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The dynamic mathematical model is suggested, describing the jet flow of a molten wire material and
formation of droplets, i.e. spraying particles, under conditions of plasma-arc wire spraying. Numerical
analysis of the processes of formation and detachment of droplets was carried out, and the effect of
spraying parameters on the above processes was investigated. It was shown that the size and interval of
detachment of the droplets strongly depend on the diameter and feed speed of the anode wire being
sprayed, as well as on the plasmatron operation mode.
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1. Introduction

Formation of a two-phase flow is a key problem in thermal
spraying of coatings, as characteristics of this flow determine
both values of productivity and stability of the spraying pro-
cess and quality of the resulting coatings (Ref 1). Successful
solution of this problem depends in many respects on the
conditions of introduction of a spraying material into the gas
or plasma flow. Whereas traditionally much consideration is
given to the introduction of powder materials (Ref 1, 2), the
processes of spraying of wire materials remain little studied, in
a number of cases, e.g., in electric-arc metalizing (wire-arc
spraying) (Ref 3), this leading to certain difficulties in for-
mation of a concentrated flow of particles. At the same time,
new promising methods are being developed now for thermal
spraying using wire materials (Ref 4-7). An example of such a
method is plasma-arc spraying of coatings (Ref 7), where the
current-conducting anode wire continuously fed to the plas-
ma arc behind the plasmatron nozzle section is sprayed, as
shown in Fig. 1. Therefore, it is of high scientific and practical
interest to comprehensively investigate the physical processes
occurring in dispersion of the molten wire materials.

Dispersion of the anode wire in spraying is a complex
intricate process, which includes heating and melting of the
wire, formation of a liquid film at its tip, entrainment of the
molten material by the plasma flow leading to formation of
a jet flow, and its decomposition into droplets, i.e.,

dispersed particles of the spraying materials. Up to now the
majority of the efforts dedicated to theoretical studies and
mathematical modelling of interaction of the electric arc,
gas flow, and anode wire leading to formation of droplets
have made in the field of the arc-welding process. For
example, the mathematical models describing the processes
of formation and transfer of the electrode metal droplets in
metal-arc welding are available (Ref 8-11). However,
results obtained in the aforementioned studies are not
applicable to the process of plasma-arc spraying, as it dif-
fers by the position of sprayed wire relative to the arc which
formed angle from 70 to 90o, as well as more high values of
temperature (up to 30,000 K) and velocity (up to 4000 m/s)
of plasma flow (Ref 12). As to the theoretical investigation
of the processes of wire thermal spraying, it is worthy to
note here studies on mathematical modelling of plasma-arc
(Ref 12-15) and wire-arc (Ref 16-18) spraying. Mathemat-
ical models of the plasma flow generated by the arc plas-
matron with an external anode wire (Ref 12, 13), as well as
of the processes of heating and melting of the anode wire,
and formation of a liquid film at its tip (Ref 14, 15) have
been developed. Papers (Ref 16-18) are devoted to the
modelling of the formation of the gas flow, as well as
thermal and dynamic interaction of the gas flow sprayed
liquid particles during wire-arc spraying. However, there
are lack of detailed understanding of the mechanisms
controlling the primary atomization of liquid metal from
the wire tips. Therefore, usually researchers are used the
experimental droplet-size distributions (Ref 17, 18), or the
simplified relation (Ref 16), allowing to estimate the size of
detaching droplets according to parameters of spray oper-
ation mode, and polarity of the electrode wire (cathode or
anode). There are only few studies dedicated to investiga-
tion of the effect of the forces acting on the spraying
material (Ref 3, 19) during wire-arc spraying. At the same
time, processes of formation of droplets under conditions of
wire and rod spraying are little studied as yet. Therefore,
this study will present the mathematical model and detailed
numerical investigations of the processes of formation and
detachment of droplets of the molten wire material under
conditions of plasma-arc spraying.
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2. Mathematical Model

To develop the mathematical model of the process of
dispersion of the spraying wire, we will use the diagram
shown in Fig. 2. The solid metal wire of a circular section
with radius Rw is fed to the constricted (plasma) arc at
speed vw normal to the plasma flow symmetry axis. The
plasma arc is fixed to the tip of the wire serving as anode.
The wire is heated and melted (Ref 14) under the effect of
the anode spot of the arc and high-temperature plasma
flow around the wire, and the molten metal layer with
characteristic thickness Lb, which can be determined by
the procedure described in (Ref 15), is formed at the wire
tip. Assume that the melting front is flat and located
parallel to the plasma flow symmetry axis (see Fig. 2), and
the wire melting rate is equal to its feed speed. In this case
the molten material of the wire is entrained by the plasma
flow to form a jet of the molten metal, the axis of which is
located at distance Lp from the plasma flow axis, which

can be determined by the procedure in (Ref 15). Assume
also that the main force affecting the melt on the side of
the plasma flow is a viscous friction force. Considering that
flowing of the melt jet occurs in a wake plasma flow, the
viscous forces near the molten metal-arc plasma interface
will accelerate the melt in a plasma motion direction.
While further flowing, this jet will split into droplets, i.e.,
dispersed particles of the spraying material.

To describe flowing and splitting of the jet of the
molten wire metal, we will assume that the hydrodynamic
system under consideration is axisymmetric and jet flow of
a molten metal is laminar. In this case we can show that
flowing of the molten metal jet can be described to a high
degree of accuracy by the system of one-dimensional
Navier-Stokes equations for a thin jet (Ref 20, 21), which
is written down allowing for the viscous friction force
affecting the melt on the side of the plasma flow:

@v

@t
þ v

@v

@z
¼ � 1

qw

@p

@z
þ 3tw

1

h2

@

@z
h2 @v

@z

� �

� 2 sp vð Þ
h qw

; �Ld<z<0;

ðEq 1Þ

@F

@t
þ @ðvFÞ

@z
¼ 0; ðEq 2Þ

where v ¼ vðz; tÞ is the axial component of the flow rate of
the melt; p is the pressure in the melt; h ¼ hðz; tÞ is the
radius of the cross section of the jet; Fðz; tÞ ¼ ph2ðz; tÞ is
its cross-section area; sp vð Þ is the friction stress on the
streamlined surface; qw and tw are the density and kine-
matic viscosity of the molten wire metal; and Ld is the full
length of the jet.

Fig. 2 Schematic of formation of the molten wire metal jet in
plasma-arc spraying: 1 non-melted wire, 2 melting front, 3 melt, 4
melt-plasma flow interface, 5 plasma flow region, 6 symmetry axis
of plasma flow generated by plasmatron

(a)

(b)

Fig. 1 Appearance of the plasmatron (a) and flow diagram of
the process (b) of plasma-arc wire spraying using external anode
wire
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The value of pressure in the jet is determined by the
following expression:

p ¼ 2rK þ pext; ðEq 3Þ

where r is the surface tension coefficient; K ¼
0:5 ðK1 þK2Þ is the mean, and K1; K2 are main curvatures
of the jet surface; and pext is the pressure in the external
environment. In turn, the curvatures of the surface can be
expressed in terms of such parameters as length of the arc
of generatrix s of the jet surface counted out from point
z ¼ �Ld, angle h formed by the tangent to this surface and
r-axis (see Fig. 2), and jet radius h:

K1 ¼ dh=ds; K2 ¼ h�1 sin h: ðEq 4Þ
The values of s and h are related to each other by the
following equations:

dz

ds
¼ sinh;

dh

ds
¼ cosh: ðEq 5Þ

For justification of applicability of model of the thin jet
used for the description of the jet flow of a molten wire
material, instead of full system of the hydrodynamic
equations, comparison of experimental profiles of a water
drop at the stage of its formation before detachment at the
slow expiration from a tube with a diameter of 5.2 mm
(Ref 22) with results of calculations on the specified model
were carried out (Fig. 3). Thus, instead of volume force
Fz ¼ �2 � sp vð Þ

�
h in Eq. 1 gravity force Fz ¼ �qg was

used. As can be seen from Fig. 3, results of calculations
agree with the experimental observations.

To close the system of Eqs (1) and (2) it is necessary to
set an expression for viscous stresses in the plasma on the
streamlined surface of the molten metal jet sp zð Þ. For this
we use the results of (Ref 15). Thus, considering that the
boundary layer in the plasma flow along the surface of
liquid metal is turbulent (Ref 12), distribution of the
velocity of the plasma near the medium interface can be
described using a logarithmic near-wall function (Ref 15,
23)

vþ ¼ 1

Kar
ln Eyþð Þ: ðEq 6Þ

Here, vþ ¼ �vp

�
v� is the dimensionless tangential (relative

to melt surface) velocity of plasma; �vp rð Þ ¼ vp rð Þ � v is the
velocity of plasma flow relative to the melt flow velocity;
v� is the dynamic velocity determined as

v� ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
sp

�
qp

q
; ðEq 7Þ

where sp ¼ gp
@ vp

@ r

� �
, gp is the coefficient of dynamic vis-

cosity of plasma; qp is the plasma density; Kar � 0.41 is
Karman constant; E is the constant determining the
degree of wall roughness [for smooth wall E = 8.8 (Ref
15)]; yþ is the dimensionless distance from the interface
h zð Þ, determined as yþ ¼ qp r�hð Þ

gp
v�. Assume that the tran-

sition from the melt flowing velocity (‘‘sticking’’ condi-
tion) to the velocity of the undisturbed plasma flow, which

Fig. 3 Comparison of the calculated and experimental profiles of a water drop
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can be determined, for instance, by model (Ref 12), occurs
in region 0 � yþ<400 (Ref 23). Then, based on expression
(6) tangential stress in the plasma can be presented as
follows:

sp zð Þ ¼ �v2
ext zð Þ

1
Kar
� ln Eyþð Þ

� �2
� qp ¼

�v2
ext zð Þ � qp

396:71
; ðEq 8Þ

where �vext vð Þ ¼ vext � v is the flow velocity of undisturbed
plasma stream near the metal/plasma boundary surface of
thin metal jet, relative to the melt velocity v.

Equations (1) and (2) should be supplemented with
initial and boundary conditions. In particular, at the initial
section (z ¼ 0) it is necessary to set the jet radius and rate
of arrival of the molten wire metal. Here, we will allow for
the assumption made in (Ref 15) that the liquid film held
at the wire tip takes the shape of a spherical segment with
thickness Lb (see Fig. 2) under the effect of the ambient
plasma flow. We will assume that the liquid film carried
away from the wire tip is transformed near the edge of the
melted wire tip into the axisymmetric jet of a circular
section. Then the area of the jet in initial section F(0, t)
and, hence, h0 ¼ h 0; tð Þ can be determined from the
equivalent value of the cross-section area of the spherical
segment held at the wire tip:

h0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

p

ZLb

0

Zy zbð Þ

0

dydzb

vuuut ; ðEq 9Þ

where y zbð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

w � 2 R2
w � L2

b

� 	�
2Lbð Þ

� 	
zb � z2

b

q
is the

generatrix of the spherical segment boundary; and zb is
the symmetry axis of the spherical segment (on the melt-
ing boundary zb ¼ 0, i.e. at r ¼ �Lb=2). In turn, the mass
rate of melting of the anode wire being known

G1 ¼ qwvwSw; ðEq 10Þ

where Sw ¼ pR2
w is the cross-section area of the wire, the

rate of arrival of the molten metal to the jet can be
determined using the following expression:

v0 ¼ vð0; tÞ ¼ G1

�
ph2

0qw

� 	
: ðEq 11Þ

The model related to estimation of the thickness of the
molten metal film Lb, at the tip of sprayed anode-wire
described in detail in paper (Ref 15). For this we consider
the mass balance of molten wire material. Taking into
account the assumption (Ref 15) that the molten metal in
the upper part of the wire tip takes the shape of a segment
of a sphere, flow rate of liquid wire material passing
through circular segment in the line of plasma flow can be
determined as

G2 ¼ 2qw

ZLb

0

vliq zbð Þ
Zy zbð Þ

0

dydzb: ðEq 12Þ

Dependence vliq zbð Þ describes the distribution of melt flow
velocity in the liquid interlayer at the wire tip along the axis
zb. Considering the smallness of liquid interlayer thickness,

flowing of liquid metal in it can be considered to be prac-
tically laminar, and a linear dependence of tangential
component of velocity can be assumed here (Ref 15)

vliq zbð Þ ¼
zb

Lb
� vm; ðEq 13Þ

where vm is the melt flow velocity on the medium interface
(at zb ¼ Lb).

Considering that half of the molten wire material flow
through the half of the segment of a sphere under study,
we will come to the following relationship:

G1=2 ¼ G2: ðEq 14Þ
Substituting expressions (10) and (12) into (14), and con-
sidering assumption (13), we can obtain the dependence of
maximum melt flow velocity on its melt layer thickness on
the wire tip:

vm Lbð Þ ¼ Sw

4

vwLb

RLb

0

zb

Ry zbð Þ

0

dydzb

: ðEq 15Þ

Then, proceeding from the assumption that tangential
stresses in the plasma and melt on the medium interface
are equal:

gW

@vliq
@zb






Lb

¼ gp

@vp
@zb






Lb

; ðEq 16Þ

where gW is the dynamic viscosity of molten metal of the
wire, Eq 14 can be rewritten as follows:

vwSw

2
¼ 2

sp vm Lbð Þð Þ
gW

ZLb

0

zb

Zy zbð Þ

0

dydzb: ðEq 17Þ

The last equation can be used to determine the thickness
of a liquid interlayer on the wire tip.

The following boundary conditions are set for the lower
end of the jet:

vð�Ld; tÞ ¼ �
dLd

dt
; hð�Ld; tÞ ¼ 0; hð�Ld; tÞ ¼ 0:

ðEq 18Þ
The shape of a droplet being in hydrostatic equilibrium is
used as the initial conditions

hðz;0Þ¼ ~hðzÞ; vðz;0Þ¼ 0; hðz;0Þ¼ ~hðzÞ; z2 ð�L
ð0Þ
d ;0Þ;
ðEq 19Þ

where L
ð0Þ
d is the height of the droplet, the volume of

which was selected to be sufficiently small; ~h¼ ~hðzÞ and
~h¼ ~hðzÞ are calculated using the equilibrium model (Ref
24).

Detachment of the droplet at point z ¼ z� was fixed
when the following condition was met:

hðz�Þ � h�; ðEq 20Þ

where h� ! 0. In this case, the volume of the detaching
droplet can be determined by the following relationship:
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V� ¼ p
Zz�

�Ld

h2ðz; tÞdz ðEq 21Þ

and it is assumed that the following conditions are met:

h z�ð Þ ¼ 0; Ld ¼ z�: ðEq 22Þ

3. Numerical Method

The posed boundary problem was solved numerically
by the finite difference method. The numerical solution
procedure is described in detail in (Ref 21). Let discuss the
main approaches used at creation of algorithms of the
numerical solution of the equations of a thin jet (1-5, 9, 11,
18), and (19).

In the present problem the domain of integration over
the space of Eq 1 changes in time, therefore it is expedient
to pass to the dimensionless variables. Let �z ¼ z=Ld,
�f ¼ F

�
a2, �Ld ¼ Ld=a, �K ¼ aK ;�t ¼ t

ffiffiffiffiffiffiffiffi
g=a

p
, �v ¼ v

� ffiffiffiffiffi
ga
p

,
where a ¼ h0 is the jet base. Then, the equations of flow of
a thin jet under the influence of the cocurrent gas stream,
recorded relatively to the dimensionless variables take the
form

a

a

� �2D�v

D�t
¼ � 1

Ld

@2 �K

@�z
þ v

�L2
d
�f

@

@�z
�f
@�v

@�z

� �
� 2a � sp

r � �h
; �1<�z<0;

ðEq 23Þ

@ �Ld
�f

� 	
@�t

þ @

@�z
�f � �v� d�Ld

d�t
�f � �z

� �
¼ 0; ðEq 24Þ

1
�Ld

sinðhÞ
@

ffiffiffi
�f

p� �
@z

¼ cosðhÞ; ðEq 25Þ

�vð��Ld;�tÞ ¼ �
d�Ld

d�t
; �vð0;�tÞ ¼ � v0ffiffiffiffiffi

ga
p ;

�f ð�1;�tÞ ¼ 0; �f ð0;�tÞ ¼ 1; h �1;�tð Þ ¼ 0; ðEq 26Þ

�f ð�z; 0Þ ¼ �f0ð�zÞ; �vð�z; 0Þ ¼ 0; �z 2 ð��L
ð0Þ
d ; 0Þ; ðEq 27Þ

where 2 �K ¼ � 1
�Ld

@ cos hð Þð Þ
@�z þ sin hð Þffiffi

�f
p , D

D�t ¼ @
@�t þ �v @

@�z is the sub-
stantial derivative, v ¼ 3mq

ffiffiffiffiffi
ga
p �

r , a ¼
ffiffiffiffiffiffiffiffiffiffiffi
r=qg

p
is the

capillary constant.
On the integration interval �1 � �z � 0 introduce an

uniform spatial mesh x�z ¼ f�z ¼ �1þ ði� 1ÞD�z;
i ¼ 1;N; ðN � 1ÞD�z ¼ 1g with step D�z, as the dimen-
sionless time step �s can be introduced. The substantial
derivative in (23) is approximated by a local Lagrang-
ian grid. Difference analogs of Eqs (23-27) can be
written as

� 1
�Ld

cosðhiþ1Þ � cosðhiÞ
D�z2

þ 1

2D�z

sinðhiþ1Þffiffiffiffiffiffiffiffi
�fiþ1

p � 3 �K0

 !

þ
�Ld

2

a

a

� �2�vi � ~vi

�s
þ 2a � si

r �
ffiffiffi
�fi

p ¼ 0; i ¼ 1 ðEq 28Þ

1

2D�z

sinðhiþ1Þffiffiffiffiffiffiffiffi
�fiþ1

p � sinðhi�1Þffiffiffiffiffiffiffiffi
�fi�1

p
 !

� 1
�LdD�z2

cos hiþ1ð Þ� 2cos hið Þð

þcos hi�1ð ÞÞþ �Ld
a

a

� �2

1þ �vi� ~vi

s

� �

�v
�viþ1� 2�viþ �vi�1

�LdD�z2
þ ctgðhiÞffiffiffi

�fi

p �viþ1� �vi�1ð Þ
D�z

 !

þ 2a � si

r �
ffiffiffi
�fi

p ¼ 0; i¼ 2;N� 1 ðEq 29Þ

D�z

�s
�Ld

�fiþ1þ �fi

2
� �Ld

�f iþ1þ �f i

2

 !
þ �fiþ1 �viþ1� �ziþ1

�Ld� �Ld

�s

 !

þ �fi �zi

�Ld� �Ld

�s
� �vi

 !
¼ 0; i¼ 1;N� 1 ðEq 30Þ

sinðhiþ1Þ þ sinðhiÞ
2

�fiþ1 � �fi

Dz

� �Ld

ffiffiffiffiffiffiffiffi
�fiþ1

q
cosðhiþ1Þ þ

ffiffiffi
�fi

q
cosðhiÞ

� �
¼ 0; i ¼ 1;N � 1

ðEq 31Þ

�v1 ¼ �
�Ld � �Ld

�s
; �vN ¼ �

veffiffiffiffiffi
ga
p ; �f1 ¼ 0; �fN ¼ 1; h1 ¼ 0;

ðEq 32Þ

�vi ¼ 0; �f i ¼ �f0 �zið Þ; i ¼ 1;N ðEq 33Þ
In Eqs (28-33) the following notation for grid functions
were introduced: gi ¼ gð�zi;�tkÞ; g ¼ �v;�f ; h; g

^

i ¼ gð�zi;�tk�1Þ;
g ¼ �v;�f ; si ¼ sp við Þ; ~vi ¼ vð~zi;�tk�1Þ. Here, ~zi is the local
Lagrangian mesh node at the time �t ¼ �tk�1. The solving
of the system of nonlinear Eqs (28-32), in which un-
knowns are �K0; �Ld; �f1; h1; �v1; . . . ; �fN ; hN ; �vN , was done by
Newton�s method.

4. Results and Discussions

Now, we will consider peculiarities of formation of
droplets of the molten wire metal based on the results of
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numerical modelling by using the described mathematical
model. Calculations were made for a steel wire, whose
thermal-physical characteristics were taken from study
(Ref 8), at the following spraying parameters: arc current
I = 160-240 A, plasma gas (Ar) flow rate G = 1.0-1.5 m3/h,
wire feed speed 6-15 m/min, and wire diameter 1.2-1.6 mm.
Characteristics of the plasma flow were calculated by the
procedure described in (Ref 12, 13). The values of thickness
and metal flow rate vm in the liquid film held at the tip of
the wire, its position relative to the plasma jet axis, and
corresponding initial characteristics of the melt jet for dif-
ferent spraying parameters are given in Table 1 (Ref 15).

It is of interest to analyse the very mechanism of for-
mation of droplets from a thin jet of the melt under con-
ditions of plasma-arc wire spraying. For example, Fig. 4

shows distributions of the rate of the molten metal flow in
the jet, as well as profiles of cross-section of the jet at dif-
ferent time moments in formation of the first droplet. As
follows from the presented calculation data, at the initial
stage of the flow the rate decreases from that of the molten
metal arriving to the jet to that at its end equal to the rate
of elongation of the jet (see curves 1 and 2 in Fig. 4a). As a
result, the metal coming to the jet is gradually transported
to its end, and a neck forms near the jet base (see curve 3 in
Fig. 4b). Moreover, decrease in radius of the jet within the
neck region leads to increase in Laplace pressure in the
liquid metal and intensification of viscous forces on the side
of the plasma flow. The metal from the neck region starts
actively flowing out into the forming droplet (see curves 3
and 4 in Fig. 4a) until the radius of the neck reaches a
critical value, at which the surface tension forces can no
longer hold the droplet at the jet end (see curve 4 in
Fig. 4b). It is in this way that detachment of the droplet, i.e.,
the dispersed spraying material particle, takes place.

The results of modelling dynamics of formation of
molten metal droplets for different wire feed speeds are
shown in Fig. 5. As follows from the calculation results
presented in this figure, characteristics of flowing of the jet
can differ substantially for different values of the feed
speed. For instance, each set of values of the spraying
process parameters has certain boundary values of the
wire feed speed, at which the volume consumption of the
molten metal arriving to the jet coincides with the rate of
growth of the droplet volume (see, e.g. Fig. 5, at vw =
9 m/min). In this case the forming droplets have approx-
imately identical sizes, and length of the jet varies but
insignificantly, thus reflecting the process of growth of the
volume and detachment of the droplet. At higher values of
the wire feed speed, the volume of the molten metal
arriving to the jet exceeds the rate of growth of the volume
of the droplet at the jet end, this resulting in a gradual
increase of its length (see Fig. 5, at vw = 12 and 15 m/min).
Disturbances caused by the effect of the surface tension
forces start accumulating on the jet surface. Propagation
of the disturbances leads to formation of many necks and
regions of expansion of the jet. As a rule, this is accom-
panied by breaking of the jet near the wire tip, as shown in
Fig. 6, i.e., the forming droplet has a rather big volume
and, upon getting into the plasma flow, it may split into

Table 1 Parameters of flow of the melt in liquid film at the wire tip and in the initial section of the jet at different
spraying parameters

No. I, A G (Ar), m3/h 2Rw, mm vw, m/min Lp, mm Lb, mm vm, m/s h0, mm v0, m/s

1 200 1.0 1.4 6 0.835 0.113 1.81 0.184 1.45
2 7 0.740 0.117 2.05 0.187 1.64
3 9 0.622 0.127 2.42 0.195 1.94
4 10 0.573 0.129 2.64 0.197 2.11
5 12 0.482 0.133 3.07 0.199 2.47
6 15 0.356 0.141 3.61 0.206 2.90
7 1.2 9 0.748 0.125 2.10 0.179 1.69
8 1.6 9 0.537 0.131 2.68 0.212 2.16
9 160 1.0 1.4 9 0.455 0.140 2.18 0.205 1.75

10 240 1.0 1.4 9 0.770 0.118 2.61 0.187 2.09
11 200 1.5 1.4 9 0.628 0.109 2.83 0.180 2.27

Fig. 4 Distributions of flow rate (a) and radius of the molten
wire metal jet (b) along the jet axis at different time moments of
formation of the first droplet: 1, 0; 2, 0.347; 3, 0.708; 4, 0.874 ms;
plasma arc current 200 A; Ar flow rate 1 m3/h; wire diameter
1.4 mm; wire feed speed 9 m/min
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(a) (b) (c)

Fig. 5 Dynamics of formation of the first (a), second (b), and third (c) droplets at different wire feed speeds (9, 12, and 15 m/min):
plasma arc current 200 A; Ar flow rate 1 m3/h; wire diameter 1.4 mm
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finer droplets due to the effect of the gas-dynamic forces.
Plots of time variations in the jet length related to
detachment of the droplets are shown in Fig. 7 for a
number of values of the wire feed speed.

While generalising the results of modelling of flowing
of the molten metal jet and formation of droplets, i.e.,
spraying particles, note that three, most characteristic
types of the melt flow can be distinguished in plasma-arc
wire spraying. The first one, as a rule, is typical of small-
diameter wires (1.2-1.4 mm) fed at relatively low speeds
(5-7 m/min), spraying material consumption of 0.7-1.3 g/s,
arc current of about 200 A, and plasma gas flow rate of
1 m3/h. In this case the molten wire tip is located at a
distance of 0.7-1.0 mm from the plasma jet axis (see
Table 1), i.e., outside the zone of the intensive gas-
dynamic and thermal effect on the side of the plasma flow.
Under such conditions the molten metal jet starts
extending in length (see curve 1 in Fig. 7), and actually the
jet-type metal transfer without atomization takes place.

The second type of flowing and splitting of the jet
occurs at a wire feed speed of 8-12 m/min and wire
diameter of 1.4-1.6 mm, this corresponding to a con-
sumption of 1.3-2.1 g/s and being characterised by a stable
process of formation of droplets, i.e., their stable sizes and
detachment intervals (see curve 2 in Fig. 7, 5 at vw = 9 m/
min). This type of wire spraying is most preferable in
terms of formation of droplets of an identical size and,
hence, homogeneous coatings.

Finally, the third type of the flow takes place at high
wire feed speeds (12-15 m/min), when the jet length varies
in a cyclic manner, i.e., formation of droplets occurs at a
regular alternation of the processes of growth of the length

of the jet and processes of its breaking (see Fig. 5 at
vw = 12 and 15 m/min, and curve 3 in Fig. 7). In the latter
case formation of satellite droplets accompanying
detachment of the course droplets and, as a rule, preced-
ing breaking of the jet is observed.

Consider now some statistical characteristics of the
processes of formation and detachment of droplets in
plasma-arc wire spraying. Figure 8 shows the calculated
distributions of the detaching droplets in size and initial
velocities for the above three types of flowing of the
molten wire metal. For example, Fig. 8a, corresponds to a
case of extension of the melt jet with its periodic breaking.
In this case the coarse droplets, 750 lm or more in
diameter, are formed, their initial velocity being 0.7-0.8 m/s.
At a wire feed speed of 9 m/min (see Fig. 8b) practically
similar droplets with an average diameter of 670 lm
detach from the wire tip at a velocity of about 1.31 m/s. At
the higher wire feed speeds (see Fig. 8c) the forming
droplets may be substantially different in size and initial
velocity. Droplets with a diameter of 600-800 lm form in
breaking of the extending melt jet held at the wire tip.
Breaking of the main jet (see Fig. 7) is often accompanied
by subsequent detachment of finer satellite droplets with a
diameter of 400-500 lm or less.

The averaged characteristics of the process of forma-
tion of droplets, i.e., spraying particles, in plasma-arc
spraying are shown in Fig. 9. As seen from the calculation
data presented in this figure, spraying of the steel wire
results in formation of mostly the droplets that correspond
in volume to the spherical droplets 600-750 lm in diam-
eter at a breaking interval of 0.4-0.8 ms. The highest effect
on parameters of the forming droplets in plasma-arc wire
spraying is exerted by the amount of the material melted
and arriving into the jet per time unit, i.e., diameter of the
spraying wire and its feed speed, as well as operation
mode of the plasmatron. For example, the temperature
and rate of the plasma flow grow with increase in the arc
current and plasma gas flow rate. This leads to increase in
the intensity of the viscous friction forces on the plasma
side acting on the melt that forms at the wire tip. Size of
the liquid film held at the tip and, hence, thickness of the
jet and diameter of the forming droplets decrease. The

Fig. 6 Profile of the molten metal jet at a moment of its
breaking near the wire tip: arc current 200 A; Ar flow rate 1 m3/
h; wire diameter 1.4 mm; wire feed speed 12 m/min; t = 3.86 ms

Fig. 7 Variations in length of the molten metal jet with time: 1
wire feed speed 6; 2, 9; 3, 12 m/min; arc current 200 A; Ar flow
rate 1 m3/h; wire diameter 1.4 mm
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interval of detachment of the droplets depends most sig-
nificantly on the wire feed speed, increase in the values of
which leads to intensification of the processes occurring in
the molten metal jet.

5. Comparisons with Experimental Data

An important stage in the development of the mathe-
matical model is comparison of obtained calculated results
with the experimental data. Note that carrying out the
experimental work on the study of the formation of drop-
lets in plasma-arc spraying is complicated by the rapidity of
taking place processes, as well as a high level of radiation of
arc plasma in studied area, and other factors. In this regard,
it is possible to note only a relatively small number of
papers devoted to the experimental studies of spraying of
wires during related process of wire-arc spraying. For

example, in (Ref 25-28) investigations of the process of
wire-arc spraying by high-speed imaging of the formation
and transport of droplets from the tip of the electrodes
were conducted. It is shown that during wire-arc spraying
the size of droplets detached from the cathode wire is much
smaller than the size of droplets detached from the anode
wire. In the case of the anode (Ref 25, 26), the diffuse arc
attachment heats a large part of the wire surface, creating a
small layer of molten metal on the wire. When the molten
metal on the wire electrode is stretched in the direction
parallel to the jet axis the forces acting on the liquid sheet
in opposing directions lead to its breakup. Disturbance on
the liquid metal/gas surface of anode sheet which is
enhanced by aerodynamic forces leading to the breakup of
the thin metal sheet (primary atomization) and formation
of ligaments (larger liquid drops), which may break up in
gas stream into smaller drops (secondary atomization)
(Ref 25). This scheme of wire atomization qualitatively
corresponds to the calculated results received for the

(a)

(b)

(c)

Fig. 8 Distribution of forming droplets in size and initial velocity depending on the wire feed speed: (a), 7; (b), 9; (c), 12 m/min; arc
current 200 A; Ar flow rate 1 m3/h; wire diameter 1.4 mm
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plasma-arc spraying. In (Ref 25) in addition to a qualitative
description of the formation of droplets, effects of opera-
tion parameters on length of anode and cathode sheets, as
well as on anode and cathode breakup time were experi-
mentally investigated. It is established that length of an
anode sheet is 3.2-4.7 mm, with the breakup time 0.63-
2.8 ms, and length of a cathode sheet is 1.3-3.7 mm with the
breakup time 0.48-0.9 ms. Unfortunately, obtained in (Ref
25) experimental data cannot be used to estimate the vol-
ume or medium-volume diameter of the produced drops
after its breaks away from wire tips. Results of calculations
(see Fig. 6, 7) show that during plasma-arc spraying the
melt jet is pulled at the length of 0.4 - 3 mm. These results is
close to obtained in (Ref 25) experimental data, however
incorrectly to carry out their direct comparison, in view of
various conditions of spraying processes.

Another approach to the experimental investigation of
the formation of droplets during wire-arc spraying used in
(Ref 3) and consisted of measurement of arc voltage trace
behavior by oscillograph. This allowed to detect the
moments of droplets breakup, and, assuming a constant
speed of wire fed to the arc, to estimate the sizes of
formed droplets. Thus, according to study (Ref 3), during
wire-arc spraying the droplets corresponding in mass to
the 500-800-lm diameter ones detach from the steel
electrode tips at a detachment interval of 0.5-0.8 ms. The
values are in good agreement with the calculated results
shown in Fig. 9. Let�s note, also, that in contrast to the
wire-arc spraying oscillography for plasma-arc spraying
does not allow to interpret received results unambigu-
ously. This is due to the fact that during plasma-arc
spraying is only one wire atomizing and changes of the
thickness of the melt at the wire tip does not significantly
affected on the length of the plasma arc. So by the signals
latched by oscilloscope it is difficult to separate the

moments the droplets breakup from the failure of random
fluctuations in the arc voltage.

6. Conclusions

1. The mathematical model was developed, describing
hydrodynamic processes occurring in flowing of the jet
and formation of liquid metal droplets in a wake high-
velocity plasma flow. Using it in combination with the
earlier developed models of the plasma jet and ther-
mal state of the wire allows stating the development of
the complete mathematical model of the physical
processes occurring in spraying of the anode wire
under conditions of plasma-arc wire spraying. This
provides the possibility of conducting a detailed
quantitative analysis of the processes of heating and
melting of the wire, as well as formation and detach-
ment of the molten metal droplets depending on the
spraying process parameters.

2. As shown by the conducted numerical analysis, plas-
ma-arc spraying of steel wire results in formation of
droplets with a diameter of 600-750 lm and detach-
ment interval of 0.4-0.8 ms. Parameters of the process
of formation of the droplets can be adjusted by vary-
ing the spraying material consumption (wire feed
speed and diameter) and operation mode of the
plasmatron.

3. Three types of flowing and splitting of the molten wire
metal jet may occur in plasma-arc spraying: jet flow of
metal (at wire feed speeds of 5-7 m/min and arc cur-
rent of about 200 A); formation of droplets of almost
identical sizes (at wire feed speeds of 8-12 m/min),
and, finally, formation of droplets substantially dif-
fering in size (at wire feed speeds of 12-15 m/min).

4. To predict thermal and dynamic characteristics of the
particles flying to the workpiece surface, it is necessary
to analyse the processes of heating, acceleration,
deformation, and splitting of the molten metal drop-
lets in a turbulent plasma flow.

References

1. L. Pawlowski, Science and Engineering of Thermal Spray Coat-
ings, 2nd ed., Wiley, Chichester, 2008, 656 p

2. R.B. Heimann, Plasma Spray Coating: Principles and Applica-
tions, 2nd ed., Wiley-VCH, Weinheim, 2008, p 427

3. Yu.S. Korobov, Estimation of Forces Affecting the Spray Metal
in Electric Arc Metallising, Paton Weld. J., 2004, 7, p 21-25

4. K. Bobzina, F. Ernsta, K. Richardta, T. Schlaefera, C. Verpoortb,
and G. Flores, Thermal Spraying of Cylinder Bores with the
Plasma Transferred Wire Arc process, Surf. Coat. Technol., 2008,
202(18), p 4438-4443

5. J. Wilden, J. P. Bergmann, S. Jahn, S. Reich, S. Knapp, F. van
Rodijnen, G. Fischer, A New Method for the Production of
Particle Reinforced Coatings, Thermal Spray 2007: Global
Coating Solutions, B.R. Marple, M.M. Hyland, Y.-C. Lau, C.-J.
Li, R.S. Lima and G. Montavon, Eds, 14-16 May, 2007 (Beijing,
People�s Republic of China), ASM International, 2007, p 359-364

6. B. Wielage; C. Rupprecht; G. Paczkowski; R. Menzen; G.
Weissenfels; H.-U. Bernhardt; M. Runkel, A New Way in HVOF

Fig. 9 Effect of the wire feed speed on the average diameter (a)
and interval of detachment (b) of forming droplets: 1, wire
diameter 1.4; 2, 1.2; 3, 1.6 mm; arc current 200 A; 4, wire diam-
eter 1.4 mm; arc current 240 A

Journal of Thermal Spray Technology Volume 23(3) February 2014—429

P
e
e
r

R
e
v
ie

w
e
d



Technology: CFD Optimized TOPGUN AIRJET for Powder
and Wire, Thermal Spray 2008: Crossing Borders, E. Lugscheider,
Ed., 2-4 June, 2008 (Maastricht, The Netherlands), ASM Inter-
national, 2007, p 135-140

7. V.N. Korzhyk, M.Yu. Kharlamov, S.V. Petrov, I.V. Krivtsun, A.I.
Demyanov, Yu.V. Ryabovolok and V.E. Shevchenko, Tex-
yokoubz b o,opylodaybe lkz gkapveyyo-lyuodouo yagskeybz lkz
doccnayodkeybz ondencndeyysx lenakeq ;ekepyolopo;youo
npaycgopna (Technology and Equipment for Plasma-Arc Spray-
ing of Responsible Details of Railway Transport), Visnik of the
V. Dahl East Ukrainian National University, 2011, No. 14, p 76-
82. [in Russian]. http://archive.nbuv.gov.ua/portal/Soc_Gum/
VSUNU/2011_14/Korchik.pdf

8. J. Hu and H.L. Tsai, Heat and Mass Transfer in Gas Metal Arc
Welding. Part I: The Arc, Int. J. Heat Mass Transf., 2007, 50(5-6),
p 833-846

9. H.G. Fan and R. Kovacevic, A Unified Model of Transport
Phenomena in Gas Metal Arc Welding Including Electrode, Arc
Plasma and Molten Pool, J. Phys. D: Appl. Phys., 2004, 37,
p 2531-2544

10. J. Haidar and J.J. Lowke, Predictions of Metal Droplet Forma-
tion in Arc Welding, J. Appl. Phys., 1996, 29, p 2951-2960

11. V. Nemchinsky, Size and Shape of the Liquid Droplet at the
Molten Tip of an Arc Electrode, J. Phys. D., 1994, 27, p 1433-
1442

12. M.Yu. Kharlamov, I.V. Krivtsun, V.N. Korzhyk, S.V. Petrov, and
A.I. Demianov, Mathematical Model of Arc Plasma Generated
by Plasmatron with Anode Wire, Paton Weld. J., 2007, 12, p 9-14

13. M.Yu. Kharlamov, I.V. Krivtsun, V.N. Korzhyk, S.V. Petrov, and
A.I. Demianov, Effect of the Type of Concurrent Gas Flow on
Characteristics of the Arc Plasma Generated by Plasmatron with
Anode Wire, Paton Weld. J., 2008, 6, p 14-18

14. M.Yu. Kharlamov, I.V. Krivtsun, V.N. Korzhyk, and S.V. Petrov,
Heating and Melting of Anode Wire in Plasma Arc Spraying,
Paton Weld. J., 2011, 5, p 2-7

15. M.Yu. Kharlamov, I.V. Krivtsun, V.N. Korzhyk, and S.V. Petrov,
Formation of Liquid Metal Film at the Tip of Wire-anode in
Plasma-Arc Spraying, Paton Weld. J., 2011, 12, p 2-6

16. M. Kelkar and J. Heberlein, Wire-Arc Spray Modeling, Plasma
Chem. Plasma Process., 2002, 22(1), p 1-25

17. R. Bolot, M.-P. Planche, H. Liao, and C. Coddet, A Three-Dimen-
sional Model of the Wire-Arc Spray Process and Its Experimental
Validation, J. Mater. Process. Technol., 2008, 200, p 94-105

18. Y. Chon, X. Liang, S. Wei, X. Chen, and B. Xu, Numerical
simulation of the Twin-Wire Arc Spraying Process: Modeling the
High Velocity Gas Flow Field Distribution and Droplets Trans-
port, J. Therm. Spray Technol., 2012, 21(2), p 263-274

19. V.A. Ageev, V.E. Belashchenko, I.E. Feldman, and A.V.
Chernoivanov, Ayakbp venolod ygpadkeybz gapavenpavb yagsk-
zevsx xacnbw gpb lyuodoq venakkbpawbb (Analysis of the Meth-
ods for Controlling Parameters of the Spraying Particles in Arc
Metallising), Svarochnoye Proizvodstvo, 1989, 12, p 30-32 ([in
Russian])

20. J. Eggers and T.F. Dupont, Drop Formation in a One-dimen-
sional Approximation of the Navier-Stokes Equation, J. Fluid
Mech., 1994, 262, p 205-221

21. A.P. Semenov, M.Y. Kharlamov, Molekbpodaybe gpoweccod
aopvbpodaybz ragkb, nexeybz b pacgala cnpyb ;blrocnb (Mod-
elling of the Processes of Formation of Droplets, Flow and
Splitting of the Liquid Jet), Visnik of the V. Dahl East Ukrainian
National University, 2011, No. 3, p 193-206. [in Russian]. http://
www.nbuv.gov.ua/portal/soc_gum/vsunu/2011_3/Semenov.pdf

22. D.H. Peregrine, G. Shoker, and A. Symon, The Bifurcation of
Liquid Bridges, J. Fluid Mech., 1990, 212, p 25-39

23. Wilcox D.C. Turbulence Modeling for CFD. DCW Industries
Inc., La Canada, CA, 1994, 460 p

24. H. Wente, The Stability of the Axially Symmetric Pendent Drop,
Pac. J. Math., 1980, 88(2), p 421-470

25. N.A. Hussary and J.V.R. Heberlein, Effect of System Parameters
on Metal Breakup and Particle Formation in the Wire Arc Spray
Process, J. Therm. Spray Technol., 2007, 16(1), p 140-152

26. N.A. Hussary and J.V.R. Heberlein, Atomization and Particle-
Jet Interactions in the Wire-Arc Spraying Process, J. Therm.
Spray Technol., 2001, 10(4), p 604-610

27. A. Pourmousa, J. Mostaghimi, A. Abedini, and S. Chandra,
Particle Size Distribution in a Wire-Arc Spraying System, J.
Therm. Spray Technol., 2005, 14(4), p 502-510

28. I. Gedzevicius and A.V. Valiulis, Analysis of Wire Arc Spraying
Process Variables on Coatings Properties, J. Mater. Process.
Technol., 2006, 175, p 206-211

430—Volume 23(3) February 2014 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d

http://archive.nbuv.gov.ua/portal/Soc_Gum/VSUNU/2011_14/Korchik.pdf
http://archive.nbuv.gov.ua/portal/Soc_Gum/VSUNU/2011_14/Korchik.pdf
http://www.nbuv.gov.ua/portal/soc_gum/vsunu/2011_3/Semenov.pdf
http://www.nbuv.gov.ua/portal/soc_gum/vsunu/2011_3/Semenov.pdf

	Dynamic Model of the Wire Dispersion Process in Plasma-Arc Spraying
	Abstract
	Introduction
	Mathematical Model
	Numerical Method
	Results and Discussions
	Comparisons with Experimental Data
	References


