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PLASMA-LIQUID SYSTEM WITH ROTATIONAL GLIDING ARC AND LIQUID ELECTRODE

In this paper the results of rotational gliding arc investigation with liquid electrode are presented. Emission spectra of plasma that
generated by rotational gliding arc with liquid electrode was investigated. Current-voltage characteristics of rotational gliding arc in the

range of air flow 0-220 cm’/s were measured. Temperature populations of excited electronic T; , vibrational T; and rotational T, levels

were determined. Distribution of temperature along the plasma torch was investigated.
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Introduction. For today in plasma chemistry, there are
three main problems that are related to selectivity of
plasma transformation of substances, energy efficiency of
plasma technology and the consumption of metallic
electrodes material. The problem of selectivity consists in
the fact that during the plasma-chemical transformation of
substances occur large numbers of chemical reactions.
While it is necessary that the reaction occurred that are
responsible for the formation of the expected product. This
problem is partially solved by using non-equilibrium
plasma. Low-temperature plasma is divided by the level of
nonequilibrium into two types: plasma with a temperature
of heavy components the order of room temperature
(dielectric barrier discharge, micro-discharge) and the so-
called "warm" plasma with a temperature of >1000 K.

To support the process of reforming and combustion of
hydrocarbon fuels is better to use non-equilibrium "warm"
plasma, since the process of reforming requires not only
the presence of radicals, but also the appropriate
temperature. Moreover, the most promising is the use of
plasma at atmospheric pressure or above it.

The problem of energy efficiency of plasma
technologies connected with the fact that for the generation
of plasma is needed most expensive energy — electric.
Therefore, a possible way to solve this problem can be
embedding of plasma technologies into the traditional
chemical technologies. Plasma must be effectively injected
into the reaction chamber. Chemical processes must be
managed with help of plasma, using its only as a catalyst.

Atmospheric pressure plasmas can be created by
various types of discharges: transverse arc; discharge in
gas channel with liquid wall and others. But most of them
aren't sufficiently stable. Stabilization of discharge in the
high pressure powerful plasmatron is attained by vortex
flow of gas [3]. In the low-powered high pressure
discharges the reverse vortex flow "tornado" type can be
used for the space stabilization [2]. Previous investigations
were performed only for discharges with solid-state
electrodes. And we have not much information about
discharges with liquid electrodes, which were stabilized by
vortex and reverse vortex flow of gas. One of the most
efficient is the plasma processing in the dynamic plasma-
liquid systems using the DC discharge in a reverse vortex
gas flow of tornado type with a "liquid" electrode (LE) [5, 6].
Plasma liquid system with rotational gliding arc is a
prototype of TORNADO-LE [5,6], but with some
modification, which are interesting for plasma technology.

The peculiarity of the using of plasma-liquid systems to
generate plasmas is that they do not require pre-
gasification of the liquid. In this regard, the research and
development of plasma-liquid systems with a rotational
gliding arc and liquid electrode for energy technologies is
an urgent task.

Experimental setup. Schematic view of the plasma-
liquid system (PLS) with rotational gliding arc is shown in
Fig. 1. It consists of a quartz chamber (1) cylindrical shape,
which hermetically closed metal top and bottom flanges.
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Fig. 1. Schematic diagram of experimental setup
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The height of the camera is 30 mm and diameter
90 mm. Bottom flange (2) is made of stainless steel. The
upper flange (3) is made of duralumin and contains a
copper sleeve (4) which has a hole in the center (5)
diameter of 14 mm and a length of 5 mm. Quartz chamber
(1) filled with liquid (6), the level of which has been
maintained by the injection pump through the aperture (7).
Gas inputted into the system through the aperture (8). Gas
flow is introduced tangentially to wall of the quartz cylinder
(1). Gas, rotating, moved (9) along the surface to the axis of
the quartz cylinder (1), where through the aperture (5)
comes out. Plasma torch (10) was formed during the
discharge burning. One end of plasma torch was located on
the surface of the liquid and the other on an external part of
the upper flange. Under the influence of the gas flow end of
the plasma torch, which was located on the metal surface,
rotating, and gliding in the direction of air flow? The voltage
between the electrodes was supplied by a power supply
(11) DC. The power supply provides voltages up to 7 kV. In
this system can be realized two modes of operation: liquid
(LC) and solid cathode (SC) cathode.

Emission spectroscopy was used for diagnostics of
plasma. Emission spectra were registered using a spectral
device that consists of an optical fiber (12) and
spectrometer S-150-2-3648 USB (13). This spectrometer
allows registering the emission spectra in the wavelength
range 200-1000 nm.

Photograph of plasma-liquid system with rotational
gliding arc with liquid electrode are shown in Fig. 2. The
working fluid was distiled water, the air flow was
220 cmsls, current — 360 mA, voltage — 2 kV.

Fig. 2. Photo of plasma-liquid system
with rotational gliding arc. Working fluid - distilled water,
air flow — 220 cm®/s, current — 360 mA, voltage — 2 kV.
Mode - "solid" cathode

The distance from the surface of liquid to the upper
flange — 5 mm. Breakdown of the gas gap occurred in air
flow (220 cm3/s) and a maximum voltage (7 kV) of power
supply. Increased airflow lowers the distance between the
liquid and the top flange, due to the formation of a cone of
liquid on its surface. The gas gap occurred breakdown
when the distance reached a certain critical value of.
However, after the breakdown of the discharge was
burning even in the absence of airflow (0 cm®/s). Plasma
torch was formed outside of the reactor after the
breakdown of the gas gap. Length torch initially increased
with increasing air flow, reaching a length of about 150 mm
by air flow 165 cm®/s, and then with increase airflow length
of torch began to decrease.

Results and discussion. The current-voltage
characteristics of the discharge at different airflows are
shown in Fig. 3. Mode — "solid" cathode. In the absence of
airflow with increasing current voltage unchanged. For air

flow 55 cm®/s at low currents (220 mA) voltage unchanged.
The voltage is increased with increasing of current in the
range 220-280 mA. The voltage does not change its value
at the currents greater than 280 mA. Absolute value of the
voltage increased with increasing of airflow (55-165 cm3/s)
but the behavior was similar to the current-voltage
characteristics for the air flow of 55 cm®/s. The voltage was
increased with increasing of current and then was voltage
saturation. The current-voltage characteristic at airflow
220 cm®/s has a region where voltage grows, saturates,
and then at current of 380 mA began to decrease (Fig. 3).
Minimum current at discharge burning was increased with
increasing of airflow. The ballast resistance was not used.
This may be due to a peculiarity of the impact of air flow to
the discharge burning process.

Typical emission spectra of plasma in plasma-liquid
system with rotational gliding arc are shown in Fig. 4.
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Fig. 3. Current-voltage characteristics
of rotational gliding arc

Emission spectra were measured at the regime SC,
current 360 mA, voltage 2 kV, air flow 220 cm®/s. Bands of
hydroxyl (OH ), lines of hydrogen (H ), and multiplets of
oxygen (O) are present on emission spectrum of plasma
inside (Z=2.5 mm) of plasma-liquid system (Fig. 4.a).
Bands of hydroxyl (OH) and lines of copper (Cu) are
present on emission spectrum of plasma outside
(Z=30 mm) of plasma-liquid system (Fig.4.b). The
plasma torch increases with presence of water. This may
be due to the fact that plasma generates detonating gas,
which burning increases the plasma torch.

It is obviously that rotational gliding arc plasma
discharge, which has been chosen as the basis of our
work, has its roots in a LE "tornado" system [5, 6], as can
be seen in Fig. 1. As it was shown in [1], the voltage in
gliding arc in humid air rather steeply increases with
increasing the air flow rate. We have similar effect in our
system. But the low intensity of electrode material lines
outside PLS and their absence inside (Fig.4),
demonstrates the increasing of electrodes life-time in the
RGA plasma discharge. The new state of system can be
stable for an indefinite amount of time. So, significant
advantage of this system is long lifetime of electrodes.

Temperature Te' population of excited electronic levels
of the hydrogen atoms H was determined by the method
of relative intensities (by two lines H, — 656.3 nm and

o

H,; —486.1 nm). Temperature population of excited electronic

levels of oxygen atoms O were determined by the Boltzmann
diagrams method (777.2 nm, 844.6 nm, 926.6 nm).
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Fig. 4. Typical emission spectra of plasma inside (Z = 2.5 mm) (a) and outside (Z = 30 mm) (b)
of plasma-liquid system with rotational gliding arc with liquid electrode: distilled water/air mixture

The method of comparing experimentally measured
emission spectra calculated by code SPECAIR [4] to
determine the temperature population of excited vibrational

T, and rotational T, levels of hydroxyl OH was used.
Comparison of the experimentally measured emission
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spectrum with simulated emission spectrum bands
hydroxyl OH in the wavelength range 274-298 nm by
code SPECAIR are shown in Fig. 5. Emission spectrum
was registered in the mode — "solid" cathode, current —
380 mA, air flow — 140 cm®/s, voltage — 1.9 kV.
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Fig. 5. Comparison of experimentally measured emission spectrum with simulated emission spectrum bands of hydroxyl OH
by code SPECAIR in the wavelength range 274-298 nm. Mode is "solid" cathode, current — 380 mA, air flow — 140 cm’/s,

voltage — 1.9 kV. Modeling: T, (O)=3700 K, T, (OH)= 3700 K, T, (OH) = 3700 K

The temperature population of excited electronic levels
of the oxygen atoms O, which is determined by the
Boltzmann diagrams to simulate the bands of hydroxyl
OH(A-X) was used. The temperature population of
excited vibrational and rotational levels was specified by

SPECAIR. The following parameters T,(O)=3700 K,

T/(OH)=3700 K, T /(OH)=3700 K to simulate the

emission spectrum bands hydroxyl OH were used. Fig. 5
shows that the simulation matches very well with the
experiment, and therefore it can be argued that the
temperatures population of excited levels has the following

value T,(0)=3700+400 K, T, (OH)=3700+200 K,
T'(OH) =3700+200 K.

Fig.6 shows dependence of the temperature
population of the excited electronic Te*(O) vibrational

T'(OH) and rotational T (OH) levels from airflow.

Emission spectra were registered inside of system in the
center the line of sight between the liquid and the top
flange. Measurements were carried out at a fixed value of
current — 380 mA. Mode — "solid" cathode. The plasma at
low air flow is isothermal (Fig. 6). However, the interval
between the temperatures population of excited vibrational,
rotational levels OH and electronic levels O increased
with airflow increases. The temperature population of
excited electronic levels of hydrogen H decreased with
increasing of air flow.

The volume which occupies plasma inside the system
is on order less than the volume of plasma torch.
Temperature distribution of plasma along the torch is
important, because the plasma torch is injected into the
reaction chamber. Axial distribution of vibrational and
rotational temperature in the plasma torch is shown in



~ 46 ~

B 1 CH U K KuiBcbkoro HauwioHanbHoro yHisepcurety imeHi Tapaca LlleBueHka

ISSN 1728-2306

Fig. 7. Emission spectra were registered by the line of
sight. Measurements were carried out at a fixed value of
current — 340 mA and air flow — 165 cm*/s. Mode — "solid"
cathode. Z =0 mm corresponds the measurements along
the surface of the liquid, Z=5 mm — along the bottom
surface of the top flange, Z =30 mm — along the upper
surface of the upper flange. There is a one "dead" zone, in
which can not be measured emission spectra. This is due
peculiar structure of the upper flange.

Plasma torch reached the size to a height of 120 mm at
the air flow 165 cm®/s and current 340 mA. The intensity of
the bands of hydroxyl OH decreased with increasing Z .
Hydroxyl bands were barely visible at the maximum
accumulation for Z =100 mm. However, the rotational and
vibrational temperature at the values of Z >50 mm from
the emission spectra was difficult to determine. Since the
OH bands of low intensity (274-298 nm) were used for the
determination of these temperatures.
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Fig. 6. Dependence temperatures population
of excited electronic T, (O), vibrational T, (OH)

and rotational levels of T, (OH) from airflow.
Current — 380 mA, mode — "solid" cathode

When Z =0 mm (along the surface of the liquid), the
difference T'(OH)=3700+200 K and

T'(OH)=3200+200 K is 500 K, but at Z=5 mm (along

the bottom surface of the metal flange) they are equal
within the limits of error. At Z =30 mm difference between

T/(OH)=3500+200 K and T (OH)=3000+200 K is
500 K. For the 35<Z<50 mm difference between
T/(OH) and T (OH) remains constant 700 K, but the

absolute values decrease with increasing Z (Fig. 7).
According to the obtained temperatures population of
excited levels and code SPECAIR unable to determine the

ratio [OH]/[O] between the concentration of hydroxyl OH

between

and atomic oxygen O. Hydroxyl OH on six orders of
magnitude smaller than oxygen atoms O . With increasing
air flow ratio [OH]/[O] begins to decrease. This ratio

[OH]/[O] has a maximum when the air flow 165 cm’s.

This may be due to the fact that an increasing of air flow
increases the power inputted into the discharge that way
fluid flow increases. With further increase flow capacity
varies little, and the amount of oxygen that is introduced by

the flow increases. The concentration ratio [H]/[O] by

using the calculated spectra according to NIST was
determined. The atoms of hydrogen [H] and oxygen [O]

almost equal value.
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Fig.7. Axial distribution of temperatures population
of excited vibrational T, (OH) and rotational levels

of T (OH). Current — 340 mA, air flow — 165 cm?s,
mode — "solid" cathode

Conclusions. Plasma of plasma-liquid system with
rotational gliding arc with liquid electrode inside the chamber is

isothermal T, (0)=3700+400 K, T, (OH)=3700+200 K,

T'(OH)=3700+200 K. The interval between the

temperatures population of excited vibrational, rotational levels
OH and electronic levels O increased with airflow increases.
Temperatures population of excited levels at air flow

275cm’s have the value T,(0)=3700+400 K,

T.(OH)=3300+200 K, T, (OH) = 3200+200 K.
Plasma is nonisothermic in the torch at the range of Z
30-50 mm. The difference between T, (OH) and T, (OH)

is 700 K, and their absolute values decrease with height of
plasma torch (35 <Z <50 mm).

The main components of the plasma interelectrode gap
are OH, O, H, and major components of the plasma
torch are OH, and Cu. The concentration of hydroxyl OH
on six orders of magnitude was less than the concentration
of oxygen O and hydrogen H atoms.

The presence of water increases the plasma torch. This
may be due to the fact that plasma generates detonating
gas, which burning increases the plasma torch.
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DYNAMICS OF GENERALIZED PHASES IN A SYSTEM
OF TWO WEAKLY-COUPLED SPIN-TORQUE NANO-OSCILLATORS
WITH RANDOM EIGEN FREQUENCIES: THE CASE OF GLOBAL COUPLING

Dynamics of generalized phases in a system of two weakly-coupled spin-torque nano-oscillators (STNOs) with random eigen
frequencies (Gaussian distribution) is analyzed. It is shown that the system dynamics is conveniently described by a complex order
parameter in the scope of global coupling model. The numerical analysis of time dynamics of the modulus of complex order parameter
was performed. It is shown that the synchronization of two STNOs is most effective when the amplitude of coupling A is big and the

phase of coupling B is multiple of .

Key words: spin-torque nano-oscillator, synchronization, coupled oscillations, random eigen frequency.

Introduction. The spin-transfer torque (STT) [1, 3, 15,
20-21] carried by a spin-polarized electric current can give
rise to several types of magnetization dynamics
(magnetization auto-oscillations [5-6, 8-11, 16-17] and
reversal [7, 22]) and, therefore, allows one to manipulate
magnetization of a nano-scale magnetic object [17].

The STT effect opens a possibility for the development
of a novel type of nano-scale microwave devices — spin-
torque nano-oscillators (STNOs). The practical application
of STNOs faces four main problems:

= low enough operation frequencies of devices based on
STNOs (typically, 1-15 GHz);

= low output microwave power (or DC power if a STNO
is used as a microwave detector);

= large generation linewidth;

= imperfect manufacturing technology of STNOs.

The last three problems can be solved using the mutual
phase-locking of several STNOs [6, 11, 14, 18-19]. For
instance, using numerical simulations it has been
demonstrated [4, 12] that the finite delay time of the
coupling signal can lead to a substantial (~ 100 times)
increase in the frequency band of phase-locking.

In this work we perform numerical simulations of phase-
locking of two STNOs with random eigen frequencies
(which are caused by the parameters spread of the STNOs
due to the imperfect manufacturing technology) with

account of a delay of the coupling signal. We consider the
general case of two coupled nano-contact STNOs without
account of the exact type of coupling. Thus, our results are
valid for different types of coupling.

Theoretical model. The dynamics of the two weakly-
coupled STNO can be described by the system of coupled

nonlinear equations for the complex amplitudes cj(t) of
spin wave modes, excited in j-th nano-contact [2, 14, 19]:

%H(m (‘01\2)014—1"9”'1(‘01‘2)01 —Q,c,e" .
%+i®2 (‘CZ‘Z)CZ +T 2 (‘02‘2)02 -Q,c, i ,
where j,k={12}, mj(‘cj‘z) and reﬁ‘j(‘cj‘z) e the

frequency and effective damping rate (that includes
contribution from the positive natural damping and current-
induced negative damping) of j-th mode, coupling
frequencies Q,, are defined by Eq. (6) in [19], and B,, is
the phase shift, for example, the phase shift of the spin
wave (radiated by the k-th nano-contact) acquired during
its propagation to the j~th nano-contact.

The system (1) without time delay (B;, =0) was derived

and analyzed in [19]. The analysis of the system (1) was
© Prokopenko O., Karpiak B., Sulymenko O., 2013



