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Abstract - The article discusses the results of a study to create a mathematical model that allows
qualitatively and quantitatively predicting the dispersion of the resulting refractory metal powder,
which suggests that the creation of a more advanced mathematical model for studying the process
is currently real. An experimental laboratory plasma setup with a power of up to 20 kW is
presented. It is shown that one of the main objectives of the work was to develop a mathematical
model and technology for producing a sintered powder alloy of the Mo-TiC-Ni-W-Fe system. In
order to improve the technological and operational characteristics of the experimental laboratory
plasma setup, a rod tungsten cathode with a diameter of 5 mm, pressed into a copper water-cooled
holder, is proposed to be used in the plasma torch. To ensure uniform feedstock supply, its rapid
start and stop, a dispenser design created by the authors was used, operating on the principle of
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1. Introduction

The creation of a mathematical model that allows
qualitatively and quantitatively predicting the
dispersion of the resulting refractory metal powder
and establishing effective methods for its regulation
requires the use of an integrated approach, i.e.
reflecting the development of the process in the
simultaneous and interconnected flow of all the main
stages and phenomena [1].

The results of the study of theoretical and
technological bases for creating a carbide tool with
an optimal combination of strength and plasticity
using highly dispersed powders of refractory metals
are presented. It is shown that important
technological aspects of creating carbide tools
include obtaining powders of refractory metals by
the method of plasma-chemical reduction of oxides
of refractory metals.

The production of metals and the reductive
synthesis of their compounds with carbon, nitrogen,
boron, and silicon open up much broader
possibilities for the use of low-temperature plasma.
This is due not only to the wide range of types of raw
materials and products, but also to smaller
production volumes and increased requirements for
its environmental friendliness [2-3].

All variants of existing plasma reduction units in
this area can be divided into two main groups: in the

first, the processes occur in a liquid bath (Fig. 1) with
a shaft-type plasma gasifier of the melt. In the
second, the formation of the target product is carried
out in a gas-dispersed flow when mixing it with a
plasma jet. In both cases, the raw material can be
introduced into the high-temperature zone of the
device in the form of vapors, melt, solution or
powder of the required dispersion [9, 11]. Plasma
furnaces with a ceramic bath are sufficiently
versatile and therefore many of them, tested in
ferrous metallurgy, are successfully used to produce
non-ferrous metals such as nickel, cobalt,
magnesium, vanadium, molybdenum, tin, tungsten,
etc.

The tasks of industrial development of jet-plasma
production of refractory metal powders require
improvement of models, in particular, by describing
technical variants of process implementation that
are practically important in terms of equipment [10].
The relevance of the task is caused by the fact that
until now the process has been modeled for the most
impractical channel mode of plasma jet flow and
only for the case of complete and instantaneous
mixing of reagents. Fig. 1 and 2 show the flow
diagrams of the plasma jet process. For ease of
consideration and unification, the diagrams are
divided into two autonomous modules. The first 5
flow diagrams of the plasma jet (Fig. 1) include the
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most practical diagrams with its free and limited
propagation [4].
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Figure 1: Plasma jet flow patterns: a) channel; b)
free; c) limited; d) one-dimensional; d) two-
dimensional

The second module presents 5 diagrams of the input
and mixing of raw materials (Fig. 2): when using arc
plasma torches, diagram 1 is typical, VCh plasma
torches or multi-jet reactors - diagrams 2 and 3,
additional diagrams 4 and 5 simulate the
implementation of the process under conditions of
intensive mixing of reagents behind the nozzle cut or
in the plasma torch nozzle itself.

G,+20,,
X, i(w Gl 2650
Ty
X
7 z
[Gg!]
Z

Figure 2: Scheme of raw material input and mixing:
side input with TG (1), coaxial input with TG (2) and
without TG (3), instantaneous mixing of raw material
with plasma gas at the exit (4) and inside (5) the
plasma torch nozzle

Thus, the proposed catalog of model process
schemes covers 25 variants of its implementation.
However, due to the need to use a one-dimensional
description of the product condensation stage and,
as a consequence, the stages of raw material
processing, a two-dimensional model of plasma jet
flow was used only for schemes with local input of
raw materials. As a result, the number of process
schemes considered by the author was reduced to
21, but they also largely reflect the actually feasible
variety of process implementation options [5-6].

The difficulties of modeling this problem are
caused, firstly, by the presence in the mixing zone of
significantly non-uniform spatial distributions of
temperature and gas velocity, secondly, by the
insufficient development of the theory of
nonequilibrium motion of free dispersed jets, and
thirdly, by the absence in the literature of equations

for predicting the trajectory of motion, drifting to a
two-phase jet of carrier gas. Taking into account the
complexities of the general formulation of the
problem of determining the parameters of gas in the
mixing zone, non-uniformities in the jet of carrier gas
(CG) were identified with those in an axisymmetric
single-phase turbulent self-similar jet, propagating in
the form of a turbid flow, and the calculation of the
trajectory of the drifting jet of CG and raw materials
was based on known expressions obtained for non-
isothermal single-phase jets.
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Figure 3: Scheme of lateral injection of TG jet into
plasma flow

Some calculation results at ZGW — 0 are shown

in Fig. 5 and show that only the presence of TG leads
to an increase of 1.5-5 times. The largest corrections
are made for small particles, since when TG is
neglected, they evaporate at flow lengths shorter
than Ls (Le=0,1 cm at Uw=27m/s, L,=0,4 cm at
Uao=82 m/s)

Calculations also showed that taking into account
the presence of TG can provide an incomparably
more accurate forecast of thermal, velocity and, as a
consequence, concentration conditions at the early
stage of product concentration, as well as predict the
conditions of local cooling of the jet by raw
materials.

Particles with a wide range of sizes from 10 to
100 um can be used as raw materials for jet-plasma
processing. It is possible to correctly track the
change in their size during evaporation based on a
sequential calculation, in the general case for all 3
modes characteristic of the Caudes number:
diffusion, transition and kinetic.

2. The Proposed Mathematical Model
For a specific calculation of the movement of a

drifting jet, one of the most general approximations
was chosen.
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Figure 4: Time and length of the evaporation sections
of polydisperse MoO3 particles, taking into account
(1.2) and (3.4) mixing at Uao= 27 m/s (2.3) and 82
m/s

In the Cartesian coordinate system, it has the form:

Y S U2 0.754 T 0.55 Y
X -0573 = [1.818.| 222 Lol L gp (1)
da d SU’ T, d

a

a

where, S n - cross-sectional area of the outgoing gas
flow (cm?); Sa - ordinate of the cross-sectional area
of the outgoing gas flow; U?%, - speed of the nozzle
exit axis part (cm/s); U2 - ordinate of the velocity of
the nozzle exit axis part (cm/s); da - diameter of the
nozzle for input of raw materials (mm); To - initial
flow temperature; Ta - gas-plasma flow temperature;
Ya - coordinate of the leading edge of the related jet
(cm); Ya - ordinate of its axis (cm); CtgPa - coal input
and feed of raw materials into the reactor.

Known calculation methods are based on the
adoption of a diffusion mechanism of the process or
its correction is used with corrections for the
rarefaction of the medium, obtained without taking
into account mass transfer in the boundary layer of
the particle.

According to the obtained results, the correction
for the rarefaction of the medium - Fr, (equation 2)
obtained without taking into account the mass
transfer in the particle boundary layer, even in
comparison with the well-known Kavanaugh
correction, gives an increase of 3-7 times in the case
of using hydrogen.

Fig. 5 shows the data of numerical calculations of
the evaporation of MoOs particles in isothermal
channel jets of Ar and Hz (T = 3000 and 3500 °K, Tpb
= 2207 °K, Qp = 185 cal/g (specific heat of
evaporation), au = [ (evaporation coefficient of the
substance), Bp = 1 (the number of molecules in the
raw material particle, Gar = 2.5; Guz = 0,I; Upo = 900;
dr = I + 0.44), F is the number of condensate
fractions, Cpyp is the specific heat capacity (cal/g-°K),
K is the Boltzmann constant, M is the molecular
weight (g/mol), I1 is the channel perimeter (cm).

The evaporation of the particle was considered
complete when its radius became less than 0.01 pm.
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Figure 5: Evaporation time of MoO3 particles of
different sizes at 30,000 (a) and 35,000 (b) in argon
(1) and hydrogen (2) jets, taking into account the
rarefaction of the medium according to the
Kavanaugh expression

Plasma reduction of molybdenum oxide vapors in
a hydrogen-containing flow occurs under conditions
where even the value of To is almost 2 times less
than the metal condensation temperature. As a
result, the intensity of condensation increases at
supersaturation degrees reaching hundreds of units
and more. If we add to this the presence of a
nonlinear vapor source in the system and significant
temperature and velocity gradients in the plasma jet,
as well as the possibility of rapid depletion of the
monovapor (due to high supersaturation) and the
transition to coagulation growth of particles, then
the incorrectness of the well-known and widely used
method in calculations, based on the classical theory
of enucleation, becomes obvious.

More reliable is the application of the coagulation
mechanism developed in the works of Sutugin A.G.
and co-workers in relation to the formation of
condensate at extremely high steam saturations and
rapidly changing external conditions.

Thus, the creation of a mathematical model that
allows qualitatively and quantitatively predicting the
dispersion of the resulting metal powder and
establishing effective methods for its regulation
requires the use of an integrated approach, i.e.
reflecting the development of the process in the
simultaneous and interconnected flow of all the main
stages and phenomena [7-8].

Achieving this goal requires a revision of existing
models of the stages of processing dispersed raw
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materials. Certain requirements for their creation
cause them to be built without taking into account
the polydispersity of the raw materials and in
relation to the conditions of the practically unheard-
of implementation of the process with the channel
flow of the plasma arc. However, a more serious
discrepancy between the model and real conditions
is the unresolved nature of the following issues:

1. All mathematical descriptions without
exception are presented under the assumption of
instantaneous and complete mixing of the dispersed
raw material and the gas transporting it with the
plasma flow. Meanwhile, it is well known that mixing
cold gas with heated gas is characterized by low
efficiency. The presence of dispersed material causes
an additional slowdown in mixing. Finally, neglecting
the separation of the reaction volume of the plasma
jet from its total volume a priori gives unacceptable
errors in calculating the condensation of the product.

2. There are absolutely no methods for
calculating particle evaporation in the transition
mode in the literature. The predicted evolution of the
sizes of evaporating raw material particles should be
recognized as unreliable without using such a
method in the calculations. The consequence of this
will be the unreliability of the predicted zones of raw
material evaporation, changes in the concentrations
of product vapors, and the deposition of the latter on
the particles of the raw material.

3. The degree of negative influence of low-
frequency pulsations of T. on processing of raw
materials is unknown. The additional necessity of its
determination indicates that with the help of this
factor it is possible to control the choice of the
electric power source of the plasma torch.

A review of the literature on the issues under
consideration showed that the creation of a more
advanced model for studying the process is currently
feasible.

A description of a mathematical model free of the
above-mentioned shortcomings, as well as the
results of its numerical testing on a computer,
comprise the content of this part of the work.

3. Research Objects and Methodology

A laboratory setup with a capacity of up to 20 kW for
obtaining highly dispersed powders of refractory
metals is shown in Fig. 6. The plasma torch used a
rod tungsten cathode with a diameter of 5 mm,
pressed into a copper water-cooled holder. The
anode was a water-cooled copper nozzle with a
diameter of 5 - 12 mm. The diameter of the graphite
reactor is 90 mm, its length is 210 mm.

To ensure uniform feed of raw materials, its rapid
start and stop, the author's design of the dispenser
(Fig. 7) was used, operating on the principle of
communicating vessels. The feedstock consumption
was regulated by the number of revolutions of the

hopper and the angle of its inclination and amounted
to 0.005-0.1 g/s (with a thin-walled pipe with an
external diameter of 5 mm, an internal diameter of 3
mm and its 40 mm).

In the experiments, a remote filter with a working
surface of 0.5 m2 made of fiberglass was used. The
plasma torch was supplied with gas from standard
cylinders.

H0 %

Figure 6: Laboratory setup diagram: 1 - plasma
torch; 2 - oscillator; 3 - dispenser; 4 - coil; 5 -
separator; 6 - separator bottom; 7 - deflector; 8 -
heat shield; 9 - filter; 10 - reactor section; 11 -
solenoid; 12 - rheostat; 13 - throttle; IP - power

supply
5 G
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Figure 7: Schematic diagram of the dosing device: 1 -
dosing hopper; 2 - cardan; 3 - motor shaft; 4 - plug; 5 -
clamping nut; 6 - mixer

The plasma-forming gas was mainly a mixture of
Ar and Hz. By mixing Ar, the 2-3-hour operating
mode of the plasmatron without noticeable erosion
of the electrodes, as well as the subsequent
reproducibility of the operating modes of the
installation, was achieved, which is necessary for
complex studies.
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The design of the feeder was selected based on the installation; 2) plasma jets are limited; 3) the use
testing a batcher with a stirrer (volume flow rate of of a thermal screen evens out the radial temperature
raw materials Gpo <30 kg/h), a feeder bin with a profiles and increases its values by 200-500.
pseudo-chemical layer (Gpo> 20 kg/h) and a feeder Experiments with WOs processing were carried
with a vertical screw. The best results in terms of out using a graphite heat shield. Based on the
pulsation level, reproducibility, and flow rate range analysis of the origin of the product accumulated at
were obtained with a screw feeder. various units of the installation, the powder

concentrating on the filter was used for experimental
4. Research Results and Analysis verification of the tungsten powder formation model.

The values of Sua determined by the BET method for
Preliminary study of 3-4 gas-dynamic and nitrogen adsorption were used as an integral
temperature fields in the reactor and their characteristic of the product dispersion. Preliminary
comparison with the calculated ones showed that: 1) experiments with quenching - dilution of the plasma
the experimental velocity of plasma jets is 1.5-4 flow with cold Ar at various distances xfr relative to
times less than the calculated one due to the the end of the cathode, determined the upper
outgoing flow, the influence of residual swirling of estimate of the temperature Tm = 1450 + 100, at
the plasma gas and the buffer zone (Im-0, Tm=congt) which the fusion-sintering of tungsten particles in
in the lower part of the reactor, which occurs in the the plasma flow practically ends. The lower estimate
presence of a filtering surface at the gas outlet from was 1170 °K.

Table 1. Basic properties of tungsten carbide and cobalt

Properties Tungsten carbide Cobalt
Crystal lattice type is face-centered a- hexagonal a- hexagonal close packed
- cubic, face-centered |B - cubic

Normal modulus of elasticity E at 290 °C kg/mm?2 |72200 21500

Poisson's ratio 0,2 0,32

Microhardness at 290 K, load 50-200 kg/mm? 2100 170

Tensile strength at 290 K, kg/mm?2 under 245 125

compression

In bending, kg/mm? 55 -

In stretching, kg/mm? 35 77-88

Melting temperature, °K 3048 1758

Thermal conductivity, cal/cm.s. deg 0,05 0,155

Thermal coefficient of linear expansion, 10-5/deg |4,4 14,2

Specific electrical resistance at 298 K, ohm/m 25 5,8
The calculation of the experiments on the synthesis screw. The best results in terms of pulsation level,
of the model was carried out under the assumption reproducibility, and flow rate range were obtained
that: 1) the raw material consists of three fractions with a screw feeder.
with particle sizes of 10, 30 and 50 um and their
content of 3, 42, 55 mass. % (see Table 1); 2) the 5. Conclusions
plasma flow is limited; 3) the axial distribution of
temperature Tm(x) in the plasma jet was specified The solubility of tungsten in cobalt depends to a
according to experimental data with a maximum large extent on the amount of carbon in the alloy and

error of +100; 4) the calculation of the condensation-
coagulation stage was carried out at a value of Sk
equal to the density of liquid tungsten - 15.54 cm; 5)
the change in Sud of the product in the flow ceases at
Tm(x) < 1450 °K.

The design of the feeder for raw materials was

the cooling regime after sintering: in the case of a
carbon deficiency, a high cooling rate leads to a
significant increase in the tungsten content in cobalt.

Naturally, the presence of a certain amount of
tungsten and carbon in the binding phase of WC-Co

selected based on testing of a batcher with a stirrer alloys leads to a change in its properties. This makes it

(Gpo<30 kg/h), a feeder bin with a pseudo-chemical possible to regulate the mechanical characteristics of
layer (Gpo>20 kg/h) and a feeder with a vertical hard alloys as a whole.
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Thus, the possibilities of creating a mathematical
model that allows qualitatively and quantitatively
predicting the dispersion of the resulting refractory
metal powder are theoretically substantiated.
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