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Abstract

The accumulation of aircraft electrical charge can impact lightning initiation, cause
radio interference, or make it difficult for research aircraft to make accurate mea-
surements of atmospheric electric fields. Two experimental campaigns are described
in this thesis that relate to the control of net electrical charge on aircraft, and the
associated physical phenomena. First, a successful flight demonstration of actively
controlled charging in fair weather conditions is described. A corona discharge wire
is used for remote charging of a 1.9 m wingspan plane to both positive and negative
polarities. By applying a voltage between -13 and +13 kV to the wire, the plane
charged to +23 and -30 kV, respectively. The system demonstrates comparable re-
sults to previous modeling and wind tunnel experiments, which showed an increase in
plane potential and a decrease in corona current as wind speed increased. There are
technological limitations to the charge control strategy, such as a saturation voltage
due to spurious corona and the delicacy of the corona wire. The second experiment
is the study of the behavior of streamer corona discharges in wind. A point-to-plane
geometry is used to provide a baseline to compare to precipitation static (p-static)
dischargers, which are in use on most airplanes today. We find that the discharge
characteristics are strongly influenced by the wind: the frequency of pulsations and
the average current increase with wind speed, but both become less consistent. In
general, two types of streamer bursts emerged upon adding wind: first, the streamers
tended to point with the wind especially at lower wind speeds and higher voltages;
at higher wind speeds and lower voltages, the streamer bursts tend to point against
the wind. To the authors knowledge, this phenomenon has not been experimentally
observed before.
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Chapter 1

Introduction

1.1 Overview of Aircraft Charging

This thesis investigates technologies and physical phenomena related to the accu-
mulation of electrical charge on airborne vehicles. Since airborne vehicles have no
electrical ground reference, they present the unique electrical scenario of an isolated
conductor, and so can easily maintain a net potential (voltage) relative to their sur-
roundings. This net charge can affect the likelihood of lightning initiation, and can
cause electrical discharges from the plane to the air surrounding it. Aircraft charging
can occur naturally, but can also be controlled artificially if desired. In this thesis,
charging refers to a change in net electrical charge on the aircraft, which can indicate

an increase in positive or negative charge.

1.1.1 Naturally Induced Charging

Aircraft and other airborne vehicles naturally acquire electrical charge during flight,
due mainly to frictional charging by precipitation particles such as ice, rain, snow, and
dust. This triboelectric charging of the vehicle is typically (but not always) negative
and is known as precipitation static or p-static [5]. Other sources of aircraft charg-
ing include corona discharge, charged particles in the engine exhaust, and contact

electrification with the runway during takeoff [63].
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Especially in thunderstorm environments, where there are strong electric fields and
an abundance of water and ice particles, these natural charging mechanisms can lead
to net charging levels of the order of 0.1-1 mC, which correspond to electric potentials
of 0.1-1 MV relative to the surroundings when considering an aircraft self-capacitance

of 1000 pF, such as the single-seat single-engine Schweizer powered sailplane used in

the SPTVAR project [35, 31, 53].

1.1.2 TImplications of Aircraft Charge and Strategies for Charge
Control

The implications of aircraft charge control on radio interference and at-

mospheric electricity studies.

In the 1930-1940s, with the emergence of "all weather" aircraft, precipitation static
became an active area of research as commercial airlines and government agencies
recognized the hazards associated with the electrification of aircraft like its impact
on radio communications [57, 65, 34]. When charge builds up on aircraft to the levels
indicated in 1.1.1, it can cause corona discharge at the sharp points, corners, or edges
of the airframe, such as the radio antennas and other extremities of the plane. Corona
discharge on the radio antennas can cause electromagnetic interference noise, ham-
pering communication with ground control or other aircraft. Early studies of this
problem included flight campaigns with manned aircraft to elucidate the causes of
precipitation static and quantify the influence of aircraft electrification on the sever-
ity of radio interference. Aircraft instrumentation included electric field meters, for
measuring intensity and direction of electric fields, radio-noise meters, to measure the
interference on antennas associated to precipitation static, air-conductivity meters,
and current meters using induction probes and electrodes [65].

The most important technological outcome from these studies were passive dis-
chargers, which are referred to as precipitation static (P-static) dischargers, or wicks,
and are in use on most airplanes today. The primary purpose of p-static wicks is to

dissipate the charge buildup using corona discharge at locations away from antennas
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to minimize electromagnetic radio interference [5|. P-static wicks are passive elements
of charge control which are activated whenever the aircraft acquires charge beyond
some threshold which corresponds with electric field enhancements at the wick above

its corona discharge inception.

Static dischargers today are typically of one of two varieties: a tip discharger,
which is a variation of the static wicks patented by Dayton Granger in the 1940-60s
[10] and includes several sharp wire tips in a rod bundle and a resistance gradient
that leads the current towards the tip of the rod; and a parallel discharger, which
includes a similar rod, but the tip consists only of two oppositely facing sharp points.
Nowadays, the dischargers can include proprietary substrates and resistance coatings
to maximize their ability to emit current at a low voltage threshold while reducing the
level of radio frequency (RF) noise. They are typically located protruding off of the
aft side of the wings and tail and there are requirements for the location and quantity
depending on the regulatory agency, for example [3| and 14 CFR 25.899(a)(3). Testing
of these dischargers usually consists of placing the wick 15 cm from a ground plate,
and measuring the current and noise reduction, and is described in detail in United
States General Specification MIL-DTL-9129E [4]. To the authors knowledge there
have been no studies that investigate the effect of wind on the above metrics or the

type of discharge, as this thesis begins to do.

The flight campaigns reported in Ref. [57, 65] using a B-17 research airplane also
developed a controlled artificial charging system to simulate autogeneous charging of
an airplane in any weather, motivated by a desire to simplify research in this field and
avoid long and time-consuming flights to find appropriate weather conditions. This
artificial charger was developed by the Naval Research Laboratory and was based on
charge induction of water jets by an applied electric field prior to the separation of the
jets into droplets. The water droplets would then carry away charge, as convected
by the wind, and the aircraft would charge to the opposite polarity. In this case,
the experiments focused on charging the aircraft to negative values and the water
was charged positive. The charging system, consisting of about 200 jets, required an

inducing potential of 10 kV and delivered a current of about 250 A consuming about
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75 gallons of water per hour [65]. These settings allowed to charge the B-17 aircraft
to 500 kV, corresponding to a total net charge of 0.4 mC (when considering the 780
pF self-capacitance of the vehicle). These charging levels are comparable to those ex-
pected naturally and therefore the system was able to maintain the airplane potential
near zero while flying in autogeneous charging conditions but was not considered a

practical solution because of the considerable bulk and weight.

In the 1970-1980s, instrumented aircraft started to be used for atmospheric elec-
tricity studies. In particular, the New Mexico Institute of Mining and Technology in
collaboration with the Office of Naval Research instrumented a modified Schweizer
845 single-seat aircraft, the Special Purpose Test Vehicle for Atmospheric Research
or SPTVAR, to perform atmospheric electrical and cloud physics measurements in
developing thunderclouds [31]. The aircraft was fitted with five electric field mills
and was used to gather data from thunderclouds in the vicinity of the Langmuir Lab-
oratory, Magdalena Mountains, NM, for science studies, as well as at the Kennedy
Space Center, FL, for practical studies in connection to lightning risks to launch ve-
hicles. It was soon realized that measurements of the atmospheric electric fields from
onboard an aircraft are not straight forward as the aircraft becomes polarized, and
there are important contributions to the measurement from the vehicle’s net charge
as well as charge plumes emitted by the aircraft, which need to be isolated from the
external field contribution. To compensate for the aircraft’s net charge, the SPT-
VAR tested an artificial charging system, in this case using a technique based on
corona discharge first coined by Vonnegut [64, 63]. The artificial charger consisted of
a brush-electrode connected to the high voltage terminal of a positive high voltage
power supply whose low voltage terminal was connected to the structure of the air-
craft. At high enough voltage bias, the brush-electrode would emit corona discharge
and positive ions would be convected away by the wind, charging the aircraft to neg-
ative values. The brush-electrode was located at the aft end of the fuselage to favor
ion evacuation. The applied voltage level was 5 kV, the ion currents were 5-10 pyA

and 20-40 pC of negative net charge was artificially acquired by the aircraft.

Artificial net charge control has also been considered as a means of controlling or
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eliminating the tendency of a hovering helicopter to acquire net electric charge that
can be hazardous to the ground personnel contacting the aircraft [43]. Studies in the
1990s revealed that an important source of helicopter charging was currents in the hot
electrically-conductive exhaust gases induced by the local atmospheric electric fields.
To compensate for this effect, Ref. [43] explored a charge control system that, rather
than relying on artificial emission of charge as in [57, 65, 31|, employed electrostatic
shields around the engine exhaust and application of internal electric fields to modify
the path of these exhaust currents. The system measured currents of about 12 pA
and was able to achieve compensation of about 40 kV. For a heavy-lift helicopter like
the ones contemplated in these studies the electrical capacitance would be of the order
of 500 pF, resulting in stored energies around 400 mJ. For reference, discharges above
250 mJ can result in severe shock to humans, above 1 J, in possible unconsciousness
and above 10 J in possible cardiac arrest [13].

From these studies it can be appreciated that charge control has been safely
demonstrated for a variety of airborne vehicles including manned aircraft and he-
licopters, and using a variety of methods, ranging from emission of ions or charged
drops to control of the ionized engine exhaust. However, most of these studies fo-
cused on charging to one polarity alone, and they provided a proof of concept with-
out exploration of dependencies or limitations, in many cases exclusively reporting
on/off operation in a particular configuration. In this thesis, we demonstrate elec-
trical charging and discharging during flight of a small unmanned aircraft under fair
weather conditions, using ion emission from a corona wire. The study considers charg-
ing to both negative and positive polarities, by employing high voltage positive and
negative power supplies respectively, and addresses the influence of the amplitude of

the applied high voltage as well as the wind speed.

The implications of artificial charge control on aircraft-triggered lightning

While the accumulation of charge can cause aircraft radio interference or others de-
scribed above, it can also have an effect on the initiation of lightning. Lightning occurs

naturally following a typical sequence of events: a cumulonimbus cloud forms with
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temperatures of -15 to -25 °C near the top; natural convection causes an up-welling of
super-cooled cloud droplets and very small ice crystals, which collide with falling grau-
pel (soft hail); the collisions can cause the ice crystals to become positively charged
and the graupel negatively charged; this polarizes the clouds to become negatively
charged at the bottom and positively charged at the top; the polarization creates
strong electric fields that can cause lightning if they surpass the electric breakdown
of air |6, 2|. Lightning occurs most often from cloud-to-cloud (intra-cloud lightning)
but can also travel down to the positively charged Earth. A lightning strike begins
as a partial discharge such as a corona, and slowly develops into a leader. When two
leaders of opposite polarity connect, a violent surge of current is passed through the

plasma channel, which emits an intense light and sound.

In the 1940s, after the catastrophic crash of a Pennsylvania-Central Airlines DC-
3A aircraft, formal studies investigating the effects of lightning on aircraft and its
mitigation began [50]. Since then, there has been a lot of research into the mechanism
of lightning attachment to airplanes, as well as the development of several technologies

to mitigate the likelihood and damage of an attachment.

90% of aircraft lightning strikes are initiated by the aircraft itself, through a
process known as aircraft-triggered lightning [35, 44, 37|. In this process, the discharge
begins when a fully conductive aircraft flies into a region of high electric field or
encounters a rapid change in the ambient field, such as a nearby intra-cloud strike
[54]. The ambient electric field polarizes the airplane, amplifying the field at its
extremities and initiating a bidirectional leader [42, 33|. Since positive leaders have a
lower threshold field for initiation, they are typically initiated first. Once the positive
leader has biased the airplane potential to sufficient negative levels, the negative

leader forms on the opposite end of the aircraft, a few milliseconds later.

Mitigation strategies include reducing direct effects and damage to the attachment
point of the aircraft. Such strategies are ensuring a fully conductive path for the high
current to travel through by implementing an expanded metal foil, wire mesh, and
diverter strips on the radome, and ensuring continuity of metal fasteners that are used

on composite structures like the fuel tanks. Indirect effects such as electromagnetic
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interference (EMI) are also mitigated using wire bundle shielding, and grounding
straps [58].

Although these mitigation and protection strategies have reduced the likelihood
of airplane failure (the last major accident caused by lightning was the Pan Am
Flight 214 in 1963), a commercial aircraft is still struck by lightning once or twice
every year on average [21], which can necessitate costly delays and repairs. In 1998,
the National Oceanic and Atmospheric Administration estimated that lightning is
responsible for around $ 2 billion annually in commercial airline operating costs and
passenger delays. The present day costs are likely much higher if accounting from

repair costs and inflation.

It has been recently proposed that active charge control of aircraft could reduce
the probability of aircraft-triggered lightning by locally modifying the electrostatics of
the vehicle [41, 26]. Based on this phenomenological description of lightning initiation
from aircraft, Ref. [41, 26| proposed that flying uncharged was not optimal in terms
of lightning risk reduction, and that aircraft-triggered lightning could be made less
frequent by flying at an optimal net charge level that makes the inception of the
positive and the negative leaders equally unlikely. In the majority of scenarios, this
situation corresponds to some amount of negative charge. The theoretical study in [26]
estimated that this optimum charge would be on the order of 0.1-1 mC, negative, for a
Falcon-sized aircraft (22.5 m wingspan), and that the net charge scales quadratic with
size (or linearly for the electric potential). For an aircraft with a 1-2 m wingspan,
like the ones used in this thesis, the optimum net charge would be around 10 uC

corresponding to an electric potential around 100 kV with respect to the environment.

Experimental validation of this hypothesis was provided in Ref. [48] through long
arc leader attachment tests on a model aircraft and exploration of the effect of vehicle
net charge on the inception of the positive leader. The experiment was conducted
in the Labelec Lightning Laboratory [1] using a model aircraft with a 1 m wingspan
and variable net charge between 0-1.6 uC negative (or electric potential 0-40 kV
negative with respect to the environment). In this range, which was still far from the

theoretical optimum at 7 uC negative (-170 kV), the ambient breakdown field could
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increase by as much as 30%, demonstrating the effectiveness of the approach.

In this thesis, we explore a corona discharge-based active charge control system
that is able to electrically charge an aircraft during flight to comparable potentials to

those studied in the Lightning Laboratory.

1.2 The Other Corona: Corona and Other Partial

Discharges in Air

Partial discharges such as corona discharge (unrelated to the COVID-19 coronavirus)
result from a high electric field gradient and subsequent breakdown of a dielectric ma-
terial, but not such a high field that the breakdown fully bridges the electrodes, which
would cause a full discharge such as lightning or arcing. These discharges, which usu-
ally emit light in the visual and UV spectrum, can have many forms depending on
the geometry, waveform, and polarity of the high voltage electrodes. These types of
discharges occur naturally and are often studied as a pre-curser to lightning initiation
[38], or as gigantic jet discharges in the atmosphere [61]. In high voltage engineering
applications, such as power transmission, ignition, and radio transmitters, these dis-
charges are often unwanted and unintended, and have been mitigated since the 1929
publication of Peek’s book titled Dielectric Phenomena for High Voltage Engineering
[49]. This work was followed by many, including those of Raether [52|, Loeb, and
Meek [40], who began to observe and characterize streamer corona discharges for the
first time (streamers are investigated in detail in Chapter 3 of this thesis). These
works and others provided the basis for how these phenomena are studied and many
of the theories hold true to this day. New technologies began to emerge in the subse-
quent years that use corona discharge for their advantage. Electrostatic precipitators
[19], ozone production [12]|, water treatment [55], and combustion [56] are just a few
of the technologies that use partial discharges in air. Controlled partial discharges in
air can be very cost effective because of their low energy and non-thermal properties.

The following sections will describe the mechanisms and regimes of direct current
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(DC) partial discharges in air. Despite a DC power source, some of the discharges

studied here are pulsatory in nature.

1.2.1 Positive DC Point Corona Discharge

In this thesis we are primarily interested in investigating Positive DC Corona dis-
charges. The positive distinction must be made because there are elementary dif-
ferences between positive and negative corona. The differences are due primarily to
direction that the electrons move relative to the propagation direction of the ioniza-
tion front. Electrons are able to accelerate to high velocities much faster than ions
due to the disparity in masses. These fast-moving electrons collide with neutral atoms
or molecules with such energy that they ionize it. For example, the impact ionization
of an oxygen molecule is described as:

e + O —— 2¢ + Oy

The electron will either recombine, giving off energy in the form of UV or visible
light, or the two electrons are once again accelerated until they each collide with
another molecule, again ionizing and releasing 2 more electrons. This growth process
is called an electron avalanche and it occurs in opposite directions depending on the
polarity. For example, when the high voltage electrode is positive, the electrons are
attracted towards it |9, 11]. The subtle difference in electron direction creates much
different behavior even at the macro scale.

The general theory described above is well known, however, work is still ongoing
to fully understand and quantify the behavior in different scenarios. Broadly, there
are two types of corona, streamers and glow, however each category has its own
subcategories. The following describes the 4 main discharge regimes, in order of
increasing point-to-plane electrode voltage, as reported by Trinh [59, 14]:

The first discharge to appear is the burst corona, which is a thin, luminous layer
around the anode surface. It results from the ionization activity spreading around
due to small positive space charge regions that suppress the discharge in that region.

As the voltage is increased, onset streamers emerge, which propagate with the elec-

tric field lines towards the opposite electrode, forming forming a filimentary, branching
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streamer “tree.” The propagation occurs as an electron avalanche towards the anode
and creates a region of positive space charge, which then acts as a new "anode" and
creates a secondary electron avalanche. The streamer propagation is driven by the
self-induced electric field generated by the positive layer of charge at the streamer
head. The streamer continues propagating outwards until a residual positive charge
is generated as a result of cumulative avalanches and electron consumption by the
anode. This space charge covers most of the anode surface, and reaches a concen-
tration such that the local electric field gradient declines to below the critical value
for ionization. This temporarily suppresses the streamer discharge, while the space
charge fades under the applied field, until the conditions required for a new streamer
are once again met. This time scale is governed by the ion drift velocity, which is

characterized by the following equation:

v=uk, (1.1)

where p is the ion mobility and E is the electric field. This process continues re-
peatedly, and depending on the operating conditions in atmospheric pressure air,
can repeat consistently at a frequency of ~ 10° Hz, with individual streamer bursts

propagation occurring in 10s to 100s of nanoseconds [8].

Positive glow corona has long been observed as an apparent continuous glow since
the first observation by Michael Faraday in 1838 [20], however work by others more
recently [18, 45, 59| has characterized it as a fast (~ 10° Hz) pulsating discharge. The
glow region appears as a thin luminous layer and corresponds with the high space
charge appearing as a result of the slow moving ions. The pulsation is likely due to
the space charge moving around the anode surface, and the DC component results
from the space charge being removed rapidly enough to promote surface ionization

activity, but the field is not high enough to allow streamer propagation.

Finally, the breakdown streamer emerges if the applied voltage is further increased,
which eventually leads to a breakdown of the gap. This discharge is similar to onset

streamers, but with a higher current, and occurs when a region of intense ionization
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and positive space charge near the anode is cleared away from the anode due to the

applied electric field.

It is rare to observe all of these types of discharges for a given geometry, for
example for a high diameter (of the electrode) to gap distance (to the ground plate)
ratio, typically only one regime, glow discharge, is observed before full breakdown. In
other cases with a very low diameter to gap ratio, only onset streamers are observed.
This high variability in discharge has yet to be fully understood, and is being actively
studied by researchers who seek to understand what causes certain regimes and what

causes their transitions |66, 38, 39.

To conclude this brief introduction, we now review prior work on the effect of
wind on streamer corona discharge. Previous studies have experimentally shown that
corona current increases linearly with wind speed, for applications such as thunder-
storms and lightning mitigation for wind turbines |7, 15, 36, 51|. Most of these studies,
however, concentrate on the glow regime. Until recently, no studies had quantified
the impact of wind on streamer discharge regimes in a point-to-plane geometry. Vogel
and Holboll made such measurements, and observed an increase in frequency and cur-
rent with wind, and showed long exposure UV images of the streamer corona bending
with the direction of the wind. These results were later confirmed by a 3-dimensional
model by Niknezhad et al [46], but they mostly reported trends and did not ade-
quately quantify the streamer frequency or current change with wind, and the images
were taken at long time scales where it is difficult to discern the branching behavior
[62]. As explained in Ref. [46], the reason the streamer bends with the direction of
the wind is that the plasma channel that is left over from a previous streamer will
succumb to the airflow, but some electrons will still be attracted towards the anode.
The subsequent streamer will have a curved shape with the wind and then up to the
ground plate. This regime is confirmed in Chapter 3 of this thesis, and a novel regime
is also discovered, where the streamer propagates against the direction of the wind.
We begin to characterize the emergence of these regimes for positive DC corona dis-
charge in a point-to-plane geometry with tip diameter of 0.174 mm and gap distance

of 25mm. We investigate the effect of applied voltage and wind speed on regime tran-
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sitions and temporal characteristics such as the frequency of pulsation, the electrical
current, and the shape of the streamer bursts. Our hypothesis is that the presence
of wind will increase the frequency and electrical current of these pulsations due to
the enhanced transport of ions (which is governed by the electric drift described in
Equation 1.1.) The work provides a baseline for future studies that may vary this
geometry configuration, and test other relevant engineering systems such as a p-static

discharger, or a wind turbine blade.

1.3 This Work

1.3.1 Motivation

Broadly, this thesis is motivated by urge to explore that which is unknown. It is the
courage of people who try something new, push the boundaries of the ordinary, and
share their work, that has improved our society in so many ways. My goal in this
thesis and in my life is to drive forward the sustainable human exploration of the
universe.

More specifically, this work is motivated by exploring electrostatic problems on
airplanes, especially those related to aircraft charge control such as lightning mitiga-
tion and radio interference, but a system of charge control can also benefit research
aircraft performing electrical measurements in the atmosphere and address safety con-
cerns in helicopters and other rotorcraft. In the first chapter, this work makes a step
towards the maturation of the lightning mitigation technology into a scaled system,
bringing it from a Technology Readiness Level (TRL) of 5 to 6, which is a subsystem
prototype demonstration in a relevant environment [60]. While active charge control
of aircraft has been shown before, this work expands on the quantification of relevant
charging and discharging behaviors, the effect of wind, and explores the limitations of
this type of system. The knowledge gained from this thesis will inform future work on
lightning mitigation systems using active charge control and studies of the electrical

properties of the atmosphere. In the second chapter, beyond direct applications to
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the airplane industry, this research investigates the fundamental physics of streamer
discharges in wind. Fundamental research such as this always presents an important
step in advancing human knowledge and understanding the universe. Streamer dis-
charges are a complex phenomena that is yet to be fully understood and utilized. The
effect of wind on these discharges is especially opaque, with this thesis being one of

the first to explore this in detail.

1.3.2 Outline

This work is divided into two sections, which constitute two experimental campaigns.
The first section, Chapter 2, details the successful effort to demonstrate the ability to
control the charge of an aircraft in flight using ion emission from a corona discharge.
The charge levels achieved are comparable to those tested in the Lightning Laboratory
and had a measurable impact on lightning initiation [25]. After detailing the flight
and experimental platform and the campaign summary, the charging and discharging
results are provided and commented on. The use of corona discharge in wind for
controlled charging of an electrically isolated body has already been demonstrated in
a wind tunnel setting [24], and the results from the flight campaigns in this thesis
will be compared to those more fundamental studies.

The second section, detailed in Chapter 3, details the study of the discharge
characteristics of streamers in wind. Although this study is an idealized point-to-
plane geometry, it is used as a first and tractable step towards studying the behavior
of p-static discharger behavior in wind. The results of the teting are reported and
commented on. Finally, Chapter 4 offers a conclusion to the thesis and future work

on these projects in both the short term and long term.
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Chapter 2

Flight Demonstration of Controlled
Artificial Aircraft Charging

This chapter includes a detailed summary of the work done developing an experimen-
tal flight platform to study remote aircraft charge control, the results of the campaign,
and concludes with a thorough discussion of the results in the broader context, as

well as suggestions for future work.

The purpose of this experimental flight campaign was to test the charge control
concept and technology in true flight conditions. The artificial aircraft charging tech-
nology using a corona wire had previously been demonstrated in the MIT Wright
Brothers Wind Tunnel, and had been shown to be able to reduce the risk of light-
ning initiation [24]. The next step towards making this technology viable for use on
commercially built airplanes is to test a prototype in a real flight scenario, bringing

the technology from TRL 5 to 6.

2.1 Experimental Requirements

The requirements are detailed in Table 2.1.
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Table 2.1: Requirements

Req ID | Requirement Explanation

2.1.1 | The plane must be able to fly | Minimum amount of time for a
steady and level for at least 5 min- | useful amount of data.
utes of flight time.

2.1.2 | The plane must be fully conduc- | This is essential to demonstrate
tive throughout the body, with a | charging of the aircraft and en-
resistance of less than 100 2 be- | sure that the electronics are sur-
tween any two points. rounded by a Faraday cage.

2.1.3 | The conductive skin must be con- | This will create a potential dif-
nected to the ground of the power | ference between the wire and the
supply. plane.

2.1.4 | The plane must have a range of at | This will allow large circles to be
least 0.5 km. flown in line-of-sight conditions.

2.1.5 | The plane must be able to carry | In order to get meaningful results
a high voltage power supply that | that can be validated by the wind
can provide a 15 kV potential to | tunnel experiments.
the corona wire.

2.1.6 | The corona wire must create a | Spurious corona can cause un-
uniform discharge, without induc- | steady discharge which will be
ing spurious corona from the wire | harder to validate with a model.
ends.

2.1.7 | The plane must be able to take off | To avoid risk of hand-launching,
and land from the ground. and for safety.

2.1.8 | Data must be transmitted directly | Science data is critical.
to a ground station, with back-up
on-board memory.

2.1.9 | The platform should make mea- | Necessary diagnostics to ade-

surements of the airspeed, wire
voltage, plane voltage, supplied
power.

quately test charging system.
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2.2 Flight Platform

2.2.1 Airframe

The first decision that was made in this technology demonstration was the vehicle
itself. The plane will drive many of the sub-level requirements, such as mass, propul-
sion, controls, and surface treatment. Prior to the work performed in this thesis, a
demonstration was attempted, but failed due to issues with the flight mechanics of
the plane. To reduce the likelihood of future flight problems, a relatively simple glider
airplane with a 1.9 m wingspan was chosen for this study, with a single "pusher" pro-
peller and a conventional fuselage-mounted tail unit. This plane is designed to hold
up to ~4 kg all up weight (AUW). The vehicle ultimately chosen was the Finwing
Sabre, which has a similar shape to modern commercial airplanes. This plane was

chosen because it met all of the relevant requirements (2.1.1, 2.1.5, 2.1.7).

2.2.2 Undercarriage

The undercarriage proved to be one of the most challenging mechanical components
of the plane, due the extreme stresses and vibrations that the plane undergoes during
take-off and landing. During testing, the plane regularly took the full runway (~100
m in length, mowed grass) to take off, but it was the landings which were more
difficult and often resulted in damage to the undercarriage. The undercarriage thus
underwent a series of updates, which are still on-going.

The undercarriage has two main parts. The nose gear, which is in the front and
has its direction controlled by a servo, helps steer the plane during taxi and take-off.
The first nose gear was supplied by the manufacturer of the plane and was made of
thin aluminum that plastically deformed after a few taxi tests. After further research
it seemed that others operators of this configuration had this problem as well. The
nose-gear was then upgraded to a stiffer steel spring shown in Figure 2-1. This nose-
gear has since been bent slightly backwards due to bumps in the grass field, but it

still works well. The other main part of the undercarriage is the landing gear, which
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Figure 2-1: Final nose gear configuration.

consists of two 8.9 cm diameter wheels supported on each side of the plane. This part
was also upgraded from the original, using a stiffer plastic instead of thin aluminum.
Unfortunately this was often ripped from its glued position on the underside of the
plane. All the force from the landing impact goes into the 45 cm? glue joint, and
each impact weakens it or begins to break the surrounding foam. Several methods
were used to remedy this, including using an additional plate, with Nylon bolts that
should break before the epoxy. This still ended with the undercarriage breaking off
during landing. Despite the challenges, this system did satisfy Requirement 2.1.7. A
new connection system that uses a support structure embedded in the foam of the

fuselage may help to distribute the load, and is currently being investigated.
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2.2.3 Motor/Control Surfaces

As a general rule of thumb for remote control airplanes, the motor should produce
100 Watts for every 0.5 kg that the plane weighs. Since the plane was expected to be
~4 kg, the motor must produce 800 Watts. Using a Watt-meter that was placed in
series with the flight battery, this was tested in the lab, with the plane secured to the
ground. It was found that the original motor was producing only 350 W, which was
determined to be insufficient, and so the motor was upgraded to the BadAss 3515-
940Kv Motor (728 Watts for 11x5.5 prop). The manufacturer (Innov8tive Designs)
of these motors tests them with all combinations of propellers, and have provided all
of the data on their website. When testing this motor, we achieved a power output of
728 W, which was deemed sufficient, as the final mass was 3.576 kg, and the expected
flight maneuvers are very gentle.

The control surfaces are actuated using servos. Each servo takes a 5 V supply and
uses PWM (Pulse-Width-Modulation) to determine the angle of rotation. Each one
is trimmed so that the middle of the actuation corresponds with the middle of the

control range.

2.2.4 Radio Transmitter and Receiver

The transmitter used is a Spektrum DX6e six channel transmitter, which is paired
to a Spektrum ARG620 receiver. These control each of the 5 servos (the flaps are
not used) and the throttle. These systems are designed for >1 km of flight range,
satisfying Requirement 2.1.4. Flight training was provided by Howard Samuels at
Burlington’s RC Flyers Club, using a Spektrum buddy box system.

2.3 Charging elements

2.3.1 Conductive Skin

Requirement 2.1.2 states that the plane must be conductive throughout. For the

purposes of charging, only two parts of the plane must be conductive: the wing,
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so that the ions being emitted will be attracted back to the plane; and the surface
surrounding the electric field mill, so that it has a consistent reference. For safety
purposes, however, it is important for the entire plane to be conductive to act as a
Faraday cage for the electronics, which will be electrically grounded to the surface
of the plane. If the electronics were not grounded in such a way, they would have a
potential difference relative to the plane, inducing an electric field which could cause
corona discharge to form on the circuit boards leading to an electronic short and

causing permanent damage.

The conductive skin was the most challenging part of the experimental platform.
Prior to the start of this thesis, preliminary tests in August 2019, which used con-
ductive spray paint, showed issues with inconsistent paint thickness and wearing over
time. For these reasons, it was originally decided to use Aluminized Mylar as the
conductive skin for this plane, with copper tape connecting the various surfaces and
acting as the Faraday cage for the electronics, as shown in Figure 2-2. This was used
for several months but its reliability decreased over time and it may have contributed
to a crash landing on October 15, 2020. The main difficulty with the Aluminized My-
lar is that it does not form well to curved 3-dimensional shapes, like the fuselage or
wings of the plane. Its rigidity helps it stay an even thickness throughout the surface,
however it prevents it from forming around curved surfaces. Another challenge with
this material is connecting to it electrically. Several connection methods were tested
including clips, aluminum tape, and spot welding, and it was determined that copper
tape offered the best electrical connection. Despite this, over time the connection be-
tween the copper tape and Mylar loosened, and needed to be re-applied before each
flight. After the crash on October 15 2020, the entire flight system was re-examined,
including the Mylar, to figure out why this happened. The electrical connection had
loosened during flight, causing an electrical polarization of the different parts of the
plane. This led to interference through the ground line of the electronics, and caused
the servos controlling the plane to jitter and rendered the plane uncontrollable. This
loosening may have been a result of the high currents melting the thin layer of alu-

minum as it transferred from the copper tape. An image of the suspected melted
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Figure 2-2: Plane with aluminized Mylar and copper tape configuration.

aluminized Mylar is shown in Figure 2-3.

After discovering this, it was decided to go back to using conductive spray paint,
which ultimately was much more consistent at keeping the various parts of the plane
connected than the Mylar. No connection point issues were ever found using this
solution. Figure 2-4 shows the plane coated in conductive paint. The paint used is

MG Chemicals 843AR and fulfills Requirement 2.1.2.

2.3.2 Electric Field Mill

An electric field mill (EFM 113B) was used to infer the relative potential of the plane
to the surrounding air. The electric field mill was placed on the nose of the aircraft,
flush with and grounded to the conductive surface of the plane.

The electric field mill is calibrated by applying a known voltage (up to 40 kV) to

the electrically isolated plane in flight conditions the laboratory. The plane is mounted

39



Conductive skin , -

Electric Field Mill

Figure 2-4: The final configuration of the plane, with conductive paint coating the
outer surface, an electric field mill to infer the plane potential, and a corona wire to
charge the plane.
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Figure 2-5: Photo of the calibration setup in the laboratory. The plane is mounted
on an insulating cylinder, and brought to a known voltage (EFM calibration) or the
corona wire is turned on and the voltage and current are monitored (power supply
calibration).

on a corrugated insulator and connected to a high voltage DC power supply, as shown
in Figure 2-5. The plane potential presents a linear relationship with the local electric
field measured by the electric field mill, which is located close to the nose of the plane
and flush with the surface. Each range (5, 20, 50, and 200 kV /m) of the electric field

mill is calibrated separately.

Both positive and negative polarities were calibrated, as shown in Figures 2-6 and
2-7. As will be seen later in the thesis, the calibration is very sensitive to the position
of the electric field mill, and vibrations during take-off and landing may induce slight
variations in the location of the field mill (along its axis). An additional calibration
was performed after a particularly bumpy takeoff that resulted in the EFM falling
down about 2 cm into the plane. This configuration was recreated and the calibration

is shown in Figure 2-8.

Note that the results are presented in terms of electrostatic potential with respect
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Figure 2-6: Electric field mill calibration for negative charging.

to the environment rather than charge acquired by the plane since this is a more
direct measurement. The electric potential can be related to the net charge through

the self-capacitance of the vehicle which in this case is of the order of 75 pF, e.g. a

potential of 30 kV corresponds to approximately 2 uC.

2.3.3 Airspeed Sensor

The airspeed is detected using an MPXV7002DP differential pressure sensor (-2:2

kPa) attached to a pitot tube and is mounted protruding 4 ¢cm from the nose of the
airplane.

The airspeed sensor, mounted on the vehicle, is calibrated in a 46x46 cm? wind
tunnel with known air speeds up to 15 m/s, demonstrating a linear relationship

between measurement and wind speed, shown in Figure 2-9. Speeds below 5 m/s can

not be measured by this sensor.
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Figure 2-8: Electric field mill calibration for positive charging, positioned seated lower
in the body of the airplane, to replicate conditions from Nov 25 flight 1, where the

field mill was shifted during takeoff.
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Figure 2-9: Airspeed calibration. Airspeed measured through the pitot tube sensor
versus actual airspeed from the calibrated wind tunnel.

44



2.3.4 Telemetry

The telemetry system, which was developed by the collaborators on this project,
Pol Fontanes and Joan Montanya, at the University Polytechnic of Catalonia, uses
an XBee radio and an Arduino Nano to collect the sensor data and control the high
voltage power supply. Using the analog input channels, the data from the electric field
mill, airspeed sensor, and the power supply are collected and transmitted continuously
(at a rate of approximately 3 Hz) to the ground station, while simultaneously writing
the data to an on-board SD card for redundancy. The control board also receives
commands from the ground station, and converts the commands into a 0-5V DC
signal that controls the high voltage power supply, and the safety relays in between.
The positive and negative power supplies require different operating code, so the
Arduino program must be uploaded before switching. The board also features a power
converter and regulator, that ensures that the power supply receives a constant 12V
signal instead of the variable voltage from the LiPo battery, and so that the Arduino

is powered by a consistent 5V.

2.3.5 Charging System

In this study, two 620 mm long, 0.25mm diameter tungsten corona wires are electri-
cally isolated 2 cm above the aft surface of each wing, as shown in Figure 2-10. The
location of the wire was similar to the optimal location found in [24]. Special care was
taken to mitigate spurious corona by adding 6.35 mm diameter aluminum spheres to
the ends of the wires.

The corona wires are connected to the high voltage terminal of the positive high
voltage power supply, which is capable of delivering up to +15 kV and 0.26 mA
(Ultravolt 15A 12-P4) for the negative charging experiments; and a negative high
voltage power supply capable of delivering up to -15 kV and 0.26 mA (Ultravolt 15A
12-N4), for the positive charging experiments. This power supply provides real time
data on the current being applied to the wire. The ground of the power supply is

connected to the conductive surface of the plane. This ground is also connected to
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Figure 2-10: Corona wire mounted above the trailing edge of each wing.
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Figure 2-11: Calibration of the power supply current sensor (blue), compared to a
1:1 line (red).

the ground of the flight electronics, to avoid damage caused by a high electric field
inside the plane.

The power supply current is calibrated using a high voltage 1 G{2 resistor in series
with a 470 € resistor, and a Fluke 115 multimeter, and the applied voltage command
is calibrated using a 1000:1 high voltage probe. The current calibration is shown
in Figure 2-11. The current appears to deviate from the 1:1 behavior at the higher
currents, but it is suspected that this is due to spurious corona in the connector used,
which is rated to voltages up to 13 kV (this test went up to 15 kV).

The charge control system and sensors are powered by an on-board 3S 1300 mAh

45C LiPo Battery.

2.3.6 Flight System

The final flight configuration components are detailed in Table 2.2, and more details
about some of them are described earlier in this chapter. A diagram of the full system

is shown in Figure 2-12.
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Table 2.2: Details of the equipment used for this study. The mass was measured or

estimated based on the total flight mass of 3.576 kg.

Category | Sub- Item Specs/Part Mass
Category (kg)
Flight Plane Fuselage, Finwing Sabre, EPO foam,
) . 1.52
Wings 1900 mm wingspan
Flight Plane Undercarriage | .35-.61 Dubro fiberglass re-
inforced landing gear, dual
strut steel spring nose gear
Flight Propulsion | Propellor 12x8 APC pusher propellor | 0.048
Flight Propulsion | Motor BadAss 3515-940Kv 0.185
Flight Control Flaps Servos | Hitec HS-85BB High Torque | 0.038
(2) Micro Servo
Flight Control Aileron servos | Hitec HS-85MG Premium | 0.042
(2) Metal Gear Micro Servo
Flight Control Ruder servo Hitec HS-85MG Premium | 0.021
Metal Gear Micro Servo
Flight Control Elevator servo | Hitec HS-85MG Premium | 0.021
Metal Gear Micro Servo
Flight Comm. Transmitter Spektrum DX6e 6 channel | 0
transmitter
Flight Comm. Receiver Spektrum AR620 6 channel | 0.008
receiver
Flight Power Flight Battery | Admiral Pro 4S 5000 mAh | 0.494
60C LiPo
Flight Power, ESC/BEC 80 Amp 0.095
Control
Experiment | Telemetry | Control board | Xbee Radio, Arduino Nano | 0.2
Experiment | Power, High Voltage | Ultravolt 15A 12-P4; Ultra- | 0.198
Sensor Supply volt 15A 12-N4
Experiment| Power Experiment Tattu 3S 1300 mAh 45C | 0.119
battery LiPo
Experiment | Sensor Airspeed sen- | MPXV7002DP Differential | 0.016
sor Pressure pitot tube
Experiment | Sensor Electric Field | EFM 113B 0.164
Mill
Experiment | Experiment| Corona Wire | Tungsten 0.25 mm diameter | 0.001
Experiment | Safety Timer 12 V timer relay 0.024
Experiment | Ground Conductive MG Chemicals 843AR 0.1
skin
General Misc Wiring, connectors, nuts, | 0.282
bolts, linkages, mechanical
parts
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Figure 2-12: Diagram of the test vehicle outfitted with components to meet the
requirements. The two main subsystems are the flight system, which drives the plane
and ensures it is in the air safely, and the experiment system, which is being used to
quantify the charging behaviors. Both systems full functionality are critical to the
success of the mission.
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2.4 Flights

2.4.1 Pre-Flight Checklist

The following checklist is used to ensure that the system is operating nominally, and

is ready for a flight experiment.
e Ensure flight, experimental, and transmitter batteries are fully charged.
e Clean corona wire with Acetone.
e Clear SD Card.
e Ensure all control surfaces are trimmed to center.
e Verify all linkage stoppers are tight.
e Verify undercarriage is well secured.

e Ensure all surfaces of the plane are electrically conductive using ohmmeter,

including extremities.

e Ensure the EFM ground, radio ground, telemetry ground are all connected to

the conductive skin.
e Ensure the propeller is secured tightly to the motor.
e Ensure flight and experimental batteries are fully charged
e Ensure all components in the plane are well secured with velcro.
e Verify the center of mass on the plane is adequate.

e Verify no rain is expected and wind speeds are below 5 m/s.

50



2.4.2 Flight Testing Procedure

The testing procedure is outlined below. 2 people are necessary for each flight test: a
pilot (P), who will operate the plane; and ground control (GC), who will operate the
telemetry ground station. In case of emergency or uncertainty, the default procedure
will be to first attempt to land the plane as soon as safely possible. Once the plane
is landed, use caution in approaching the plane, and if uncertain about the charge
on the surface,touch the plane with a ground stake inserted in the ground to ensure
the plane is fully discharged before handling it. In all the tests conducted this was
never necessary, because the plane fully discharges as soon as it makes contact with

the runway:.

1. P & GC: Double check that pre-flight checklist is complete.

2. P: Connect flight battery to ESC. This will power ON all servos, the flight radio,

and the motor.

3. P: Connect experimental battery to timer. Once it is, the telemetry control

board will stay ON for 30 minutes.
4. GC: Verify good signal from telemetry.
5. P: Place the plane on the downwind side of the runway, pointing up wind.

6. GC: Turn the high voltage ON, verify nominal operation, and then turn the
high voltage OFF.

7. P: Notify other pilots and pedestrians by yelling "TAKING OFF!"

8. P: Check runway is clear, and take off when ready. The 10 minute flight time
begins.

9. P: Once in the air, assume a steady level flight path, and notify GC when ready

to begin high voltage experiment.

e Flight paths were typically 30s long steady loops around the flight field.
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10. GC: Send commands to the plane to test charging or discharging.

e Charging and discharging times were typically between 1 and 4 minutes at

each charging level, depending on the test.

11. P: When nearing the 9th minute of flight, notify GC to turn HV OFF if not

already. Prepare to land.
12. P: At or near the 10 minute mark, land the plane.
13. GC: Save the data.

14. Flight complete!

2.4.3 Summary of Flight Campaigns

All the results in this thesis are from flights performed at Mary Cummings Park in
Burlington, MA, and the flight details are shown in Table 2.3. Previous flight tests
were performed in September and October of 2020, to practice flying the aircraft, and
perfect the data collection system. The data collected in these flights are not reported
on here because significant changes to the conductive skin were made (see Section
2.3.1) to the plane in the intermediate time, which can affect the self capacitance of
the plane and the electric field mill calibration.

Flights usually lasted 10 minutes, and consisted of charging the plane to up to
three different voltage levels. Flights launched and landed on a grass runway of about

100m in length.

2.5 Charging Strategy

The charging strategy is modeled after the previous work of Refs. [41] and [24] and
relies on ion emission from a corona discharge emitter in the presence of wind. For
these experiments, the ion emitter is a long thin wire because of its reliability and
uniformity of the discharge in the positive polarity, and to facilitate comparison to 2D

numerical models and wind tunnel experiments in Ref. [24]. The wire is connected to
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Table 2.3: Details of the flight tests performed for this study. Approximate atmo-
spheric conditions are obtained from the closest weather station, [22].

Date +# Test RH T wind P

%] | [°C1 | [m/s] | [kPal
Nov. 21 2020 1 negative charging 63 9 1 102
Nov. 21 2020 2 negative charging 54 13 4 102
Nov. 25 2020 1 negative charging 67 4 1 103
Nov. 25 2020 2 | negative discharging 67 1 103
Jan. 26 2021 1 positive charging 56 -2 4 102
Jan. 26 2021 2 | positive discharging 57 1 4 102

the high voltage terminal of a high voltage power supply and the low voltage terminal
is connected to the conductive airframe. Both positive and negative power supplies
have been tested to generate positive and negative corona discharges respectively. The

polarity of the high voltage power supply sets the polarity of the charging strategy.

To charge the plane negatively, the wire is set to a high positive voltage with
respect to the plane. When the wire is applied a voltage above its corona inception
voltage of approximately 7kV, the air surrounding the wire is ionized and a positive
glow corona discharge is triggered. When wind is present, some of the ions are
convected away, leaving behind negative charge of equal magnitude. This transient
charging phase gradually lowers the plane potential, and correspondingly a larger
fraction of the positive ions are attracted back by the competing effects of wind
convection and electrostatic attraction. Eventually, a quasi-steady state is reached
that corresponds to all the positive ions generated by the glow corona being attracted
back to the negatively charged plane. In the absence of other charging or discharging
mechanisms, the plane has settled into a steady state phase of charging for a given
corona wire high voltage bias and wind speed. The time scale of this process is in
hundreds of nanoseconds (given the self-capacitance of the plane tested ~75 pF, and
currents of tens of A and charging voltages of the order of 30 kV measured). These
fast transients could not be resolved in this study and the focus is on the steady

state charging level reached at different applied voltages and wind speeds, as in [24].
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Increasing the voltage applied to the wire increases the amount of charge needed on
the plane to attract all the positive ions back to it, and thus increases the level of
charging. Increasing the wind speed will also increase the required charge accumulated
on the plane, within a certain range before saturation is reached [24]. Charging the
plane positively relies on the same principles, and requires a negative high voltage
power supply to generate a negative corona, but there are some differences in the
discharge behavior of positive and negative corona wires.

The discharge characteristics of positive and negative corona wires are similar to
the differences between positive and negative point corona discharges, as described in
Section 1.2.1. The discharge behavior seen in this work matches that of previous work
studying discharge in high voltage power transmission lines, and has been well studied
back to Peek’s 1929 book [49]|. Figure 2-13 shows the characteristic appearance of
the corona discharges used in this study, in the absence of wind, and as imaged with
an ultra-violet (UV) sensitive camera and an exposure time of about 30 ms. In the
positive case, a uniform DC glow is observed that is stable and steady in time. The
negative corona has a non-uniform intensity along the length of the wire and its
appearance fluctuates in time. It can also be appreciated that, while at comparable
voltages (13 and -13 kV), the luminosity is much brighter in the negative case, which
is accompanied by a higher current. This is also shown later in this thesis to occur
during flight tests: the negative charging necessitates a much higher current to keep

the plane at the same potential, as compared to positive charging.

(a) Positive wire.

(b) Negative wire.

Figure 2-13: Characteristic appearance of the corona wire emission using a UV-
sensitive camera, no wind. (a) Positive corona at 13 kV applied voltage with respect
to the wing, and (b) negative corona emission at -13kV.

o4



2.6 Charging and Discharging Results

2.6.1 Flight Data

Figures 2-14, 2-15, and 2-16 show the data collected from the flights listed in Table 2.3.
In each flight, four parameters are studied: the commanded voltage, the airspeed, the
plane potential, and the corona current. The airspeed was not collected for the Jan

26 flights due to a sensor failure.

2.6.2 Aircraft Charging

The plane potential as a response of commanded voltage is plotted in Figure 2-
17, where each flight is broken up into the periods of time when high voltage is
ON. In all cases the plane potential increases with the commanded voltage, up to a
certain saturation voltage. The saturation is likely a result of spurious corona on the
extremities of the plane, such as the wing tips. The plane was brought to 40 kV in the
lab to test this hypothesis, and spurious corona were occasionally found. In general,
the plane potential reaches a lower magnitude when charging positive (red) than when
charging negative (blue), for the same commanded voltage magnitude. In addition,
the saturation voltage is approximately 20 kV for positive charging, and 30 kV for
negative charging. This difference is likely due to a lower efficiency observed with
negative corona wire discharges, as described earlier in Section 2.5. This can also be
seen in the much higher current observed when charging positive versus negative, as
shown in Figure 2-18. This also demonstrates the lack of dependency of the charging
level on the current emitted once the plane reaches saturation. At this point the

current only affects the charging rate, not the ultimate magnitude.

2.6.3 Effect of Wind

The dependency of the charging level and emitted current with wind speed is shown
in Figure 2-20 for the flights on November 25. The trends observed are consistent

with those reported in the wind tunnel experiments of Ref. [24] for the corona wire
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Figure 2-14: Timeline data from November 21, 2020 flights testing negative charging
and discharging.
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Figure 2-15: Timeline data from November 25, 2020 flights testing negative charging
and discharging.
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Figure 2-16: Timeline data from January 26, 2021 flights testing positive charging
and discharging.
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Figure 2-17: Plane potential as a function of the commanded corona wire voltage.
The red points represent positive charging, while the blue represent negative charging.
The different markers correspond to different flights.
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Figure 2-18: Plane potential as a function of corona current. The red points represent
positive charging, while the blue represent negative charging. The different markers
correspond to different flights.
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Figure 2-19: Current response to applied voltage to the corona wire, during flight.
The blue symbols represent negative charging (positive corona); the red symbols
represent positive charging (negative corona). The different markers correspond to
different flights. The dashed lines are the reference current-voltage characteristics, as

measured in the laboratory in the absence of wind.
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operating in the so-called charging-dominated regime. In particular, at the higher
applied voltages tested (11-13 kV), the plane potential increases in magnitude as
the wind speed increases, and this can be explained by the competing effects of
ion convection by the wind and electrostatic ion attraction by the aircraft. The
current decreases with the wind speed, since as the aircraft-wire system becomes
more negative with respect to the environment, so the positive corona discharge is
weakened. Higher positive applied voltages lead to more negative charging levels. At
some point, the corona discharge becomes so weak that it is close to extinction so that
no further charging can be achieved. This saturation regime is what is observed at
the lower applied voltages tested (9-10 kV): the current measured is low, below 10uA,
and the plane potential shows no clear dependency with wind speed. The wind tunnel
tests in Ref. [24] also showed that the saturation can be overcome by increasing the

power supply bias, as observed in the flight campaigns, Figure 2-20.
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Figure 2-20: Plane potential and corona current as a function of wind speed, for Nov
25 flights. The colors represent the commanded wire potential.

The dependency of wind speed is also shown from the November 21 flights in
Figure 2-21, where all charging levels seem to correspond to the saturation limit,

showing no dependency on the potential acquired or the current with wind speed.
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This earlier saturation with wind speed, combined with the higher plane potentials
observed, Figure 2-17, could be explained by a lower ion mobility; which depends on
the presence of aerosols, humidity levels and other factors that can not be controlled
[32, 29, 28, 17|. Interestingly, the 10 kV applied potential had a lower current than
all of the voltages tested in the first flight. We think that this could be due to
experimental flight battery losing voltage over the course of the day, resulting in a
lower current on flight 2 for the same applied potential. This hypothesis can also be
seen by looking at Figure 2-18; both the plane potential and the current of the Nov21
f2 flight are lower than the highest of Nov21 f1.
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Figure 2-21: Plane potential and corona current as a function of wind speed, for Nov
21 flights. The colors represent the commanded wire potential.

The airspeed sensor was malfunctioning during the January 26 flights that was
later determined to be an electrical connection failure, but similar trends are still
observed for these flights as shown in Figure 2-22. Despite airspeed magnitudes being
uncharacteristically low (due to the malfunction), the expected trends can still be

seen: a rise in plane potential and a fall in current with wind speed.
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Figure 2-22: Plane potential and corona current as a function of wind speed, for Jan
26 flights. The colors represent the commanded wire potential.

2.6.4 Aircraft Discharging

As the high voltage is turned OFF, the plane’s charge decays exponentially as shown
from t=400 to t=570 in Fig. 2-14 (a). This decay can be explained as the discharging
rate of a capacitor (the plane) to a resistor (the atmosphere). Assuming an RC circuit
where the resistance R is given by the atmospheric properties and the capacitance C

is the self-capacitance of the plane, the change in potential over time is given by:

V,=V,-e/7+D (2.1)

where 7 = RC' is the time constant or characteristic discharging time, V), is the
plane potential, V is the initial plane potential, and D is a constant to account for
possible deviations from the calibration conditions. As an order of magnitude, the
capacitance C' can be estimated using the model from Ref [26] and scaled by the 1.9 m
wingspan of the plane, to give ~ 75pF'. The resistance is R = ﬁ, where L ~ 0.1m, is
taken as a characteristic length for potential decay given the geometry of the aircraft,

A ~ 2.6m? is the estimated surface area of the plane again derived from the model in
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Ref. |26], and o is the electrical conductivity of air at sea level, which is ~ 10714Sm ™!
[53]. A characteristic time constant is expected to be 7 ~ 290s.

Figure 2-23 shows the discharge over time curves from each flight and Table 2.4
shows the discharge time constants of those flights, based on exponential fits to equa-
tion 2.1.

A factor of 4-10 difference is observed in the time constants for flights of different
days. This may be result of the inverse relationship between the time constant 7 and
the conductivity of air. The conductivity of air, o ~ gqu4ng, is proportional to the
number density of ions (n,) and their mean mobility (y,), with ¢ being the electronic
charge. The lower discharge rates measured on November 25, compared to November
21, indicate a higher electrical conductivity of air which can be explained by higher
charge concentrations or higher mobility of the charge carriers. Higher concentrations
of ions in the atmosphere can be a result of lower aerosol, smoke nuclei or particulate
concentrations (which in turn result in lower ion attachment rates to aerosol particles)
[17]. Higher mobility of ions can be expected, for example, for lower humidity levels,
with a clear trend in the case of positive ions and a less clear one for negative ions

32, 29, 28].

Table 2.4: Discharge time constants.

Date Flight # | 7 [s]
Nov. 21 2020 1 230
Nov. 21 2020 2 234
Nov. 25 2020 1 24
Nov. 25 2020 2 o4
Jan. 26 2020 1 018
Jan. 26 2020 2 294

2.7 Discussion

The flight experiments reported in this thesis have tested the charge control strategy

on a small aircraft, flying at low altitude and low speed. Under these conditions, net
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Figure 2-23: Discharge curves for each flight, each one fitted to equation 2.1.
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charging of the vehicle to levels that would have a measurable reduction on the risk of
lightning [48| were achieved, while posing no alteration to flight operations or other
electronics on board. The following section discusses expected scaling with vehicle

size and altitude, as well as high wind speed effects.

The effect of altitude (or air density) on the net charge level acquired through
ion-emission by corona discharge in wind was discussed in Ref. [24| and is driven by
differences in net ionization rates of air (and corona inception thresholds) as well as
differences in ion mobility. Roughly, the corona breakdown field scales proportional
to the air density and the ion mobility inversely to the air density. Below saturation
(see Figure 2-20), flying at altitude decreases the efficiency of ion convection by the
wind since a higher ion mobility necessitates lower aircraft charging to balance the
wind drag. Note that when flying at 10 km altitude, the ion mobility will be about
three times higher than at sea level. However, when saturation is reached because
the corona is significantly weakened, this effect disappears, and relative air density
changes should not modify the acquired aircraft potential [24]. Therefore, when flying
at higher altitudes, the maximum net charge (or saturation level) will be comparable
but will be reached while flying faster (since a driving parameter is the relative value
of wind speed to electric drift speed) and will require a lower applied voltage of the

power supply.

As discussed in section 2.5, the electrostatic potential acquired by the aircraft
relative to its environment, or likewise the net charge, is set by the competing ef-
fects of ion convection by the wind and electrostatic attraction. Given similar local
electrostatic conditions, the electrostatic potential will remain unchanged. E.g. if
the aircraft had a wing that was 50% longer but otherwise the location of the wires
was kept unchanged, the same plane potential will be achieved. However, the net
charge (proportional to the capacitance and therefore a characteristic length scale)
would increase accordingly; and the current emitted will also be proportional to the
length of wire used. When considering a geometrically similar but larger aircraft the
location of the wire needs to be selected considering the following trade-off: if the

wire is very near the airframe surface, ions are easily captured and the aircraft charge

67



level will be limited; if it is very far, the corona weakens too much. In addition, lo-
cations further back toward the trailing edge lead to more charging, since ion escape
is facilitated. Therefore, the wire would be placed at a comparable distance from the
wing surface for both planes (not scaled with size) and the electrostatic potentials
developed are expected to be similar. The net charge would however scale with size:
e.g. an aircraft 10 times larger would acquire the same potential but 10 times the
charge. This scaling is consistent when comparing the estimated charge acquired by
the 2 m wingspan vehicle of this thesis, of ~ 2 uC, to that acquired by the 10 times
larger SPTVAR vehicle when using controlled corona emission, of ~ 20 uC [31].

Note that this scaling with size presents a limitation when considering the charge
control system for lightning strike risk reduction. In this case, the optimum aircraft
electrostatic potential in terms of lightning risk reduction scales linearly with size
(and the net charge scales quadratic with size). While the net charge control strategy
based on corona discharge explored in this thesis is expected to have a measurable
influence on the triggering of lightning for a small vehicle, alternative charge emitting
devices should be explored for larger aircraft. This magnitude of charge compensation
is already adequate to protect personnel against electrostatic discharge, even for large
vehicles, as the stored energy is proportional to size so at the same acquired potential
the stored energy, and hence the risk, is higher.

The discharging rates to the atmosphere, while considering no external sources
from non-electric propulsion systems or spurious corona discharges, scale as 77! =
(RC)™" ~ e;'o. This scaling shows that the dependency with vehicle size cancels out
and only the atmospheric conductivity plays a role. Note that €j is the permittivity of
free space. Two geometrically similar aircraft would therefore have similar discharging
rates to the atmosphere, but an aircraft flying at high altitude would discharge more
rapidly than an aircraft flying at low altitude since the conductivity increases with
altitude [27]. E.g. when going from 0 km to above 10 km of altitude, the conductivity
increases from ~ 1074Sm™" to ~ 107'2Sm™"! |27] so the discharging rates would
increase by a factor of 100. This independence with size is confirmed by the similar

order of magnitude reported by measurements on ground of the discharging time
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constant of the SPTVAR aircraft with the engine off being ~ 300 s (comparable to

the ones reported in this thesis) despite the much larger wingspan of 18 m [31].

2.8 Conclusions

The experiments reported in this thesis have demonstrated key milestones for the use
of bipolar ion emission from the aircraft surface to control the net charge of the vehi-
cle. These milestones include remote operation and control of the net charge during
flight; safe operation of a highly charged aircraft during fair weather; and exploration
of parameter dependencies by comparison to preceding wind tunnel studies. Both
charging to negative levels and positive levels were demonstrated, by using positive
and negative corona discharges respectively. The differences between polarities were
revealed including higher consumed currents and lower acquired voltages for the pos-
itive charging strategy as a result of the lower efficiency of the negative discharge
and the higher mobility of the negative ions. The dependencies with applied voltage
bias and wind speed were consistent with observations in the wind tunnel: charging
increases with applied voltage bias; and both a regime with increasing charging in
wind speed and a saturation regime were observed [24]. Once the charging system
was turned off the aircraft discharged to the atmosphere following an RC law, with
the time constant being comparable for the positive and negative polarity.

The results also indicate some of the technological limitations of the system. First,
for both the positive and negative charging schemes, the aircraft seems to reach a
saturation voltage close to + 23 kV (positive charging) and -30 kV (negative charging),
even if the commanded voltage was increased. This saturation may be due to spurious
corona forming at the sharp points of the plane such as the nose, tail, and wing tips,
although this hypothesis could not be confirmed. Such a threshold would indicate that
the ion emitter current can not compensate the leakage current from these sources. In
addition, the use of corona wires for ion emission was selected here for a comparison to
the numerical model and wind tunnel experiments in Ref. [24]|, however a production

system will require a robust ion emitter less prone to damage and increased drag.
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The applicability of a charge control system for aircraft lightning risk reduction
or precipitation static mitigation has yet to be fully explored. In particular, a flight
platform that can fly in a more representative environment, including flying at high
altitude or within relevant thunderstorm environments would be desired. Future work
should make use of a research aircraft to demonstrate lightning risk reduction by using
multiple electric field mills to detect the environmental electrical conditions in thunder
clouds and the net charge of the vehicle, and provide a closed-loop control of the net
charge based on an estimated requirement. As mentioned in the introduction, net
charge control could also be of use to compensate for natural charging in certain
airborne vehicles, such as rotorcraft, to ensure safety of boarding passengers. In
addition, net charge control can be of value to research aircraft measuring atmospheric
electric fields.

Novel aircraft systems offer another opportunity for this technology, but also
pose a challenge. Blended wing airplanes, Vertical Take-off and Landing (VTOL)
and multi-rotor aircraft, and advanced materials like carbon fiber reinforced plas-
tic (CFRP) are just beginning to be implemented and taken advantage of in the
aerospace industry. For the purposes of this work, many assumptions were made, like
a fully conductive, standard geometry airframe, but in reality these assumptions may
not hold up to complex new aircraft systems and airframe materials. In addition,
this system must be proven in the dynamic nature of the atmosphere: the electric
field, temperature, pressure, humidity, and aerosol levels are constantly changing as
an aircraft travels quickly through it. These parameters will affect the charging and
discharging, and the lightning mitigation as discussed above, and future work should
focus on which of these parameters will need to be sensed and in what resolution

(spatially and temporally) to provide a closed system.
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Chapter 3

Wind Tunnel Experiments of

Streamer Corona

This chapter includes a detailed summary of the research investigation of the discharge

behavior of a point-to-plane corona discharge in the presence of wind.

The motivation behind this wind tunnel testing is to provide a first step towards
studying the discharge of p-static wicks, which are used to discharge an airplane of its
net electrical charge, which accumulates naturally and can cause radio interference.
The current standard testing procedure for these dischargers does not account for
the discharge changing due to wind [4]. A standard commercial p-static discharger
is shown in Figure 3-1, which was manufactured by Dayton-Grainger. In this work
a simplified discharger geometry is studied up to wind speeds of 30 m/s (67 mph).
A sharp needle of .174 mm tip diameter is applied a voltage ranging from 6-18 kV
and is separated 25 mm from a ground plate. The tests described in this thesis
have shown that wind significantly alters the discharge characteristics, such as the
electrical current, the frequency of pulsations, and the shape of the streamer corona.
While the behavior of glow corona in wind has been addressed in numerous works
[15, 16|, studies of streamer corona in wind are mostly absent from the literature.
The remainder of this chapter will describe the experimental setup and discuss the

results of this study, and will conclude with recommendations for future work.
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Figure 3-1: Standard p-static discharger wick used on commercial aircraft, manufac-
tured by Dayton-Grainger.
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3.1 Experimental Setup

The experimental setup is shown in Figures 3-2 and 3-3. A 46x46 cm open-return
wind tunnel with air-speeds up to 30 m/s is used. An airspeed sensor was used to
verify that the wind tunnel produces an even distribution throughout the test area.
The needle is supported on an insulating stand 25 mm from an aluminum ground
plate of 203 mm diameter and 6.35 mm thickness. The tip, power supply, electrical
measurements, data acquisition system, and imaging system are all described in the

following sections.

Wind
Tunnel

Insulating
Stand

Data
Aquisition
Syctem

Figure 3-2: Experimental apparatus for the wind tunnel experiments. The PMT and
the ICCD Camera are not shown for clarity.

3.1.1 Tips

Before settling on a tip geometry (diameter and gap distance), several were tested,
with the goal of making repeatable and interesting observations. Over the course
of the preliminary testing, several trends were observed that are not reported here
quantitatively. First, a larger diameter tip (2 2mm) and tips that are closer to the

ground plate (< 10mm gap) typically emit burst or onset streamers at a narrow
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Figure 3-3: Photograph of the experimental set-up for the wind tunnel experiments.
The orange cable is a fiber optic cable for the PMT measurements, the red cable is
the high voltage wire, and the blue cable is the ground wire.
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range (< 1 kV) of voltages. Any higher voltages will induce a glow corona, until a
sufficiently high voltage is placed to create an arc across the gap. Smaller diameter
tips (< 2mm) and tips that are further from the ground plate (2 10mm) tend to have
a larger range of voltages at which the streamer regime is seen, and fewer glow-only
corona regimes. All the tip materials tested, including aluminum, 1018 steel, and
stainless steel, corroded after several tests, as shown in Figure 3-4. Tip corrosion is a
common phenomenon that can occur in as little as several hours of corona discharge
for many types of materials, including stainless steel. This is an ongoing research
area and challenge for technologies that utilize corona discharge in air [30, 47]. The
corrosion is likely a result of NO, generation in the discharge, and —NOj3 ions that

form near the emitter surface can cause pitting corrosion on the electrode surface [23].

(a) Cleaned tip

Figure 3-4: Magnified photos of the 0.174 mm diameter tip used for the experiments.
(a) shows the tip at 100x magnification after recently being cleaned with baking soda.
(b) shows the tip at 200x magnification after several days of testing with an orange
layer of corrosion. The corrosion does not seem to impact the shape or behavior of
the discharge. The corrosion may be due to excessive build up of heat on the stainless
steel.

Ultimately, the tip reported on in this thesis is a 0.174 mm diameter stainless
steel needle, as shown in Figure 3-4. Corrosion did build over time, but did not
appear to greatly alter the surface geometry or the observed discharge behavior. It is
expected that in the future a regular cleaning procedure must be established so that
the corrosion does not build enough to increase the diameter significantly.

The needle tip can also be negatively impacted by dust/particle accumulation.
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Before each test a strict cleaning procedure using a fresh micro-fiber clean-room cloth
and acetone is observed to reduce the likelihood of particulate on the tip. This
cleaning procedure was tested by checking for dust particles using a 200X microscope.

The needle is suspended on a ceramic insulating stand and is supported by a 3D-
printed PLA plastic clamp, with height adjustability. The gap distance is adjustable
but for these tests was set at 25 mm and is measured using calipers. The high voltage
wire is connected using a set screw, which is coated in silicone putty to prevent

spurious corona, shown in Figure 3-3.

3.1.2 Power Supply

A Matsusada RB60-30 DC high voltage power supply was used to vary the applied
voltage to the tip from 0 to +30 kV. A small control box was built to operate it. The
electrical current and voltage outputted by the power supply (not time-resolved) are

measured using the data acquisition system.

3.1.3 Electrical Measurements

The time-resolved electrical current is measured both going to the needle using a
Pearson 2877 Rogowski coil and the current coming from the ground plate by mea-
suring the voltage across the shunt resistor of 180 2. An Oriel 7734X photo-multiplier
tube (PMT) was used to measure the intensity of light over time, however damage
to the sensor caused a decay time much longer than specified and is only used for
comparative purposes to confirm the pulsation frequencies as measured by the current
Sensors.

Figure 3-5 (b) shows a sample of the diagnostics from one streamer discharge test,
using 16 kV applied voltage and 0 m/s wind, including the supply current, ground
current, and PMT signals over time. The peaks of the ground signal are shown
with downward facing triangles. These were detected using MATLAB’s peak-finding
algorithm. Also shown in Figure 3-5 are a single streamer burst as measured by

the electrical diagnostics (a), an ICCD image of a single streamer burst (c), and a
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superposition of many ICCD images of single streamer bursts (d).

From these figures it is clear that the PMT decay time is much longer than was
expected, likely due to previous damage to the sensor. Arcanjo et al. [8] shows that a
streamer corona in a similar set-up should illuminate the PMT in similar time-scales
(rise and fall time) to the electrical current waveform. The two current signals convey
well the time-scales involved, and is consistent with previous work showing the rise
time of 10s of ns and the decay time of 100s of ns [§].

A time-resolved high voltage probe (Lecroy PPE 20kV) was used verify that the
voltage did not vary significantly during streamer corona. The results of this test
are shown in Figure 3-6; the small oscillations of 10 V can be considered negligible

compared to the total voltage of 16,000 V.

3.1.4 Data Acquisition

The electrical signals reported on are measured by a WaveRunner 9000 Teledyne
oscilloscope (4 GHz bandwidth). The data acquisition rate is 50 x 10° Hz for 200 ms,
which corresponds to 20 ns period and a total of 10° samples for each test. At a
pulsation frequency of 4 kHz, around 800 streamers are sampled. Note, a BNC P4017
oscilloscope (100 MHz) was used to collect the results displayed in Figure 3-6.

3.1.5 Imaging

Like the tip geometry, the imaging setup underwent several revisions to get to the
final configuration used to capture the results obtained in this thesis.

A summary of the camera trials is provided in Table 3.1

Due to the fast and repetitive time scale of the streamers (~1-10 kHz), a high
speed camera (Edgartronic SC2+) was used to capture individual streamer pulses,
however with all lens configurations attempted, the visible light was too dim. A UV
intensifier, the Syntronics Corona Finder, was used briefly however the P43 phosphor
has a decay time of 1.5 ms, which is much longer than the expected period between

streamers (10-100 ps), so multiple streamer bursts were seen in each image. Since
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Figure 3-5: Sample of diagnostic capabilites, for an applied voltage of 16 kV, and 0
mps wind speed. (a) The supplied current, ground current, and PMT signals over
time for a single streamer burst. (b) A 400 us sample of a test, with 14 consecutive
streamer bursts. The peaks of the ground signal are shown with downward facing
triangles. (c¢) An image of a single streamer burst using the ICCD Camera. Exposure
time 150 ps and Gain 24. (d) 100 ICCD images like (c), superimposed
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Figure 3-6: Signal from the time-resolved high voltage probe during a 16 kV, 0 m/s
wind test. Small oscillations are observed of ~10 V and can be considered negligible
compared to the total voltage of 16,000 V.

Table 3.1: Summary of the camera lens trials for imaging streamers.

Optics HS Camera ICCD

UV lens Not enough light | Very low resolution
UV lens + | Can not Focus

Intensifier

UV lens + | Good focus and
Intensifier light, intensifier
4+ 50mm | decay time = 1
lens ms

50 mm lens | Not enough light | Low resolution

Macro Not enough light | Good resolution and light
Zoom lens
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a primary goal of this project is to quantify and observe the behavior of individual
streamer bursts, this was not explored further. This could be used for future studies
that look at the time-averaged behavior of streamer bursts.

Ultimately, a PI-MAX 4 Intensified Charged Coupled Device (ICCD) Camera was
used for the imaging, with a Macro Zoom lens (Vivitar Series 1 28-90mm) and a 20 mm
3D-printed Macro extension to increase the field of view (FOV) further. The ICCD
camera can take images with a gate-width (exposure time) down to nanoseconds, and
has a P46 Phosphor intensifier (.2 ps decay time). For this study, the gate-width
was varied from 25 to 450 us, and the gain is varied from 14 to 48 to obtain the best
possible contrast, while only imaging a single streamer burst. As will be seen later on,
streamer bursts were not always captured one at a time, due to apparently random

consecutive small streamer bursts.

3.2 Results

The results reported are from a series of tests on March 12 2021, where the applied
voltage was varied from the streamer inception voltage, 6 kV, to close to arcing
voltage, 18 kV, and the wind speed was varied from 0-30 m/s for each voltage tested.

Firstly, the images in Figure 3-8 show the 100 superimposed streamer images,
from each data case. The gate-width was varied from 25 to 450 s, and the gain
is varied from 14 to 48 to obtain the best possible contrast, while only imaging a
single streamer burst. As seen in Figure 3-10, at the higher wind speeds and voltages,
there arises a regime where some streamer bursts are pulsating at a frequency much
higher than originally expected, so the images taken in these cases may not only
contain a single streamer burst. In the image batches, however, only a fraction of the
images contained streamers, and those that did not contain a streamer corona did
show evidence of a glow corona.

Figures 3-9, and 3-10 show the time-dependent waveform measured by the ground
current for each test conducted, on the left side of the page. On the right side of the
page, waveforms are plotted in the frequency domain, computed by using MATLAB’s
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Figure 3-7: The persistent glow corona, observed in between streamer corona bursts.
ICCD image of an applied voltage of 16 kV, and wind speed of 0 m/s.

fast Fourier transform (fft) tool, and filtering noise below 0.65 mA for voltages up
to 16 kV, and 1 mA for the 18 kV test. The discrete Fourier Transform is a method
to approximate the shape of a discrete signal using a combination of sinusoid waves.
Each peak in the plot represents a certain frequency of sinusoid that was apparent
in the signal. Often the plotted spectra show a decaying harmonic structure at the
integer multiples of the pulse frequency, for example in the 12 kV, 0 m/s case of
Figure 3-9 (h). This is expected when performing a Fourier analysis on a triangular
pulse train, which is a combination of a perfect pulse train in a finite amount of time
(which would result in harmonics at every integer multiple, equal in magnitude), and

a triangular shape (which causes the decay).

From detecting the peaks of the ground current we can calculate the period of
time in between each consecutive peak, and the corresponding frequency. For the
300-1000 streamer burst pulsations observed in each test, we can plot a distribution
of the period of time in between them. This is shown on the left side of Figures 3-11

and 3-12, where the period is in log scale on the y-axis, and the horizontal width
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Figure 3-8: Superimposed images. Wind is going right to left. Green lines represent
the ground plate.

82



RIPSHRIPEAPA PRI

30
30
. AN AT e S
) T*E A AT T Yt SRR
3 i ]
e} e W oY Ry AR
10;5 ! g
) ; T .
ézoq = —5 5
=10 ‘
£ o ‘ ‘ 0 T \ T T o
© o0 0.5 1 15 2 0 5 10 15 20 25
Time (ms) frequency (kHz)
(a) 6 kV (time domain sample) (b) 6 kV (frequency domain)
L 30
1 L 1 L 25
D zog g
! ' 15% 3
2] %
R ! ! 105 E
Q:S 20 5 .
gw%
o 0
S o o.‘s ) 1‘ 15 2‘ 0 5 10 15 20 25
Time (ms) frequency (kIz)
(c) 8 kV (time domain sample) (d) 8 kV (frequency domain)
N N e el
30
B . 1 1L 1 1 | 1 L1 L1 1 1l Lol 25 25
11 L 11 1 L1 L1 Ll L1 L1 ZOE zog
L1 1 I U T | 1 L 11 15'% 15%
2] [=
R 1 1 1 1 L1 1 1 1 L1 L 10 E 10 E
E 20 . ! 5 5 .
g 18{ e T * — 70 [ I T I 0
S o 05 1 15 2 0 5 10 15 20 25
Time (ms) frequency (kHz)
(e) 10 kV (time domain sample) (f) 10 kV (frequency domain)
T 8 Y Y D Y DY PO T Y S I I TSN O I Y I B 30

TR IR T I N Y N O ANV I O S N A VP W“‘ %
- o | # i

I N TR N A N NS N TR I I WU AT AN T | 20% *M‘ g
) 20 §
NN TR E R RN ETE A BT TR I | 1m..|\15—§ m 3
a ‘ 52
L1 I TR BTN B R TSI TS I N U R R R SR ETE BN TYSRE N | mg 10.?
*510{
E ok - — . ) o VL VUL N TV YRR, W
S o 05 1 15 2 0 5 10 15 20 25
Time (ms) frequency (kHz)
(g) 12 kV (time domain sample) (h) 12 kV (frequency domain)

Figure 3-9: (left) A 2 ms time domain sample of the ground plate current at a range
of voltages and wind speeds. (right) Current peaks plotted in the frequency spectrum
at a range of voltages and wind speeds. This spectrum is based on 200 ms of data.
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Figure 3-10: (left) A 2 ms time domain sample of the ground plate current at a range
of voltages and wind speeds. (right) Current peaks plotted in the frequency spectrum
at a range of voltages and wind speeds. This spectrum is based on 200 ms of data.
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of each bar corresponds to the likelihood of two adjacent peaks to have that period.
For reference the right-hand axis of these plots is converted to frequency. Several of
these distributions are plotted next to each-other to demonstrate the change in shape
at different wind speeds. The frequency corresponding to the inverse of the period
is shown in the appendix Figure B-1, and can be useful to observe the trends in
another way. These are shown for applied voltages of 6 kV up to 18 kV, identified by
different colors, and in ascending order. The distributions in these plots are smoothed
using a local, weighted linear least squares regression and a 2" degree polynomial
model. This analysis well characterizes the distribution of adjacent streamer burst
frequencies, but does not account for the relationships between frequency and current
from non-adjacent streamers, which can be visually seen on the left side of Figures 3-9
and 3-10. An analysis that can better discriminate between different types of streamer
bursts is actively being explored. A similar analysis but of the distribution of the
currents measured at each peak is shown on the right side of Figures 3-11 and 3-
12. These distributions are smoothed using MATLAB’s kernel-smoothing density
function, which is based on a normal kernel function that is estimated at 100 equally-
spaced points. This can be used to show how the peak of individual current pulses
changes with wind speed, as well as how it changes with voltage. It will be shown
as well that, especially in the high voltage, high wind cases, there are two dominant

streamer current magnitudes that are present.

3.3 Discussion

3.3.1 No Wind Case

From these plots several observations can be made. First, if only looking at the 0
m/s wind case (bottom row of each plot in Figures 3-9 and 3-10), the frequency of
pulsations seems to increase as the applied voltage is increased from 6 to 10 kV. The
superimposed ICCD imagery of the discharge, shown in Figure 3-8, indicates that
the streamer corona discharge has not bridged the gap in these cases. At 12 kV a
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Figure 3-11: (left) Distributions of the period of each sequential streamer burst (the
inverse of the frequency) as they change with wind speed. Each distribution is nor-
malized individually so that the maximum bin value fills the allotted horizontal space.
(right) Distributions of individual pulses peak current, plotted at different wind speeds
and voltages.
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Figure 3-12: (left) Distributions of the period of each sequential streamer burst (the
inverse of the frequency) as they change with wind speed. Each distribution is nor-
malized individually so that the maximum bin value fills the allotted horizontal space.
(right) Distributions of individual pulses peak current, plotted at different wind speeds
and voltages.
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Figure 3-13: Averaged current as a function of wind speed.

new regime seems to have formed as the discharge bridges the gap and some streamer
bursts make contact with the ground plate, with a lower frequency than 10 kV. This
regime continues with increasing frequency as the applied voltage is increased to 18
kV. Another observation from this is that the low voltage (6-10 kV) has a broader
frequency spectrum than the higher voltage (12-18 KV) regime.

From Section 1.2.1, we saw that onset streamers propagate approximately fol-
lowing the electric field lines until either the positive space charge overwhelms the
anode, weakening its concentrated electric field, or the streamer reaches the cathode
(in this case the ground plate), and the positive space charge extends the entire gap.
The difference in these two scenarios is that when the streamer has not bridged the
gap, there is still a portion of the gap that is under the influence of only the applied
electric field, whereas when the positive space charge takes up the entire gap, the
influence of the external electric field is minimal. From Figure 3-8, we can see that
once the streamer has bridged the gap at voltages greater than 12 kV, as the voltage
is increased further, the streamers seem to have less branching effects, due to the
higher electric field. The higher electric field will also clear out the positive space

charge faster, leading to a higher frequency discharge.
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We can calculate a rough estimate of the expected frequency using Equation 1.1,
based on the air ion drift. With applied voltages ranging from 6 to 18 kV with a gap
of 25 mm, the electric field ranges from 240-720 kV/m. Assuming an ion mobility of
1.4 cm?/Vs, the drift velocity would range from 3,360-10,080 cm/s. If we then assume
that the ions must clear away the entire 25 mm for a new streamer to initiate, then
we would expect a frequency ranging from 1.34-4.03 kHz. This is around the order
of magnitude that we see in the results with 0 wind speed, where frequencies ranging

from 1.5-15 kHz are seen.

3.3.2 Adding wind

When adding wind, the ion velocity, which drives the charge removal rate, is given

by the superposition of drift and wind:

Vion = U + uyy. (3.1)

Early work by Chapman [15] showed that for a corona discharge in wind the current
is proportional to:

i X Vion (V = V), (3.2)

where V' is the applied voltage and V. is the corona inception threshold. Using this
scaling, the dependency of current with wind speed would be expected to be at most
linear for the DC glow corona. In this study of streamer corona, particularly for the
higher voltages (see Figure 3-13), the dependency seems to follow more of a quadratic
trend.

The distributions of the streamer burst peak current as a function of wind speed
(right-hand side of Figures 3-11 and 3-12) do not show a linear or quadratic trend,
however, because although the average current may be higher, the peak current may

be lower with a higher frequency.

In all cases, the wind has the effect of spreading out the frequency spectrum, and

making the discharges less repeatable and more erratic. This may be due to pressure
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variations from turbulence caused by the tip, although this effect was found negligible
in [46]. This effect also correlates with the structure of the streamer burst spreading
out - instead of going straight towards the cathode, the streamers are more likely
to branch out in either direction, as shown in the higher wind speeds of Figure 3-8.
This spreading out will likely cause variations in the time needed for a new streamer
to emerge - depending on where the space charge is after a streamer burst, the next
streamer burst may have to wait different amounts of time for the space charge to
clear out. The more erratic behavior can be explained by the more ’options’ that the

streamers have.

The next observation that can be made is that the wind tends to allow a higher
frequency of streamers. Although not always obvious from the Fourier transform
analysis, looking at the distribution plots in Figures 3-11 and 3-12 and as can be
visually seen in the time domain plots on the left side of Figures 3-9 and 3-10, there
tend to be shorter gaps in between successive streamers at higher wind speeds. In
many cases, the wind reduces the amount of time for the positive space charge to
clear away. This is most clearly seen at 8 kV, where the frequency band stays narrow

and increases incrementally with wind speed.

The effect of wind on the streamer shape is very interesting and can be seen clearly
in Figure 3-8. At 0 wind, all the streamer regimes are relatively symmetrical about
the tip axis. As soon as even a small 5 m/s wind is added, the discharge changes.
At the higher applied voltages, streamers operate in the regime observed by [46] and
[62], where the streamer is tilting with the direction of the wind. This regime seems
to be associated with a decrease in peak current with wind speeds, as shown on
the right hand side of Figure 3-12. This may be a result of geometrical effects that
cause a longer current pulse duration and lower peak current, but a higher overall
amount of charge transfer. At the lower voltages, however, the streamer splits into
two segments, one pointing with the wind, and one pointing against the wind. The
6 kV streamers seem to be split evenly between these two directions (see Figure A-1
in the appendix for a look at individual frames), and as the voltage is increased, the

component directing with the wind becomes more prevalent. Of interesting note here
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is that the 12 kV case, which seemed to be bridging the electrode gap at 0 m/s, is no
longer bridging the gap after adding 5 m/s wind, and begins to show behavior more

aligned with the lower voltages.

Moving up to 10 m/s, we can observe that the tendency for streamers to point
against the wind becomes stronger: in all cases at least one streamer burst or branch
like this is observed. Moving from 15 m/s up to 30 m/s this trend continues, until at
30 m/s almost all of the streamers bursts coming from the tip at voltages up to 14

kV, are pointing against the wind.

To summarize, the higher the voltage the more likely the streamer will be tilted
with the wind, and the higher the wind speed the more likely the streamer will
travel against the wind. The propagation of the streamers downwind is as observed
in Ref. [46]: at the time scale of streamer propagation, wind has no effect, but at
the longer timescales both ions and excited species are convected by the wind. The
propagation of streamers upwind can be explained by charge accumulated in the
downstream direction, so that the upwind direction effectively sees higher electric

fields.

The trends seen in the structure of the discharge correlate with the distributions
of the electrical current in the right side of Figures 3-11 and 3-12. In the higher
voltages and lower wind speeds, as the discharge transitions from traveling with the
direction of the wind to both with and against the wind, the current pulses spread out
in magnitude, there are more streamer bursts of both high and low current. Notice
how in the 18 kV case, when wind is applied, the streamer pulses lower in current
magnitude (3-12), but increases in average current (3-13) and frequency (3-9). From
these trends, it can be concluded that the streamer bursts moving with the wind tend
to have a higher current (which lowers with wind speed) and lower frequency (which
increases with wind speed), and the streamer bursts moving against the wind tend
to have a lower current (which increases with wind speed) and a higher frequency

(which also increases with wind speed).
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3.4 Conclusions

The results here have successfully demonstrated a strong influence of wind on streamer
corona. Wind can both direct the streamers with or against it, which depends on two
competing effects related to the applied voltage on the tip. Wind tends to increase
the average current, and reduces the period of time in between streamer pulses.
Future work may include widening the parameter space studied, including testing
different gap distances, and different radius of curvature tips. In addition, the test
setup can be modified to study p-static dischargers in wind in a similar way to the

way the specification testing process.
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Chapter 4

Conclusions

4.1 Summary of Conclusions

This work investigated methods of charge control for airplanes, and the related phys-
ical phenomena. As discussed in Chapter 1, aircraft charging can occur naturally
by triboelectric effects, such as collisions with water molecules in the air. If unmit-
igated, the charge can build to levels that induce corona discharge from the radio
antennas of the airplane, causing communication interference. These discharges are
instead diverted to p-static dischargers, a passive form of charge control that are ini-
tiated when the airplane surpasses a voltage threshold with respect to its surrounding
environment.

Recent work has demonstrated that the net charge of an airplane can have an affect
on lightning initiation, and that the risk of lightning can be mitigated by controlling
the charge to an optimal level that depends on the direction of the electric field. A
charge control system that utilizes corona discharge to expel ions from the aircraft has
been proposed and tested in the wind tunnel previously, and Chapter 2 of this thesis
demonstrates this system in flight. A 1.9 m wingspan remote controlled airplane
is charged to both positive and negative polarities. By applying a voltage between
-13 and +13 kV to the wire, the plane is charged to +23 and -30 kV, respectively.
The system demonstrates comparable results to previous modeling and wind tunnel

experiments, which showed an increase in plane potential and a decrease in corona
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current as wind speed increased. The technological limitations of this charge control
strategy have been described, such as a saturation voltage due to spurious corona,
and the delicacy of the corona wire.

The second experimental campaign in this thesis, described in Chapter 3 is focused
on understanding the physical changes to positive streamer corona in response to
airflow. This is motivated by the lack of wind tunnel testing of p-static dischargers
that are used to passively discharge airplanes. This work has demonstrated that wind
has a strong influence on the discharge characteristics: the frequency of pulsations
and the average current increase with wind speed, but both become less consistent.
In general, two types of streamers emerged upon adding wind: first, the streamers
tended to point with the direction of the wind especially at lower wind speeds and
higher voltages; at higher wind speeds and lower voltages, the streamers tend to
point against the wind. To the authors knowledge, this phenomenon has not been

experimentally observed before.

4.2 Recommendations for Future Work

For an active charge control system, the recommended next step is to implement the
system onto a larger research aircraft that can be used to measure the electric field
conditions inside thunder clouds. This will serve as both a valuable research study,
but also a further validation of the results found in this work. This will also foster
necessary robustness improvements that will eventually help to scale the technology
up to being used on commercially manufactured airplanes.

For the study of p-static dischargers, the immediate next step will be to study
the effects of wind on the commercially used dischargers, by substituting the needle.
From the initial studies, not reported in this paper, the p-static dischargers tend to
operate at a regime similar to a metal rod of similar radius.

Future studies of electrical discharges in wind could utilize a nanosecond pulsed
power supply to investigate more forms of streamers. This could help to determine

the relationship between consecutive streamers, and help modeling efforts that aim
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to characterize streamers in wind.
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Appendix A

Additional Single Burst Streamer

Images
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Wind Speed (m/s)

Sequential frames (~ 3kHz)

Figure A-1: 7 individual streamer bursts at 6 kV as they change with wind speed.
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Wind Speed (m/s)

Sequential frames (~ 3kHz)

Figure A-2: 7 individual streamer bursts at 8 kV as they change with wind speed.
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Sequential frames (~ 3kHz)

Figure A-3: 7 individual streamer bursts at 10 kV as they change with wind speed.
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Sequential frames (~ 3kHz)

Figure A-4: 7 individual streamer bursts at 12 kV as they change with wind speed.
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Sequential frames (~ 3kHz)

Figure A-5: 7 individual streamer bursts at 14 kV as they change with wind speed.
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Wind Speed (m/s)

Sequential frames (~ 3kHz)

Figure A-6: 7 individual streamer bursts at 16 kV as they change with wind speed.
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Figure A-7: 7 individual streamer bursts at 18 kV as they change with wind speed.
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Appendix B

Additional Streamer Frequency Plots
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