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Investigation of the characteristics of an indirect plasma torch

The main task of creating plasma technologies is to improve the operation parameters of its main element -
the plasma torch, which is achieved by designing and constructing its main nodes. The paper analyzes the
principles of designing a plasma torch and investigates the characteristics of an arc discharge plasma torch.
The possibilities of increasing the thermal stability of the anode structure are considered; the speed and
trajectory of powder particles are studied; the axial introduction of the powder through the cathode and the
thermal stability of the cathode are studied. Using the finite element method, the effect of the anode shape on
the service life of the plasma torch is studied by estimating the heat release power under the condition above
the melting temperature of copper (anode). The optimal anode geometry for effective cooling of the unit with
radial inlet and outlet of the coolant is determined. The influence of the thermal load on the cathode part of
the plasma torch is studied, the thermophysical characteristics of the cathode on the operational
characteristics of the plasma torch during the thermal load are taken. The dynamics of the particle by axial
injection of the powder through the cathode is calculated, and the dynamics of the heating of the powder
particle is determined. The output of the carrier gas is stabilized by a swirler and has great dynamics and is
located in the high-temperature part of the arc. The trajectory of the movement of a powder particle in the
nozzle area is calculated, which corresponds to the average value of the velocity ~450-500 m/s. It is found
that an increase in the cathode diameter from 3 to 5 mm reduces the thermal load by 50%.

Keywords: plasma treatment, plasma torch, axial powder injection, aerodynamics of particle motion,
thermophysical characteristics, 3D model.

Introduction

Plasma technologies occupy a worthy place in a wide range of processes that have great innovative po-
tential but require continuous modernization and constant scientific and technical research [1]. The main task
of creating plasma technologies is to improve the operating parameters of its main element - the plasma
torch, which is achieved by designing and constructing its main components [2, 3]. The principles of design-
ing a plasma torch are primarily related to the tasks of improving its functional characteristics: productivity,
guality, and reliability. However, information about the functioning of the plasma torch as a whole, the de-
sign of its elements, gas-dynamic, thermophysical and electrodynamic characteristics is difficult to access
[4-6].

When designing plasma torches, it is necessary, first of all, to rely on the system principle and examine
the interaction of all subsystems that ensure their operation. However, among the subsystems of the plasma
torch, the main functional role is played by the nozzle assembly, the design of which requires considering
gas-dynamic, electrical and thermal factors of arc formation. At present, the application of methods obtained
by semi-empirical methods of criterion-parametric relationships for the same type of plasma torches requires
adjustments that take into account new design solutions [7]. The low thermal stability of the plasma torch
units and, as a result, their short service life is an urgent problem that increases the cost of plasma technolo-
gies. Low heat resistance of the nodes also reduces the technological potential of the plasma torch, based on
its purpose - the melting of refractory materials. The purpose of this work is to optimize and study the tech-
nological process of arc plasmatron. Accordingly, the following tasks are solved in this research: to increase
the thermal stability of the anode design; to research the thermal stability of the cathode; to study the aerody-
namics and dynamics of particles in a plasmatron with a gas swirler.
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1. Research the influence of the geometry of the plasma torch
anode on its performance characteristics

An urgent problem is to increase the resource of the working units of the plasma torch — the anode and
cathode, which experience extreme thermal loads from the effects of low-temperature plasma of about 7000—
15000 °C. The low thermal stability of the plasma torch nodes and, as a result, their short service life is an ur-
gent problem that increases the cost of plasma technologies [8]. Figure 1 illustrates the general view of the
plasmatron. The modified plasmatron has a cooled anode (1) (copper) and a cathode (2) (the cathode is inserted
into a cooled cathode holder (3) interconnected through a ceramic interelectrode insert (4) [9].
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Figure 1. Plasmatron for spraying powder materials: 1 — anode, 2 — cathode,
3 — cooled cathode holder, 4 — ceramic interelectrode insert

On the program SolidWorks using the finite element method, the effect of the anode shape on the ser-
vice life of the plasma torch was investigated by estimating the heat release power under the condition above
the melting temperature of copper (anode). The boundary conditions for the cooled liquid in all studies for
the anode are the same: water temperature 21 °C; pressure 5 atm. Figure 2 represents the geometry of the
standard plasmatron anode.
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Figure 2. Anode of the plasmatron: a) scheme of the anode; b) 3D anode assembly

Figure 3 shows the graph of thermal conductivity of copper. The heat release power is a variable value.
Table 1 presents the initial data on the heat load and the calculation results. The variable controlled
parameter is the value — c and d, the dimensions a and b are related to the parameters of plasma formation.
To avoid an increase in the dimensions of the plasmatron, dimension d had a fixed value. Going through the
geometrical parameters, it is necessary to determine the maximum thermal stability of the anode depending
on the geometrical parameters at the same coolant flow rate for all variants.
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Figure 3. Graph of the thermal conductivity of copper

Table 1
Initial data on heat load and calculation results
Superheat above melting Design Design Design Design Design
point point 1 point 2 point 3 point 4 point 5
[F\',f/"i‘t dissipation capacity 5000 8750 12500 16250 20000
Overheating above the
melting point [°(] -738.214219 -509.755152 -255.8967 4.706168475 260.2031197

The calculated point 4 is located near the region of the anode melting temperature. The temperature of
4.7°C above the melting point of copper, at 16250 W, is taken as a benchmark against which the results are
compared when changing the anode geometry (Figure 4).
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Figure 4. Overheating of the anode above the melting point of copper
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Figure 5 shows different anode designs that have vertical and horizontal plates. According to a similar
scheme, calculations are made for the design of the anode with a vertical plate (Figure 5a). The temperature
exceeding the melting point by 4.7 °C corresponds to a thermal power of 16402 W, which is a gain of 152 W
and corresponds to 1%. Further studies of this anode shape seem unpromising and the following option is
investigated (Figure 5b). Calculations show that an overheating temperature of 4.7 °C corresponds to power
of 16020 W, which amounted to a gain of 2770 W and corresponds to a 17% increase in the thermal
resistance of the anode.
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Figure 5. Anode design: a) with vertical plates; b) with horizontal plates

Figure 6 demonstrates the thermal load of 19000 W and the maximum anode temperature of 903 °C (on
the temperature distribution field). We can conclude that considering the safety factor of 5%, the reliable
operation of the anode will make it possible to utilize 18050 W of thermal energy without thermal
destruction. As noted above, this is 17% more efficient compared to the non-optimized anode geometry
(Figure 2).
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Figure 6. Anode thermal diagram

2. Research the influence of the geometry of the plasma
torch anode on its performance characteristics

The cathode is the most thermally loaded part of the plasmatron; it is made of refractory tungsten with a
high melting point, but low thermal conductivity relative to the copper anode. Regarding the fact that during
the formation of an arc, electrons move in the direction from the anode to the cathode and, when entering the
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cathode spot, cause additional heating of the cathode, the correct choice of the cathode geometry and factors
affecting cooling is the number one task to ensure the continuous operation of the plasmatron. To study this

problem, a 3D model of the plasma torch was created (Figure 7) and the factors affecting the operating tem-
perature of the plasma torch were investigated.

water

Figure 7. 3D model of the plasmatron

Figure 8 shows the dependence of the cathode temperature (at a thermal power on the cathode spot of 1
kW) on the gas pressure and cathode radius. It can be seen that with an increase in pressure from 3 to 8 atm.
the temperature at the cathode drops by 550 °C (Figure 8a). The temperature dependence on the cathode size
showed that an increase in the cathode radius leads to a decrease in the cathode temperature. According to

Fourier’s law, the rate of heat transfer through a material is proportional to the area through which heat flows
(through the cathode) [10].
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Figure 8. Dependence of the cathode temperature on gas pressure (a) and cathode radius (b)

Figure 9 shows the thermophysical characteristics (thermal conductivity, specific heat, and resistivity)
of a cathode with a cooling system according to Figure 7. The plasmatron cooling system ensures the long-
term operation of the cathode at a constant thermal load (Figure 10).
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Figure 10. Thermal characteristics of the cathode

Thus, the influence of thermal load on the cathode part of the plasma torch was studied; the
thermophysical characteristics of the cathode on the operational characteristics of the plasma torch during the
thermal load were taken. The most significant factor affecting the reliability of the cathode is its diameter.
Increasing the cathode diameter from 3 mm to 5 mm reduced the maximum temperature of the plasma torch
by 50%. The second factor of influence is the pressure of the working gas. Increasing the working gas pres-
sure by 1 atm gives a decrease in temperature by 120 °C. However, an increase in operating pressure can
lead to arc failure, which leads to the need to increase the voltage and, consequently, the power of the plasma
torch power source.

3. Study of the aerodynamics of particles in a plasma torch with a gas swirler

Using the finite element analysis method, the operation of a plasma torch with a gas swirler with the in-
troduction of powder simultaneously with the working gas is studied. Figure 11a shows the gas flow trajecto-
ries and the velocity distribution gradient at an operating pressure of 5 atm. The parametric dependence of
the average gas velocity on the working gas pressure at 1-8 atm is studied (Figure 11b). It can be seen that to
ensure sufficient gas dynamics, it is necessary to operate the plasma torch in the pressure range of 3-5 atm.
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Figure 11. Results of aerodynamic modeling of the carrier gas: a) velocity distribution gradient;
b) dependence of the average gas velocity on the operating gas pressure
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Then the dynamics and trajectories of the movement of powder particles are studied when it is intro-
duced into the swirler channel. The study is carried out without conditions of sticking and erosion. Titanium
nitrite fraction 5 um is chosen as the powder (conditional powder consumption 0.005 kg/s). The trajectory of
the movement of a powder particle to the nozzle area is calculated, which corresponds to an average velocity
of 220 m/s, as shown in Figure 12b. The length of the particle path in the plasma torch is up to 500 mm, in
the plasma zone (nozzle area) about 150 mm.
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Figure 12. The results of the study of the speed of powder particles: a) the trajectory of the powder particle;
b) the speed of movement of a particle of titanium nitride in the plasma torch

A scheme with axial injection of powder through the cathode is investigated (Figure 13). The aerody-
namics of this scheme is calculated, the pressure of the working gas in the swirler is 5 atm, and in the cath-
ode axis is 5 atm. The carrier gas outlet is stabilized by the swirler and has high dynamics; it is located in the
high-temperature part of the arc (Figure 13b). The flow rate of the transporting gas in the anode area is 445—
500 m/s.
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Figure 13. 3D model with axial injection of powder through the cathode (a)
and the flow rate (b) of the transporting gas in the plasma torch

Figure 14 shows the velocity gradient and trajectory of the powder particles as the powder is axially in-
jected through the cathode. The study is carried out without conditions of sticking and erosion. Titanium ni-
tride with a fraction of 5 um was chosen as the powder, at a material consumption of 0.005 kg/s. The trajec-
tory of the movement of a powder particle to the nozzle area is calculated, which corresponds to an average
velocity of =450-500 m/s.
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Figure 14. Velocity gradient of powder particles in the plasma torch

The particle dynamics along the motion trajectory is calculated (Figure 15a) and the particle heating
dynamics is determined (Figure 15b). A domain in the form of a plasma arc with a temperature of 6000 °C is
installed in the plasma torch. It can be seen from the diagrams that the particles move in the axis of the arc
and the path length is equal to the length of the arc.
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Figure 15. Particle dynamics along the motion trajectory (a) and particle heating dynamics (b)

Conclusions

Analyzing the experimental results obtained in the work, we draw the following conclusions:

— The optimal anode geometry for efficient cooling of the unit with radial inlet and outlet of the coolant
was determined. The optimized anode design is 17% more efficient than the standard plasma torch anode
geometry. This will increase the anode resource, operating currents, and expand the technological potential
of the plasma torch;

— It was found that an increase in the cathode diameter from 3 to 5 mm reduces the thermal load by
50%. An increase in the working pressure of the gas by 1 atm gives a decrease in temperature by 120 °C.
However, an increase in operating pressure can lead to arc breakdown, which leads to the need to increase
the voltage and, consequently, the power of the plasma torch power source;

— The scheme with powder injection along the cathode axis makes it possible to effectively use the
efficiency of the plasma torch and ensures an uninterrupted plasma treatment process.
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Kanama dcep eTeTiH IVIa3MOTPOH CHNIATTAMACHIH 3epTTEY

[Ima3ManblK  TEXHONOTHSIAPABI KYPYABIH HETI3rl MIHAETI OHBIH HETI3Tl DJIeMEHTI — IUIa3MOTPOH
JKYMBICBIHBIH TIapaMeTpIIepiH JKakcapTy OONBIN TaOBUIAAbI, OFAH OHBIH HETi3Ti TYHiHAEpiH jkobamay >koHe
Kypay apKbUIBI KOJI JKeTKi3iremi. Makanaga miasMOTPOHIBI Ko0anay MpUHIOUNTEP] KOHE JNOFAJBIK paspsn
IUIa3MaTPOHBIHBIH CHIIATTaMalapbl TalJaHFaH. AHOJ KYPBUIBIMBIHBIH JKbLIy TYPaKTBUIBIFBIH apTTBIPY
MYMKIHZIIKTepi KapacThIPBUIFaH, YHTAK OOJIIEKTePiHiH KbUIIAMIBIFBl MEH TPAeKTOPHACH! 3ePTTEN/i, KaTOx
apKbUIBl YHTAKTBl OCBTIK €HTi3y, KaTOATBIH JKbUTy Keneprici 3eprrenreH. COHFBI DJIEMEHTTEp SiciMeH
MBICTBIH (QHOITHIH) OAJIKy TeMIepaTypachlHaH JKOFapbl OOJFaH jKarAaiia >KbUTy IIBIFapy KyaTblH Oaranay
GoiibiHIIA aHO (POPMACHIHBIH IUTa3MOTPOH XKYMBICBIHBIH pecypchiHa acepi TekcepiireH. CaaKbIHIATKBIITHI
panuanibl eHri3y JKoHe HIbIFapy Ke3iHAe TYHIHAI THIMI CaJKbIHAATY YIIiH aHOATHIH OHTAMIIBI T€OMETPHUSICH
aHBIKTANABL JKBUTYy JKYKTEMECiHIH IUTa3MaTpPOHHBIH KaTOATHI OeIiriHe ocepi 3epTTeNii, JKbUTy >KYKTeMeci
HPOLECIH/Ie KATOATHIH JKbUTY-(DM3MKAIBIK CHIATTaMalaphbl IUIa3MaTPOHHBIH IalilajlaHy CHUIaTTaMajlapblHa
anbIHABL. BeIIeKTiH THHAMHUKACHl KaTOJ| apKbUIBl YHTAKThl OCBTIK €HTi3y apKbLIbl €CeNTele/i )KOHe YHTAK
OeJLeriHiH  KBI3ABIPY JIMHAMMKAChl aHBIKTANAAbl. TachIMajjaymisl Ta3fblH MIBIFYbl TYpOYJIEHTTI
TYpaKTaHABIPaJbl JKSHE YJIKeH JMHAMUKara HWe JKOHE JIOFaHBIH JKOFapbl TeMIlepaTypaiblK Oeirinue
OpHalacKkaH. YHTaK OeJIUeriHiH canTamMa aliMarblHA KO3FaJbICBIHBIH TPAEKTOPHSCHl €CENTeNne/i, O
KBUIIAMIBIKTBIH OpTalia MoHiHe coiikec kenmemi ~450-500 m/c. Karon nuametpiHiH 3-TeH 5 MM-Te AeiiH
WIFAIObI KBLTY )KyKTeMeciH 50% TeMeHeTeTiHI aHBIKTaAbL.

Kinm ce3dep: mma3manbIK ©HIEY, IUIA3MaTpPOH, YHTAKTHI OCHTIK €HTi3y, OeMImeKTepHiH KO3FaIbICHIHBIH
a3pOIMHAMHUKACHI, TEPMODU3HKAIIBIK cCHIIaTTamManapsl, 3D Mozeri.
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HccaenoBanne XapaKTePUCTHKHU IJIA3MOTPOHA KOCBEHHOTI' 0 1eiCTBUS

OcHOBHOIT 3ajmadel coO3JaHUA IUIA3MEHHBIX TEXHOJOTHH SBISETCS YIydIIeHHE IapaMeTpoB paboThI
OCHOBHOTO €€ JJIeMeHTa — IUIa3MOTPOHA, YTO JOCTUTAETCS MyTeM NPOSKTHPOBAHUS M KOHCTPYHPOBAHHS €T0
OCHOBHBIX y3I1I0B. B cTaThe mpoaHanM3upOBaHbl IPHHIMIB TPOSKTHPOBAHMUS IUIA3MOTPOHA M UCCIIETOBAHEI
XapaKTepUCTHKN IUIa3MaTpOHa JYroBOTO paspsaa. bBeuM  paccMOTpeHBI BO3MOXKHOCTH — yBEIHMUECHUS
TEPMHUUECKON CTOMKOCTH KOHCTPYKLMH aHOJa, U3yU€Ha CKOPOCTh M TPAEKTOPHS YaCTHIl MOPOIIKA, OCEBBIM
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