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Suggested is a mathematical model describing the thermal state of a solid metal wire used as anode in plasma arc spraying
of coatings. Contribution of different heat sources to the energy balance of the spraying wire is numerically investigated.
The effect of spraying parameters on the distribution of temperature in the wire, melting and evaporation of its material
is analysed.
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Heating of the wire material, its melting and forma-
tion of fine spraying particles in plasma arc spraying
occur due to the energy released in the anode spot of
the arc closed to the wire and the electric current
flowing through it, and due to the energy introduced
into the wire with the transverse flow of the arc plasma
around the wire [1]. As a result, the efficiency of the
wire melting process substantially grows compared,
for example, to the traditional electric arc metallisa-
tion process [1]. For the above reasons the productiv-
ity and stability of the plasma arc spraying process
will depend in many respects on the conditions of heat
exchange between the anode wire and heat sources
affecting it. Knowledge of the main mechanisms of
heating and melting of the electrode wire in plasma
arc spraying of coatings will make it possible to de-
velop the efficient control systems for this technologi-
cal process, which will allow not only controlling the
process productivity, but also regulating the time dur-
ing which metal remains in the liquid state, size of
the forming drops, etc. Therefore, development of
mathematical models describing the processes that oc-
cur during heating and melting of the anode wire, as
well as mathematical modelling of the above processes

are of high importance for further upgrading of the
plasma arc wire spraying process, increase of its pro-
ductivity and improvement of quality of the resulting
coatings.

The thermal state of the electrode wire heated by
the electric current flowing through it and heat intro-
duced by the electric arc has been well studied by
now. In particular, analytical expressions were de-
rived to determine temperature fields in a consumable
electrode during welding [2], temperature fields in a
coated electrode wire were investigated [3], heat, mass
and electric charge transfer processes in the consum-
able electrode—arc—weld pool system were analysed
in detail [4, 5], etc. At the same time, peculiarities
of the additional thermal effect by the transverse
plasma flow on the consumable live wire (along with
heating by the electric arc and ohmic heating) are
insufficiently studied as yet.

The purpose of this study is to develop a mathe-
matical model describing thermal interaction of the
anode region of the electric arc, plasma flow and elec-
tric current with the anode wire under conditions of
plasma arc wire spraying.

Consider the limiting-state temperature field
formed in the anode wire fed at a constant speed. The
transient thermal processes related to variations or
fluctuations of the spraying process parameters, such
as plasma arc current or wire feed speed, can also be
of a certain interest. However, some quasi-stationary
temperature field forms in the wire in stable operation
of the plasma torch and wire feeder, and description
of this field will allow revealing the main mechanisms
of heating and melting of the wire during the spraying
process under investigation.

Flow diagram of the plasma arc spraying process
we used to develop the mathematical model of heating
of a live wire is shown in Figure 1. Solid wire of a
round section with radius Rw is fed to under the exit
section of the plasma torch nozzle at speed vw. It is
assumed that the electric arc formed by the plasma
torch is closed to the right end of the wire that acts
as an arc anode, the heat flow introduced into the
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Figure 1. Design diagram of the wire heating process in plasma arc
spraying: 1 – anode wire; 2 – wire nozzle; 3 – plasma torch
nozzle; 4 – plasma flow
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wire through the anode spot being uniformly distrib-
uted over its section z = Lw. In addition, the entire
wire is heated by arc current I flowing through it. It
is assumed that the wire is in transverse position rela-
tive to the plasma flow around it at distance Zw from
the exit section of the plasma torch nozzle, and that
the exit section of the wire feeder nozzle is at distance
Lp from the plasma torch axis. Also, it is assumed that
the wire melting rate is equal to the wire feed speed,
and that the molten metal crossing section z = Lw is
detached and carried away by the plasma flow.

The thermal state of the anode wire under the
plasma arc spraying conditions is determined by a set
of the following physical processes: convective-con-
ductive heat exchange of the plasma flow and sur-
rounding gas with the side surface of the wire, thermal
radiation energy exchange between the plasma and
wire surface, effect of the electric arc introducing heat
through the anode spot, volumetric Joule heating of
the wire by the electric current flow, losses of heat
with the molten metal carried away by the plasma
flow, and cooling of the wire surface due to entrain-
ment of the energy of evaporation of its material atoms
by the vapour flow.

Assuming that the temperature field in the wire is
characterised by the axial symmetry, the problem of
finding it is reduced to solving the quasi-stationary
thermal conductivity equation written down in the
cylindrical coordinate system:
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where Tw(r, z) is the spatial distribution of tempera-
ture in the wire; γw(T), Cw(T), χw(T) and ρw(T) are
the density, effective specific heat, thermal conduc-
tivity coefficient and specific electrical resistance of
the wire material, respectively; and j is the density
of the electric current.

Consider the statement of boundary conditions for
equation (1). Allowing for the above heat exchange
mechanisms, the boundary condition on the wire sur-
face (at r = Rw) can be expressed as follows:
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where Qc is the flow density of the energy due to
convective-conductive heat exchange of the wire with
the plasma and ambient gas; Qr is the flow density of
the energy of thermal radiation of the plasma absorbed
by the wire surface; and Qv is the flow density of the
evaporation energy carried away from the wire surface.

The following symmetry conditions were specified
for the wire axis:

∂Tw

∂r
 = 0. (3)

Assuming that the wire goes out from the nozzle
with temperature T0, the boundary condition at z = 0
will be written down as follows:

Tw(r, 0) = T0. (4)

To determine the boundary condition at the molten
tip of the wire, it is necessary to allow for the heat
released in a region of the anode fixation of the arc,
as well as for the heat losses related to evaporation
of the wire material and detachment of the melt by
the plasma jet. As a result, the boundary condition at
z = Lw will be defined as
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 = Qa — Qv — Qt, (5)

where Qa is the specific heat flow from the arc to the
anode, and Qt are the heat losses related to detachment
and carrying away of the molten material of the wire.

Consider the above components of heat exchange
in more detail. The calculation region of the wire is
located both in a zone affected by the high-temperature
core of the plasma flow heating the wire and in a
relatively cold peripheral regions of the flow through
which the heat is removed from the wire. Assuming
that the spatial distributions of temperature Tp =
= Tp(z) and velocity up = up(z) of the plasma along
the wire length are known (e.g. calculated on the
basis of model [6]), the convective-conductive heat
flow under the given conditions can be determined
according to the Newton model of heat exchange [7]:

Qc = α(Tp — Tws), (6)

where α is the heat transfer coefficient, and Tws(z) =
= Tw(Rw, z) is the temperature of the wire surface.

Heat transfer coefficient α is related to Nusselt
number Nu that characterises the convective heat ex-
change as follows:

α = Nuχp/(2Rw), (7)

where χp(T) is the coefficient of thermal conductivity
of the plasma.

The Nusselt number in the transverse flow of the
argon plasma around a cylinder is determined by the
following expression, according to [8]:

Nu = 0.5Re0.5Pr0.4(γpηp/γpwηpw)0.2,
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2Rwγрup
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,   Pr = 

Cpηp
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,
(8)

where Re and Pr are the Reynolds and Prandtl num-
bers, respectively; γp(T), ηp(T) and Cp(T) are the
density, dynamic viscosity and specific heat of the
plasma at a constant pressure calculated at a tempera-
ture of the undisturbed flow; and γpw = γp(Tws) and
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ηpw = ηp(Tws) are the density and viscosity of the
plasma at a temperature of the wire surface.

The density of the heat flow due to radiation heat
exchange can be calculated by using the known rela-
tionship [7]:

Qr = βσ0(Tp
4 — Tws

4 ), (9)

where β is the emissivity factor of the wire material,
and σ0 is the Stefan—Boltzmann constant.

The heat flow due to evaporation of the material
from the wire surface can be calculated from the fol-
lowing expression:

Qv = εnu, (10)

where ε is the latent evaporation heat per atom, and
n and u are the concentration and velocity of atoms
of the metal vapour near the evaporation surface cal-
culated by the procedure from study [9].

Specific heat flow to the anode, Qa, is determined
by a number of technological parameters, such as the
arc current, composition of the electrode wire, kind
of the plasma gas etc., and is of an order of (0.8—
1.5)⋅109 W/m2 under the conditions considered [10].

Heat losses Qt can be determined proceeding from
an assumption that the velocity of the melting front
and, hence, detachment of the molten material of the
wire is equal to wire material feed speed vw. Then

Qt = CwγwvwTw(r, L). (11)

As a result, the spatial distribution of temperature
in the consumable anode wire during plasma arc spray-
ing can be determined by solving equation (1) with
boundary conditions (2)—(5) and closing relationships
(6)—(11).

Mathematical formulation of the stated problem
can also be presented in a simpler form. For example,
although the temperature in a cross section of the wire
is distributed non-uniformly, this difference is insig-
nificant. This is related to high thermal conductivity
of the material of the spraying wire, as well as to its
rather small diameter (about 1—2 mm). Then, inte-
grating equation (1) with respect to radius yields the
following unidimensional thermal conductivity equa-
tion:
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where T
__

w(z) is the wire temperature averaged across
the section, and W is the power of the heat sources.

The left and right boundary conditions for equation
(12) will preserve the form of (4) and (5), the dif-
ference being that temperature T

__
w(z) averaged across

the wire section appears in the said relationships in-
stead of wire temperature Tw(r, z). The heat flows
through the side surface of the wire that appear in
condition (2) transform to the volume heat sources

after integration of equation (1). The power of these
sources can be determined from the following formula:

W = [I2ρw/(πRw
2 ) + 2πRw(Qc + Qr — Qv)]/πRw

2 . (13)

At this point we can consider description of the
model of heating and melting of the wire in plasma
arc wire spraying to be completed.

Now consider the procedure for solving the stated
problem. Because the coefficients of equation (12),
boundary condition (5) and closing relationships (6)—
(11) are non-linear, it is very difficult to obtain an
analytical solution of this equation. Therefore, the
problem considered was solved numerically by the
finite difference method [11, 12]. Equation (12) was
approximated by the three-point scheme. Non-sym-
metrical differences against the wire speed were used
for approximation of the convective term. The under-
relaxation method was employed to improve conver-
gence of the solution [12]. No explicit separation of
interface between the phases in the wire was used in
the calculations. Instead, the use was made of the
shock-capturing method [11]. In this connection, ef-
fective heat capacity C

__
w(T) allowing for the latent

melting heat was used instead of specific heat Cw(T)
of the wire material:

C
__

w(T) = Cw(T) + Ww
mδ(T — Tw

m), (14)

where Tw
m is the melting temperature; Ww

m is the latent
melting heat of the wire material, and δ(x) is the
delta function.

To evaluate the thermal state of the wire in spray-
ing it is necessary to know distributions of thermal
and gas-dynamic characteristics of the flow of the arc
plasma in a wire location region. These characteristics
were calculated by using the earlier developed soft-
ware [6] intended for quantitative evaluation of pa-
rameters of the turbulent flow of the arc plasma under
the plasma arc spraying conditions. It was assumed
for the calculations that the anode wire is located at
distance Zw = 6.3 mm from the exit section of the
plasma torch nozzle. Distributions of the thermal and
gas-dynamic characteristics of the plasma in this sec-
tion under different operating conditions of the plasma
torch are shown in Figure 2.

Numerical investigations were carried out for a
steel wire, the thermal-physical characteristics of
which were taken from study [4]. Wire parameters
and spraying conditions were varied within the fol-
lowing ranges: wire diameter 1.4—1.6 mm, wire feed
speed 6—15 m/min, arc current 160—240 A, and
plasma gas (argon) flow rate 1.0—1.5 m3/h. Distance
from the wire tip to the plasma jet axis was varied
from 0 to 1 mm, and extension (distance from the
feeder nozzle to the wire molten tip) was assumed to
be equal to 12 mm.

Consider the modelling results. A very important
aspect in analysis of the thermal state of the wire
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during spraying is evaluation of different components
of its heat exchange with the arc plasma. Within the
problem under consideration, interaction of the wire
with external heat sources takes place through its side
surface and through the melt on its tip.

Heating of the side surface of the wire is provided
by two components – convective and radiation heat
exchange with the plasma jet flowing around the wire
(Figure 3). Contribution of these components to the
energy balance of the spraying wire surface is approxi-
mately identical, near the molten tip of the wire the
intensity of the said heat sources substantially grow-
ing, which is related to high values of temperature
(up to 30,000 K) and velocity (up to 3800 m/s) of
the plasma in the near-axis zone of the jet. As a result,
the temperature of the wire in the 11 < z < 11.9 mm
region may exceed the boiling temperature of its ma-
terial (3133 K). In this case the wire material inten-
sively evaporates, and the wire cools down (see Fi-
gure 3, curve 4). In turn, this leads to a drop of the
total heat flow through the side surface of the wire
(Figure 3, curve 1). A reversed situation takes place
in the wire regions located at a distance from the jet
axis, i.e. the wire temperature becomes insignificant,
as the wire is cooled by a cold gas flowing around it.

The heat balance of the wire surface region near
section z = Lw (see Figure 3) and directly in this section
(Figure 4) should be considered separately. It can be
seen from Figure 3 that in this region (11.7 < z <
< 12 mm) the role of evaporation cooling substan-
tially decreases and, hence, the resultant flow to the
wire grows. Because of the direct dependence of values
of the heat losses related to evaporation of the wire
material on the temperature, this situation is caused
by a dramatic decrease in temperature of the wire
surface in the given region (Figures 5—8), this being
associated with intensive removal of heat through sec-
tion z = Lw. Moreover, the heat losses increase here
with increase in temperature (see Figure 4). At low
values of the temperature in the given section the heat
losses are caused mainly by detachment of the molten
material of the wire by the transverse plasma flow.
At higher temperatures the key role in the heat balance
of the section considered is played by evaporation
cooling.

The effect of another heat source, i.e. the energy
released due to the electric current flowing though
the wire, is of low significance. In particular, contri-
bution of the Joule heating near the molten tip of the
wire is less than 1 % of the total action of all the
sources (13) heating the wire. Therefore, heating and
melting of the wire in plasma arc spraying are provided

Figure 2. Distribution of velocity (a) and temperature (b) of plasma along the spraying anode wire (molten tip of the wire is located
on the plasma jet axis): 1 – I = 160; 2, 4 – 200; 3 – 240 A, argon flow rate of 1 m3/h; 4 – argon flow rate of 1.5 m3/h

Figure 3. Distribution of components of heat flow along the length
of the wire towards its surface (I = 200 A; argon flow rate of
1 m3/h; 2Rw = 1.4 mm; vw = 9 m/s, molten tip of the wire is
located on the plasma jet axis): 1 – total heat flow; 2 – Qc; 3 –
Qr; 4 – Qv

Figure 4. Total heat flow (1) introduced through section z = Lw

and its components (2 – Qa; 3 – Qt; 4 – Qv) depending on the
melt temperature in the given section
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primarily by the effect of the high-temperature high-
velocity plasma jet.

Figures 5—8 show temperature fields in the wire
resulting from variations of technological parameters
of the spraying process. The effect of the wire diameter
on the limiting-state temperature field is shown in
Figure 5. As follows from the calculated data shown
in this Figure, in case of heating of the large-diameter
wire the length of the region heated above a specified
temperature decreases. The same situation takes place
also with increase in the wire feed speed. Decrease in
the length of the high-temperature region near the
molten tip of the wire (Figure 6) in this case results
from the fact that the speed of the wire fed to the arc
is in excess of the rate of distribution of heat in the
wire due to the heat conduction mechanism. In addi-
tion, the heat losses due to the molten metal drops
grow with increase of the wire feed speed. As a result,
at a wire feed speed of 15 m/min the size of the
molten region is 0.8 mm, and at a wire feed speed of
5 m/min it amounts to 1.35 mm.

The above results were obtained at an assumption
that the molten tip of the wire is located on the plasma
jet axis (Lw = Lp). Consider now how displacement
of the wire tip with respect to the plasma jet axis
affects the thermal state of the wire. As follows from

Figure 7, position of the molten tip of the wire has a
considerable effect on the size of the heating and melt-
ing regions. For instance, if the wire is fed ahead of
the plasma jet axis, the area of the side surface affected
by the jet core grows. Given that heating of the wire
is provided primarily due to the effect of the convec-
tive-conductive and radiation heat exchanges, the
amount of heat accumulated in the wire increases. As
a result, e.g. at Lw — Lp = 0.5 mm (see Figure 7,
curve 3), the length of the molten region is 1.55 mm.
In a case where the molten tip of the wire does not
reach the jet axis, thus being on the periphery of the
plasma flow, the share of the convective-conductive
and radiation heating of the wire substantially de-
creases. E.g. at Lw — Lp = —0.5 mm the length of the
molten region is 0.55 mm (Figure 7, curve 1). The
results obtained are indicative of the fact that the
plasma arc spraying process considered is characterised
by the self-regulating possibilities. That is, the certain
position of the molten tip of the wire relative to the
plasma torch axis and length of the melt held on its
tip set in with the spraying process parameters main-
tained at a steady-state level. Probable fluctuations
of the process parameters during spraying lead to a

Figure 5. Distribution of temperature along the length of the wire
depending on its diameter: 1 – 1.2; 2 – 1.4; 3 – 1.6 mm

Figure 7. Distribution of temperature along the length of the wire
depending on displacement of its molten tip relative to the plasma
jet axis: 1 – Lw — Lp = —0.5; 2 – 0; 3 – 0.5; 4 – 1 mm

Figure 6. Distribution of temperature in the wire at different wire
feed speeds: 1 – 5; 2 – 9; 3 – 12; 4 – 15 m/min

Figure 8. Distribution of temperature along the length of the wire
at different operating parameters of the plasma torch: 1 – I = 160;
2, 4 – 200; 3 – 240 A, argon flow rate of 1 m3/h; 4 – argon
flow rate of 1.5 m3/h
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corresponding change in the above characteristics.
However, in this case the amount of the heat input
will be either insufficient for heating and melting of
the wire and, as a result, it will come to its optimal
position, or, if the wire goes ahead of the jet axis, the
intensity of heating will be substantially increased
and size of the molten metal region will grow as long
as it can stay on the wire tip. Detachment of the melt
by the plasma jet decreases the length of the wire. As
a result, its tip will also come to the optimal position
with respect to the jet axis.

Finally, Figure 8 shows the effect of operating
parameters of the plasma torch on heating and melting
of the spraying wire. At high values of the arc current
the plasma velocity and temperature are higher.
Hence, the role of the convective-conductive and ra-
diation heat exchanges in the energy balance of the
wire and length of its molten tip grow. Increase of
the gas flow rate leads, first of all, to increase in the
plasma velocity. In this case, the length of the molten
region decreases to some extent.

CONCLUSIONS

1. The developed mathematical model can be applied
to predict the temperature field and volume of molten
metal of the live wire in plasma arc spraying.

2. As established by mathematical modelling, heat-
ing and melting of the anode wire in plasma arc spray-
ing are caused primarily by the effect of the high-tem-
perature plasma flow around the wire.

3. The model suggested allowed deriving depend-
encies of spatial distribution of temperature and vol-
ume of molten metal of the wire on such spraying

process parameters as the arc current, plasma gas flow
rate and wire feed speed.

4. To construct the complete self-consistent model
of the plasma arc spraying process it is necessary to
develop a model of flow of the melt at the wire tip
and formation of drops of the electrode metal, which,
together with the plasma flow and wire heating mod-
els, would allow predicting the size, initial tempera-
ture and speed of introduction of fine particles formed
as a result of melting of the wire to the plasma jet.
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