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Processes of welding wire heating and melting, electrode metal drop formation and transfer in consumable
electrode welding largely determine welding efficiency and quality. In its turn, the nature of metal melting
and transfer with this welding process is determined by a large number of such physical phenomena as heat
and mass transfer, gas(hydro)dynamics, electromagnetic processes, running in arc plasma, on the surface
and in the volume of molten electrode metal-drop. This paper gives a review of currently available methods
of theoretical investigation and mathematical modelling of the above processes, allowing prediction of such
characteristics of electrode metal transfer as drop volume and shape, their thermal and gas-dynamic state,
detachment frequency, etc. Advantages and disadvantages of the considered models are analyzed and main
directions of their further development are outlined. 37 Ref., 11 Figures.
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Interest to the problem of metal transfer in con-
sumable electrode welding is due to a number of
causes. It is known that formation of electrode
metal drop can be accompanied by its overheat-
ing, leading to considerable loss of alloying ele-
ments contained in welding wire, bulk boiling
and spattering of drop metal, closing of arc gap,
etc. In addition, metal transfer mode essentially
influences the processes running in the weld pool
that, in its turn, determines weld formation. En-
suring directed metal transfer in welding in dif-
ferent positions is also important. Therefore, this
work sets forth the known theoretical approaches
and describes the available mathematical models,
allowing prediction of the main characteristics
of metal transfer at different technological pa-
rameters of consumable electrode welding.

Methods of mathematical modelling of drop
formation and electrode metal transfer in con-
sumable electrode welding can be conditionally
divided into two main groups (Figure 1). The
first includes approaches, which enable predic-
tion of just the individual characteristics of metal
transfer process, such as drop size and detachment
frequency. The main disadvantage of these mod-
els consists in that they do not allow determina-
tion of drop shape, or describing the phenomena
of charge and energy transfer in molten electrode
metal, which accompany the considered techno-

logical process. The first group includes such pro-
cedures as static force balance theory (SFBT)
[1—3], pinch instability theory (PIT) [4—6], as
well as dynamic force balance theory (DFBT)
[7, 8]. The second group includes the model of
drop formation in terms of hydrostatic approxi-
mation [9—11], as well as models based on equa-
tions of motion of viscous incompressible liquid.
In its turn, in the subgroup of dynamic models
thin jet approximation can be singled out [12—
14], as well as models based on total system of
Navier—Stokes equations [15—20]. Let us consider
the most widely accepted of the above methods.

SFBT. This method is based on analysis of the
magnitude of resultant of forces, applied to mol-
ten metal drop. Drop dimensions and their de-
tachment frequency are calculated, proceeding
from detachment criterion. We assume that the
drop has an axisymmetric shape and its detachment
occurs at the moment, when the force, directed at
drop detachment, is comparable by absolute value
with the restraining force magnitude. Drop forma-
tion and detachment are determined by simultane-
ous action of forces of surface tension, gravity,
electromagnetic, as well as aerodynamic force, due
to mechanical interaction of metal drop with
shielding gas flow. Surface tension force is calcu-
lated, using the following formula:

Fs = 2πRwγ, (1)

where Rw is the welding electrode radius; γ is
the coefficient of liquid metal surface tension.
Note that during drop growth the axial compo-© A.P. SEMYONOV, 2014
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nent of restraining force varies by magnitude,
and formula (1) determines only its possible
maximum value (upper estimate). Gravity force
is calculated from the assumption that the drop
has the shape of a sphere of radius Rd:

Fg = 
4
3
 πRd

3ρg, (2)

where ρ is the drop metal density; g is the accel-
eration of gravity. Integral electromagnetic force
is usually determined with application of an ap-
proach proposed in [21]. Let us write down the
final expression for calculation of Lorenz force,
acting on the drop:
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where μ0 is the magnetic constant, and angle φ
determines the current-conducting region on the

drop surface (region of arc anode binding) (Fi-
gure 2).

Aerodynamic resistance is approximately cal-
culated as a force applied to a sphere in gas flow:

Fa = πRd
2CD — 

ρgvg
2

2
, (4)

where CD is the coefficient of aerodynamic resis-
tance; ρg, vg is the density and velocity of shield-
ing gas flow, respectively. Dimensions of de-
tached drop are found by solving non-linearity
equation relative to unknown Rd value:

Fs = Fa(Rd) + Fem(Rd) + Fg(Rd). (5)

Frequency of drop detachment is readily cal-
culated at known values of wire feed rate and
drop radius.

As can be seen, analysis of force factors influ-
encing metal transfer characteristics is rather an
estimate, as the drop surface is assumed to be
spherical. Probably, this is exactly why the best
agreement between experimental results and cal-
culation data, derived by SFBT method, is ob-
served in the case of globular metal transfer (Fi-
gure 3). More over, when deriving expression

Figure 1. Classification of methods of theoretical study of the processes of electrode metal drop formation and transfer

Figure 2. Schematic for analysis of SFBT method

Figure 3. Comparison of experimental data (dots) with
calculated ones (solid lines), obtained with SFBT and PIT
methods [22], on dependence of dimensions of detached
drops on current in welding with 1.2 mm steel wire in Ar +
+ 2 % O2 mixture
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(3), an assumption was made that current density
is uniformly distributed in arc anode binding re-
gion. It should be also noted that within SFBT
bounds, the influence of various kinds of shield-
ing gas, or length of electrode extension on the
process of drop formation and detachment cannot
be substantiated.

DBFT. This model is similar to SFBT model
in many respects. In this connection, this paper
does not give its detailed description. Main dif-
ference of DFBT model from SFBT model con-
sists in that it additionally allows for the forces
of inertia.

PIT. Formation of electrode metal drops in
terms of PIT model is treated as decomposition
of a cylindrical liquid jet. This model is a gen-
eralization of Raleigh—Plateau theory of insta-
bility in the case of current-carrying jet. In keep-
ing with works [4, 5] let us set forth the main
postulates of this model. Let us consider an in-
finitely long liquid jet of radius R0, through
which electric current I is running (Figure 4).

We will assume that the liquid surface under-
goes a harmonic disturbance of small amplitude α

Rs = R0 + αeωt + ikz,   α << R0, (6)

where ω is the parameter characterizing the ve-
locity of disturbance increment; k is the wave
number of the considered mode. The following
dispersion equation is derived by solving the
linealized problem of magnetic hydrodynamics
for a liquid jet:

ω2 = x(1 — x2) 
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(7)

where θγ = γ/ρ0
3; θJ = μ0I

2/ρπ2R0
4; In(x), n =

= 0.1 is the modified Bessel’s function. One can
see from Figure 5 that the disturbances, the
length of which is smaller than λc = xc/2πR0 are
decaying. As ω2(x) dependence is nonmonotonic,
there exist disturbance modes λm, to which maxi-
mum propagation rate corresponds.

Analysis of equation (7) allows determination of
⎧
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,
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2πR0
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,

ωm
2  = 0.616 ⋅θγθ

0.278 ,

(8)

where θ = μ0I
2/π2γR0. Further construction of

PIT model is based on dependences (8). Let us
assume that the length of jet section, from which
the drop forms later on, is equal to 3λ/4 (Fi-
gure 6). At transition from drop mode of metal
transfer to spray mode, the molten electrode tip
takes a tapered form (taper formation), as a result
of which the drop base radius turns out to be
much smaller than that of the wire. In the model,
this factor is allowed for by geometrical parame-
ter δ determining R0 = δRw interrelation. Selec-
tion of value δ depends on the considered transfer
mode. To study formation of large drops, values
δ > 1 are used, whereas for spray mode δ < 1.

Let us write the resultant expressions, yielded
by PTI model for drop volume Vd and their de-
tachment frequency fd:

Vd = 
πRw

2

2
 δ2λm, (9)

fd = 
2vw

δ2λm

, (10)

where vw is the wire feed rate.

Figure 4. Instability of current-carrying liquid jet

Figure 5. Influence of current (a) and surface tension (b) on velocity of instability propagation
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The best agreement between experimental
data and results, derived with PIT method (see
Figure 3), is observed in the case of large values
of welding current (I > 240 A), which are char-
acterized by spray metal transfer. PIT model does
not require any significant computational ex-
penses or specialized software to determine the
main characteristics of metal transfer. Similar to
the previous model, however, PIT cannot clarify
the influence of the kind of shielding gas or di-
mensions of electrode extension on the process
of metal transfer. More over, at development of
PIT method in works [4, 5] an important assump-
tion was made that the total current is concen-
trated in the liquid jet volume, that is obviously
not in agreement with experimental observa-
tions. Interrelation of value δ with other tech-
nological parameters of the welding process is
also beyond the scope of the model. Work [6] is
an attempt to correct some of the above disad-
vantages of the model: current flowing through
the jet surface is taken into account, and jet
effective radius R0 is determined depending on
current value.

Model of drop formation in terms of hydro-
static approximation. Numerous studies are de-
voted to the problem of finding the equilibrium
form of liquid free surface in the gravity field
and analysis of its stability, and their results are
described in detail in [23, 24]. Analytical meth-
ods can be applied to solve this class of problems
only in rare cases. As a rule, the body of numerical
methods is used for this purpose (to find a solu-
tion). Theory of capillary surfaces can be readily
generalized in the case of more complex processes,
where electromagnetic forces are present and
sometimes have the dominant effect, as well as
forces generated by pressure of vapour, which
evaporates from the free surface. Mathematical
model of formation of electrode metal drop, al-
lowing for the influence of electromagnetic
forces, was proposed for the first time in [10].
Let us dwell on the main postulates of this model.
The essence of the problem consists in determi-
nation of the shape and volume of an ultrastable
drop, hanging from the electrode tip of specified
radius. We will assume that the drop shape has
the property of axial symmetry and can be de-
scribed in the cylindrical system of coordinates
as function R = R(z), 0 ≤ z ≤ Ld, where Ld is
the drop height. The considered model is based
on hydrostatic equations
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where P is the pressure in liquid; R1, R2 are the
main radii of surface curvature; jr, jz are the
components of current density vector; B is the
magnetic field induction. Main equations of the
model have the following form:
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(13)

where P0(z) = P0(0, z) is the pressure on drop
axis; I = I(z) is the total current flowing in the
drop section z = const. Equations (13) are com-
plemented by boundary conditions.

R|z = 0 = 0,   R|z = Ld
 = Rw, (14)

as well as integral condition

Vd = π ∫ 
0

Ld

R2dz. (15)

When solving the problem, it is necessary to
know how current, flowing through the drop
cross-section, varies depending on height. In
work [10] linear approximation I(z) = I0z/Ld
is used for this purpose. Size of integration range
Ld is an unknown and should be determined.

Figure 6. Schematic of drop formation in terms of PIT
model [5]
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Numerical solution of problem (13)—(15) is
found using Runge—Kutta method. It is also im-
portant to note that such a solution is not unique
for the specified wire radius and drop volume.
From the multitude of solutions, it is necessary
to select only the one which meets the criterion
of stability [23]. In [10] comparison of experi-
mental data [22, 25] for the detached drop radius
with calculated values of similar quantity, gen-
erated using the considered model, is also per-
formed (Figure 7). Numerical computations were
conducted for welding low-carbon steel at 1.2 mm
electrode diameter. As shown by computational
experiments, for fixed electrode radius there exists
threshold current value Ith, at which problem
(13)—(15) does not have a stable solution. The
author believes that this current value corresponds
to transition of drop mode of metal transfer into
the spray mode. An approximation dependence is
proposed to calculate this parameter

Ith = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ⎯3.85 ⋅4π2Rwγ/μ0 . (16)

An important advantage of hydrostatic models
is their relative simplicity. Performance of cal-
culations on the base of these models does not
require any significant computational resources.
Such an approach, however, allows tracing drop
formation just up to the stage of loss of stability.
Processes of heat transfer in the metal volume
also remain beyond the scope of the considered
model. Thus, a more complete description of the
process of drop formation at the tip of consumable
electrode should be based on models describing
hydrodynamic processes, proceeding in the drop.

Thin jet approximation. Model using total
system of Navier—Stokes equations to describe
hydrodynamic processes in the drop requires nu-
merical realization of considerable computational
resources that limits its application in a massive
numerical experiment. Thin jet approximation
[26], adapted to consumable electrode welding
conditions [14], is considered as an alternative
to this model. The following hypotheses were
used in development of this model:

• melting front has a flat shape;
• wire feed rate corresponds to its melting rate;
• eddy motion of metal inside the drop is absent;
• arc column shape is assumed to be specified.
Model is based on the following system of

equations:
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(17)

where V0 = V0(z, t) is the axial component of
velocity on drop axis; p0 = p0(z, t) is the pressure
on drop axis; h = h(z, t) is the function describing
the free surface shape; K is the mean surface
curvature. Initial and boundary conditions for
equations (17) have the following form:

h(z, 0) = h0(z), V0(z, 0) = 0, z ∈ (Lw, Lw + Ld
(0)),     (18)

V0(Lw + Ld, t) = 
dLd

dt
,   V0(Lw, t) = vw,

h(Lw + Ld, t) = 0,   h(Lw, t) = Rw,
(19)

where Ld
(0), h0(z) is the drop length and its surface

shape in the initial condition, respectively. So-
lution of problem (17)—(19) is in the region of
Lw + Ld ≥ z ≥ Lw (Figure 8).

Drop length, similar to the case of hydrostatic
model, is to be determined. Calculation results,

Figure 7. Dependence of detached drop radius on welding
current: ,  – experimental data of [22, 25], respec-
tively; solid curves – numerical modelling [10]

Figure 8. Schematic of calculation region
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obtained with the described model for two vari-
ants of arc binding to drop surface, are given in
Figure 9.

Model of drop formation, based on thin jet
equations, is a quite effective tool to obtain in-
formation about metal transfer characteristics.
It, however, still does not allow describing a
number of phenomena, having a dominant influ-
ence on heat transfer process. As shown by nu-
merical estimates [27], metal inside the drop is
involved into eddy motion, caused by Marangoni
effect and influence of electromagnetic forces.
Intensive stirring of drop metal is also confirmed
by experimental studies [28]. As a result, con-
vective mechanism of heat transfer in drop metal
prevails over the heat conductivity process. As
thin jet model does not allow description of ef-
fects associated with eddy motion of liquid metal,
it does not seem possible to construct an adequate

self-consistent model of drop formation on its
basis.

Model of drop formation on the basis of total
system of Navier—Stokes equations. Among the
multitude of drop formation models, this model
can be rightfully called the most complex one,
as it coves the main physical factors influencing
the process running. Moreover, development of
computational algorithm to solve the respective
equations involves a lot of difficulties. Let us
write the mathematical formulation of the prob-
lem in the cylindrical system of coordinates:
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Figure 9. Dynamics of drop formation [14] for welding low-carbon steel in argon at I = 200 A, Rw = 0.6 mm and vw =
4 m/min: a – region of arc binding corresponding to fusion boundary; b – same, corresponding to maximum drop
radius
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Here, u, v are the radial and axial components
of velocity vector V

→
, respectively; μ is the dy-

namic viscosity of drop metal. Integration do-
main ABFG for equations (20) covers liquid met-
al zone and electrode solid part (see Figure 8).
Let us assume that at initial moment of time t =
= t0 there is no metal motion: V

→
|t = t

0
 = 0. Bound-

ary conditions for equations (20) have the fol-
lowing form:

u|A G = 0,   v|A B = vw, (21)
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where V
→

s is the surface motion velocity; Vn, Vτ
is the projection of velocity vector on the normal
and tangent to the surface, respectively; Pev is
the reactive pressure of metal vapours at convec-
tive evaporation. Note that conditions (22) ex-
press the balance of normal and tangential
stresses on metal drop free surface. Kinematic
condition (23) follows directly from mass balance
on the surface. At numerical solution of hydro-
dynamics problem, solid phase viscosity is taken
to be rather large (106 times greater than that of
liquid metal). This allows suppression of metal
motion in the solid phase, and also eliminates
the need for adapting the finite element net to
melting front shape and setting additional bound-
ary conditions on its surface. Such an approach
was proposed for the first time in [29] and is
found in literature under the name of «effective
viscosity method». To solve problem (20)—(23),
it is important to know electromagnetic field
characteristics jr, jz, which, in their turn, are

calculated through application of the model of
electromagnetic processes:

(∇, j
→
) = 0, (24)

j
→
 = —σ∇ϕ, (25)

[∇, B
→

] = μ0j
→
, (26)

where σ is the electric conductivity of the me-
dium; ϕ is the scalar potential of electric field.
Solution of electrodynamics problem (24)—(26)
is in ACDE domain (see Figure 8) at superposi-
tion of the following boundary conditions:

jz|AB = I/πRw
2 ,   jz|BC = jr|CD = 0,   ϕ|ED = 0.   (27)

Melt volume, penetration front shape and
thermal condition of the liquid metal drop—wire
solid section system are determined from solution
of heat transfer equation
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where H is the specific enthalpy; λ is the coeffi-
cient of heat conductivity. Solution (28) is in
ABFG domain at the following boundary and
initial conditions:

T|A B = T0,   λ 
∂T

∂n

⎪
⎪
⎪BFG

 = qs — qr — qc — qev, (29)

T|t = t0 = T0, (30)

where T0 is the initial wire temperature; qs is the
specific heat flow due to thermal impact of the
arc; qr, qev, qc are the heat losses due to radiation,
metal evaporation and convective heat exchange
with shielding gas, respectively.

Volume of fluid (VOF) method [30] is the
most wide-spread approach to solve the problem
of drop formation (20)—(23). In VOF method
the free surface is «spread» in the volume of a
certain layer, thickness of which corresponds to
several lengths of computational net cell,
whereas surface tension force is considered as the
volume force acting within this layer [31]. VOF
algorithm is implemented in a number of applied
software packages to solve hydrodynamics prob-
lems, such as ANSYS CFX, Fluent, Open Foam,
etc. In addition, access to VOF initial program
code is free [32] that allows researchers adapting
it to solve problems related to metal transfer in
welding. There exist also a number of other meth-
ods, where the free surface is considered as a
boundary separated between two media. These
methods form a group, which is found in litera-Figure 10. Heat flow distribution on the drop surface

8 10/2014



ture under the name of front traking methods
(FTM) [33, 34]. Procedures with boundary sepa-
ration allow a more detailed study of physical
processes, occurring on the drop metal free sur-
face. As an example, let us demonstrate applica-
tion of FTM method to study drop formation and
detachment in welding low-carbon steel in direct
current mode. Physical properties of wire mate-
rial and technological parameters, used in calcu-
lations, are given below.

Physical properties of material and process parameters
Density ρ, kg⋅m—3

 ..................................................  7200
Viscosity μ, Pa⋅s ..................................................  0.006
Melting temperature Tmelt, K ..................................  1812
Surface tension factor γ, N⋅m—1

 ..................................  1.2
Electrical conductivity σ, cm⋅m—1

 .........................  8.54⋅105

Boiling temperature Tb, K ......................................  3133
Specific heat of melting λ, J⋅kg

—1
 ........................... 2.5⋅105

Specific heat capacity of the solid phase
csol, J/(kg⋅K)

—1
 .......................................................  700

Specific heat capacity of the liquid phase
cl, J/(kg⋅K)

—1
 ........................................................  780

Current I, A ..........................................................  350
Voltage U, V ........................................................  30.5
Wire feed rate vw, m⋅min

—1
 ......................................  5.54

Wire diameter dw, mm .............................................  1.6
Thermal efficiency η ...............................................  0.21

During numerical experiment it is assumed
that heat flow qs is distributed by a linear law
(Figure 10). Calculated form of the drop, veloc-
ity field and melting front shape are shown in
Figure 11.

As was already noted, formation of electrode
metal drop is determined by interaction of a num-
ber of physical phenomena running in electrode
metal, including a drop on its surface, as well as
in arc plasma. Mathematical modelling methods
enable studying the influence of each physical
factor on the processes of drop formation and
detachment separately. Mathematical models,
considered in this work, allow determination of
the main characteristics of electrode metal trans-
fer (drop volume, detachment frequency), de-
scribing the dynamics of drop shape variation,
as well as processes of heat and mass transfer in
the melt. The most adequate description of the
considered processes is provided by a model based
on total system of Navier—Stokes equations. As
shown by computational experiments, drop shape
and its dimensions are largely determined by the
action of electromagnetic force, the magnitude
of which, in its turn, depends on the pattern of
electric current flowing in the electrode metal
drop—arc column system.

In conclusion, let us show the main directions
of development of models of metal transfer proc-
esses, and also note the insufficiently studied as-
pects of physical phenomena, accompanying the
process of consumable electrode welding. Study-
ing the dynamics of neck thinning and breaking
at drop detachment, in particular formation of

Figure 11. Drop shape and velocity field in the melt at different moments of time: a – t = 20.5; b – 21.88; c – 22.2;
d – 23.1; e – 24; f – 24.93 ms
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satellite drops, is of considerable interest, as well
as physical processes running in the already de-
tached drop [35]. In addition, hydrodynamic
processes in the drop metal lead to emergence of
convective diffusion of alloying elements [28].
Transport of alloying elements with a low boiling
temperature, from fusion boundary to drop free
surface, increases their evaporation intensity.
This problem is not given sufficient attention in
literature. Note that metal evaporation from the
drop surface can not only affect the dynamics of
its free surface, but also have a significant influ-
ence on the processes running in arc plasma. As
shown by experimental studies [36], this factor
is the cause for formation of a local minimum of
plasma temperature in the central part of arc
column. The above effect is also confirmed by
theoretical studies [37]. Finally, in most of the
studies, devoted to modelling electrode metal
drop formation in consumable electrode welding,
a constant value of surface tension factor is used,
whereas it value changes significantly with tem-
perature, and also depends on chemical compo-
sition of material and shielding gas. Modern
methods of investigation allow determination of
the coefficient of surface tension of liquid metals
in a broad temperature range. At modelling of
metal transfer, it allows studying the influence
of Marangoni convection on the processes of heat-
and mass transfer in the drop.
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