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Plasma acceleration in the atmosphere by pulsed inductive thruster

Introduction. One of the directions of development of plasma technologies consists in the formation of gas-metal plasma formations and
throwing them to a certain distance. Known thrusters of plasma formation either have an electrode system that is prone to erosion, or a
discharge system in a solid dielectric substance in which ablation occurs, or a complex gas-dynamic system with fuel supply. They do not
provide acceleration of plasma formation in the atmosphere for a significant distance. Purpose. A theoretical and experimental study of
electromechanical and thermophysical processes in a plasma thruster, which ensures the formation of a plasma formation due to thermal
ionization by an induced current in a thin conductor layer during a high-voltage discharge on an inductor and the accelerating of a plasma
Jformation in the atmosphere for a significant distance. Methodology. The proposed concept of a plasma thruster, in which the inductor
inductively interacts with a combined armature, which includes an aluminum armature in the form of a thin (0.5-1 um) foil, a copper
armature made of a thicker foil (35-50 um).On the basis of a mathematical model that takes into account the uneven distribution of currents
in the inductor and conductive armatures, the features of the process of acceleration the combined armature in the atmosphere were
established and experimental studies were carried out. Results. The electromechanical and thermal characteristics of the plasma thruster
were calculated. It was established that the choice of the thickness of the dielectric layer of the armature, to which the aluminum and copper
armatures are attached, is determined by the energy balance between the heating temperature of the aluminum armature and the
electromechanical indicators of the thrower. Scientific novelty. It was experimentally established that the greatest density and homogeneity
is observed in the middle of the plasma formation, which has the shape of a torus, moving away from the dielectric sheet on which the
aluminum armature was located. As the voltage of the capacitive energy storage increases, the induced current density in the armature
increases and the plasma formation becomes more uniform. Practical value. In comparison with the experimental results, the calculated
current in the inductor coincides both in shape and in magnitude with an accuracy of 7 %. The biggest difference between the calculated and
experimental currents of the inductor occurs when the aluminum armature is thermally destroyed. The transition of an aluminum armature
into a plasma formation depends significantly on the voltage of the capacitive energy storage. References 26, figures 16.

Key words: plasma formation pulsed inductive thruster, acceleration in the atmosphere, electromechanical and thermal
processes, experimental research.

Bemyn. Ooun 3 HanpamKie po3eumKy naa3smosux mMexHoN02Il Noia2ae y QopMysanHs 2a30-Memanesux niasmosux ymeopeHs ma Memanni ix
Ha nesHy eiocmanb. Bioomi MemansHuKu nIasmMo8020 YymeopeHHs abo Maiomy eleKmpooHy cUcmemy, sKa cXunbha 0o eposii, abo pospaouy
cucmemy 6 meepoiil dieNeKmpuuHill pevosuni, 6 AKill 6i00yeacmvca abnayis, abo CKIAOHY 2a300UHAMIHY cucmeMy 3 nooayeio naausd. Bownu
He 3abe3neuyloms MemanHs NIA3MOB020 YMEOPEHHA 6 NOGIMpAHOMY cepedosuwji Ha 3nauny eiocmanvb. Mema. Teopemuune ma
exchepumeHmanbHe 00CIONHCEH s eNeKMPOMEXAHIYHUX A MENN0GI3ULHUX NPOYECi8 8 MEMANLHUKY NAA3MU, KUl 3abe3neyye popmysanHs
Na3MOB8020 YMBOPEHHsL 34 PaXYHOK MepMIuHOi ioHi3ayii iHOYKOBAHUM CIPYMOM 8 MOHKOMY NPOGIOHUKOBO20 WAPY NPU BUCOKOBOTILIHOMY
PO3pA0i Ha THOYKMOP ma MemanHs NIA3M08020 YMEOPeHHs ) HOGIMPAHOMY cepedoguwyi Ha 3nauny siocmatsb. Memoouka. 3anpononosana
KOHYenyisi. MeMmanbHUKa Nid3mMo8020 YMEOPEHHs, V AKO20 [HOYKMOP [HOVKYIIHO 63A€MOO0IEC 3 KOMOIHOBAHUM SKOpeM, WO 6KII0YaAE
antominiesutl sikip y euensioi moukoi (0,5-1 mxm) gponveu, mionuil sip, saxuti sukonanuil 3 oiteuw moscmoi gonveu (35-50 mxm). Ha 6asi
mamemamuyHoi MoOel, KA 6PAX08YE HEPIGHOMIPHUL PO3NOOLL CMPyMI6 6 IHOVKMOPL [ eNeKmpOnpOSIOHUX SKOPSX, 6CMAHOGICHI
ocobnusocmi npoyecy memanis KOMOIHOBAHO20 AKOPs 6 NOGIMPAHOMY Cepedoguwyi Mma NpoedeHi eKCnepUMEeHManbii OO0CTIONCEHHS.
Pezynomamu. Pospaxosani enekmpomexaniuni i mennosi Xapakmepucmuxu niazmo6020 MmemansHuka. Bemanoeneno, wo, eubip mosujunu
OleleKmpuuHo20 wapy AKOps, 00 AK020 NPUKPINIEH] amoMiHiceull i MIOHUL AKOpA, OOYMOGNEHULl eHepeemuyHUM OanaHcoM Midc
memMnepamypolo Hazpiey anoMiHic8020 AKOPs i eneKkmpomexanitnumu nokasHuxamu memanvhuxa. Haykoea noeusna. Excnepumenmansho
6CMANOGNIEHO, WO HAUOILTLWA 2YCIMUHA | OOHOPIOHICHb CNOCMEPICAEMbCSL 8 CepeOUHi NIAZMOB020 YIMEOPEHHS, sKe MAc hopmy mopa, wo
6I00ansIEMbCsl 60 OleNeKMPUYHO20 UCMA, HA SKOMY PO3MAWO08Y8A6Cs antominicsuil skip. 3 niosuwjennam Hanpyau EMHICHO20
Hakonuuysaya eHepeii 30UIbulyemuCst 2yCmuta iIHOYKO8AHO20 CIPYMY 8 SIKOPI i Nla3Moee YmeopeHHs cmae Oinbut 00Hopionum. Ilpakmuuna
YiHHICMb. Y NOPiGHANHI 3 eKCNePUMEHMATIbHUMY Pe3YIbMAmMaMi PO3PAX08aHUti CIPYM 8 IHOYKMOpI Chienaoace s 3a popmolo, max i 3a
3HaueHHAM 3 mounicmio 00 7 %. Haiibinvwa 6ioMiHHICMb Midic pO3PAXYHKOBUM I eKCnepUMEHmMAanbHUM CIMpymMamu iHOYKmopa 6UHUKAE npu
TEPMIYHOMY DVUIHY8AHHI aNOMIHIEG020 AKOpA. lepexio antominiegoeo AKOpsa 6 NiasmMoee YMEOPEeHHS CYMMESO 3ANeHCUMb 8i0 Hanpyau
emHicHo20 Hakonuyysaya enepeii. biom. 26, puc. 16.

Knrouoei cnosa: ninazmoBe yTBOPeHHs, iMITyJIbCHUH iIHAYKTHBHHIT MeTaJILHUK, IPUCKOPEHHs B aTMocdepi, e1ekTpoMexaHiuHi
Ta TeIJIOBi mMpouecHu, eKCepUMEHTAIbHI 10C/TiIzKeHHS.

Introduction. Plasma technologies are used in
various industrial technologies, in scientific research, in
defense systems, etc. One of the directions of development
of such technologies consists in the formation of plasma
formations and accelerating them to a certain distance.
Work on the creation of plasma throwers is being carried
out in many scientific centers of the world [1-4].

At the University of Missouri, USA, the accelerating
of a plasma formation in the air environment is being
studied [5]. But the duration of the existence of a plasma
formation is short (several ms), and it moves in the
atmosphere for an insignificant distance of 0.5-0.6 m.

In [6], the application and development of plasma
thrusters are considered. Electrode designs, discharge

patterns, fuel supply and ignition methods are analyzed.
The authors consider various methods of modeling the
discharge circuit, as well as the processes of ablation,
ionization, and acceleration of plasma formation.

Pulsed plasma thrusters, in which high-frequency
accelerating of plasma formation occurs, are considered for
use in small satellites, because they provide a long
operating time, high specific thrust impulse and significant
power [7]. Such plasma thrusters are relatively easily
adapted to the specific requirements of the satellite mission.

A promising direction in the development of thrusters
for space vehicles is the development of plasma thrusters
without electrodes, which are prone to plasma erosion [8, 9].
Such thrusters are more durable, have a reduced mass of
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fuel compared to chemical ones, which create the same
thrust. Electrodeless plasma thrusters include devices that
provide a rotating magnetic or electric field, pulsed
inductive devices that use the Lorentz force acting on
induction currents in the plasma. According to the
indicators of specific impulse and traction efficiency, the
most promising designs are those that use the Lorentz
force, which directly ensures the acceleration and throwing
of plasma through magnetic nozzles.

Plasma technologies are actively developing and
play an important role in many developing fields, such as
medicine, agriculture, processing of materials and
surfaces, catalysis, aerospace engineering, etc. [10].

Plasma thruster analysis. Let’s consider the state
of work on the creation of plasma thrusters that work in
pulse mode and plasma thrusters that work for a long time
in cyclic high-frequency mode.

In [11], the method of formation of plasma
formations under the conditions of a high-voltage
discharge in the atmosphere using a needle electrode is
investigated. It was established that the presence of
hemispherical aluminum foil can increase the electric
field at the tip of the needle electrode. During a discharge
under the action of a gas flow, an arc tip is formed in the
electric field on the electrode. It forms a plasma jet that
extends into the outer space of the gas nozzle. The pulsed
discharge, which is formed by the interelectrode arc,
forms a plasma jet of high density.

In [12], a plasma thruster with electrodes is
considered, one of which is made in the form of a copper
rod, and the other in the form of a plate. Under the action
of an electric discharge between the electrodes in a solid
dielectric substance, ablation occurs, that is, the substance
evaporates from the surface. The plasma thruster works
under low gas pressure in the accelerator channel. This
thruster of plasma formation has a low efficiency and
specific power, which is due to the use of only the energy
stored by the electric field. The effectiveness of this
thruster is limited by the long process of recovery of the
working substance and the unevenness of its evaporation.

A well-known plasma thruster, which contains
electrodes connected through an ohmic and inductive load
to capacitive energy storage (CES), an end ceramic
insulator that separates the electrodes and dielectric
checkers installed between the electrodes, made of the
material in which the ablation takes place [13]. When a
high-voltage pulse is applied to the electrodes, as a result of
a surface breakdown, a plasma formation is formed, which
short-circuits the electrodes. The working substance that
evaporates from the surface of the dielectric checkers is
ionized and moved under the influence of electromagnetic
forces and gas-dynamic pressure. This thruster has
increased efficiency due to the use of both electromagnetic
forces and gas-dynamic pressure. However, it has a low
specific power due to the use of electrical energy to create
electromagnetic and gas-dynamic forces.

A well-known plasma thruster, which consists of a
guide tube covered by a magnet made in the form of
sections, and a system of thermal ionization of matter to the
plasma state [14]. One end of the pipe is in the atmosphere,
and on the other end there is a gas flow formation system
using a gas turbine engine. The system of thermal

ionization of matter consists of discharge electrodes located
inside the guide tube and an induction plasma heater. The
electromagnetic coil of the heater, which covers the guide
tube, ensures the formation of plasma inside the guide tube.
Due to the gas turbine engine, a heated gas flow is formed,
which is directed into the guide pipe. Gas heated above
1000 °C is sent to the thermal ionization system, where it is
heated by arc discharges to a high temperature (5000-
10000 °C). The gas enters the region of the induction
heater, where plasma formation occurs. Under the action of
pulsed magnetic fields alternately created by sections of the
magnet along the guide tube, a plasma formation is thrown.

n [15], the pulsed inductive thruster of plasma
formation is considered, in which a high specific power is
achieved due to the combined use of the chemical energy
of fuel combustion and the energy of the electromagnetic
field. This electrodeless thruster works by passing a large
pulsed current through an inductor, creating an
electromagnetic field that induces a current in the plasma
and accelerates it to a high speed. The authors have
proposed and tested different configurations of the
thruster, which provide plasma throwing and use a
magnetic field to hold it during acceleration. But this
thruster has too complicated a design.

In [16], the pulsed inductive plasma thruster
designed for a spacecraft is investigated. Spatial
distributions of various physical fields are considered,
which describe the evolution of the structure of the
plasma current layer, the relationship between the traction
force and the excitation current, the efficiency of the
magnetic connection between the plasma and the
excitation circuit, and the energy conversion process. The
positive contribution of the secondary current layer to the
maximum thrust of the thruster is shown. Oppression the
initial gas to the inductor surface and improving its radial
homogeneity can help strengthen the coupling between
the plasma and the inductor. But the grounded metal plate
on which the CES is attached can impair the process of
plasma acceleration if the CES is in the zone of magnetic
connection with the inductor.

Work [17] analyzes the circuits of the pulsed
inductive plasma thruster with conical inductor coils, which
can have cone angles from 0° (straight theta-pinch coil) to
90° (flat coil). The plasma is considered as a deformed
projectile that moves radially and axially under the action
of the electrodynamic force from the side of the inductor. A
local maximum of the efficiency and specific impulse is
found for angles less than 90°, but the absolute maximum
for both of these values is observed at an angle of 90°.

In [18], a high-voltage pulsed power source for the
formation of plasma in the atmosphere is considered. This
photovoltaic-driven source provides voltage pulse widths
from 1 ps to 10 ps and amplitudes in excess of 10 kV
with frequencies from 0.5 kHz to 5 kHz.

In [19], the physical process of a planar induction-
pulse plasma thruster was studied. When the environment
was filled with argon as a fuel, the shape of the current in
the inductor, the CES voltage, the intensity of the plasma
radiation were measured, and photographs of the plasma
structure were taken. Processes at different values of CES
voltage and gas pressure were studied. Based on the
results of the experiments, the physical mechanisms of the
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initial phase of ionization and the subsequent phase of
plasma formation acceleration were analyzed.

Based on the analysis, it can be concluded that
known thrusters for the plasma formation of either have
an electrode system that is prone to erosion, or a
discharge system in a solid dielectric substance in which
ablation occurs, or a complex gas-dynamic system with
the supply of appropriate fuel. In addition, known
thrusters, forming the plasma, do not ensure its
accelerating in the atmosphere for a significant distance.

The purpose of the article is a theoretical and
experimental  study of  electromechanical and
thermophysical processes in a plasma thruster, which
ensures the formation of a gas-metal plasma due to
thermal ionization by an induced current in a thin
conductor layer during a high-voltage discharge on an
inductor and the accelerating of a plasma formation in the
atmosphere for a considerable distance.

The concept of a pulsed inductive plasma thruster.
As it was shown in [20], when using CES with a relatively
low voltage (U, = 20 kV, capacity Cy = 360 pF), an
aluminum armature with a thickness of 18 pm is only
partially transformed into a plasma formation. A large part
of this armature is moved vertically upwards to a
considerable height (more than 5 m) and after testing the
armature is a crumpled and compressed aluminum foil with
a bunch of small particles. It is these elements of the
armature, which have not passed into the plasma state,
under the action of electrodynamic forces from the side of
the inductor, are moved to a considerable distance. It was
established that at the same CES voltage, only a part of the
aluminum armature went into the plasma state, while the
copper armature did not go at all. This can be explained by
the fact that the melting point of aluminum (660 °C) is
significantly lower than that of copper (1083 °C).

On the basis of these experimental studies, a pulsed
inductive plasma thruster is proposed, in which a
combined armature is located opposite the disc-shaped
inductor, which includes an aluminum armature adjacent
to the inductor and made in the form of a thin (0.5-1 um)
foil, a copper armature that is directed in the direction of
throwing and made of a thicker foil (35-50 pum). These
armatures are attached to the dielectric layer located
between them (Fig. 1). This layer can be made of aerogel,
which has a low density (1 kg/m’), is resistant to high
temperature (1000 °C), has a low thermal conductivity
(4 = 0.013~0.019 W/(m-K)), a low Young’s modulus,
does not compress and is resistant to deformation [21].

1. 2

2¢c 2b 2a 3 2
1 A—PA:.
\ ] |
i / |
I |
|
!
Y ——f—— |

Fig. 1. Design scheme of a pulsed inductive plasma thruster:
1 — inductor; 2 — combined armature; 2a — aluminum armature;
2b — dielectric layer; 2¢ — copper armature; 3 — insulating support

When the inductor is excited by the high-voltage
CES C,, induced currents flow in the conductive
armatures. In a thinner aluminum armature, due to a
higher density of the induced current and a lower melting
temperature, thermal ionization and the transition to
plasma formation occur. The thickness of the aluminum
armature is significantly less than the depth of the skin
layer. In a thicker copper armature, thermal ionization
does not occur due to the reduced magnetic field of the
inductor, lower induced current density and higher
melting temperature. Under the action of electrodynamic
forces, the plasma formation from the aluminum armature
is pressed against the dielectric layer, and the copper
armature connected to this layer is moved to a
considerable distance from the inductor under the action
of electrodynamic forces. The copper armature, taking on
the aerodynamic resistance of the atmosphere, moves the
dielectric layer attached to it with plasma formation,
protecting the latter from intense cooling. The dielectric
layer of the armature keeps the plasma formation in the
form of a ring from being «ruptured» by radially directed
electrodynamic forces.

Combined armatures formed from two electrically
conductive armatures located in parallel, one of which can
be stationary, are used in electromechanical pulse
accelerators [22, 23]. These armatures do not go into a
plasma formation due to high temperature, but move to a
considerable distance.

A mathematical model that  describes
electromechanical and thermophysical processes during the
accelerating of a plasma formation is presented in [20]. The
thruster has a coaxial design and the combined armature
moves along the z-axis at a speed of V. Since plasma
formation is characterized by the uncertainty of
dynamically changing parameters, in order to establish the
general characteristics of the process, we consider that
electrically conductive armatures do not change their shape
and aggregate state during operation. This approach is
widely used when -calculating the electromechanical
processes of a plasma thruster [24]. To implement a
mathematical model that describes time-varying processes
with spatially distributed parameters, a system of partial
differential equations with respect to spatial and temporal
variables was used [22]. The mathematical model describes
the stress of the electrical support of the inductor and the
combined armature as a function of temperature.

The mathematical model of the process of
accelerating a combined armature in the atmosphere takes
into account the uneven distribution of currents in the
inductor and conductive armatures. It is implemented in
the COMSOL Multiphysics software package using the
finite element method when accounting for all
relationships between physical processes. At the same
time, data is exchanged between processes, calculation
areas are allocated for each physical problem, provided
that the grid division is consistent for all problems.

The calculation area of the model is a cylinder with
a radius whose value is more than 5 times greater than the
radius of the furthest element of the thrower in the radial
direction from the z axis. The height of the calculated
cylinder is more than 10 times greater than the highest
height of the thruster elements. This makes it possible to
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achieve the required accuracy with an acceptable
calculation time, considering the calculation limit to be
conditionally infinite.

Electromechanical and thermal processes in
pulsed inductive plasma thruster with combined armature.
Consider a plasma thruster with the following parameters:
CES: voltage Uy=35 kV, capacity Cy=18.5 pF; inductor:
shape — Archimedes disk spiral, material — steel, number
of turns N;=5, outer diameter D, ;=280 mm, inner
diameter D;,;=70 mm, width of turn A»=10 mm, high
turn 4,;=5 mm, distance between turns 10 mm; combined
armature: outer diameter D,,=280 mm, inner diameter
D;,;,=0 mm, thickness of aluminum armature /,,=0.7 pm;
distance from the inductor zg=1 mm; excitation circuit:
L(): 1.5 },I,H, R(): 105 mQ.

The current density in the turns of the steel inductor
is distributed significantly unevenly. In Fig. 2 shows the
distribution of the current density in the turns of the
inductor j; at maximum current and the absence of an
armature.
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Fig. 2. Distribution of the current density in the turns of the
inductor j; at the maximum current

The highest current density is observed on the inner
coil, namely on the side facing the center, and the lowest
current density is observed on the outer side of the inner
coil. When calculating processes over time, we will use the
current density averaged over the cross section of the turn.

Let us consider the mentioned processes in the plasma
thruster with small (/3=1 mm) and large (/=15 mm)
thickness of the dielectric layer and with the thickness of
the copper armature /,~0.05 mm. The currents in the
inductor have an oscillating and decaying character over
time (Fig. 3). With a small thickness of the #,, dielectric
layer, the amplitude of the first half-period is 17 % larger,
and the oscillation period is reduced compared to the
variant with a large /y, thickness. This is due to the
inductive effect of the copper armature, which strengthens

the magnetic connection with the inductor.
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Fig. 3. Time dependences of the current density in the inductor

The amplitude of the density of the induced current
in the copper armature j,. increases by 53 % with a

smaller thickness (4,,=1 mm) of the dielectric layer of the
armature compared to the version with a greater thickness
(hy=15 mm) (Fig. 4).
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Fig. 4. Time dependences of current density in aluminum j,,
and copper j,. armatures

But the amplitude of the current density in the
aluminum armature j,, decreases by almost 5 times,
which does not lead to its thermal ionization. Such a
change in the currents in the armatures is caused primarily
by the influence of a thicker copper armature due to the
induction connection with the inductor. When the copper
armature moves away from the inductor, its
demagnetizing effect on the aluminum armature weakens,
which leads to a significant increase of induced current in
the aluminum armature.

In Fig. 5 shows temperature extremes of aluminum
6, =TyT>, and copper 6,=T,—T>. armatures, where T, is the
temperature of the air medium, 75, 7. are the temperature of
the aluminum and copper armature, respectively.
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Fig. 5. Time dependences of temperature rise in aluminum 6,,
and copper 0,. armatures

At a significant distance (4,,=15 mm) of a thicker
copper armature (4,=50 um) from a thinner aluminum
armature (4;=0.7 um), the aluminum armature is heated
to a temperature whose maximum excess ¢,,=4420 °C is
many times higher than the temperature aluminum
smelting. With a small distance between the armatures
(h=1 mm), the maximum heating of the aluminum
armature reaches only 6,,=229 °C and does not lead to its
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thermal damage. Note that both at large and at small
distances between the /,, armatures, the heating of the
copper armature does not exceed its melting point.

But when the copper armature is moved away from
the aluminum one, the electromechanical indicators of the
thrower significantly deteriorate. As calculations show, the
resulting electrodynamic force f, acting on the combined
armature consists of more than 97 % of the force acting on
the thicker copper armature. When the thickness of the
dielectric layer /y, increases from 1 mm to 15 mm, the
maximum magnitude of the electrodynamic force decreases
by 2.48 times, which leads to a decrease in the maximum
speed of the armature ¥, by 1.75 times (Fig. 6).

Thus, the choice of the thickness of the dielectric
layer Ay, of the armature is due to a compromise between
the high heating temperature of the aluminum armature and
low electromechanical indicators of the thruster at a
significant value of /,,=15 mm and high electromechanical
indicators and low heating temperature of the aluminum
armature at a small value of /,,=1 mm.
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Fig. 6. Time dependences of electromechanical parameters of
the thruster

Let’s consider the effect of the thickness of the
dielectric layer /,, on the indicators of a thruster whose
copper armature has a small (0.01 mm), medium (0.05 mm)
and significant (0.5 mm) thickness /,.. In Fig. 7 shows the
dependence of the maximum current density jm, the
maximum electrodynamic force f,, and speed V,,, the
maximum temperature rise #,, of the armatures on the
thickness of the dielectric layer /,, between them.

When the thickness of the dielectric layer %, of the
armature increases, the maximum current density in the
aluminum armature j,, increases, and in the copper
armature j,. it decreases (Fig. 7,a).

If in a copper armature, the smaller its thickness, the
greater the maximum current density, then in an
aluminum armature there is no such unequivocal
relationship.  Since the main electromechanical
characteristics of the thruster are determined by the
copper armature, when the thickness of the dielectric
layer A,, increases, that is, when the copper armature is
moved away from the inductor, the maximum value of the
electrodynamic force f;, and the maximum speed V.,
decrease (Fig. 7,b). When the thickness of the /,. copper
armature increases, the total weight of the armature

increases significantly, almost proportionally. At the same
time, the maximum force f,, increases, and the maximum
speed V., decreases.

When the thickness of the dielectric layer #,,
increases, the maximum temperature rise 0,. of the copper
armature decreases due to a decrease in the induced
current (Fig. 7,¢).
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Fig. 7. Dependence of the maximum current density (a),
the maximum electrodynamic force and speed (),
and the maximum temperature rise of the armatures (c)
on the thickness of the dielectric layer 4,

And an increase in the thickness of the copper armature
hy. reduces the density of the induced current, and
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accordingly, the maximum value of the temperature rise 6.
But with the maximum excess temperature of the aluminum
armature 6,,, there is no such unequivocal dependence.

When the copper armature with a thickness of
h,=0.05 mm or 0.5 mm is moved away, the temperature
rise of the aluminum armature increases, and more at
hr=0.5 mm. And when the copper armature has a small
thickness /,,~0.01 mm, when the thickness of the dielectric
layer Ay, increases from 1 mm to 6 mm, the maximum
excess temperature of the aluminum armature 6,, decreases
with a further relatively insignificant increase.

The conducted studies took into account the
invariance of the mechanical state of the aluminum
armature. But, as shown by calculations using a
mathematical model that takes into account the thermal
destruction of an aluminum armature at a temperature
above 660 °C, the results practically do not differ from the
results described above. This is explained by the fact that
the thicker (71.5 times) copper armature than the aluminum
one mainly determines the electromechanical processes of
the thrower. The confirmation of this statement is the
results of the calculations of the thruster, which includes
only one aluminum armature, which causes a certain
distortion of the current shape of the inductor until the
moment of thermal damage of the armature.

Experimental studies. To test the proposed concept
of plasma acceleration by pulsed inductive thruster in the
atmosphere on the basis of the high-voltage
electrophysical stand of the Research and Design Institute
«Molniya» of National Technical University «Kharkiv
Polytechnic Institute» using the methodology [25],
experimental studies of a plasma formation thruster with
one or a copper or aluminum armature in the form of a
flat foil were conducted (Fig. 8).

)

Fig. 8. Photo of the experimental setup (a), pulse source (b),
electric field sensor (¢): 1 — battery of pulse capacitors;
2 — high-voltage arrester; 3 — system of prefabricated tires;
4 — thruster of plasma formation; 5 — electric field sensor;
6 — high-speed camera

Experimental studies were carried out with two disc
inductors, which are made in the form of an Archimedes
disk spiral made of steel (Fig. 9). They have an outer
diameter D,,;=280 mm, an inner diameter D;,;=70 mm
and a height #,;=5 mm. Inductor No. 1 has 7 turns with a
width of 9.4 mm with a distance between turns of 5 mm.
Inductor no. 2 has 5 turns with a width of 10 mm with a
distance between turns of 10 mm. The inductor was
placed horizontally on the dielectric base, and the
conductive anchor through the dielectric sheet was
installed on top of it.

The INEP K-1 sensor was used to measure the
electric field strength, which is connected to a digital
oscilloscope through a fiber optic cable (Fig. 8,c). It is
located at a distance of 1 m from the center of the
inductor. The measurement was carried out in the position
of the maximum sensitivity of the sensor. A high-speed
camera was located at a distance of 2.8 m from the center
of the inductor to record the process of throwing the
plasma formation (Fig. 8,a).

Fig. 9. Photo of inductor no. 1 (@) and inductor no. 2 (b)

In order to experimentally confirm the calculated
results about the circular shape of the induced current in the
conductive armature, the following experiment was
conducted. A 900x900x1 mm” glass-textolite sheet, on the
outside of which a copper foil with a thickness of 35 pm
was fixed, was placed above the horizontally located
inductor no. 1. When a CES discharge with a voltage of
Upy=20 kV was applied to the inductor in the fiberglass
foil, which functions as a copper armature, a circular
circuit of thermal heating was formed without significant
mechanical damage. At the same time, the radial
temperature distribution was in good agreement with the
calculated results (Fig. 10). It should be noted that under
similar conditions, thermal ionization took place in the
aluminum armature with a transition to the plasma state
and significant mechanical damage [20]. Based on this
experiment, an aluminum armature was made in the form
of a ring from foil 18 um thick (Fig. 10,c¢).

%

Current densty norm (AIm?)

a b

Fig. 10. Photo of the glass-textolite copper foil after the
discharge of the inductor (a), calculated induced current (b)
and photo of the aluminum armature (c)

In Fig. 11, with the CES voltage Uy=40 kV and the
presence of an aluminum armature, the forms of the
current in the inductor no. 2 and the electric field strength
measured by the INEP K-1 sensor at the oscillograph
sweep of 25 ms/div are shown on a digital oscilloscope.

The forms of the inductor current and the electric
field have an oscillatory-damping character with a
frequency of /= 12.15 kHz. The amplitude of the first
half-cycle of the current is /,,=49.2 kA, and the amplitude
of the electric field intensity £,=430 V/m.
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Fig. 11. Registered forms of current in inductor no. 2 (a)
and electric field strength (b) in the presence of an aluminum
armature and voltage Uy=40 kV

In the course of 5 ps, in the form of the current of the
inductor in the presence of an aluminum armature, there is
a distortion from the similar form of the current in the
absence of the armature. This is more pronounced when the
sweep of the oscilloscope is reduced by 5 times (Fig. 12).
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Fig. 12. Oscillograms of inductor current (left) and electric field
strength (right) in the absence (a) and presence (b)
of an aluminum armature

This distortion is explained by the inductive effect of
the conductive armature and shows that for 5 ps there is
an inductive interaction between the inductor and the
armature. After this time, the induced current of the
armature ceases to interact with the inductor both due to
its movement and due to the fact that the aluminum
armature is destroyed due to thermal ionization. The lack
of interaction of the induced current in the armature with
the inductor leads to the return of the inductor current
curve to the state observed in the absence of the armature.

There is no specified distortion on the electric field
intensity curve. This is explained by the fact that the
sensor measures the combined electric field from the
inductor and the armature, and the induced current in the
armature is directed opposite to the inductor current,
compensating for this distortion.

In Fig. 13 shows the calculated shape of the current
density of the inductor j; and the aluminum armature j,,,
which is destroyed at a temperature higher than 660 °C. It
is the induction current in the armature that causes
distortion in the inductor current curve. In comparison
with the experimental dependence, the calculated current
in the inductor coincides both in shape and in magnitude
with an accuracy of 7 %.

The greatest difference between the expansion and
experimental struts of the inductor arises in the process of
thermal destruction of the aluminum armature.

At the stage of transition of the aluminum armature
into the plasma mill, its support rapidly grows, which leads
to a change in the shape of the pulse from oscillating and
decaying character (Fig. 4) to “cut” with a short trailing
edge (Fig. 13). When calculating the process of the
transition to the plasma state, the resistance of the
aluminum armature is described by a polynomial, which
increases from a certain value up to the melting
temperature (~550 °C) to infinity when this temperature is
exceeded (~700 °C).
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Fig. 13. Calculated form of current density of inductor j,
and aluminum armature j,,

As experimental studies show, the process of
destruction of an aluminum armature occurs more slowly
than it is laid down in the mathematical model.

The transition of the aluminum armature into a
plasma formation depends significantly on the CES
voltage Uj. This is illustrated by Fig. 14, where photos
taken without a light filter are shown of the plasma
formation into which the aluminum armature has turned,
at a voltage of U;=20 kV, 30 kV and 40 kV.

\, ! ’

Fig. 14. Photos of plasma formation obtained at voltage Uj:
20 kV (a), 30 kV (), 40 kV (c), taken without a light filter

The measured inductor current amplitudes of the
first half-cycle 7, are 30.6 kA, 47 kA and 64.5 kA,
respectively. The higher the density of the induced current
in the armature, the more homogeneous the plasma
formation. In this case, the duration of the induced current
flow in the plasma formation increases. And due to the
electrodynamic interaction of this current with the
magnetic field of the inductor, the plasma formation is
accelerating over a greater distance.
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When using inductor no. 1, the amplitude of the first
half-cycle of the inductor current, and therefore the
density of this current, decreases. Thus, at a voltage of
Uoy=40 kV, the current amplitude is /;,,=53 kA (Fig. 15).
At the same time, the greater part of the aluminum
armature, in comparison with the similar voltage in the
inductor no. 2, flies into the air environment in the form
of a pile of small high-temperature particles.
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Fig. 15. Recorded form of current in inductor no. 1 (a) and
photo plasma formation (b) at voltage Uy=40 kV

— ]

In order to investigate the processes in the plasma
formation in more detail, experiments were conducted
with photographing them accelerating a light filter from
welding glasses with 12 DIN dimming. In Fig. 16 shows a
photo of a plasma formation with the use of a light filter
and an oscillogram of the inductor current and electric
field strength during an CES discharge with a voltage of
Uy=40 kV on inductor no. 1.
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Fig. 16. Photo of plasma formation using a light filter (@),
inductor current oscillogram (b) and electric field strength (¢)

The amplitude of the first half-cycle of the inductor
current is /;,=51.6 kA, and the corresponding amplitude
of the electric field strength is E,=450 V/m. A photo
using a light filter shows that the greatest density and
uniformity is observed in the middle of the plasma
formation. Moreover, it has the shape of a torus, which is
separated from the dielectric sheet on which the
aluminum armature was located.

Thus, the formation of gas-metal plasma formations
and accelerating them to a certain distance contributes to
the development of plasma technologies for promising
areas of industry and scientific research. Among the
directions of practical applications of throwing plasma
formations formed during an induction discharge, one can
note the possibility of their use in coating technologies,
which are an alternative to vacuum electron beam
methods for obtaining aluminum-copper compounds, as
described, for example, in [26].

Conclusions.

1. The proposed concept of the plasma acceleration by
pulsed inductive thruster in the atmosphere, in which a

combined armature is located opposite the inductor,
which includes an aluminum armature made in the form
of a thin foil, adjacent to the inductor, and a copper
armature made of thicker foil, which is directed in the
direction of accelerating. These armatures are attached to
the dielectric layer of aerogel placed between them.

2. When using a mathematical model in the COMSOL
Multiphysics software package, which takes into account
interrelated electromechanical and thermal processes and
uneven distribution of currents in the inductor and
conductive armatures, it was established that under the
action of electrodynamic forces from the inductor side, the
copper armature moves a considerable distance, moving the
attached to it is a dielectric layer with a plasma formation,
into which the aluminum armature has turned.

3. It was established that the choice of the thickness of
the dielectric layer of the armature is due to a compromise
between the heating temperature of the aluminum armature
and the electromechanical indicators of the thruster.

4.1t was experimentally established that the greatest
density and homogeneity is observed in the middle of the
plasma formation, which has the shape of a torus, moving
away from the dielectric sheet on which the aluminum
armature was located.

5. As the voltage of the capacitive energy storage
increases, the induced current density in the armature
increases and the plasma formation becomes more uniform.
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