 19: Vertical and Horizontal Cross SECHIONS. ........cccoviiieriiiiniiie e 29
Figure 20: Wind Velocity at 10K Volts — Vertical Contour. ..........cccccveveevieecieeiieesinns 30
Figure 21: Wind Velocity at 10 K Volts, Horizontal Contour. ..........ccccccevvieiieniieecinne 30
Figure 22: Static Pressure Distribution in the Domain at 10 KV. ........ccccooieiiiiiicinnine 31
Figure 23: lonic Wind Velocity at 15 K Volts, Vertical Contour. ..........cccocoeevveiivvernnnne 32
Figure 24: Wind Velocity at 15 K Volts, Horizontal Contour. .........ccccccvvvvevivenveieeninene. 32
Figure 25: Static Pressure Distribution at 15 KV. ... 33
Figure 26: lonic Wind Velocity at 20 K Volts, Vertical Contour. ..........cccccceevveiieernnnne 33
Figure 27: Wind Velocity at 20 K Volts, Horizontal Contour. .........ccccccevvvvvveiveieenieenne. 34
Figure 28: Static Pressure Distribution at 20 KV. .......ccccovv e 34
Figure 29: 3D Plot of lonic Wind Velocity Magnitude. ..........cccccoeeviveieiiie e 35
Figure 30: Resultant Static Pressure for all Three Simulations. ............ccoccoveviiinnnnnn. 36
Figure 31: Single 10nic WINd GENErator. .........cccccveiiieiiiesiee e sie e ee e seeesnee e 37
Figure 32: Design of an Airplane with lonic Wind Generators. .........c.ccoovveneieninnienins 38
Figure 33: Graph of Simulation ReSUILS. ..........cccceiiiiiiiiiic e 40

XV



EAD
EHD
NS

NTP

XVi

List of Abbreviations

Electroaerodynamics
Electrohydrodynamics
Navier-Stokes

Non-Thermal Plasma



Chapter 1: Introduction

1.1 Overview

Since the first manufactured airplane has been invented 100 years ago, most
airplanes are powered by moving parts propulsion systems using fossil-fuel combustion
(Xu et al., 2018). Due to the lack of fossil fuel on earth and the catastrophic impact of
carbon dioxide emissions affecting the environment and ozone layer, in recent decades,
researchers’ interest focused on finding an alternative method to fly an object using a
clean electric propulsion system such as Electroaerodynamics (EAD) principle where
electric field accelerates ions in fluid (Air). In this field, the EAD is built based on
corona discharge phenomena generated using a high voltage difference between two
asymmetrical electrodes, one sharply pointed electrode, and a larger radius ground
electrode, accordingly, the electric field will ionize the fluid between both electrodes and
force the ions to move toward a certain direction generating an ionic wind and thrust. Up
to date, researchers are studying several aspects such as structure design, electrodes
arrangements, and applied voltages to enhance the resultant ionic wind speed and thrust
force trying to find an answer to whether this thrust could be scaled to figures that
compete with the conventional airplanes propulsion systems (H. D. Perkins &
Thompson, 2009).

This research aims to identify two main points; firstly, the best achievable ionic
wind speed and thrust density using the optimum electrode structure that can be used in
future airplanes. This chapter will introduce the study by first discussing the background
and context, followed by the research problem, the research objectives, the significance,

and finally, the limitations.

1.2 Statement of the Problem

Corona discharge phenomena can be observed when a spark appears between a
couple of electrodes having a high voltage potential, one highly curved electrode called “
Emitter “ and another less curved electrode ““ Collector «, it’s created with a high voltage
and low current system, corona discharge starts when the high electric field between

both electrodes exceeds the breakdown voltage of the medium, during corona discharge



a high electric field strength around emitter ionize the air — or another medium —, electric
field force the ions to move towards the collector and collide the other neutral atoms
during along the way, which is called ionic wind (H. D. Perkins & Thompson, 2009)
(Figure 1).

Corona discharge mgion
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Figure 1: lonic Wind Illustration

The ionic wind phenomena were initially discovered by Hauksbee in 1709. Then
experimentally Chattock found the relationship between the ionic wind and the
characteristics of voltage and current in 1899. In 1986, Sigmond proposed a theoretical
design of a needle-to-plate system to generate a corona discharge (Lv et al., 2019a),
since then, those studies allocated the basics of subsequent research to utilize ionic wind
in many applications such as thermal cooling, flow control and ionizing blowers (T.
Zhang et al., 2019).

As mentioned earlier, several studies were conducted between 2008 and 2018 by
changing the configuration of electrodes structure and measuring the resultant ionic wind
velocity, comparing all these studies revealed that the velocity and efficiency of the ionic
wind generated by Needle-to-Net electrode are higher than Needle-to-Ring structure (Lv
etal., 2019a). In 2018, Dr. Barrett and his team designed and successfully flew an
unmanned airplane for 40 — 45 m and a speed of 4.8 m/s using the same concept built
with a 5 m wingspan attached to two stages of the wire-to-cylinder propulsion system
(Xu et al., 2018) (Figure 2).



Emitting Collecting

electrodes electrodes 32 AWG wire Aluminum foil
+20 kV -20kV
| | | | B e 1
1 —_
e = B
lonization . 4_________._ Acceleration | FoamNACA
region region 0010 airfoil
< ——— —
Direction of
air flow
| m— ———
Direction of
thrust force
«—
e < ——
| | | |
| |
First stage Second stage

Figure 2: Two Stages of Wire to Cylinder Structure.

As a result, existing researches are inconsistent in terms of the best electrode
structure and resultant ionic wind velocity, furthermore, the model developed by (Xu et
al., 2018) didn’t take into consideration the direction of flying and the ability to control
speed and direction. Therefore, what if we enhance the Multi-Needle to Net-Electrode’s
structure in a shape that is applicable to be attached with a multi-directional and

controllable flying object?

1.3 Research Aims, Objectives, and Questions

Given the inconsistency of the existing studies regarding the maximum ionic wind
velocity and lack of optimum propulsion system design that can be utilized for a
controllable flying object, this study will aim to figure out a new propulsion system that
competes for the available structures in terms of ionic wind velocity and ability to be

controlled.

To achieve the aim of this research, the specific objective will be outlined and

described as the following:

Objective #1: To compare the available studies of ionic wind generators in terms
of the resultant ionic wind velocity.



Obijective #2: To calculate the ionic wind velocity of new designed spherical

structure experimentally and explain its advantages in terms of stability and control.

Consistently with the research objectives, the following questions outline the

research expected results.

RQ #1: What was the maximum ionic wind velocity achieved by previous

studies? And what was the structure used to achieve that maximum velocity?

RQ #2: What is the ionic wind velocity resulting from new designed spherical

structure?

1.4 Relevant Significance

Humans burn fossil fuel more and more to power cars, airplanes and other
machines, these waste gases including carbon dioxide are catastrophically impacting the
world climate change and extensively contributing to global warming and the
greenhouse effect, therefore the leaders in the world including scientists and researchers
are racing to give away of fossil-fuel source and investing more in green energy vehicles

and machines.

And hence, this study will contribute to the race of getting closer to clean and
silent airplanes around the world, furthermore, the utilization of EAD of drones will give
a new technology to manufacture unmanned airplanes which record videos without
background noise since the new airplanes are silent, to more specific and practical, this
study will link between the technical studies that address the best values of the system

and the ability to be commercially viable.

Nevertheless, taking into consideration the EAD limitations to be used as an
engine of an airplane, the ionic wind velocity increases as the higher voltage is applied,
but a high voltage will generate a spark at a certain level. Therefore, there will be a
limited range of power and thus EAD doesn’t seem could be used to power a large
airplane (H. D. Perkins & Thompson, 2009). Even though, the studies afterward
including this research aim to fill this gap. On the other hand, there will be a lack of

resources to build a complete system to be verified and tested.



1.5 Research Organization

The thesis is organized as follows:

Chapter 1 (Introduction): In this chapter, the basic concept of corona discharge

and ionic wind generation will be studied from the scratches.

Chapter 2 (Literature Review): It gives a background about the corona discharge
and ionic wind concept; it also goes through the previous research related to ionic wind

characteristics and the structures that have been studied.

Chapter 3 (Methodology and Simulation): This chapter introduces the new
structure design and discusses the possible ways to verify and validate the resultant ionic

wind velocity, additionally it represents the results of the simulation for this design.

Chapter 4 (Conclusion): Chapter four concludes the thesis results, clarifies the

limitations and challenges faced during the study, and proposes future work.



Chapter 2: Literature Review

This chapter gives a background about the corona discharge and ionic wind
concept; it also goes through the previous research related to ionic wind characteristics

and the structures that have been studied.

After the first observation of the ionic wind phenomena by F. Hauksbee in the
1700s, this phenomenon became a popular scientific subject and numerous scientists
such as M. Faraday and J. C. Maxwell (Park et al., 2018) paid attention to characterize
and analyze the parameters of the corona discharge and ionic wind. In recent decades,
experiment-based studies with improved instruments enabled researchers to explore
unexpected aspects and pieces of evidence of the phenomena trying to figure out whether
it can be advanced to achieve higher ionic wind scales that can be an alternative method
to the conventional ones such as heat dissipation devices which rely on fans, this is
because of the advantages of ionic wind concept such as low power consumption, high

power efficiency, free of moving parts and smaller instruments.

2.1 Theory of Corona Discharge

The name of corona comes from the Latin word “Crown”, the name started from
the day of phenomena observation which started by the sailors during stormy weather at
sea, they noticed a bluish light on the top of worn masts, so it was seen as a crown or
halo around the head of mast (J. Perkins, 2009). Several years later, phenomena were
observed during high-voltage experiments conducted in the laboratory; therefore, it was
referred to as a corona reference to the previous papers written by Latin-oriented

scholars.

Generally, ASTM standards defined corona as a visible discharge that breaks the
insulation between conductors, it is created by a gaseous ionization between two
asymmetrical conductors having voltage difference, starts when the electric field exceeds
a critical value when some electrons of neutral atoms became free. The impressive glow
of the corona is the visualization of photons released in the recombination of electrons

and positive ions to form a neutral atom again. Corona discharge consumes low energy



refers to the scale of the voltage and current, it is required a few KV to be generated but

the current is very low and usually 101° to 10* A.

However, the corona discharge process has existed for over 100 years, since then,
the corona has been widely utilized in several applications commercially such as
electrostatic precipitation, electrophotography, static control in semiconductors
manufacturing, ionization instruments, and control of acid gases from combustion
destruction (Chang et al., 1991). Furthermore, remarkable applications we’ve seen
during literature reviews such as “loncrafts” which will be discussed in detail in this
thesis as it’s the main application of corona discharge and ionic wind, loncrafts also
known as Electrohydrodynamic lifter “EHD Lifter”; it is kind of lightweight vehicles to
lift off and hover when ionic wind velocity and thrust force exceed the weight of the
vehicle, there are other applications of corona discharge phenomena such as EHD

cooling systems, plasma actuators, and electrical generators.

Generally, the applications of EHD wind or in other words ionic wind serve
human and offers the ability to control the wind through electrostatic force to chive lift,

modify boundary layers, heat dissipation, etc.

The characteristics of corona discharge were studied by (J. S. Townsend, 1915)
when he figured out an approximate relation between voltage and current of a stable

corona discharge, generally, the relationship is given by the following equation.

i = kd(P — D) (2.1)

Where i is current, @ is the applied voltage, @, is the onset voltage which is the
minimum voltage required to ignite a steady-state corona discharge, and k is a constant
depending on the configuration of the system such as the radius of the sharp edge, the
shape of the collector, and the gap distance between both electrodes, it depends also on

the properties of the gas such as ion mobility and permittivity.

In addition to the above, (Peek, 1920) derived the minimum gap distance required
to start a stable corona discharge experimentally, he used the electric field distribution in

a simple geometry, besides that, he figured out the minimum voltage required to start the



corona (onset voltage). For example, for a wire-to-plate configuration, he found that the
minimum gap distance (d) required to ignite a corona is 2.925 X r,, where 1, is the
radius of the wire. Moreover, Peek’s law defines the minimum electric field on the wire

required to start a stable corona discharge, which is given in the following relation.

0.0301
E = E.m,s? (1+ m) (2.2)

Where E is the magnitude of the electric field on the wire at onset voltage, E. is
the disruptive critical voltage gradient, it’s about 3 x 106 V/m for air, m,, is the factor of
the wire surface contamination, and 5 is the gas density factor which is based on the
pressure (P) in cm of Hg and temperature (T) in degrees Celsius and given as per the

following relation.

3.92P (23)

T 273+4T

The electric field on the wire (Ew) can be written in terms of applied voltage ()

= —x 2.4
EW To ln(z—) ( )

To

And by substituting equation (2.4) into (2.2) the onset voltage can be given as per

the following formula.

®, = E,m,86°r, (1 + 0'0301) .In (ﬁ) (2.5)

1) .To To



2.2 Generation of the lonic Wind

Initially, to simplify the concept of ionic wind generation using corona discharge
phenomena, a positive corona discharge between needle and plate is shown in Figure 3.
To ionize the air molecules (or another medium) the electric field magnitude should
exceed a certain critical value depending on medium characteristics, unlike a discharge
between two parallel plates where the electric field is uniform, in corona discharge, the
field strength is high near the sharp electrode led to ionize the air around the sharp edge

and called lonization Zone.

Collecting

lonization Electrode
Zone

i

T
Corona
Source

<— DriftZone |—

Figure 3: Positive Corona Discharge Schematic

lonization will be localized in lonization Zone and corona discharge is thus said
to be a locally ionized plasma. Farther away from the needle (Sharp Edge), the electric
field magnitude becomes lower than the critical value and then there will be no
ionization. Importantly, based on the above, there will be a limited voltage potential
between both electrodes to generate an ionic wind depending on the structure of the
system and gas characteristics, to maintain the system at this state voltage potential
should be high enough to create an ionization zone without exceeding a certain value
where the electric field would ionize the whole gas along the gap and accordingly create
a spark. The ions are created in the ionization zone under the influence of the electric
field and then drift through the region beyond the ionization zone towards the collecting

electrode, therefore the area beyond the ionization zone is called Drift Zone, during the



travel of ions toward the collecting electrode, ions collide with neutral molecules and
transfer their momentum as shown in Figure 4, finally, the ionic wind is generated

toward a certain direction.

Figure 4: lonic Wind Flow.

Studies of ionic wind concept and ionic wind blowers are split into two main
areas, some simulate the ionization zone and others studied the drift region, former
researchers were interested in studying the ionization zone and the chemical reactions
within that ionization region, then when researchers became interested in applications of
ionic wind, detailed studies shed some light on drift region to study the characteristics of

EHD flow. The following subsections review some of these substantial works.

2.2.1 lonization Zone

Numerous works studied the ionization zone and its chemical reactions, a
remarkable study was done by (Chen & Davidson, 2003) who modeled the ionization
zone and its domain as shown in Figure 5, where the gray-colored region indicates the
zone, the boundary of the ionization zone is the distance at which the electrical field

magnitude becomes lower than the critical value.
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lonization region
\

__free electron

™
positive ion

boundary of lonization region

\
wire electrode

Figure 5: Simulated lonization Zone

Their study considered the charged particles as collective, positive ions, negative
ions, and electrons; accordingly, the governing equations were the drift equations for the
ions and the drift-diffusion equation for the electrons, those equations will be explained

in detail in Section 2.3.

2.2.2 Drift Zone

Most researchers interested in applications of corona discharges dismiss the study
of ionization since the zone is small compared to the drift zone, many studies in
literature modeled the ion transport in the drift zone (Adamiak & Atten, 2004; Go et al.,
2007; Tirumala & Go, 2011). All these studies followed the same procedure for the
simulation of corona discharge, the difference was in the numerical techniques used to

model the equations.

They mainly used Poisson’s equation and ion transport equation coupled together
to simulate the model, in these models, the ionization zone is neglected, and they focus
on drift region, therefore, only positive ions were considered in the DC positive corona
discharge, a detailed explanation of the governing equations for the drift zone will be

discussed in Section 2.3.
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Consistent with this thesis, very few studies simulated the corona discharge in
multiple electrode systems, (Deng & Adamiak, 1999) simulated a tri-electrode system
where the corona discharge was generated between needle and grid with a plate behind
the grid, but their numerical results were not validated experimentally, therefore, it’s

difficult to argue the procedure.

2.3 Theoretical Background and Model

To develop a design methodology for an ionic wind generator, it is mandatory to
completely understand the basic theory and model of corona discharge and ionic wind
generators in terms of the basic model used to derive the governing equations and main
parameters that all reviewed designs followed, in this section, theoretical background
and model will be thoroughly explained to elucidate the governing equations required for
numerical calculations of ionic wind velocity and other parameters of the design such as
onset electric field intensity.

A remarkable semi-empirical theory was proposed by (Warburg, 1899),
Warburg’s law explains the distribution of current density on the collector electrode in a
system of point to a plate, but this theory can be applied to other geometries where the

collector is a plate, the law is given as the following equation.

j(x) =j(0)cos(B)™ ; 6 = tan™? (g) (2.6)

Where j (X) is the current density on the plate x from the center, j (0) is the current
density at the center, and d is the gap distance between the needle (emitter electrode) and

the plate, Figure 6 shows the geometric arrangement that Warburg concluded this theory.
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Figure 6: Geometric Illustration of Warburg's Theory.

Interestingly, the most known study of corona discharge ionic wind was
performed by (Stuetzer, 1959), who mainly assumed the momentum transfer collisions
of ions with neutral air atoms as a body force in the Navier-Stokes (NS) equations as

shown in equation 2.7.
(aﬁ — — 2= p=q
q|—+u. Vu) = —Vp +vV°u + (qSCE) 2.7)

The body force term is given by the last term qscﬁ , Where g, is the space charge

density, and E is the electric field.

Furthermore, the pressure drop across the gap in a wire-to-plate configuration is
given by equation 2.8 which is derived based on the Navier-Stokes equation in static
equilibrium where there is no flow condition and after comparing the terms of the

equation.
i d 2d
=21 (%) (2.8)

Where Ap is the pressure drop, i is current, A is the area of the collector electrode,
b is the ion mobility in air, d is the gap distance, and r, is the wire radius as mentioned
before. After substituting Townsend’s equation (Equation 2.1) into Equation 2.8 the
pressure can be given in terms of applied potential, accordingly, the consumed power in

corona discharge is given as:
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P = ®i = kd?(d — D) (2.9)

In addition to the above, Stuetzer defined the efficiency of corona discharge to be
calculated by comparing the output kinetic energy with electrical energy which is given
as shown in relation (2.10).

dynamic pressure power Ap (dm/dt)u2 _ pQ3

T]: =

total power consumed P di T kAZD2(P—dg)

(2.10)

Where p is the density of the gas, u is the velocity, Q is the volume flow rate, and
A is the flow area that can be found based on configuration.

The model of corona discharge is mainly relying on solving Poisson’s equation
(Equation 2.11) which is a generalization of Laplace’s equation, in other words, the

potential V is governed by this equation(Rickard & Dunn-Rankin, 2007).

vy = 4 (2.11)
€o

Where q is the space charge density, and &, is the dielectric permittivity of air

(8.8542 x 102 F/ ).
Then the electric potential can be given by electric field intensity as the following
equation.

E= —VV. (2.12)

Concerning the Section 2.2 literature review, the transport equation to be solved

for each particle, electrons, positive ions, and negative ions can be represented as:

J = ugqE + qii — DVgq (2.13)

14



Where ] is the current density generated by diffusion, conduction, and convection,

Ug is the ion’s mobility in the air (2.7 X 107* mZ/V_ ¢), D is the diffusion coefficient

(5.5 x 10-6 ™°/,).
The transport equation 2.13 can be simplified by considering the charged
particles' velocity is far larger than the airflow velocity and diffusivity coefficient of

ions, subsequently, the transport equation is defined as:

] = ugqE (2.14)

Conversely, the current density should satisfy the continuity equation which is
about the conservation of charge (Equation 2.15).

V=0 (2.15)

Finally, for incompressible Newtonian fluid, the ionic wind velocity can be
calculated by the continuity equation (Equation 2.15) and the Navier-Stokes equation
(Equation 2.7).

2.4 Effect of Electrodes Structure

In recent history, corona discharge and ionic wind have been a field of study since
the early 20th century, as mentioned earlier, ionic wind and corona discharge have
become of paramount importance in several applications, and researchers interested in
the investigation of ionic wind enhancement throughout studying the resultant ionic wind
velocity and system efficiency of numerous designs. Particularly, the structure of the
propulsion system plays a key factor in ionic wind velocity, in this section, works of

literature are reviewed in terms of the electrode structure.
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2.4.1 Wire-to-Cylinder Structure.

There are numerous types of research studied structures in different approaches
during the past couple of decades is the Wire-to-Cylinder structure, (Fylladitakis &
Kiousis, 2008; Gilmore & Barrett, 2015; Lee et al., 2022; Xu et al., 2018). Fylladitakis
and Kiousis verified the relationship between the current, applied voltage, and ionic
wind velocity experimentally and theoretically, as shown in Figure 7 (Fylladitakis &
Kiousis, 2008). 300 mm long electrodes were used where the emitter wire and collector

cylinder were made of copper and aluminum respectively.

Hot Wire / lonic Wind é

Anemometer
Figure 7: Schematic View of the Experimental Setup.

Consistent with the numerical model, in this structure, the ionic wind velocity is
approximately linear with applied voltage but proportional to the square root of the
discharge current, and the velocity decreases as the gap distance between the wire and
cylinder increases, furthermore, the wind velocity has an inversely proportional
relationship with the wire radius, while the cylinder radius has a small effect on ionic
wind velocity because of its effect on electric field intensity in the emitter’s surface due
to the higher field inhomogeneity. Nevertheless, the maximum ionic wind velocity was
empirically found 2.88 m/s at 20 kV applied voltage, the efficiency of the Wire-to-

Cylinder system is low (0.8 %) and the system doesn’t seem quite efficient.

Steven Barrett, associate professor of aeronautics and astronautics at MIT
(Massachusetts Institute of Technology) was inspired by the shuttles that glided through

the air silently without any moving parts, accordingly, he studied the ionic wind concept
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in terms of thrust-to-power ratio and thrust density to compare the results with
conventional airplanes and figure out whether it’s a viable solution to use the ionic wind
as an unmanned airplane (Jennifer Chu, n.d.). Interestingly, Barret conducted a
theoretical analysis and experimentally found that the EHD propulsion system can
provide a practical level of efficiency compared to conventional flights whilst the thrust
density is still under investigation (Gilmore & Barrett, 2015; Masuyama & Barrett,
2013).

Multistage electrodes were used to improve the ionic wind speed and accordingly
the thrust values as shown in Figure 8 (Gilmore & Barrett, 2015) as an illustration of an
empirical study conducted in 2015 when it was again reconfirmed that the thrust-to-

power ratios of the EHD system are comparable with that of conventional propulsions.

emitter array

(0]
2z
collector array

stage 2 — / /

Figure 8: Illustration of Electrodes Arrays.

L is the electrode gap distance, A is the electrode spacing between pairs, 0 is the
distance between electrode pair stages, ¢ is the emitter electrode wire diameter, N is the

number of electrode pairs per stage and K is the number of stages.

For this propulsion system design, the author derived the expression of the thrust
(Equation 2.16) and thrust-to-power ratio expression (Equation 2.17) where “I” is the
current generated by the system, “L” is the distance between the emitter and collector,

“u” is the ion mobility and “V” is the applied voltage.
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IL
T="= (2.16)

T L
I=L (2.17)

Experimentally, the emitter electrodes were made of 0.202 mm or 0.0799 mm
diameter tinned copper wires, and the collectors were 6.35 mm diameter Aluminum
tubes where the inception voltage was 70 kV according to Peek’s law corresponding to

the air gap used in their study (30 and 50 mm).

About the structure that Barrett used to study the ionic wind generator as a
propulsion system, the maximum thrust-to-power ratio found is 110 N/KW while it’s
only 2 N/KW for the jet engine, but the main couple of parameters studied to compare
whether the EHD propulsion system would compete the conventional systems such as
turbines or jet engines were inversely proportional, as per Table 1, an increase of thrust

per unit area (Thrust Density) would decrease the thrust-to-power ratio.

Table 1: Comparison of Thrust-to-Power ratios with Thrust Density.

Thrust Density
(N/m?) 1 1.5 2 2.5
L =30 mm 7.9 7.0 6.3 5.8
L =50 mm 10.2 8.9 7.9 6.8

However, the study unveiled that the thrust-to-power ratio decreases with
increasing power and thrust, on the other hand, increasing thrust density would decrease
the thrust-to-power ratio, where thrust density can be increased by increasing the power
supply or by decreasing the working area, furthermore, long air gap distance generates

higher thrust-to-power ratio for a given thrust per unit area.

In addition to the above, Mr. Barrett and his team at MIT unveiled an impressive
result later in 2018 (Xu et al., 2018), they were successfully able to demonstrate the first-

ever silent airplane operating with a solid-state propulsion system using the ionic wind
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concept. As illustrated in Figure 2 in the introduction chapter, the propulsion system was
made based on a Wire-to-Cylinder structure, two stages of electrodes and each stage
consist of four couples of emitter and collector, the emitter electrodes were made of 32
American Wire Gauge (32 AWG; 0.2 mm diameter) stainless steel wire, gap distance
was fixed at 60 mm between emitter and collector, and the collector electrodes were a
National Advisory Committee for Aeronautics (NACA) 0010 airfoiled foam section and

covered in a thin layer of aluminum foil.

However, the study unveiled that the thrust-to-power ratio decreases with
increasing power and thrust, on the other hand, increasing thrust density would decrease
the thrust-to-power ratio, where thrust density can be increased by increasing the power
supply or by decreasing the working area, furthermore, long air gap distance generates

higher thrust-to-power ratio for a given thrust per unit area.

In addition to the above, Mr. Barrett and his team at MIT unveiled an impressive
result later in 2018 (Xu et al., 2018), they were successfully able to demonstrate the first-
ever silent airplane shown in Figure 9 operating with a solid-state propulsion system
using the ionic wind concept. As illustrated in Figure 2 in the introduction chapter, the
propulsion system was made based on a Wire-to-Cylinder structure, two stages of
electrodes and each stage consist of four couples of emitter and collector, the emitter
electrodes were made of 32 American Wire Gauge (32 AWG; 0.2 mm diameter)
stainless steel wire, gap distance was fixed at 60 mm between emitter and collector, and
the collector electrodes were a National Advisory Committee for Aeronautics (NACA)

0010 airfoiled foam section and covered in a thin layer of aluminum foil.

Figure 9: EAD Silent Aeroplan Design.
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The power supply system was built of 54 X 3.7 V Lithium-lon batteries connected
in series giving a 200 V output, accordingly a High-Voltage Power Converter (HVPC)
was used to gain the voltage by around 210 X and feed the propulsion system with

around 42 kV required to create a corona discharge and ionic wind.

This demonstration is an innovative work from Mr. Barrett and his team and is
ambitious to answer the question of whether the ionic wind could be an alternative
power propulsion system for future airplanes, nevertheless, the author finds the door
open to finding an improved design to make the airplane able to be controlled in a multi-

directions and outdoor environment.

2.4.2 Needle-to-Ring Structure.

The Needle-to-Ring structure has been studied in terms of 1-V characteristics and
resultant ionic wind velocity profile, the wind velocity in this structure is higher than
Wire-to-Cylinder which was proven experimentally and supported by a theoretical
explanation by (T. Zhang et al., 2019; Y. Zhang et al., 2015).

This structure was designed considering the emitter electrode is a needle with 100
um radius curvature and the collector electrode is a copper ring with an inner radius of 1
cm and external radius is 2 cm, both electrodes were fixed opposite to each other with a
variable gap distance from 1 to 3 cm and the supplied voltage was from 0 to 25 kV on

the needle side for positive corona discharge.

As expected for all structures, the corona inception is proportional to the gap
distance, in addition to that, a larger gap distance decreases the ionic wind velocity, on
the other side the ionic wind increases linearly at the center of the ring concerning the

applied voltage as shown in Figure 10 (Y. Zhang et al., 2015).
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Figure 10: Wind Velocity at Different Gap Distance.

During these reviewed studies, both corona discharges (Positive and Negative)

were investigated and compared in addition to the other aspects of research aims, the

ionic wind velocity was always higher in the positive corona compared with the negative

corona. Additionally, the ionic wind velocity profile showed that the wind distribution is

more homogeneous in negative corona which is caused by the different discharge

mechanisms as shown in Figure 11 (T. Zhang et al., 2019).
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Figure 11: Discharge Mechanism in Positive & Negative Corona.

Generally, it is obvious that the ionic wind velocity in the Needle-to-Ring
structure is higher than Wire-to-Cylinder structure, within the literature, the ionic wind

velocity of the Wire-to-Cylinder was almost 3 m/s while as shown in Figure 10, the
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maximum velocity of the ionic wind was achieved to around 8 m/s at 6 kV in the
structure of Needle-to-Ring, this is related to the concept of discharge mechanism of air
molecules and electric field profile within different structures, based on that, it is
possible to figure out an optimum design for a propulsion system that can be used as an

engine of the silent airplane.

2.4.3 Multi-Needle-to-Net Structure.

Recently, some researchers tried to study the concept of ionic wind from the
aspect of the resultant wind velocity by designing a multi-needle emitter electrode and a
net structured collector electrode (Lv et al., 2019; G. W. Zhang et al., 2021). The emitter
electrode consists of some needles with a certain diameter and tip curvature, on the other
side, the mesh or net electrode was studied with different mesh side lengths to figure out
the resultant wind speed, to simplify the structure, Figure 12 shows the illustration of the

structure.

needle electrodes

mesh electrodes

Figure 12: Multi-Needle to Net Structure.

Lv et al. (2019) has done an interesting study on this structure empirically and
numerically, and the results showed that 8 m/s wind velocity could be achieved at a
certain condition of the structure, the velocity varies based on other variables in the
structure such as the needle distribution, gap distance, and mesh side length.

Accordingly, the factors affecting the velocity of the wind are listed as the following:
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1. The number and distribution of needle electrodes.
2. The side length of meshes of the net-electrode.

3.

4. The gap distance between both electrodes.

Voltage amplitude is applied to the needle electrodes.

Based on the above, the researcher used five different distributions where 33

needles were used in a uniform distribution which resulted in the maximum wind

velocity. Technically, the reason behind this factor is that the electric field distribution

for a particular needle in the structure is affecting another needle’s electric field. On the

other hand, three different side lengths were utilized (2, 0.85, and 0.425) mm, and

experimentally, the maximum ionic wind velocity resulted from a 0.85 mm side length

structure, therefore, it is obvious that there will be an optimum design that can be

manufactured to provide the maximum wind velocity, and to clarify above design

variables, Figure 13 shows both electrodes arrangement.

d=2 mm d=0.85 mm d=0.425 mm

(a)

(b)

Figure 13: Electrodes Structure and Arrangement.
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Chapter 3: Methodology and Simulation

In this chapter we will introduce the new structure design and discuss the possible
ways to verify it and validate the resultant ionic wind velocity, additionally; it represents

the results of the simulation for proposed design.

As mentioned in Section 2.4.3 in terms of Multi-Needle to Net Electrode
structure, the resultant ionic wind velocity of the whole structure is affected by several
factors depending on the structure design and revealed that the electric field of a
particular needle is affecting the other needles and evaluating the resultant wind velocity
in a multi-needle to net electrode structure configurations is not straightforward. Thus, it
is more robust to study an established design and evaluate the results either by

experimental setup or simulation.

It is applicable to validate a design experimentally by utilizing the technology of
the Schlieren System which is shown in Figure 14 [www.holmarc.com], the system
overcomes the fact that it is hard to imagine how air flows can be made visible and
provide a powerful technique to visualize fluctuations in optical density of a medium or
changes in air flow, depending on light travel throughout the inhomogeneous media
when the air in motion, but because the system is not available locally, cost of tools and
lead time, it was decided to validate the results using a simulation software which is
called ANSYS FLUENT.
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Figure 14: Schlieren System.

3.1 Brief Description of Simulation Software

Ansys Simulation Software is a computer program for modeling heat transfer,
fluid flow, and chemical reactions in complex geometry, the software run, and services
based on the Finite Element Method (FEM) principle, FEM has become an integral part

of the design and development of numerous engineering systems.

Analytical Methods can be used to solve a boundary condition problem but they
are applicable only for simple geometry, but for complex geometry, the Numerical
Methods are more robust, the FEM is a numerical method that is used to obtain an
approximate solution for a given boundary condition problem, for complex geometry
similar to the design targeted in this thesis, the software divides the space into smaller
pieces (Meshing) where space becomes many small elements and the cross of each line
with another is called Node, accordingly, computer shall calculate the values and solve
the problem for each element taking into consideration the values of neighbor elements
to print the final results, the Figure 15 illustrates the process of FEM which is followed

by the Ansys Software.
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Figure 15: Basic Process of FEM [Ansys Fluent User Guide].

(a) whole space or domain of the problem that need to be studied. (b) meshing the complete domain into small
elements, the cross section between each neighbor elements called “node”. (c) calculate the results for each element
after considering each element as a domain of separate problem. (d) system will obtain the values of results for each
node at each element corners to be gathered later. (e) assemble all values together to obtain the results for the entire
domain.

3.2 Geometry and Design Parameters

To study the resultant ionic wind velocity and validate the airflow generated by an
ionic wind generator, a model of Multi-Needle to Net Electrodes has been designed
using the software of Design Modeler and drawn from the scratches to meet the expected
results, following figures illustrate the built geometry where 25 needles were designed
perpendicular to a Net Electrode, each needle length is 7 mm with a radius of curvature
at the needle tip 100 um, the radius at the bottom of the needle is 1 mm. On the other

side, a Net Electrode with a diameter of 50 mm is designed with a side length of 12 mm.

Additionally, containers were built around the design to define the boundary
conditions of the system along with cylindrical containers used to densify the mesh
around the electrodes which would improve the calculation accuracy (refer to Figure 16),
besides that, the design is limited to software capabilities and accordingly, it is expected
that if the validation had been implemented experimentally, improved results might be

achieved, for example, the needles tip curvature could be less than 100 um which will
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improve the system in terms of breakdown voltage and resulted in an improved ionic

wind velocity.

0.000 0.025 0.050(rm) XA v
I I J
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Figure 16: Full Geometry of Multi-Needle to Net Electrode.
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Figure 17: Geometry without Containers.



About the software sequence of such simulation, the meshing of space between
electrodes was performed using the unstructured grid as shown in Figure 17, the meshing
of the space is mainly to transfer the system to be a discrete number of elements where
the software will be able to measure certain parameters on each element and generate the
results, finally, 2,504,901 elements are generated to calculate the ionic wind velocity on
each point and calculate the maximum velocity can be achieved by this design, the
meshing process has been densified near the electrodes to obtain accurate data as shown

in Figure 18.

0.015 0.045

Figure 18: Unstructured Mesh of the Geometry.

After meshing, there are many steps performed to configure the software project
to calculate the resultant air velocity, during the setup section, an Electrohydrodynamic
Model (EHD) has been activated to assign the positive potential on Needle-Electrodes
where the simulation was run for three values separately (10K, 15K, and 20K) volts, and
to assign the Zero volt as a negative electrode for Net-Electrodes. Then the material of
design was selected as Air for the space around the electrodes, Aluminum for both
Needle and Net Electrodes, after that, boundary conditions were configured for the inlet
velocity to be Zero m/s so we can obtain the resultant air velocity generated based on the
electric field only, and the boundary condition for the electrodes with a voltage

mentioned above.
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3.3 Simulation Results

Cross-sections was built horizontally near the needle's tip to realize the wind
velocity distribution within the whole geometry and another vertical in the middle of
geometry as shown in Figure 19, based on the resultant contours, it is clear that the wind
velocity is higher in the middle of the circle, and this is expected before the simulation
since each needle ionization zoon is affected by the other needles, in general, the air
pattern starts from the positive needles electrodes toward the negative net electrode and

generating the wind concerning the voltage difference between electrodes.

Figure 19: Vertical and Horizontal Cross Sections.

About above said design parameters and established geometry, and after setting
up all system registration, in the solution section of Ansys Software, a report of resultant
ionic wind velocity is requested. Initially, Needles-Electrode is charged with 10 KV to
verify the simulation results, and the simulation is initialized to interpret the results,

before printing the results, a cross-section from the middle of the geometry was built
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symmetrically to draw the resultant velocity contour as shown in Figure 20 and Figure

21, the maximum ionic wind velocity achieved was 7.16 m/s.
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Figure 20: Wind Velocity at 10K Volts — Vertical Contour.
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Figure 21: Wind Velocity at 10 K Volts, Horizontal Contour.
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In addition to the wind velocity, the static pressure distribution was applicable to
be shown and generated in Figure 22, numerically, the pressure term is represented in the

continuity equation for a steady-state incompressible Newtonian fluid (G. W. Zhang et
al., 2021b).

V.(pUU) = —VP + vV2U + F (3.01)
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Figure 22: Static Pressure Distribution in the Domain at 10 KV.

Similar to the case of 10 kV, the simulation was performed again to verify the
resultant outlet velocity influence of applied voltage, and a 15 kV was applied to the
Needles Electrode at this time, the resulted ionic wind velocity was significantly higher
than the previous attempt, maximum velocity achieved was 8.6 m/s as shown in the
Figures 23 and 24.
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Figure 23: lonic Wind Velocity at 15 K Volts, Vertical Contour.
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Figure 24: Wind Velocity at 15 K Volts, Horizontal Contour.

At 15 kV, not only the wind velocity was increased, but the static pressure as
well, as shown in Figure 25, the pressure at 15 kV has become 15 Pa while it was only
9.5Paat 10 kV.
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Figure 25: Static Pressure Distribution at 15 KV.

Based on the above data, it was preferred to investigate the resultant wind velocity
at higher voltages since the results were enhanced and increased with the increase of
voltage, therefore, a 20 kV was applied again on the Needles Electrode and the results
are shown in Figure 26 and 27 as a horizontal and vertical contour for wind velocity

along with the static pressure contour as shown in Figure 28.
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Figure 26: lonic Wind Velocity at 20 K Volts, Vertical Contour.
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Figure 27: Wind Velocity at 20 K Volts, Horizontal Contour.

contour-1
Static Pressure

15
13
10
7.9
5.6
3.3
0.96
-1.4
-3.7

-8.3
[Pa]

Figure 28: Static Pressure Distribution at 20 KV.



In addition to above, an image processing has been performed on the figures of
horizontal section for the ionic wind velocity for more data visualization and exploration,
Figure 29 shows the 3D plot of the velocity and evaluates the magnitude at a grid of
points in the X-Y plane, draws a 3D surface showing how the resultant velocity varies
across the plane, and it emphasize the magnitude of wind velocity is higher at the tips of
the needles and became lower gradually away from the needle location, furthermore, the

velocity magnitude between the needles remains feasible since each needle affect and

support the neighbor one.

Figure 29: 3D Plot of lonic Wind Velocity Magnitude.

Similarly, to visualize the data resulted from ANSY'S Fluent, the resultant static
pressure for all three simulations have been analyzed for comparison purposes, and the
results shown in Figure 30 show the magnitude of static pressure for each simulation

across the diameter of the ionic wind producer, the pressure was high at the center of the



geometry reaching 9.5 Pa during first simulation when we applied 10 KV voltage, on the
other side, both 15 KV and 20 KV simulations resulted maximum 15 Pa pressure at the
center, therefore, it can be concluded that the resultant ionic wind velocity and pressure

increases with the increase of applied voltage but up to a certain limit.

15

Static Pressure (Pa)

Distance (cm)

Figure 30: Resultant Static Pressure for all Three Simulations.

Finally, according to the results of the three simulations, it can be realized that
with the increase of the electric potential, the velocity speed increase but up to a certain
limit, and the relationship is not linear, based on the above, 15 KV generate the optimum

resultant velocity with minimum power consumption.

3.4 Application of the Design

About the above case study, design, and simulation, it is worth finding an answer
to the question “what is the application of such design that would benefit humans and
participate in the race of technology?”, to answer this question, we start from the design

mentioned in the previous section and start building on it, we consider that above design
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of ionic wind producer (which is 5 cm diameter) as a sector of a sphere as illustrated in
Figure 31. One sphere will represent an ionic wind generator which is built by
connecting several wind producers, in general, the inner sphere would be manufactured
by connecting the sectors of negative net electrodes and aligned with the outer sphere

which is containing the positive needles electrodes.

Figure 31: Single lonic Wind Generator.

The design of the sphere and the location of each sector for each wind producer
should take into consideration the airflow because all producers will be connected and
powered by an electronic selector since they are not supposed to be activated at once,
this concept should allow us to activate and power on the sectors/producers that needed
based on required airflow direction, for example, the upper portion of the sphere might
be activated to generate airflow downward while the bottom portion is off.

In consistency with the above design for the lonic Wind Generator, a such device
might be arranged and built for an airplane or drone to take off and fly, in addition to

that, four generators can be assembled as shown in Figure 32 to produce more airflow,
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the advantages of using more than one generator are to increase the thrust force for

airplane/drone takeoff and enhance the control of flight balancing and directions.

lonic Wind
Generator

_— 3

-

a “w
—_—

Airplane Body: it contains batteries,

sensors and cameras, avionics and
control console

Figure 32: Design of an Airplane with lonic Wind Generators.

As shown in Figure 32, four generators are assembled with the main body of the

airplane, the body would be including the seat of the pilot, a console to control the

airplane, batteries to power the airplane, a power converter, sensors, and cameras for

data collection, and avionics such as selector to control the needed activated sectors of

each generator depending on required thrust, speed, and direction of flight.
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Chapter 4: Conclusion

This Chapter concludes the thesis results, clarifies the limitations and challenges

faced during the study, and proposes future work.

In this thesis, the nature of ionic wind generation has been validated and verified
using simulation software (ANSY'S Fluent), it recapped the previous works of literature
studied ionic wind generation in terms of resultant wind velocity and verified the best
design that generates the maximum wind velocity, and reference to the simulation
results, it was clear that the design of Multi-Needle to Net-Electrodes can generate the

maximum ionic wind velocity.

Based on this study, it has been concluded that several factors affect the wind
velocity such as the geometry design of electrodes, the gap distance between electrodes,
and the applied voltage to power the generator, in particular, it was found that increasing
the number of needles in the positive electrode will increase the ionic wind velocity, and
therefore, after simulation, it has been suggested in Section 3.4 to assemble more than
one ionic wind producer/sector in a spherical shape to build a single generator, and then

assemble four generators to provide more thrust power to the whole application.

Additionally, it was verified that based on each design, there is an optimum
voltage amplitude to provide the best ionic wind velocity with the minimum power
efficiency, in our case and design, it was found that 15,000 Volt is robust and enough to
produce the maximum velocity that such design can produce as shown in Table 2 and
Figure 33, where the velocity almost reaches the saturation line beyond 15 kV, following

table summarizes the velocities resulted by each applied voltage amplitude.

A High-Voltage power converter (HVPC) can be used in three stages (2.5X, 15X,
and 5.6X) to reach around 15,000 Volts, using 20 cells of Lithium-ion batteries in series,
each is 3.7 V and totally will produce 74 Volts, HVPC includes three stages, a series-
parallel resonant inverter to convert the DC current to a high-frequency alternative
current, then a high voltage transformer and finally full-wave Cockcroft-Walton
multiplier shall rectify the high frequency AC back to a DC, at the end, the output of this
arrangement will be 15,540 Volt.
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Table 2: Results of Simulation based on Applied Voltage.

Cplice Io\r/Iei:(I:o\(l:\i/ind P?ef:stlijcre
Voltage (kv) |~ c* /S)ty e
10 7.16 9.5
15 8.6 15
20 8.7 15
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Figure 33: Graph of Simulation Results.

Indeed, it should be noted that there were some limitations faced during this
thesis, lack of instruments and tools for the schlieren system to perform experimental
results to be compared with simulation results was the biggest limitation, the above-
simulated design could be made physically and the results of the ionic wind velocity can

be visualized using schlieren system and measured by an accurate speed sensor, in
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addition to that, ANSYS software was not available easily and initially, there was a lot of
attempts performed using ANSY'S student version, which is limited to 500,000 elements
during meshing stage, in reality, this number of elements is not enough for our design,
therefore we overcome this challenge by renting an HPC (High-Performance Computer)

using cloud technology and including a full version of the software.

Finally, this study can be extended in the future by experimental validation using
proper tools and instruments, where it can be easier for the researcher to study the case
using several designs to verify the resultant velocity under numerous circumstances
related to the gap distance, number of needles, distribution of needles and different net
electrode side length. In addition to that, the most interesting future study would be
performed with the cooperation of aviation engineers to build a prototype of the
suggested drone and reach the point of maximum airplane/drone speed that can be

achieved using those generators.
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lonic Wind concept has become an interesting subject to scientists and researchers
around the world due to its impact on several applications such as EHD cooling,
EHD flow control, gas pumps, EHD thrust. This thesis contribute in design
optimization targeting best ionic wind velocity and investigate the factors influence
the outlet velocity to be controlled and applicable for thrust application such as
drones and airplanes.

Tha’er Shekh Ibrahem received his Master of Science in Electrical Engineering
from the Department of Electrical and Communication Engineering, College of
Engineering at UAE University, UAE. He received his BSc in Electrical
Engineering from the College of Engineering, An Najah National University,
Palestine.




	INFLUENCING FACTORS OF IONIC-WIND IN A SPHERICAL STRUCTURE PROPULSION SYSTEM FOR SILENT AIRPLANE
	Recommended Citation

	tmp.1717474997.pdf.mR_oh

