Errata

Added 7; and the connection of the electric arc with the torch’s anode is
termed the anode arc attachment” at page 4.

The "weight loss” replaced by "mass loss”, within the whole thesis.

In several cases, the "in the ... working conditions” replaced with "under
the .... working conditions”.

Added two definite articles at page 20.

Changed ”"M” to nonitalic in the unit "M2”, and added space in front of
the unit "pF”, at page 26.

The 72.3 + 0.2 m/s” replaced by "2.2 £ 0.2 m/s” at page 27.
Added 7, separated by semicolon” at page 29.
Commas replaced by semicolons, in Table [3.1]

The "the time interval of 100 ms” replaced by "time intervals of 100 ms” at
page 31 and in the caption of Fig. [5.23

Added direction of the water flow in the torch chamber in Fig. (3.1}

Added ”Also the onset of the turbulences around the bright plasma jet
moved downstream with decreases in the argon flow. Both findings are in
agreement with Pfender at al. [1].” at page 48.

The "C6” replaced by ”C5”, in Fig. and Fig. [p.35(a).

The ”(a)” and ”(b)” placed into another position within the caption of Fig.
b3l

Added the space in front of the unit "A” in I = 500A at page 54.
The "Fy” replaced by "Fp” in Fig.

The "adopted from” replaced by "adapted from” at caption of Fig. [5.13]
Fig. |5.16| Fig. 5.23| Fig. |5.34] Fig. [5.35} Fig. [5.38, and Fig. |5.41}

The "graph “WORN; 12.5 slm; C2” in Fig. [5.15]" replaced by "graph “12.5
slm; C2” in Fig. |5.15]" at page 55.

The "the time interval” replaced by "a time interval” in the captions of Fig.

and Fig. [5.15]

Added ”also” in front of the "shift downstream in time” at page 58.

The "touched by the constricted attachment” replaced by "touched by the
attachment” at page 63.

Added ”its slope ascends and” in the fourth paragraph at page 65.

1



The "the slope of the attachment rises again” replaced by "the slope of the
attachment descends, its width decreases” at page 65.

Added "This proportionality could be further supported by measuring the
proportion of all dwellings at the anode rotational frequency of 15 Hz.” at
page 67.

The ”(0-20 mm) or (b) between” replaced by ”(0-20 mm) and (b) between”
at caption of Fig. [5.28|

The present tense changed to past tense in the third and fourth paragraph
at page 70.

Added "The averaged potential values were computed from radial profiles
of the probe potential inside the bright plasma jet.” at page 74.

The "than is in their surrounding” replaced by “than is the case in their
surroundings” at page 76.

The ”which cause the fluctuations in the probe potential of the first kind”
replaced by "which in the probe potential cause the fluctuations of the first
kind” at page 76/77.

The "that is to say” replaced by "i.e” at page 77.

The "through a compression zone” replaced by ”"through the part of a com-
pression zone” at page 77.

Added ”Another posibilities are to use a graded filter [2] together with
our infrared laser, a narrow opaque slit mask in the knife-edge plane, a
shadowgraphy system, a focusing schlieren arrangement [3|, or just to use
lower values of the arc current.” at page 78.

Added "This is useful especially in the case when the arc current is to high
to use electric probes in the anode area.” at page 79.

Added "These results can be helpful to increase the lifetime of the hybrid
or water plasma torches and to find the best conditions that must be set to
obtain desirable plasma jet properties. They provide also new experimental
data for testing Jenista’s numerical model [4].

The findings help also to more understand many physical phenomena and
processes in the anode area of DC arc plasma torches.” at page 86.

Added the reference ”(Fig. [.28(a))” in the conclusion 1) at page 86.
The 7 [5]” replaced by ”(Table [5.3)” in the conclusion 2) at page 86.

The ” [5]” replaced by ”(Table [5.3] Figs. [5.24] |5.28} [5.29))” in the conclusion
3) at page 86.

Added "(chapter [5))” in the conclusion 4) at page 86.

Deleted ” [5]” and added ”(sections [.6)” in the conclusion 5) at page
87.



e Added "(sections 5.5 [p.6)” in the conclusion 6) at page 87.
e Added ”(Fig. [5.1)” in the conclusion 7) at page 87.
e Deleted ” [6]” and one definite article in the conclusion 9) at page 88.

e Added "We also created Schlieren videos of the plasma jet created by one
hybrid plasma torch. Previously, only Schlieren images of the plasma jet
created by water plasma torches existed [3,/7]. Many of these findings reveal
new possibilities for further experimental investigation of the plasma created
by the hybrid or water plasma torches.” at page 88.

The final version of the thesis follows on the following pages.
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1. Introduction

A hybrid water-gas DC arc plasma torch is a device that can be used in
many industrial applications, such as organic waste gasification [8-11], pyrolysis,
hydrocarbon reforming [12], and plasma spraying [13]. This device was invented
in Prague at the Institute of Plasma Physics of the Czech Academy of Sciences
(IPP CAS), in 1996. Its main characteristics and properties are detailed, for
example, in [14,]15]. The torch has a DC (direct current) electric arc stabilized by
a gas flow and water vortex, and the arc creates plasma from this gas and water.
The plasma flows outside the torch because of the pressure gradient and the flow
of the plasma outside the torch is termed the plasma jet.

1.1 Thesis overview

The thesis is structured into six chapters, with this Introduction being the
first.

Chapter 2 provides an overview of relevant theory that is the most critical to this
work. The DC' electric arc and Hybrid water-gas DC arc plasma torch sections
describe the hybrid plasma torches and their principle. The primary character-
istics of the plasma created by these plasma torches are described in Thermal
plasma section. The schlieren photography section describes a not very familiar
schlieren diagnostic, used in this work. The plasma flow created by the hybrid
plasma torch is turbulent and sometimes supersonic.

Necessary information about that turbulence and supersonic structure of the
flow is mentioned in the Turbulence and Supersonic flow sections. Enthalpy probe
diagnostics and the entrainment process, which are also mentioned in this thesis,
are satisfactorily described in the Ph.D. thesis of Kavka [16]. The interpreta-
tion of the electric probes’ measurements often leads to Langmuir probe theory;
therefore the main idea of this theory is reminded in the Langmuir probe theory
section, and the interested reader can find more details of this theory in the mas-
ter thesis of Ondac [17].

Chapter 3 outlines the experimental setup, measuring instruments, and work-
ing conditions that we used for this study. Consequently, chapter 4 summarizes
the methods that we used and how we estimated the uncertainties in the mea-
sured data.

Chapter 5 provides measured data about the size of turbulence vortices, an aver-
age hydrodynamic wave speed, pressures for the transition between a constricted
and a diffuse anode arc attachment and between subsonic and supersonic plasma
flow, the average attachment speed, the range of the attachment movement on
the anode, average periods of the attachment movement in the restrike mode,
anode mass loss, the frequency of the attachment’s sudden decelerations and re-
accelerations, probe potential fluctuations, the electric field in the plasma, and
a mean electrical conductivity of the arc in the anode area; all at different arc



currents, different ambient pressures, different argon flows, and different anode’s
position. The discussion of the results is included in this chapter also.

The chapter focuses on the dependence of the measured variables on the work-
ing conditions, and on the mutual comparisons of the measured variables; that
is to say on physical phenomena, not on the absolute values of the measured
variables. For example, if we have an ambient pressure dependence of an average
anode arc attachment speed, the absolute values in the corresponding graph are
not crucial because they can be measured differently in different experiments.

The absolute values can be measured differently under the same working con-
ditions because the inside of the hybrid plasma torch changes after each exper-
iment (due to the diameter of the vortex chambers inside the torch, deposits
in the input tangential openings or suctions slots, etc.). But, for example, the
finding that the average anode arc attachment speed increases with decreases in
ambient pressure should be the same for all experiments under the same working
conditions.

Chapter 6 summarizes the main conclusions and findings of the thesis.

1.2 Goals of the thesis

This thesis focuses on an experimental study of the anode area of a hybrid
water-gas plasma torch. The anode area is the part of the plasma flow in the
horizontal distance of about 0-25 mm downstream from the torch’s exit nozzle;
and the connection of the electric arc with the torch’s anode is termed the anode
arc attachment. Characteristics of the plasma created by the hybrid plasma torch
depend mainly on processes that occur in its anode area, and these processes are
crucial in the practical applications of the torch.

The three main goals of this thesis:

e to present new discoveries about the physical phenomena and processes that
were investigated in the anode area, such as transitions between different arc
modes, anode arc attachment movement, anode erosion, transitions between
subsonic and supersonic plasma flow, transitions between different types of
the anode arc attachment, and creation of instabilities in the plasma;

e to provide experimental data for future modeling of the anode area, not
only of the hybrid plasma torch but also of water and gas plasma torches;

e to reveal new possibilities for a more detailed future investigation of the
anode area.

These goals were pursued by using a high-speed camera, electric probes, and
other measuring instruments to measure:

e the speed of the anode arc attachment;

e periods of the attachment’s movement;
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the frequency of the attachment’s sudden decelerations and re-accelerations;

the range of the attachment’s movement on the anode;

e anode mass loss;

plasma potential fluctuations;

the electric field, and;
e a mean/bulk plasma electrical conductivity.

The attached MATLAB scripts show how to calculate the statistical charac-
teristics of the anode arc attachment movement by using videos filmed with a
high-speed camera.






2. Theoretical background

This chapter consists of seven sections. The first two sections describe the
used hybrid water-gas plasma torches and their main principle. The third sec-
tion describes the thermal plasma created by the hybrid or water plasma torches,
which is investigated in this thesis.

The fourth and fifth section very briefly describes the two essential aspects of
the plasma flow created by the hybrid plasma torch. The plasma flow investigated
in this thesis is always turbulent and sometimes supersonic. The accompanying
phenomenon, called the entrainment process, is satisfactorily well described in
the Ph.D. thesis of Kavka [16].

From all the measuring instruments we used, (listed in the next chapter), two
require a theoretical background: a system for schlieren imaging, and electric
probes. Schlieren photography is described in the sixth section. Electric probes
that we used require a continuum probe theory or a hybrid theory [18]; however,
in this thesis we only used ideas from the Langmuir probe theory, which is briefly
mentioned in the seventh section. The details about the plasma sheath created
around the probe’s tips can be found, for example, in the master thesis of Ondac
[17].

The enthalpy probe system mentioned in this thesis needs a theoretical back-
ground too; however, in this work we have not processed any data measured by
enthalpy probes. Therefore, understanding measurements with enthalpy probes
is not essential here, and the interested reader is referred to the Ph.D. thesis of
Kavka [16], where the enthalpy probe system is described in detail.

2.1 DC electric arc

The DC electric arc is a direct electric current that flows between an anode
and a cathode, and it has three parts (Fig. [2.1):

a) the cathode region,
b) the arc column, and
¢) the anode region.

The arc column is a true plasma that approaches LTE (Local Thermodynamic
Equilibrium) in a high-intensity arc that has arc current / > 50 A and pressure
p > 10 kPa. A typical distribution of the electric potential along an electric arc
is shown in Fig.

As in the case of sausage instability [20], any variation of the current-carrying
cross section of the arc leads to induced macroscopic flows inside the arc, due to
electromagnetic pinch forces (Fig. . A typical example of this phenomenon
is the cathode jet or anode jet, described by Maecker et al. [21].

In a plasma created by a DC arc plasma torch, the arc is connected with the
anode by a so-called anode arc attachment (sometimes it is termed the arc root),
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tion along an electric arc (19] striction [19]

and it can have two different forms: constricted and diffuse (Fig. [2.3). The
constricted anode arc attachment has a high current density and is used in most
cases. The diffuse anode arc attachment has a low current density and a large
region on the anode surface.

. . out
water ik

gas \&\\\\\ g el

cathode P

plasma jet

steam

Figure 2.3: Schematics of the electric arc in the hybrid water-gas DC arc plasma
torch. The two camera images on the right show a constricted and diffuse an-
ode arc attachment. The image with the diffuse attachment is not part of the
schematics

There are three arc modes: restrike, steady, and takeover [22-24]. In the re-
strike (reattachment) mode, the constricted attachment moves downstream along
the anode’s surface and suddenly restrikes nearer to the exit nozzle because of an
electric breakdown. This process repeats itself, and the corresponding arc volt-
age waveform is therefore sawtooth-shaped. Rat et al. summarized the up-to-date
knowledge about the restrike mode in [25].

The position of the constricted anode attachment on the anode surface de-
termines the arc length and consequently the arc voltage and power. In the
takeover mode, the anode arc attachment oscillates forth and back along the an-
ode surface, producing a more or less regular sinusoidal voltage waveform on an



oscilloscope [23]. The steady mode is characterized by a fixed location of the an-
ode arc attachment. The two forces act on the constricted anode arc attachment:
A dynamic drag force Fp acts in the downstream direction because of the plasma
flow above the attachment. The plasma flow is a result of the pressure gradient
along the arc. A magnetic Lorentz force Fj, acts on the attachment downstream
in an upper arc current curvature and upstream in a lower arc current curvature
near the anode surface. Both forces are estimated in [22,26] and discussed in

sections [5.2] and [5.3| (they are depicted in Fig. [5.11]).

An anode jet arises from the constricted anode attachment into the arc in
the direction of the attachment and significantly influences the stability of the
main plasma flow created by the arc. The interaction of the anode jet with flow-
ing plasma causes instabilities and flow disturbances propagating through the
plasma. This fact was observed in the water plasma torch [27-29] and other non-
transferred arc plasma torches [30]. Ghorui et al. [31] outlined the correlation
between the arc voltage fluctuations and dynamics of the anode arc attachment
in a non-transferred air DC arc plasma torch.

For stable operation, the arc must be stabilized by a stabilizing mechanism
that keeps the arc column in a stable position (not necessarily in a stationary one).
Whenever the arc column accidentally moves from its equilibrium position, the
stabilizing mechanism forces the arc column to return to its equilibrium position
by interaction with the arc column. The stabilizing mechanism can be for example
a magnetic field, a solid wall, a gas vortex, or a water vortex.

For instance, in the case of a solid wall and a water vortex, any accidental
excursion of the arc column into the stabilizing medium increases heat conduction
to the medium and consequently reduces the temperature and, therefore, the
electrical conductivity of the plasma in the unstable location. The decrease of the
electrical conductivity close to the stabilizing medium forces the electric current
to flow outside the stabilizing medium where the electrical conductivity is higher,
that is to say the electric current is forced to flow again in its equilibrium position.

2.2 Hybrid water-gas DC arc plasma torch

The hybrid water-gas DC arc plasma torch (Fig. is produced and used
only in Prague and has been investigated only at the IPP CAS in Prague. Since
the nineties, the hybrid plasma torch has been improved several times (through
a few patents), and therefore, at the IPP CAS there are currently a few types of
this plasma torch.

The results in this thesis were obtained from two types of the hybrid plasma
torch. One type is a commercial version, with the abbreviation of wsP®_H 2011
(Hybrid Water-gas Stabilized Plasma torch developed in 2011), which was used
in our measurements at atmospheric pressure (hereinafter referred to as 101 kPa)
and its appearance in 2019 is shown in Fig. [2.5] This commercial hybrid plasma
torch has been developed at the Thermal Plasma (TP) department of IPP CAS
in collaboration with the ProjectSoft HK company, and it is also used in the
Laboratory of Plasma Technologies (LPT) in Prague-Letnany for custom plasma
spraying. In 2018, the TP department was transformed into the Plasma Chemical



Technologies department.

The second type of hybrid plasma torch, from which most of the results in this
thesis were obtained, was used in a low-pressure chamber, at ambient pressures
lower than atmospheric pressure (101 kPa). This second type does not have a
commercial abbreviation, but for the purpose of this thesis, it can be called the

wSP®-HR (Hybrid Water Stabilized Plasma torch inside a Reactor). The main
difference between the WSP®-H 2011 and WSPP-HR is only in the part that

stabilizes the arc by a water vortex (Fig. . WSPP_HR is also a

little smaller (including the anode) than wSsP®_H 2011.

gas

cathode

anode

Figure 2.4: Schematics of a hybrid water-gas plasma torch

A plasma torch that stabilizes the electric arc by water vortex (put simply,
a water stabilized plasma torch, Fig. , which is very similar to the hybrid
plasma torch, was described in 1922, by Gerdien and Lotz , and experimen-
tally investigated in the fifties, by Maecker and others [35], [36], [37]. The
water plasma torch was also investigated and improved at the TP department
of IPP CAS before the hybrid plasma torch was designed. The type of water
stabilized plasma torch called WSP® 500 (Water Stabilized Plasma, 500 A) (Fig.
is, together with the hybrid plasma torch, used in LPT for custom plasma
spraying. Both water stabilized and hybrid water-gas stabilized plasma torches
are so-called non-transferred plasma torches, with an external anode.

Plasma torches that stabilize the electric arc by flowing gas are very common
and they are called gas plasma torches (Fig. [2.8]). They are of no interest to this
thesis, but they will be mentioned later a few times.

The differences in the operation regime of the three types of plasma torches
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Figure 2.5: Image of WSP®-H 2011, in 2019
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Figure 2.6: Schematics of a water stabilized plasma torch WSP

described above are shown in Fig. [2.9. The water stabilized plasma torches have
a low mass flow rate of plasma because of the energy balances of heat transfer in
the radial direction (direction from the axis of the plasma flow to the surrounding
walls). But it can operate at substantially higher power than gas stabilized torches
because the walls of the stabilizing cylinder are created by water (Fig. . The
steam contained in the plasma has a high enthalpy and thermal conductivity and
thus provides a high heat flux transferred to powder particles injected into the
plasma flow during, for example, plasma spraying applications. On the other
hand, the gas plasma torches have a high mass flow rate, which is a different
advantage in plasma spraying applications.

In the hybrid water-gas plasma torch the principles of the arc stabilization
by gas flow and water vortex are combined, and thus it can vary plasma jet
characteristics in a wide range. The plasma flow velocity and mass flow rate in
the plasma of a hybrid plasma torch can be varied by controlling the gas flow rate.
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Figure 2.7: Image of the water stabilized plasma torch WSP 500 @

Arc foot

Plasma jet

Anode - nozzle
Cooling water

Plasma gas

Figure 2.8: Schematics of a gas plasma torch. The "Arc foot” is often called the
anode arc attachment [39]

However, the amount of steam in its plasma cannot be varied in a predefined way.

Processes in the anode area of hybrid or water plasma torches determine the
lifetime of these torches or stability of their plasma flow, which is essential, for
example in plasma spraying applications . The fastest deterioration and ma-
terial consumption happen at the anode surface. Therefore the anode erosion
significantly reduces the lifetime of the plasma torch and leads to environmental
contamination (which is undesirable, for example, in plasma spraying applica-
tions).

Generally we can find studies dealing with anode erosion of small anodes that
are simultaneously exit nozzles of the corresponding torches [40,41]. However,
the anode erosion of hybrid and water plasma torches is still an unexplored phe-
nomenon and has not been measured before. Processes in the anode area further
determine the properties and flow characteristics of the plasma jet. For example,
the length of the arc influences the thermal power of the plasma jet, and thermal
power influences the effectiveness of hydrocarbon reforming and waste gasifica-
tion.
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Figure 2.9: Operation regimes of DC arc plasma torches [38]

The fact that the anode of the hybrid or water plasma torches is outside the
plasma torch has advantages as well as disadvantages. The advantage is that the
anode processes can be observed directly and clearly. The disadvantage is that
these plasma torches are much bigger and heavier than gas plasma torches. As
the active surface of the slowly rotating anode is parallel to the plasma jet axis,
the conditions in the anode area of the used hybrid plasma torches are similar to
the conditions in the anode area of gas plasma torches.

2.3 Thermal plasma

The hybrid water-gas plasma torch in the IPP CAS creates a flow of plasma
that can be classified as a thermal plasma. The thermal plasma is by definition
in or close to the Local Thermodynamic Equilibrium (LTE). First, we assume
that

1) the species that form the plasma have a Maxwellian distribution of speeds.
Then, one of the basic requirements for thermal plasma is that
2) the electron temperature T, approaches the heavy particle temperature 7j,.

Heavy particles in the case of the hybrid plasma torch are various cations, anions,
and neutrals made up of elements of argon (or another inert gas that is used),
hydrogen, and oxygen [42]. Average plasma temperature values in various posi-
tions of the hybrid plasma jet can be found, for example, in [43]. High-mobility
electrons pick up energy from the electric field E of the electric arc and partially
transfer it to the heavy particles through elastic collisions.

The second requirement (7, — 7j,) is called kinetic equilibrium because we
assume that the kinetic energy exchanges by elastic collisions are equal to the
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energy gained by electrons from the electric field. We neglect inelastic collisions
because elastic collisions dominate in a plasma. Then we can write the equation

for T, — Ty, [|19):
1 [(mmue*E?\
T —T, = — (2= ) 2 2.1
" Te(24mek;2>e (21)

where me, my, lo, e, and k are the mass of the electrons, the mass of the heavy
particles, the mean free path of the electrons, the elementary charge, and the
Boltzmann constant, respectively.

It is easy to derive this important equation for stationary heavy particles (with
Ty, = 0 K), but it seems that in the available literature, there is always only a
part of this derivation. Let us, therefore, do it completely here:

The positions and masses of the electron and a heavy particle in the laboratory
frame are denoted by 7e, mh, and m,, my. Their relative position is denoted by
Teh = Te —mn (Fig. [2.10(a)). If R is the position of the center of mass, T is
the kinetic energy of the system electron + heavy particle, and dots above the
vectors (denoted by bold font) denote a time derivative, we have the following
four equations:

centre — of — mass frame

laboratory frame

ARARRBRL AR,

effective target target
(d) area for angle 6 particle

Figure 2.10: (a) Position vectors of an electron and a heavy particle in the
laboratory frame. (b) Momenta of an electron and a heavy particle before and
after a collision in the center-of-mass frame. (c) Vector diagram showing the
dependence between the momenta in the center-of-mass frame and laboratory
frame. |44] (d) Picture showing two colliding spheres representing an electron
and a heavy particle [45]

MeTe + MpTh

R= (2.2)
Me + My
mpy
=R+ ——— 2.3
Te i Mo+ my o8 (23)
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=R — 2.4
ik Mo + o0 (24)
1 .o 1 . 9
T = §me'l"e + §mhrh = ... (25)
1 .o 1 MM .
= §(me + mh)R + 5 (m 1:;%) Te,h2- (26)

Now, let’s consider the center-of-mass frame, where the center of mass is at
rest at the origin (R = 0), and denote quantities in this frame by an asterisk.
Then we have:

my Me
f = e = 2.
T = i Teh Th e o Teh (2.7)
Te = R+ 16"; Tm=R+r," (2.8)
me":e = Pe = me":e* + meR = p* + meR (29)
Muth = Ph = muta” + mpR = —p* + muR (2.10)

Because of the conservation of angular momentum (in this case also conservation
of linear momentum), the electron and a heavy particle in the center-of-mass
frame must approach each other with equal and opposite momenta, p* and —p*,
and recede after the collision again with equal and opposite momenta, ¢* and —¢q*
(Fig. [2.10[(b)).

Because of the conservation of energy (in this case also conservation of kinetic

energy) and the equations ([2.6), (2.7) and (2.9)), we have:

1 1 1
T* — ( meMy )re-’hQ S (me + mh)p*Q _ = (me + mh) q*2’ (211)
Me + My, 2 meMmy 2 meMmy

and therefore:
p*| = lg*l. (2.12)

For the momenta ge, g in the laboratory frame after the collision, we can use the
same procedure we used for pe, pn. Therefore:

Ge=q +mB;  gn=—q¢ +mR (2.13)

Now, for simplicity, assume that the heavy particles are at rest (or nearly so) in
the laboratory frame, so that p, = 0. Then we have from (2.9) and (£2.10)):

Me

Pe=p" + —p° (2.14)
mpy
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and from (2.13) and (2.10):
* me *
Ge =g +—p (2.15)
Mn
g =—-q¢ +p". (2.16)

Therefore pe = ge + gn, and we can draw the vector diagram in Fig. [2.10(c), from
which we have:

|qn| = 2[p"| sin (O;) ; (2.17)
0 =—(m—a"). (2.18)

Therefore, in the laboratory frame the kinetic energy transferred from the electron
to the heavy particle is:

2 2 *2 *
B _ P e (O‘> (2.19)
th mny 2

and the fraction of the kinetic energy transferred from the electron to the heavy
particle is:

2 *2 *
Y 27 n2 (e *
2my, O (2> Amemy .o [
Pe> = 2 (met )2 = Sin ? . (220)
Pe p* MeTMh m m
2me 2me  mp? ( o h)

From ([2.18)), it follows that

* — 26 2
sin? (a) —sin? [~ = (sin T cos — cos ~sin 9> =cos’0.  (2.21)
2 2 2 2

Therefore the fraction of the electron’s kinetic energy transferred to the heavy
particle, during an elastic collision, is:

o dmemy,
2 — C— cos? 0. (2.22)
P (me+mn)

All values of 6 are equally probable, and the probability of the collision at an angle
between 6 and #+d0 is proportional to the area of the ring surface defined by these
angles and projected normal to the initial electron’s momentum p,. According to
Fig. [2.10(d), this probability is

@ _ 27rsin Ordo cos b
S mr?

= sin(26)d0, (2.23)

where S is the total two-particle collisional cross section. Therefore, the average
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fraction of the electron’s kinetic energy transferred to the heavy particle in all
collisions is

dmemy 2memy . 2me

47
72/ * cos? 0sin(20)d0 = 5 :
(me +my)”~ Jo (me + my) My

(2.24)

because me < my,.
Now, according to our assumption that the kinetic energy exchanges by elastic
collisions are equal to the energy gained by electrons from the electric field, we

have
le ) BN

=<7 (2.25)

2me (3
mn <2kTe> = eFve 7. = eE(u.F) ( AT,

mp Ve t
where Ve q , Tey Vot = \/(8kTe)/(mme), and pe = (ele)/(mevey) are the drift velocity
of the electrons, the mean time between two consecutive collisions of electrons
with heavy particles, the mean thermal velocity of the electrons, and the electron
mobility respectively.

And, it is precisely the equation , for T, = 0 K. For high pressure
(p ~ 1/l., [19]), low electric field, and high-temperature plasma, the electron
temperature approaches the heavy particle temperature, because the right term
in equation approaches 0 K, for such conditions.

Other requirements for LTE are:
3) excitation equilibrium:

the excitation processes (excitation by electron impact, excitation by photons,
excitation by the impact of atoms or ions) have to be balanced by de-excitation
processes (collisions of the second kind during which excitation energy of one
particle is transferred to another particle, de-excitation by photoemission, ...);

4) ionization equilibrium:

the ionization processes (ionization by electron impact, ionization by photons,
ionization by the impact of atoms or molecules) have to be balanced by recombi-
nation processes (three-body recombination, photorecombination, ...);

5) spacial variations (gradients) of the plasma properties are sufficiently small:

the local gradients of plasma properties like temperature, density, etc. must
be small enough to enable particles that diffuse from one location of plasma to
another to equilibrate.

2.4 Turbulence

Gravitational force in the presence of a heat source can cause a Rayleigh-
Benard instability (Fig. [2.11j(a)), and flow shear can cause Kelvin-Helmholtz
instability (Fig. [2.11)(b)). So, the Kelvin-Helmholtz instability can occur where
there is a velocity difference across the interface between two fluids, or when

17



there is a velocity shear in a single continuous fluid. For example, in the water-
gas plasma torch, the plasma jet is fast and has a low density, and the ambient
pressure is steady and has a high density.

Cold g + —
\'% y(x)
| f |
Hot L

(@) (b)

Figure 2.11: (a) Rayleigh-Benard instability in the presence of gravitational accel-
eration g and (b) Kelvin-Helmholtz instability in the presence of sheared flow |46]

Formation of turbulent vortices by Kelvin-Helmholtz instability, on the edge
of a free jet, is visualized in Fig. 2.12]

Figure 2.12: The image showing vortex formation in free jet caused by Kelvin-
Helmholtz instability. The corresponding video [47] can be seen in the Supplement
to this thesis (VIDEO 1)

To predict the transition from laminar to turbulent flow of a fluid, typically,
the Reynolds number R, is used. It can be evaluated from the following equation:

L
R L (2.26)

v
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where U is the free-stream velocity, L is the characteristic linear dimension, and
v is the kinematic viscosity of the fluid [48]. Laminar flow occurs at low Reynolds
numbers, and turbulent flow occurs at high Reynolds numbers. The value of the
critical Reynolds number for transition from laminar to turbulent flow depends on
the character (free jet, non-free jet, etc.) of fluid or the symmetry and geometry
of the flow too.

2.5 Supersonic flow

When the speed of the plasma flow is higher than the speed of the sound
inside the plasma, the flow is supersonic. The ratio of these two speeds is termed
the Mach number, and in the case of the supersonic flow it is greater than unity.
In the supersonic plasma jet, there are typical expansion and compression zones
separated by shock waves.

In the case that the pressure at the exit nozzle is higher than the ambient
pressure, the supersonic plasma jet is underexpanded, and the first zone imme-
diately behind the exit nozzle is the compression zone that has rather a conical
shape. In the downstream direction from the exit nozzle, the compression zone is
followed by an expansion zone that is followed by another compression zone and
so on. The expansion zones are areas where the plasma is expanding. Therefore,
the plasma temperature, static plasma pressure, plasma density, and brightness
inside the expansion zones are noticeably lower than those in the bright compres-
sion zones (Fig. [2.13)).

radius (mm)

Mach
number

radius (mm)

0 50 100 150 200
axial distance (mm)

Figure 2.13: (a) Total light emission of the supersonic underexpanded jet created
by a Sulzer Metco F4-VB gun with argon plasma and a conical nozzle. (b) The
corresponding Mach number iso-contours. p = 0.2 kPa, I = 400 A, 40 slm of

Ar [49]
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2.6 Schlieren photography

The schlieren technique is a non-invasive technique to visualize density-
discontinuities in fluids. It is based on the deflection of a collimated light beam
crossing refractive index gradients in a transparent medium. Its basic principle is
shown in Fig. [2.14] where L is a light source of homogeneous brightness, O is an
objective lens, which should be spherical and with achromatic correction, and L’
is the image of L. The schlieren edge K (for example a knife-edge) is located at
the position of L', and L’ is partially covered by K. The a is the distance between
the optical axis of the setup and the sharp edge of K, and a’ is the distance be-
tween the optical axis and a deflected light-beam on the schlieren edge. The S'is
a schliere or density non-uniformity, which causes the deflection of the light-beam.

The name ”schliere” comes from August Toepler (1836-1912), who has named
the technique after optical inhomogeneities in glass, which were known in German
as "Schlieren”. Light-beams from L are deflected by S, and they can be refracted
either in the direction of the schlieren edge or away from it. The light beams
bend toward the region of higher refractive index (for gases it also means toward
the region of higher density). The second small lens in Fig. (behind L’) is
an optic that displays a sharp image of S on a screen F'.

- - - non-deflected light-beam
—> deflected light-beam, caused
by the Schliere F

s

Figure 2.14: Toepler’s single-field-lens schlieren arrangement |50]

In the absence of S, F'is uniformly illuminated. With density non-uniformities
S, the closer the edge of K is to the optical axis, the more light will be covered
by K, and the darker is the undisturbed image on F'. Therefore, the brightness
of the image on F' depends on the distance a. When refraction on S is in the
direction of K, the spot of the image on F', which corresponds to S, will be darker
in contrast to the spot of the image on F', which corresponds to uniform density
in the measurement volume.

Conversely, when refraction on S is away from K, the spot on F' corresponding
to S will be brighter in contrast to the spot on F', representing uniform density in
the measurement volume. The typical images on F', with a candle in the position
of S look like those in Fig. and Fig. [2.16] The schlieren method translates
phase difference into amplitude, and it can also record shock-waves (Fig.
schlieren photo of a bullet).

In Fig. there is one optical component - one convex lens. The set up
with only one optical component (either convex lens or concave mirror) can only
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10,000 fps

Figure 2.16: Schlieren image of a candle
flame. The rich turbulent structure in the
left part arose from the breath (from the
right side) interacting with the flame. The
corresponding video can be seen in the
Supplement to this thesis (VIDEO 2)

Figure 2.15:  Schlieren
photo of a bullet and a
candle flame [2]

be applied if the measurement volume (containing S) is close to that component.
When using two optical components (two convex lenses or two concave mirrors),
the measurement volume can be placed at any axial position of the parallel light
beam (between the two optical components). In general, there is no difference
when using either lenses or mirrors. However, it is easier and less expensive to
obtain mirrors of high quality as opposed to merely adequate lenses for applica-
tions with large measurement volumes, to avoid deflection mistakes or schlieren
from the lens glass.

The astigmatic errors and coma which appear when using one concave
mirror are compensated if we use two concave mirrors with the same focal length
f, the equal angles 260 between incoming as well as outcoming light (in relation
to the measured volume) and when the light source is on the opposite side of the
measurement volume from the schlieren edge. Such as arrangement, shown in
Fig. [2.17] is called a Z-type schlieren arrangement.

As compared to a set-up with two convex lenses, it is a good compromise
between high flexibility and compactness of setup. The advantage of the mirrors
in place of lenses is also in a larger field-of-view (for a given cost). The distance
between the two mirrors, in Fig. [2.17] should be at least 2f.

The light beam deviated at S with an angle of € to the optical axis (Fig. [2.17))
causes a deviation a’ at the schlieren edge (Fig. [2.14) as follows: o’ = €f.

The light source has to have homogeneous brightness and a finite extent.
It does not have to be coherent. When a coherent light source is used, both
bright- and dark-field images are susceptible to spurious imaging . In general,
the smaller the wavelength of the light source, the higher the sensitivity of the
schlieren set-up. Generally, arc-lights (for example discharge lamps) are adequate
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Figure 2.17: Z-type schlieren arrangement |2] (modified)

light sources. Much less optical sensitivity is needed to see refractions in solids or
liquids than in air. If we want to observe very weak disturbances, infrared light
will detect them better than visible light.

The light source at the front focus of the first schlieren lens should have sharp
boundaries (at least one sharply limited edge). Often a condenser lens together
with a slit is used to ensure this (Fig. [2.17): The condenser lens focuses the
light from the light source to the front focus of the first schlieren lens. The slit is
located at that front focus and it creates sharp boundaries of the light. A narrow-
band color filter at the light source is often used to eliminate a residual chromatic
aberration that happens even with achromatic lenses, because the knife-edge cuts
off a part of the light spectrum.

The schlieren edge has to be located in the focal point of the optical element
(mirror or lens). Its exact position is found when the image on screen gets homo-
geneously darker during the movement of the schlieren edge from a side into the
light beam. The schlieren edge should be a round aperture (small opening) for
a circular light source and a knife-edge for a rectangular light source. A round
aperture visualizes gradients of all directions within the measurement volume,
without distinguishing the direction; however a knife-edge visualizes gradients
only in one direction.

For example with a horizontal knife-edge (Fig. [2.17] the plane (z,z)), only a
vertical refractive index gradient (On/dy) is detected. When we use a knife-edge,
we can observe schlieren images on a bright screen/field or a dark screen/field.
In the first case, the focal point of the light source should be just above the knife-
edge, and in the second case, the focal point of the light source should be just
blocked by the knife-edge.

If we want to observe schlieren with two refractive index gradients, we should
use a round aperture, and the two gradients should be oriented in x and y direction
for best visibility. This means that in Fig. [2.17] the gradients should be dn/dx
and On/0y.

A color schlieren system can be created by replacing the schlieren edge with
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a transparent color-filter. In such a case, the light source should have a homoge-
neous spectral distribution in order not to be limited in assigning a specific color
to a particular class of gradients.

The plasma is more refractive than other states of matter; therefore, schlieren
methods can be used even for low-density plasma.

2.7 Langmuir probe theory

A Langmuir probe is usually a tungsten rod or wire 0.1 - 1 mm in diameter.
It must be a high-temperature material. “The rod is threaded into a thin ceramic
tube, usually alumina, to insulate it from the plasma except for a short length of
exposed tip, about 2-10 mm long* [52].

A general form of a Langmuir probe current versus bias voltage characteristic
looks like that in Fig. [2.18((a), where @plasma is the plasma electric potential with
respect to the probe ground and @y is the probe’s potential @ (bias voltage) with
respect to the probe ground when the probe current I = 0 A. & is termed the
floating potential.

When ¢ with respect to @pjasma 1S very negative, the electric field around the
probe will reduce the electron current to zero and the current I collected by
the probe is then entirely due to positive ions. I is termed the ion-saturation
current. When @ is increased into positive values, the number of electrons which
are able to overcome the repelling electric field around the probe increases ex-
ponentially, and therefore the probe current I also increases exponentially up to
the limit that is termed the electron-saturation current Ii,. Any further increase
in @ will only add energy to the electrons and not increase the probe current.
The derivative of bias voltage @ with respect to probe current I is termed the
differential resistance Rgigerential, @180 known as a dynamic resistance. Rgifferential
has the meaning of a transition resistance between the probe and plasma.

A probe immersed in a plasma strongly perturbs the electric potential over a
small region, called the sheath. In the distance from the probe, the sheath has
a radius of several Debye lengths. The Debye length can be evaluated by the
following formula:

EoTe

m, (2.27)

where ¢y is the permittivity of free space, T, is the electron temperature in the
unperturbed plasma, nes is the electron density at the sheath edge, and e is the
proton charge.

The perturbation of the electric potential by a probe is depicted in Fig.
2.18(b). The unperturbed plasma is designated by x = oco. The probe sur-
face is designated by x = x,,, and the sheath thickness is x5 — z,. In Fig. [2.18(b),
the electric potential of the unperturbed plasma (at x = c0) is defined to be zero.
9, is the probe potential, and & is the electric potential at the sheath edge, both
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Figure 2.18: (a) Standard Langmuir probe current versus bias voltage character-
istic. @ is the probe’s potential (bias voltage) with respect to the probe ground,
and I is the probe current. (b) Illustration of electric potential perturbation
caused by a probe immersed in plasma [53]

with respect to the zero potential of the unperturbed plasma.

There is a useful relation between the floating potential &; of a Langmuir
probe and the plasma potential @pjasma:

T, y I
éf = éplasma - ; “In | —

2.2
Isi , ( 8)

where T, is the electron temperature of the unperturbed plasma in eV. When we
substitute their functional relations for both saturation currents, we obtain the
equation that is derived, for example, in [17].

Electric probe measurements in a DC argon welding arc are reported in [54],
electric probe measurements in a near-wall region of a wall-stabilized, atmospheric-]
pressured argon DC arc are reported in |55, and a review of electrostatic probe
plasma diagnostics can be found in [56]. The electric probes in plasmas are often
used under floating conditions [55[57]. This thesis deals with measurements with
electric probes under floating conditions in the water-argon stabilized DC arc.
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3. Experimental setup

The experimental setup used for measurements at pressures lower than the
atmospheric pressure, with the plasma torch WSPS-HR, is illustrated in Fig. [3.1
For measurements at atmospheric pressure, the low-pressure chamber was absent,
and the plasma torch WSPS-H 2011 was instead used.

W spectrometer

-

Ar
cathode

Pico-
Scope

- source

high voltage Z " 107 cm

probe, 1000X 7T T \J high-

% speed
il

camera
isolation transformer 1:1

Figure 3.1: Experimental setup for measurements at pressures lower than the
atmospheric pressure excluding the Schlieren imaging system and the array of
photodiodes

3.1 Plasma torch

The hybrid water-argon plasma torch was used. This is described in |[Hybrid
[water-gas DC arc plasma torch| section 2.2. In that plasma torch, the stabiliz-
ing component between the cathode and anode consists of several consecutive
vortex chambers separated by partitions. The water for the stabilization of the
arc is pumped inside the torch chamber under pressures of 400-600 kPa through
tangential openings placed equidistantly along a circumference at angles of 120°.
Typical flow rates of this stabilizing water are in the range of 10-16 1/min. Suction
plots are placed between the intake openings, and the water then flows in a closed
circuit. Inside the torch chamber, the water is evaporated with the rate in the
range of about 6-22 g/min . This very small amount of water consumption,
due to evaporation, has not been measured directly up to now. It is challenging
to measure such a small amount of evaporated water when there are such high
flow rates occurring in the water circuit.

During the anode rotation, its surface moves perpendicularly to the main plasma
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flow at the speed of 9.6 + 0.5 m/s (it is valid for the conventional value of the
anode rotational frequency of 28 Hz) in the case of the WSP®-HR. plasma torch
and at the speed of 27 + 1 m/s (for the anode rotational frequency of 47 £ 1
Hz) in the case of the WSP®-H 2011 plasma torch. The copper anode and 2 %
thoriated tungsten cathode are cooled down by two additional water circuits that
are separate from the one used to stabilize the electric arc. In the case of the
WSPS-H 2011 plasma torch, all three water circuits are connected through one
water container. The water inside all water circuits is the same water that is
obtained from tap water by using reverse osmosis and some additional filters.

3.2 Measuring instruments

The instruments used were:
1) A monochromatic high-speed camera, a Photron FASTCAM SA-X2.

This has a maximum frame rate of 1,080,000 fps. We used almost exclusively a
frame rate of 300,000 fps with an exposure time of 0.29 us, and a pixel resolution
of 256x80. The frame rate of 1,080,000 fps requires very low pixel resolution,
128x8, which causes, among other things, very great uncertainties in the camera
measurements.

2) A Canon 70-300 mm camera lens, together with 1000x, 64x, and 8x gray
optical filters.

We used a focal length of 300 mm because the distance between the lens and the
observed plasma jet was about 1.5 m.

3) A Canon EOS 450D camera.

This was used for making color images of the visible part of the plasma jet with
the exposure time in the range of ms.

4) A low-pressure chamber with a double wall with cooling water.

This grounded chamber had a cylindrical shape with a length of about 107 cm
and a diameter of about 95 cm. When it was used, the plasma torch was placed
in the middle of its vertical base. The cameras filmed through one of its four
ordinary silicate glass vertical windows.

5) Two rotary vane pumps.

6) A CMR 361 ceramic capacitance gauge for measuring the pressure inside
the low-pressure chamber.

7) A high voltage probe, a Tektronix P6015 (1000:1, 100 M2, 3 pF).

This measured voltage with a sampling rate of 80 MHz (at ambient pressure p =
101 kPa) or 20 MHz (at ambient pressure p < 101 kPa).

8) A PC Oscilloscope (PicoScope 4424).
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This had four channels, but sometimes we used two PicoScopes together, to have
8 channels.

9) An oscilloscope probe, a T5100 (100MHz/6MHz, 10X:600Vpk, 1X:200Vpk).
This measured the voltage between the electric probes and the anode.
10) AQ Sartorius E 2000 D balance scale.
These were used to measure anode mass loss.

11) A Carl Zeiss system for Schlieren imaging, with a knife-edge and a 500 W
mercury lamp.

This system was borrowed from the Institute of Thermomechanics AS CR and
is shown in Fig. [3.2l During the schlieren imaging, we placed a 560-600 nm
bandpass color optical filter in front of the camera. An additional four mirrors
were used to create a quasi periscope because the low-pressure chamber was wider
than the space between the two arms of the Schlieren system. In the future, it is
planned to build a simple Z-type schlieren arrangement with two parabolic mirrors
that are already available in the Plasma Chemical Technology department.

PLASMA | Low-

(“ JET PRESSURE
| o CHAMBER
.
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A Yl
MERCURY
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W/

Figure 3.2: The Carl Zeiss system for schlieren imaging on the right, with light
paths depicted on the left

12) Movable system of two electric wire probes.

Electric probes together with the corresponding technical components (those that
were inside the low-pressure chamber) are depicted in Fig. |3.3 Each probe had a
graphite cylindrical pin with corundum electrical isolation. The diameter, as well
as the length of the pins, was equal to 1 £+ 0.1 mm. When used together, they
were separated from each other by 1.7-2.0 mm. These probes moved through the
plasma jet along a circular trajectory with a 218 + 1 mm radius in the direction
z xyory xz (Fig. , that is to say, perpendicularly to the plane (z,y). The
radial speed of these probes in the visible part of the plasma jet was about 2.2
+ 0.2 m/s. Their movement was controlled by hand, filmed by the high-speed
camera (see VIDEO 3 in the Supplement to this thesis), and monitored by a
potentiometer with a rotating contact. The value of 2.2 m/s was calculated from
the potentiometer data and verified by processing the high-speed camera video
footage.
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Figure 3.3: Details of the setup used for probe measurements. Only components
inside the closed low-pressure chamber are visible. (a) Two electric probes in
the position where they were inside the visible part of the plasma jet during
the operation of the plasma torch. (b) Two electric probes together with other
technical components. The door of the low-pressure chamber, where the anode
and nozzle were located, is shown here as open

13) Two DC regulated power supplies, AX-12001 DBL, 0-120 V, 1 A.
These were used in the measurements of the electric probe I — @ characteristic.

13) A MATLAB 2016a computer program was used to process the data, and
a Photron FASTCAM Viewer Ver.3610 program was used to both create
videos and control the high-speed camera from a laptop.

14) An enthalpy probe system by Tekna Plasma Systems Inc.

This was used without a quadrupole mass spectrometer. The inlet diameter of
the enthalpy probe used was 1.27 4+ 0.05 mm.

15) Isolation transformers.

These were connected in the electric circuits to reduce electrical noise, which
represented about 0.2 % of the measured waveforms (typically + 0.4 V) at the
ambient pressure of p = 101 kPa. An isolation transformer 220V /4A was used to
electrically isolate the Tekna enthalpy probe system from the power socket.
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Figure 3.4: The array of
photodiodes used to mea-
sure the plasma speed above
the anode. The photo was
taken in 2019

The values of plasma electron temperature 7, were measured with a spectrom-
eter, a Jobin-Yvon Triax 552. The plasma speed above the anode was measured
by using the array of 16 photodiodes, from which we used only five photodiodes
from the eight photodiodes labeled by the numbers 1-8 in Fig.

3.3 Working conditions

The conditions of the experiments set before the plasma torch operation are
summarized in Table In the three pairs of values in the last three columns,
separated by semicolon, the first value was applied at atmospheric ambient pres-
sure and the second value was applied at low ambient pressures inside a low-
pressure chamber. In plasma spraying applications (using the hybrid plasma
torch WSPS-H 2011), the arc current generally used is 300-500 A, (which cor-
responds to the arc voltage 270-320 V), and the typical argon flow rate used is
12-25 slm. Regarding the organic waste gasification, pyrolysis, or hydrocarbon
reforming, the arc current generally used is 400 A.

Arc Argon con- | Ambient Exit  gap | Anode Anode

current [ | sumption Ar | pressure p | diameter D | width diameter
[£ 3 A [£ 0.5 slm] | [£0.5kPa] | [£0.2mm] | [+ 0.2 mm] | [£ 1 mm]
40 - 600 8-32 0.8 -101 6; 5 16; 20 181; 109

Table 3.1: The working conditions of the two hybrid plasma torches used. In the
three pairs of values in the last three columns, the first value corresponds to the

WSP®-H 2011 and the second value corresponds to the wsP®-HR

The anode can be moved vertically and, except when using the wsP®_HR
torch in the low-pressure chamber, also horizontally. The position of the anode
determines the properties of the entire plasma jet; and the anode configurations
used are summarized in Table . The first five configurations (C1-C5, together
with the inclined configuration C2ix¢) were applied at atmospheric ambient pres-
sure; and the rest of them were applied at low ambient pressures. za is the hor-
izontal distance between the anode and the exit nozzle, and yg is the vertical
distance between the upper part of the anode surface and the bottom edge of the

exit gap (Fig. [3.5).

The anode surface often has a small inclination of 1-2° because the part of
the anode closer to the exit nozzle is usually more eroded than that farther from
the exit nozzle. The distance y was always measured from the edge of the anode
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Figure 3.5: Camera image of the anode area in the C5 anode configuration to-
gether with the coordinate system used. Gray optical filter 1000x, I = 200 A,
p = 80 kPa, 22 slm of Ar

that is closer to the exit nozzle. The difference of x4 in configurations C1-C4 (at
atmospheric pressure) was caused by the horizontal movement of the anode with
respect to the exit nozzle. However, in configurations C5-C8 (at low ambient
pressure) the two values of z5 are only the result of using two different exit noz-
zles: thick (in C5, C7, C8) and narrow (in C6). Therefore, in all configurations
C5-C8 the distance between the anode and the cathode was the same. In plasma
spraying applications of the hybrid plasma torch, the C1 configuration is mainly
used.

The coordinate system that we used is depicted in Fig. 3.5 In C2n¢, the
anode surface was inclined upward at an angle of 10° to the horizontal position,
and the corresponding value of yi is valid for the center of the anode surface.
The arc electric power depends mainly on the arc current value, and it was in the

range of 6 - 230 kW.

Anode configuration | C1 | C2, Cc3 | C4 Cs | C6 | CT | C8
C2ine
Horizontal distance | 3.8 | 10.8 3.8 109 14 (34 |14 |14
za [£ 0.2 mm]
Vertical distance yg | 0.9 | 1.4 52 | (-1.3; 1 0.9 |09 |33 |47
[+ 0.2 mm] -0.4)

Table 3.2: The positions of the anode used
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4. Methods

4.1 Determination of attachment movement char-l
acteristics

The average speeds of the anode arc attachment, the average restrike pe-
riods, the average distances traveled by the constricted anode arc attachment,
and the average axial positions of the attachment creation and decay were com-
puted by using the MATLAB script shown in the MATLAB script for attachment]
[movement investigation|

p= 80 kPa; 1 =200 A; 12 sim Ar - p= 80 kpa; 1 =200 A; 12 sim Ar
y . : S . ;
'g 0)% J [) max(-Uca)
= 107 o170}
]
x °
5¢ > 160} ]
! v
X K ) =
0 * AR . N ® min(-Uca) v |
6.6 6.65 6.7 6.6 6.65 6.7
(a) t [ms] (b) t [ms]

Figure 4.1: (a) The time dependence of the axial attachment position on the
anode surface in C6, according to the coordinate system in Fig. [3.53 (b) The
corresponding negative cathode-anode voltage waveform —U.,,

The basic time dependence of the horizontal attachment position projected
onto the axial direction during the restrike mode is shown in Fig. [£.1(a). This
was used to compute the characteristics of the attachment movement, and the
x-component of the attachment speed was computed as follows:

(xmaz - IA) - (l‘min - ZEA)
t(xmax - IA) - t<xmm - CL’A) .

(4.1)

Vattachment,x —

Unless otherwise stated, the “attachment speed” recorded in Figures in chap-
ter 6 is an average value of Vattachmentx that was computed from time intervals of
100 ms.

The attachment movement recorded in the camera footage was projected a
little onto the camera image plane due to a distance component in the direction
of the anode rotation. However, the real distance traveled by the attachment was
almost the same as the distance traveled by the attachment seen in the camera
footage. To explain further, let’s say we have an average restrike period of 50
us and an average distance of 6 mm traveled by the attachment on the anode
surface. Then if the WSP®-H 2011 plasma torch is being used, in reality the
attachment would travel during one restrike period no more than 0.2 mm longer
distance than that distance seen in the camera footage. The distance increase of
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0.2 mm corresponds to a voltage increase of about 0.3 V at the maximum. In the
case of the WSP®-HR plasma torch, the distance would even be ten times less,
that is, no longer than 0.02 mm.

The horizontal position x of the attachment (Fig. , projected onto the
axial direction, was defined as the position of its upstream edge and was found
in the high-speed camera images as the first pixel in a select line of pixels where
its brightness is greater than a specific chosen value. The line of pixels that was
selected was as close to the anode surface as possible.

The conversion from pixels to millimeters was obtained by comparing the
known length of 2 cm in a representative image with a corresponding number of
pixels (around 200). The frame rate of 300,000 fps was used, and the frame rate
of 1,080,000 fps (with a far worse pixel resolution) was used only once to confirm
that the attachment movement was not, in reality, faster than it seemed to be in
the camera footage with 300,000 fps. In other words, the frame rate of 1,080,000
fps was used only to confirm that we were not deceived by the wagon-wheel effect
(alternatively, by the stroboscopic effect).

The “restrike period” means an average duration between two consecutive re-
strikes. In Figures in Chapter 6, this was computed as the average value from
the two average values: the first average value was the average of differences of
adjacent t(zmar — x4) values; and the second, the average value of differences of
adjacent t(z,,i, —x4) values. Unless otherwise stated, this was computed in time
intervals of 100 ms. Sometimes, the restrike period was computed from the arc
voltage waveform, which appears to be almost the same as the attachment po-
sition time dependence (Fig. [£.1[(b)). Arc voltage waveforms were synchronized
with the camera footage. A video showing this synchronization is available in the
Supplement to this thesis (VIDEO 4). When arc voltage waveforms were used,
the restrike period was computed as an average of two averages: an average value
of differences of adjacent ¢(min(—U,,)) values and an average value of differences
of adjacent t(max(—U,,)) values.

The “distance traveled” by the attachment, in Figures in Chapter 6, was
computed as the average value of distances traveled by the constricted attachment
during individual restrike periods; that is to say, computed as

N

_1((xmax - l‘A)n - (xmzn - xA)n)7 (42)

1
N

where N is the number of restrikes in the time interval investigated. This was
computed from 100 ms (at p < 101 kPa) and 9.5 ms (at p = 101 kPa) of the
attachment position time dependence.

The average position of the attachment creation and the average postion of
the attachment decay were computed as the average of (i — Ta)n,n =1,.., N
and (Tyazr — Ta)n,n = 1,.., N, respectively, from time intervals of 100 ms.
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4.2 Determination of plasma speed and wave
speed

The “plasma speed” in the anode area (that is, above the anode), in Figures
in Chapter 6, was computed according to the method reported in [29]. The idea
of the method is depicted in Fig. 4.2

80kPa; 200A; 12simAr
e

Y w
N P
A

6;9 GtéO Gél

[us]
Figure 4.2: (left) A 1.6-times magnified image of the plasma jet in the anode area
projected onto five photodiodes that are numbered according to Fig. . (right)
The corresponding arc voltage waveform (“U,,”) that is synchronized with the
electric signals U from the photodiodes 5,6, and 7; together with the first time
derivatives of these three signals (“5°(t)”, “6°(t)”, “7’(t)”). Anode configuration
C6

ca
5(t)
7(t) 170 2
6(t)
5'(t) ™ S
6'(t)
7'(t) 160

S mm [ VT _—_—
/ photodiodes

1 xx x 1

By using one convex lens, the image of the plasma jet was magnified M times
and projected onto the array of photodiodes that were fixed in a stable posi-
tion. The radiation emitted from the plasma oscillated coherently; therefore, the
photodiodes’ electric signals fluctuated. These oscillations were probably caused
by a formation of turbulent vortices. In the position where a restrike suddenly
happened, these fluctuations were disrupted and the perturbation propagated
through the plasma in all directions at speed Vperturbation With respect to the
plasma. The disruption of the fluctuations in the photodiodes’ signals can be
seen in the Supplement to this thesis (VIDEO 5). The plasma moved at average
speed Uplasma With respect to the photodiodes. The total speed of the pertur-
bation with respect to the photodiodes, detected by individual photodiodes at
different times, depends on the direction of its propagation; that is, we have its
upstream speed Vypstream OF its downstream speed VUgownstream. 1he upstream and
downstream speed of the perturbation, with respect to the photodiodes, can be
determined from the delays of electric signals of photodiodes that are in various
positions. For example, with the numbering of the photodiodes shown in Fig.
4.2, we can calculate the average plasma speed above the anode as follows:

_ 2.5 mm/M
Vupstream = Uperturbation — Uplasma = / ) (43)
Umax[7' ()] — tmaz[6(t)
_ 2.5 mm/M
Vdownstream = Uperturbation + Uplasma — / ; (44)
bmaz[5'(t)] — tmaz[6'(t)
Q_Jplasma _ UdownstreamQ_ Uupstream’ (45)
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Figure 4.3: 'Two consecutive
camera images with a hydrody-
namic wave propagating in the
plasma jet to the right (down-
stream). Because of the opti-
cal filter used, the visible radi-
ation has a wavelength of (810
+ 12) nm. Exposure time 0.29
us (adapted from [58])

- 626.6 ps

where, for example, 5'(t) is the time derivative of the signal from the photodiode
number 5, t,,4.(5 (1) is the time corresponding to the local maximum of the graph
5(t); and 2.5 mm/M is the distance between the middle of one real photodiode
(that is, not its image) and the edge of an adjacent real photodiode.

In [29], the time derivatives of signals from the photodiodes were not calcu-
lated. Instead, times when signals from the photodiodes suddenly rose up or fell
down were found. At those times, the time derivatives of the signals reached their
maxima.

To decrease the uncertainty of this method, a high enough magnification M
of the plasma jet is required. For higher magnifications, the dimension of pho-
todiodes in the image is smaller and the uncertainty in the detected distance
propagated by perturbations is lower. In the case of higher magnifications M,
we can exchange the distance 2.5 mm, in equations and , with the dis-
tance between the middle of one real photodiode and the edge of a farther real
photodiode (that is, not the adjacent one). The perturbations in the plasma jet
are easily detectable typically within the real distance of 2 mm from the position
of their creation, that is, from the restrike position.

The speed of the hydrodynamic waves, shown in Fig. was calculated
simply as the ratio of the distance traveled and the corresponding time (10/3 ps)
between two following camera images. The position of the waves was defined as
the horizontal position of their crest and their wavelength was calculated from
these images as the distance between two consecutive crests (Fig. 4.3]). The aver-
age values of the hydrodynamic wave speed and wavelength were obtained from
only eight different waves.

4.3 Determination of proportion of all attach-
ment’s dwellings

The dwellings (the intermittent and sudden decreases in speed) of the con-
stricted anode arc attachment within the length [ on the anode surface for the

time interval ¢ were found in the time dependence of the axial attachment po-
sition and/or in the arc voltage waveform (Fig. 4.4). To find all dwellings, we

34



linearly interpolated the time dependence of the attachment position with the
time step of 13 ns, which is equal to the time resolution of the measured arc
voltage waveforms. The MATLAB script that we used can be downloaded here:
[MATLAB script for finding attachment’s dwellings|

p = 101 kPa; 1 = 300 A; Ar = 22 sim — p = 101 kPa; | = 300 A; Ar = 22 slm
(V]
(=)}
]
=
o
>
v
19
<
1.9 2 1.9 2
(a) t [ms] (b) t [ms]

Figure 4.4: (a) The time dependence of the axial attachment position on the
anode and (b) the corresponding negative arc voltage waveform after removing
frequencies higher than 1 MHz and smoothing with a span of about 5 us (399 val-
ues) of the moving average. Time t is the duration of one attachment’s dwelling,
[ and X represent the maximum extent of the position and voltage value during
the dwelling (adopted from [6])

In arc voltage waveforms at p = 101 kPa, there were numerous interfering
outer electric signals; therefore, frequencies higher than 1 MHz were removed by
using a Fourier transform. The voltage data were then further smoothed with a
span of about 5 ps (399 values) of the moving average. Fig. [1.4b) shows only the
smoothed data with frequencies lower or equal to 1 MHz. The voltage range X
in Fig. [£.4(b) is equivalent to the length [ in Fig. [£.4(a). The physical meaning
of the length [ is depicted in Fig. [4.5(a),(c).

CRATER

a
\ 4

Figure 4.5: (a) Detail of a new anode surface after 23 min of a plasma torch
operation with a constricted attachment. The length | of the chosen marked big
crater is about 1.3 mm, which is almost the width of the constricted attachment
near the anode surface. (b) Detail of a worn anode surface after about 50 hours
of a plasma torch operation, mostly with a constricted anode arc attachment.
(c) Schematic picture of a crater on the anode surface with length [, real depth
h, and a reference depth H (adopted from @)
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We can say that we found all attachment’s dwellings during which craters
with a fixed length [ were created.

The inequality ¢ > T' = constant represents the total time to make the crater.
This is because the heat transfer from the arc to a unit area of the anode sur-
face is the greatest during the attachment’s dwelling, which causes strong anode
evaporation under the constricted anode attachment and, therefore creation of
craters. If we assume that ¢t and a final depth h of the craters investigated are
directly proportional then we can say that craters with the fixed length [ and a
depth h that is greater than the certain fixed depth H were investigated. The
reference fixed depth H corresponds to the constant 7. At p = 101 kPa, the
following formula was used:

1
b= (L) (Guether , (4.6)
lref UcaI

where l,of = 0.5 mm and Ue e = Uspoa - 300 A are the reference length of craters
and the reference arc electric power, respectively. 7 is a time constant to change
the fixed value of T. At p < 101 kPa the formula was simplified to:

t > 7 = constant, (4.7)

because in this case | = L = 0.5 mm and Uzl = Usepler = 50.6 &+ 0.5 KW.
The reference values I, Uerlef Were chosen arbitrarily, and they can be chosen
in many different ways, according to the range of crater lengths or possible arc
powers. Their purpose is only to relate/scale attachment’s dwellings at different
investigated lengths [ and different used powers U, 1. The scaling by L is needed
because for a given depth h and power U1, the longer length [, the longer the
time ¢ the attachment needs to make a crater with that given depth hA. And the
scaling by U.etl ef is needed because for a given depth h and length [, the higher
the arc power, the shorter the time ¢ the attachment needs to make a crater with
that given depth and length. In other words, for investigation of, for example,
longer craters, we need to find dwellings with a greater constant 7' than in the
case of shorter craters.

The arc voltage waveform can be used for finding the attachment’s dwelling
under the assumption that the change of the arc voltage is caused only by the
attachment movement. This assumption is not obvious, however. Sometimes the
length of the electric arc and consequently the arc voltage can change even if
the attachment does not move at all, because of plasma fluctuations in the elec-
tric arc. However, those fluctuations of the electric arc are usually fluctuations
caused by Kelvin-Helmholtz instability that are mostly periodic [59]. If they are
periodic, they will not be a cause of the almost horizontal parts of the arc voltage
waveform that represents the attachment’s dwelling.

Arc voltage waveforms, in the case of the attachment’s dwelling, are useful
when we need a better time resolution (in our case it was 13 ns) and better
statistics resulting from low computer memory requirements, compared with the
videos taken by a high-speed camera. In the case of using arc voltage waveforms
instead of time dependence of the attachment position, the voltage range X must
be converted to the lengths I by multiplying the average ratio U/L (Fig. of
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the voltage drop U and the corresponding distance L. This conversion, however,
brings additional uncertainty into the results. Arc voltage waveforms are also
useful when the attachment’s movement cannot be directly observed by a high-
speed camera, for example in the case of gas plasma torches. In the case of gas
plasma torches, sometimes it is possible to observe the attachment’s movement,
but not in such detail as in the case of a hybrid or water plasma torch with an
external anode. Additionally, the anode arc attachment in gas plasma torches
often moves in spirals or other circular trajectories, which makes observation of
the anode attachment even more difficult.

It is evident that for a given electric arc power, the anode erosion is higher
at a lower average attachment speed because, in that case, a smaller part of the
anode receives the total thermal energy from the arc. The limit case is when the
anode is not rotating, then only a narrow part of the anode under the plasma jet
is exposed to the entire heat flux from the arc. Szente [ [60]] also reported that
cathode erosion rates are higher for lower arc velocities.

And it is during this attachment’s dwelling that the attachment speed is low.
Therefore the sum of all dwell times in a certain time interval can be propor-
tional to the total anode erosion during this time interval. In the case that it
is proportional to the anode erosion we can use it to quantitatively compare the
anode erosion at different experimental conditions. And to not be dependent
on the time interval we need to divide the sum of all dwell times by this time
interval. The sum of all dwell times ¢ (equations [4.6] divided by the time
interval of 0.1 s (at p < 101 kPa) gives us the variable called the “Proportion
of all dwellings”. For p = 101 kPa, the time interval by which the sum of all
dwell times was divided was either 12.6 ms or 40 ms. This variable describes the
portion of the investigated time interval during which the attachment’s dwellings
were present.

4.4 Determination of electric field and electric
conductivity

The mean magnitude of the electric field inside the arc column above the
anode was estimated by the following equation:

B = (1), (49

where the distance L and the corresponding arc voltage drop U (large-scale volt-
age fluctuations) are depicted in Fig. [£.4] L was determined from the high-speed
camera footage and U from the measured arc voltage waveforms. The assumption
was that U was a consequence only of L.

The time interval from which the averages (4.8]) were taken was either 50 ms
(p < 101 kPa) or 12.7 ms (p = 101 kPa). The assumption was that during the
restrike, the electric potential drops across the former and the new constricted
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Figure 4.6: The arc voltage
(lower saw-tooth dotted line, C- 75 A- 20 kPa: 12 slm Ar: C6

A voltage) vs. voltage between > -100 40
the exit nozzle and anode (upper & o 50%
saw-tooth solid line, E-A voltage 5 ) E
reduced by 50 V) vs. voltage be- ; 4120 ‘3--C-A vorta e 608
tween the cathode and exit noz- o] \\' EA voltage sov N S
zle (nearly horizontal solid line, < 30} ™ =C-E voltage . 1-70%
C-E voltage) waveform (adopted a 20 40 60 80

time [us]

from |9])

attachment are exactly the same, even if in reality they are not.

To decrease the total uncertainty, we took into consideration only arc voltage
drops larger than one-fourth (for p = 101 kPa) or larger than one-sixth (for p
< 101 kPa) of the maximum arc voltage drop. Since the arc voltage waveforms
were smoothed (to more easily find maxima and minima) and that smoothing
decreased drops U, finally the value of 2 V (for p = 101 kPa) or 1V (for p < 101
kPa) was added to U values, to compensate that decrease.

The change in arc voltage (cathode-anode voltage: C-A voltage) is caused by
the change in voltage between the exit nozzle and anode (E-A voltage) because
the difference of C-A and E-A voltage, that is to say, the voltage between the
cathode and exit nozzle (C-E voltage), is almost a constant (Fig. [1.6). And the
change in E-A voltage is caused by the movement of the anode arc attachment.
Therefore the assumption that U is a consequence of L (Fig. is justified.

According to the numerical model of Jenista [61], the electric field inside the
torch chamber close to the exit nozzle (there are not data outside the torch cham-
ber) is almost constant, that is to say, it does not change significantly along the
arc diameter, in the radial direction.

The electric field in the plasma measured by the pair of electric probes was
calculated using the following equation:

P robel — P robe2
E obe = — P 4.9
prob 1.7 mm (4.9)

where 1.7 mm is the distance between the centers of pins of the two electric probes
used.

The mean electrical conductivity of the arc column in the anode area was
estimated using the following equation:

1 /R J  E,. (R 1 IN 7L
= — 2 = — = 2 . — — . —_—
Care 7TR2/0 mro(r)dr = 5 WRQ/O mro(r)dr - o— (S> (U)

(4.10)
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Figure 4.7: Camera image of the an-
ode area, in C1, with the illustration
of variables used in equation .
The yellow curve with the arrow rep- !
resents the arc current path during (t 1

the restrike (adopted from [6]) ANODE (+) mm

where J = I/S is the average magnitude of the arc current density in the anode
area, S is the cross section of the arc current with radius R, and r is the radial
coordinate. The dependence of the electrical conductivity on the axial position
is neglected.

The variables used are illustrated in Fig. and the MATLAB script that
we used can be downloaded here: [MATLAB script to calculate electrical conduc-|
Vi

S was estimated as the cross section of the bright part of the plasma jet
visible on the high-speed camera footage through a gray optical filter. Because
the position of the attachment creation and the attachment decay, as well the
distance L between them, change in each restrike, the average value of o, in
equation is taken over the set of all cylindrical volumes V' depicted in Fig.
[4.7] The change in the length L is less than 9 mm, and the change in the position
of the attachment creation or decay is less than 5 mm. The upstream base of
volumes V' corresponds to the attachment creation position, and the downstream
base corresponds to the attachment decay position. The cross section of volumes
V is S. The bottom of the volumes V' corresponds to the bottom of the bright
main plasma flow and is approximately in the distance yg from the anode surface
(Table [3.2).

Oare average values were taken from the same time interval as F,,. average
values.

4.5 Uncertainties of measurements

The vertical and horizontal error bars in all figures in this thesis represent
the total combined standard uncertainties multiplied by the coverage factor 2,
and thus provide a level of confidence of approximately 95 %. The total com-
bined uncertainties consist of systematic and random uncertainties, and they were
calculated according to the procedure in . For example, the total combined
uncertainty of a general variable X = [[r_, Xi was calculated as the following:

w(X) = 20/ (X)) ngom)* + (WX gy stematic) (4.11)

where u(X),, 4om is the estimated standard uncertainty of the mean of the vari-

able X, and

Y, al U(Xk)s stematic ?
U’(X)systematic = XJ Z <)gl:t> . (412)
k=1
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The example is X = 040, X1 = I, Xy = 1/S, X3 = L, X4 = 1/U, in equation
@10).

The random /statistical uncertainties depend on the used time interval of the
corresponding waveforms or time dependence, and their source is mainly the fluc-
tuations in the plasma. The fluctuations were caused mostly either by turbulence
or by slow stabilization of the plasma flow after changing working conditions.
When we changed arc current [ it was enough to wait for about 10 s while it
stabilized itself. A change in the argon flow rate Ar required us to wait at least
30 s, and a change in the ambient pressure p required us to wait at least 2 min
to be sure that the pressure value on the gauge’s display was the same as the
pressure around the plasma.

The systematic/non-statistical uncertainties should be the same for any inves-
tigated time interval; therefore they are listed in Table 4.1 When the probability
distribution is rectangular, the partial systematic uncertainties are obtained by
using a divisor of v/3; in other cases the probability distribution is normal, with
the divisor of 1.

Partial standard

Systematic standard

Source of uncertainty

~ (0.0 mm; 0.3 mm)

5v/3

uncertainty uncertainties

U<I)systematic = U(Il) =2A Calibration of voltmeter

=V " (U([i))2 = u(ly) = % A Display resolution

=2A

u(L)systematic = uw(Ly) = 2000'% mm Pixels — length conversion

= \/2?11 2-ul)?~ | ully) = Frame rate of 300,000 fps
— (10/6) HUS - Vattachment

(U )systematic = w(lU)=2V,1V PicoScope resolution
= - (U(Ui))2 = uw(Uy) = % V, ﬁ V | Smoothing of U, (t)
=2V, 1V

U( D)systematic = PicoScope resolution
= (32 V; = V)

__ 05
u(d)systematic - % min

Estimation of S

U(At)systematic = 2% us

Exposure time of 0.29 us

U (At) U,systematic —

Time resolution in Ue,(t)

— Y (2 u(t) =
=0.2 us

Smoothing of U, ()

Table 4.1: List of systematic / non-statistical uncertainties in used variables and
their sources. The divisor of \/3 was used in the case of rectangular probability
distribution, and the divisor of 1 was used in the case of normal probability
distribution

U(I)systematic:
The arc current I was measured with a panel digital voltmeter, a“WPB5135-DV
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199.9 mV”, which, according to its datasheet, has a measurement accuracy of
+0.2 % of full-scale 2 digits.

The w(I1) corresponds to the 0.2 % of full-scale and was calculated as fol-
lows: (0.002-199.9mV)-(600A/60mV) = 4A. The calculation follows from the fact
that the voltmeter measured the electric current through a “U,,;, = 60mV; U,;, =
150mV” voltage divider connected to a “150 mV / 600 A” shunt/resistor. The
current in the shunt was equaled to the arc current I. Uncertainties in the re-
sistance of the shunt and voltage divider were neglected and the uncertainty 4 A
was interpreted to be a double standard uncertainty. The w(I3) corresponds to
+2 digits = 2 A because the last digit represented amperes (the display had 3
digits), and was interpreted as the double standard uncertainty too.

In equation , the value of I should not be precisely the value of the
whole arc current, because a part of the arc current indeed flows to the anode
through the less electrically conductive plasma around the attachment. Accord-
ing to the results published in [63], the part of the arc current that flows to the
anode around the attachment could be about 1 %. In such a case, in equation
, there would be “0.99 I” instead of “I“. This additional uncertainty is
probably partially obtained in the random standard uncertainty of the arc cur-
rent, caused by the arc current fluctuations. This random standard uncertainty
of the arc current was 2 A/+/3.

u(L)systematic:

The sum in u(L)systematic contains the coefficient 2 because the uncertainties u(Ly)
and u(Ly) play a role at both ends of the distance L. As mentioned above, the
conversion from pixels to millimeters was obtained by the comparison of the
known length of 2.0 £ 0.5 cm in a representative image with the corresponding
number of pixels of about 200. This conversion represents w(L1).

The uncertainty w(Ls) is there to fit L to U in the computation of o4... The
value of 10/6 ps in u(Ls) points to the fact that the average duration of restrike
(found in arc voltage waveforms that have time resolution of 13 ns) is 3+ 1 ps
and the time between two consecutive high-speed camera frames was 10/3 us.
Therefore a new attachment could be created anytime between two following
camera frames. The position of the attachment was detected in all camera frames.
To explain u(Ls), let us consider a special case when two consecutive restrikes
last 10/3 ps or more (each of them). The first restrike happens for example in
the time interval of (0 us;10/3 us) and the second restrike happens for instance
in the time interval of (10 pus; 104-10/3 ps). The beginning of these time intervals
represents a maximum in the corresponding arc voltage waveform and the end
of these time intervals represents a minimum in the same arc voltage waveform.
A limit case is when the camera takes the attachment position at the time of
10/6 ps, the attachment position is interpreted as the position of creation, and
then the camera takes the attachment position also at the time of 10 4+ 10/6 us,
and the corresponding attachment position is interpreted as the position of decay.
In such a case, there is a distance of 10/6 US-Vagtachment at both ends of the restrike
period that has been traveled by the attachment, but it is not visible in the time
dependence of the axial attachment position.

This means that the value of L obtained from high-speed camera frames is,
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in our example, about 2+ (10/6) US - Vattachment l0Wer than its real value. However,
if one L is lower than its actual value, the adjacent L must be greater than its
actual value. Therefore, to some extent the uncertainty u(Ls) cancels itself, and
that extent is estimated by the empirical coefficient of 1/5.

The total standard uncertainty in the position of the electric probes was at least
0.5 mm because the probes’ diameter was 1 £+ 0.1 mm.

u(U)systematic:

The PicoScope resolution uncertainty was 1 % of full-scale on the used input
voltage range for one single voltage value, and it was interpreted as the dou-
ble standard uncertainty. By using a high-voltage probe 1000x, the input voltage
range for p = 101 kPa was + 500 mV and the input voltage range for p < 101 kPa
was + 200 mV. The value of U is not a single measured value, but the comparison
of two closely spaced values; therefore the uncertainty w(U;) is lower than 1 % of
full-scale on the used input voltage. This is a Non-linearity error and Differential
Non-Linearity error of the Analog-to-Digital Converter in the PicoScope, and the
noise level error. The first value of u(U;) in Table 4.1| concerns p = 101 kPa and
the second value of u(U;) concerns p < 101 kPa.

The uncertainty u(Uz) follows from the fact that the smoothing of the arc
voltage waveform in MATLAB program decreased U values about 2 V (for p =
101 kPa) or 1V (for p < 101 kPa). However, the estimated decrease of 2 V or 1
V was finally added back to U values; therefore, there is an estimated empirical
factor of 1/8, in u(Us).

The systematic uncertainty in the single voltage values Us, in equation (4.6))
was 0.5 -(1 % of 500 mV) * 1000 = 3 V because the uncertainty 1 % of full-scale
was interpreted as the double standard uncertainty.

'U,( ds)systematic:

The probe potential @,.,pe Was measured by using PicoScope, a T5100 oscillo-
scope probe, and a voltage divider 2:1. The value of u(®)systematic depends on the
1 % of the used input voltage range in the PicoScope that was £+ 20 V, & 50 V,
or + 100 V.

u(d)systematic:

The cross section S = 7wd?/4 of the arc current, in equation , was only
estimated as the cross section of the bright plasma jet visible on the high-speed
camera footage through a gray optical filter. The using of the gray optical filter
1000x gave the same estimation as the using of the gray optical filter 8x.

U(At)systematic:

The attachment movement during the exposure time of 0.29 us could not be dis-
tinguished because it is the time during which a high-speed camera image was
created. The coefficient 2 is there because At is a difference of two time values.
This uncertainty was used in the computations of restrike periods from the time
dependence of the axial attachment position.
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U(At)U,systematic:

This uncertainty was used in the computations of uncertainties of restrike pe-
riods from arc voltage waveforms where the time resolution was 13 ns (u(t)q)
and where the maxima and minima were shifted (to the left and the right, re-
spectively) about 2 pus because of the smoothing in the MATLAB program. The
value of 0.2 ps in u(t)s was estimated by observing that all maxima or minima
were shifted almost equally, and the greatest difference between the shifts of two
following maxima or two following minima seemed to be about 0.2 us.

In the case of ambient pressure p and argon flow rate Ar, the total combined
standard uncertainties multiplied by the coverage factor 2 were estimated from
the observation of changes in the measured values during the experiment: u(p) =
0.5 kPa,

u(Ar) = 0.5 slm.
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5. Results and Discussion

This section uses results mainly from the three publications: [5], [6], and [58].

5.1 Properties of the plasma jet

The pressure inside the plasma torch chamber, where the electric arc is sta-
bilized (Fig. [2.4), is typically about 101 kPa [64] higher than the pressure outside
the plasma torch. The pressure outside the torch is 101 kPa (atmospheric pres-
sure) or less (when it is inside a low-pressure chamber). The result is that the
plasma in the stabilized part of the torch, created from water and gas (typically
argon), flows outside the torch at a speed that is typically in the range of 1-5
km/s [65], depending on the conditions. The plasma jet is the whole plasma flow
outside the torch chamber, but in high-speed camera images it is often only the
brightest part that is visible, with a diameter approximately equal to the diam-
eter of the exit gap. For the purposes of this thesis, this brightest part of the
plasma jet is called the bright plasma jet. With decreases in the pressure outside
the torch or with increases in arc power, the average speed of the plasma flow in-
creases. Increases in arc power cause greater water evaporation and consequently
higher pressure inside the torch chamber.

For a better idea, Table[5.Ishows selected low and high values, not necessarily
the lowest and greatest possible ones, of some plasma parameters, depending on
I p, Ar, D, and z4. The value of 24 is not mentioned in the cited publications;
however, according to our experience we guess that z4 = 3.8 mm, because the
configuration C1 is the most used configuration at atmospheric pressure. The
plasma densities of (4.34+0.2) g/m?® and (134 2) g/m? correspond to the electron
number densities of (3.3+£0.1) x 10** m~3 and (5.2+0.2) x 10?® m ™ respectively.

The plasma temperature was measured in the center of the plasma jet, 2 mm
downstream from the exit nozzle, utilizing emission spectroscopy. The plasma
speed was determined at the nozzle exit from the measured plasma temper-
ature and from the calculated net power dissipated inside the torch chamber
(through calculated plasma gas composition), assuming LTE. According to Jen-
sita’s model [66], the mean free path of electrons for I = 120 A, p = 101 kPa, 12
slm of Ar, z = 12.2 mm is (1.8 £ 0.4) - 107% m in the center of the plasma jet.

I/ Ar | Plasma Plasma Plasma | Kinematic | Debye
speed temperature | density | viscosity length [m]
[£ 500 m/s] | [£ 500 K] [g/m?] [m? /s

150 A / | 800 14,000 13+2 (8.3+£0.8)-| (1.6 £0.1) -

22 slm 1073 10°°

600 A /| 7,500 22,000 43£02 | (4.6 £0.1) - | (1.80£0.04)-

40 slm 1073 1078

Table 5.1: Selected plasma parameters for the hybrid plasma torch [16], |67], |42].
D =6 mm, p = 101 kPa
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We estimated the speed uncertainty as a minimal uncertainty according to
the publication [29], and the temperature uncertainty as a minimal uncertainty
according to a conversation with Dr. Sember and Dr. Maslani, who measured the
plasma temperature of the hybrid plasma torch. The amount of evaporated water
from the stabilizing water vortex in the plasma for different working conditions
has not been precisely measured up to now. It has only been estimated, years ago,
by measuring the inflow and outflow of water into the stabilizing water vortex
during a period of a few hours.

Often, the value of 18 g/min is used, which is about 1 mol of evaporated water
per minute. The evaporation rate of the water is driven by energy losses from the
arc by radiation and radial conduction; therefore, it depends mostly on the arc
current / and only a little on the argon flow rate Ar. In [13], it is mentioned that
for the range of I = 300-500 A (and p = 101 kPa), the water evaporation rate
is between 6 and 18 g/min. A significant amount of water is released into the
jet in the form of water droplets, but we assumed that this amount is separated
from the plasma. These water droplets, visible even in high-speed camera video
footage, fly mostly around the bright plasma jet as they are released from the
water vortex in the place immediately behind the exit nozzle.

According to [13], 22 slm of Ar represents about 70 molar % of Ar (the molar
% are equal to the volume % ) for I = 300 A (there is no value for I = 150 A),
and 40 slm of Ar represent about 55 molar % of Ar for I = 500 A (there is no
value for I = 600 A). These values are needed to obtain the calculated values of
steam-argon plasma properties from [42], listed in the last three columns of Table
(.1} In the hybrid plasma torch, the majority of the argon that is used is sucked
away with the water that stabilizes the electric arc, and less than half of it flows
outside into the anode area.

The plasma speed in Table was measured by using five photodiodes ac-
cording to the method described in Section 4.2 There is, however, also another
way to measure the plasma speed in the anode area of the hybrid plasma torch.
We have found that we can use enthalpy probes to measure it, if the arc power is
low enough. The enthalpy probe inside the bright plasma jet is shown in Fig.

enthalpy
probe tip

(b)
Figure 5.1: (a) Camera image of the anode area with the tip of the enthalpy
probe about 3 mm from the exit nozzle (only half of the probe tip is immersed
in the bright plasma jet) and (b) about 22 mm from the exit nozzle (in this case
the probe tip is between the bright plasma jet and the camera, in a position very
close to the bright plasma jet). I =40 A, 12 slm of Ar, p = 20 kPa, C6

While the probe tip was inside the bright plasma jet above the anode (Fig.
M(a), the Tekna enthalpy probe system reported the heat power at the probe
tip as being equal to about 500 W, which is below the safety limit of the probe.
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Fig. |5.1(b) is here to show rather the dimensions of the probe tip, which had an
inlet diameter of 1.3 mm and an outlet diameter of 4.60 £ 0.05 mm, in compar-
ison with the bright plasma jet at I = 40 A. Fig. |5.1fa) proves that the heat
flux from the plasma jet to the probe was not too high for the enthalpy probe
even in the hottest part of the plasma jet, close to the exit nozzle. According
to the high-speed camera video footage, which shows the radiation emitted from
the probe, and according to the corresponding software report, the probe tip was
not overheated at I = 40 A. The tip of the enthalpy probe was cooled down by
a water circuit inside the probe; the details about this enthalpy probe can be
found, for example, in [16]. We were not able to place the probe precisely into
the middle of the bright plasma jet because it was necessary to hold the whole
probe, together with its shield, with both hands. Before the experiment, the
probe was electrically isolated from the power socket by using a 220 V / 4 A
isolation transformer; thus, during the experiment, the work gloves of the exper-
imenter touched the metal shield of the probe with an electric potential equal to
the electric potential of the plasma (which was, according to the electric probe
measurements, about -35 V). In the future, we plan to use a positioning system
controlled by a computer for the enthalpy probe.

The Reynolds number (equation in our experiments was greater than
300 for all working conditions (Table , Table [5.1)). Regarding equation ({2.26])),
U corresponds to the plasma speed and L corresponds to the diameter D of the
exit nozzle. For axisymmetric free-jet flow, the critical Reynolds number for the
transition from laminar to turbulent flow is about 10-30 [48]. The plasma jet of
the hybrid plasma torch is not free and not perfectly axisymmetric; therefore, in
this case we do not know the exact value of the critical Reynolds number. How-
ever, we suppose that the critical Reynolds number for the real hybrid plasma
torch is not higher than 300, and therefore the bright plasma jet of the hybrid
plasma torch is fully turbulent throughout its whole length for all working con-
ditions. The turbulent vortices and eddies can be seen in Fig. [5.2] and Fig. [5.3}
they are generated by Kelvin-Helmholtz instability and propagate downstream.
The schlieren edge in the case of Fig. [5.2] was a disk screen with a diameter of
1.05 mm that was symmetrically inside a circle with a diameter of 9 mm (it is
depicted below the blue arrow). In the case of Fig. , a knife-edge was used.
The image in Fig. was obtained by a schlieren arrangement that was similar
to the Z-type (Fig. , and the image in Fig. m was obtained by the Carl
Zeiss system for schlieren imaging (Fig. |3.2]).

In thermal plasma jets, there is usually a laminar core region close to the exit
nozzle |1]; however, this is because of a lower Reynolds number in such cases.
Pfender et al. |1] estimated their Reynolds number at the exit of their gas plasma
torch to be approximately 100. In gas plasma torches, the plasma temperature
is not so high as in the case of the hybrid plasma torch. Therefore the kine-
matic viscosity of the plasma in gas plasma torches is highest in the center of the
plasma jet. This means that in the case of gas plasma torches, the core of the
jet (at least close to the exit nozzle) has the smallest Reynolds number and is,
therefore, usually laminar. In the case of the hybrid plasma torch, the situation
is different. The plasma temperature increases toward the center of the jet so sig-
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Figure 5.2: A camera image (left) and the corresponding schlieren image (right)
of the plasma jet created by the water stabilized plasma torch, taken in 1995. 1
=300 A, p = 101 kPa. Under the blue arrow, the schlieren edge that was used
is depicted: a disk screen inside a circle

nificantly that the kinematic viscosity can reach its maximum somewhere around
the center of the jet and start to decrease farther toward the center. The graph
of the theoretical temperature dependence of dynamic viscosity, which is similar
to the graph of the temperature dependence of kinematic viscosity, for the hybrid
plasma torch is shown in . Therefore, the Reynolds number does not have
to be the smallest in the core of the plasma jet created by the hybrid plasma torch.

The diameter of turbulent vortices propagating downstream (visible in Fig.
increases with decreases in the arc current and argon flow. Also the onset of
the turbulences around the bright plasma jet moved downstream with decreases
in the argon flow. Both findings are in agreement with Pfender at al. [I]. The
values of the diameter in Fig. were obtained from visual observation of the
schlieren videos, and their uncertainty was estimated at 0.2 mm.

The Kelvin-Helmholtz instability generated not only turbulent vortices but
also hydrodynamic waves in the plasma jet that can be directly observed by
a high-speed camera . The speed (Fig. [5.5) and wavelength of these hy-
drodynamic waves in the anode area were directly calculated from consecutive
high-speed camera images. The hydrodynamic waves started to be clearly visible
just above the anode as they propagated downstream. In particular, they were
strongly amplified when they propagated just above the anode attachment. For
p = 101 kPa, zo = 4.5 mm, and yg = 0.9 mm, their average wavelength was 7 £
1 mm, and this seemed to be independent of the arc current (I = 300 A, 400 A,
500 A) and argon flow rate (Ar = 12 slm, 22 slm); it only increased slightly with
the distance x from the exit nozzle.

5.2 Transitions for plasma flow and anode at-
tachment

Regarding the hybrid plasma torch, there are two basic transitions:

1) The transition from subsonic to supersonic flow.
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Figure 5.3: A schlieren image of the plasma jet created by a wspP®-HR hybrid
plasma torch, taken in 2018. I =171 A, p = 62 kPa, Ar = 22 slm, C5. Here, the
turbulent vortices are visible only around the bright/white part of the plasma jet.
The corresponding video can be seen in the Supplement to this thesis (VIDEO

6)

In the working conditions used in most experiments and plasma spraying ap-
plications, the hybrid plasma torch has a subsonic plasma jet. The easiest way
to have a supersonic plasma jet is to reduce the ambient pressure. In the
transition from subsonic to supersonic flow was found, according to the Mach
number, at an ambient pressure of about p = 30 kPa, for I = 200 A. The an-
ode configuration used in was probably C3, but it is not mentioned in the
article. We found the pressure for the transition from a subsonic to supersonic
plasma jet directly from visual observations of the most visible expansion zone
in the supersonic plasma jet. The expansion zone has a low brightness and is
located between two compression zones with higher brightness. The most visible
expansion zone is usually the one that is closest to the exit nozzle. In most cases,
only one expansion zone was visible in the high-speed camera footage; however,
in rare cases more expansion zones were visible (Fig. |5.6). The second (in the
downstream direction) expansion zone appears mainly when the constricted an-
ode arc attachment is far enough from the exit nozzle (Fig. [5.6(a),(b)); this is
because the anode jet interacts strongly with the main plasma flow and breaks
the supersonic structure of the jet. However, when the constricted attachment is
small and the anode jet weak, the second expansion zone can appear even inside
the anode jet (Fig. [.6{c)). In Fig. [5.6/c), there was accidentally a metal cover
between the camera and the bright plasma jet; therefore, the first compression
zone was not visible.

The visually found values of the transition pressure are summarized in the
upper part of Table The transition was accompanied by a sudden increase in
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1=170 A; 24 mm downstream Ar = 8 slm; 24 mm downstream
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Figure 5.4: Argon flow dependence (left) and arc current dependence (right) of
the diameter d of the turbulent vortices in the place immediately behind the
anode (24 mm downstream from the exit nozzle). p =62 kPa, C6
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the slope of the E-A voltage pressure dependence (Fig. . The average values
for the E-A voltage in Fig. were calculated within a time interval of 50 ms.

Subsonic-supersonic flow transition
Anode configuration | I =200A | I =300 A
C6 40 £ 5 kPa | 40 £ 5 kPa
C5 32+ 2 kPa | 33 &+ 2 kPa
Constricted-diffuse attachment transition
Anode configuration | I =200A |1 =300 A
C6 17+ 2 kPa | 25 £+ 2 kPa

Table 5.2: Ambient pressures for the subsonic-supersonic plasma flow transi-
tion and the constricted-diffuse anode arc attachment transition, at 12 slm of Ar
(adapted from [5])

Another way to obtain a supersonic plasma jet is to increase the plasma flow
speed significantly (by increasing the arc current and argon flow rate), even at
atmospheric pressure. This was done by Kavka et al. [67], who experimentally
obtained a supersonic plasma jet at I = 600 A; however, the supersonic structure
of the jet was not visible, probably because of the corresponding intense plasma
jet radiation. Jenista et al. [4] confirmed the existence of a supersonic plasma
jet at p = 101 kPa, I = 600 A by using a numerical model of a hybrid-stabilized
argon-water arc.

2) The transition from a constricted to a diffuse anode arc attachment.
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Supersonic plasma jet images Adjusted contrast and brightness

Figure 5.6: Camera images showing expansion zones (1.E, 2.E, 3.E) alternating
with compression zones (brighter areas of the plasma). (a),(c) p = 35 kPa, I =
300 A, 12 slm of Ar, C6; (b) p = 50 kPa, I =200 A, 22 slm of Ar, C6 (adopted
from |5])

40 12 slm Ar; C6
Figure 5.7: The average (in time) = X 300A
voltage between the exit nozzle g 60
and anode at different ambient 2 a1
S -
pressures for two values of the arc <
current (adapted from [5]) “100f

The constricted and diffuse anode arc attachment, with the corresponding arc
voltage waveform, is shown in Fig. [5.8]

In the restrike mode, the constricted attachment in the hybrid plasma torch
almost always moves downstream along the anode surface and only very occa-
sionally moves a little (less than 1 mm) upstream and then it continues to move
downstream. Up to now, only the restrike mode with the constricted anode arc
attachment has been used in practical applications of the hybrid plasma torch.
When using a high-speed camera, we have never observed takeover mode in the
case of the hybrid plasma torch; even if the arc voltage waveform sometimes
seemed to be sinusoidal. We obtained the steady mode with the constricted an-
ode arc attachment, but only in the direction of the plasma flow. It is not possible
to obtain it in all directions because of the anode, which rotates and carries the
attachment in the direction of its rotation.

One way to obtain the steady mode, in the axial direction, is to reduce the ar-
gon flow and arc current (and consequently the plasma flow speed) under certain
transition values that depend on the anode configuration and ambient pressure.
For C2in¢, the steady mode already happened at I = 200 A and 8 slm of Ar
(VIDEO 7 in the Supplement to this thesis). The second way is to increase the
distance yp (Fig. , again to a certain transition value that depends on the
distance x5, arc current, argon flow rate, and ambient pressure. In both ways,
the steady mode is the result of the decrease in the drag force Fp acting on the

o1



Constricted attachment; p = 20 kPa Diffuse attachment; p = 1 kPa
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Figure 5.8: Camera image and arc voltage waveform for (a) a subsonic plasma
jet with a constricted anode arc attachment and for (b) a supersonic plasma jet
with a diffuse anode arc attachment. I =75 A, 12 slm of Ar, C6
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Figure 5.9: Two combined cam-
era images (separated by the hor-
izontal white line) showing the
arc in the steady mode regard-
ing the direction of the plasma
flow. The electrical resistivity R
between x; and x is greater than —
that between x; and x3. p =

101 kPa, I =400 A, 12 slm of Ar, ANODE (+)
C3 (adopted from |6))

constricted attachment in the downstream direction.

In Fig. [5.9) the two images were taken at different times, as the pixel res-
olution was not enough for such a large image showing the whole attachment
together with the plasma flow. An electrical breakdown close to the exit nozzle
did not happen, and so the restrike in the direction of the plasma flow stopped.
However, because of the rotation of the anode, the attachment was moving slowly
with a restrike in the direction perpendicular to the images, that is to say in the
direction of the rotation of the anode. The rotating anode carried the attach-
ment down to about 4.4 mm, and the corresponding average restrike period in
that perpendicular movement was about 1 ms, with large voltage drops of about

150 V.

Despite all the previous studies, the attachment movement, as well as the
restrike mode itself, are not yet well-understood phenomena. The way the one-
way steady mode was obtained (by increasing the distance yg) offers the following
interpretation of the restrike mode [6]: electrical breakdown between the anode
and the main plasma flow probably happens in random places where turbulence
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in the main plasma flow causes a decrease in the distance yy between the main
plasma flow and the anode surface to such an extent that an electrical breakdown
can happen.

These random locations of a new breakdown are always closer to the exit
nozzle than the former position of the attachment, and this is because of at least
two reasons. First, the voltage between these random upstream locations and
the anode is higher than between the downstream locations and the anode, as
the negative electric potential increases from the cathode towards the anode.
Second, the distance yg is smaller in these random upstream locations than in
the downstream locations because the anode jet raises the main plasma flow and
therefore causes its inclination upward.

Then the electrical breakdown creates a new current path where the plasma
temperature and electric current increase and the electrical resistivity of the
plasma decreases. For a 2-4 us, there are two anode arc attachments, the former
and the new one. After a moment, the electric current in the new current path is
higher than that in the former current path, and the electrical resistivity of the
new path is suddenly lower than that of the former path. Therefore the former
attachment ceases to exist, and only the new attachment remains. The process
repeats.

The shape of the arc voltage waveform is a good indicator of the type of the
anode arc attachment when a camera is not available. When the waveform is
sawtooth-shaped (Fig. [5.8(a)), it means the attachment is constricted and moves
in a restrike mode.

When the arc voltage waveform is nearly a constant (Fig. [5.8(b)), it means
that the attachment is almost not moving. And if we do not have such an atypical
anode configuration as C3 (Fig. , we can say that the attachment must be
diffuse when the arc voltage waveform is nearly a constant. As mentioned in the
next section, [5.3 this constant is not a long-term one, and it increases slowly
with time.

The easiest way to obtain a diffuse anode arc attachment is to reduce the am-
bient pressure (as in the case of the transition to the supersonic plasma jet). The
decrease in the ambient pressure causes an expansion of the plasma jet, and this
expansion causes the cold gas boundary layer between the anode and the main
plasma flow to be narrower. At very low ambient pressures, the bright plasma jet
is so expanded (enlarged in its diameter) that it touches the anode surface and
the anode arc attachment is diffuse. As we can see from Table 5.2 with common
anode configurations such as C6, the plasma jet must be supersonic to have a
diffuse anode arc attachment.

The expansion of the plasma jet and the connection of its bright part with
the anode surface through a diffuse attachment can also be obtained in another
way, not only by reducing the ambient pressure. We made the transition from a
constricted to a diffuse anode arc attachment at atmospheric pressure by reducing
yg to slightly negative values (that correspond to the anode surface slightly above
the level of the bottom edge of the nozzle gap) and placing the anode closer to
the exit nozzle (reducing the horizontal distance zy between the anode and the
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exit nozzle). The high value of the arc current, I = 500 A, helped to expand the
plasma jet, because the higher the arc power is, the greater the diameter of the
bright plasma jet is. A camera image of this diffuse attachment is shown in Fig.
5.10(b). It is an image taken a little from the right side, for yy = —0.8 mm, so
that the left edge of the anode seems to be closer to the exit nozzle than it really
was.

Constricted attachment; C1 Diffuse attachment; C4
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Figure 5.10: Camera image and arc voltage waveform for (a) a constricted anode
arc attachment and for (b) a diffuse anode arc attachment. I = 500 A, p =
101 kPa, 12 slm of Ar

This diffuse anode arc attachment at atmospheric pressure will be discussed
further in Section 5.4l

The transitions from the constricted to the diffuse anode arc attachment were
accompanied by the occurrence of multiple anode attachments that were a com-
bination of diffuse and weakly constricted attachments. The same was observed
during the transition in other kinds of plasma torches ,.

5.3 Anode arc attachment movement

In this section, the movement of the constricted anode arc attachment will
be described, because the diffuse anode arc attachment does not move signifi-
cantly along the anode surface. The movement of the attachment influences the
stability of the plasma jet and the heat flow from the arc to the anode. The
dynamic drag force Fp and magnetic Lorentz force Fy, acting on the constricted
attachment are depicted in Fig. [5.11]

The upper curvature of the attachment is caused by the inclination of the
attachment downstream, and it is very visible. The lower curvature of the at-
tachment is not visible [@,; however, it should exist because the electric current
flowing through the attachment into the anode must enter the anode (an equipo-
tential surface) normally, that is to say by the shortest path.
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Figure 5.11: Camera im-
ages of the anode area in
(a) C2 and (b) C2INC aln-
ode configuration. The gas
drag force Fp acts on the
attachment in the down-
stream direction, and the
magnetic Lorentz force Fj,
acts on the attachment out
of the current curvatures plasma jet
(in the radial direction of
the curvatures). Grey op-
tical filter 1000x, 12 slm of
Ar, p = 101 kPa (adapted

from [6)])

This thesis describes the movement of the attachment projected into the axial
direction z. The small component of the movement of the attachment in the
direction of the rotation of the anode represents no more than 2 % of the axial
component. Fig. shows the minor effect of the rotation of the anode on the
bright plasma jet when viewed from above. At high arc currents (I > 500 A) the
inclination of the bright plasma jet in the direction of the rotation of the anode
is visible. The brightest part of the bright plasma jet above the anode is caused
by the anode jet.

The greater Fp is, the faster the constricted attachment moves downstream.
We can increase Fp and, consequently, the speed of the attachment by increasing
the pressure gradient along the arc. This pressure gradient can be increased by
lowering the ambient pressure (Fig. or by increasing the electric power of
the arc (Fig. [p.14] Fig. [p.15)). The arc power increases with an increase in the
arc current. Fp also increases as a result of the expansion of the plasma jet,
because this expansion narrows the cold gas boundary layer between the anode
and the bright plasma jet, which decelerates the anode attachment. And the
narrower this layer is, the less the attachment is decelerated by this layer. The
plasma jet expands when the ambient pressure is reduced or when the arc current
is increased.

We can also put the anode vertically closer to the exit nozzle to obtain faster
movement of the attachment. This follows from the results in Fig. [5.13(a). After
increasing yg (C5 — C7 and C5 — C8), the average attachment speed decreased
because the cold gas boundary layer between the anode and the bright plasma
jet, which decelerates the anode attachment, became wider. In Fig. [5.13|(a), this
is shown only for p = 80 kPa, but it was also true for other values of the ambient
pressure. P = 50.6 kW corresponded to I = 254 + 4 A, and the dependence for
I = 300 A looks almost the same as that in Fig. [5.13|(a). The same conclusion
follows from the comparison of the graph “WORN; 12.5 slm” in Fig. [5.14|(a) and
the graph “12.5 slm; C2” in Fig. [5.15| The first graph is for C1 (yg = 0.9 mm)
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Figure 5.12: Two camera images of
the bright plasma jet when viewed
from above, obtained by the reflec-
tion of light on two mirrors. The
anode was rotating to the right and
is not visible in the images. Anode
configuration C1, D = 6 mm, Ar =
12 slm, p = 101 kPa, exposure time
of 0.29 us

EXIT NOZZLE
(@) 1=400A

EXIT NOZZLE
(b) 1=500A

and the second graph for C2 (yg = 1.4 mm).

The attachment speed also increases with decreases in the horizontal distance
x from the exit nozzle. This is because the plasma flow speed decreases rapidly
in the downstream direction (with increases in the z-coordinate) [43] as a result
of the surrounding atmosphere. The relations in Fig. [5.13[b) for C6 revealed the
same conclusion as those for C5, except that the decrease in the average attach-
ment speed with the increase in ambient pressure was less rapid (it was in the
range of 70-330 m/s even for p = 75-95 kPa) because of higher x4 in the case of C6.

To compare the attachment speed on the anode surface itself, the value of 14
mm was chosen, and the average attachment speed along the entire anode surface
(0-20 mm < “whole movement”) was compared with that along the upstream
part of the anode surface, from z — 2z, = 0 mm to 14 mm (“0-14 mm”). As we can
see in Fig. (a), at ambient pressures p > 60 kPa, the average speed along 0-14
mm of the anode surface was higher than that along 0-20 mm. It means that the
anode arc attachment slows down a little during its movement downstream along
the anode surface. The difference is not visible for p < 60 kPa, which indicates
that for those lower ambient pressures, the attachment moves only within the
upstream part of the anode, 14 mm long.

If we compare the movement of the attachment in a shorter upstream part of
the anode surface, let us say 0-12 mm, with the whole movement of the attach-
ment, the pressure boundary when the average attachment speed values start to
differ will be less than 60 kPa. This is because both the average position on the
anode where the attachment is created and the one where it decays shift down-
stream along the anode surface with an increase in the ambient pressure (Fig.
5.16|).

The average position of the creation of the attachment shifts upstream with
decreases in p because the anode jet causes an inclination of the bright plasma jet
upward and because a reduction of p causes an expansion of the cold boundary
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Figure 5.13: (a) The ambient pressure dependence of the axial attachment speed
averaged from the movement over the entire 20 mm long anode surface (“whole
movement”) and averaged from the movement only between 0 mm and 14 mm
(“0-14 mm”) of the anode. The position of 0 mm represents the edge of the anode
closer to the exit nozzle. (b) The ambient pressure dependence of the average
axial attachment speed in C5 calculated from its entire movement for two constant
arc current values and one constant arc power value (adapted from EV)
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Figure 5.14: The arc current dependence of the axial attachment speed averaged
within a time interval of 12.7 ms in C1, p = 101 kPa, for a new anode (“NEW?”),
with a larger value at I = 600 A) and for a worn anode (“WORN”); (a) 12.5 slm

of Ar, (b) 22.5 slm of Ar (adopted from @)
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layer between the anode and the bright plasma jet. Therefore, at low p the cold
boundary layer is narrowest close to the exit nozzle, and the probability of an
electrical breakdown is smallest close to the exit nozzle. The narrow boundary
layer also causes a short restrike period, that is to say, a short time between the
creation of the attachment and the following decay of the attachment. Therefore,
with decreases in p, the average position of the decay of the attachment also
tends to move upstream, together with the average position of the creation of the
attachment.

The decrease in the attachment speed with increases in the horizontal distance
x is evident even in individual restrike periods; it is evident from the change in
the slopes of the time dependence of the axial attachment position. For example,
the slope of the graph in Fig. a) between ¢ = 1.91 ms and ¢ = 1.97 ms is
about 10 m/s lower than the slope of that graph between ¢t = 1.97 ms and ¢ =
2.03 ms.

In Fig. a), the very low values of the average attachment speed for p >
85 kPa in the graph “whole movement; C5” are the result of the attachment’s
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Figure 5.15: The arc current
dependence of axial attach-
ment speed averaged within
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dwelling on the end of the anode further from the exit nozzle (at x = x,+20
mm). We can say that at p > 85 kPa the attachment would repeatedly like to
move beyond the position z = xa + 20 mm but it could not because it reached
the end of the anode and therefore it rather moved a little along the vertical edge
of the anode (at © = xA+20 mm), while a breakdown caused its decay.
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Figure 5.16: The ambient pressure dependence of the average axial position x—x
on the anode surface where (a) a new constricted attachment is created and (b) a

previous attachment ceases to exist during a restrike. C5, 12 slm of Ar (adapted

from [5])

The average axial positions of the creation of the constricted attachment and
its decay in Fig. also shift downstream in time, even when p and I are
constant. The same is true for the average position of the diffuse anode arc at-
tachment. This slow shift can be observed over a long time (a few hours) as an
increase in the average arc voltage, because an increase in the long-term average
arc voltage represents a downstream shift of the average location where the anode
attachment moves along the anode or dwells on the anode (dwells in the case of
a diffuse attachment). For p = 80 kPa and p = 5 kPa, we measured that the
average arc voltage increased by 30 & 4 V and 11 4 4 V, respectively, over the
course of four hours at I = 250 A.

Fig. [5.15| reveals that the inclination of the anode of about 10° (Fig. [5.11|(b))
does not change the average attachment speed along the anode significantly, at
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least not for p = 101 kPa, I < 400 A and argon flow rates less than or equal to 12
slm. However, greater inclination could slow the attachment down significantly
for at least two reasons. First, near the anode the projection of the magnitude of
the drag force Fp on the anode surface (the projection of Fp on the attachment
movement direction) decreases with increases in the inclination angle. Second,
the lower curvature of the attachment, near the anode surface, together with the
F;, acting upstream (according to [22,26]), increases with increases in the inclina-
tion angle. Therefore the net force acting on the attachment in the downstream
direction should decrease with increases in the inclination angle.

When [ > 400 A, an inclination angle of 10° caused the attachment to dwell
for a long time on the downstream edge of the anode, farther from the exit nozzle.
Therefore, in Fig. [5.15] there are no data for I > 400 A. When I < 200 A, the
restrike mode was changing to a steady mode as a result of a small net force act-
ing on the attachment in the downstream direction and, therefore, in Fig. [5.15]
there are no data for 8.5 slm of Ar and I = 200 A.

The effect of the argon flow rate and of the state of the anode surface (“NEW?”
vs “WORN” anode surface) on the average axial attachment speed is not signif-
icant (Fig. [5.14)). The low dependence of the average attachment speed on the
argon flow rate Ar has at least two reasons: first, the magnetic Lorentz force Fy,
acting downstream in the upper curvature of the attachment does not depend on
Ar 22|, and second, the plasma flow speed (directly proportional to Fp) does
not depend significantly on Ar [16]. However, from our measurements it is ev-
ident that the average attachment speed nevertheless increases somewhat with
increases in the argon flow rate.

We fitted various relations of the measured average axial attachment speed,
generalized them, and found that the measured magnitude of the average axial
speed of the constricted attachment during the restrike can be expressed as the
following function of the magnitudes of ambient pressure p, arc voltage I, argon
flow rate Ar, exit nozzle diameter D, and the distance between the exit nozzle
and anode x4:

20 (2 [mm]) /4 (I[A])*(Ar[slm])*/?

_ 2 !
Vattachment,x [m/s] = 2<D[mm]) - 5 T (D[mm]) p[kPa]

, (5.1)

where for example D[mm]| means the magnitude of D in mm (without the unit),
p = 30-101 kPa, I = 150-600 A, Ar = 12-32 slm, D = 5 or 6 mm, x5 = 1.4,
3.4, or 3.8 mm. This equation, therefore, applies only to the magnitudes of the
corresponding physical quantities.

For that fitting purpose, the average attachment speed was computed along the
17.5 mm long upstream part of the anode surface, from x — x5, = 0 mm to 17.5
mm. This part of the anode surface was chosen to avoid the possible lessening of
the average speed value by the attachment’s dwelling on the downstream edge of
the anode (it happened at high I, p, Ar, and anode surface inclination degrees,
or small distances xa). The accuracy with which function fits the data is
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shown in Fig. [5.17] Fig. [5.18] and Fig. [5.19] The fitting function is represented
by the blue dashed line.
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Figure 5.17: The ambient pressure dependence of the average axial attachment
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Figure 5.18: The arc current dependence of the average axial attachment speed
(data points) vs. the fitting function (blue dashed line) (a) for C6, p = 80 kPa,

D=5 mm and (b) for C1, p = 101 kPa, D=6 mm
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We also found the following function for the average axial plasma speed above
the anode, which fits previously measured values of the plasma flow speed

[594[65):

@plasma,x [m/s] = 1000 + ][A] + 8@attachment [m/s]7 (52)

where again, as in the case of equation (5.1)), for example I[A] means the magni-
tude of I in A (without the unit), p = 30-101 kPa, I = 200-400 A, Ar = 12-22
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slm, D = 5 or 6 mm, xp = 3.4 or 3.8 mm.
The accuracy with which function (5.2)) fits the data is shown in Fig. |5.21
and Fig. [5.20] The fitting function is represented by the red dashed line.
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Figure 5.21: The arc current dependence of the average axial plasma speed above
the anode (data points) vs. the fitting function (red dashed line) (a) for 15 slm
of Ar and (b) for 22 slm of Ar. D=6 mm, C1. “Data 3” are from |[59] and “Data
2" are from (15|

The values of all five variables, p, I, Ar, D, and x, are set before the exper-
iment by an experimenter. Therefore, if the second function (equation for
Uplasma,x 18 satisfactorily true, we do not have to measure the axial plasma speed
above the anode because we can just calculate it from the much more easily and
much more precisely measured average axial attachment speed. If the first func-
tion (equation for Vattachment,x 15 also satisfactorily true, we do not have to
measure even the average axial attachment speed because, in such a case, we just
need to calculate both average speeds from the five preset working conditions of
the plasma torch. However, we think the two functions apply only to the limited
range of the values of p, I, Ar, D, and x,, that was used, and that they are not
in their final state yet, that is to say, they are not satisfactorily true yet. The
two functions need to be further compared with more (future) measured data
and improved if necessary. This opinion follows from the way we obtained them.
At first, from our graphs with the average axial anode arc attachment speed, we
noticed that the average axial attachment speed depends quadratically on the
arc current and hyperbolically on the ambient pressure. Then we tried different
coefficients for the quadratic and the hyperbolic term, different exponents for Ar,
D, and x4, and different additional terms to fit the function Vattachment,x With
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the data as well as possible while keeping all coefficients as integers. In equation
(5.1), the most questionable is the dependence of Uattachmentx 00 D and xx.

Regarding the time characteristics of the axial movement of the constricted
attachment, the restrike period (the average time between two consecutive re-
strikes) was investigated. With decreases in the ambient pressure (Fig. [5.22(a))
or with increases in the arc current (Fig. |5.22|(a),(b)), the average period of the
restrike process decreases. It does not depend significantly on the argon flow
(Fig. 5-22b)). One reason is the expansion of the plasma jet and the subsequent
reduction in the thickness of the cold gas boundary layer between the anode and
the bright plasma jet with decreases in p or with increases in I. The reduction
in the boundary layer thickness leads to a reduction in the breakdown threshold
voltage and therefore increases the likelihood of a restrike. Another reason is that
an increase in the attachment speed decreases the restrike period because the dis-
tance traveled by the attachment does not depend significantly on p or I. The
distance traveled by the attachment is, with uncertainty, equal to the difference
between the average attachment creation position and the average attachment
decay position (Fig. |5.16)).

Except for the graph “12.5 slm; C1; pos(t); 12.7 ms”, the restrike period in
Fig. 5.22(b) was computed from the arc voltage waveform. We can see that the
results in the graph “12.5 slm; C1”, obtained from the arc voltage waveform, are,
within the uncertainty, the same as those in the graph “12.5 slm; C1; pos(t); 12.7
ms”, obtained from the time dependence of the attachment position. Therefore,
we can compute the restrike period from the attachment position time dependence
as well as from the arc voltage waveform.

The very long restrike periods at high ambient pressures were a result of the
attaching/dwelling of the constricted anode attachment on the downstream edge
of the anode, where it tried to move down along the vertical downstream surface
of the anode. For “200 A; C5” and “300 A; C5”, for p > 70 kPa and p > 80
kPa, respectively, the restrike periods were approximately 1 ms and 0.5 ms, re-
spectively.

5.4 Anode erosion phenomena

The anode erosion happens mainly under the anode arc attachment. Color
Fig. |5.23(a) proves this because the green fumes under the remains of a former
attachment (that drifted in the direction of the anode rotation  x y) indicate
copper fumes from the copper anode. Fig. |5.23(a) also shows a double anode arc
attachment, that is to say, two anode arc attachments at the same time. These
two attachments are not a transition from a former to a new anode attachment
that is visible in the high-speed camera images with an exposure time of about
0.29 ps. The duration of a typical restrike (transition from a former to a new
anode attachment) is about 2-4 pus and the exposure time of the camera image
in Fig. [5.23|(a) was in the range of ms because it was taken with the Canon EOS
450D camera.

The axial component of the average distance traveled by the attachment along
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Figure 5.22: (a) The ambient pressure dependence of the average restrike period
computed from 100 ms of the attachment position time dependence. The values
of “300 A; C5” increased to approximately 0.5 ms, and the values of “200 A;
C5” increased to approximately 1 ms at p > 80 kPa and p > 70 kPa, respectively
(adapted from |5]). (b) The arc current dependence of the average restrike period
computed from the arc voltage waveform. A worn anode was used. In one case
(“12.5 slm; C1; pos(t); 12.7 ms”) it was computed from 12.7 ms of the attachment

position time dependence. p = 101 kPa (adopted from |6])
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Figure 5.23: (a) A camera (Canon EOS 450D) image of the anode area in C5,
with two green copper fumes under the remains of a former attachment drifting
in the direction of the anode rotation. Gray optical filter 1000x, I = 200 A,
p = 80 kPa, 22 slm of Ar. (b) The pressure dependence of the average axial
component of the distance traveled by the constricted anode attachment along

the anode surface. The average values were computed from time intervals of
100 ms (adapted from [5)])

the anode surface (Fig. [5.23|(b)) determines how wide the part of the anode
surface that is eroded by the attachment is. The part of the anode that, under
given working conditions, is not touched by the attachment erodes much less than
that where the anode attachment moves. The axial component of the average
distance traveled by the attachment along the anode is within the uncertainty
equal to the difference between the average attachment decay position and the
average attachment creation position (Fig. [5.16)).

It seems that the average distance traveled by the attachment decreases with
increases in the arc current (Fig. and depends significantly on the actual
state of the anode surface. In Fig. [5.24] “NEW”, “WORN”, and “WORN2” rep-
resent a new anode, an anode with an eroded/worn surface, and another anode
with a differently eroded/worn surface. When we changed the investigated time
interval from 9.5 ms to 12.7 ms (for the “WORN2” data, only 9.5 ms of high-
speed camera video footage was available), the shape of the “NEW”, “WORN”,
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and “WORN2” graphs in Fig. did not change; only the absolute values
changed by less than about 0.5 mm.

The slight decrease in the average distance traveled by the attachment along
the anode with increases in the arc current means that a greater electric power
is transferred into an even smaller part of the anode and that the anode ero-
sion increases with increases in the arc power, as Szente et al. found for tip
electrodes.
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Figure 5.24: The arc current dependence of the average axial component of the
distance traveled by the constricted anode attachment along the anode surface,
computed from a time interval of 9.5 ms. “NEW?” “WORN”, and “WORNZ2”
mean a new anode, worn anode, and another worn anode, respectively. p =

101 kPa, the argon flow rate was (a) 12.5 slm or (b) 22.5 slm (adopted from [6])

An eroded anode surface has typical channels formed by craters when oper-
ating with a constricted anode arc attachment (Fig. [5.25(c)). This fact, together
with the fact that the anode rotates, indicates that the constricted anode attach-
ment moves along those channels and during the restrike, a new attachment is
created not in a random place but in a channel that is adjacent to the previous
one.

Figure 5.25: A detailed view of the anode surfaces (a), (b) after a short time,
and (c), (d) after a long time (hours). The anode was used for a total time of
ta-+t., where t. indicates the time when the anode arc attachment was constricted,
and tq indicates the time when the anode arc attachment was diffuse (adopted

from E]])

A crater (Fig. [4.5(a),(c)) on the anode surface is created by rapid evaporation
of the anode material (usually a copper) when the constricted anode attachment
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suddenly slows down. The position where the attachment suddenly slows down
could be an inhomogeneity of the anode surface with sharp edges and/or maybe
places with a higher local electrical conductivity of the anode material. In the
case of a worn anode surface, the position where the attachment suddenly slows
down is probably a crater created previously. The often sudden slowing down
of the constricted attachment is visible in high-speed camera video footage, and
it is accompanied by falling of the attachment slope (with respect to the anode
surface), that is to say, by decreasing of its inclination.

This fact suggests the possibility that the attachment may also suddenly slow
down because of a sudden decrease in the instantaneous plasma flow speed as a
result of, for example, turbulence in the water vortex [70] or turbulence in the
ambient pressure. Those intermittent and sudden decreases in the instantaneous
speed of the attachment are called the dwellings of the attachment.

On a new anode surface, the frequency of the attachment dwelling is in the
order of hundreds of Hz, which is in the same order as the frequency of the fluctu-
ations induced by the rotation of water in the chamber of the plasma torch [70].
The frequency of the attachment dwelling on a worn anode surface is about ten
times higher than that on a new anode surface, so in this case reasons other than
those connected with the torch chamber must play a role, for example, inhomo-
geneities of the anode surface or previously created craters.

When the constricted attachment dwells, its slope ascends and its width
(which is usually about 1 mm in the x direction) increases. Its width increases
probably because of the increase in the amount of evaporated anode material
under the attachment during the dwelling. After a dwelling, the slope of the
attachment descends, its width decreases, and the attachment accelerates and
moves downstream again. Because of this dwelling, in the rares case of multiple
anode arc attachments, the individual attachments sometimes interact with each
other as one overtakes another. We observed the interaction of the attachments
in the high-speed camera video footage.

Individual craters are only visible on an anode surface that has not been
used for a very long time (Fig. [4.5(a)); later, the craters overlap with each
other and are no longer visible as individual craters (Fig. [4.5(b)). However, we
can still see channels created from the overlapping craters when we use mostly a
constricted anode attachment. The channels are smoothed out by a diffuse anode
arc attachment (Fig. [5.25(a) — Fig. [5.25(b)). Fig. [5.25(a),(b) show the surface
of one anode, Fig. [5.25c) shows the surface of a second anode and Fig. [5.25(d)
shows the surface of a third anode.

It was not possible to investigate the anode surface after using only a diffuse
attachment (t. = 0 s) because, within the first few seconds of the operation of the
plasma torch, the attachment is always constricted. This is because the plasma
torch WSP®-HR inside the low-pressure chamber/reactor must be switched on
at approximately p > 70 kPa (because the water in the stabilizing water vortex
is sucked by using pressure of about 50 kPa). This means that it is not possible
to switch on the hybrid plasma torch at such a low ambient pressure that the
attachment would be diffuse from the very beginning. After a long time, the
diffuse anode attachment creates cracks on the anode surface that are, however,
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Figure 5.26: Image of the 20 cm
wide anode surface after 4 s of op-
eration of the plasma torch when
the anode was not rotating. The
anode was only cooled down by an

internal water circuit. p = 80 kPa,
=200 A, Ar =12 slm

usually smaller than those in Fig. [5.25(d).

In the case of the anode erosion shown in Fig. [5.25] the rotational frequency
of the anode had a standard value of 28 4+ 2 Hz. At this value of the rotational
frequency of the anode, the anode erosion is not directly measurable because the
anode loses only a small amount of weight in comparison to its total weight. If
we want to directly measure the anode mass loss resulting from its erosion with a
common balance scale (which has a limited accuracy), we must increase the ratio
of the anode mass loss to the total mass of the anode.

Using a balance scale that is much more accurate (and expensive) than our AQ
Sartorius E 2000 D balance scale would not necessarily solve the problem, because
before the anode mass loss measurements, it is necessary to remove residues of
water and deposits from the internal channels of the anode (where the cooling
water is circulating during the operation of the plasma torch). It is not possible
to remove these residues totally, and thus the measured anode mass loss must be
greater than the mass of the residues that were not removed from the inside of
the anode. The WSP®-H 2011 has a very large and massive anode (Table ;
therefore, the ratio that is mentioned is too small in its case. In the case of the
WSP®—HR, which has a smaller anode, the ratio of the anode mass loss to the
total mass of the anode is greater but still not great enough.

Therefore we came up with the idea of reducing the rotational frequency of
the anode of the WSPP-HR from 28 Hz to 15 Hz to increase the anode erosion
proportionally. For practical purposes, we want to know the anode erosion at the
standard value of 28 Hz, but, provided that the decrease of the rotational fre-
quency of the anode increases the anode erosion proportionally, we can at least
compare the anode erosion under different working conditions in this way. With
a rotational frequency smaller than 15 Hz, there is a risk that the anode will
stop during the operation of the plasma torch as a result of friction forces. What
happened when the anode was not rotating during the operation of the torch can
be seen in Fig. [5.26

The measured anode mass loss is summarized in Table[5.3. We used an anode
20 cm wide with its total mass in the range of 683-685 g (depending on the eroded
state). From a similar measurement with a bigger WSP®-H 2011 torch anode, it
only followed that after one hour of the operation of the plasma torch (at I = 600
A, p = 101 kPa, anode rotational frequency of 47 + 1 Hz ), the anode mass loss
was less than 1 g. The total mass of this bigger anode was between 2.5 and 3.5 kg.
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P Average el. Type of | Anode rotational | Anode
[£ 0.5 kPa] power attachment frequency mass loss
[+ 0.5 kW] [+ 2 Hz [+ 0.02 g]
80 50.6 constricted 15 1.03
45 50.6 constricted 15 0.09
2 50.3 diffuse 15 0.11

Table 5.3: Anode mass loss after four hours (& 20 s) of operation of the wsp®.
HR. The total mass of the anode was in the range of 683-685 g. Ar =12 slm, C5
(adopted from [5])

Let us go back to the diffuse anode arc attachment at atmospheric pressure
(Fig. [.10(b)). The erosion of the anode surface and the exit nozzle by using
that diffuse attachment can be seen in Fig. [5.27 The anode erosion could not
be measured quantitatively in that case because of the large and massive anode.
Regarding the mass loss of the whole exit nozzle, its quantitative measurement
is not important as only the gap of the exit nozzle plays a significant role in
the operation of the plasma torch, not its edges. After exposure to that diffuse
attachment only the edge of the anode closer to the exit nozzle (in Fig. , it is
the right edge) seems to be more eroded than it is in the case of usual constricted
attachment. The total anode erosion, however, seems to be lower in the case of
that diffuse attachment than in the case of a constricted attachment.

The exit nozzle is more damaged in the case of the diffuse attachment. The
almost horizontal groove in the left part of the exit nozzle (in the third column of
Fig. was caused by a temporary attachment of the arc to the nozzle. The
arc became attached to the nozzle for a while because the nozzle was very close to
the anode. The damage to the exit nozzle in the case of that diffuse attachment
could be resolved by cooling down the inside of the exit nozzle in a similar way
to how it is done in the case of the anode. Then, maybe, at atmospheric ambient
pressure, it would be beneficial to use the diffuse anode arc attachment rather
than the conventional constricted anode arc attachment. The main advantages
would be less anode erosion and a more stable plasma jet.

We found that the anode erosion can be compared under different working
conditions, not only after operation of the plasma torch with very low anode ro-
tational frequency by weighting the anode but even during the operation of the
plasma torch. It can also be compared in the case of the wsp®_p 2011, with a
very large and massive anode. This is because the variable called the proportion
of all (the attachment’s) dwellings (described in Section is proportional to
the measured anode mass loss (Fig. , Table . They are proportional, how-
ever, only under the assumption, even quite expected, that the measured ratio
1.03 g/0.11 g (Fig. p.2§(a), Table remains greater than one also in the case
that the rotational frequency of the anode equals 28 Hz. This proportionality
could be further supported by measuring the proportion of all dwellings at the
anode rotational frequency of 15 Hz.

The finding that the proportion of all the attachment’s dwellings is propor-
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Figure 5.27: Images of the 16 cm wide anode surface and the exit nozzle used at
p = 101 kPa. The three states of the anode surface and exit nozzle are compared:
after operation of the torch with a constricted anode attachment (left column),
new ones (middle column), and after operation of the torch with a diffuse anode
attachment (right column)

tional to the measured anode mass loss means that the more often a constricted
anode attachment dwells on the anode, the more the anode is eroded. The an-
ode erosion is therefore influenced by the movement of the constricted anode arc
attachment, and, together with the proportion of all dwellings, decreases with
decreases in the ambient pressure.

The anode erosion is less extensive when a diffuse attachment is present (Table
5.3] p = 2 kPa) as opposed to a constricted attachment (Table p = 80 kPa).
However, when the constricted attachment is almost diffuse (Table p = 45
kPa), the corresponding anode erosion is almost the same as in the case of a
diffuse attachment. A diffuse anode attachment erodes the anode less than a
constricted anode attachment, not only in the case of the hybrid plasma torch
but also in the case of a double anode plasma torch .

This is probably because the heat transfer from the plasma jet to the anode
is spread out less in a constricted anode attachment than in a diffuse anode at-
tachment. This is in agreement with Terasaki et al. who reported that the
melting of the anode in a free-burning arc is determined by the heat input density
rather than the total heat input.

The chronology of the measurements in all the graphs in Fig. |5.28 was from
right to left, that is to say from higher p to lower p. Each point in the graphs was
measured for the time interval of 0.1 s, and the time between the measurements
at p = 95 kPa and p = 30 kPa was about 2.0 hours. There is a significant increase
in the frequency of the attachment’s dwelling with the vertical shift of the anode
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Figure 5.28: The ambient pressure dependence of the proportion of all the attach-
ment’s dwellings within the length of 1 mm on the anode surface and for a time
interval longer than 10 us or 15 us. The comparison is made for the attachment’s
movement (a) along the whole anode surface (0-20 mm) and (b) between 0 mm
and 14 mm of the anode surface. Anode mass loss was measured at the lower
anode rotational frequency of 15 Hz (adapted from [5])

farther from the exit nozzle (C7 and C8 in comparison with C5 in Fig. [5.28]).
Therefore, anode configurations with a long distance yg, like C7 and C8, are not
suitable for hybrid plasma torch operation because of great anode erosion. The
proportion of all dwellings for ¢ > 7 = 10 ps is only a little greater than that for
t>7 =15 us.

Popov et al. [73] reported that the anode evaporation must be high if the
anode jet is very bright. In the case of the hybrid plasma torch, the anode jet is
very bright at high p and high I, which agrees with the high anode erosion (and
proportion of all dwellings) at p > 70 kPa (Fig. [5.28(a)).

The big difference between the proportion of all dwellings in Fig. [5.28(a) (0-
20 mm of the anode surface) and Fig. [5.28(b) (0-14 mm of the anode surface)
at p > 70 kPa means that at p > 70 kPa, in C5, the anode attachment dwells
between 14 and 20 mm of the anode surface for a long time. According to the
corresponding video footage, at p > 80 kPa it dwelled mostly on the downstream
edge of the anode surface. For p < 70 kPa, the proportion of all dwellings in C5
seems to be almost the same in both Fig. [5.28 (a) and Fig. |5.28(b).

It means that at p < 70 kPa, P = 50.6 kW, Ar = 12 slm, the attachment
almost did not dwell between 14 and 20 mm of the anode surface and dwelled
almost solely between 0 and 14 mm of the anode surface. The dwelling of the
attachment happens wherever the attachment moves, so if the attachment almost
did not dwell between 14 and 20 mm of the anode surface it means that the at-
tachment almost did not move between 14 and 20 mm of the anode surface. This
is in agreement with the results in Fig. [5.16]

The attachment dwelled for a long time on the downstream edge of the worn
anode (and moved down along the vertical surface) also at I = 600 A and p
= 101 kPa, which caused the sudden lowering of the average attachment speed
on the worn anode in Fig. [5.14] and the longer average restrike period in Fig.
5.22(b). It also caused the suddenly longer average distance traveled by the
attachment in Fig. [5.24] in the case of one worn anode. During the dwelling of
the constricted attachment on the downstream edge of the anode, the upper part
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of the attachment was sometimes carried farther in the downstream direction by
the main plasma flow to such an extent that the bright part of the attachment
was torn apart, and only then was a new attachment created closer to the exit
nozzle.

Our MATLAB script sometimes evaluated the carrying of the upper part of
the constricted attachment on the downstream edge of the anode as the contin-
uous movement of the attachment. This is also why in Fig. [5.24] in the case of
one worn anode at I = 600 A, the average distance traveled by the constricted
attachment was too large in comparison with a value expected from the slope
of the graph. The above-mentioned results, for I = 600 A and p = 101 kPa,
therefore, require modification.

The proportion of all dwellings was greater on a worn anode than on a new
anode, as shown in Fig. [5.29] This was probably because a worn anode surface
had more inhomogeneities and craters that forced the constricted attachment to
stop than a new anode surface had. In the parentheses in the legends in Fig.
, there are values of the 7 and [ from equation respectively.

p = 101 kPa; C1; from position(t) g p = 101 kPa; C1; from Uca(t)
aol | | I §40 " (9)WORN (10 ps; 1.0 mm)
@NEW (14 ps; 1.0 mm) £ = WORN (10 ps; 1.0 mm); 40 ms
30 °30 WORN (14 ps; 1.0 mm)
3 WORN (14 ps; 1.0 mm) H = WORN (14 ps

& WORN (14 ps; 1.5 mm)

Proportion of dwellings [%]

15}

10k o

5 £

o - ; g oL s . s
300 400 500 600 a 300 400 500 600

(a) I [A] (b) 1 [A]

Figure 5.29: The arc current dependence of the proportion of all the attachment’s
dwellings. The dwellings were computed from 12.6 ms (in one case 40 ms - the
dashed line) of the (a) attachment’s position time dependence and of the (b) arc
voltage waveform. The two values in parentheses in the legends are the values of
7 and | from equation respectively (adapted from [6])

Fig. further shows that the dwelling on the worn anode surface within the
length of 1.5 mm was a little less frequent than the dwelling within the length of
1.0 mm. Therefore, if we neglect a small change in the anode surface between the
data measurements in the two graphs, we can say that the number of craters with
a length of 1.5 mm made by the attachment was lower than the number of craters
with a length of 1.0 mm. Each data point in the graphs in Fig. |5.29| represents
one measurement (with a duration of 12.6 ms or 40 ms), and the chronology of
those measurements was from a lower arc current to a higher arc current. The
measurements in each graph lasted about 10 min in total; therefore, the time that
elapsed between two consecutive measurements was about 1-2 min. This time of
1-2 min was needed to stabilize the working conditions.

The increase in the proportion of all dwellings with an increase in the arc
current, in the case of the new anode surface (Fig. [5.29(a), except the value at I
= 600 A), may be the result of the chronology of the measurements, because the
new anode was monotonically eroded more and more over time. The surface of
the worn anode changed obviously in a more complicated way than the surface
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of the new one.

By comparing the graphs “WORN (14 ps; 1.0 mm)” and the graphs “WORN
(14 ps; 1.5 mm)” in Fig. [5.29(a) and Fig. [5.29(b), we can see that the proportion
of all dwellings computed from the axial attachment’s position time dependence
(“position(t)”) gives almost the same results as that computed from the arc volt-
age waveform (“Uc,(t)”). The graphs “WORN (10 ps; 1.0 mm)” and “WORN
(10 ps; 1.0 mm); 40 ms” compare the effect of statistics on the values of the
proportion of all dwellings. The first graph was computed from an arc voltage
waveform 12.6 ms long, and the second one from an arc voltage waveform 40 ms
long.

Regarding the arc mode, it is obvious that the steady mode causes the greatest
anode erosion. This is because, in this case, a small part of the anode under the
anode attachment receives such much thermal energy per unit time from the arc
that the cooling of the anode at that position is not sufficient. In contrast, when
the attachment moves along the anode continuously, the cooling of the anode
is used effectively. This is in agreement with Wutzke et al. [23], who reported
that the restrike mode might “lead to a considerable lessening of the specific
time-averaged heat flux to the anode”.

5.5 Electric probe measurements

The electric probes were used under different working conditions and in
different positions summarized in Table [5.4]

Figure Anode | Ar I p Positions of the probes
conf. | [slm] | [A] | [kPa] [mm; mm]
Fig. .30 | C6 | 12 | 75 | 20,40 | [14.8; 4.3], [12.2; 4.0]
Fig. |5.31 C6 12 75 20 [11.2; 3.8]
Fig. p.32(b) | C6 | 12 | 70 | 20 [4.0; 4.0]

Fig. [p.34 C6 | 12 | 75 | 40 | [11.2;3.9] + [12.9; 3.8]
Fig. [5.35 Cs | 22 [171| 62 | [22.3; 9.5]+[24.0; 9.5,
[18.8; 16.5]4[20.4; 16.5]

Fig. [5.37 C6 | 12 | 75| 1 3.2; 3.8] + [4.9; 3.8],
[23.5; 4.4]+(25.2; 4.4]
Fig. [5.38 C6 | 12 | 75| 1 [4.1,0.9] + [5.7; 0.9],

[7.6: 0.9]+[9.2; 0.9]
Fig. p.3%a) | C6 | 12 | 75 | 40 | [11.2;3.9] + [12.9; 3.8]
Fig. 5.39(b) | C6 | 12 | 75 | 20 | [11.1;4.0] + [12.8; 3.9]

Table 5.4: Working conditions for the electric probe measurements (the positions
[x; y] correspond to the coordinate system in Fig. (adapted from [5]])

The current-voltage characteristic of one probe in two positions at p = 20
kPa is shown in Fig. (a). Every value in the two graphs is an average value
computed from one movement of one probe through the whole plasma jet (in the
radial direction X y or y x x). In this case, the probe that was used was the
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part of the electrical circuit shown in Fig. [5.30(b). During the measurement of
the probe I — @ characteristic, the PicoScope measured two electric potentials
(with respect to the anode ground): @; and ®,. The first one was equal to the
probe potential @, = P1, and the second one was used to calculate the probe
current Ipohe = 92/1.0 Q.

A capacitor battery with a capacitance of 3.3 mF was charged by two DC volt-
age sources connected in series (one was not enough for such high bias voltages),
with a constant overall voltage U, before each movement of the probe through
the plasma. The capacitor battery was needed because the voltage sources that
were used were not able to maintain their overall voltage sufficiently during the
probe’s movements through the plasma.

At p = 40 kPa and P,obe > 100 V, the volume of the probe pin was sig-
nificantly reduced by high energetic electrons and negative ions; therefore, the
corresponding measured probe I — @ characteristic, at p = 40 kPa, is not shown
here.

20 kPa; 75 A; 12 slm Ar; C6 0

_ 60 O1r112.2 mm; 4.0 mm] )&: 1.33 kQ

<
= 40}X[14.8 mm; 4.3 mm] ?, o,

X |
& 3.3mF

0 .
56 0 50 100 150 RoiererenTiaL I_‘l RpLasma I_ Anode
(a) ® vl (b) -

probe

Figure 5.30: (a) The I — @ characteristic of the probe measured in two different
positions of the anode area. The dashed line represents what is called piecewise
linear interpolation in the MATLAB program, for the characteristic measured in
the position [x; y] = [14.8 mm; 4.3 mm]. (b) Electrical circuit for measurement
of the probe I — & characteristic

The differential resistance Ragifierential = dPprobe/dIprobe Of the probe I — @
characteristic close to the floating potential ( @prone — P¢) was measured by using
two electrical circuits that are shown in Fig. [5.31} In both circuits, the plasma
column between the probe tip and anode acts as a voltage source with an inner
resistance Rplasma and a voltage equal to @,. This voltage source is denoted by
the dashed rectangle. The probe tip corresponds to the place between Rgiferential
and Ry, (in Fig. [5.31)(a)) or between Rgigerential and 2 M (in Fig. |5.31{(b)).

The average potential ¢, was measured (with respect to the anode ground)
by using the circuit on the right (Fig. [5.31|b)), in which the electric current
was almost zero; therefore, the measured potential between Rgigerentiai and 2 M¢2
was practically equal to the potential &, in the place between Ragiferential and
Rpjasma. The average potential @ was measured by using the circuit on the left
(Fig. [5.31)(a)). After using Kirchhoff’s voltage law in both circuits we can derive
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Figure 5.31: Two electrical circuits for measurement of the differential resistance
Raifferential Of the probe I — & characteristic close to the floating potential. The
potential @, was measured by using the circuit (a) and the potential ¢ by using
the circuit (b)

the formula for Rgigerential close to the floating potential as follows:

R.®
(Rdi{ferential>‘1>probe—><1>f - P P Rx. (53)

For I =75 A, p = 20 kPa, Ar = 12 slm, in the position [11.2 mm; 3.8 mm],
9, was -27 V and & had values of 18 V for Ry = 5.6 2 and 19 V for Ry =

7.0 Q. Therefore, for these conditions (Rdifferentja])@probe*}@f = 2.9 Q, which is in
agreement with the inverted first derivative 1/(1},,(®s)), in Fig. [5.30(a).

We did not know the values of the Debye length Ap and the mean free path
of plasma particles [ in the plasma at p < 101 kPa, but from Table it follows
that under the working conditions summarized in Table Ap was probably in
the order of 107® m and the mean free path of plasma particles was about 102
times larger. This is because A\p ~ /1/p and | ~ 1/p [19]. The probe radius
(107* m) was about 10° times larger than Ap. Therefore, the sheath around the
probes was thin compared to the probe and almost without collisions. In this
case, the conventional Langmuir theory cannot be applied to the measured probe
I — @ characteristic, and either a "hybrid’ theory or a continuum probe theory [18]
must be used to process the measured probe I — & characteristic. We therefore
cannot use equation to find the plasma potential from the values of the
probe potential measured under floating conditions.

But just out of curiosity, equation gives the difference between the float-
ing potential of the probe and the plasma potential equal to about 5 + 1 V for I
=75 A and p = 20 kPa, as we can see in Table[5.5] In Table T, was measured
spectroscopically, and ®(I5), &, ?(Is) were obtained from the measured probe
I — & characteristic.

In the continuum and "hybrid’ theories, there is no simple formula between
the floating potential and the plasma potential. The plasma potential could, how-
ever, be theoretically estimated as the probe potential value at which the probe
I — @ characteristic changes its convexity to a concavity. But this is not possible
in the case of the probe I — @ characteristic in Fig. (a) because of significant
uncertainties in the measured values.
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p (P(I&) (I)f <I)(Ise) Te q)plasma - q)probe
[+ 05KkPa) | [£1V] | [£1V]|[£5V]|[£0.04eV] [+ 0.3 V]

20 -64 -24 125 0.97 4.7

40 =74 =27 125 1.58 8.1

Table 5.5: The difference between the plasma potential and the probe potential
measured under floating conditions in the position [14.8 mm; 4.3 mm] in the case
that we can apply Langmuir probe theory and use equation . (1) is the
probe potential at the probe current equal to the ion-saturation current, @ is the
floating potential, and ®(I,) is the probe potential at the probe current equal to
the electron-saturation current. The values of ®(Iy), ®¢, ?(ls) at p = 20 kPa

can be seen in Fig. (a) (adopted from [5])

In all cases from here on, two electric probes formed part of the electrical
circuit shown in Fig. [5.32(a) and were kept in a floating regime (@probe — ).

PicoScope

1=70 A; p =20 kPa; 12 sim Ar; C6

—1R_—r{1Mo}—
— 5
0 -20
Anode :| "é
Probe | [Prob | g,
| ro e” ro el L e 40
50 : ‘ ! ‘
IRDIFFERENTIAL HRPLASM 90 92 94 96

(a) (b)
Figure 5.32: (a)The electrical circuit used for measurements of the probe’s po-
tential under floating conditions. Rplasma < 1 €, Raifierential = d®probe/Iprobe; R
+ 1 MS2 was the biasing resistance. (b) The time dependence of the probe po-
tential for two values of R in the position [4.0 mm; 4.0 mm]. The blue graph “R
=1 MQ” is behind the red graph “R =3 MQ” (adopted from [5])

time [ms]

The probe potential measured with a biasing resistance of 4 M2 was, within
the uncertainty, the same as that with a biasing resistance of 2 MQ (Fig. [5.32(b)).
Therefore, the biasing resistance of 2 M2 (R = 1 Mf2) was sufficient to keep the

probes in a floating regime.

In the high-speed camera video footage, it was visible that during the mea-
surements, the probe was emissive. The electron density was about 10** m™3
(it was estimated according to [42]). Therefore, it was assumed that the plasma
potential in the anode area was approximately the same as the probe potential
in the floating regime (@,0be) and averaged plasma potential values in the anode
area, according to this assumption, for p = 20 kPa and I = 75 A are shown in
Fig. [5.33l The averaged potential values were computed from radial profiles of
the probe potential inside the bright plasma jet.

The potential of -19 V inside the anode arc attachment was measured by using
the pair of electric probes. The probes were not inside the attachment all the
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Figure 5.33: The camera image with average measured values of the probe po-
tential, which is almost equal to the plasma potential. I =75 A, p = 20 kPa, Ar
= 12 slm, C6 (adopted from [5])

time, and therefore only the potential of one probe corresponding to the position
of that probe inside the attachment was averaged, to get the value of -19 V. The
two probes were separated by 1.6 mm and one probe moved exactly across the
attachment (when it was in the position of the probe). The second probe was
never totally inside the attachment and the difference in the probes’ potential
was 1 V. Therefore, it can be estimated that the voltage drop across the anode
arc attachment, with a length of about 1 mm, was 1 V, and the copper anode
voltage drop seems to be about -18 V at I = 75 A.

It appears that the anode voltage drop increases with increases in the arc cur-
rent because of the following measurements: for I = 300 A and p = 95 kPa the
average voltage between the exit nozzle and average attachment creation position
(Fig. was about 68 V. This corresponds to a distance of about 10 mm. And
the average voltage drop U (Fig. across the 11 mm long plasma column
above the middle part of the anode, for the same conditions, was 3.6 times lower
than 68 V. This difference in the voltage drop across the two plasma columns of
almost the same length cannot be caused by the difference in the plasma resistiv-
ity because the plasma resistivity in the anode area certainly does not decrease
with the distance from the exit nozzle. This difference in the voltage drop (68 V
vs. 68 V / 3.6) can be explained by an anode voltage drop that is much greater
(in its absolute value) than -18 V. At I = 200 A, the situation was similar, and
the anode voltage drop came out much greater than -18 V too.

The electric potential of the anode with respect to the anode ground was -
0.20 V for I = 50 A and -0.25 V for I = 100 A, and it was measured by using a
bent conductive wire touching the rotating anode close to its axis of rotation and
connected to the anode ground (0 V). During the rotation of the anode, the wire
was sliding over the rotating anode surface, but the connection was fixed enough
for it to be possible to measure the voltage between the anode ground and the
anode itself.

In the probes’ potential signals, there were two kinds of significant fluctuations
when the probes moved through the plasma in the anode area. The first kind
was high-frequency fluctuations with the same period as the restrike (Fig. .
These are, therefore, almost certainly caused by the movement of the anode arc
attachment.
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Figure 5.34: (a) Camera I=75A;

image with two probes just 12 1|°2=s‘:21'rr‘_“;
immersing into the plasma (a) cé ’
where the fluctuations in the o Y
probe potential were mea- > -1207 ~
sured. (b) The probe po- 0 130 ¥
tential and arc voltage wave- "8 -207 %
forms corresponding to the 8, >
measurement in (a) (adapted KA 40 . ) | 5
from [5]) 129.2 129.4 129.6

(b) time [ms]

The second kind of fluctuations happened in the time scale of milliseconds
(Fig. [5.35)).
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Figure 5.35: (a) A schlieren image with two positions of the pair of the probes
where the vortices V were detected. (b), (c) The probe potential and arc voltage
(Uarc) waveforms corresponding to (a); waveforms 4 and 6 are above waveforms
3 and 5 (adapted from [5])

The diameters of the turbulent vortices observed in schlieren high-speed cam-
era videos (Fig. [5.3F[a)) correspond to the widths of the fluctuations of the
second kind, which were in the order of milliseconds (Fig. [5.35(b),(c)), because
according to the movement speed of the probes it follows that 1.1 ms < 2.5 mm.
Therefore the fluctuations in the probes’ potential of the second kind are proba-
bly caused by the movement of plasma vortices and are very similar to what are
called the conditionally averaged waveforms that are investigated in the turbulent
plasma of tokamaks . Those fluctuations are represented by a more negative
probe potential than is the case in their surroundings (Fig. [5.35(b),(c)), which
indicates that the plasma around the vortices is colder than inside the vortices.
This is in agreement with the theory of the entrainment of cold gas into thermal
plasma jets [1].
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Figure 5.36: Frequency-

time spectrogram  of 20
power spectral density 15
of Ppone’s fluctuations 10
shown in Fig. [5.34(b)

(R =1 MQ). The color 3
bar numbers have units 0

of V2 /Hz,

time [ms]

In Fig. (c), at two points in time the potential of probe 5 is significantly
lower than the potential of probe 6 (at 108.5 ms and 114.0 ms). This is prob-
ably because probe 6 moved directly through a turbulent vortex, while probe 5
reached only its colder edge. The difference between the probe potential inside
and around the plasma vortices is greater further from the bright plasma jet (Fig.
[5.35](c)) than close to it (Fig. [5.35|(b)) or even inside it (Fig. [5.32b)). Therefore,
detecting the turbulent plasma vortices is easiest a few millimeters away from the
bright plasma jet.

The waves caused by the movement of the anode arc attachment, which in
the probe potential cause the fluctuations of the first kind, propagate through
the whole plasma. This is clear from the frequency-time spectrogram of ®,ope’s
fluctuations in Fig. because the frequency of the anode arc attachment
movement, which was 16-20 kHz, is visible within the whole time during which
the probe was inside the plasma, i.e., from 89 to 96 ms. The time during which
the probe was inside the plasma can be seen in the corresponding @,ope(time),
in Fig. [5.32(b).

The sudden small decrease in that frequency from 18.0 to 16.5 kHz around
the point in time of 93 ms corresponds to the movement of the probe through
the approximately 5 mm wide bright plasma jet visible in the high-speed camera
images. According to the corresponding video footage, the probe was inside the
5 mm wide bright plasma jet between 92.2 ms and 94.4 ms.

The strong low-frequency 0-1.5 kHz spectrum of the spectrogram in Fig.
contains the frequency of fluctuations of the second kind, caused by turbulent
vortices.

Fig. shows probe potential waveforms measured in the supersonic plasma
jet. It follows that it is also possible to detect compression and expansion zones
inside a supersonic plasma jet by using electric probes, not only by using a camera.
According to the corresponding video footage, whose images are shown in Fig.
5.37(b), probes 1 and 2 were moving through the part of a compression zone that
was inside a conical expansion zone.

Our interpretation of Fig. [5.37(a) is the following. The probes’ potential
decreased when they approached the plasma. Inside the expansion zone, it
started to increase (to less negative values), and then inside the compression
zone, it abruptly started to decrease (to more negative values). The probes
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moved through the compression zone very quickly, and in the opposite part of
the expansion zone, their potential increased again. When they emerged from the
expansion zone their potential decreased once more and again increased outside
the plasma.

l(I)probe [Vl

time [ms]

rad. | 1 1 g
position [mm] 102 14 125 (b)

(a)
Figure 5.37: (a) Probe potential waveforms obtained from the movement of the
probes through the expansion (E) and compression (C) zones inside the supersonic
plasma jet. (b) The high-speed camera images show the corresponding position
of the moving pair of probes, where the signals in (a) were measured (adapted
from [5])

Probes 3 and 4 were not moving through a compression or expansion zone.
Their potential remained almost constant, and the small negative peaks in wave-
forms 3 and 4 (Fig. [5.37(a)) correspond to the position of the pair in the center
of the bright plasma jet. Even though they are displayed in the same figure,
waveforms 3 and 4 were measured at a different time than waveforms 1 and 2.

Schlieren images of the shock waves in the supersonic plasma jet were not
obtained because the radiation of the bright plasma jet was too intense in com-
parison with the weak surrounding radiation and weak radiation of the plasma
jet boundaries. This problem could be solved by using a disk screen instead of
the knife-edge in the schlieren system used, as was the case in 1995 for p = 101
kPa (Fig. [5.2). Another posibilities are to use a graded filter [2] together with our
infrared laser, a narrow opaque slit mask in the knife-edge plane, a shadowgraphy
system, a focusing schlieren arrangement [3|, or just to use lower values of the
arc current.

The probe potential inside the diffuse anode arc attachment is shown in Fig.
[5.38] The electric potential inside the diffuse attachment decreases with increases
in the distance x from the exit nozzle. From the corresponding high-speed cam-
era video footage, it was seen that a slight bright area occasionally moved within
the diffuse attachment and that the diffuse attachment was, on average, brighter
closer to the exit nozzle than farther from it. This brightness could be propor-
tional to the current density inside the attachment. The non-uniform brightness
of the diffuse anode arc attachment was also observed in other non-transferred
plasma torches [74].
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Figure 5.38: Probe potential waveforms measured by the pair of probes as they
moved through the diffuse anode arc attachment shown in the corresponding
high-speed camera images (adapted from [5])

5.6 Electric field and electric conductivity

Fig. shows the electric field Epobe above the anode measured by the
pair of electric probes (in the position mentioned in Table compared with
the corresponding estimated electric field inside the arc column (E,., Section
. The good agreement suggests that it is not necessary to disturb the plasma
by using probes if, under specific working conditions, we only want to know an
approximate mean electric field inside the arc column, in the anode area. This is
useful especially in the case when the arc current is to high to use electric probes
in the anode area.

When the pair of probes moved through the plasma jet, they alternated be-
tween being outside and inside the arc column, because of the periodic movement
of the constricted attachment. The maxima of the Epn. waveform (the high
peaks) correspond to the times when the probes were inside the arc column, and
the minima of the Eon. waveform (the low peaks) correspond to the times when
the probes were not inside the arc column.

The large peak in Fig. [5.39(a) at the time interval of approximately 132-133
ms was very probably the result of a probe shielding at one side of the plasma jet.
During the probe shielding, the downstream probe was shielded from the main
plasma flow by the upstream probe, that is to say, the downstream probe was in
a shadow created by the upstream probe, which caused an additional increase (to
less negative values) in the potential of the downstream probe. As we can see,
the shielding of the probe in the case of p = 20 kPa (mainly the left peak in Fig.
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Figure 5.39: Comparison of the electric field Ep.one Waveform measured inside
the plasma jet by the pair of electric probes and the estimated electric field Fyy.
inside the arc column at (a) p = 40 kPa (adapted from |5]]) and (b) p = 20 kPa.

The two horizontal dashed lines express the uncertainty in the E,.. values

5.39(b) at the point in time of approximately 94.5 ms) is comparable with that
at p = 40 kPa. Inside the bright plasma jet, about 4.5 mm wide, the shielding of
the probe was probably not significant because the plasma temperature is much
higher there than around the bright plasma jet. But it could contribute to the
fact that the Fpone values inside the bright plasma jet corresponding to the arc
column were a little greater than the F,,. value.

The shielding of the probe in the positions around the bright plasma jet (caus-
ing the large peaks in the Ep.he graphs) was present even when the two probes
were shifted in the radial direction  x y (they were separated by a distance of 2
cm) so that the downstream probe was no longer in the shadow of the upstream
probe, regarding the direction of the plasma flow. This is probably because the
downstream probe was still in a semi-shadow created by the upstream probe.

Now that we know the electric field in the plasma, we can estimate the rela-
tive deviation from the kinetic equilibrium, expressed by equation , for I =
75 A, p = 20 and 40 kPa, Ar = 12 slm, by using the measured electron temper-
ature radial profiles (Fig. [5.40(a)) and computed radial profiles of the mean free
path of electrons (Fig. [5.40(b)). The mean free path of electrons [, was computed
by Jenista from his numerical model, for p = 101 kPa and D = 5.3 mm. 67 and 76
molar % of Ar corresponds to about 22 slm of Ar [13]. If we make the assumption
that [. ~ 1/p [19] and neglect the difference in the argon content (12 slm of Ar
vs. 22 slm of Ar), then in the center of the plasma jet T, — T},/T. = 53 — 269 %
at p = 20 kPa and T, — T,/T, = 10 — 41 % at p = 40 kPa.

This indicates that at p < 40 kPa, there is not a kinetic equilibrium in-
side the plasma of the hybrid plasma torch, and therefore the plasma ceases to
be thermal. Jenista reported on relative deviation from the kinetic equilibrium
for a water plasma torch and higher arc current values by using his numerical
model [66]. The experimental results reported in |75] suggested a deviation from
the kinetic equilibrium at very low ambient pressures of 1 and 10 kPa.

The estimated electrical conductivity o,,.. of the arc column above the anode,
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Figure 5.40: (a) The radial profile of the electron temperature measured spec-
troscopically in C6 and (b) half of the symmetric radial profile of the mean free
path of electrons computed numerically (the data were provided by courtesy of
Jenista). In the numerical model, LTE was considered, the presence of the anode
was neglected, and D = 5.3 mm

shown in Fig. does not depend significantly on the ambient pressure. Its
computation is described in Section

12 sim Ar; C6 12 slm Ar; C5

1.5

0= ; : - ; : 0o~ : : : : :

4 7 4 7

(a) 30 0 50 p6[2<Pa]0 80 90 (b) 30 0 50 60 0 80 90
Figure 5.41: The ambient pressure dependence of the estimated electrical con-
ductivity of the arc column above the anode for two arc current values and two

anode configurations: (a) C6 (adapted from [5]) and (b) C5

For the purpose of possible future comparison of the experimental results in
Fig. with simulations or calculated plasma properties, the argon volume/-
molar fraction in the plasma was about 30 % for I = 300 A and Ar = 12 slm [13].
The plasma in the anode area essentially consisted only of argon plasma and a
steam plasma. The small fraction of copper vapors and air molecules can be ne-
glected in the anode area because the entrainment of air into the bright plasma
jet happens mostly downstream from the anode and the evaporation of the an-
ode is not very significant (Table [5.3). For I = 200 A, the argon volume/molar
fraction was higher than 30 % because the water evaporated from the stabilizing
water vortex at a slower rate than in the case of I = 300 A.

The estimated electrical conductivity ... increases slightly with increases in
the arc current (Fig. [5.42(a), Fig. [5.41]). This is because a higher arc current
results in a higher plasma temperature. The exception for p < 40 kPa, in Fig.
5.41], is probably related to the existence of an expansion and compression zone
in the plasma jet at these pressures (Table[5.2). In Fig. [5.42|(a), 04, is compared
with the model values “MODEL (22.5 slm)” of the average electrical conductivity
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of the plasma, which were obtained from the computations published in [4]. The
values from the numerical model are still available only for Ar = 22.5 slm, not
for Ar = 12.5 slm.

The model provided a three-dimensional matrix of plasma electric conduc-
tivity values. It did not take the presence of an anode into consideration and
assumed a perfectly axisymmetric plasma flow. The model values in Fig. [5.42(a)
are average values within the fixed cylindrical volume with its bases at distances
of 9 and 15 mm from the exit nozzle. These two distances are an average po-
sition of the attachment’s creation and decay obtained from the corresponding
high-speed camera video footage at p = 101 kPa.
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Figure 5.42: (a) The arc dependence of the estimated electrical conductivity of
the arc column above the anode for two argon flow rates (12.5 slm with the larger
error bars and 22.5 slm with the smaller error bars) compared with average values
of the plasma electrical conductivity computed in Jenista’s numerical model |4]
(the dashed line). p = 101 kPa, C1 (adopted from |6]). (b) The mean plasma
temperature above the anode corresponding to ... values compared with the
average plasma temperature measured spectroscopically at x = 2 mm

0are does not depend significantly on the argon flow rate (Fig. [5.42(a)). This
is probably because the argon flow rate does not significantly influence the plasma
temperature |15].

Fig. [5.42(b) shows the mean plasma temperature above the anode corre-
sponding to the values o, in Fig. |5.42(a), according to the calculated properties
of steam-argon plasma in thermodynamic equilibrium at p = 101 kPa [42]. The
argon molar/volume fractions were obtained from the argon flow rates according
to [13]. The average plasma temperature values from spectroscopy measurements,
obtained from [15] and [76], are averages of the corresponding radial temperature
profiles 2 mm downstream from the exit nozzle.

The great uncertainties in the plasma temperature values obtained from o,
(denoted in Fig. [5.42(b) as “ogpc(... slm)”) follow directly from the great uncer-
tainties of 0,,.. The uncertainties in the average temperatures measured spectro-
scopically are 500 K, and they are not shown in the graphs for the sake of clarity.
The uncertainty in the “o4.. (12.5 slm)” temperature at I = 500 A was limited
to 29,500 K according to the results in [76]. As we can see in Fig. [5.42b), the
average plasma temperature above the anode corresponding to ... is too high
because it fits with the temperature measured in the hotter area, 2 mm down-
stream from the exit nozzle. This may indicate that the values of the cross section
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S used in equation , estimated from the corresponding high-speed camera
video footage as the cross section of the bright plasma jet, were too low.

One possible way to solve the issue is to use cross sections S of the arc cur-
rent calculated from Jenista’s numerical model [4], which are larger than those
estimated from the video footage.

The mean electrical conductivity o,,.. of the arc column above the anode can
be estimated only when the anode arc attachment is constricted, and the arc
mode is restrike or takeover. The attachment movement must be visible, as it
is in the case of plasma torches with an external anode. Gas plasma torches
have a disadvantage because their anode attachment moves in 3D trajectories in
cylindrical interiors of anodes and often lack any window to observe the anode
attachment even in one dimension.

The estimation of o,,.. can be quite localized in the axial direction x if only
restrikes with small L (Fig. at a certain distance z from the exit nozzle
are used to calculate o,.. by using equation . At present, to find local
values of the electrical conductivity of the plasma in the hybrid or water plasma
torches, we must use either spectroscopic temperature measurements + calculated
theoretical dependence of the electrical conductivity of the plasma on the plasma
temperature [42] or numerical simulations similar to those in [4].
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6.

Summary and Conclusions

The movement of the constricted anode arc attachment, the constricted

and diffuse anode arc attachment itself, anode erosion, electric potential, elec-
tric field, electrical conductivity, and turbulent and supersonic structure of the
plasma jet, in the anode area of the hybrid plasma torch, were experimentally
investigated and described under different experimental conditions. The main ex-
perimental tools that were used are a high-speed camera, a high-voltage electric
probe and other electric probes. The thesis also obtains some plasma temperature
and plasma flow velocity data together with some numerically calculated data of
plasma properties, all in the anode area. Regarding the physical phenomena, the
main conclusions of the thesis are the following:

1)

A reduction in the ambient pressure p causes
a decrease in

e the average restrike period (Fig. [5.22|(a)),

e the average distance between the anode attachment and the exit nozzle

(Fig. [p.16)),
e the anode erosion (Table 5.3 Fig. [5.2§),
an increase in
e the average speed of the constricted anode arc attachment (Fig. ,
and a transition

e from the constricted to the diffuse anode arc attachment (Table [5.2)),
e from subsonic to supersonic plasma flow (Table |5.2]).

Increases in the arc current / cause
a decrease in

e the average restrike period (Fig. |5.22(b)),
an increase in

e the average speed of the constricted anode arc attachment (Fig. [5.14]

Fig. [5.15),
e the anode erosion (Fig. |5.24)),

and a transition

e from subsonic to supersonic plasma flow [67].

Increases in the vertical distance yg and horizontal distance
between the exit nozzle and the anode cause
a decrease in
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e the average speed of the constricted anode arc attachment (Fig. [5.13((a)) ]
an increase in

e the average restrike period (Fig. ,
and a transition

e from the restrike to the steady arc mode (Fig. [5.9),
e from the diffuse to the constricted anode arc attachment (Fig. [5.10]).

The experimental results that describe the movement of the constricted anode
arc attachment could be beneficial in computer modeling like that in [77-79] or in
practical applications of the hybrid plasma torch, especially in plasma spraying
applications.

These results can be helpful to increase the lifetime of the hybrid or water plasma
torches and to find the best conditions that must be set to obtain desirable plasma
jet properties. They provide also new experimental data for testing Jenista’s nu-
merical model [4].

The findings help also to more understand many physical phenomena and pro-
cesses in the anode area of DC arc plasma torches.

Regarding the experiments with the hybrid or water plasma torches them-
selves, the following conclusions are important:

1) There is a direct connection between the anode erosion and the movement
of the constricted anode arc attachment (Fig. [5.28(a)).

Previously, this was supposed to be true. However, we found a specific variable
[5,6] that quantitatively relates the anode erosion to the attachment movement,
so that the connection can be expressed quantitatively.

2) The anode erosion of the hybrid or water plasma torch was amplified and

consequently measured directly when the rotational frequency of the anode
was low enough (Table [5.3)).

This low rotational frequency is, however, not suitable for hybrid plasma torch
applications because of a high resultant anode erosion.

3) The anode erosion of the hybrid plasma torch was compared for different
working conditions (Table Figs. [5.24] |5.28] [5.29)).

4) A high-speed camera was used to directly measure the constricted anode
arc attachment speeds, hydrodynamic wave speeds, restrike periods, the
extent of the anode erosion, and the range of movement of the attachment
on the anode, and to estimate a mean plasma electrical field and a mean
plasma electrical conductivity in the anode area of the hybrid plasma torch
(chapter [5)).
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Previously, the attachment speed and hydrodynamic wave speed have been mea-
sured, but not directly. The attachment speed was only calculated from the
derivative of the arc voltage with respect to time, and a rough approximation
was used [80]. Regarding the hydrodynamic wave speed, only the phase speed
of hydrodynamic coherent oscillations of the plasma jet was calculated from the
phase shift of the oscillations detected by different photodiodes [59,[81}82].

5) The hybrid plasma torch can also operate stably with an arc current between
40 A and 150 A. We extended the previous investigation of its plasma jet
by performing experiments at these low currents (sections , .

Previously, the plasma jet has been studied only for a minimum arc current of
150 A [16]. Arc currents of the hybrid plasma torch lower than 150 A have been
used only in one case [14].

6) Electric probes were used for measurements of plasma characteristics of the
hybrid plasma torch also in the anode area, even very close to the exit

nozzle (sections 5.5} [5.6).

We conducted measurements with electric probes in the anode area at I = 40,
70, and 75 A [5]. The probes were not damaged, so they can be used in the
anode area even for arc currents higher than 75 A. Previously, electric probes
have not been inserted into the anode area (0-25 mm from the exit nozzle) of the
hybrid plasma torch; they were inserted only into the anode area of the water
plasma torch [83}/84] (where they were connected via a resistor to the cathode).
In the case of the hybrid plasma torch, they have always been connected to the
anode via a resistor, and previously, they have only been used at distances of
approximately 30 mm and more from the exit nozzle [7,[85].

7) Enthalpy probes can be applied for the measurements of plasma character-
istics (temperature, velocity, etc.) even in the anode area (0-25 mm from
the exit nozzle) of the hybrid plasma torch when the arc current is very low
(Fig. 5.1).

In our experiments, we inserted an enthalpy probe into the anode area at I =
40 A. The enthalpy probe was not damaged by the heat. It follows that it can be
used in the anode area even for arc currents higher than 40 A. During experiments,
an isolation transformer must be used to electrically isolate the enthalpy probe
system from the power socket. Previously, enthalpy probes have been used only
at distances greater than approximately 60 mm from the exit nozzle [16].

8) A diffuse anode arc attachment at atmospheric ambient pressure, common
for gas plasma torches, was also obtained with the hybrid plasma torch
(Fig. [5.10(b)). It follows it can be obtained with very similar water plasma
torches too.

However, that diffuse attachment at atmospheric pressure seems not to be suitable
for practical applications of the torch as there is a high-enough probability of the
arc becoming connected to the exit nozzle, which consequently causes severe
damage to the exit nozzle gap and consequently a releasing of water from the
stabilizing water vortex. Further improvement to the plasma torch must be made
to enable the use of that attachment, for example, an intensified cooling of the
exit nozzle.
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9) A stable position of the constricted anode arc attachment in the axial di-
rection, common for gas plasma torches, was also obtained with the hybrid
plasma torches (Fig. VIDEO 7 in the Supplement to this thesis). It
follows that it can be obtained with water plasma torches as well.

This steady mode is useful for the investigation of phenomena in the anode area,
for example, when we need to have a stable plasma jet. It is not very suitable
for practical applications of the plasma torch, however, because of a high anode
erosion in this mode (especially at high arc currents).

We also created Schlieren videos of the plasma jet created by one hybrid
plasma torch. Previously, only Schlieren images of the plasma jet created by
water plasma torches existed [3,7]. Many of these findings reveal new possibili-
ties for further experimental investigation of the plasma created by the hybrid or
water plasma torches.

Regarding the hybrid plasma torches, there are still challenges for the future:
for example, to directly measure the anode erosion under the common working
conditions used in practice; to create schlieren images of the shock waves in the
supersonic plasma jet; or to measure the rate of the water evaporation in the sta-
bilizing water vortex of the torch with reasonable uncertainty. New methods for
plasma velocity measurements would also be appreciated — for example, tracking
of solid particles inside the plasma jet by using a high-speed camera, which has
already been used in the case of gas plasma torches.

It is also challenging to make the measurements mentioned in this thesis during
plasma spraying, organic waste gasification, pyrolysis, or hydrocarbon reforming.
Up to now, the experimental investigation of the plasma created by the hybrid
plasma torches has been separated from the conducting or studying of the prac-
tical applications of the torches themselves.

Something that is even more challenging is finding a way to relate the findings
about the hybrid or water plasma torches to gas plasma torches more closely. A
wider application of the findings connected with the hybrid and water plasma
torches to gas plasma torches would greatly increase the significance of those
findings and attract more people to the issue of hybrid plasma torches.
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WSPS-H 2011
TP

LPT
WSPS-HR
WSP? 500

LTE

Institute of Plasma Physics of the Czech Academy of
Sciences

Hybrid Water-gas Stabilized Plasma torch developed
in 2011

Thermal Plasma

Laboratory of Plasma Technologies

Hybrid Water-gas Stabilized Plasma torch inside a
Reactor

Water Stabilized Plasma torch with the maximal safe
value of the arc current of 500 A

Local Thermodynamic Equilibrium
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MATLAB scripts

MATLAB script for attachment movement inves-
tigation

Y%SCRIPT1_Attachment_movement_LOW
% Updated: 17.04.2019

tic;

clear VYSTUPM
clear a

clear A
graphs="1";

J0=900; % starting ambient pressure in mbar

JN=900; % ending ambient pressure in mbar

VYSTUP M=zeros ((JN-=J0) /50+1,13);

s=1; % line in the output of this script: VYSTUPM

for v=J0:50:JN

clear chybajuce

chybajuce=0;

Videos_paths LOW _Linux % in this script ., there are
different values of "text” and "retazec” variable

text=textd ;

retazec=retazecd;

POHYB="CELY'; % variable determining whether the whole
attachment movement is investigated or only its part

YPOHYB="CIASTOCNY "’ ;

path=[text ,retazec, avi’];

Videos_properties. LOW % in this script, there are e.g.
zaciatok , koniec, NO, Nf, faktor, riadok and down
variables for various videos/measuremetns

vid=VideoReader (path) ;

time=((NO—1)%(10/3):(10/3) : (Nf-1)%(10/3)); % time vector
for attachment position

pixel_pos=zeros (1,Nf-NO+1);

position=zeros (1,Nf-NO+1);

if (stremp (POHYB, 'CIASTOCNY ")) % ——> ATTACHMENT MOVEMENT
is investigated only along A PART OF THE ANODE (without
the end of the anode)
for f = NO:1:Nf
frame = read(vid,f);
a=find ((frame (riadok ,zaciatok:koniec)>down)&(frame (
riadok ,zaciatok :koniec)<(2"vid. BitsPerPixel —1)));
% variable ”a” containts position of the pixels that
have value greater
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57
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60

61

62

63

64

65

% than the value "down”, because they represent a
bright plasma in the
% attachment
% variable 7riadok” represents the line in the videos’
frames in which
%o the attachment position was finding
% "zaciatok” represents the pixel position from which
the attachment
% movement was investigated
% "koniec” represents the pixel position until which
the attachment
% movement was investigated
if isempty(a)
pixel_pos (f—NO+1)=NaN;
position (f—NO+1)=(pixel_pos (f-NO+1)+zaciatok —1—koniec
)« faktor+14;
else
pixel_pos (f-NO+1)=a (1) ;
position (f-NO+1)=(pixel_pos (f-NO+1)+zaciatok —1—koniec)
xfaktor+14;
end
% 7position” is a vector that contains the attachment
positions in mm
end % end for f = NO:1:Nf

elseif (stremp (POHYB, 'CELY ")) % —> THE WHOLE ATTACHMENT
MOVEMENT is investigated

for £ = NO:1:Nf
frame = read(vid,f);

a=find ((frame (riadok ,zaciatok :end)>down)&(frame (riadok ,

zaciatok :end) <(2"vid. BitsPerPixel —1)));

if isempty(a)

chybajuce=chybajuce+1

f_ video_cih=f-1

pixel_pos (f—NO+1)=NaN;
position (f—NO+1)=(pixel_pos (f-NO+1)+zaciatok —1—koniec
)« faktor+14;

% attachment position in mm from the beginning of the
anode, because the variable "koniec” is the pixel
value

% ... in the position 6 mm from the end of the anode

else

pixel _pos (f-NO+1)=a(1);

position (f-NO0+1)=(pixel_pos (f-NO0+1)+zaciatok —1—koniec)
xfaktor+14;

% attachment position in mm from the beginning of the
anode, because the variable "koniec” is the pixel
value
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66 % ... in the position 6 mm from the end of the anode

67 end

68 clear a
69 €11 d
70 €I d
%
71 0

=2 if 1 % for calculating t_periods
73 clear ymax ymin imax imin
7 if (stremp (POHYB, 'CELY "))

75 kZl;

7 for i=1:(length(position)—1)

77 if ((position(i)—position(i+1)) > 1)

78 ymax (k)=position (i) ;

79 imax (k)=i ;

80 ymin (k)=position (i+1);

81 imin(k)zi—i—l;

82 % imax, imin are indexes for maxima and minima
vectors in the time

83 % dependence of the attachment position

84 ka-l-l;

85 else

86 end

s7 end

ss elseif (stremp (POHYB, "'CIASTOCNY "))

89 kZl;

o0 for i=2:(length(position)—1)

o1 if ( ( ((position(i—1)—position(i)) > 1) && (" isnan(

position(i+1))) ) || ( (isnan(position(i—1))) &&
(Tisnan (position(i+1))) && (" isnan(position(i))) )
)

92 ymin (k)=position (i);

93 imin (k)=i;

94 z=1;

9 while ( ((i+z+1)<=length (position)) && (~isnan (
position (i4+z+1))) && ((position (i+z)—position (i
+z+1)) < 1) )

96 7z=7+1;

o7 end

08 ymax (k)=position (i4z);

99 imax (k)=i+z;

100 ka-l-l;

101 else

102 end

s end

104 end

ws %% 1 want the following order: max, min, ..., min
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ws if ((length (ymin)==length (ymax)+1) && (imax(1)>imin(1)) )

107 %% if min, max, ..., min
108 % ymin=ymin (2:end); % remove the first min
109 imin=imin (2:end) ;

0 else)if ((length (ymax)==length (ymin)) && (imax(1)>imin (1))

1

=

111 Y% if min, max, ..., max

112 % ymax=ymax (1l:end—1); % remove the last max
113 imax=imax (1:end—1);

114 % ymin=ymin (2:end) ; % remove the first min
115 imin=imin (2:end) ;

¢ elseif ((length (ymax)==length (ymin)+1) && (imax(1)<imin

(1)) )

1

=

117 9% if max, min, ..., max

118 % ymax=ymax (1l:end—1); % remove the last max

119 imax=imax (1:end—1);

120 elseif ((length (ymax)=—=length (ymin)) && (imax(1)<imin (1))

121 9% if max, min, ..., min

122 end

123 restrike_length=mean (ymax—ymin);

12 W0 1 took only periods corresonding to the large drops

125 periods_max=abs (diff (time (imax)));

126 periods_min=abs(diff (time(imin)));

127 t_average_help=mean ([ mean(periods_max) mean(periods_min)|)

128 t_periods=mean ([mean(periods_max (periods_max <2x
t_average_help)) mean(periods_min (periods_min <2x
t_average_help))]);

120 end % for calculating t_periods

130 %
TITTISSSSSTTISSSSSTTTISSSSSTTISSS SIS TTISSSSITTISSS SIS TTISSSSITTITNA

11 %% finding extrema in the time dependence of the
attachment position

132 clear ymax ymin imax imin
3 if (Stl‘CHlp(POHYB, ’CELY’))

134 kZl;

35 for i=1:(length(position)—1)
136 if ((position(i)—position(i+1)) > 1)
137 ymax (k)=position (i) ;
138 imax(k):i )

139 ymin (k)=position (i+1);
140 imin (k)=i+1;

141 k=k—|—1;

142 else

143 end

s end
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elseif (stremp (POHYB, 'CIASTOCNY "))
k=1;
for i=2:(length(position)—1)

if ( ( ((position(i—1)—position(i)) > 1) && (" isnan(
position(i+1))) ) || ( (isnan(position(i—1))) &&
(Tisnan (position(i+1))) && (“isnan(position(i))) )

)

ymin (k)=position (i);

imin (k)=i;

z=1,;

while ( ((i4+z+1)<=length (position)) && ("~ isnan(

position (i4+z+1))) && ((position (i+z)—position (
i+z+1)) < 1) )
7z=7+1;

end

ymax (k)=position (i+z);

imax (k)=i+z;

k=k+1;
else
end
end
end
%% 1 want the following order: min, max, ..., max,
that is: min(1), max(1), min (2), max(2), ..., max(
end)

if ((length (ymin)=length (ymax)+1) && (imax(1)>imin (1))
)
%% if min, max, ..., min
ymin=ymin (1:end—1); % remove the last min
imin=imin (1:end—1);
elseif ((length (ymax)==length (ymin)) && (imax(1)>imin
(1)) )
%% if min, max, ..., max
elseif ((length (ymax)==length (ymin)+1) && (imax(1l)<imin
(1)) )
%% if max, min, ..., max
ymax=ymax (2:end); % remove the first max
imax=imax (2:end)
elseif ((length (ymax
) )
%% if max, min, ..., min
ymax=ymax (2:end); % remove the first max
imax=imax (2:end) ;
(1:
(1:

)7:1ength (ymin)) && (imax(1)<imin (1)

ymin=ymin end—1); % remove the last min
imin=imin (1:end—1);
end

distances=ymax—ymin; °

% in mm
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if (sum(isnan(distances))>0)

TEXT="SU TAM NaN HODNOTY distances’ % this situation
should not happen

end

d_average=mean(distances); % in mm

Lmax_average=mean (ymax); %% in nm from the beginning of the
anode

Lmin_average=mean (ymin); % in mm from the beginning of the
anode

times=time (imax)—time (imin); % in us

t_average=mean(times); % in us

velocities=(distances./times)*le3; % in m/s

v_average=MY nanmean(velocities); % in m/s % MY nanmean is
a mean fucntion that ignors NaNs

% if everything OK, NaNs values should not be generated
and the standard

% mean function is enough

%% GENERATING THE OUTPUT (VYSTUPM) OF THIS SCRIPT

VYSTUPM(s,1)=v; % ambient pressure in mbar

VYSTUPM(s ,2)=v_average; % average attachment velocity in
m/s

VYSTUPM(s ,3)=t_average; % average time of the attachment
movement in microseconds

VYSTUPM(s,4)=t_periods; % average restrike period in
microseconds

VYSTUPM(s ,5)=d_average; % average distance travelled by
the attachment on the anode in mm

VYSTUPM(s,6)=Lmin_average; % average position on the
anode where a new attachment is created (by the
restrike) in mm

VYSTUPM(s,7)=Lmax_average; % average position on the
anode where a previoius attachment ceases to exist (
during the restrike) in mm

if 1 %% UNCERTAINTIES CALCULATION

velocity=v_average;

U=0; % only because this variable is in the
UNCERTAINTIES LOW?” script

UNCERTAINTIES LOW % the script with systematic
uncertainties of various variables

% % uncertainty of L

std_d=2%uncertainty (3); % nasobok 2 lebo odcitavam 2
hodnoty

Lmax_std=2xsqrt ( (std(ymax)/sqrt(length(ymax)))." 2 +
uncertainty (3)°2 ); % level of confidence approximately
95%

Lmin_std=2*sqrt ( (std(ymin)/sqrt(length(ymin)))."2 +

7
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uncertainty (3)°2 ); % level of confidence
approximately 95%

d_std=2xsqrt ( (MY_nanstd(distances)/sqrt(length(distances
(Tisnan(distances)))))."2 4+ std-d"2 ); % level of
confidence approximately 95%

o multiplication of 2, becasuse it represents 2xsigma =
level of confidence 95 %

V,Std,A:MY,nanstd(Ve10c1t1es)/sqrt(length(velocities(
isnan (velocities))));

% in m/s % MY_nanstd is a std fucntion that ignors NaNs

% if owomthmg OK, NaNs values should not be generated
and the standard

07

% mean function is enough

std_t=2xuncertainty (14) ;

t_std=2xsqrt( (std(times)/sqrt(length(times))). 2 + std_t
"20);

v_std_B=v_averagexsqrt( (std.d/d_average)”2 + (std_t/
t_average)™2 ); % in m/s

v_std=2%sqrt ( v_std_.A"2 4+ v_std_.B"2 ); % level of
confidence approximately 95%

YIS o

t_periods_std_A=((std (periods_max)/sqrt(length (periods_max
))) +(std(periods-min)/sqrt(length(periods_min))) )/2;

t_periods_std_B=sqrt ((2+*uncertainty (14))."2);

t_periods_std=2xsqrt( t_periods_std_A"2 + t_periods_std_B
"2 ); % level of confidence 95%

else
v_std =0;

t_std=0;
d_std=0;
t_periods_std=0;
end
VYSTUPM(s ,8)=v_std;

VYSTUPM(s,9)=t_std ;
VYSTUPM(s,10)=t_ perlods std ;
VYSTUPM(s,11)=d_std;
VYSTUP M(s,12)=Lmin_ std
VYSTUPM(s,13)=Lmax_std;
s=s+1;

%% FIGURES DRAWING — optional part — only for visual
checking of finded extrema

if strcmp(graphs, 1)

red=[1 0 0];

yellow=[1 1 0];

magenta=[1 0 1];
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black=[0 0 0];
green=[0 1 0];
blue=[0 0 1];
cyan=[0 1 1];

brown=[0.7 0.5 0];

col={brown , yellow ,magenta , black ,green ,blue ,[0.15 0 0.75],
brown,[0.5 0 0], [0.75 0 0.15], [0 0 0.5], [0 0.5 0],
cyan };

figure (11)

plot (time/1e3, position , 'x—m’, MarkerSize  ,20);

hold on

plot (time (imax)/1le3 ,ymax, 'ro ', MarkerSize  ,28)

plot (time (imin)/1e3 ,ymin, "go’,  MarkerSize ' ,25)

hold off

xlabel ("time [ms] ”)

ylabel ("position [mm] )

ylim ([0 20])

set (gca, 'fontsize’ ,40, fontweight ', bold ")

set (get (geca, "xlabel "), fontsize  ,37, fontweight | "bold ")

set (get (geca, "ylabel "), fontsize  ,37, fontweight | "bold ")

title ([num2str(v),’ mbar’])

set (get(gca, 'title ), fontsize 40, fontweight , bold")

grid on
set (gea, 'LineWidth ™ 4)
end
SISSTTTSSSTTTSSTTTSSTTSTSS ST TSI ST SSSS TSI SIS SIS
clear a
end % end for j=J0:50:JN
TimeSpent = toc; %elapsed time (duraton of the processing

of this script) in s
MATLAB script for finding attachment’s dwellings]

It can be downloaded here:
https://1n.sync.com/d1/096ff10c0/dewh8gz5-fed8zspk-42mkqxxf-4cfkwxdu]
The password is SCRIPTS3.

MATLAB script to calculate electrical conduc-
tivity

It can be downloaded here:
https://1n.sync.com/d1/8eb5e656f0/vthjavem-csruirsv-fumttbcg-sijir78j]
The password is SCRIPT2.
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Plasma torch drawings
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Figure 6.1: Engineering drawing of axial cross section of WSP*-HR
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Figure 6.2: Engineering drawing of axial cross section of WSPS-H 2011
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