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Abstract

Atmospheric pressure plasma jets (APPJ) are currently the focus of an intense international research
effort due to their unique chemical and physical characteristics. A defining aspect of the plasma jet is the interplay
between plasma physics, plasma chemistry, and fluid dynamics which ultimately dictate application efficacy. This
project focuses on uncovering the link between the fluid dynamics of the emerging noble gas channel into
quiescent ambient air and the chemical reactions induced by the reactive species produced in the discharge.
Several, biochemically relevant species, reactive oxygen, and nitrogen species (RONS) are created such as O,
OH, O3, H,0,, NO. These reactions occur with the presence of air, thus at the interface of the shear layer of the
plasma jet and the medium. Making it a crucial parameter toward the generation of relevant reactive species, this
interface is intrinsically linked to fluid dynamic characteristics of the jet. Particle Image Velocimetry provides
novel time- and spatially-resolved quantitative velocity measurements of the jet with and without the influence of
the plasma discharge. This influence is characterised; the induced-turbulence is generated by disturbances created
in the shear layer of the jet by gas heating and electrohydrodynamics (EHD), moreover the observation and
measurement of velocity fluctuations and turbulence in the laminar region of the jet provide novel insight on the
fluid dynamics consequences of the plasma discharge. Those perturbations propagate along the jet and alter the
structure with an intensity dependant on the fluid dynamic parameters and the plasma input parameters. These
observations show the presence of instability on the plasma jet structure, particularly the edges, thus the results
imply the presence of air entrainment in the laminar region of the jet which impact the plasma physics and

chemistry.

Furthermore, the plasma-induced velocity increase of the jet is characterised, and is below a 10% increase
of the initial velocity. In contrary to past assumptions, the velocity effect of the plasma discharge is thus unable
to solely alter the state of the jet. Rayleigh scattering and Laser-induced fluorescence provide insights on the
induced air entrainment and mixing in the shear layer, and the spatial distribution of relevant chemical species
(OH). The results show that plasma-induced perturbations decrease the laminar region length, increase the
turbulence intensity, and increase the quenching rate of OH fluorescent state. This indicates the critical aspect of
the shear layer instabilities on the physicochemical characteristics of the plasma jet. Ultimately, the plasma jet
applications mostly directed downward impinging on a target, the electrical parameters of the generation of the

plasma revealed to be able to control the structure of the jet; thus the gas mixing and the chemistry.
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The adaptability of the plasma jet configuration and input parameters allow a decisive control over the
jet structure and the chemistry while being used at atmospheric pressure and near room temperature, it makes it a
convenient non-obstructing technique for localised treatment. This study shows the ability to control the chemistry
of the jet through the electrical parameters, for applications where the wanted chemistry is already in the jet,
generating a laminar jet will oppose greatly the mixing with the environment. Whereas, applications where the
mixing with ambient air is mandatory to obtain relevant reactive species, electrical parameters prone to perturb
and provoke earlier transition to turbulence will be crucial. The electrical parameters in a pulse-driven APPJ,
mainly the repetition frequency and the pulse width are crucial to controlling the jet structure and chemistry in a
cost-efficient way. The chemistry issued from plasma jet generation has proven to be of great interest in several
fields, such as material processing, wound healing, bacteria and. These efforts will pave the way for new

understanding and applications of the plasma jet.
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Chapter 1 Introduction

1.1 Rationale & Overview of the Challenge

The focus of an intense international research effort has currently been on atmospheric
pressure plasma jets due to their unique chemical and physical characteristics. A defining
aspect of the plasma jet is the interplay between plasma physics, plasma chemistry, and fluid
dynamics, ultimately dictating application efficacy. This thesis explores the link between the
fluid dynamics of the emerging noble gas channel into the quiescent ambient air and the
reactive chemical species resulting from the interaction, ultimately addressing the complex
situation of plasma-induced turbulence propagation in the expanding jet. These efforts will

pave the way for novel biomedical applications of the plasma jet in the future.

Atmospheric pressure non-thermal plasma jets typically comprise a flowing noble gas
plasma flushed into the ambient air. Such devices have proven to be extremely promising in
some biomedical applications due to the reactive chemical species produced within the
discharge. Several biochemically relevant species, known collectively as reactive oxygen and
nitrogen species (RONS), are created.! These species are typically produced when the ambient
air is entrained within the flowing noble gas channel. Consequently, knowledge of the
physicochemical processes occurring at the interface between the flowing plasma and quiescent
air is crucial to understand, and ultimately control, application efficacy. To date, the fluid
dynamics occurring downstream of a plasma jet have been mostly observed with qualitative
techniques (i.e., Schlieren photography). However, the work reported in this thesis is the first
to apply a quantitative analysis technique (i.e., Particle image velocimetry (PIV)) to uncover a
detailed understanding of the interaction between the plasma and the quiescent air. Particular

focus is directed toward plasma-induced turbulence downstream of the jet orifice, with spatially



resolved Rayleigh scattering and Laser-induced fluorescence being used to provide further
insights into the entrainment and mixing of ambient air and the spatial distribution of OH in

the jet.

This study provides quantitative velocity data of a sinusoidally driven atmospheric
pressure plasma jet (APPJ) at several different flow rates and applied voltages. An in-depth
analysis of the velocity components under the influence of the plasma discharge and the related
turbulent components was performed from this investigation. The plasma-induced turbulence
is highlighted through turbulent kinetic energy and Reynolds shear stress measurements. It was
demonstrated that the perturbation in the flow caused by the plasma discharge has a
considerable impact on the gas mixing and, consequently, discharge chemistry. To further
probe the underpinning mechanisms of turbulence generation, a pulse-driven APPJ was
adopted. By varying the repetition frequency, the dominant repetition frequency to generate
perturbations in the jet shear layer and induce turbulence was examined. The effect of voltage
polarity and the voltage pulse width was also important, with both polarity and pulse width
impacting the length of the plasma plume and the laminar-to-turbulent transition point.
Notably, these electrical parameters offer a means to control the behaviour of the jet,
introducing the exciting possibility to electrically manipulate air entrainment, gas mixing, and

RONS chemistry in an APPJ.

One of the most widely used DBD configurations is the atmospheric pressure plasma
jet, which consists of a noble gas plasma flowing within a capillary, exhausted into the ambient
air. The configuration has attracted enormous attention recently due to its unique ability to
generate a wealth of reactive chemical species that are directly accessible under ambient

conditions beyond the confines of the electrodes, thus offering both inherent safety and



reactivity. Such devices are widely used in high-value materials processing applications and,

more recently, in the biomedical area.

The application of a plasma jet expanding into the ambient air and impinging onto a
target is of great practical importance yet almost entirely unexplored from a quantitative
perspective. The fluid dynamics effects induced in the flowing gas and quiescent background
are complex yet vital if the discharge chemistry is to be fully understood. It is well known that
the interaction between a noble gas plasma and molecular gases results in a rich cocktail of
reactive species. However, the production of such species is spatially and temporarily
dependant; thus, understanding the effect of the fluid dynamics, especially the generation of

turbulence, on the chemistry is crucial for the optimisation of plasma jet applications.

1.2 Aims and objectives

This work aims to uncover a new understanding of how the plasma interacts influences
the fluid dynamics of the jet and how plasma-induced changes affect the generation of reactive
chemical species. This understanding is crucial as all applications of the plasma jet inevitably
involve the transport of reactive plasma species to a downstream sample. Consequently, the
new insights gained in this work will contribute significantly to the current body of knowledge
in the area, potentially enabling new application domains. Given the recent interest in using
such devices for biomedical applications, a low-temperature helium plasma jet has been chosen
as the focus for this work; as is typical in many applications, the jet was allowed to flow into

the ambient quiescent ambient air.

Several research objectives will be addressed to reveal a new understanding of the

underpinning processes, including:



(1) To develop a new method for injecting seeding particles in the plasma jet that has
minimal impact on the properties of the plasma while enabling quantitative measures of the jet

flow to be made.

(2) To show the link between air entrainment and turbulence generation induced by the
plasma using qualitative measurements including Schlieren photography and, more

importantly, quantitative measurements using Particle Image Velocimetry.

(3) To identify the physicochemical effects of plasma-induced turbulence using
multiple experimental techniques such as Rayleigh scattering, Particle Image Velocimetry, and

Laser-Induced Fluorescence (LIF).

(4) To characterise the key discharge parameters responsible for generating turbulence
in a plasma jet and thus establish a framework on which the discharge chemistry can be

manipulated.

Achieving these objectives provides considerable scope to undertake novel research.
The interaction between the plasma emerging from the jet orifice and the quiescent air is
extremely complex due to the electrohydrodynamic forces generated by the discharge. Thus
very few quantitative studies have been conducted. Many studies have explored qualitative
techniques to probe this complex situation (e.g., Schlieren imaging),?> but such efforts shed
little light on the underpinning processes. Quantitative measurement techniques used to study
fluid motion are typically limited in spatial or temporal resolution and do not allow
instantaneous capture of the fluid motion. They also present limitations such as being
obtrusive/intrusive to the fluid flow (e.g., hot wire anemometry® or Laser Doppler

Anemometry?). Due to the complexities of the situation and the lack of experimental techniques



available, there is a real opportunity to deliver high-impact research findings that will provide

new insights into many emerging applications in the biomedical area.

Notable, a state-of-the-art high-speed PIV system is available within the Centre for
Plasma Microbiology, which offers an opportunity to gain quantitative insight into the complex
fluid interactions within the plasma jet. The quantitative measurements presented in this work
are believed to be one of the first made on a plasma jet. The main practical challenge was to
seed the jet with particles to characterise the flow using the PIV system without disturbing the
discharge. In addition to PV, many other advanced spectroscopy-based techniques such as LIF
and Rayleigh scattering were used to provide insight into the discharge chemistry, allowing a
link between the fluid dynamics and discharge chemistry made. Thus, this thesis offers several

notable contributions, including:

(1) A report on the qualitative and quantitative results on the influence of plasma
generation on the behaviour of the jet flow, with a particular focus on the influence of the
applied voltage and the gas flow rate. Measurements of the plasma-induced turbulence in the
jet were performed and reported in a poster contribution at the 2018 European Physical Society

Conference on Plasma Physics.

(2) A report outlining quantitative velocity measurements of a sinusoidal driven
atmospheric pressure plasma jet combined with Rayleigh scattering and LIF. This contribution
revealed novel insights into the intrinsic link between plasma generation, fluid dynamics, and
chemistry. Experimental and computational results revealed the impact of plasma-induced
turbulence on the structure of the jet, provoking air entrainment and gas mixing in the laminar
region. The consequences of the induced turbulence on the OH spatial density in the plasma jet

were assessed and published in the international journal Plasma Processing and Polymers.



(3) Through the use of a short-pulse driven APPJ, the influence of key electrical
parameters (pulse width, repetition rate, and polarity) on the fluid dynamics of a plasma jet
expanding into the ambient air and impinging on a target was examined. The work has been
submitted to the European Physical Journal D: Atomic, Molecular, Optical, and Plasma

Physics.

1.3 Introduction into low-temperature plasmas

Plasmas are ionised gases characterised by a mixture of neutral and charged particles,
including electrons and ions. It is, on average, electrically neutral (ne = n;). The presence of
free charge carriers allows plasma to be an electrical conductor. Plasmas are typically divided
into hot plasmas such as Solar plasmas and Fusion reactors and low-temperature plasmas. The
latter is composed of Thermal plasmas (i.e., Arcs, Plasma arc welding,® Plasma arc cutting®)
and Non-thermal or cold plasmas (i.e., Plasma actuators,'® APPJ!!). When the temperature of
the heavy particles is similar to that of the electrons, the plasma is considered to be in thermal
equilibrium and is thus defined as thermal plasmas. In non-thermal plasma, the temperature
differs profoundly between the electrons (Te) and the heavy species (Ti, Tg). The low frequency
of collisions between electrons and heavy particles and the difference in mass makes the
transfer of kinetic energy inefficient. Thus the ions and neutrals stay at a low temperature,
limiting the thermal influence of the plasma discharge over a target being ambient air or bio-
relevant target, while still allowing high temperature chemistry through energetic electrons.2
Depending on the discharge generation conditions, the temperature of the neutrals and ions can

be close to room temperature and these particular plasmas are the focus of this thesis.

One way to create a plasma is by providing an external input of energy to a neutral gas.

This energy input can ionise the system. This ionisation can proceed by several different



processes, the most crucial being direct ionisation of atoms or molecules by electron impact.
Figure 1 shows ionisation through direct electron impact, electron attachment to atoms or
molecules, and ion-molecule reactions. The ionisation occurs when a free electron collides with
a neutral atom; the free electron has an energy higher than the ionisation potential of the
outermost electron being removed from the neutral, creating of positively charged ion (Figure
1a); or it is either trapped inside the electric potential barrier of the atom creating a negatively
charged ion and hinder the production of electrons and thus the generation of the plasma as
there is one less free electron (Figure 1b). In addition to these, recombination of electron-ion
or ion-ion occurs, as well as excitation and dissociation of neutral species by electron impact,

relaxation of excited species, and electron detachment.*3
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Figure 1: Illlustrations of elementary processes. (a) lonisations. (b) Dissociative attachment
and formation of a negative ion. (c) Complex ion formation.**




The most common way of generating a plasma is to apply high electric fields between
two electrodes. Several breakdown mechanisms can lead to the formation of a self-sustaining
plasma discharge. For example, low-pressure DC discharge follows the Townsend mechanism;
the electric fields accelerate the electrons before colliding with neutrals.™® If the electrons
gathered enough energy, the impact with neutrals could induce new electrons and ions. The
recently created electrons are also accelerated and could participate in the initiating electron
avalanche. The electrons are accelerated to higher energies due to the large mean free path of
particles. This facilitates the generation of an electron avalanche and thus the ignition of
plasma. At higher currents, the glow discharge mechanism prevails; the secondary emission of
electrons comes from transferring the ions kinetic energy to the cathode releasing electrons,
which participate in the discharge processes.'® The excited atoms release their energy-emitting
lights, providing the glowing aspect of discharge. The normal glow discharge where the current
density is constant, and the plasma covers the cathode increasingly surging the current and the
abnormal glow discharge, where the current increase follows the voltage increase.r® At
atmospheric pressure, the shorter mean free path hinders the ionisation of the gas, thus
necessitating a stronger electric field to ignite a plasma.®* However, depending on the power
source, pressure, and electrode configuration, other mechanisms can be present. The generation
of a high electric field and sharp edges, wires, or pins causes the electrical breakdown of a local
region of the air in the proximity of the electrode, thus generating a corona discharge.'® The
presence of a secondary electrode would generate an electric arc. A sharp edge will have a
higher electric field strength than the rest of the material. The electric field must be stronger
than the dielectric strength of the air to provoke an electric breakdown. A strong enough electric
field leads to a local ionisation; however, this phenomenon is contained in this local region. In
the case of a dielectric barrier discharge (DBD) jet, the ionisation process is described by the

streamer mechanism. The electric field generated by space charges participates in the total



electric field. In contrast, in a Townsend mechanism, this secondary electric field is
negligible.®®'" In a dielectric barrier discharge, space and surface charges can produce
secondary electrons by direct ionisation leading to an electron avalanche; if the avalanche is of
sufficient magnitude, then a positive streamer can be initiated. A positive streamer, also called
a cathode-directed streamer, characterises a streamer that grows from anode to cathode.
However, when this transformation takes place far from the anode, and the streamer grows
toward both electrodes, it is called an anode-directed streamer or negative streamer. The
streamer concept is described in Figure 2. The avalanche propagation is opposite to the local
ionisation wave (IW). When the applied voltage is high enough, the space charge leads to a
considerable internal electric field Ea.® The electrons are in the head of the avalanche while
the positive ions remain behind creating a dipole. The dipole distorts the external electric field
Eo. In front and behind the avalanche, both the external electric field Eo and the internal electric
field Ea add up. The newly formed stronger electric field accelerates the ionisation. Upon
reaching the anode, the electrons flow into the electrode, and mostly an ionic trail remains in
the gap. The primary avalanche emits high energy photons (hv) which through photoionisation
generates the secondary avalanches. The new electrons join the ionic trail and form a quasi-
neutral plasma channel. The cathode-directed streamer starts where the positive charge and the

electric field of the primary avalanche are the highest, near the anode.
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Figure 2: Timeline of microdischarge initiation stage. Processes shown are avalanche
development triggered by occasional primary electron and transition of avalanche to the
streamer.®

Typically, discharges at atmospheric pressure are usually created using noble gases
such as neon, helium, and argon as they have a smaller reduced electric field value requirement
to generate breakdowns (Table 1). Although noble gases are very stable, they also can generate
metastable species if excited. A metastable is an excited species with a long lifetime; for
example, the metastable helium atom He(23S) has excitation energy of 19.8 eV, which is
significantly lower than the ionisation energy of helium (24.6 eV). Moreover, the metastable
species participate in the ionisation processes in the plasma, with a collision of lower ionisation

potential atom, also called Penning ionisation.™
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Table 1: Electric fields sufficient for the Townsend breakdown of centimetre-size gaps at
atmospheric pressure.™

Gas E/p (kV/cm)
Air 32

Ar 2.7

He 10

N2 35

Ne 1.4

O2 30

Interest in atmospheric pressure cold plasma has grown due to our ability to create and
apply it beyond the confines of a vacuum chamber; this has opened the gateway to application
in healthcare and agriculture that are simply not feasible with vacuum plasma techniques.
Unfortunately, with atmospheric pressure plasma discharges, the glow-to-arc transition can
occur quickly, which poses a major problem in many emerging application areas. One of the
most common ways to avoid the glow-to-arc transition is by adding a dielectric barrier in the
discharge gap; this creates what is known as a dielectric barrier discharge. In an arc discharge,
the electrodes become sufficiently hot to allow the cathode to emit electrons thermionically. It
is distinguished into two states, non-thermal arcs and thermal arcs. In the context of the work
described in this thesis and many of the current applications of atmospheric pressure plasma,

arc plasma is undesirable due to its high-temperature characteristics.

The presence of a dielectric barrier prevents the use of DC; hence sinusoidal or pulsed

voltages are used. The configuration is simple to operate and allows high power with little
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possibility that the discharge will transition into an arc. It is widely used in the industry for
ozone generation and has more recently been developed and used in a wide range of material
processing and biomedical applications.** Usually, a material made of glass, quartz, or ceramic
is used; the essential characteristics are low dielectric loss and high breakdown strength. The
dielectric is an insulator that can be polarised under the application of an electric field. The
positive charges follow the direction of the electric field, whereas the negative charges do the
opposite. The breakdown strength defines the limit of the dielectric material before the material

starts conducting current, leading to catastrophic failure.

1.4 Dielectric barrier discharge plasma jets

The definition of a plasma jet differs from the classic DBD plasma discharge by
projecting the gas outside of the electrode arrangement into the environment.?° This requires
injecting a carrier or feed gas between the electrodes; noble gases are mostly used due to their
chemically inert properties and low breakdown voltage. In this scenario, the neutral gas is
flushed through a capillary where the discharge is generated; thus, the gas is ionised while
flowing. At the capillary exit, the plasma impinges into the ambient environment surrounding
the capillary and provokes various interactions depending on the gases at play. An essential
aspect of any DBD system is that a time-varying voltage of sufficient magnitude to initiate
breakdown must be applied. As the dielectric material covers one or both electrodes, there is
no path for DC to flow. An additional factor influencing the characteristics of an APPJ is the
choice of electrode configuration. Figure 3 shows a selection of the most common electrode
configurations used in APPJ discharges. The configurations shown in Figure 3(a), (b) and (c)
employ a coaxial electrode within the dielectric capillary to generate the discharge;?*! an

advantage of this configuration is the reduced breakdown voltage. However, a drawback of this
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configuration is the lack of a dielectric between the driven electrode and a downstream sample,
making the system more liable to arcing. Configurations (d) and (e) employ ring electrodes
positioned outside the capillary, acting to enhance electrical safety at the expense of an
increased breakdown voltage.®" The chosen electrode configuration can also affect the shape
of the plasma plume beyond the capillary, thus influencing the generation and transport of
reactive species.?>38 In all cases, capacitive coupling to the ground provides a return path for
current flow when a single electrode is employed. In most cases, the downstream sample acts
as the ground electrode, and consequently, the plasma properties can be strongly influenced by

the sample composition and the distance from the capillary.
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Figure 3: Cross-sectional views of commonly used low-temperature plasma jets
configurations.

Specific applications require custom variations of the typical APPJ discharge
configuration; for example, APPJs developed for applications in endoscopy require meter-long
flexible capillaries to produce a stable column of plasma.3*#' For applications where power
consumption is a concern or additional safety is required, an APPJ with a dielectric-covered

pin electrode can generate a discharge with similar properties to those with an uncovered pin
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electrode configuration at much lower power.*® Safety is crucial for medical treatment; the
kINPen MED was the first APPJ accredited as a medical device with certified electrical safety.

This plasma source serves as a standard for biomedical studies.*®

A downside of APPJs is the relatively small area of treatment covered by the plasma,
which is typically on the order of a few mm?2.% It represents a challenge to the scalability of
the discharge. It thus limits its potential for large-scale applications. To overcome this problem,
multiple APPJs can be combined into arrays to maintain the advantages of a single APPJ while
simultaneously increasing the treatment area. In some studies, each APPJ in the array has an
individual gas feed,>*>* while in others, all the jets share a single gas feed, > 35557 hoth expand
the plasma-target area of contact. A drawback of arraying multiple APPJs is gas consumption,
which can quickly become prohibitively expensive when noble gases are used. Furthermore,
due to the electrical characteristics of the plasma column emerging from each capillary in an
APPJ array, the interaction between discharges is inevitable. Several studies have shown that

individual plasma columns within an array can either repel or attract each other depending on

their characteristics, acting to reduce treatment uniformity downstream.5%%8

1.5 Plasma jet design and plasma generation

The plasma was generated with a kHz excited DBD jet at atmospheric pressure in this
work, shown in Figure 4. A coaxial configuration is composed of a powered pin electrode and
a grounded ring copper electrode, the former situated in the dielectric capillary and the latter
fixed on the outer of the capillary. The copper ring is at a 5 mm distance from the exit of the

jet, and the pin electrode is situated 5 mm upstream from the ring electrode.
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Figure 4: Sinusoidal driven atmospheric pressure non-thermal plasma jet configuration
schematic.

When APPJs are in operation, in kHz excited DBD jets, a continuous luminous plasma
plume can be seen by the naked eye; however, such observations do not show the true nature
of the discharge. Using short-exposure imaging techniques, the plasma plume has been
revealed to consist of a sequence of IW propagating at high speeds in the order of 10° — 108
cm.s 1,592 1Ws are present in dielectric barrier discharges, where ionisation occurs in a small
volume that changes position over time. This volume is characterised by a strong electric field,
which energises electrons and leads to dissociation and ionisation of the feed gas by electron

impact.
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lonisation waves, also known as plasma bullets, are ignited near the driven electrode
when the externally applied electric field exceeds the breakdown voltage in the feed gas®>-.
They propagate towards the grounded electrode and create a conductive channel connecting
the bullets to the powered electrode.”®" During this time, the dielectric surface at the grounded
electrode accumulates surface charges; these charges induce an electric field that opposes the
applied electric field.”® This phenomenon hinders the discharge as the total electric field is
decreased; thus, the discharge stops the presence of the dielectric limits the transition of the
discharge into a spark or arc. The discharge is maintained in the non-thermal regime due to the
limited amount of charge and average current density.”?> The use of a pin electrode allow the
generation of a stronger electric field that peaks at the extremity of the pin. Moreover, when
the discharge is initiated, the electron surface density has a maxima at the same point. The
electron temperature has a maxima at the closest surface of the dielectric to the pin.”® The
dielectric capillary serves as a guide for the IW propagation,” the IW expands radially and
propagates in a hollow emission distribution that peaks near the capillary inner wall, what is
known as the “wall-hugging” mode.” When propagating in the feed gas outside of the
capillary, the IWs initially keep the doughnut-shaped structures. Their shape then progressively
changes to a ‘homogenous’ structure as they propagate downstream due to air diffusion into
the feed gas flow.%? IW propagation mechanisms can differ in more complex electrode
configurations, such as propagation in a long flexible capillary or a glass loop, which showed

the IW tended to hug one wall due to curvature.*-"®

The electric field supports the propagation of the IW; thus, the voltage pulse duration
(or period in the case of sinusoidal excitation) is a key factor in the propagation length. As IW’s
continue to propagate, the finite conductivity of the plasma channel weakens the electric field

until they arrive at a position where the direct ionisation rate drops as a result of changing gas
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composition and weakened electric field. This typically occurs at a distance of a few
centimeters downstream from the capillary orifice, depending on flow rate and capillary

diameter.5?

1.6 Thesis outline

This thesis is presented in seven chapters. Chapter one provides a brief introduction to
general plasma science and DBD jets in particular; the challenges and objectives of the work
were also presented. Chapter two provides a comprehensive review of the current literature
surrounding atmospheric pressure plasma jets, focusing on plasma physics, fluid dynamics,
chemistry, and selected applications. Chapter four describes the experimental techniques and
computational models used to characterise plasma jet behaviour. Chapter four provides
quantitative measurements of an APPJ using PIV. Chapter five combines PIV, Rayleigh
scattering, and LIF measurements made on a sinusoidal driven APPJ. The consequences of the
plasma-induced turbulence on air entrainment and gas mixing are measured. These novel
results link the crucial physicochemical properties of the plasma to fluid dynamics. Chapter six
focuses on the influence of the plasma generation parameters on a pulse-driven APPJ in terms
of their impact on the fluid flow structure. Finally, chapter seven summarises the main results

and conclusions of the thesis while providing an outlook on future investigations.
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Chapter 2 Background theory and relevant literature

In this chapter, the theory and literature relevant to studying the physicochemical
aspects of an atmospheric pressure plasma jet are discussed. The chapter contains an overview
of the IW generated inside the capillary. The fluid dynamic background of a jet impinging into
a resting medium, defined as a free submerged jet, and an insight into the complex interaction
between the plasma physics, fluid dynamics, and the chemistry related to the plasma species

reacting with ambient air.

APPJ’s are the focus of an intense international research effort due to their unique
chemical and physical characteristics.2%4%7778 A defining aspect of the plasma jet is the
interplay between plasma physics, plasma chemistry, and fluid dynamics, which ultimately
dictate application efficacy. Plasma jets can be constructed using various electrode
configurations and powered using a plethora of high voltage power sources (with frequency
ranging from DC to GHz). A vast array of gases has also been investigated, ranging from noble
gases such as helium and argon to complex gas mixtures. In the context of biomedical and
healthcare-related applications, perhaps the most common plasma jet configuration is based on
the dielectric barrier discharge operating in a noble gas. It allows for generating a stable flux
of plasma species downstream of the high-voltage electrodes with minimal risk of arcing“.
Given the widespread use of the DBD jet configuration for healthcare-related applications, it

is chosen as the primary focus.*®78

The remainder of this chapter is divided into four sections. The first provides a
discussion of the physical mechanisms giving rise to the fast IW or ‘plasma bullet” phenomena
typically observed. The second section provides information on gas dynamics and turbulence.

The third section explores the interaction of the plasma jet with the quiescent background, with
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a specific focus on a helium-free jet expanding in ambient air. The fourth section assesses the
chemistry of a helium plasma jet impinging into ambient air and the main reactions in the

production of OH species inside the plasma plume.

2.1 Fast Moving lonisation Waves

The IW initiated at the powered electrode is guided by the dielectric capillary towards
the jet exit; the electric field at the tip of the IW has a significant influence on its characteristics.
For instance, the speed of the IW is directly correlated with the strength of the electric field at
its tip; a strong electric field increases the velocity of the IW.”® The electric field of the IWs
decreases as they move towards the exit of the capillary, which is explained by electric potential
screening as a result of surface charging of the inner walls of the capillary.8°8! The electric
field then increases when the 1Ws exit the capillary. This effect is attributed to the contraction
of the IWs as they are moving away from the capillary, which strengthens the electric field by
focusing the charge density of the IWs into a smaller volume,* leading to an increase in the

IWs propagation speed. 98283

The polarity of the applied voltage driving the discharge influences the strength of the
total electric field at the front of the IW. The presence of space charge induced electric field in
the opposite direction of the Laplacian electric field associated with the electrode polarization.
Figure 5 shows the influence of the polarity on the total electric field for a pulse-driven APPJ.8
For positive polarity cases, the total electric field increases due to the addition of the external
electric field and space charge-induced field.3* In the case of negative polarity, the total electric
field is weakened as the external electric field and the space charge induced field to subtract
from each other, as highlighted in Figure 5.8 In most cases, the space charge electric field has

a higher transient amplitude than the Laplacian electric field. Moreover, standard
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configurations with an input voltage on the order of a few kVs generate an electric field in the
tens of kV cm™.7%8 Bourdon et al. measured the peak value of the electric field along the
plasma plume generated by a pulse-driven helium APPJ at 45 kV.cm™, which is in agreement
with computational modelling predictions.®! The generation of strong external electric fields
was revealed to be of interest when treating cell membranes since they can be charged
capacitively to induce apoptosis. Electric field strengths in the range of 10-100 kV.cm™
influence the membrane's field-dependent relative permittivity.®® Maximum electric field
values up to 170 kV.cm™ were estimated with computational modelling by Norberg et al..®’
Begum et al. experimentally measured, with optical emission spectroscopy, the maximum local
electric field of 95 kV.cm™ at 13 mm from the tube exit for a nanosecond pulse plasma pencil

(4-8 KV, 500-800 ns, 4 kHz).%
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Figure 5: The electric field distribution with positive and negative pulses in a plasma jet.%*
The propagation velocity of the IW can be decreased along the axis of propagation by
placing a positively biased downstream ring or plate electrode. In contrast, the opposite effect
can be induced by negatively biasing the downstream electrodes.28 Simulations show that a

negatively biased downstream electrode increases the electric field of the IW, thus, increasing
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the propagation speed, whereas a positively biased downstream electrode reduces the electric
field of the IW and causes a decrease in the propagation speed.®? Wang et al. observed that the
IW velocity decays faster as it travelled downstream when the pulse frequency increased from
1 to 3 kHz on a pulse-driven APPJ, although the peak velocity was unchanged.?? They
explained this effect by the increased number of charged species in the bullet head and faster
recombination speed at higher pulse frequency. The increase of the pulse repetition rate
produces an accumulation of charge deposition on the inner capillary or wall charging surface,
affecting the plasma column by inducing an electric potential shielding.”® This results in an
observed increase of the propagation velocity of the IW, and thus, a longer plasma plume.®®
The addition of a dielectric target and the deposition of positive charge on its surface weakens
the electric field. It encourages the streamer head into a radial propagation towards areas with

a stronger electric field.%

The characteristics of IW’s are also dependent on the feed gas, i.e., its composition and
flow rate. The feed gas is usually helium or argon, although more exotic noble gasses and gas
mixtures have been explored. The choice of feeding gas has a major impact on the
physicochemical processes at play. For example, Penning ionisation in helium-fed APPJs
increases the propagation speed of IWs, compared to that observed in argon for similar
configurations.?*%* While the flow rate does not directly affect the physical properties of the
jet, it influences the mixing of impurities downstream of the capillary and thus can impact
ionisation and attachment processes altering the charge density and the electric field

distribution.*92

The strong electric field in the ionisation wave originates from a strong charge
imbalance. In cathode-directed IWs, positive ions dominate electrons and negative ions, while

in anode-directed IWs, negative ions and electrons dominate.*® The charged species move
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under the influence of the electric field while colliding with the feed gas molecules, leading to
a net momentum transfer from the charged species to the feed gas. This momentum transfer
appears as an effective force known as the EHD force.®* The EHD force has three components
in terms of the physical mechanism involved, of which the dominant component is the electric
field; it is also dependent on the charge density.®* The impact of EHD forces in an APPJ has
been investigated experimentally by Park et al. and computationally by Hasan et al.®%% Park
et al. studied a helium APPJ driven by varying length voltage pulses, using a combination of
experiments and modelling. They showed that the residual charge after the collapse of the IW
also contributed to the EHD force.®® The role of the EHD force is particularly interesting in the
transition of the plasma jet into a turbulent state. Computational studies showed a role
increasing the axial velocity inducing an earlier transition, while in comparison, the gas heating

effect was considered too weak to influence the structure of the jet.*®

The plasma plume length decreases for long pulse widths in the case of a pulse-driven
APPJ.% Lu et al. showed a weak dependence between the plasma plume length and the electric
field in the streamer head.®” Additionally, the authors showed the importance of gas mixing in
the effluent of the plasma jet on the plasma plume structure and chemistry. This observation,
coupled with the measurements of plasma-induced air entrainment, hint towards the mixing

prone behaviour of the plasma jet under specific electrical conditions.*®

2.2 Gas dynamics and turbulence

Fluid dynamics is a very important topic to be understood; from weather forecasting to
aerofoils, fluid dynamics has a wide spectrum of applications.®® Amongst these, air flow
applications are particularly used for ventilation, cooling, drying, etc. Air jets are easy to

generate and have a strong ability to mix; thus, a strong knowledge is important to optimise
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mass, momentum, heat exchange.% In fluid dynamics, the behaviour of the flow is governed

inertial forces

by the ratio which defines the Reynolds number. The Reynolds number is used

viscous forces
to determine the state of a fluid, laminar or turbulent, depending on the relative importance of
the fluid momentum over the fluid stickiness.®® The transition between laminar and turbulent
flow can be considered in the context of its Reynolds number. It is commonly assumed that
flows with a Re <2300 are laminar flow, between 2300 and 4000 is transitional flow, and flows
above Re of 4000 are fully turbulent.2?21%2 Flows with a Re <300 are considered very low in
comparison. In a laminar flow, the viscous forces of the fluid are dominant, and the fluid motion
is smooth. In opposition, the inertial forces dominate in a turbulent flow, and the fluid

propagates chaotically.
For a fluid propagating in a capillary, the Reynolds number can be calculated as follow:

R =
¢ U Vy v, A

2.1)

Where D is the diameter of the tube (m), p is the density of the fluid (kg/m?),

In low Reynolds jets, the flow in the capillary behaves in a laminar fashion, meaning a

Gaussian velocity profile across the streamwise cross-section of the flow shown in Figure 6.
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Figure 6: Schematic of a laminar flow at the exit of the capillary (own contribution).
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The velocity profile in the tube as a function of the radius r is given by the Hagen-

Poiseuille equation:

2

U(r) = 42% (R?-r))=U,(1- % (2.2)

Where AP is the variation of pressure (Pa), Ax is the length of the tube (m), R is the
inner radius of the tube (m), u is the viscosity of the fluid (Pa.s = %) and Un (m/s) is the

maximum flow velocity in the center of the tube at U(0). The relation between the volumetric

flow rate Q (m3/s) and the velocity of the fluid in the tube is as follows:

Where A is the cross-sectional area (m?). and U, is the effective velocity of the fluid

(m/s). The cross-sectional area can be expressed as A = m R?; thus, dA = 2nrdr. The volume

flow rate Q becomes:

R 2
Q= J U(r)dA = JO Um<1—%>2nrdr (2.4)
P L Al LT S 25
O =2nUn|5 = 3m2|o= 2™ Un =5 Un (2:5)

The effective velocity Uess is defined as follows in the function of the maximum

velocity:

U
Uef = Tm (2.6)

3
Q () = UepymR? @7)

25



Q (LPM) = U,smR? X 60 x 1000 (2.8)

This final form is equivalent to the one obtained with the Darcy-Weisbach equation for

the pressure loss in a tube due to the friction of an incompressible fluid.'%?

In a capillary, a flow is laminar if the Reynolds number is below 2300. An increase in
velocity is required to reach this transitional value. A secondary velocity input could increase
the velocity to reach this threshold. In a plasma discharge, the EHD increases the velocity of
the travelling gas. Whalley and Walsh estimated an increase of the maximum velocity Un by

<2.5%.

Additionally, the velocity increase due to the gas heating was estimated <9% of U, for
a Re < 400.1% In this study, a velocity increase of up to 10% was observed. However, the
choice of a very low Reynolds flow in the capillary requires a very strong velocity increase to
reach the transitional threshold. A flow with a Re of 118 requires an increase in velocity by a
minimum of 1950% to transition into a turbulent state in the capillary. However, the observed

transitions of the plasma jet into a turbulent state are thus provoked through a different mean.

2.3 The link between fluid dynamics and atmospheric pressure plasma jet
physicochemical properties

When a plasma jet is fed with helium, the flowing gas impinges into ambient air, and
both fluids can be considered incompressible. The absence of an obstacle in front of the jet
characterises the jet as a free jet. A fluid impinging and spreading through a resting fluid defines
it as a submerged jet and a variable-density jet.}* A free submerged vertical buoyant jet
schematic is presented in Figure 7. The potential core of the jet is at the exit of the orifice where

the velocity is uniform and maximal (Um); it diminishes gradually. Beyond, the shear layer is
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identified by an evolutive velocity profile along the jet propagation axis. The potential core
delimits this layer at the centre, and the jet edges, the shear layer at the exit of the capillary are
particularly small in size and fragile.’®® These edges are in contact with ambient air and present
a strong difference in velocity. In the potential core, the fluid may be considered inviscid, as
the viscous effect is weak. The centreline velocity in the potential core is constant at Upm,

whereas the mixing regions have large velocity and density variations.
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Figure 7: Free submerged jet schematic (own contribution).

The turbulent flow field of a variable-density jet can be characterised by momentum
flux ratio to buoyancy flux. This ratio is defined by the dimensionless parameter called the
Froude number, Fr = Un?pj/g D(pa- pj), Where, Un, is the jet exit velocity, pjis the density of
the noble gas, pais the density of the ambient fluid, g is the acceleration due to gravity, and D
is the inner diameter of the capillary. When the APPJ is orientated to generate a turbulent jet
flow in the vertical direction, the developing flow field is divided into three distinct regions,®
which are functions of increasing vertical distance away from the jet exit. First, there is a region
of pure jet behaviour driven by momentum flux. At the end of the pure jet region, the fluid flow
enters into an intermediary region where both the momentum flux and buoyancy flux play

equally important roles. Finally, the jet flow is driven by buoyancy forces. Irregular
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fluctuations of velocity and pressure characterise this turbulent region, where the turbulent

fluctuations are random in nature.'%

The velocity at the centre of the expanding jet evolves with a well-known trend
displayed in Figure 8. It is composed of 3 parts; the initial region extending to the virtual origin
Xo; the transitional region where the centreline velocity decreases; and the fully developed
turbulent region where the centreline velocity stabilises. In the case of a jet where the
disturbances are extremely small, the transition from laminar to the turbulent jet is a ‘natural

transition” which is caused by small and uncontrollable disturbances.'%’
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Figure 8: Velocity centreline of an expanding jet. With Uo the initial velocity, xo the virtual
origin, and X, the potential core length.1%

One important parameter is the Strouhal number which defines the relationship between
the characteristic frequency, the amplitude, and the velocity; it has a wide range of utility, such

as characterising the movements of birds,'°*° insects,'® dolphins,*®®*!! the flow around
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cylindrical cylinders,**? or the perturbation of flow field.!*®* To further understand the
generation of turbulence, the observation of the distribution of disturbances in a shear layer of
a jet at a large Reynolds number was investigated.!*4 ¢ The growth rate of disturbances in the
shear layer was thoroughly evaluated with artificially generated disturbances.?”115117-119 The
experimental study of the Strouhal number on jet turbulence by Schlieren photography and hot-
wire anemometry showed a preferred mode for a Strouhal number of 0.30.12° Michalke showed
a maximum amplitude of growth rate of small perturbations in a shear layer space-wise and
timewise around a Strouhal number of 0.017.1%° Furthermore, experimental data gathered
showed a range of Strouhal numbers between 0.013 and 0.023 for axisymmetric jets.?! In the
case of a low Reynolds number jet, instabilities are generated in relation to the Strouhal

number 35,107,122

A considerable effort has been directed towards identifying the mechanisms that link
the dynamics of the propagating plasma to the flow effects observed in the gas channel
emerging from the jet orifice. Many studies have demonstrated that plasma generation in a
flowing noble gas jet leads to an abrupt laminar-turbulent transition of the flow beyond the
orifice. EHD forces and gas heating have been suggested as possible mechanisms to explain
the dramatic change in flow dynamics. EHD forces are considered the dominant factor in kHz
excited APPJ’s.2%® The EHD force consists of a momentum transfer by the charged species
under the influence of the electric field to the feeding gas molecules. In contrast, the gas heating
process corresponds to the energy transferred from the elastic collisions between electrons and
‘cold’ neutral gas molecules. Notably, the predicted impact of these two phenomena on the
flow velocity of the jet falls below the requirement to explain the observed reduction of the

laminar region of the jet.!%®
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Several studies have probed the interaction of the expanding plasma jet into a quiescent
background via qualitative observations using Schlieren imaging.>%?"-3122 The first PIV study
of a free submerged axisymmetric plasma jet provided a fluid dynamic angle to characterise
the plasma-induced turbulence phenomenon by Whalley and Walsh.%® Both qualitative and
quantitative methods confirm that the presence of a discharge generated at kHz frequencies
within the flowing gas results in perturbation to the jet flow and the early onset of

turbulence 35,118,119,121

To date, some of the most extensive research characterising the developing turbulent
flow fields generated by an APPJ has been conducted by Whalley & Walsh.% High-speed
Schlieren imaging and 2D PIV were used to investigate the developing turbulent flow fields
within the pure jet region of a helium APPJ. Figure 9 shows instantaneous Schlieren imaging
of a helium APPJ flow at a Reynolds number of Re = UnD/v;j = 135, where vj is the kinematic
viscosity of helium. The Reynolds number is a ratio of inertial forces to viscous forces present
within the fluid flow and is an essential non-dimensional parameter used to describe the state
of the flow (e.g. whether the flow is laminar, turbulent or in a state of transition-to-turbulence).
Without plasma generation, Figure 9(a), the fluid flow remains laminar. However, the
generation of a plasma plume, Figure 9(b), leads to an abrupt transition into a turbulent regime.
These types of qualitative observations on plasma-induced turbulent jet flows are well-known
within the APPJ community.>3312% Generally, these turbulent flow fields have been observed
in APPJ’s with Reynolds numbers ranging from Re = 135 — 840 using both pulsed and
sinusoidal excitation with applied voltages from 4 — 30 kV. The frequency of excitation is
known to be an important parameter. Within the fluid dynamics communities, frequencies are

often represented by the non-dimensional Strouhal number, St =fc60/Un, where fc is a
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characteristic frequency, @ is the momentum thickness of the shear layer at the jet exit, which

characterise oscillations within the fluid flow.
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Figure 9: Schlieren photography of (a) helium jet flow at Re = 135 and (b-d) helium jet flow
at Re = 135 with plasma ignited at (b) 16 kV.*

The shear layers (i.e., velocity gradients) at the jet exit are highly unstable.'??1* Figure
10 shows a schematic of the generation of vortices along with an expanding free jet; The
vortices are initiated in the shear layer of the jet and are expected to propagate and grow in
intensity.1% Similarly, the plasma-induced perturbations are expected to affect the fluid
dynamic structure of the jet. Furthermore, small finite perturbations with amplitudes on the
order of 10% of the mean jet exit velocity, which contains frequencies with a Strouhal number
of St <0.04, can grow exponentially in the unstable shear layers and laminar transition jet flows
into turbulent regimes from a Reynolds number as low as Re = 50.107119125.126 | inear stability
theory?63.98.119.127.128 anq many experimental observations'?* of, albeit, homogeneous (i.e.,
constant density) axisymmetric jet flows predict that small finite perturbations will amplify the
most within the jet shear layers when they have a dominant excitation frequency corresponding

to a Strouhal number St = 0.017. To put this into context, volume flow rates of a few standard-
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litres-per-minute typical for APPJ flows through capillaries with internal diameters of a few
mm’s, typical dominant frequencies of 10’s of kHz are to be expected, often coinciding with

the frequency of plasma excitation.
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Figure 10: Schematic of a free jet flow expanding, with the generation of vortices along the
jet.loo

Global instability modes in low-density axisymmetric jets have been found with
dominant frequencies on the order of 10’s of kHz for APPJ flows.'?° Whalley & Walsh posited
that the sudden onset of turbulence generated within an APPJ flow was due to a combination
of small-amplitude electro-hydrodynamic body forces and gas heating causing perturbations in
the unstable shear layers at the jet exit.®® These perturbations are amplified as they travel
downstream, causing velocity fluctuations, Reynolds shear stresses, and turbulence production.
They estimated that the combined contribution of these perturbations could increase the mean
jet exit velocity by up to 10% with an order-of-magnitude analysis. The evolution of an APPJ
structure is described in Figure 11, where several sections are highlighted, the perturbations in

the shear layer at the exit of the capillary (1), the instabilities initiating vortices (2), the
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developed vortices (3), the strong alteration of the core structure in spade shape (4), and the

completely altered structure (5).

Figure 11: PIV picture of a seeded helium APPJ expanding in seeded ambient air (own
contribution).

While many studies have considered the interaction of an APPJ and the quiescent
ambient air, this typically does not correspond to a realistic usage scenario when an APPJ is
used in a biomedical application. The plasma does not only interact with the background gas
but also impinges on a target substrate. However, a downward directed helium jet bends
upward due to the upward buoyancy force overwhelming the diminishing natural inertia of the
flow. In the presence of plasma, the natural inertia of the flow is combined with the EHD. It
counteracts the buoyancy force and allows the development of the APPJ downward onto a
target.’> Although the APPJ can be applied downward, the pulse repetition rate and the nature

of the target are crucial factors in developing the structure of the jet.3®

Boselli et al. used high-speed Schlieren imaging to observe a helium plasma jet with
and without a target.? Their study showed that the fluid dynamics change between the plasma

on and off cases, with instabilities noted in the plasma-on case. The generation of turbulent
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structures was more visible with a metallic substrate than with a dielectric-covered metallic
substrate. These observations were attributed to charge deposition on the dielectric surface
limiting the current, whereas the conductive substrate behaved like a counter electrode, causing
a dramatic shift in the discharge dynamics and likely resulting in less perturbation to the jet
shear layer. However, Robert et al. and Darny et al. showed the reverse effect, where the APPJ
was able to force an otherwise turbulent flow into a laminar transition similarly; however, the
pulse repetition rate and the nature of the target played a crucial role in the eventual jet

structure.®®

Whalley & Walsh conducted a statistical analysis of 2D PIV data to characterise the
APPJ flow downstream of the plasma plume.® They showed that the ensemble-averaged
centreline velocity (Uc) of a helium APPJ flow decays at a constant rate independent of applied
voltage and Reynolds number after the vertical distance from the jet exit, taking into account
the density variations. In their investigation, the potential core (xp) length was assumed to be
negligibly small.** They also noted that the spread of the APPJ was approximately double the
typical angle found in the literature,%®*3* which was most likely due to a low Reynolds number

effect.1%2

A free submerged jet can be characterised by the velocity profiles across the mixing
area. Using a pointwise quantitative measurement system such as PIV allows the calculation
of the turbulent kinetic energy and the Reynolds shear stress through the calculation of velocity

and turbulence components.

The first step in obtaining these parameters is to calculate the velocity along the x-axis

Ux and the velocity along the r axis Ur.

34



(x2 —x4) (2.10)

U. =
* At

_(rz—r1q)
v, =T (2.11)

As previously stated, Az is the time for which the variation of position occurs—
corresponding to the time delay between the laser pulses of the PIV system. The velocity

magnitude U can thus be expressed.

U= / v,*+U,?> (2.12)

Using the Reynolds decomposition, the flow velocity field can be decomposed into a

time-averaged velocity and a turbulence component®33,
U,=U,+u,,andU, =T, +u, (2.13)

Where, U,, U, are the time-averaged velocities and w, ,u, are called the turbulence
components and correspond to the deviation from the time-averaged velocity. A time average
of a turbulence component is equal to zero.*** To avoid this situation, Dryden and Kuethe
proposed the definition of the turbulence intensity of the velocity fluctuations streamwise

u’, and radial u.. by the root-mean-square value;***

wo= JuZ w= w2 214)

To quantitatively express the flow field, averaging either time-related or space-related

or both is necessary. The Eulerian description of the flow field averaging has three

mathematical forms.133
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The time average:
1 +T
U = lim — 2.15
U(xg) }1_)1210 T f—r dt U(x,,t) (2.15)
The space average:
_ 1 +x
X—00 ZT —x

The ensemble average of N identical experiments:

211\1 nUn(xO' tO) (2.17)

L_,(xO' tO) = N

In the case of a quantitative study using PIV, the spatial and temporal resolution allows
for calculating the fluctuation’s velocities. For a finite time interval, the intensity of turbulence
fluctuations corresponds to the standard deviation of the streamwise or radial velocity at a

specific position;

N
, |1 — m
u, = N;wx—vx)z =) (2.18)

The turbulent Kinetic energy Kk is the kinetic energy per unit mass of the turbulence
fluctuations in a turbulent flow, calculated from the intensity of the turbulence velocity

fluctuations along the x- and y-axis.

k= %(ux’2 + u,'?) (m?/s*)or (J/kg) (2.19)
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The Reynolds stress is defined as a part of the turbulent kinetic energy and expresses
the production of turbulence P in the fluid. It is the product of the time-averaged intensity of

turbulence fluctuations along both axes.

Pr = —uxurﬁ (220)
r

The production of turbulence is composed of the Reynolds stress component Ry, and

3
the shear stress term a—"x .

Xr

R,, = —uu, (2.21)

The elements presented are important in translating the velocity measurements into
turbulence data. While the velocity measurements of an APPJ are novel, several techniques

provided a strong addition.

2.4 Chemistry at the interface of the helium plasma jet and ambient air.

Noble gas plasmas are expected to have little chemical reactivity; however, impurities
found within the feed gas (e.g., H20, Oz, and N2) can give rise to various RONS. In this work,
the chemistry is divided into two zones: in the idealised helium plasma jet and ambient air
interface. The latter is the most important as the presence of air generates a very rich presence
of species. The helium plasma jet extends from the pin electrode to the plasma plume. In the
ideal case where the helium is 100% pure, the species present are He, He”, Hez, He*, He3; they
are obtained through two-body collisions, three-body collisions, recombination, electron-

impact ionisation, metastable production, and vibrational excitation.® However, this case is
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not realistic; the helium used in this work has a purity of >99.999% from the supplier with
impurities of H20 < 2 ppm, O2 <2 ppm, and N2 <4 ppm. While being in small quantities, these
impurities participate in the chemistry in the capillary and the consequential chemistry in the
plasma plume. The chemical reactions of N2 and O with He were studied by Bourdon et al.

and Murakami et al., respectively.?"1%

One of the goals of this work is to identify the influence of plasma-induced turbulence
and air entrainment on chemistry. Among all the species present in the plasma, OH is solely
created by H»O. In an ideal case, the presence of OH in plasma would be due to mixing at the
interface plasma/ambient humid air or humid air entrainment.**® However, the presence of
impurities participates in the generation of OH.** Moreover, the OH in the plasma plume were
mostly generated from the impurities by Yonemori et al. using LIF and particularly the
transition P1(3) of OH. 1*® Li et al. looked at an RF argon plasma jet, particularly the transitions
P2(6), P1(4), and P2(3), they showed a similar conclusion that the OH generation happens in the
plasma plume region, in addition, the highest density was obtained with 0.3% H20.¥" The
addition of air hinders the generation of OH through decreasing H.O" by the production of O,*
and other reactions of nitrogen and oxygen species with OH.**® However, the humidity of the
ambient air has a minor effect on the density of OH produced relative to the production from

the impurities.!® The effect of air entrainment from a humid ambient air would suggest an

increase in OH production.

Beyond the jet capillary, the discharge is free to interact with the quiescent background
gas (typically humid air), resulting in an abundance of reactive chemical species. While such
interactions act to increase the reactivity of the plasma-generated species, the unpredictable
composition of the ambient background gas can alter the physicochemical processes at play,

reducing the repeatability of any downstream treatment. To understand and ultimately control
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the composition of RONS within the plasma, considerably more insight is required into the
complex interactions occurring beyond the capillary. While the physics of the plasma jet is now
well understood, the impact of the quiescent background air on the physicochemical processes
at play has been mostly overlooked due to the complexity of the interaction. Several studies
have probed the interaction via qualitative methods, such as Schlieren imaging,32735123
observing that plasma generation has a marked impact on the fluid dynamics of the system.
Particle image velocimetry has been used to quantitatively study a free submerged
axisymmetric plasma jet and characterise the plasma-induced turbulence.®® Both qualitative
and quantitative methods confirm that the presence of a discharge generated at kHz frequencies
within flowing gas results in perturbation of the jet flow and the early onset of

turbulence 35,118,119,121
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Chapter 3 Methodology

In 2016, Whalley and Walsh published the first use of PIV on an APPJ expanding in
ambient air.1% They showed the velocity fields measured downstream of the jet and the
similarity to traditional jets. However, the lack of seeding in the plasma plume debarred a
complete measurement of the velocity fluctuations and the turbulence generated along the jet.
This provided the context to investigate the early part of the plasma plume through a novel
seeding method of particles in the jet. Moreover, the exit of the capillary and the laminar region
are key in the generation of turbulence.*® The plasma jet configuration chosen was close to the
one presented by Whalley and Walsh.1®® The details of the experimental configurations and
settings are described in this chapter. Firstly, the plasma jet configuration and power sources
are detailed. Then the Schlieren photography and Rayleigh scattering technique are described.

Finally, the Laser-induced fluorescence technique and calibration are developed.

3.1 Atmospheric pressure plasma jet configuration

An atmospheric pressure plasma jets design is of great importance to plasma generation.
Its configuration consists of a dielectric capillary with externally/internally mounted
electrodes. The first important factor to be considered is the choice of capillary diameter and
material. The capillary diameter directly affects the plasma densities and the Reynolds
number.®® Moreover, consideration needs to be taken for experimental techniques such as P1V,
which require the presence of seeding particles and limitations in the spatial resolution of the

measuring equipment.
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A dielectric material is an electrical insulator that can be polarized by an applied electric
field. The slight shift of the electric charges in the dielectric induces a dielectric polarization.
This polarization creates an internal electric field compensating for the externally applied
electric field. The dielectric material must be chemically inert and have a low dielectric
constant which is favourable for an electric field. Quartz is a good choice as a dielectric material
for a DBD plasma jet configuration. Its chemical inertness prevents etching, its dielectric
constant k of ~3.6, and a low dissipation of electromagnetic energy. The inner diameter selected
was 3 mm, as 1 mm was unsuitable for PIV measurements due to spatial resolution, and 5 mm
requires higher flow rates. The aforementioned factors were considered throughout the

investigations presented in this contribution.

In PIV techniques, seeding particles are required in the measurement chamber, usually
in the form of vaporised olive oil, which can influence the breakdown of the plasma. A tungsten
pin electrode was implemented inside the quartz capillary at 15 mm from its exit throughout
this contribution. The pin drives the discharge in both helium and seeded helium; it allows for
lower driving voltages and minimises the risk of arcing®. Tungsten has low electrical
resistivity and thermal conductivity, limiting the influence of heat transfer to the gas. Figure
12 shows the APPJ, along with its components used. The pin electrode was crimped with a
copper terminal lug to facilitate the connection with the high voltage (HV) cable. A 3D printed
support held the quartz capillary with the pin electrode at its centre and had a gas connection

for the helium injection.
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Figure 12: APPJ components; tungsten pin (a), 3D printed support with quartz capillary,
tungsten pin electrode inside and a copper electrode near the exit (b), helium fed APPJ (c).

A thin film copper ring electrode with a width of 10 mm adhered to the outer surface
of the capillary, 5 mm from its exit, and 5 mm from the powered pin electrode, to facilitate
breakdown. The copper electrode was grounded for the study in Chapter 4 and served as a

floating ground for Chapters 5 and 6.

The generation of the plasma discharge produces heat that transfers into the resting
medium in which the jet propagates. To measure the influence of plasma generation on gas
temperature, an Omega FOB100 fibre-optic thermometer was used. The dielectric temperature
probe was positioned in the plasma at various points downstream of the jet orifice, and the
temperature was recorded. The temperature was found to vary little with spatial position, with
a maximum of 10 K above ambient located close to the capillary orifice; such observations are
in line with previous studies.'% The effect of the temperature is assumed overall constant, as
the measurements were not ‘cold-start,” meaning that the discharge was initiated before the
measurements. The relative humidity of the air was measured at 40.00% + 2% at 23.5°C *

0.5°C with the AM2302 (wired DHT22) temperature-humidity sensor. The influence of the
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relative humidity being close to constant in the laboratory was considered negligible on the

plasma discharge and jet behaviour.

3.2 Power-source

A homemade power source was built to generate a sinusoidal high voltage output. The
custom power supply role was to change the DC input signal into an AC signal with a
considerable increase of voltage and control over the frequency. The inputs were generated
with a DC power supply (ISO-TECH IPS 603) and a function generator (TG2000 20 MHz
DDS). The outputs connect to a high voltage probe (Tektronics P6015A, 75 MHz, 20 kV,
1000:1) which in turn connects to the tungsten pin electrode. The waveforms of the high-
voltage sinusoidal signal shown in Figure 13 were measured with a high voltage probe and
were recorded with an oscilloscope (Tektronix DPO 5054 500 MHz 5 GS/s). Throughout this
contribution, the applied voltage considered is the applied peak-to-peak voltage. The applied
voltage was in the range of 10-14 kV peak-to-peak and a frequency of 20 kHz. The frequency
was chosen close to the resonant frequency of the power source. The plasma generation was
obtained with a minimum applied voltage of 8 kV peak-to-peak with a sinusoidal waveform.
However, for the plume to be consistent in intensity and shape, a minimum of 10 kV peak-to-

peak applied voltage was preferred.
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Figure 13: Sine applied voltage waveform with plasma on.

The discharge current (and consequently power) was not measured. A current probe
placed between the power source and jet electrode showed the characteristic ‘current spike’ of
a DBD jet superimposed on a sinusoidal displacement current. However, the signal intensity
was too low to obtain a reliable measurement. The power sent into the plasma source was
measured with the DC power supply to be in the 5 — 10 W range depending on the output

voltage.

A secondary homemade power source permitted the generation of positive and negative
pulses. The input was generated with a high voltage DC power supply (EK series 600W
regulated high voltage power supply). The top hat signal with a high voltage probe (Tektronics
P6015A, 75 MHz, 20 kV, 1000:1) was recorded using an oscilloscope (Tektronix 5054, 500
MHz, 5 GS/s) and shown in Figure 14. The inability to measure the current signal did not allow

the calculation of the applied power. The input power in the high voltage power source was
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kept constant at the average value of 35W. It was composed of an input voltage of 6.3-6.7 kV
and input currents of 5.2-5.5 mA. The repetition frequency was controlled with a pulse
generator (Thurbly Thandar Instruments TGP110 10MHz) in the range of 8-15 kHz, and pulse

widths were kept in the duty cycle range of 0.2 — 80%.
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Figure 14: Positive and negative pulse applied voltage waveform with plasma on.

3.3 Schlieren photography

Schlieren photography is a qualitative technique for visualising density inhomogeneity
in a flow. The changes in the fluid density and thus changes in the refractive index are translated
into a variety of light intensity captured by a camera. A point-shaped light source emits a
collimated light through the flow under consideration. An image of the light source is formed

on the knife-edge positioned at twice the focal distance of the curved mirror. The light refracts
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differently due to the density gradient, showing lighter and darker areas due to positive and

negative gradients.’

y Spherical mirror
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Figure 15: Schlieren Photography configuration schematic.

Camera

The Schlieren photography configuration has a simple setup, as described in Figure 15.
The configuration requires a camera, a collimated light, a converging bi-convex lens (diameter
9 mm, a focal length of 20 mm), a knife-edge, and a curved mirror. For the light source to be
point-shaped, a converging lens focuses the light source on a pinhole. The collimated light is
focused on the position of the knife edge. The distance between the knife edge and the mirror

is two times the mirror's focal length, equal to 4.87 m.

This qualitative study does not provide new data; however, it serves as a calibration

tool to pick the correct flow rates and input voltages for the plasma jet configuration. There are
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benefits to using this visualisation technique to validate the jet parameters. It is a convenient

setup and serves as a base to compare to, especially with seeding in the PIV experiment.

3.4 Particle image velocimetry system

Particle image velocimetry is a non-intrusive laser measurement technique for research
and diagnostics of fluid flows. It consists of an illuminated flow field seeded with particles of
nominal size in the order of microns within a thin light sheet. The recording device captures
dual images separated by a short time interval using a synchronisation between the camera and
the laser pulses. This enables the determination of two in-plane components of the velocity by
fragmenting the image into many interrogation areas; and then using a cross-correlation

analysis technique, described in section 3.3.2.

The exciting aspect of PIV that concerns the study of atmospheric pressure plasma jets
is its ability for time- and space-resolved measurements on two components of the velocity.
This brings more valuable insight into jet flow mechanics over unsynchronised and pointwise
velocity measurement techniques. Moreover, the non-disruptive aspect is fundamental not to

perturb the flow and the plasma discharge.

This technique allows tracking particle movements in a defined volume using pulsed
lasers with a time delay between the pulses as low as 1 microsecond. An enclosure is filled
with seeding particles, in this case, it is vaporised olive oil, and then two pulsed lasers illumine
the target area with an expanding beam. The High-speed camera is set at a 90° angle

(perpendicular) to the light sheet and captures each laser light pulse in separate images.

After the capture phase of the flow in motion, the vital next step is the digital image

processing phase. It contains all the operations done on the frames until the extraction of the
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velocity components. It can be described in three steps pre-processing, processing, and post-
processing; The first step, pre-processing, relates to image restoration (repairing undesirable
effects) and image enhancement (contrast, suppression of background). The second step is
processing the frames to generate velocity vectors; this follows a cross-correlation analysis
method described below. The final step of post-processing contains the operations done, the

generated vectors (filtering, etc.).

PIV measurements are sectioned into two categories; low-image-density PIV, where
the distance between particles is much larger than the displacement, and high-image-density,
where the distance between particles is smaller than the displacement. In this study, the latter
is used; however, the higher density creates ambiguity for matching pairs between two frames;
thus, it becomes necessary to use a statistical approach. This involves spatial correlation

analysis, where the multiple potential pairs in the interrogation area are given a probability.

As PIV relies on the scattering of light off seeding particles suspended in the studied
fluid, the nature of the particles is critical. They need to be non-toxic, non-corrosive, non-
abrasive, non-volatile, and chemically inert not to alter the experiment. The accuracy of the
PIV technique is closely linked to the ability of the particles to follow the fluid motion
accurately. Thus a compromise must be evaluated between reducing the particle size to
augment the flow tracking properties and increasing the particle size to improve light
scattering. 14142

Table 2: The scattering cross-section as a function of the particle size.'%!

Diameter d, Scattering cross section C;

Molecule ~107 m?
1 um Cs >~ (dpy/0)*  =~107"2 m?
10 um C. ~ (d,/0)?  ~107|m?
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The scattering cross-section depends heavily on the size of the particle, as shown in
Table 2. The scattering from particles with size from 1 to 10 um are ideal for use in PIV;
however, in this range, various types of seeding are being used.**! For sufficiently small
particles, the tracking capability of suspended particles in a fluid flow is influenced only by the
particle shape, diameter dp, particle density pp, fluid density pr, and fluid viscosity p or
kinematic viscosity v,, = u/ pj. Other external forces such as gravitational, centrifugal and
electrostatic are considered negligible.!* The Stokes number (Sk) characterises the behaviour
of particles suspended in a fluid flow; it defines the tracing accuracy. The Stokes number is a
characteristic non-dimensional frequency of the particle response. One way to express this
parameter is a relationship between a characteristic time of the particle (such relaxation time),
a characteristic dimension of an obstacle (the diameter of an obstacle), and the velocity of the

flow.

S = (3)% d, (3.1)

Equation (3.1) defines the Stokes number; this value characterises the behaviour of the
particles, where o is the angular frequency of the turbulent motion, dp is the particle diameter,
and v, is the kinematic viscosity. An Sk > 1 means a poor tracing ability from the particle,
mainly through an abrupt velocity change. Whereas for Sk < 1, the particles will follow the

flow closely. Ultimately, Sk < 0.1 indicates a high accuracy at following the fluid flow.

With this definition, the Stokes number of various types of seeding is shown in Table
23. Olive oil droplets were chosen as the seeding for the PIV measurements in this study for
some reasons: they are convenient to generate; low cost; entirely usable at ambient temperature;
have a uniform size of 1-2 um, which is in the cross-section range; and have a Stokes number
lower than 0.1 (Table 3).
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Table 3: Particle response in a turbulent flow.'4

Pp Gas Density  Viscosity . dp
Particle (kg m3) (10° Pa) ratio s v(im?s ) (kHz) Sk, {m)
TiO4 3500 Air 2950 1.50 x 10> 1 0.0295 144
(300 K) 10 0.45
Al;O4 3970 Flame 20250 3.00 x 104 1 00113 246
(1800 K) 10 078
Glass 2600 Air 2190 1.50 x 10> 1 00342 167
(300 K) 10 053
Olive oil 970 Alr 617 1.45 % 107° 1 0.0645 309
(220 K) 10 0.98
Microballoon 100 Alr 845 1.50x10° 1 01742 850
(300 K) 10 2.69

The time-resolved PIV system from TSI Incorporated is shown in Figure 16. The
measurements were taken inside a large, sealed chamber seeded with oil droplets with a
nominal size of 1 um. The chamber ensured that any external draughts did not influence the
plasma jet flow. The seeding follows the flow closely as the Stokes numbers in this study were
< 0.1, with tracing errors being < 1%.” A double pulse frequency-doubled Nd:YLF laser
operating at 527 nm with a pulse duration of 100ns was used to generate a 1 mm thick light
sheet projected into the seeding chamber and across the plasma jet orifice. A high-speed
Phantom Miro Lab 340 camera was positioned outside the seeding chamber perpendicularly to
the laser sheet and synchronised with the lasers such that each frame captured a single laser
pulse. The configuration uses frame-straddling to achieve a short delay between frames; it
entails triggering the first laser pulse at the end of the exposure time of one frame and the
second pulse at the start of the exposure of the second frame, described in Figure 17. to is the
starting time of the capture of a set of two frames, At is the delay between the two laser pulses,
and f is the frequency of the acquisition. The PIV system allows adjustment of the frequency

of acquisition between 200 Hz up to 1 kHz.
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Figure 16: Particle image velocimetry setup.
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Figure 17: Particle image velocimetry capture schematic.

An oil droplet generator (Model 9307-6) from TSI was used to generate the seeding
particles (oil droplets) in the chamber. It consists of an Atomizer optimised for the generation
of olive oil droplets. It allows the generation of enough seeding to fill the enclosure with a
volume > 2 m? and a reasonable size distribution. The atomiser consists of a reservoir of olive
oil, drawn into a vertical section before being atomised onto a wall to remove large droplets
and excess fluid. Compressed air then transports the particles to the exit of the generator and
into the PIV chamber. The influence of the seeding particles in the PIV chamber over the
generation of plasma or the flow behaviour is seen as negligible. The seeding particles follow

the motion of the flow closely, and the helium flow pushes the particles away, which poses a
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major challenge for PIV measurements on a plasma jet. An absence of seeding particles results
in an erroneous calculation of vectors by the PIV software. Many possible solutions to seed the
actual helium flow without influencing the plasma generation characteristics were investigated

to overcome this challenge.

Based on the earlier works of Whalley and Walsh, it was known that an insufficient
number of seeding particles were entrained within the laminar region of the jet to obtain reliable
PIV measurements.'® Thus, the first challenge was to provide a reliable solution of depositing
seeding particles in the jet. As shown in Figure 18(a), the jet flow pushes all the seeding
particles already present in the enclosure away, demonstrating the aforementioned challenge.
To find a solution, multiple components were considered for seeding the feed gas, such as solid
dielectric particles, olive oil particles, glycerine smoke, and ultrasonic humidifiers. Each
approach produces particles that will affect the plasma discharge to some degree and follow
the flow differently. Also, the particle size distribution needs to be reliable. After searching and
testing many different approaches, the single jet atomiser from TSI served as the most reliable

method of seeding the jet.

Figure 18: Picture of unseeded (a) and seeded jet (b) with processed velocity vectors (c).
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The same type of olive oil used to seed the enclosure was used in the atomiser for
practical and consistency purposes. Initially, the helium was directly injected into the atomiser
and exited through the dielectric capillary of the plasma jet. However, the single jet atomiser
required a minimum flow rate to produce seeding particles, limiting the range of available flow
rates to generate the plasma jet. The minimum flow rate was much higher than what was desired
for plasma jet experiments, resulting in a fully turbulent flow at the lowest possible flow rate.
To overcome this challenge, the exit of the atomiser was directed into a secondary chamber,
where a portion of the seeded gas flow was exhausted through an external extraction unit,

enabling much lower flow rates to be directed through the plasma jet.

Ultimately, it was determined that a single jet atomiser (Model 9302) from TSI filled
with olive oil could be used to seed the jet with minimal influence on the plasma jet
characteristics. Helium gas with a purity of 99.999% fed the atomiser; the seeded gas is then
directed towards the quartz capillary. The addition of oil droplets to the helium gas flow can
disrupt the discharge; while such changes are difficult to assess, the breakdown voltage and

length of the plasma plume were found not to change significantly.

While the seeding allowed the use of the PIV and permitted the capture of quantitative
data, it was also an issue. Over a long experimental campaign, it was found that the
concentration of seeding in the box decreased over time due to the box not being perfect and
slight variations in the amount of helium injected into it. To avoid this, seeding was injected

into the chamber before each experimental run, to improve repeatability.

While going into the jet, the seeding concentrated on a more complex issue than the
seeding going into the chamber. The concentration was important as the inner diameter of the

tube was only 3 mm, thus having too many particles made it hard to differentiate them; the
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concentration had to be reduced. Also, the difference in intensity between background seeding
and jet seeding was significant, becoming an obstacle for the cross-correlation analysis in the
mixing layer between the flowing and quiescent gas. To prevent this situation, a secondary
helium flow at a much lower flow rate was injected into post-seeded helium to dilute the
seeding density. A picture highlighting a well-seeded jet is shown in Figure 18 (b); where the
seeding of the jet can only just be distinguished from the background, the post-processing

analysis of a turbulent jet showed reasonable results, Figure 18 (c).

While the detection was one issue, the plasma generation could easily be affected by
dense seeding. It was difficult to draw a good comparison between the no-seeding and a seeding
case, as the PIV cannot work without seeding. A picture of the plasma plume with an input of
helium of 4 SLM is shown in Figure 19. Plasma generation with a high concentration of seeding
in the helium influenced the plasma plume length resulting in a reduction of 14 mm for a 10
kV and 12 kV applied voltage. The reduction is less for the 14 kV case. Moreover, the captured
intensity differs between the two cases. This observation indicated that the minimum possible

seeding density to obtain accurate PIV data should be used in the feed gas flow.
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Figure 19: Comparison of plasma plume length and intensity for a sinusoidal driven helium
APPJ with an input voltage of 10 kV, 12 kV, and 14 kV without seeding (a) and with
seeding(b).

The particles used as seeding are charged by collisions with charged particles in the
plasma. This type of behaviour is typical for plasma spray, where specific particles are
introduced in a plasma and charged to be deposited on a surface.!*® Previous works have
considered the density of seeding particles in a similar seeded jet (air only - no plasma) and
determined that there is an approximate density of ~1.6 x 10! particles.m™ using a Mie-

scattering approach.}** Notably, this is approximately six orders of magnitude below the
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anticipated electron density of the plasma. Also, the seeding particles being small (1-2 pm)
limit their influence.* Hence, the seeding particles used in this study are assumed to have little

influence on the key characteristics of the discharge.*

The practical consideration for the capture of high-quality PIV data requires several
steps. First, the centre of the plasma jet and the jet flow should be at the intersection of the laser
sheet and the camera field of view. This step is of paramount importance, and a misplacement
would imply the laser sheet deviation from the centre of the jet, thus missing the core of the
jet. The second step is focusing the laser and the camera on the position of the targeted flow;
following this step, a calibration image can be recorded and used for processing purposes.
When the system is fully aligned and spatially calibrated, a sequence of approximately 50
frames of data is captured and processed to ensure the system is operating as expected. This is

done before embarking on a long experimental data collection campaign.

To obtain velocity vectors from the jet flow recorded images, a cross-correlation
procedure is implemented within the PIV software and described in Figure 20. The processing
can be used to obtain information on the displacement of the detected particles. In the typical
case of an interrogation area size of 32 x 32, a 6 - 8 px displacement is considered suitable for
accuracy’. If the displacement does not fit the criteria, a change of the time delay between laser
pulses (At) allows for adjustments to be made. In this study, the interest lies in the time-
averaged velocity fields; thus, the frequency was lowered to 200 Hz, and the number of images
per set of experiments was between 400 - 500 images (e.g., 800 — 1000 frames). The maximum
number of images is limited by the camera memory, as each frame is approximately 8 mb in
size, and the space available on the computer hard disk given thousands of images are created

in each experimental run. As an example, the data displayed in Chapter 4 was obtained from
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60 000 recorded images. Increasing the duration of the experiment and thus the number of

recorded frames decreases the uncertainty.
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Figure 20: Particle Image Velocimetry principle schematic.4®

After capturing all the frames, careful processing of the data was required to extract the
velocity parameters. Using the TSI software, the processing steps are split into three distinct
categories: pre-processing, processing, and post-processing. Pre-processing corresponds to the
manipulation of the recorded raw frames by the addition/subtraction of filters. Subtraction of a
calibration image or a minimum intensity can improve the ability to detect particles
significantly. In the processing phase, a grid is generated to identify areas of interrogation in
the images. The implementation of a grid over each frame is shown in Figure 20; the cross-
correlation method consists of identifying a similar signal from an interrogation area from two
successive frames (A and B) captured with a chosen delay At. A high flow velocity induces a

high displacement, forcing a larger grid size, which generates more uncertainties as more
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groups of particles would be present in each grid square. On the contrary, insufficient

displacement would not be detected, which would increase measurement uncertainties.

After the processing of each pair of frames, a vector map is generated, the number of
vector fields obtained is equal to half of the frames captured, highlighting the importance of
capturing a high number of frames. Within the TSI software, three types of vectors are created
following the processing stage; these represent an excellent match, a poor match, or an
artificially generated vector; they are distinguished by a colour scheme, respectively; green,
red, and yellow. The presence of bad vectors is considered a major problem, and, typically,
vector maps with >5% bad vectors were rejected. The streamwise and radial velocity
components with their spatial position in each image pair could be extracted from the vector
maps. To obtain the final time-averaged velocity profile, all the vector maps from a single

experimental run were averaged, generating an ensemble-average velocity map.

3.5 Rayleigh scattering

Another technique used in this study to understand the fluid dynamics and particularly
the mixing of helium and air downstream of the jet capillary was the Rayleigh scattering
technique. The Rayleigh scattering is the scattering of light by particles that are very small in
relation to the wavelength of the emitted light. The Rayleigh scattering experiment consists of
observing the elastic scattering of electromagnetic radiation by particles size up to a tenth of
the wavelength (L) of the electromagnetic radiation.}* 2! The particle polarises under the
influence of an electric field, inducing a dipole moment that oscillates, generating radiations in

all directions.®
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In the case of a helium plasma jet impinging into quiescent ambient air, the helium
molecules scatter significantly less light than air. As an example, the scattering cross-section

at a wavelength of 532 nm is 4.45 x 10~3'm? for argon,*>® and 5.16 x 1073 m? for air.>* In
2
comparison, the square of the optical polarizability ratio of helium and argon is (aHe/aA ) =
r

1.56 x 1072 showing helium barely scatters light.1>>1° In fact, in a mixture of air and helium,
the scattering light emitted by helium is close to negligible compared to the total intensity.>’
Therefore, it can be assumed that since the only scattered light comes from the air, this optical
technique can provide quantitative data on the mixing of the helium jet into the ambient air.
Observations of the influence that the plasma discharge has on the mixing of the helium and
air entrainment would complement the PIV and LIF measurements. Linking the fluctuations
and production of turbulence to the entrainment of air and mixing of the neutral gas flow with

ambient air.

In the most common case, isotropic polarisation, where the diameter of the particle
dp<<A, and a point at a distance z>>A, the intensity of the scattered light is given by:

8mta?

ISC = IOW (1 + COS2 f) (323)

Where I is the intensity of the incident wave and ¢ is the scattering angle, and « is the

polarizability. The dependence of the intensity with the wavelength is L

At

showing the

importance of having d<<A to avoid perturbations.

The configuration of the Rayleigh scattering setup is shown in Figure 21. A Nd:YAG
pulsed laser (Nano S 130-10 Litron Lasers) was employed with a frequency of 1 kHz, a pulse
energy of 220 mJ, a pulse duration of 4 ns, and at a wavelength of 532 nm. The round collimated

laser followed a beam expander to become expanded vertically, a laser dump is situated at the

59



end of the optical path. The area of interest was situated at the intersection of the APPJ and the
laser sheet. The signal was captured with an intensified charge-coupled device (iCCD) Andor
iStar iCCD DH734-18U-03 connected to the Andor Solis software. The background A viewing
dump was situated on the opposite side of the camera to avoid perturbations. The background
and the signal were captured as an accumulation of 25 images at a frequency of 840 Hz. For
each image recorded, the iCCD camera was configured to accumulatively capture 500 laser

pulses, using an optical gate width equal to 10 ns for each exposure of 1 s.

To generate a laser ‘sheet,” a plano-concave cylindrical lens (dimensions 10x12 mm?,
a focal length of -9.7mm) transforms the beam from a collimated beam to an expanding one
along the z-axis. A second lens, a plano-convex cylindrical (dimensions 30x32 mm?, a focal
length of 70 mm), collimates the beam into a rectangular shape. The original beam is spherical
with a diameter of 3 mm; the optical path transformed it into a 3 mm x 20 mm rectangular
beam. Finally, a plano-convex spherical lens (diameter of 50.8mm, focal length of 100 mm)
sends the beam into the laser dump. The position of each lens is crucial for the correct
collimation of the beam. The iCCD camera is situated at a 90-degree angle and focused on the
intersection of the laser and the jet. Precautions were taken to avoid the perturbations of
unwanted reflections of the laser, which consist of covering the different sections on the optical

path.
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Figure 21: Rayleigh scattering configuration setup.

The challenge of light scattering from dust in the environment is highlighted in Figure
22. The reflections from dust, observed as bright dots on the image of Figure 22(a), are of high
intensity and can damage the ICCD camera. To solve this problem, a weak flow of compressed
air was emitted upward through a high-efficiency particulate air (HEPA) filter situated under
the jet, as shown in Figure 23. The injected airflow was deemed too weak to perturb the jet.
This modification of the setup enables the Rayleigh scattering data to be acquired without risk
to the camera. Figure 22(b) shows the scattering data with HEPA filtered air in the

measurement region.

Figure 22: Rayleigh scattering of a helium jet with dust particles (a) and airflow (b).
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Figure 23: Picture of the APPJ configuration for Rayleigh scattering measurements (left) and
diagram of the method to avoid dust in the area of interest (right).

The ICCD camera captured an accumulation of images corresponding to an intensity
value for each pixel per image. A typical set of raw data and a schematic depiction of the helium
and air scattering cross-section are shown in Figure 24. The scattering of ambient air can easily

be distinguished from the non-scattering of helium in the jet.
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Figure 24: Rayleigh scattering measurements of ambient air (left)and schematic of the
scattering cross-section regions in the APPJ (right).

The scattering intensity in a region away from the jet was chosen to represent 100% air
to obtain a quantitative value for the admixture of air in the helium flow. The scattering
intensity in a point close to the jet orifice in a pure helium flow was chosen as being
representative of a 0% air condition. In contrast, it is not entirely correct, as the helium flow is
never entirely free of trace air components, it was deemed that reflected light from the
environment would be by far the greatest source of light in this region, thus providing a reliable
0% air case. The relative scattered intensity from the pure air region to the pure helium region

provided an estimation of the mixing of ambient air into the helium jet flow.

3.6 Laser-induced fluorescence

Laser-induced fluorescence (LIF) is a time- and space-resolved spectroscopic method
for species-specific gas phase analysis. It is a combination of absorption and emission

spectroscopy where a ground state atom or molecule is excited to a higher energy level by
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absorbing laser light. Subsequently, the excited chemical species spontaneously emit photons
on its transition back from an excited state to a lower energy state. When an excited atom or
molecule relaxes from a higher energy level to a lower one, it emits light that can be captured.

The wavelength of this emitted light is specific to the excited chemical species structure.

The LIF measurement system used in the investigation is shown in Figure 25. The
system was used to measure OH radical density and obtain an indication of air entrainment
within the plasma plume by measuring the radiative decay time of the laser-excited OH(A)
state. The system comprises a tunable dye laser (Sirah Cobra Stretch with second harmonic
generation unit) pumped by a 6 ns pulsed Nd:YAG laser with a wavelength of 532 nm, pulse
energy of 120 mJ, and a repetition rate of 10 Hz. Some LIF excitation schemes have been

proposed for the measurement of OH radicals in atmospheric pressure plasmas, 37158159
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Figure 25: Diagram showing the layout of the Laser-Induced Fluorescence experiment.
In this work, the dye laser was tuned to generate an output at a wavelength 282.58 nm

to excite the P1(2) transition from the f1(2) rotational level of OH X(v’> = 0) to the F1(1)
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rotational level of OH A(v’ = 1). Figure 26 shows the LIF intensity measured against the
wavelength. A previous study has used a similar excitation scheme due to the P1(2) transition

being spectrally separated from adjacent lines and the f1(2) level having the largest relative

population in the temperature range under investigation.'®
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Figure 26: LIF intensity of the P1(2) transition of OH against wavelength at a laser energy
per pulse of 10 pJ with a Voigt fit.

The 282.58 nm beam emitted from the dye laser was measured to have pulse energy
above 17 mJ, a value several orders of magnitude above the linear range. LIF measurements
are typically made (1 — 10 pJ).*! Operation beyond the linear region greatly complicates the
interpretation of the results, as the ground state rotational level is significantly depleted by light
absorption and partially refilled by fast rotational redistribution. This alters the LIF outcome
dependent on the unknown gas composition and temperature. An optical arrangement similar
to that employed by Ries et al. was adopted to attenuate the laser energy to a suitable range.*®?

Two quartz plates were angled to split the beam with a small fraction being reflected towards
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the plasma jet and the majority of the beam passing through to beam dumps mounted behind
each plate. Following attenuation, the beam was directed through an uncoated quartz plano-
convex lens with a focal length of 1 m, and a pinhole of 1 mm was positioned to act as a spatial
filter, further attenuating the beam. The maximum laser pulse energy was found to be
approximately 15 pJ; small changes to the Q-switch delay of the pump laser were subsequently
used to vary the pulse energy between 1 and 15 pJ. Laser power was measured using a Thorlabs
PM100D optical power and energy meter equipped with a thermal volume absorber power

Sensor.

An Andor iStar740 iCCD camera was fitted with a Jenoptik UV 105 mm f/4.5 imaging
lens to capture the fluorescence of excited OH molecules. The camera arrangement was
positioned to face the plasma jet perpendicular to the laser beam. For each image recorded, the
iICCD camera was configured to accumulatively capture 500 laser pulses, using an optical gate
width equal to 8 ns for each exposure. Following the approach of Verreycken et al.,*®® no
bandpass filter was used during LIF measurements to avoid the need for additional corrections
in the calibration procedure. A consequence of this approach is the potential for the interference
of the fluorescent signal from other emissions within the plasma and the Rayleigh scattering
signal. Background subtraction of the emission captured with the plasma energized and laser
de-tuned was used to correct light emitted by the plasma and any scattered light. To ensure the
measurements were conducted within the linear LIF region, the measured LIF intensity was
plotted against laser energy, and a linear fit was applied shown in Figure 27. It was determined
that the linear range was between 1 pJ to 10 pJ, a value in close agreement with several past

LIF investigations. 160162
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Figure 27: LIF saturation curve. Sum of LIF intensity against the laser energy [uJ] measured
with a linear fit.

The discharge is not synchronized with the laser; consequently, all values are therefore
time averages with respect to the discharge. For LIF measurements, the actual density of OH
will fluctuate with the applied voltage, reaching a maximum as the ionisation front passes the
observation point and falling to a minimum at the instant before the emergence of the next
ionisation front. However, the lifetime of OH in helium is relatively long, with the works of
Ries et al. indicating that the half-life of ground-state OH in a similar helium jet is almost 300
ps.1%2 As the excitation frequency is 20 kHz, two discharge events per 50 ps period can be
expected. It may be concluded that the time-variation in OH density is minimal over this period,

and synchronization to the laser pulse is not necessary.

Absolute calibration of the LIF signal to determine the density of ground-state OH can
be achieved via several methods, including UV absorption, chemical modelling, and Rayleigh

scattering.'®%163 In this investigation, the Rayleigh scattering approach was adopted due to its
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high degree of accuracy, and a similar methodology to that described by Verreycken et al. was
adopted.'®® Calibration by Rayleigh scattering requires detailed knowledge of the rotational
and vibrational energy transfer rates, which vary significantly depending on the nature of the
guenchers present; thus, an accurate appreciation of the gas composition is essential. Careful
consideration must be applied in the case of a plasma jet as the gas composition varies as a
function of distance from the jet orifice. Also crucial for the determination of absolute OH
density is the decay time of the laser-excited fluorescent state. This was measured at each
spatial position by applying a time delay to the iCCD camera from 6 ns (i.e., immediately after
the laser pulse) up to 2000 ns; the fluorescent intensity from 500 laser shots was at each time
point accumulated to form a single image. From each image, the sum of LIF intensity in a 0.36
mm? interrogation area on the jet centreline was determined and plotted as a function of delay

time; an exponential fit was applied to determine the decay rate at each spatial position.

In addition to the gas composition, the gas temperature can also affect the interpretation
of the LIF data. An Omega FOB100 fibre-optic thermometer was used to investigate the
influence of plasma generation on the gas temperature. The dielectric temperature probe was
positioned in the plasma plume at various points downstream of the jet orifice, and the
temperature was recorded. The temperature was found to vary little with spatial position, with
a maximum of 10 K above ambient located close to the capillary orifice; such observations are

in line with previous studies.

The calibration process closely followed that reported previously by Verreycken et
al.1%° The jet capillary was supplied with Nitrogen gas at a flow rate of 2 SLM to obtain
Rayleigh scattering data for calibration. Although it was not strictly necessary, the nitrogen
flow helped to ensure dust from the ambient environment did not enter the measurement region

of interest. The laser power varied from 2 to 15 pJ in a 1 pJ increment. The sum of the Rayleigh
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scattered signal intensity in a rectangular region of interest measuring 0.36 x 0.36 mm was

calculated. The measured Rayleigh scattered signal, Sray (#counts), can be written as:

9P=0¢

SRay = 77NnTOVRayILtL (3.2)

Where # is the calibration constant (#counts sr J™%), Ny is the density of scattering
particles (M=), "0 /0Q is the differential cross-section for Rayleigh scattering (m?sr2), Vray
is the volume from which Rayleigh scattering is collected (m®), 1. is the laser irradiance (W m-
2), and t_ is the temporal length of the laser pulse (s), which was measured by replacing the
power meter shown in Figure 25 with a fast photodetector. After taking into account, the non-

uniformity of the laser energy density, Equation (3.2) becomes:

9F=0,
SRay = T]NnWOELAX (33)

Where E_ is the laser energy (J), and 4x is the length of the detection volume (m).
Following this, the calibration constant # was obtained from the slope «, of the measured
Rayleigh intensity as a function of laser energy multiplied by pressure:

9P=%¢,
aQ

n = akgT Ax (3.4)

Where kg is the Boltzmann constant, and T is the temperature (K). Using the calibration

factor, the intensity of the laser-induced fluorescence SiiF can be expressed as:

1
&m=Z;JMM”ALyLOA¢mwhm (3.5)

Where E is the energy gap according to the chosen transition, A is the Einstein emission

coefficient (s1), and nexc (X, ¥, z, t) is the density of OH in the excited state.
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The overlap integral g, (1/m™) represents the overlap between the spectral profile of
the absorption transition Y, (1/m™) and the spectral profile of the laser L, (1/m™), using the

frequency v = 1/, and both functions are normalised to unity.6°

Gint = f Ya)LL (v)dv (3.6)

Finally, Table 4 shows the relevant experimental parameters used in the LIF
measurements.

Table 4: Experimental parameters used in LIF measurements and absolute density

calibration
Parameter Description Value

AL Laser wavelength 282.58 [nm]
AL Linewidth of the laser 0.95 [pm]
Jint Overlap integral 0.017 [1/m]
AL Area of the laser beam 0.0746 [mm?]
EL Laser energy per pulse 10 [wJ]

L Temporal FWHM of the laser pulse 6 [ns]
AXy Length of the detection volume 0.359 [mm]
Ayy Width of the detection volume 0.359 [mm]

AS The spatial FWHM of the laser beam at the 0.1795 [mm]

observation point

To characterise the presence of OH in the APPJ, the measurements were done
streamwise and radial for two applied voltages 10 and 14 kV. Two travel translation stages
with an end-mounted micrometer were used to control the displacement of the APPJ with
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respect to the laser beam, measurements were done with 0.5 mm step radially and 1 mm step
streamwise. This involved a high number of measurements with repeats providing an accurate
depiction of the spatial presence of OH in relation to the APPJ expanding in ambient air. The
background image was captured with the helium jet without the plasma discharge, verifying

the absence of fluorescence signal without the plasma discharge.

The iCCD camera captured 25 images composed of 500 accumulated acquisitions. The
intensity of the fluorescence signal was estimated from the total count number of a selected
area; this area called an interrogation area, had a size of 0.36 mm?. The intensity is then plotted

against the time after excitation revealing the fluorescence intensity decay pattern.

The decay time is calculated from the decrease of intensity over time after the laser
excitation. The signal is captured at multiple time intervals to provide an accurate depiction of
its decreasing trend. Figure 28 shows the decreasing signal in intensity for several delay times.

Delay times

68 ns 108 ns 204 ns

S

0 10 20 30
x [Pixels]

Figure 28: LIF relative intensity measurements of OH fluorescence in an APPJ for several
delay times after excitation.
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Plotting of the normalised LIF intensity against the delay time is shown in Figure 29.
The addition of an exponential decay fit allows for the estimation of the laser-induced
fluorescent signal decay rate. This parameter is crucial to quantify the ground state density and

estimate the progression of air entrainment in the jet.
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Figure 29: Normalised LIF intensity against the delay time, with an exponential decay fit.
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Chapter 4 Quantitative assessment of the fluid dynamics at play in an
atmospheric pressure plasma jet

Some of the results in this chapter were presented in a Conference poster in the European
Physical Society conference on plasma physics, 2018; Y. Morabit, R. D. Whalley, E. Robert,
M. I. Hasan & J. L. Walsh. ‘Quantitative insights into the fluid interactions downstream of

an atmospheric pressure dielectric barrier plasma jet’

4.1 Introduction

The study of turbulence is one of the most intriguing subjects of our time. It comes
down to the applied forces on a gas, moving in a ‘chaotic’ way, creating eddies, and being
overall challenging to predict. Subsequently, many studies have considered the impact of
forced driving on flow gas jets due to their wide number of practical applications in areas such
as combustion. However, the use of plasma as a means to perturb a jet flow field has only
recently been considered. In the case of an APPJ, with a laminar flow (Re < 2300) the origin
of the plasma-induced transition-to-turbulence remain unknown. The plasma-induced velocity
increase by no more than 10% of the maximum velocity Um, this velocity increase is not high
enough to provoke a transition by itself.1% The shear layers of the jet are very vulnerable to
small perturbations, which can propagate and amplify in the jet.13140 The observation of the
velocity flow field of the plasma jet provides further insight into the presence of perturbations,

velocity fluctuations, and the onset of turbulence.

One of the key elements influencing the intensity of the plasma discharge is the applied

voltage. Several studies showed that increasing the applied voltage lead to a reduced laminar
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region length, and earlier onset of turbulence.??"1% The consequences of the applied voltage
on the plasma-induced velocity increase of the gas flow and the generation of disturbances in
the shear layer of the jet are raised questions. Moreover, the stability of the laminar region
under the plasma-induced disturbances is not clear. Another important element is the injected
gas flowrate, affecting the Reynolds number and distinguishing plasma- and flowrate-induced

behaviours.

This chapter explores the impact of the applied voltage and flow rate of an APPJ on the
visible plasma plume, the flow field of the expanding jet in ambient air. Measurements of the
velocity flow field were performed using PIV. Estimations of transition-to-turbulence point

and turbulence fluctuations providing insight into the instabilities in the plasma jet.

The figures presented in this chapter are part of a much larger set of data; the entirety

of the data is presented in Appendix A not to encumber the analysis and the discussion.

4.2 Experimental methodology

The plasma jet used in this study was described in section Chapter 3, the metallic strip
electrode was grounded. The applied voltages examined in this study were sine waves 10, 12,
and 14 kVpkpk, With a frequency of 20 kHz. Helium gas with a purity of 99.999% flowed
through the capillary at a range of 2.5 — 3.7 SLM, giving a maximum exit velocity, Um, between

11.7-174ms?,

PIV measurements were undertaken using the experimental setup and method described
in section 3.4 . The operating frequency was 200 Hz, the time delay between consecutive laser
pulses (At) was set between 8 and 16 s, a value chosen to capture the movement of oil droplets

over a grid with spatial dimensions of 24x32 pm? with a 50% overlap between adjacent
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interrogations windows. Each dataset comprised of 1000 frames that were used to make 500
individual velocity vector maps; in the case of time-averaged measurements, all 500 vector

maps were averaged and presented as a single figure.

The Schlieren photography experimental setup and method were described in section

3.3.

4.3 Preliminary qualitative observation of the plasma jet

To confirm the behaviour of the plasma jet matches those reported in the recent
literature, qualitative observation of the flow and the influence of the plasma discharge was
obtained. The primary focus of these efforts was on observing the reduction of the laminar
length provoked by the plasma discharge in the helium jet. To achieve this in a practical way,
the choice was the use of Schlieren photography. In addition, the observation of the plasma
plume length using standard photography was performed. This section focuses on the
qualitative insight, and provide a comparison point for the PIV results shown in the next

section.
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(a) (b) () (d)

Figure 30: Schlieren Photography of an APPJ expanding in ambient air with an input helium
flow rate of 2.5 SLM, (a) no plasma, with an applied voltage of (b) 10 kV, (c) 12 kV, and (d)
14 kV.

The Schlieren visualisation observation is shown in Figure 30, where the APPJ is
expanding in ambient air, with an input flow rate of helium at 2.5 SLM, with (a) no plasma,
and with an applied voltage of (b) 10 kV, (¢) 12 kV and (d) 14 kV. The effect of the applied
voltage on the flowing helium noticeably shortens the laminar region and has been previously
reported.?” The reduction of the laminar length is considerable for the highest applied voltage
of 14 kV, as the length of the laminar region is reduced to 7.5 mm. For comparison, the length
of the laminar region is 17.5 mm and 10 mm respectively for 10 kV and 12 kV cases. Whereas
the case without plasma is laminar over the entire field of view, which extends beyond 60 mm.
These particular voltage conditions were selected as they showed significant variations in flow

behaviour while remaining within the field of view of the PIVs high-speed camera.

In order to complement the qualitative observations with Schlieren Photography,
pictures of the plasma plume under the same generation conditions were taken. The pictures of
the visible plasma plume propagating into the ambient air for a range of flow rates 1-8 SLM
and applied voltages of 10 kV, 12 kV, and 14 kV are shown respectively in Figure 31-33-. The

trend of the plasma plume length against the flow rate is similar for all applied voltages; the
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plume increases in length with the increasing flow rate, although for 12 and 14 kV the plasma
plume length decreases and shows signs of an unstable and turbulent plume-end. These
observations are coherent with previous results.® In the 10 kV case, the plasma plumes are well
defined and have a sharp end; this reveals an expected laminar behaviour of the flow around
the plasma plume.? At 12 kV input, the sharpness of the plume is altered at 8 SLM, whereas in
the 14 kV case it starts at 3 SLM onward; this is an indicator of the presence of turbulence and

reduction of the laminar length.

10 kV

1LPM 2 LPM 3 LPM 4 LPM 5 LPM 6 LPM 7 LPM 8 LPM
13mm 23mm 28mm 31mm 36mm 40mm 42mm 45 mm

mnin

Figure 31: Photography of sine-driven APPJ plasma plume with an applied voltage of 10 kV.

12 kV

1LPM 2 LPM 3 LPM 4 LPM 5 LPM 6 LPM 7 LPM 8 LPM
23 mm 21.5mMmm28 mm 34 mm 36.5mMm39mm 42mm 43 mm

min

Figure 32: Photography of sine-driven APPJ plasma plume with an applied voltage of 12 kV.
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14 kV

1LPM 2 LPM 3 LPM 4 LPM 5 LPM 6 LPM 7 LPM 8 LPM
23 mm 29mMm 36 mm 41mm 39mm 43 mm 45 mm 44 mm

Figure 33: Photography of sine-driven APPJ plasma plume with an applied voltage of 14 kV.

4.4 Plasma-induced velocity increase

The plasma-induced velocity increase was mentioned as one of the factors at the source
of the transition to turbulence if the APPJ expanding in ambient air. Although the velocity
increase is unlikely to generate by itself a transition to turbulence in the case of a low Reynolds
number jet, the velocity increase could be the source of perturbations in the jet. Figure 34 shows
the measured velocity at the exit of the capillary with the PIV for several flow rates and applied
voltages. An increase of 2 to 6 % is observed for the 10 kV case, a 3 to 7 % for the 12 kV case,
and 5to 9 % for the 14 kV case. The higher the applied voltage, the more important the plasma-
induced velocity, however, an increase < 10 % of the initial velocity of the jet does not make

the jet transition into a turbulent state.
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Figure 34: Plasma-induced velocity increase against the applied voltage of an APPJ.

4.5 Plasma jet velocity flow field

The velocity profile measurements taken with the PIV system followed the method
described in section 3.4. Figure 35 shows the ensemble-averaged normalised velocity vector
maps of the APPJ expanding in ambient air, for the cases with (a) no plasma and with an applied
voltage of (b) 10 kV, (c) 12 kV, and (d) 14 kV. The measurements were done at a constant flow
rate of 2.5 SLM (Re = 147.5) and are normalised by the diameter of the jet capillary (D = 3
mm), following the standard fluid dynamics approach of using non-dimensional units. Such
low Reynolds (< 250) flows are known to be very susceptible to disturbances.’®® The flow is
laminar in the case without plasma and travels across the field of view without the presence of
obvious instabilities or significant velocity fluctuations. In the case (b), (c) and (d) where
plasma is energised, the difference can be observed, with a clear reduction in the length of the
laminar region as the applied voltage increases. This turbulent region can be identified by a
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strong velocity gradient and an increase in the spread of the jet. As the voltage is increased a
‘bending’ of the flow is observed, in a coaxial jet, inevitable misalignments of the pin electrode
in the capillary will result in a non-homogenous discharge and consequently a non-uniform
distribution of force from the plasma acting on the flowing gas. The normalised velocity fields
measurements with applied voltage of 10, 12 and 14 kVpk-pk and flow rate of 2.5, 2.7, 3.0, 3.4
and 3.7 LPM are shown in Figure 36. The influence of the plasma discharge on the behaviour
of the jet is similar to the one described in Figure 35 at each flow rate. However, the increase
of the flow rate provoked a longer laminar region at fixed applied voltage. These results imply
that the plasma-induced perturbations in the jet at a fixed applied voltage are similar and that

their influence is dependent on the momentum of the fluid.

U/Up,

1.0

~0.75

Figure 35: Ensemble-averaged normalised velocity contour for an APPJ (a) without plasma,
with an applied voltage, (b) 10 kV, (c) 12 kV, and (d) 14 kV.
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Figure 36: Ensemble-averaged normalised velocity contour for an APPJ without plasma
(first column), with an input voltage of (second column) 10, (third column) 12 and (fourth
column) 14 kV at a flow rate of (first line) 2.5, (second line) 2.7, (third line) 3.0, (fourth line)
3.4, and (fifth line) 3.7 SLM.
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From the velocity contour, the centreline velocity values were extracted, Figure 37
shows the plot of the normalised streamwise centreline velocity Un/Uc in the jet. The case
without plasma serves as a point of comparison to characterise the influence of the plasma. It
can be seen, that without plasma, the jet spreads out gradually and axisymmetrically, the mean
velocity decreases linearly along the jet-axis following a normal jet development; thus, the jet
is already in the transition phase. As a purely laminar flow would exhibit no obvious drop in
velocity over the field of view considered here. The plasma cases have an early development
similar to the case without plasma, then the plasma cases distinguish themselves with a drop in
the centreline velocity before slowly stabilizing. The velocity decay is faster for higher applied
voltages, suggesting the intensity of the turbulent behaviour is greater. To identify the
transition-to-turbulence point, the moment the centreline velocity differs from the no plasma
case and show a strong velocity gradient. The higher the voltage input, the sooner the transition

to turbulence happens, and the steeper the gradient becomes in the turbulent region.
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Figure 37 Streamwise decay of the ensemble-averaged normalised centreline velocity plotted
against x/D. The APPJ without plasma (red square), with an input voltage of 10 kV (green
circle), 12 kV (purple diamond), and 14 kV (blue triangle). The flow rate of helium is 2.5
SLM.

Focusing exclusively on the turbulent region, by only looking at the evolution of the
velocity after the transition-to-turbulence of the APPJ. The normalised centreline velocity
decay in the turbulent region is shown in Figure 38, only the plasma cases are present since the
no plasma case in these conditions was laminar for the entire field of view. The turbulent region
is defined with the (x-x;)/D streamwise axis, where x; is the transition-to-turbulence point
obtained from the normalised centreline velocity decay. The gradient of the velocity decay for
an input voltage of 10 kV is noticeably smaller than the 12 and 14 kV independently of the
flowrate. Except for the difference in the region’s length, similarities are apparent under

different initial conditions, such as 3.0 and 3.7 SLM at 14 kV, or the ensemble of the flow rates
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at 10 and 12 kV. This result shows that the perturbations induced by the plasma are similar in

intensity independently of the flowrate.

o
=
-
=

(x-x,)/D

Figure 38: Streamwise decay of the ensemble-averaged normalised centreline velocity in the
turbulent region plotted against (x-x;)/D. (Circle), (Diamond) and (Triangle) represent
respectively 10 kV, 12 kV, and 14 kV. (Blue), (Green)and (Red) represent the flow rates 2.5,
3.0, and 3.7 SLM, respectively.

To further understand the jet behaviour, the radial velocity at the various streamwise
position are plotted in Figure 39 showing the radial normalised velocity profile at positions 6,
18, and 27 mm in the jet (x/D = 3, 6, 9) for: (a) without plasma, (b) 10 kV, and (c) 14kV and a
flowrate of (Blue) 2.5, (Green) 3.0 and (Red) 3.7 SLM. The initial profile is Gaussian-like for
all the cases as expected for a submerged jet in the transitional region. The influence of the
flow rate was observed as a faster decrease of the velocity in the jet. The no plasma case has a
slight evolution with a small decrease of velocity and wider jet spread. In the plasma-on cases,
the Gaussian-like shape flattens as the jet transition into a turbulent state. The difference

between the no plasma case and the 10 kV is a sharper decrease of velocity and a wider spread
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at 18 mm and accentuate at 27 mm. In the 14 kV case, the velocity profile at 18 mm has a more
advanced development than the 10 kV counterpart. At 27 mm, in the fully developed turbulent
region, the shape of the velocity profile is almost flat and similar for all flow rates. The profiles
show the jet evolving from a laminar non-buoyant to a turbulent buoyant state, with a similar

pattern found in the literature.*6416°
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Figure 39: Ensemble-averaged normalised velocity profiles against the normalised radius
r/D, at positions 3, 6, and 9 x/D for an APPJ (a) without plasma, with an applied voltage of
(b) 10 kV, and (c) 14 kV. (Blue), (Green)and (Red) represent the flow rates 2.5, 3.0, and 3.7

SLM, respectively.

The growth of the jet radial was shown with the radial velocity profile, another means
to observe this growth is the fluctuations of the jet radius. The half-radius is defined as ros/D=
r/D(Um/2) and reveals the growth of the jet spread along the jet axis. Figure 40 shows the half-
radius fluctuations ros normalised by D for the applied voltages 0 kV, 10 kV, 12 kV, and 14
kV. The pattern is extremely similar to the normalised centreline velocity decay. The jet

without a plasma discharge shows a linear increase in the half-radius along the jet-axis. In the
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plasma-on cases, the initial increase of the half-radius is identical to the non-plasma case,
although a gradient change is observed in the jet at different positions depending on the applied
voltage, the higher the applied voltage the wider the spread. These gradients are consistent with
the transition-to-turbulence of the jet. For the 12 and 14 kV cases, at respectively 30 and 26
mm, a bump can be observed, this is directly correlated to the shape of the jet in the presence

of vortices and development of ‘spade’ shape, described in section 2.3.
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Figure 40: Normalised half radius fluctuations plotted against x/D. The APPJ without
plasma (red square) and for input voltage 10 kV (green circle), 12 kV (purple lozenge), and
14 kV (blue triangle). The flow rate of helium is 2.5 LPM (Re = 147.5).
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4.6 Transition-to-turbulence point

The half-radius variation and the centreline velocity decay offer a reasonable
assumption of the transition-to-turbulence point; situated at the position of the change of
gradient in the velocity decay. Figure 41 shows the transition-to-turbulence point from visual
estimation with Schlieren Photography and the PIVV measurements, and the visible plasma
plume length measured. The uncertainty on the Schlieren measurements are higher as expected,
however, the comparison reveals a close match with the PIV measurements. This observation
comforts the assumption that the injection of seeding particles into the jet has little to no impact
on fluid dynamic behaviour. As demonstrated in section 4.3 and 4.4, the laminar length
decreases with the increase of the applied voltage at a fixed flow rate of 2.5 SLM, whereas the
length of the plasma plume increased. Although the turbulence generated in the APPJ
expanding in ambient air increased at 14 kV, the plasma plume is longer due to the increased

applied voltage.
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Figure 41: A comparison of plasma plume length, laminar region length obtained with
Schlieren Photography, and PIV against the applied voltage for a flow rate of 2.5 SLM.

The measurement of the laminar region length was done for the entire set of PIV
experiment, in all investigated cases the laminar length region increases with the flow rate and
decreases with the applied voltage, the results are shown in Figure 42. The influence of the
applied voltage is consistent in the sense that the 12 kV case is always between 10 and 14 kV.
The lowest flow rate has the smallest laminar region length, whereas the highest flow rate has

the longest.
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Figure 42: Length of the laminar region plotted against the flow rate and Reynolds number.
For voltage input of 10 kV, 12 kV, and 14kV.

4.7 Radial and streamwise intensity of turbulent fluctuations

The turbulent intensity of velocity fluctuations streamwise and radial, Reynolds stress,
and turbulent Kinetic energy are calculated as described in section 2.3. In all the investigated
cases, without the plasma, slight velocity fluctuations are observed on the edges of the early
developing jet, with plasma, a trend is observed, for higher applied voltage the fluctuations are

more intense and happen earlier in the jet. Figure 43 show the several components mentioned,

u, , u,, —u,u, and k for an applied voltage of 14 kV and a flow rate of 2.5 SLM. The radial

component is very weak at the exit of the jet and that the highest intensity is mainly on the
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edges of the jet until the transition to a turbulent state. The streamwise component is also very
weak at the exit of the jet, except on the edges where the fluctuations are developed in two
channels in the fragile shear layer of the jet. The intensity layers are concentric with the centre
being the peak and are situated before the measured transition-to-turbulence point, revealing
the presence of turbulence in the laminar region of the jet. Notably, the streamwise component
is around four times higher than the radial component. The comparison with the no plasma case
shows that the fluctuations are directly caused by the plasma discharge. The Reynolds stress
demonstrates the production of turbulence in the jet, since it is the product of the streamwise
and radial turbulent intensity of velocity fluctuations, it gives more importance to the radial
component which is much smaller intensity. Figure 43 shows the Reynolds stress, where the
two zones of turbulence production are identified, these zones are situated in the laminar region
and on the edges of the jet, no intensity is seen in the centreline. The turbulent Kinetic energy
is very similar to the streamwise turbulent intensity of velocity fluctuations, as the component
is stronger than its radial counterpart. Looking at the absolute value, the fluctuations show an
unstable state in the laminar region, the several components show an origin of the fluctuations
in the shear layers of the jet close to the capillary, and growth in size gradually evolve up to a

peak situated in the laminar region.
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Figure 43: (a) Radial and (b) streamwise turbulence intensity of velocity fluctuations, (c)
Reynolds stress, and (d) turbulent kinetic energy contour for an APPJ with an applied
voltage of 14 kV and a flow rate of 2.5 SLM.

In order to put the turbulence intensity of velocity fluctuations into perspective, in
relation to the flow velocity, the components are normalised with the centreline velocity;
u, /U, ,3u,/2U,., —u,u,/U? and k/U? following the literature and are shown in Figure 44.%°
The results are very different from those previously observed in Figure 43. The normalised
radial component intensity increases in the jet from the transition-to-turbulence, the intensity
is layered, and reach the highest value the furthest. The normalised streamwise component has
a slight intensity close to the capillary on the edges of the jet, and form not well define
concentric intensity layers as the intensity extends outside the field of view. However, the small
region of peak intensity corresponds to the transition-to-turbulence point measured, when the
absolute streamwise component intensity was higher in the laminar region. The relative
intensity was found to be higher with lower flow rates, as shown in Appendix A. The intensity
of the normalised Reynolds stress is in the turbulent regions, where two zones are identified on
the edges of the jet and the centre of the jet is excluded, due to the absence of radial fluctuations.

The turbulent kinetic energy calculated has intensity layers in the V shape which gradually
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increase in intensity in the jet. The normalised turbulence components emphasized the turbulent
region where the fluctuations are intense in comparison to the centreline velocity. In opposition
to the absolute turbulence components which revealed the strong fluctuations in the laminar
region of the jet. This development is coherent with the generation and propagation of

perturbations on the shear layer par to the jet, close to the capillary, described in section 2.2.

3u,72U,

[ v 0.60
104§ ‘
:‘ = |

—0.45

015

Figure 44: Normalised (a) Radial and (b) streamwise turbulence intensity of velocity
fluctuations, (c) Reynolds stress, and (d) turbulent kinetic energy contour for an APPJ with
an applied voltage of 14 kV and a flow rate of 2.5 SLM.

4.8 Conclusion

This chapter explored the effect of the plasma discharge on the flow field of a
sinusoidal-driven APPJ. The measurements of the velocity flow field with the PIV provided
quantitative insights on the flow structure and the plasma-induced velocity fluctuations. Firstly,
the qualitative observation of the visible plasma plume and flow structure assessed the effect
of the applied voltage and the flow rate on the APPJ. Secondly, the measure of the velocity at
the exit of the capillary offered valuable information on the plasma-induced velocity increase,
however, the increase observed was <10% of the exit velocity. In the case of very low
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Reynolds, this information is important, as the transition into a turbulent state cannot be
induced by the velocity increase itself. Then the velocity and turbulence components provided

insights on the generation of turbulence in the APPJ.

The centreline velocity decay showed the effect of the plasma-induced turbulence on
the velocity and its consequential transition into a turbulent state. The laminar region decreased
when higher voltages were applied, showing a connection between the intensity of the
turbulence and the applied voltage. On the opposite, the flow rate effect was also assessed, and
a stronger flow rate was more difficult for the plasma to disturb. The influence of the applied

voltage and the flow rate was characterised for the sine-driven APPJ.

Furthermore, the calculation of the turbulent kinetic energy k and the turbulence
intensity of velocity fluctuations, and the Reynolds stress showed the important generation of
turbulence in the laminar region of the jet. The information on the stability of the laminar region
is crucial, it reinforces the idea that perturbations are generated in the shear layer of the jet at
the exit of the capillary and propagate and grow along the jet. Moreover, it reveals the
possibility of strong air entrainment and mixing in the laminar region which was unexpected.
These perturbations are expected to be produced by the EHD and gas heating phenomenon
occurring in the discharge. An increase of the applied voltage participates in a stronger effect
from both, with an expected stronger electric field and higher gas temperature.%® The gas
heating is expected to be the major component affecting the stability of the jet.2%® However, the

information from the velocity measurements does not allow a finer deduction.

Since the influence of the applied voltage on the structure of the APPJ was assessed, an

increase in the entrainment of air and mixing of the noble gas is expected. Consequently, the
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next chapter looks at the gas mixing and chemistry in the APPJ in order to provide a further

understanding and control of the complex interaction of APPJ and the ambient air.
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Chapter 5 Turbulence and entrainment in an atmospheric pressure
dielectric barrier plasma jet.

Some of the results presented in this chapter have been published in Plasma Process and
Polymers, 2020; Y. Morabit, R. D. Whalley, E. Robert, M. I. Hasan & J. L. Walsh.
‘Turbulence and entrainment in an atmospheric pressure dielectric barrier plasma

jet.”'®” Plasma Processes and Polymers 2019;21900217 DOI: 10.1002/ppap.201900217

5.1 Introduction

This chapter investigates the entrainment of air into the APPJ and explores the
hypothesis that the plasma-induced perturbations present in the laminar region increase the

entrainment of air.

In order to characterize the production of chemical species in the jet, multiple invasive and
non-invasive diagnostic techniques have been proposed, including tunable diode laser
absorption spectroscopy (TDLAS),'®® mass spectroscopy (MS),*® Fourier transform infrared
spectroscopy (FTIR),1° Laser-Induced Fluorescence (LIF) and Two-photon Absorption Laser-
Induced Fluorescence (TALIF).162174.172 Of all the techniques investigated, LIF based methods
are particularly convenient as they provide the high spatiotemporal resolution required to
accurately investigate the complex downstream chemistry in a plasma jet while facilitating the
quantification of absolute radical densities. Regardless of the diagnostic technique used, it is
clear that a significant proportion of the reactive chemical species produced within the

downstream region of the jet are a result of reactions between the noble gas plasma and
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molecular gas impurities entrained from the surrounding environment, which is typically
humid air. Given that the interplay between the propagating plasma plume and the ambient
environment has a considerable impact on the physicochemical properties of the plasma jet
and, therefore, on the application efficacy, understanding the underpinning mechanisms of how

air becomes entrained within the flowing noble gas channel is of vital importance.

5.2 Experimental and computation methodology

The plasma jet used in this study was already described in section Chapter 3 and the
metallic strip electrode acted as a floating ground electrode. Two applied voltage cases were
examined in this study, 10 and 14 kV with a frequency of 20 kHz. Helium gas flowed through

the capillary at 2 SLM, giving a maximum exit velocity, Um, equal to 9.4 m.s™,

The PIV measurements to quantify the flow field disturbed by the plasma discharge
were undertaken using the experimental setup described in section 3.4. At was set to 30 ps, the
spatial dimensions of the grid were 350 um?. Each dataset comprised of 800 frames, 400 vector

maps were averaged and presented as a single figure.

The Rayleigh scattering technique is described in section 3.5. The LIF technique is

described in section 3.6.

5.3 Preliminary measurements

The precedent Chapter focused on the fluid dynamics of the APPJ, and the velocity
fluctuations. These results were obtained with a grounded electrode, unfortunately, the

limitations of the Rayleigh scattering and LIF configurations forced the use of a floating
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electrode to avoid arcing. This change affects the plasma discharge heavily, thus to provide

supplementary data, measurements with a floating electrode were done.

Without a plasma discharge, the undisturbed helium flow appeared laminar over the
entire measurement region, confirmed by the ensemble-averaged centreline velocity (Uc)
profile in Figure 45 (d). On the application of a 10 kV sinusoidal waveform, a weak discharge
was observed to form, indicating gas breakdown had been achieved; under such conditions,
little obvious change to the velocity profile was observed. An increase in applied voltage from
10 kV to 14 kV led to an increase in the length of the visible plasma plume. Comparing Figure
45 (b) and (c) highlights the impact of the applied voltage on the flow structure downstream of
the jet orifice, with the higher applied voltage resulting in a significant reduction in the length
of the laminar flow region. From the ensemble-averaged centreline velocity, an abrupt change

in gradient is observed at approximately 8 x/D, indicating a transition to turbulence.

In absolute terms, the generation of plasma with an applied voltage of 14 kV was found
to increase Um by 0.94 m s, representing a relatively modest increase of approximately 10%
compared to the 0 kV case. Such increases in velocity are in line with those predicted by others
and are a consequence of gas heating and electrohydrodynamic forces induced by the plasma,
with the latter mechanism being the most likely dominant factor.8%19 Past studies on turbulence
generation in axisymmetric round jets have revealed that turbulence initiates due to instabilities
within the shear layers at the jet exit that become amplified as they travel
downstream.11%119.127.128,140 A g the instabilities grow, they cause velocity fluctuations, Reynolds
shear stresses, and thus the production of turbulence.'®® Many previous studies have explored
‘excited’ jets that employ alternative means to perturb the jet flow with an eye to investigating

the mechanisms of turbulence generation.113117:118.121,173.174

97



20 unu 10

m

| T
1.0 - (d)]
18 g p 7o OkV -
0.9 | --0-- IOkV i
16 8§ F--a--14kV .
14
12 .
10 =
8 -
6 =
4
2
0 ﬂ 0.0 O-.|.|.|.|
32-10123 3210123 32-10123 0 4 8 12 16 20
/D /D /D x/D

Figure 45: Ensemble averaged particle imaging velocimetry measurements of the plasma jet
obtained at applied voltages of (a) 0 kV, (b) 10 kV, and (c) 14 kV, (d) shows the ensemble-
averaged centreline velocity (Uc) normalised to Un.

5.4 Entrainment and mixing

While the growth of small-scale instabilities within the jet shear layer has a significant
impact on the laminar to turbulent transition, they also provide a mechanism to enhance
entrainment of quiescent air into the laminar region of the plasma jet.}’* The turbulence kinetic
energy k was calculated from the time-averaged intensity of the turbulence fluctuations in the
jet, from which the eddy viscosity p; was calculated as described in Appendix D1. The eddy
viscosity profiles for the two plasma cases investigated in this work are shown in Figure 46(a-
b). Close to the jet orifice, a region of low u exists, which can be explained by the fact that
this is the laminar region where the amplitude of velocity fluctuations is small, leading to low

turbulent kinetic energy k, and consequently, a low u,. The second zone (observed from 4 —
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10 x/D in Figure 46) coincides with the transition region, as inferred in Figure 45(d), where the
value of u; peaks. This is attributed to the large scale fluctuations/eddies starting to appear in
the shear layer of the jet, leading to high turbulent kinetic energy k, considering that such large
fluctuations live long enough to be transported downstream, the dissipation rate of the turbulent
energy ¢ is relatively low in this region, thus leading to a peak of u. The third zone (e.g. > 10
x/D) coincides with the turbulent region which has a moderate value of ;. The large eddies
generated in the transition region break into smaller eddies in the fully turbulent region, the
small eddies are dissipated into heat due to the physical viscosity of the fluid.}” In this sense,
the turbulent Kinetic energy k is high, while the turbulent dissipation rate ¢ is also high, leading

to a moderate value of .

From Figure 46(a-b), it is clear that the eddy viscosity for the 14 kV case has a larger
magnitude compared to the 10 kV case, which is consistent with the PIV results presented in
Figure 45. When comparing the average value of p; in zone one (x/D < 4) for both cases it is
found that u; for the 10 kV case is approximately 70%-80% of that for the 14 kV case,
indicating that the plasma’s perturbation of the flow in the laminar region is more significant

for the 14 kV case in comparison to the 10 kV case.
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Figure 46: Eddy viscosity calculated from PIV measurements for the (a) 10 kV and (b) 14 kV
excited plasma jet and the calculated percentage of H2O in the helium flow under (c) 0 kV
and (d) 14 kV conditions; (e) shows the percentage of H.O along the jet centreline.

A higher value for the eddy viscosity indicates a higher value of eddy diffusivity, Dr,

which adds to the physical diffusion coefficients, leading to increased entrainment of air into
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the helium flow. To highlight the impact of the plasma-induced entrainment, Figure 46(c) and
(d) show the computed percentage of H2O in the gas mixture for the 0 kV and 14 kV cases,
respectively. Notably, the 0 kV case represents an unperturbed laminar flow where quiescent
air is entrained due to physical diffusion only. While in the case of the perturbed flow, air
entrainment occurs due to physical diffusion plus the “effective” eddy diffusion due to
turbulence. The centreline concentration of H2O at the jet exit in both cases was set to
0.00004% in the computer simulation, a value obtained from the helium gas provider. Moving
downstream to 2 x/D, the level of H-O in the unperturbed 0 kV case was found to increase to
be approximately 0.0005 %. In contrast, the H.O concentration in the perturbed case was found
to be 0.0034 %, representing a 7-fold increase. Further downstream at 6 x/D, the H,O
concentration in the unperturbed case was found to be 0.046%, compared to 0.082% in the
perturbed case, representing a 1.8-fold increase. When moving downstream, the difference
between the unperturbed case and the 14 kV perturbed case diminishes as a result of the

increasing density of the gas mixture, which lowers the value of the eddy diffusivity.

In order to further investigate the impact of the plasma-induced turbulence on the
mixing of the neutral gas, the use of Rayleigh scattering was used to provide an estimation of
the helium mole fraction downstream of the jet orifice. Unfortunately, the measurement could

not be done with 2 SLM, results obtained with 4 SLM are shown in Figure 47.

101



He mole
fraction

1.00

L a
1.0 3 SALE.
Oe D‘&&

F 154 8885000000, 00,

A, Q. Ty
:Y %oq

095 - a, Q -
L 0.80 | 4 %oq, q°’°°f

S 090 I " -

1
(=]
>
o

He mole fraction
=
&
®
T
»--
1

().75—--0—-10kv a5 )

x/D

Figure 47: Averaged measurement of helium mole fraction of an APPJ with an applied
voltage of (a) 0 kV, (b) 10 kV, and (c) 14 kV at 4 LPM. Part (d) shows the helium mole
fraction along the centreline of the jet.

The calculated helium mole fraction obtained from Rayleigh scattering measurements
conducted at a flow rate of 4 SLM with an applied voltage of 0 kV, 10 kV, and 14 kV is shown
in Figure 47. The averaged measurement of helium mole fraction along the APPJ, shown in
Figure 47 (d), highlights the influence of plasma generation on air entrainment into the flowing
helium. The results are in line with those presented in chapter 4 that show an increased applied
voltage enhances the generation of turbulence in the jet, even in the laminar region, and
decreases the length of the laminar region. Without plasma, the helium mole fraction at the
centre of the jet decreases at a very slow rate, it is attributed to the diffusion of air. The width
of the very high helium mole fraction section of the jet does not reduce significantly, shown
with the colour Red in the contour. In opposition, for the plasma-on cases, the width reduces
along the jet, and it is entirely reduced for the 14 kV case. The longer laminar region length is
consistent with observations on the influence of higher flow rate on the structure of the jet,
shown in chapter 4. Furthermore, an applied voltage of 14 kV influences the helium mole

fraction significantly with a reduction of up to 20% in comparison with the 10 kV case. A
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significant decrease in the helium mole fraction can be observed even within the laminar
region, reducing from 0.98 to 0.80. As this region is before the laminar-turbulent transition
point, this finding indicates that diffusion alone cannot account for the entrainment of air within

the flowing helium, the turbulent entrainment plays a major role in the 14 kV case.

5.5 OH fluorescence decay rate and absolute density

The decay rate of the LIF signal from OH provides a sensitive indication of the helium-
air mixing ratio as the quenching rate of the laser-excited state is strongly influenced by the
density of quenching species present within the flowing helium gas (e.g., N2, Oz, H20).28 The
measured LIF decay rate described the plasma-induced entrainment and quantifying the

absolute OH density downstream of the jet exit.

Figure 48 shows the normalized LIF intensity measured for delay times between 60 and
1500 ns for both applied voltages along the plasma jet expanding outside the capillary into the
ambient air. The first delay was found the highest intensity signal. The decay rate increased
significantly when moving downstream of the jet orifice, signifying an increased density of
quenching species. Furthermore, it was observed that for any given spatial location, the LIF
intensity decay rate was greater with a higher applied voltage, indicating that applied voltage
has a significant impact on the entrainment of air into the helium flow, a finding in close

agreement with those obtained from Rayleigh measurements.
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Figure 48: LIF normalised intensity against delay time, with exponential decay fit for (top)
10 kV and (bottom) 14 kV at various positions x/D along the jet.

The decay rate was obtained with an exponential decay fit of the LIF intensity plotted
against the delay time, as described in section 3.6. Figure 49 shows the measured LIF decay
time as a function of downstream spatial position for both the 10 kV and 14 kV cases; compared
with a computed LIF decay time model described in Appendix B. Additionally, the
hypothetical decay time for an unperturbed laminar helium flow is shown. The LIF decay time
is shorter at all spatial positions under both 10 and 14 kV excitation compared to what would
be observed under idealized laminar conditions. The plasma generation increases air
entrainment, which acts to increase the density of quenchers and thus increase the quenching
rate of the OH fluorescent state. This result provides experimental evidence supporting the
hypothesis that plasma generation increases the entrainment of air within the APPJ at all spatial
positions. The calculated decay times closely match the measured data points, with both cases

showing excellent agreement.
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Figure 49: Comparison between measured and calculated decay time of the laser-induced
fluorescent signal as a function of downstream distance from the jet orifice.

Figure 50 shows the 2D LIF emission profile was compiled for both the 10 kV and 14
kV. The centreline LIF intensity obtained from the 2D profile was compared to a computed
LIF intensity using a model described in Appendix B. Consistent with the observations made
in many previous studies, an increase in applied voltage was observed to increase the peak OH
density within the plasma plume.*® Given that hydrogen-based species densities increase when
the air/water vapour fraction increases,'® it becomes likely that an increase in the applied
voltage results in an increase in OH density as a result of not only more intense discharge
conditions but also increased entrainment of air and H2O. Critically, the position of peak OH

density was found to vary depending on the applied voltage.
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Figure 50: Composite 2D normalised LIF intensity for (a) 10 kV, and (b) 14 kV case.
Absolute centreline OH density for the 10 kV and 14 kV case as a function of distance from
the jet orifice.

This phenomenon is attributed to the interplay between the physical properties of the
plasma (i.e., ne and Te) and the fluid dynamics of the APPJ. With an applied voltage of 14 kV,
perturbations within the jet shear layer caused by plasma generation induce an early transition
to a turbulent flow regime. Under such conditions, the generation of OH close to the jet exit is
locally enhanced due to enhanced H2O entrainment combined with the relatively intense
discharge conditions. Beyond the local maxima, the elevated air mole fraction as a result of the
induced turbulence acts to quench the discharge and thus impedes OH generation. Conversely,
at the lower applied voltage of 10 kV, the discharge is comparatively less intense, meaning less
air entrainment, and a weaker plasma is formed, both factors contributing to limit OH
production. However, less shear layer perturbation causes less air entrainment into the helium

flow; thus, the discharge can propagate further from the orifice. Consequently, the
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concentration of ground-state OH is significantly higher far downstream from the jet exit in the

10 kV case compared to the 14 kV case.

The presented findings have considerable implications from a practical perspective as
it has been demonstrated that the density of OH at a given downstream position is strongly
influenced by both the discharge characteristics and its interaction with the quiescent
background gas. While it is generally assumed that a higher plasma generation voltage results
in enhanced production of OH, the results clearly show that this only holds true close to the jet
orifice. With increasing voltage comes increasing turbulence and air entrainment, which
ultimately begins to quench the discharge and negatively affects downstream OH production.
Counterintuitively, there is an order of magnitude more OH created in a plasma jet generated
using 10 KV compared to one generated using 14 KV excitation at a position of 5.3 x/D (i.e. 16

mm from the jet exit).

To provide further insights on the spatial distribution of the generation of OH in the
plasma jet, a measurement using LIF in the radial direction was obtained. The resulting 3D
profile at 2.7 x/D from the exit of the tube is shown in Figure 51, it shows the density of OH
in the plasma jet, a specificity observed in the presence of a gap of intensity in the heart of the
jet, it is explained by the ‘doughnut’ shape of the plasma bullet. Figure 52 shows a position
further along the jet, at 7.7 x/D from the tube exit; this corresponds to the non-visible part of
the plasma plume. The intensity measured of OH shows a more restrained shape, with a peak
density that is only half that measured at x/D= 2.7. It can also be explained by the plasma
‘bullet’ shape as it becomes more ‘homogeneous’ away from the capillary and reduces in size

while travelling.
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Figure 51: LIF intensity measurements across the jet at a position of 2.7 x/D (8 mm) from the
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Figure 52: LIF intensity measurements across the jet at a position of 8.7 x/D (23 mm) from
the tube exit.
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5.6 Conclusion

This Chapter has employed P1V, LIF, and Rayleigh scattering to explore the interplay
between the propagating plasma plume and the quiescent background air in an axisymmetric
dielectric barrier discharge jet. The Rayleigh scattering measurements of the helium mole
fraction along the APPJ showed the influence of the plasma generation on the mixing of the
neutral gas into the ambient air. The decrease of helium mole fraction in the laminar region of
the APPJ reveals the major influence of the plasma-induced air entrainment in comparison to
the diffusion of air. The helium mole fraction showed a significant decrease for the 14 kV
applied voltage case in comparison to the 10 kV. These observations are in line with the
conclusion of Chapter 4, where the plasma-induced turbulence was identified in the laminar

region.

The measured decay time of the LIF state of OH was compared against a predicted
decay time and found to be in good agreement. The OH production is strongly influenced by
the interplay between the propagating plasma and the background air. Moreover, the increase
of H>O in the jet can be correlated to the production of OH. At high applied voltages, OH
density increases close to the exit but is rapidly reduced downstream as a result of the elevated
air content quenching the discharge. This point has been further shown with spatial profiles

along the jet.

In summary, this study demonstrates an intricate link between the physicochemical
properties of the plasma and its interaction with the quiescent air. Following the conclusions
of the last chapter, the chemical reactions are heavily affected by the plasma-induced
turbulence in the laminar region. While the purpose of the APPJ does not change, the
understanding behind its usage is clearly in question. As many applications rely on the presence

of reactive oxygen and nitrogen species, which are predominantly formed when the plasma
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interacts with the background environment. The presence of air entrainment in the laminar
region transforms the chemistry fundamentally. The results of this study provide valuable

insight into the underpinning mechanisms governing these interactions.
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Chapter 6 Impact of pulse characteristics on the fluid dynamics of an
APPJ.

Some of the results presented in this chapter have been used to create a draft paper to be

submitted to J. Phys D.

Y. Morabit & J. L. Walsh. ‘Optimization and control of low-temperature

atmospheric pressure pulse driven plasma jet.’

6.1 Introduction

A pulse-driven APPJ offers more control over the electrical parameters generating the
plasma discharge. While most jets are excited using sinusoidal excitation configurations, it is
difficult to investigate the electrical parameters. The operating frequency is often constrained
by the power supply and cannot investigate the impact of polarity and duty cycle. This study
offers to investigate sub-ps pulsed-driven APPJ where parameters can easily be varied to
overcome these challenges. The first parameter that comes to mind is the repetition frequency,
as the fluid dynamic study of jets disturbed with artificial perturbations revealed a crucial role
in jet stability.!®®!?! The Strouhal number is a non-dimensional parameter linking; a
characteristic frequency, which in the case of the APPJ is the repetition frequency. The
momentum thickness of the shear layer of the jet assumed 1% of the diameter as it is a very
low Reynolds number jet;*%® and the maximum velocity at the exit of the capillary Um. The
Strouhal number has a dominant excitation frequency for a value of 0.01719312!, A pulse-driven
APPJ easily permits the change of the repetition frequency and the construction of a spectrum

to identify the excitation frequencies. The polarity of the generated pulse affects the plasma
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generation as well as the resulting chemistry. Observation of the plasma plume of a positive
pulse-driven APPJ showed an increase in the length of the plasma plume for a pulse width of
1-3 ps and then decreases for longer pulse widths. The plasma plume length increases for a
negative pulse for pulse widths up to 120-124 us and decreases drastically for longer pulse
widths.?® Moreover, Uchida et al. observed a similar trend for a positive pulse-driven APPJ.
The plasma plume length decreased from 60 to 47 mm when excited using pulses with pulse
width between 40 and 160 ps (20-80% Duty cycle).1”® Moreover, the pulse width choice was

expected to affect the plasma-induced turbulence.

In this chapter, the investigation of the influence of polarity, pulse width, and repetition
frequency on the APPJ expanding in ambient air is conducted. The ability to control the
electrical parameters of the exciting pulse to exert a level of influence over the turbulence
generation and air entrainment in an APPJ was demonstrated. Firstly, the observations made
on the impact of the repetition frequency on the intensity of the plasma-induced turbulence in
the jet were examined. Then the influence of pulse polarity and the pulse width over the
developing plasma plume in ambient air was observed, and the measurements of the velocity
flow field. The input parameters revealed a discrepancy between the fluid dynamic and the
observable plasma plume, demonstrating a link between the reduction of the plasma plume and
the plasma-induced turbulence. The addition of a target in front of the expanding APPJ situated
the study results in more realistic use. The APPJ fluid dynamic structure optimisation is

paramount to control the chemistry in the plasma region and downstream.
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6.2 Experimental methodology

The plasma jet used in this study was already described in Chapter 3 The power source
applies a rectangular voltage pulse to the pin electrode with an average input power of 35 W

(6.8 kV peak, 5.4 mA on average).

In the first section, the impact of the repetition frequency, the variation of the repetition
frequency required compensation on the applied voltage to keep an average input power of 35
W, and the applied voltage varied between 6.3 and 6.7 kV while the current varied between
5.3-5.5 mA. The helium input flow rate was 3.7 SLM (Re = 218, Un = 17.6 m.s™). The pulse

width was 32 ps.

In the rest of the chapter, the flow rate was chosen closer to the experiments of the
previous chapters. The repetition frequency was 8 kHz, the helium input flow rate was 3 SLM

(Re = 177, Un = 14.1 m.sh).

The PIV measurements to quantify the flow field disturbed by the plasma discharge
were undertaken using the experimental setup described in section 3.4. At was set to 30 us, the
spatial dimensions of the grid were 350 um?. Each dataset comprised of 800 frames, 400 vector

maps were averaged and presented as a single figure.

A TB4 hardboard, described as a 4.76 mm thick plastic-coated cardboard panel with a

foam core, was used as a target downstream of the jet at a distance of 60 mm from the jet exit.

6.3 Impact of the repetition frequency

As shown in earlier chapters, an APPJ driven by an AC voltage dramatically reduces

the laminar region length.>! The commonly cited parameters affecting the generation of
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turbulence in an APPJ are gas heating and electro-hydrodynamic forces that induce a velocity
increase. The impact of the excitation frequency on these phenomena is still an area under
investigation. Considering the initial parameters of our APPJ configuration and the empirical
Strouhal number value for which the dominant excitation frequency can be deduced. The
velocity at the exit of the tube was Um = 17.6 m.s™ and the repetition frequency fo = 10.00

kHz 35121

To verify the influence of the dominant excitation frequency, the velocity field of the
jet was measured for repetition frequencies in the range of 9-11 kHz, under constant power
conditions. This was achieved by reducing the applied voltage as repetition frequency was
increased to ensure a constant dissipated power of 35 W. For each frequency, the ensemble-
averaged centreline velocity decay along the jet is extracted to observe the transition into a

turbulent state.

Figure 53 shows the ensemble-averaged normalised centreline velocity decay for a
pulse-driven APPJ with an input of 35 W for several frequencies in the range of 9 to 11 kHz.
From the figure, it is clear to see that the laminar region is similar for all the cases. Moreover,
the 10 kHz case shows the earliest onset of turbulence, occurring at a position of 17 x/D. Using
the data presented in Figure 53, the laminar-to-turbulent transition point has been plotted.
Figure 54 shows a spectrum of the transition-to-turbulence, which are the consequences of
plasma-induced turbulence. This spectrum reveals the influence of the repetition frequency on
the stability of the APPJ in the range chosen. The dominant excitation repetition frequency
identified in this study is at the predicted 10 kHz, considering that the measurements were done
with a step of 333 Hz. However, the 10 kHz case has a laminar region 4 mm (1.3D) shorter
than the closest cases 9.67 and 10.33 kHz. The difference in length becomes more important

(7 mm or 2.3D) with the cases 9.33 and 11 kHz; this difference represents more than 10% of
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the laminar region length. Thus, the effect of the plasma-induced turbulence on the transition-
to-turbulence of the APPJ depends on the repetition frequency, and it supports the hypothesis

that plasma generation acts as an artificial perturbator in the developing jet.
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Figure 53: Ensemble-averaged normalised centreline velocity decay for a pulse-driven APPJ
with an input power of 35 W and a range of repetition frequency (9-11 kHz). The flow rate is
3LPM.
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Figure 54: Measured laminar region length of an APPJ against the repetition frequency.

6.4 Impact of the polarity and pulse width

After identifying the influence of the repetition frequency on the APPJ by affecting the
production of turbulence and reducing the laminar region, the effect of the pulse width and the
polarity were examined. Figure 55 shows the plasma plume generated with the pulse-driven
APP]J for positive (a) and negative (b) pulses for a range of pulse widths spanning 0.5 - 96 us
at a fixed repetition rate of 8 kHz (i.e., duty cycles ranging from 0.4 to 76.8%). The length of
the plasma plume for positive pulses increased until a pulse width of 2 ps was reached, then
slowly decreased in length, following similar trends reported in the literature.?>"6177 |n the
negative pulse case, the plasma plume increased in length over the entire range of pulse widths,
similar to the results reported in the recent literature.?® The difference in the visible plasma
plume between the two polarities can be explained by the faster propagation speed of the

plasma bullet due to a stronger localised electric field and a higher ionisation rate in the positive
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case.®*178 Firstly, in the positive pulse-driven APPJ, the very short pulse width of 0.5 ps did
not fully develop the plasma plume. Secondly, at a longer pulse width, the increased intensity
of the applied electric field enables the development of the plasma plume, increasing its length.
The decreasing trend of the plasma plume for longer pulse widths is independent of the electric
field.®” However, the reduction of the helium proportion along the plasma jet works against the
local electric field sustaining the propagation of the plasma bullets due to air, which requires a
higher electric field to sustain the plasma bullet.}”® Thus, the hypothesis is that the increasing
pulse width induces turbulence and the reduction of the helium mole fraction, consequently
limiting the length of the plasma plume. In the negative pulse-driven APPJ, at small pulse
width, the short duration of the electric field did not allow the plasma plume to develop fully.
The development was smaller than the positive pulse counterpart. At longer pulse widths, the
increase in the length of the plasma plume is explained by the increased duration of the applied

electric field, allowing the plasma bullet to propagate further.
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Figure 55: Picture of (a) positive and (b) negative pulsed-driven APPJ plasma plume for
various pulse widths.

To understand the impact of pulse width on the length of the plasma plume, as shown
in Figure 56, the flow rate of the APPJ was set to 3 LPM, corresponding to a jet exit velocity
of Un = 14.1 m.s. A pulse repetition frequency of 8 kHz was chosen in line with the predicted
dominant excitation frequency from the Strouhal number equation. It also helped increase the
turbulence in the APPJ and obtained earlier transition-to-turbulence within the camera's field
of view. The pulse width range explored was limited to a maximum of 125 s to avoid damages
to the power source. The pulse widths values chosen were 0.5, 1, 2, 4, 8, 16, 32, 64, 96 s
corresponding to 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2 and 76.8 % duty cycle, respectively.
From Figure 57, in the case of a positive pulse-driven APPJ, the earlier transition-to-turbulence
of the longest pulse widths 64 and 96 s, and the 32 ps case, which has a slower decrease, is
apparent. The other cases followed the same trend as the case without plasma. For the negative
pulse-driven APPJ, the 96 s case was distinguished with an early transition-to-turbulence at

46 mm, although the 64 and 32 ps cases show a transition at 70 mm.
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Figure 56: Ensemble-averaged normalised centreline velocity decay for a positive pulse
driven APPJ with an input power of 35 W, a repetition frequency of 8 kHz, for pulse width in
the range of 0.50 to 96 us. The flow rate is 3 LPM.
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Figure 57: Ensemble-averaged normalised centreline velocity decay for a negative pulse-
driven APPJ with an input power of 35 W, a repetition frequency of 8 kHz, for pulse width in
the range of 0.50 to 96 us. The flow rate is 3 LPM.

Figure 58 shows the length of the visible plasma plume measured against the pulse
width. A peak is observed at 65 mm for the positive case at a pulse width of 2 us, followed by
a linear decrease of the plasma plume length for longer pulse widths, as shown in Figure 55.
The negative case shows a logarithmic increase, reaching near its maximum plasma plume
length at 8-16 ps. Despite the observed difference in plasma plume length between the
polarities, the trend of the laminar region length is similar. For both polarities, the transition-
to-turbulence was identified for pulse widths longer than 32 ps. In the positive-pulse case, the
reduction of the laminar region length has a similar pattern as the reduction of the plasma plume
length, showing that the visible plasma plume length is affected by the increased plasma-
induced turbulence. The consequential air entrainment and gas mixing oppose the propagation

of the plasma bullet by decreasing the helium mole fraction along the APPJ.
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Figure 58: Length of the pulse-driven plasma plume generated with positive (red full
triangle) and negative (black full triangle) polarities, length of the laminar region of the jet
for positive (red empty triangle) and negative (black empty triangle).

The observation of the APPJ under both polarities and a wide range of pulse widths
provide insight into the influence of the electrical parameters on the APPJ fluid dynamic
structure. The negative pulse-driven showed that the visible plasma plume was constrained in
its development by the short pulses. However, the longer pulse widths provided more time for
the plasma bullet to propagate.l’® The positive pulse-driven showed the plasma plume was
limited in its development by short pulses, where the plasma did not have enough time to
propagate. At longer pulse widths, there was a decrease in the length of the plasma plume,
assumed to be independent of the electric field.*” Moreover, the measure of the velocity flow
field and the transition-to-turbulence point showed that for longer pulse widths, the reduction
of the laminar region revealed the increase of turbulence in the APPJ. The link between the
reduction of the laminar region and the generation of turbulence was shown in Chapter 4.
Besides, the plasma-induced turbulence provokes air entrainment, as shown in Chapter 5. Thus,
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reducing the helium mole fraction in the APPJ works against the propagation of the plasma
bullet in ambient air, provoking a reduction of visible plasma plume length. Figure 58 shows a

similar trend of the decreasing laminar region and visible plasma plume.

6.5 The impact of a target

The study of a free APPJ expands into resting ambient air and provides valuable
insights into the plasma-induced turbulence and its consequences. Although it is not a suitable
configuration for classic applications, it typically involves a plasma jet impinging on a surface.
The final part of this thesis considered the impact of a flat target positioned downstream of the
APPJ propagation axis. An APPJ which expands upwards into the ambient air and impinges
on a target above the jet was considered to maintain relevance with the previously reported

results.

Figure 59 shows PIV pictures of the APPJ expanding in ambient air and impinging on
a horizontal target positioned at 60 mm from the exit of the capillary. In Figure 59 (a), the
absence of the plasma discharge allows the jet to develop in the quiescent air in a laminar
structure, and a thin layer of seeded helium travelled across the target radially. In the negative
pulse-driven APPJ case with a flow rate of 3 LPM, an input power of 35 W, a repetition

frequency of 8 kHz, a pulse width of 96 ps (Figure 59 (b)), and instabilities on the edges of the
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jet were observed, followed by the generation of large scale eddies and a strong alteration of

the core of the jet. Moreover, the large-scale eddies moved on the surface of the target.

Figure 59: Picture from PIV measurements of the negative pulse-driven APPJ (a) without
plasma and (b) with plasma impinging onto a horizontal target situated 60 mm from the
capillary.
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Furthermore, the measure of the velocity flow field of the APPJ expanding in ambient
air with and without a target was conducted. The ensemble-averaged velocity contour obtained
from the PIV measurements is shown in Figure 60. The negative pulse-driven APPJ, (a)
without plasma, with plasma and pulse widths of (b) 32 us, (c) 64 us, and 96 ps (d). The APPJ
aimed at a target (e) without plasma, with plasma and pulse widths of (f) 32 us, (g) 64 ps, and
96 us (h). These pulse widths were chosen because they showed a clear transition into a
turbulent state under excitation of both positive and negative polarities without the presence of
a target. Figure 60 (a) and (e) show that without the plasma generation and following precedent
results, the flow is unperturbed in the field of view considered with and without the target. The
velocity of the flow circulating on the target's surface was small compared to the jet velocity.
The plasma cases with pulse widths of 32, 64, and 96 s showed a similar trend as observed in
chapters 4 and 5, where the applied voltage was increased. The increase in the pulse width
length reduced the laminar region for 32 s, more for 64 ps, and a significant reduction for 96
ps. An increase of the perturbations generated in the APPJ was thus observed. When the APPJ
impinged on a target, the flow structure was not altered. The 32 us did not transition into a
turbulent state, as its transition-to-turbulence point was situated at a further position than the
target. The 64 ps case showed signs of turbulence transition; however, the transition started
near the target. The 96 us transitioned into a turbulent state, as expected from the case without

a target.
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Figure 60: Ensemble-averaged velocity profile for a helium jet (a), a negative-pulse driven
APPJ with a flow rate of 3 SLM, an input power of 35 W, a repetition frequency of 8 kHz, for
pulse widths of 32 ps (b), 64 ps (c), and 96 us (d). The second part is a zoomed-in version of

the jet directed toward a target situated at 60 mm from the jet exit, for a helium jet (e) and

pulse driven APPJ at the pulse widths of 32 ps (f), 64 us (g), and 96 ps (h).
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Figure 61: Streamwise normalised centreline velocity profiles Um/Uc for a pulse-driven
APPJ with an input power of 35 W, a repetition frequency of 8 kHz, for pulse widths of 32 ys,
64 ps, and 96 us. The flow rate is 3 LPM, and the jet is directed toward a target situated at
60 mm from the capillary exit.

The normalised centreline velocity decay Um/U. along the APPJ extracted from the
ensemble-averaged velocity contour and shown in Figure 61. As expected from the no-target
measurements, the longest pulse width, 96 us, shows velocity decay significantly faster due to
its earlier transition-to-turbulence. The no-plasma and the 32 ps pulse width were both laminar
along the entire field of view. This is not surprising since the transition-to-turbulence without
the target did not occur without a plasma discharge and occurred at 69 mm with a pulse width
of 32 us. Moreover, they share a similar drop of velocity due to the presence of a target. For
the 64 us pulse width case, the drop in velocity occurs at 18 x/D provoked by the transition

into a turbulent state, in agreement with the observed transition without a target which occurred
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at 60 mm. The 96 s transitioned into a turbulent state at 15 x/D, similar to the 64 ps case, near

the target; the decreasing velocity declined significantly.

6.6 Conclusion

This chapter explored the influence of the electrical parameters of a pulse-driven APPJ
expanding in ambient air in both a free jet configuration and in the presence of a downstream
target. The measurements of the transition-to-turbulence provided insight into the impact of the
dominant excitation frequency on the structure of the APPJ. This result highlights the
importance of the repetition frequency and the related Strouhal number.3>2! Exciting the APPJ
at the predicted dominant frequency showed a reduction of the laminar region and increased
the plasma-induced turbulence in the APPJ. The effect of the repetition frequency on the
generation and propagation of disturbances along the flow field was assessed, although it is
linked to flow structure dynamics rather than the plasma itself; thus, results were observed in

various configurations.

The positive polarity input voltage generates a longer plasma plume in comparison to the
negative polarity. The increase induced by longer pulse width was expected due to the electric
field's crucial part in propagating the plasma bullet. The limited on-time for very short pulse
width cases did not allow a fully developed plume to be created under both polarities excitation.
The visible plasma plume decreased at longer pulse widths. The origin of the reduction of the
positive-pulse plasma plume visible length was caused by the reduction of helium mole fraction
from air entrainment and mixing. The reduction of helium mole fraction in a plasma jet is
extremely sensitive, as shown in Chapter 5 with Rayleigh scattering measurements. The
laminar region length has a similar linear decrease to the pulse width. The plasma-induced

turbulence is shown to increase with the pulse width; thus, the air entrainment and gas mixing
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are expected to increase. The presence of entrainment reduces the helium mole fraction
significantly, which negatively affects the propagation of the plasma bullet. Consequently, the

visible plasma plume is reduced.

Although the results obtained for several pulse widths provide an encouraging indication
that manipulation of the electrical parameters may provide a means to influence the chemistry
of an APPJ. The lack of a target means that the results are less applicable to the range of
applications to which such systems are currently being applied. Since the presence of an
obstacle changes the fluid dynamics of the jet, it would thus affect the chemistry. This work
showed that the addition of a target did not significantly alter the transition-to-turbulence of
the cases chosen. Furthermore, the measured laminar length at the longest pulse width (96 us)
was in close agreement in both cases, with and without a target. These observations show that
although the target presence and position are expected to be crucial, they did not drastically

alter the fluid dynamics in the jet part.

Nowadays, the control over the laminar region of an APPJ is done by varying either the
flow rate or the input power, the impact of which was explored in Chapter 4. A more convenient
and efficient way of controlling the chemistry downstream of the APPJ is to optimize the
electrical parameters of the exciting voltage pulse. Critically, in applications where the mixing
of air is unwanted, the use of very short pulses should be considered to minimise entrainment.
Furthermore, a repetition frequency different from the predicted dominant excitation frequency
should be selected. In applications where mixing with the environment is crucial to obtain a
high density of RONS, longer pulse widths and an appropriate selection of the repetition
frequency are recommended. This latter case would be particularly attractive for use in
biomedical decontamination applications where high densities of RONS are known to be the

key drivers in microbial inactivation.2180-183
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Chapter 7 Conclusions and future outlook

7.1 Conclusion

The hypothesis was that the plasma discharge induced turbulence in the plasma jet and
disturbed the jet structure, consequently affecting the fluid dynamics, plasma physics, and
plasma chemistry. In this study, the first quantitative velocity measurements of a plasma jet
helped in examining the velocity field and the calculation of the turbulence. The perturbations
were shown to be generated at the exit of the capillary in the shear layer. They propagated
along the jet edges while increasing in intensity. These perturbations are believed to be caused
by gas heating and EHD. The impact of the input flow rate and the applied voltage in sine wave
plasma jet were assessed, resulting in more important turbulence with an increasing applied

voltage and a longer laminar region with higher flow rates.

Furthermore, these perturbations caused instability in the jet structure and the presence
of increasing air entrainment ineluctable. Rayleigh scattering measurements showed that the
reduction of the helium density along the jet was linked to increasing air entrainment favoured
by a higher applied voltage. The measurement of the OH density along the plasma plume with
Laser-induced fluorescence revealed that the OH mostly generated from impurities present in
the helium, was more important for a higher applied voltage due to enhanced H>O entrainment.
It decreased at a position closer to the jet exit due to an increase presence of air entrainment

quenching OH.

Finally, using a pulse input on the same plasma jet configuration allowed more finesse
to the input electrical parameters. The repetition frequency in relation to the Strouhal number
confirmed a dominant excitation frequency, resulting in enhanced turbulence production and,
thus shorter laminar region. The polarity and the pulse width were also studied; quantitative
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measurements that confirm the previous qualitative observations in the literature were provided
for the first time. The effect of the polarity and the pulse width on the visible plasma plume
was assessed; short pulse widths limit the length of the visible plasma plume. The positive
pulse-driven APPJ had a decreasing visible plasma plume for longer pulse widths. This
observation resulted from the plasma-induced turbulence in the APPJ studied in Chapter 4 and
the sensitivity of the helium mole fraction from air entrainment and gas mixing studied in
Chapter 5. Finally, the addition of a target downstream of the propagating APPJ did not alter

the transition-to-turbulence point under the conditions considered.

The electrical parameters showed a convenient and efficient way of controlling the
APPJ flow structure. Depending on the settings, the APPJ can favour air entrainment and gas
mixing through very turbulent prone settings, such as a well-chosen repetition frequency, a
long pulse width, low flow rate, and a high applied voltage. The turbulence generation would
be enhanced; thus, the chemical interaction with the background gas can be achieved. On the
other hand, by choosing opposite parameters, the laminar behaviour of the flow can be
optimised to avoid the chemical interactions with the background to conserve a high helium

mole fraction successfully.

7.2 Future outlook

APPJs are an excellent choice for microbial decontamination and wound healing
applications. However, there are several key challenges. Perhaps the most pressing concern is
the variability in RONS generation due to changes in environmental or sample conditions; any
successful healthcare technology must be predictable and repeatable. Hence future efforts
should be directed towards implementing strategies for the continuous monitoring and control

of RONS generation. The results from this study are a step forward in controlling the dynamic
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structure of fluids, which is essential for controlling chemistry; more experiments are required

to optimise application-specific configurations.

While the application of sophisticated diagnostic techniques, such as laser-induced
fluorescence, is unrealistic for in-situ monitoring. The application of optical emission or
absorption spectroscopy is a realistic prospect to indicate RONS production and the day-to-day
repeatability of the process. Such efforts could be further improved by comparing diagnostic
data against those predicted from computational models. While monitoring the composition of
RONS, reaching the target is a vital first step to ensure repeatability; acting on the data captured
to dynamically alter the plasma generating conditions to manipulate the production of RONS
perhaps remains perhaps the greatest challenge. To overcome this challenge, feedback from
the sensor to the power source will be essential. Yet, beyond simply varying the applied voltage
or frequency, it is not clear how the actual composition of RONS in the plasma could be varied
to negate changes in the external environment. Recent efforts in Machine Learning have proven
fruitful in safety-critical applications, where precise control of plasma parameters is a

prerequisite; '8 paving the way for intelligent control of RONS generation.

Ultimately, it is clear that the use of APPJs in biomedical and healthcare applications holds
enormous promise in areas of enormous clinical need. In particular, wound healing and
dentistry would benefit from insights on optimisation of APPJ shown in this study. Besides,
the popularisation of hair implant technology can be a new area of research for APPJ
applications. The treatment of the skin and the follicle could prevent or treat infection and
inflammation. There has been enormous progress in the research efforts on APPJ technology.
Our growing knowledge and understanding of the underpinning mechanisms of the widespread

adoption of APPJ technology in the clinic are becoming a real possibility.
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Appendix A Supplementary information Chapter 4

A.1 Radial turbulence intensity of velocity fluctuations
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Figure Al: Radial turbulence intensity of velocity fluctuations contour for an APPJ without
plasma, with an input voltage of 10, 12, and 14 kV at a flow rate of 2.5, 2.7, 3.0, 3.4, and 3.7
SLM.
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A.2 Radial turbulence intensity of velocity fluctuations normalised by the
centreline velocity
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Figure A2: Radial turbulence intensity of velocity fluctuations contour normalised by the
centreline velocity for an APPJ without plasma (first column), with an input voltage of
(second column) 10, (third column) 12, and (fourth column) 14 kV at a flow rate of (first line)
2.5, (second line) 2.7, (third line) 3.0, (fourth line) 3.4, and (fifth line) 3.7 SLM.
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A.3 Streamwise turbulence intensity of velocity fluctuations
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Figure A3: Streamwise turbulence intensity of velocity fluctuations contour for an APPJ
without plasma (first column), with an input voltage of (second column) 10, (third column)
12, and (fourth column) 14 kV at a flow rate of (first line) 2.5, (second line) 2.7, (third line)

3.0, (fourth line) 3.4, and (fifth line) 3.7 SLM.
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A.4 Streamwise turbulence intensity of velocity fluctuations normalised by
the centreline velocity
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Figure A4: Streamwise turbulence intensity of velocity fluctuations contour normalised by the
centreline velocity for an APPJ without plasma (first column), with an input voltage of
(second column) 10, (third column) 12, and (fourth column) 14 kV at a flow rate of (first line)
2.5, (second line) 2.7, (third line) 3.0, (fourth line) 3.4, and (fifth line) 3.7 SLM.
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A.5 Turbulent kinetic energy

14 kV

No plasma

x/D

2.5 SLM

1.50 -1.50 5 -075 000 x 075 000 075 1.

xD

2.7S8ILM

150 -1.50 0. X 5 075 0.00 0. -0.75 000 075 1.

3.0SLM

075 000 075 075 00O 075

34S81.M

150 -1.50 4. . 075 0DD 075 075 DO 075 1.

378LM

075 0DD 075 075 DO 075 1

D D rD

Figure A5; Turbulent kinetic energy contour for an APPJ without plasma (first column), with
an input voltage of (second column) 10, (third column) 12, and (fourth column) 14 kV at a
flow rate of (first line) 2.5, (second line) 2.7, (third line) 3.0, (fourth line) 3.4, and (fifth line)
3.7 SLM.
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A.6 Turbulent kinetic energy normalised by centreline velocity
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Figure A6: Turbulent kinetic energy contour normalised by the centreline velocity for an

APPJ without plasma (first column), with an input voltage of (second column) 10, (third

column) 12, and (fourth column) 14 kV at a flow rate of (first line) 2.5, (second line) 2.7,
(third line) 3.0, (fourth line) 3.4, and (fifth line) 3.7 SLM.
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A.7 Reynolds stress
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Figure A7: Reynolds stress contour for an APPJ without plasma (first column), with an input
voltage of (second column) 10, (third column) 12 and (fourth column) 14 kV at a flow rate of
(first line) 2.5, (second line) 2.7, (third line) 3.0, (fourth line) 3.4, and (fifth line) 3.7 SLM.
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A.8 Reynolds stress normalised by the centreline velocity
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Figure A8: Reynolds stress contour normalised by centreline velocity for an APPJ without
plasma (first column), with an input voltage of (second column) 10, (third column) 12, and
(fourth column) 14 kV at a flow rate of (first line) 2.5, (second line) 2.7, (third line) 3.0,
(fourth line) 3.4, and (fifth line) 3.7 SLM.
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Appendix B Models
From Plasma Process Polym., Manuscript number DOI:10.1002/ppap.
B.1 Gas mixture

In order to account for the varying composition of gas downstream of the jet orifice, a
computational model was developed that solved for the velocity field of the gas mixture in
addition to the mass fractions of its constituents, namely N2, Oz, H2O, and He. To obtain the
velocity field, the model solved the mass continuity Equation (B.1), which solves for the mass
density of the entire gas mixture, and the momentum conservation Equation (B.2). To compute
densities of the species constituting the gas mixture, the mass continuity equation, given by
Equation (B.3), was solved for the mass fraction of three species, while the mass fraction of
the fourth was determined from the pressure constraint. All equations were solved in steady-

state mode (i.e., time-independent equations):

V-(pu) =0 (B.1)
p(iL V)i = ~VP + ¥+ (u(Vil + Vi) ~ 4V D)1 ) = (0~ po)g (B2
p(E Vw; +V- () =0 (B.3)

Where pis the density of the gas mixture (kg m), L] is the velocity field of the gas
mixture (m st), P is the gas mixture’s pressure (Pa), z is the gas mixture’s viscosity (Pa s), | is
the identity matrix, po is the density of air (kg m™®), and g is the gravitational acceleration (m
), wi is the mass fraction of the i" species, and T is the diffusive flux of the i species, which

is calculated according to Maxwell-Stefan theory for diffusion as given by Equation (B.4, B.5,

B.6).185'186
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i = Pw;iV; (B.4)

XiXj ,—~ = Vp
Vxi = ) 2L (0 =) + =2 (w1 - 1) (85)
e Ljj p
j=1
My

Where \7i is the diffusion velocity of the i species (m s™), xi is the mole fraction of the
i" species (dimensionless), which is related to the mass fraction by Equation (B.4), and D;j is
the binary diffusion coefficients between the i" and the j species (m? s1). A list of the binary
diffusion coefficients used in the model is given in Table B1. It should be noted that Equation
(B.5) is incorporated in the model as a constraint linking the flux term and the mass fraction
term in Equation (B.3). In Equation (B.6), M; and M,, are the molecular weight of the i species
and the average molecular weight, respectively (kg mol™). Lastly, the computational domain

and the boundary conditions used are described in Appendix B2.
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Table B1: A list of binary diffusion coefficients used in the model.

Combination Diffusion coefficient [m? s!] Reference
N2 — He 6.78x10° 187
N2 — O 2.09x10° 168
N2 — H20 2.54x10° 189
Oz~ He 7.36x10° 187
He — H.0 8.36x107° 189
Oz - H20 3.185x10® 189

It is hypothesized that plasma-induced turbulence affects the flow’s velocity field and
thus the gas composition. In order to account for such effects in the computational model, the
Reynolds-Averaged Navier-Stokes (RANS) approach for modelling turbulence was followed,
where a turbulent viscosity uy (also known as eddy viscosity) was added to the viscosity of the
gas mixture. The eddy viscosity is a mathematical means to describe the loss of momentum of
the flow as a result of turbulence as an “effective” viscosity that is added to the physical
viscosity of the fluid. Similarly, a turbulent diffusivity D is added to the binary diffusion
coefficients.’® The computation of the eddy viscosity is typically done using one of the
conventional RANS turbulence models, such as the k —& model. The k —& model consists in
a two-equation model describing the mean flow for turbulent conditions which fits well the
objective here, although k-omega is an alternative to model turbulence. Considering that such

models were calibrated for flows without plasma, their use for plasma modified flows will yield
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results with unknown accuracy. To overcome this challenge, statistical analysis of the PIV data
was conducted to obtain the necessary parameters to calculate the eddy viscosity resulting from
the plasma generation. Following the k — ¢ modelling approach, the turbulent kinetic energy k
(m?s2) and the turbulent kinetic energy dissipation rate £ (m? s®) are defined by Equation (B.7)

and (B.8).1%

1 ’ 2 ’ 2
k—i(ur +1',%) (B.7)
€ = 2v,S;; " Si; (B.8)

In Equation (B.8), s;; is the fluctuating deformation rate of the fluid (s1), which was

calculated from the PI1V data as outlined by Xu and colleagues.'®* After calculating k and & the

eddy viscosity was calculated according to Equation (B.9).1%

k2
ur = pC— (B.9)
&
Where C is a constant equal to 0.0016 and p is the self-consistent gas mixture density
calculated by the model. The turbulent diffusivity Dy is related to the eddy viscosity by

Equation (B.10).1%°

Ur

D.. =
r pScr

(B.10)

Where Scy is the turbulent Schmidt number, obtaining an accurate value for this in a
plasma-modified flow is not possible; however, the turbulent Schmidt number is close to unity
for a wide variety of gas flows under very diverse conditions; hence it is assumed to be 1 in
this investigation.'®> The model is subsequently solved with the experimental input of u; and
Dy, which were smoothed and mirrored, then added to their physical counterpart quantities.
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The model was solved for applied of 10 and 14 kV, in addition to an unperturbed laminar case,

where the eddy viscosity and diffusivity were set to zero.

The model is a radiative collisional model which consisted of a system of Ordinary
Differential Equations (ODE) describing the LIF transitions. The system was solved at every
point in the computational domain close to the jet’s orifice (x< 20 mm, x/D < 7), with the gas
composition required for the ODEs being taken from that calculated by the fluid flow model.
To quantify the density of ground-state OH, the 4-level model reported by Verreycken et al.
was adopted.'®° The experimental parameters used in this study are summarised in Table 4. In
order to validate the developed computational model, the predicted LIF signal decay times were
compared to those measured experimentally at multiple points along the jet axis; a close

agreement was observed.
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B.2 Boundary conditions for the model

This appendix explains the geometry used in the model and the boundary conditions
for the equations solved. The computational domain is shown in Figure B1 and the boundaries
are labelled B1 to B5. For every equation solved, there is a boundary condition implemented

on every boundary. A list of the implemented boundary conditions is listed in Table B2.

The boundary condition B1 describes the symmetry axis of the geometry. The boundary
conditions B2 describe the ambient air conditions, where the gas composition is set equal to
that of ambient air, assuming 1% of H>O. The boundary B3 describes an outflow condition,
where the viscous stresses are set to zero across the boundary, the convective flux of any
species is continuous across the boundary, and the diffusive flux is set equal to 0. The
boundaries described by B4 describe a wall where both velocity components are set to zero, in
addition to setting the flux of every species equal to zero. Lastly, the boundary B5 describes
the inlet, where helium gas flow is inserted into the domain. It is described by a normal velocity
chosen to match the flow rate in the model as well as in the experiment (i.e., 2 SLM). The gas
composition at the inlet was chosen to be in line with the composition of the Helium gas

reported by the gas supplier.
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Figure B1: The computational domain of the model used in this study.
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Table B2: Boundary conditions used in the model

Boundary Mixture flow condition j™ component condition
Symmetry Symmetry
B1 ou _ouy P o _
or or or or
Fixed mass fraction
Open boundary y, =0.8061
B2
—pI+,u(VG +VUT)—§;¢(V-G)I:O (g, =0.2336
0y, = 0.0066
Outflo
Open boundary HHTow
B3 o2 v hpo Y D.d =0
—pl+ﬂ(Vu +Vu )—gu(v'u)'=0 pwi; e
Wall No flux
84 u =0,u, =0 n-T; =0
Fixed mass fraction
Inlet w,, =1.66x10"*
B5 u =V @, =1.66x107*

=1.66%x10"°

a)H 20
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B.3 LIF model

In order to determine the ground state OH density based on nex, the 4-level collisional
radiative model reported by Verreycken et al. was utilized.'® Briefly, the model follows the
densities of 3 laser-excited levels of OH in addition to the ground state. The followed levels
are the ground state OH X(v’’=0), OH A(v’=1), OH A(v’=0), and OH X(v’’=1). For each level
an ordinary differential equation is solved describing the gains and the losses of that level,
leading to a coupled system of 4 equations. The processes described in the system are the
radiative excitation by the laser, the quenching by air constituents, and the vibrational
relaxation. The latter corresponds to the energy dissipation by a molecule to return to an
equilibrium state. It is assumed in the model that the rotational energy transfer is much faster
than the other processes; thus, the rotational levels are not resolved. The inputs to the 4-level
model include the experimental parameters listed in Table 4, the gas composition determined
by the flow model described in Appendix B1, and an estimated ground state OH density.
Solving the 4-level model provides a prediction of the LIF signal intensity, which, by
comparison to the measured LIF signal intensity is used to determine the actual ground-state
OH density. Full details of the implementation can be found in the works of Verreycken and

colleagues.t®°
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