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1. Introduction

2. Literature review and problem statement

Electric arc metallization (EAM) has ample opportuni-
ties in comparison with all known methods of metal coating.

The process of electric arc metallization consists in
heating the ends of metal electrodes to the melting point by
means of an electric arc and then spraying of liquid metal
with a compressed air jet.

When a coating layer is applied to the surface of a part,
heating of it to 50-70 °C does not cause any structural
changes in the metal of the part, i.e. its mechanical proper-
ties are preserved, so coating layers can be applied to any
materials. Metallization provides a high hardness of the
sprayed layer, which increases the service life of the parts
restored.

High-quality coatings can be obtained only with strict
adherence to the regimes and the technology of the process.
Formation of a two-component jet — gas flow and molten
particles in the EAM process is of particular importance.

The effect of electrodes on the state of the gas flow and
the presence of shocks in the flow around the electrodes
consists in a decrease of pressure of the spray jet in the area
of the electrodes.

Therefore, the problem of studying the nature of gas pres-
sure distribution in the interelectrode gap, where changes in
the gas flow nature occur in the presence of obstacles to the
gas flow, becomes urgent. Changes in the gas flow depend on
the form of obstacles, flow characteristics. The nature of gas
pressure distribution has a strong influence on the formation
of anticorrosive, wear-resistant coatings.

An increase in the maximum speed of the air flow im-
proves the quality of metallization when restoring engine
crankshafts and other elements, where the metallization
process at a distance of more than 120 mm is possible [1].
However, the structure of the air flow during this process is
not considered.

To solve the problem of reducing the oxidation potential
during electric arc metallization, the spray flux method was
used. The presented equipment consists of a steel cylinder,
where by means of air supplied to a metal sprayer, a flux
solution is dissipated to an average state [2]. The disadvan-
tage of the presented method is the need to use additional
equipment and materials (flux solution).

The paper [3] proposes the flow diagram of electric
arc metallization with a heterophase flow, an electric arc,
a metal sprayer, where thermal dissociation of dissolved
substances takes place. However, the presented data do
not consider the interaction between the gas flow and
obstacles in the form of solids — electrodes located at an
angle to the flow.

Data on the state of the gas medium between the ends
of the sprayed electrodes at various gaps between them are
absent in the literature [4]. Therefore, the study of this factor
is important in the analysis of processes of electrode melting
with a flux-cored rod.

In the absence of an intense flow, the rod and the sheath
of flux-cored wires are melted and actively mixed to produce
alloyed particles in the coating [5]. Thus, it seems necessary




to investigate the nature of gas pressure distribution in the
interelectrode gap.

Various methods are used for repair and restoration of in-
ternal combustion engines, piston-boss bushes, diesel engine
sleeves, etc. such as surfacing, spraying, plasma hardening,
and also production of parts of special steels.

In the manufacture of many structures, stainless steel
and austenitic stainless steel are recommended. These al-
loys consist of equal amounts of ferrite and austenite in the
microstructure. The process of obtaining anticorrosive prop-
erties is costly [6]. The manufacture of welded structures of
stainless steels is accompanied by a number of difficulties
related to weldability [7]. Therefore, the use of stainless
steels has a number of restrictions [8].

The restored products undergo various forms of wear and
corrosion during operation. Corrosion-resistant coatings
can be also applied by surfacing.

The methods of repair and restoration of worn out and
damaged components by the surfacing method have been
considered [9, 10]. The presented results testify to the need
for monitoring and control of outbound processes, coating
sizes and strength characteristics.

The manufacture of metal coatings is possible due to a
high contact voltage and proximity of contacts between the
coating material and the substrate. This results in solid ad-
hesion between the coating and the substrate. The phenom-
enon of adhesion strength is also present when using electric
arc metallization.

The state of the gas medium between the ends of the
sprayed electrodes during arc metallization plays an import-
ant role in the formation of coatings, so the study of this
factor is topical.

3. The aim and objectives of the study

The aim of the paper is to study the state of the gas
medium between the ends of the sprayed electrodes and the
formation of a spray flow during electric arc metallization.
This will increase the strength properties and improve the
formation of spray coatings.

To achieve the aim, the following objectives were accom-
plished:

— to develop methods for studying the effect of electrodes
on the air-spray jet characteristics;

— to develop circuits for measuring the total pressure of
the spray jet in the interelectrode gap;

— to determine the pressure parameter in the stagnated
flow mathematically.

4. Gas flow characteristics during arc metallization

The studies were carried out on stationary spraying pis-
tols EM-17, developed by the All-Russian Research Institute
Avtogenmash (Russia) [5]. The material is sprayed by means
of an air jet. The working pressure of compressed air is 0.5—
0.6 MPa, the flow rate is 60-150 m® [11, 12]. To form the
air-spray jet, spray heads with cylindrical nozzles are used.

Under conditions of electric arc spraying, the pressure of
the medium into which the spray gas flows is Pn=0.1 MPa.
The nozzle-exit pressure is at least 0.2—0.4 MPa being well
above the excess pressure Pa=0.0893 MPa. The results ob-
tained correspond to drop to the supersonic flow velocity [12].

The flow pattern in the supersonic jet flowing from a
plane or axisymmetric nozzle depends on the noncalculabil-
ity of the jet (1)

n=-=, 1)

where P, is the nozzle-exit pressure; P, is the ambient
pressure.

It also depends on the nozzle divergence angle, the state
of the medium (velocity, density, temperature) where the jet
flows, as well as the flow parameters at the nozzle exit (Fig. 1).
If n<1, that is, P,<P,, there are overexpanded flows (1).

Jet boundary
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Fig. 1. Supersonic jet flow pattern

The supersonic or noncalculated jet flowing out of the
nozzle is conditionally divided into 3 sections (Fig. 1):

1 — the initial gas dynamic section, where viscosity and
thermal conductivity affect only in a thin boundary layer;

2 — the transitional section, where turbulence signifi-
cantly affects, but there is a constant velocity core, and the
maximum velocity along the jet section does not lie on the
jet axis;

3 — the main section, where the axial velocity becomes
maximum over the section.

It is known that the transitional section can be divided
into two. The first section — where the constant velocity
core is reduced (axial velocity is constant). The second
section — where there is no constant velocity core, the
axial velocity increases in the direction of the jet, and the
maximum velocity along the section does not lie on the
jet axis.

In electric arc metallization, axisymmetric (cylindrical)
nozzles are used in devices. The flow pattern in the initial
section in the case of an axisymmetric supersonic jet with
n>2, given in [12], is shown in Fig. 1.

4. 1. Justification of the method for studying the effect
of electrodes on the air-spray jet characteristics

The main gas flow characteristics are static and dynamic
pressure, gas flow velocity. According to the data of [15], the
total pressure is a sufficient characteristic of the gas flow:

=P +P,, 2)

where Py is the static pressure in the flow; Pgyp is the dynam-
ic pressure or velocity head

At any point in the gas flow, the total head can be deter-
mined from the equation [19, 20]



H=p+1 3)

where P is the gas pressure, o is the flow velocity, v is the
volumetric weight, g is the acceleration of gravity.

Measurement of the gas flow pressure is an essential
factor in determining the gas properties and velocity. De-
pending on whether the gas is at rest or motion, two types
of pressure are distinguished. Static (Py) pressure is the
internal pressure of a rectilinearly moving gas flow, shown
by a manometer, conditionally moving in the direction of the
flow. Dynamic pressure (Pg,,) or velocity head is the pres-
sure produced by the gas flow due to the energy of its motion.

Static pressure is an important characteristic for measur-
ing the amount of gas by means of resistance to motion and
for other purposes. To measure the static pressure of the gas
flow, instruments and devices such as a Seurat washer, Niefer
device, Rosenmiihler device can be used.

When measuring the static pressure (Fig. 2), it is nec-
essary to pay attention to the accuracy of the instrument
installation in the flow, since shifts may lead to higher read-
ings of the manometer.

N
L bl

2 -

N3 N2

Fig. 2. Total (Px) gas flow pressure measuring circuit:
1 — bent tube, 2 — tube walls, 3 — gas flow

In addition, measurement of the static pressure requires
the production of an indicator (tube) with side openings
(Fig. 3). It is supposed to measure the pressure between
the electrode ends, where space is limited by the diameter
of electrodes (not more than 3 mm). The manufacture of an
indicator tube (hollow needle) with side openings presents
considerable difficulties.
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Fig. 3. Static pressure measuring circuit:
1 — indicator, 2 — tube walls, 3 — gas flow

Therefore, the magnitude of the total: static + dynamic
pressure was determined in studies using bent medical nee-
dles. The accepted circuit for measurements in the interelec-
trode zone where the electric arc is located is shown in Fig. 4.

Fig. 4. Circuit of measurements in the spray jet and the
interelectrode gap: 1 — models of electrodes, 2 — spray jet,
3 — hollow needle, 4 — retainer, 5 — electrode ends,

6 — interelectrode gap

Such a measuring circuit allows determining the value
in different sections of the interelectrode space (center and
periphery) and also along the jet. The accepted circuit cor-
responds to the problem solved in gas dynamics in the flow
around a blunt-nosed body and determining the pressure
shown by a Pitot tube [12].

The pressure it shows, P,, corresponds to the pressure
in the top of the blunt-nosed body. The ratio of the shock
pressure Py and the incident flow P is determined by the
Rayleigh formula:
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R is the gas constant, (R=8314 J/deg-kmol); T} is the incident
flow temperature.

If to substitute Py with the pressure of the adiabatic flow,
we obtain a formula for determining the ratio of the pressure
in the stagnated flow and the Pitot tube readings behind
the flow.
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The formula shows that the deceleration pressure behind
the shock is less than in front of it.

Due to the fact that in arc metallization, cylindrical nozzles
operate in the underexpanded mode, this mode is referred to
as non-calculated. In the supersonic jet of the non-calculated
regime, there are shocks accompanied by shock waves. There is
the possibility of a visual examination of the effect of electrodes
on the structure and shape of the jet and individual sections, on
the jet length variation, using shadow photography.

For these purposes, an installation, allowing to record
the gas spectrogram of the jet on a film and to determine
the influence of electrodes on structural changes has been
developed.



4. 2. Experimental research on the effect of electrodes
on the spray jet properties

Based on the previously proven method, the installation
to measure the total pressure in the spray jet (Fig. 5), which
allows modeling the arrangement of electrodes in the flow
was developed. The installation consists of the spraying
system of the arc spraying pistol with a cylindrical nozzle, a
holder of electrodes at different angles to each other, a work-
ing body (indicator). The indicator is a hollow needle with a
bent end at an angle of 90° and verticals (Fig. 5). The needle
hole diameter is 0.20 mm. The needle channel is connected
to a manometer with a scale of 0.1...0.9 MPa and scale inter-
val of 0.005 MPa, which allowed determining the pressure
value and degree of rarefaction (vacuum) in the area between
the electrode ends.

Fig. 5. Scheme and appearance of the working part of
the installation for determining P,

The installation has a device for displacing the needle
along and across the electrode ends. In the experiment, the
electrodes were installed at an angle of 30—35° under indus-
trial standards by metal spraying pistols EM-17. The bevel
angle of the electrode ends was modeled taking into account
high-speed filming, the nature of the electrode generation
after the arc stopped functioning.

Based on the analysis of the influence of various factors
on the results of measurements (air pressure fluctuations in
the network, humidity, air temperature at different times of
the day, etc.), the volume of the population of experiments
was N=10...15. Based on the results of the experiments, the
arithmetic mean was determined

X=3xm, ®)
~ 'n

where m;is the number of close i-th results; 7 is the number
of observations; x; are the values obtained.

It should be noted that deviations during measurements
do not exceed 3...5 %. In the course of the experiment, we
determined the total pressure variation along the spray jet
without the sprayed electrodes and with the electrodes at
different values of the gap between the ends. The curves
of pressure variation (Fig. 6) along the spray jet show that
with increasing distance to the nozzle exit section, the
pressure decreases and reaches the value equal to atmo-
spheric (Fig. 6).

When the pressure at the spraying system inlet of the
metal spraying pistol is changed, the above atmospheric
pressure in the spray jet remains at a distance to the nozzle
exit section of 30 mm or more, a sharper decrease (jump) in
the total pressure is not observed. At high pressures, a pres-
sure ripple occurs, corresponding to shock waves.
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Fig. 6. Variation along the spray jet (without electrodes) at
different pressures at the spraying system inlet: 1 — inlet
pressure 0.55 MPa; 2 — inlet pressure 0.3 MPa; 3 — inlet

pressure 0.1 MPa

The graphs (Fig. 6, 7) show the results of measuring
the total pressure in the area between the electrode ends at
different levels from the nozzle axis and the spray jet behind
the electrodes. The diameter of the electrodes is 2.4 mm,
corresponding to the minimum diameter of the flux-cored
wires manufactured by an industrial method, the bevel an-
gle of the ends is 30°, the spraying system inlet pressure is
0.5+0.05 MPa. The spray nozzle diameter is 3.0 mm.
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Fig. 7. Distribution in the interelectrode gap, depending on
the gap size (along the nozzle axis): 1 — 0.2 mm gap;
2—0.5mm gap; 3 — 1 mm gap; 4 — 2 mm gap

The presented research results show:

—the presence of the electrodes affects the uniformity
of distribution of the total pressure of the spray jet in the
area of the electrodes. Between the electrode ends, the total
(static and dynamic) pressure decreases;

—the drop in the total gas pressure between the elec-
trodes depends on the gap size. Its value is inversely pro-
portional to the distance between the inner electrode ends.
With a gap size of up to 0.5 mm, the minimum value is below
atmospheric (Fig. 7), and with a 1 mm gap — close to atmo-
spheric =0.018 MPa. With a 2 mm gap, the pressure drop in
the interelectrode gap is practically not observed in Fig. 7;

—in the absence of an interelectrode gap, rarefaction is
created, the value of which (under the experimental condi-
tions) reaches =0.044 MPa;

— when the measurement points are shifted from the cen-
ter of the electrode ends (from the nozzle axis) “vertically”



to the periphery, the pressure increase is observed, both in
the absence and in the presence of a gap. In the absence of
a gap, within the electrode ends, pressure varies from the
center to the outer part of the electrode ends in the range
of 0.044...0.038 MPa. With the gap increase, the pressure
in the interelectrode gap periphery is close to atmospheric
(Fig. 7) and accordingly equal to (under the experimental
conditions) P, =0,16 MPa with a gap between the inner
electrode ends of 1.4 mm.

— the length of the pressure drop (rarefaction) zone does
not exceed the length of the electrode ends;

—the pressure in the interelectrode gap depends on
the air pressure variation at the spraying system inlet. As
the pressure Pj,,; decreases, the value of rarefaction in the
interelectrode gap decreases and pressure increases, the
difference with the nozzle outlet pressure decreases, which is
probably connected with the approach of the flow to laminar.

The results of the research are confirmed by the gas
spectrograms obtained by means of shadow photography of
the jet in the zone of the electrode ends. The shooting was
conducted in two mutually perpendicular directions: from
the side surface of the electrodes (Fig. 8, @) and from “above
the electrodes” (Fig. 8, b).
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Fig. 8. Effect of electrodes on the spray jet structure

(gas spectrograms): @ — without a gap; 6 — 0.5 mm gap;
c— 1.2 mm gap

The gas spectrograms show that the electrodes are lo-
cated in the zone of the secondary expansion of the jet in
the region limited by the first shock waves. This leads to a
flow of rarefaction and “deformation” of the second section
of the spray jet at a gap size of 0 to 2 mm, (Fig. 8, ¢). With
gaps from 0 to 1 mm, there is no Mach disc at the end of the
second segment. The shock zones of the flow in the interelec-
trode gap are not observed. At the initial section of the jet,
the zones are clearly pronounced. In the subsequent section,
these zones are difficult to distinguish at gaps of 0, 0.5 mm.
The contours of these zones begin to recover at a gap of
1.2 mm. With a 1.2 mm gap (Fig. 8, a), the degree of flow sep-
aration is reduced, the jet penetrates between the electrode
ends, and at the end of the second segment, a Mach disk is

formed. On the “side” views, with a gap value of 0 to 0.5 mm,
jet separation is clear during the flow around the electrodes,
the formation of the jet sections behind the electrodes is not
observed. Jet formation is observed in the zone behind the
electrodes with a gap of 1.2 mm.

Thus, the above gas spectrographs show that the pres-
ence of electrodes affects the spray jet structure, there is a
flow separation during the flow around the electrodes, the
electrode ends are located in the zone of rarefaction.

4. 3. Research on the effect of the spray jet on the
formation of an arc discharge and the flow of particles of
the sprayed electrodes

According to the above, direct pressure measurement
and shadow photography show that the presence of elec-
trodes affects the total pressure distribution in the inte-
relectrode space and along the spray jet. At the same time,
melting of electrodes during electric arc spraying is carried
out under the influence of arc discharge heat. It is known
that the arc is divided into two “tongues”, from which the
flow of particles is separated. At the same time, a number of
researchers considered the arc discharge to be a quasi-solid
impermeable body [4-7].

In order to study the interaction between the electric arc
and the gas flow, in shadow photography of the gas jet, the
arc discharge was simulated by means of solid and plastic
inserts — simulators fixed in the interelectrode gap. Shad-
owgraphs are shown in Fig. 9. The presence of the solid sim-
ulator in the interelectrode gap (in the form of a 2 mm ball)
leads to the presence of a pronounced flow around the elec-
trodes at all values of the gap between the electrodes from
0 to 2 mm. The results correspond to the gas spectrograms
obtained earlier (photography of the jet without simulators)
in the absence of a gap between the electrodes (Fig. 9, a).

The degree of deformation (elongation) depends on the
size of the gap between the electrodes. With the gap increase,
deformation of the flexible simulator increases and reaches
the maximum values with a gap of more than 3 mm. With a
gap between the electrodes of 0...1 mm, the gas jet has almost
no effect on the simulator and its position is similar to the
initial one (Fig. 9, d, e) (without the gas jet effect).

With a 2..3 mm gap, considerable deformation of the
flexible simulator is observed, which is shown on photo-
graphs “in the plane of the electrodes and the spray nozzle”
and when photographing the electrodes “from the side”
(Fig. 9, ¢). At a 2 mm gap, the opening angle of the gas flow
decreases, and the shape of the jet approaches that recorded
during photographing without simulators in the interelec-
trode gap with 2 mm gaps.

The experiments show that in the presence of the solid
simulator in the interelectrode gap, there is a stable flow
separation between the electrodes and the simulator with
gaps from 0 to 2 mm.

In the presence of the flexible simulator, which probably
corresponds more to the real arc discharge, the flow sepa-
ration during the flow around takes place at gaps from 0 to
1 mm. With gaps greater than 1 mm, the flow penetrates into
the interelectrode gap, actively affects the simulators and
causes considerable deformations. This takes place in real
conditions and leads to the arc deformation (or breaking)
at large (more than 1 mm) gaps between the electrodes. In
order to determine the influence of the gas jet separation
on the formation of the arc discharge and particles of the
sprayed electrodes, photography of the interelectrode zone



and the arc from the side of the electrodes was carried out.
The combination of light filters was used: orange + light
green, exposure 0.002...0.008 sec. The resulting photographs
(Fig. 10, 11) show that the shape of the arc discharge from
the “side” view is close to the shape of the spray jet during the
flow around the electrode ends.
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Fig. 9. Interaction between the elastic arc simulator and
the spray gas jet (gas spectrograms): ¢ — 0 mm gap, weak
arc intensity; b — 1 mm gap, more pronounced areas of
discharge in the arc flow behind the electrodes;
¢ — 2 mm gap, arc flow gain; d— 3 mm gap, view “from
above”; e — 3 mm gap, without a jet

nozzle” and record the arc elongation, considering that this
is due to its deformation by the gas flow. The presented pho-
tographs (Fig. 10, 11) allow us to state that the arc discharge
is located in the zone of low pressure (interelectrode space)
and, due to thermal action, causes active luminescence of the
gas gap separated by the electrodes.

Fig. 11. Arc discharge and particle flows of the sprayed
flux-cored electrodes with pressure drop in the center

The photographs (Fig. 10, 11) show that the particles
located at the electrode ends form two flows according to
the shape of the spray gas jet obtained by means of shadow
photography. Separation occurs when the solid and flux-
cored electrodes are sprayed. Photography from above the
electrodes and the nozzle, used earlier by the researchers, did
not allow observing the transfer and formation of particles
along the outer parts of the electrodes, which takes place in
real conditions.

5. Results of the research on sources with forward and
bridge converters

In order to confirm the proposed refined flow diagram
of electric arc spraying, filming of melting of the flux-cored
wire consisting of the CvO8KP tape and the flux-cored rod
was carried out, and the study of melting of the sheath with-
out the rod and 06 H18N9T alloyed wire was also conducted
for comparison. Filming was made by the SKS-1 camera at
a speed of 2,450 frames/sec (after acceleration) on the KN-2
black and white film.

The backlighting was carried out with the NF 7000-
01.78 NARVA mercury lamp using the mirror-reflecting and
focusing system. When shooting, the electrodes were located
in a vertical plane: the anode — above, the cathode — below.
The arc was powered by the VDU-505 rectifier using a
stiffness characteristic. Optimum metallization parameters
under the flow diagram are given in Table 1.

Table 1
Arc metallization parameters during high-speed filming
Arc metallization parameters
. . . i Distance
Fig. 10. Arc discharge and particle flows of the No. iprtd}rf]edl Pan | Vieess [between the arc Note
sprayed flux-cored electrodes ateria lo A | Us A | ip) m/s | and the nozzle
exit section

In th(.e center, th.e luminescgnce. region is small- | { | Flux-cored| . 35 | o055 31 20 Diameter 2.4
er than in the periphery, which is probably due wire
to the jet. discontinuity and pressure drop in the | 9 | Sheath 1220-230131-331 055 | 3.1 20 q Wlthoclllt .
center, Fig. 11. At the same time, the researchers ux-cored ro
shoot, as a rule, “from above the electrodes and the | 3 | Solid wire | 180 32 [055] 34 20 Diameter 2.0




The resulting film material was processed. Viewing of
films and analysis of records were carried out. The nature of
melting of flux-cored wires and solid wires shows no signif-
icant differences. When melting the flux-cored wire on the
anode end surface, liquid metal is stretched and formed as a
thread of considerable length, which is typical of solid wires,
according to the literature [9]. On the cathode end surface,
in contrast to solid electrodes, particles of a spherical shape
are periodically formed along with the particles of an elon-
gated shape. It should also be taken into account that the
flux-cored rod is not electrically conductive. The influence
of the presence of furnace charge on the melting nature of
flux-cored wires is confirmed by the melting nature of the
sheath. The record (Fig. 12) shows that the melting nature
of the sheath is close to melting of solid wires. The process of
formation and separation of particles at the cathode and the
anode of the tubular electrode is the same as for solid wires.
However, the dispersion of the particles is somewhat higher,
which is probably due to an increased current density and a
more efficient use of arc heat for the sheath melting (no rod).
In all the analyzed cases of the electrode material melting,
the arc is placed between the slanted outer electrode ends,
asif in a “funnel”.

It was also found that when melting flux-cored wires,
melting of the rod and the sheath occurs simultaneously.
Separation and transport of the sheath particles and fur-
nace charge components are not observed. This is probably
due to the fact that in arc metallization with flux-cored
wires, the near-electrode regions are located on the inner
parts of the ends of the metal sheath of the sprayed elec-
trodes. As a result, the arc has an active impact on the rod
of the flux-cored electrode. Melting of the rod components
and blending with the sheath when liquid metal moves from
the “inner” part of the electrode ends to the outer periph-
eral parts are provided. The results of the research suggest
the following process flow diagram of melting flux-cored
wires (Fig. 12).

Fig. 12. Records of melting of various types of electrodes
during arc metallization: a — 06H18N9T wire, b — 08KP
tubular electrode, ¢ — PP-MM-2 flux-cored wire

In view of the limited effect of the spray jet directly
on the “inner” surface of the electrode ends, melting of the
sheath and the adjacent flux-cored rod first occurs. In the
process of accumulation, liquid metal moves to the periphery
of the electrode ends under the influence of electrodynamic
forces, which provides blending and interaction between
the sheath metal and the flux-cored rod. On the periphery
of the electrode ends, there is a separation and transfer of
the particles of the sprayed electrodes under the action of
the spray jet. This ensures the possibility of metallurgical
processes and production of alloyed particles when spraying
flux-cored electrodes.

6. Discussion of the results of adjustment of the process
flow diagram of electric arc metallization

The above results of direct measurements confirmed the
presence of pressure drop in the interelectrode space.

The influence of the electrodes on the formation of the
arc discharge and particle flows of the spray jet, as well as
the absence of direct influence of the gas flow on the “inner”
parts of the electrode ends are established.

The obtained experimental data allow introducing re-
finements into the process flow diagram of electric arc met-
allization (Fig. 13).

Fig. 13. Refined flow diagram of electric arc spraying:

1 — sprayed electrodes; 2 — air nozzle; 3 — spray air jet;

4 — electric arc; 5 — vortex (rarefaction) area; 6 — liquid

metal at electrode ends; 7 — interelectrode gap;

8 — sprayed metal particles; F;;— surface tension force;
Feq— electrodynamic force; Fj; — force of the gas jet impact
on liquid metal; F, — force of the vortex (rarefaction) impact

in the flow of the gas jet around the electrodes

The presented flow diagram (Fig. 13), along with the
known elements, considers the presence of a drop in the
area of the electrode ends, as well as the air flow around the
electrodes and its influence on the shape and transport of
particles.

The above results make it possible to assert that, with
a stable arc metallization process, arcing occurs under con-
ditions where the pressure of the gas medium between the
electrodes is close to atmospheric. Physical conditions for
the formation of liquid metal at the electrode ends are close
to the formation of droplets during consumable electrode
arc welding.

It is known that the following forces act on liquid metal:
Py, — surface tension force that holds liquid metal at the



electrode ends; P,; — electrodynamic force (pinch effect);
Pjo; — force of air spray jet impact on liquid metal along
the jet, which facilitates the removal of droplets from the
electrode ends.

The advantages of the research in comparison with
analogs is the consideration of the forces acting on liquid
metal — vortex force (P,). This force arises in the air flow
around solid cylinders of electrodes and promotes liquid
metal separation due to rarefaction. Taking into account the
above forces, the condition of liquid metal retention at the
electrode end will be:

P, 2P,

jPI+PEr1+P]/' (7)
The condition of liquid metal separation from the elec-
trode ends

P, <P

 +P, +P,. ®)

In the absence of the gas flow, the condition of liquid metal
retention at the electrode end will be the condition of liquid
metal balance at the electrode ends: P,<P,, that is, metal
separation from the electrode ends is due to the forces of the
air spray jet. In the absence of the jet, metal is held by the sur-
face tension force. Thus, there may be some time to find liquid
metal in the absence of the gas flow and limited by the action
of air oxygen. Then, under the impact of the flow, liquid metal
is actively removed from the electrode ends under the action
of the above forces. This principle underlies the process of
electric arc spraying with a pulsating feed of the air-spray jet.

The development of the presented research may consist
in the design of additional structural elements (pulsing
nozzles) for the formation of an air jet during electric arc
metallization.

7. Conclusions

1. The process flow diagram of electric arc metallization
is developed taking into account the influence of the vortex

force, which allows modeling various positions of the elec-
trodes in the spray jet. Direct measurements of the total
(static + dynamic) pressure in the local zone between the
electrode ends used for arc metallization are made.

2. The results of direct measurement of the gas pressure
in the interelectrode gap (when modeling the interaction
between the electrodes and the spray flow) have confirmed
the presence of pressure drop in the spray jet in the region
of the sprayed electrodes. The results of the research have
allowed clarifying the nature of pressure distribution in the
interelectrode gap.

3.1t was found that for models of electrodes with a di-
ameter of 2.4 mm with a gas pressure at the spraying system
inlet of the arc spraying pistol Piy1e=0.5+0.05 MPa and the
absence of a gap between the inner parts of the electrode
ends, rarefaction is created in the center of the interelectrode
gap — 0.044 MPa. With the gap increase, the degree of pres-
sure drop decreases: when the gap varies from 0 to 1.0 mm,
the pressure in the center between the electrode ends varies
within 0.044...0.16 MPa. With a gap between the electrode
ends of 2 mm or more, the pressure drop is negligible. The
characteristic changes in the spray jet structure in the pres-
ence of electrodes are confirmed by the results of shadow
photography.

4. The presented research results allowed making ad-
justments to the process flow diagram of electric arc met-
allization. The presence of the zone of air flow around the
electrodes and the pressure drop in the interelectrode gap
are taken into account. Optimum conditions for the arc
functioning are achieved with such a ratio of the rates of
feeding and melting of the electrodes, when the gap between
the inner surfaces of the ends is within 0.5...1.0 mm.

5. The results providing a stable process of electric arc
metallization are obtained. When using 2...2.4 mm electrode
wires, arcing occurs in the absence of direct action of the
spray jet on the inner parts of the electrode ends. The pres-
sure between the electrodes is close to atmospheric and the
physical conditions for the formation of liquid metal at the
electrode ends are close to the formation of droplets during
consumable electrode arc welding.
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Y pooomi euxonamno odocaioxicen-
M 3aKoHoOMipHOCMElU 38'A3KY (Qayk-
myayii vucaa i po3mipié 36anNCeHUx
Y pidunu uwacmox Ha xapaxmepucmu-
KU NOAs 00 €EMHUX YAbMPa3eYyKOBUX
xeunv. Busieneno, wo eenuuuna 3ea-
CaHHA 00’ eMHUX YIbMPA3BYKOBUX KO-
aueans eucoxoi wacmomu (=5 mlyy) y
peanvhill nyavni 3anexiunms npaxKmuy-
HO MinvKu 6i0 KoHuenmpauii meepooi
Qaszu i kpynnocmi uacmox nodpioneno-
20 mamepiany

Knouosi crosa: 2azoei oywbawmxu,
30azavenns pyou, 06’emui yrompaszey-
K06i x6uui, po3noodin wacmox, xapax-
mepucmuxu nyaonu

T u |

B pabome e6vinoaneno ucciaedoea-
Hue 3aKoHoMepHOCmel Ccéa3uU Payk-
myauui wucaa u pasmepos 636e-
WEHHLIX 6 JHCUOKOCmU uacmuy Ha
xapakmepucmuxu mnouas 00seMHbLX
yasmpaszeyxoevix 6oan. O0Hapyoiceno,
UMO GeAUMUHA 3AMYXAHUSL 006EMHBIX
YALMPA3BYKOBLIX KONCOAHUU BbICOKOTU
yacmomvt (=5 mliy) 6 peanvroil nyao-
ne 3aeucum npaxKmuuecKu moasko om
KoHuenmpayuu meepooil pazol u kpyn-
HOCMU 4acmuy, U3Meab4eHH020 mame-
puana

Knouesvte crosa: 2azoevie ny3vipv-
Ku, ob6ozauenue pyovt, 00eemHbLe YIlb-
mpaseyxoevie 60JHGL, pacnpeoeenue
uacmuy, Xapaxmepucmuxu nyaonot

|l =,

1. Introduction

Ultrasonic methods and technologies are widely used
at present in various research projects. Specifically, they
are applied when examining, identifying, and controlling
quality of different materials [1]. For example, in order to
distinguish characteristics of the varieties of enriched ore
raw materials [2—4].

To optimize control over processes of enrichment mineral
resources, an important aspect is the availability of qualita-
tive information on the characteristics of technological me-
dia [5]. A need to exercise operational control over charac-
teristics of the solid phase of the pulp is also stressed by the
existence of uncertainty in the parameters of technological

|DOI: 10.15587/1729-4061.2017.1 18943|

INVESTIGATION OF THE

EFFECT OF CHARACTERISTICS

OF GAS-CONTAINING
SUSPENSIONS ON THE
PARAMETERS OF THE

PROCESS OF ULTRASONIC

WAVE PROPAGATION

V. Morkun

Doctor of Technical Sciences,
Professor, Vice-Rector for Research**
E-mail: morkunv@gmail.com

N. Morkun

Doctor of Technical Sciences,
Associate Professor, Head of Department™®
E-mail: nmorkun@gmail.com

V. Tron

PhD, Associate Professor*

E-mail: vtron@ukr.net

S. Hryshchenko

PhD, Head of Section

Section of scientific and technical information**

E-mail: s-grischenko@ukr.net

*Department of automation,

computer science and technology**

**Kryvyi Rih National University

Vitaliya Matusevycha str., 11, Kryvyi Rih, Ukraine, 50027

units [6]. It should be noted that the application of ultrasonic
methods in a given case would provide the required perfor-
mance speed and measurement accuracy.

Significant losses of the useful component in wastes of
enrichment production lead not only to a decrease in perfor-
mance indicators, but also negatively affect the environment
[7, 8]. One of the ways to reduce the negative impact of the
loss of a useful component is to improve efficiency of flota-
tion processes. Paper [9] proposed a method for ultrasonic
treatment of particles of the enriched ore materials in order to
better clean grains of the useful component from the gangue.
A positive effect is also noted of ultrasonic oscillations on the
formation of gas bubbles and maintaining a cavitation regime,
which also improves efficiency of flotation [10, 11].




