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Abstract

Modeling of velocities and temperatures processes distribution in the plasma-forming channel determining
the design features and optimal parameters of the plasma torch nozzle is one of promising directions in develop-
ment of plasma technologies. The aim of this work was to simulate the processes of velocities and tempe-
rature distribution in the plasma-forming channel and to determine the design features and optimal geometric
parameters of the plasmatron nozzle which ensures the formation of necessary direction of plasma flows
for generation of surface waves on the surface of a liquid metal droplet under the influence of the investi-
gated instabilities.

One of the main tasks is to consider the process of plasma jet formation and the flow of electric arc
plasma. For obtaining small-sized particles one of the main parameters is the plasma flow velocity. It is
necessary that the plasma outflow velocity be close to supersonic. An increase of the supersonic speed is
possible due to design of the plasmatron nozzle especially the design feature and dimensions of the gas channel
in which the plasma is formed. Also the modeling took into account dimensions of the plasma torch nozzle, i. e.
the device should provide a supersonic plasma flow with the smallest possible geometric dimensions.

As a result models of velocities and temperatures distribution in the plasma-forming channel at the minimum
and maximum diameters of the channel were obtained. The design features and optimal geometric parameters
of the plasmatron have been determined: the inlet diameter is 3 mm, the outlet diameter is 2 mm.

The design of the executive equipment has been developed and designed which implements the investigated
process of generating droplets of the micro- and nanoscale range. A plasmatron nozzle was manufactured which
forms the necessary directions of plasma flows for the formation of surface waves on the metal droplet surface
under the influence of instabilities. An algorithm has been developed for controlling of executive equipment that
implements the process of generating drops of micro- and nanoscale range.
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MonenupoBaHue MpoLECCOB PaclpeaesICHUsI CKOPOCTEH U TeMIlepaTyp B I1a3M000pa3yoLieM KaHaie, ompe-
JICICHUE KOHCTPYKTUBHBIX OCOOCHHOCTEH M ONTHMAIBHBIX MapaMeTpOB COIUIA MIA3MOTPOHA SIBISETCS ONHUM
U3 TIEPCICKTUBHBIX HANPABICHUN B Pa3BUTHHU IIA3MEHHBIX TEXHOJIOTUH. L{esbio TaHHOM PabOThI SBIAIOCH MOJE-
JMPOBaHME MIPOLIECCOB PACIPECICHUSI CKOPOCTEH U TeMIeparyp B IIa3MO00Pa3yIoLIeM KaHalle U ONpeAeIeHUe
KOHCTPYKTHBHBIX OCOOEHHOCTEH U ONTHMAJbHBIX I'€OMETPUUYECKUX MapaMeTpOB COIUIA IIa3MOTPOHA, KOTOPOE
JIOJDKHO o0ecreuuBarh (POPMUPOBAHUE HEOOXOMUMBIX HANpPABICHUH MIa3MEHHBIX MOTOKOB It 00pa30BaHMUs
HAa [TOBEPXHOCTH KaILIM KUJIKOTO METajlla IOBEPXHOCTHBIX BOJIH [10J] JEUCTBUEM HCCIIENYEMBIX HEYCTOMYMBOCTEN.

OnHolt U3 TIIaBHBIX 337a4 SBISAETCS pACCMOTPEHHE Ipoliecca (OPMUPOBAHUS MIa3MEHHOI CTPYyH U TEUECHUS
JIEKTPOAYTOBOM IIa3Mbl. I MOIydeHHs] MEJIKOPa3MEPHBIX YACTULl OJHUM U3 INIABHBIX [1apaMETPOB SBJIET-
Csl CKOPOCTh TeueHUs mna3Mbl. HeoOXoanumo, 4ToObl CKOPOCTh MCTEUEHUS IJIa3Mbl Oblna OIM3Ka K CBEPX3BYKO-
BOW. YBEIHUEHHUE CKOPOCTU JI0 CBEPX3BYKOBOM BO3MOXKHO JOOUTHCS 33 CUET KOHCTPYKLUHU COIUIA MIa3MOTPOHA,
a IMEHHO KOHCTPYKTHBHON 0COOCHHOCTBIO U pa3MepaMu ra30BOro KaHajia, B KOTOpOM oOpasyercs mia3ma. Takxe
IIPU MOJIETIMPOBAHUU YUUTHIBAIIMCEH pa3Mephl COILIA IIA3MOTPOHA, T. €. YCTPOMCTBO TOIKHO 00€CIIeUnBaTh CBEPX-
3ByKOBO€ TE€UEHUE I1a3Mbl IPY BO3MOKHO MEHBIIINX F€OMETPUUECKUX pa3Mepax.

B pesynbprare ucciaenoBaHUil IOIY4YEHBI MOJEIM IIPOLECCOB DPACHpPENENIEHUs] CKOPOCTEH U TeMIepaTyp
B IIJIa3M000pa3yIolIeM KaHasle MPpYU MUHUMAIBHBIX 1 MAKCUMAJIBbHBIX JHaMeTpax kaHana. OnpeaeneHbl KOHCTPYK-
TUBHBIC OCOOCHHOCTH M ONTHMAJIbHBIC F'€OMETPUUYECKUE MapaMeTphbl COILIAa IIa3MOTPOHA: JUAMETP Ha BXOJE
3 MM, TuaMeTp BBIXOAHOHU 2 MM.

PazpaboraHa 1 cripoeKTUPOBaHA KOHCTPYKIHSI HCTIOTHUTEIBHOTO 000PYI0BaHUS, PEaTU3yIOIast UCCIIe yeMbIi
Hpolecc TeHepaLUY Karellb MUKPO- 1 HAHOPa3MEPHOTo JHana3oHa. M3roToBieHo coIuIo Ia3MOTpOHa, GopMUpYIO-
11ee HeoOXOJMMbIE HAMPABICHNUS IJIa3MEHHBIX IIOTOKOB JJIs1 00pa30BaHUsI HA TOBEPXHOCTH KAIlIH KHUIKOTO METaIa
MOBEPXHOCTHBIX BOJIH MOA ICHCTBUEM HCCIIELyEeMbIX HEyCTOHUUBOCTEN. Pa3paboTan anroput™ ymnpasieHUs UCTION-
HHTEJIBbHBIM 000PYA0BaHUEM, PEANIH3YIOLIEM IIPOLIECC TeHepalluy Karelb MUKPO- U HAHOPa3MEPHOTO JHara3oHa.

KuroueBble cjioBa: MosieMpoBaHue, I1a3Ma JIyru, COIIo M1a3MOTPOHA, FEOMETPUUECKHE TapaMeTphl, aIrOPUTM
yIpaBJeHuUs.
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Introduction

Currently, one of the most promising areas
for the implementation of various technological
processes is mathematical modeling. It is based
on the construction of a model created by means
of computer simulation of various physical and
technological processes [1-7]. Development of
various models that are as similar as possible to
natural processes is very important in the case
when setting up a natural experiment is impossible,
very difficult or very expensive. Development of
computer technology creates good prospects for
application of rather complex models reflecting the
multifactor nature and interconnection of various
physical processes and phenomena. One of the
most powerful modeling tools is the COMSOL
Multiphysics software package which is designed
to simulate various physical processes, systems and
their interconnection [8, 9].

In literary sources [1-7], the authors provide
data on modeling of various technological processes:
the model of the effect of a shielding gas on heat
distribution in the welding zone [1, 2], the model
of temperature fields and resistance to deformation
in cylindrical billets during heating [3], the model
of optimization of remelting mode parameters of
tungsten-inert gas with nanomodification of the
surface layer [4], the model of the molten pool,
when welding with a consumable electrode in
shielding gas [5], the model of the influence of
the input parameters of the laser welding mode on
the quality of the weld [6], the model of welding
technology for high-strength steel sheets [7]. The
disintegration of a liquid jet into droplets is a
common phenomenon both in industrial processes
and in natural phenomena. Droplets are formed due
to disturbances and a certain type of instability on
the surface of the liquid jet. The resulting surface
waves with different amplitudes are a prerequisite
for the formation of drops [10-12].

The work 1is aimed at the experimental
determination of technological conditions for
creating a technology for the formation of micro-
and nanodroplets under conditions of exposure to
the transfer of the electrode metal by concentrated
plasma energy flows. The paper proposes a
mechanism for the formation of droplets of nano-
and micrometer sizes, based on the appearance and
development of a thin liquid interlayer of the micro-
and nanometer range on the surface of a liquid metal
under the action of heterogeneous plasma flows.

This phenomenon occurs when a metal wire is fed
into the heterogeneous plasma zone of an electric arc.

The aim of the work was to simulate the processes
of distribution of velocities and temperatures
in the plasma-forming channel and to determine
the design features and optimal geometric parameters
of the plasmatron nozzle which should provide
the formation of the necessary directions of plasma
flows for the formation of surface waves on the
surface of a liquid metal droplet under the influence
of the instabilities under study.

Mathematical problem statement

To develop the design of the executive equipment
that implements the process of droplets’ generating
of the micro- and nanoscale range we simulated
the process of obtaining small-sized particles using
plasma spraying.

One of the main tasks is to consider the process
of a plasma jet formation and the flow of electric arc
plasma. For obtaining of small-sized particles one
of the main parameters is the plasma flow velocity.
It is necessary for plasma outflow velocity to
be close to supersonic. An increase in speed to
supersonic can be achieved due to the design
of the plasma torch nozzle, namely, the design
feature and dimensions of the gas channel in which
the plasma is formed. Also, the modeling took into
account dimensions of the plasma torch nozzle, i. e.
the device should provide a supersonic plasma flow
with the smallest possible geometric dimensions.

When formulating the problem the following
boundary conditions were established in the
COMSOL Multiphysics software package:

— the gas flow is laminar;

— the effect of gravity is not taken into account;

— an axisymmetric problem is considered;

— thermodynamic and transport properties of gas
depend on temperature.

The developed model is described by the
following basic equations:

1. Maxwell's equations:

0
J=((5+8€0 —]E;
ot
E=-VV,
0A4
co—+VxH=J;

ot
B=VxA,
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where J — current density; E — electric field strength;
A — magnetic vector potential; B —magnetic indu-
ction vector; H —vector of magnetic intensity;
V —electric potential; o — electrical conductivity;
¢ — relative permittivity.

2. Energy balance equation:

T
pCpaa—+pCpu-VT=V-(kVT)+Q;
t

O=E-J+04q>

where p —density; Cp —heat capacity; k — thermal
conductivity; EJ—Joule heating; Q,, ,— radiation
losses; u — velocities field.

3. Equation of motion:

paa—u+p(u~V)-u=V-|:—pl+u-(Vu+(Vu)T)}+F;
t
F:%Re(JxB),

where F —Lorentz force; p —pressure; 7T —tem-
perature; p—dynamic viscosity; p—the density;
the relative magnetic permeability; Re — Reynolds
number.

4. The continuity equation:

a_u
ot

where u — instantaneous velocities field at time ¢.
Modeling of the process of obtaining small-sized
particles was carried out using plasma spraying in the
COMSOL Multiphysics software package. For the
operation of the plasmatron, the geometric dimensions
of the gas channel in which the plasma is formed are
important. An image of the structural elements of the
plasmatron gas channel is shown in Figure 1.

- ‘

p +V(pu) =0,

Figure 1 — The main structural elements of the plasmatron:
1 — gas channel; 2 — inlet diameter; 3 — outlet diameter

In order to optimize the geometry of the
nozzle and the parameters of the plasmatron mode,
the process of the plasmatron operation was simulated.
The computational domain of the problem is the gas
channel of the designed plasmatron and is shown
in Figure 2. Various values of the inlet and outlet
diameters of the supersonic nozzle and its length were
considered. The hydrodynamic flow of the arc plasma
jet depends on the geometric parameters (diameter
and shape) of the gas channel of the plasmatron.

+ Gas supply

454mm J
T |
354 7
Cathode
5s- /Anod
. Arc /
Open boundary
154 -
5 A T T r:() ; T T mll’“
-20 -10 0 10 20 30
Open boundary

Figure 2 — Calculation area

Varying the input parameters when modeling
the nozzle of the plasmatron was carried out in the
ranges shown in Table.

Table
Parameters for the production of micro- and
nanoscale range powders

Gas consumption, //min 10...40
Current, A 100...200
Outlet diameter, mm 2.4
Nozzle length, mm 10...30
Inlet diameter, mm 3...10

Results and discussion

Figure 3 shows the results of modeling of
the plasmatron nozzle with the following input
parameters: gas flow rate 20 //min, current 150 A,
nozzle length 20 mm. The values of the gas velocity
in the throat of the jet nozzle and the temperature
distribution in the flow were considered (Figure 3a, b
at maximum channel diameters: outlet diameter
4 mm, inlet diameter 10 mm; Figure3c,d at
minimum channel diameters: outlet diameter 2 mm,
diameter at the inlet 3 mm). In this case, the design
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Figure 3 — Distribution of velocities and temperatures in the plasma-forming channel: a — velocity distribution at
the maximum channel diameter; b — temperature distribution at the maximum channel diameter; ¢ — velocity distribution
at the minimum channel diameter; d — temperature distribution at the minimum channel diameter

features and optimal dimensions of the gas channel
should ensure effective melting of the filler material
and it’s crushing into particles.

Based on the simulation results a plasmatron
nozzle was developed (Figure 4) with design features
and optimal geometric parameters: inlet diame-
ter — 3 mm, outlet diameter — 2 mm, which provide
a plasma flow rate close to supersonic, and the
formation of the necessary direction of plasma
flows for the formation on the liquid metal drop
surface waves under the influence of the investigated
instabilities.

The size and chemical composition of the
obtained micro- and nanoscale range powders
depends on the plasmatron operating mode:
amperage, gas consumption, wire: diameter (from
0.8 to 1.2 mm) and chemical composition.

The developed nozzle (Figure 4) will be one
of the main details of the laboratory equipment being

created for the production of micro- and nanosized
powders, the block diagram of which is shown
in Figure 5.

Figure 4 — Plasmatron nozzle model: 1—upper body;
2 —lower body; 3 — nozzle; 4 — tip; 5 — insulator; 6 — water
supply pipes; 7 — wire
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Figure 5 — Equipment block diagram:

1 —inert gas
cylinder; 2 —plasma power supply; 3 — compressor;

4 —rack; 5 —chiller (industrial cooler); 6 — wire
spool; 7 — plasmatron; 8 —nozzle; 9 — particle catcher;

10 — hose

The work of the equipment for the production of
micro- and nanoscale range powders is as follows:
the plasma power supply 2 and the compressor 3
are turned on; a cylinder with inert gas 1 is opened.
The inert gas (argon, helium) is selected depending
on the chemical composition of the wire from
which the powders are obtained. Then we turn on
the chiller 5 and open the cylinder with inert gas 1.
We start the wire feeder, which feeds the wire from
the spool 6 to the nozzle 8, located on the stationary
stand 4. The diameter and chemical composition
of the wire is selected depending on the size and
chemical composition of the powders obtained. The
wire, entering the nozzle 6, passes through a high-
temperature section; a drop of molten metal is formed
at the end of the wire. In nozzle 6, plasma flows move
at a high speed, the directions of which contribute
to the formation of surface waves on the surface
of a liquid metal droplet under the influence of
the instabilities under study. Under the action of
high-frequency ultrasonic action on the wire and,
accordingly, on a drop of molten metal from its
surface, the plasma flow tears off liquid objects
several microns in size or less. Liquid objects torn
off from the surface are accelerated to high speeds in
anozzle, additionally crushed, take a spherical shape
under the influence of surface forces, condense in a
particle catcher in an inert gas atmosphere and form
micro- and nanoscale range powders. The dispersion
of the resulting powder granules was determined by
the method of simulation and visualization [13].

The equipment control algorithm (Figure 5) is
shown in Figure 6.

?

Figure 6 — The scheme ofthe equipment control algorithm:
1 —plasma power source; 2 —ultrasonic generator;
3 — frequency matching and correction unit; 4 — resonance
sensor; 5 — temperature control unit; 6 — thermal sensor;
7 — chiller; 8 — arc stabilizer control unit; 9 — arc stabilizer;
10 — magnetostrictive inertialess solenoid; 11 — wire feed
control unit; 12 — wire feeder; 13 — arc gap length control
unit; 14 — current sensor; 15 — block of comparison and
correction of current; 16 —arc plasmatron; 17 — particle
catcher; 18 — gas cylinder

The control algorithm of the installation shown
in Figure 6 is as follows:

—the feed mechanism (12), controlled by the
wire feed control unit (11), feeds the wire into the
arc plasmatron (16), where it melts. The formation
of the Kelvin—Helmholtz [14, 15] and Marangoni
instabilities on a drop of molten metal is carried out
due to the special design of the plasmatron, which
transfers the rotation of plasma streams formed
from the plasma-forming gas (18). High-frequency
oscillations are used to detach the formed instabilities
from the droplet surface. To generate high-frequency
vibrations, the wire pass through a magnetostrictive
inertialess solenoid (10) controlled by an ultrasonic
generator (2), while an ultrasonic wave is formed in
the wire due to the effect of magnetostriction. An
ultrasonic wave forms Rayleigh waves on a drop
of molten metal, causing particles to detach. The
resulting particles enter the particle catcher (17).
The resonant frequency of oscillations is set via the
feedback channel through the frequency matching
and correction unit (3) and the resonance sensor (4);

— additional rotation of the arc and stabilization
of plasma flows occurs due to the arc stabilizer (9),
controlled by the arc stabilization control unit (8);
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—to ensure the stabilization of the preset
operating temperature in the laboratory setup,
a thermal sensor (6) is installed on the nozzle.
Temperature control and regulation is carried out by
the chiller (7) through feedback channels through the
temperature control unit (5);

— to control the size of the received particles in
the installation there is an automatic regulation of
the arc length. The arc length is controlled by the
voltage of the arc gap and is controlled by feedback
channels through the arc gap length control unit (13);

— automatic maintenance of the current of the
specified parameters, carried out by the plasma
power supply (1) through the feedback channels,
including through the current sensor (14) and the unit
for comparison and current correction (15).

Thus, the control system of the installation
automatically regulates four main parameters:
the frequency of ultrasonic vibrations, the current
in the plasmatron, the length of the arc gap, and
the operating temperature in the nozzle, the change
of which makes it possible to control the size of the
particles obtained.

Conclusion

Models of the processes of distribution
of velocities and temperatures in the plasma-forming
channel at the minimum and maximum diameters
of the channel are obtained.

The design features and optimal geometric
parameters of the plasmatron nozzle have been
determined: the inlet diameter is 3 mm; the outlet
diameter is 2 mm. The design of the executive
equipment has been developed and designed, which
implements the investigated process of generating
droplets of the micro- and nanoscale range.
A plasmatron nozzle was manufactured, which forms
the necessary directions of plasma flows for the
formation of surface waves on the surface of a liquid
metal droplet under the influence of the investigated
instabilities.

An algorithm has been developed for controlling
the executive equipment that implements the process
of generating drops of micro- and nanoscale range.
Thus, the control system of the laboratory facility
automatically regulates four main parameters: the
frequency of ultrasonic vibrations, the current in the
plasma torch, the length of the arc gap and the ope-
rating temperature in the nozzle change of which al-
lows you to control the size of the particles obtained.

In contrast to the existing electric arc
plasmatrons, which are designed for metal proces-
sing, this development has a different purpose and
is designed to produce powders of the micro- and
nanoscale range.
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