
Journal of Physics D: Applied
Physics

     

A mathematical model for the melting rate in
welding with a multiple-wire electrode
To cite this article: Janez Tusek 1999 J. Phys. D: Appl. Phys. 32 1739

 

View the article online for updates and enhancements.

You may also like
Ultrasonic Plastic Welding with Welding
Tip Pair
Jiromaru Tsujino, Kazuya Kenmotsu,
Hiroaki Fujita et al.

-

Controls on the relative melt rates of
debris-covered glacier surfaces
E S Miles, J F Steiner, P Buri et al.

-

Experimental investigation and
characterization of micro resistance
welding with an electro-thermal actuator
Chun-Wei Chang, Cheng-Chi Yeh and
Wensyang Hsu

-

This content was downloaded from IP address 18.117.73.223 on 17/05/2024 at 23:37

https://doi.org/10.1088/0022-3727/32/14/328
https://iopscience.iop.org/article/10.7567/JJAPS.25S1.168
https://iopscience.iop.org/article/10.7567/JJAPS.25S1.168
https://iopscience.iop.org/article/10.1088/1748-9326/ac6966
https://iopscience.iop.org/article/10.1088/1748-9326/ac6966
https://iopscience.iop.org/article/10.1088/0960-1317/19/2/025001
https://iopscience.iop.org/article/10.1088/0960-1317/19/2/025001
https://iopscience.iop.org/article/10.1088/0960-1317/19/2/025001
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsu76RADcy91pkQBDW7qSH3Lj0-nIIru6wq5RWkq3fuMeGbgP4QIz0xjoBHu4M9CQiRmUN81eNRVGpJrQ3kJtPeS9SsbqrLfEH9176ikICfOx9Cfh4GA8-03T5Op3G9sJKg6o_5psqdmq83tYg4VUlGpDDWv8difbhbUXWSSnvsmMmqm2od6u319YG47PdC0KBg-Yem8ZTRHqql8FBp1xtZKzIecewMlxPrqjWbzyw8rn0h0nut-iWCDNnaoiOX2K3U9pUPDDear6h_IeU7Sm05IeOYpnakbJw-AESVv5TSzz55hoZHZ2ydOeS4jk3ieMah4Kv4t6tIz2WQPA_OLbnVRzOlaNFV0&sig=Cg0ArKJSzBVNpm8_2I8p&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


J. Phys. D: Appl. Phys.32 (1999) 1739–1744. Printed in the UK PII: S0022-3727(99)01542-9

A mathematical model for the melting
rate in welding with a multiple-wire
electrode

Janez Tu šek
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Institut za varilstvo (Welding Institute), Ptujska 19, 1000 Ljubljana, Slovenia

Received 3 February 1999

Abstract. The paper deals with the development of a mathematical model for the calculation
of melting rates obtained in gas-shielded arc welding with a multiple-wire electrode or in
submerged arc welding with a multiple-wire electrode. The first part provides a very general
and short description of welding with a multiple-wire electrode, the main advantages and
characteristics, as well as variants of welding with a multiple-wire electrode applicable in
practice to various cases. The major part of the paper treats the development of the
mathematical model for the calculation of the melting rate on the basis of the physical
principles of the welding arc and of the wire extension heating due to current conduction and
mutual influence of the welding arcs. Finally, a comparison is made between the melting rate
results obtained by practical measurements and those obtained theoretically by the
mathematical model. The mathematical model for the calculation of melting rates in welding
with a multiple-wire electrode is accurate enough to be used in practice and for further studies.

1. Introduction

In general, several methods of the modelling of technological,
chemical, physical and other processes are well known. In
consumable-electrode welding, two different principles have
asserted themselves for calculation of the melting rate, i.e. of
the weight of filler material melted in a unit of time.

The first applies a statistical method. This model is
based on the large amount of data that has been obtained
by experimental means. In this case, we are not interested
in the process itself, but in the input and output data which
form the basis for statistical processing and the calculation of
statistical models. In the experimental work, care should be
taken to ensure that the experiments concerned are real and
that the results obtained represent an actual probability.

The second method is based on the mathematical and
physical principles of the process. In this case, one should
know in detail the process itself, as well as the physical and
chemical principles applicable.

In our case, i.e. fusion arc welding, the second method
will be applied. On the basis of physical laws we will try to
mathematically describe the process and on the basis of input
data, i.e. the welding parameters and physical properties of
the materials in our case, to predict the quantity of filler
material that is melted in welding with a multiple-wire
electrode.

For single-wire electrode welding there are various
mathematical models to be found in literature for the
calculation of the melting rate [1–8]. However, a model
for welding with a twin-wire electrode and a multiple-wire
electrode has yet to be found.
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Figure 1. The contact nozzle in which the wires are arranged
optionally.

2. A short description of welding with a
multiple-wire electrode

We have a case of welding with a multiple-wire electrode
when two or more wires are travelling simultaneously
through the contact nozzle. All the wires concerned are
supplied from the same power source, have the same wire
feed speed and the same regulation (figure 2). Wires in the
contact nozzle can be arranged in a different manner, which is
most often dependent on the purpose and on the shape of the
welded joint. Some cases of application are shown in figure 1.

The device for multiple-wire welding is mostly applied
in submerged arc welding or electro-slag welding, and
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Figure 2. A schematic representation of an apparatus for voltage drop measurement in the wire extension in welding with a multiple-wire
electrode.

possibly also in gas-shielded arc welding. In the latter case,
the welding parameters need to be selected very carefully,
the wire feed should be constant, without oscillation, and the
wires should always be fed to the ‘same’ welding spot. This
means that very stable conditions need to be maintained. In
opposite conditions, strong spatter, irregular motion of the
molten pool as well as an irregular final layer and undercuts
may occur [9–13].

3. Description of the research work performed

It was stated in the introduction that the mathematical model
for the calculation of the melting rate would be based on the
physical processes occurring during welding with a multiple-
wire electrode. Since the melting rate is expressed by the
quantity of filler material that is melted per unit of time,
it is necessary to define the energies consumed in welding-
wire fusion while taking efficiencies into consideration. The
thermal energy consumed in arc welding fusion is generated
in two different ways. An electric current flows through
the wire extension and heats it in accordance with Ohm’s
law. The quantity of heat generated is a function of welding
current intensity, wire diameter, wire extension length and the
kind of material. The second part of the energy consumed
in filler material fusion is generated in the welding arc.
The welding arc is also an electric conductor with high
electrical resistance and high temperature. Investigations and
theoretical calculations show that, in order for fusion to occur,
the heat generated in the electrode region of the welding arc
needs to be consumed [13–15]. Having detached from the
wire, a droplet is already in a liquid state. Its traverse through
the welding arc only overheats it and reduces the efficiency
of the welding process.

In general, the energy equation for the melting speed
could be written in a thermodynamic form

(Q0 +Qw)η = Mcp 1T +H (1)

Equation (1) tells us that the heat generated in the arcQ0 (W)
and in the wire extensionQw (W) melts the filler materialM

(kg h−1) with specific heatcp (J g−1 K−1). The heat losses
into the environment, the powder or the shielding gas and
other losses are contained in the efficiency (η), while material
losses in heating due to various transformations are contained
in the latent heat.

If equation (1) is to be solved, one should know the heat
energy generated in the wire extension, the heat energy in the
electrode region of the arc, the thermal efficiency of these two
forms of energy and—the most problematic—the functional
relations ofcp (T), H (T) andρ (T) for the filler material
used.

For the calculation of the heat energy in the wire
extension, the most important heat is that which is generated
due to ohmic resistance. In general, this heat can be defined
by

Qj = I 2L

s
ρr(T ) (2)

where I (A) is the current intensity,L (mm) is the wire
extension length,s (mm2) is the wire cross section andρr
(�) is the specific resistance.

With the specific resistance being dependent on
temperature and the temperature being dependent on the
wire extension length, the voltage drop in the wire
extension, i.e. between the contact nozzle and the arc, was
measured experimentally. In the literature available, no such
measurements could be found so a contact nozzle was adapted
to welding with a triple-wire electrode, and the system for
voltage drop measurement shown in figure 2 was established
[12].

Figure 2 shows a scheme of the contact nozzle through
which three wires travel simultaneously at the same speed.
The three wires are supplied from one power source. In order
to be able to measure the voltage drop in the wire extension,
the contact nozzle was cut as shown in figure 2 so that a
tungsten wire, which was fixed to the wire before welding at
the spot also shown in figure 2, could travel through the gap.
During welding the tungsten wire travelled together with the
welding wire to the contact nozzle and then to the arc. When
the tungsten wire reached the contact nozzle, the voltage drop
measurement was started and it continued until the tungsten
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Figure 3. Curves of voltage drops in the wire extension in welding with a single-wire electrode (1), double-wire electrode (2) and
triple-wire electrode (3):U = 30 V,L = 50 mm,b = 9 mm,I = 400 A/wire, d = 3 mm with positive electrode.
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Figure 4. A schematic representation of the wire extension with
heat inventory.

wire reached the arc. In the arc, the tungsten wire did not
melt but fell off; the measurement was thus ended. Curves of
voltage drops in the wire extension, i.e. between the contact
nozzle and the arc, in welding with single-wire, double-wire
and triple-wire electrodes are shown in figure 3.

The curves of the voltage drops show what the voltage
is as a function of the contact nozzle and also indicate
the voltage oscillation frequency which is changing and
dependent on the number of droplets detached. A difference
in the voltage drops can be observed in the case of the single-
wire, the double-wire and the triple-wire electrodes. The
greater the number of wires, the greater is the voltage drop.
The voltage oscillation frequency is also higher in the case
of a triple-wire electrode than in the case of a single-wire or
double-wire electrode.

Consequently, it can be concluded that the resistance in
the wires increases with the increase in the number of wires
when other welding parameters per wire are maintained as
constant. There are two reasons for the increase in resistance.

The first is a thermal influence. The mutual influence of the
welding arcs additionally heats the wires, which results in
a temperature increase, and consequently in an increase of
electric resistance. The second is a mutual electromagnetic
influence, which also increases the electric resistance in the
wire extension.

During welding, all the welding parameters, in addition
to the voltage drops, i.e. the wire feed speed, the surfacing
mass, the quantity of powder consumed in submerged arc
welding and the gas flow in gas-shielded arc welding, were
measured, while on the basis of curves of the welding
current and welding voltage, an approximate evaluation of
the number of droplets detached from each wire per unit of
time could be made.

4. Heat energy input into wire extension in welding
with a multiple-wire electrode

As mentioned in the introduction, a sufficient quantity of heat
should be introduced into the filler material so that the latter
may heat up to the melting point. The total heat inventory in
the wire portion in welding with a triple-wire electrode can
be illustrated by figure 4 and the following equation

Qj+Qs+Q0−Qr−Qp±Qt = ρS1x
∫ T +1T

T

cp(T ) dt (3)

whereρ (g cm−3) is the welding wire density,S (mm2) is
the wire cross section,1x (mm) is the wire portion andc
(J g−1 K−1) is the specific heat.Qr is the heat loss due to
radiation,Qp is the heat loss due to heat transfer from the
wire into the shielding medium (powder or gas),Qt is the
heat generated in the wire extension due to the Thompson
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effect,Qj is the heat energy generated in the wire extension
due to ohmic resistance and

Qs = Ld

6
σ(T 4

0 − T 4
w)

1

[(1/ε1) + ((1/ε2)− 1)]

×
√1 +

(
b

d

)2

− b
d

 (4)

is the heat energy introduced into the wire due to radiation
of the neighbouring arcs in joules. HereL (mm) is the wire
extension,d (mm) is the wire diameter,b (mm) is the distance
between the wires,σ = 5.67× 10−8 W m−2 k−4 is Stefan’s
constant,T0 (K) is the arc temperature,Tw (K) is the wire
temperature,ε1 is the arc emissivity andε2 is the absorption
factor of the wire.

Q0 is the heat energy transferred from the arc to the wire
extension due to conduction. Owing to the constant wire
feed speed and constant melting rate the process as such can
be considered stationary, not dependent on time and can be
defined by

Q0 = −λ(T )∂T
∂x

(5)

whereλ (J g−1 K−1) is the thermal conductivity of the welding
wire.

It is also presumed that heat conduction in the directions
Z andY is negligible and that the temperature in the wire
cross section is constant.

Qr is the heat loss in the wire due to radiation. This heat
can also be defined by a generalized Stefan’s law

Qr = εσT 41x πd (6)

whereε is the wire emissivity,T (K) is the average wire
temperature,L, d are as in equation (4) and1x (mm) is the
wire portion.

Qp is the heat loss due to heat transfer from the wire into
the shielding medium which is defined by

Qp = αT 1x 1.5d(Tw − Tp) (7)

whereαT (J m−2 K−1) is the heat transfer coefficient,Tp (K)
is the temperature of the shielding medium and1x, Tw are
as in equations (4) and (6).

By means of experimental measurements it was
established that the polarity affects the wire extension
heating. This statement, which is not described in the welding
literature available, can be explained by the Thomson effect
and is mathematically defined by [7]

Qt = µ(T )I 1x ∂T
∂L

(8)

whereµ (V K−1) is the Thomson coefficient andI (A) is
the electric current intensity. The Thomson coefficientµ can
be positive or negative. If the electric current is flowing in
the direction of the temperature gradient, the coefficient is
positive, while in the opposite case it is negative.

In addition to the heat energy sources mentioned, which
heat the wire extension, and heat losses in the wire, there
are some more sources and losses which, however, do not
particularly affect the melting rate of the filler material.

On the basis of experimental results, the physical and
chemical properties of materials and the literature data
concerning welding with a single-wire electrode in various
shielding media, equation (3) can be somewhat simplified.

According to reference data [16] on metal inert gas
(MIG) welding, heat losses due to radiation amount to 4%
and those due to gas flow to 5%. It is known that current
densities in wires in submerged arc welding are lower than
in MIG welding, therefore the above-mentioned losses are
even smaller. The Thomson effect is dependent on polarity
and reaches important values with higher arc voltages,
higher current densities and increased wire extensions.
Consequently, in submerged arc welding, the Thompson
effect may be neglected [16–20].

By neglecting the above-mentioned sources and sinks
and by considering equations (2), (4) and (5), equation (3)
takes the following form:

λ
∂2T

∂x2
+
∂T

∂x
cp
M

S
+
I 2ρr(T )

S2
+Qs(T ) = 0 (9)

whereM (g s−1) is the melting rate,λ is as in equation (5)
andS, cp are as in equation (3).

The specific electric resistance is dependent upon
temperature. As regards the filler materials used, this
dependence was established experimentally and can be, in
a somewhat simplified form, defined by

ρr = K1Tz. (10)

The heat influence of the neighbouring arc can be, somewhat
simplified, defined as a linear function by

Qs = K2Tz. (11)

By rearranging equation (9) and by considering equa-
tions (10) and (11), one can obtain

∂2T

∂x
+C1

∂T

∂x
+C2T = 0. (12)

ConstantsC1 andC2 are expressed by

C1 = cpM

Sλ
(13)

C2 = I 2K1

S2λ
+
K2

λ
. (14)

Equation (12) is a homogeneous, partial, differential
quadratic equation which is easy to solve if the limiting
conditions are known.

By solving this equation, one can establish the
temperature distribution in the wire extension during welding
with a multiple-wire electrode.

5. Total heat energy input into the filler material
and elaboration of a mathematical model for
calculation of the melting rate

For fusion of the filler material, the heat energy generated
in the wire extension and a portion of the arc energy are
consumed.
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Table 1. Experimentally obtained values of the factorsα, β Q andUE for some of the filler materials used in submerged arc welding with a
single-wire electrode.

α (� m) β (J g−1) UE (V) Qk (J g−1)
Wire diameter,∅

Wire (mm) (+) (−) (+) (−) (+) (−) (+) (−)

A 3 1.19 1.08 505 505 4.96 8.2 1705 1870
B 2 1.22 1.22 586 586 4.92 8.0 1705 1870
C 1.6 1.26 1.26 610 610 4.8 7.8 1705 1870
D 1.2 1.26 1.26 615 615 4.75 7.7 1705 1870
E 1.2 1.22 1.22 625 625 4.75 7.7 1705 1870
F1 3.2 1.38 1.30 1430 1430 5.6 9.4 1705 1870
F2 3.2 1.47 1.47 1080 1080 — — — —

Table 2. Experimentally obtained values of the factorsα, β Q andUE in submerged arc welding with double-wire and triple-wire electrodes.

α (� m) β (J g−1) Qk (J g−1) UE (V)
Wire diameter,∅

Wire (mm) (+) (−) (+) (−) (+) (−) (+) (−)

A 3 double 1.34 1.19 505 505 1560 1795 5.5 8.7
A 3 triple 1.56 1.35 505 505 1490 1705 6.1 9.6

If in equation (9) the term which describes heat transfer
from the arc to the wire extension (the quantity of heat being
very low due to constant droplet melting) is deleted, we obtain

cp

ρ

∫ L

0
dT = I 2L

MS
= f (Qw). (15)

Equation (15) includes the physical properties of the welding
wires, the welding parameters and the melting rate. The
actual heat inputQw into the welding wires applied as a
function of the parametersI (A), L (mm), S (mm2), ρ
(g cm−3) andvw (mm s−1) was investigated experimentally.

The heat energy in the wire extension, which is defined
by equation (9), but in which the term describing heat transfer
from the arc to the wire extension can be deleted, can also be
defined by

dQw = RI 2

SL
dt. (16)

By integration and rearrangement, we obtain

Qw = j

Lρ

∫ t

0
UL(t) dt (17)

wherej (A mm−2) is the current density.
The functional relation between the heat introduced into

the wireQw (J g−1) andf (Qw) (J g−1 �−1 mm−1) was
investigated by means of numerous experiments performed
on eight different types of welding wires. The diagram in
figure 5 shows the results obtained with two 3 mm wires used
in submerged arc welding and with a 3.2 mm cored wire also
used in submerged arc welding.

The functional relation betweenQw andf (Qw) is linear
up to a certain value which is still applicable in practice and
is important. It can be defined by

Qw = αf (Qw)− β. (18)

The values of the constantsα (� mm) andβ (J g−1) for the
materials applied can be obtained for two welding wires from
the diagrams in figure 5 [1] and for some other welding wires
from table 1.

Figure 5. The relationship between heat input into the welding
wire and the parameters which generate this heat for a 3.2 mm
cored wire and a 3 mmsolid wire in submerged arc welding.

The constantα is mainly dependent on the kind of
material and represents the specific electric resistance of the
filler material at higher temperatures, i.e. at the wire extension
tip. The constantα is also a function of polarity and of the
wire diameter. It can be further established that the value ofα

is much higher with cored wires than with solid wires. Since
a cored wire has low specific heat, the covering of the cored
wire is consequently heated to a higher temperature and has
a higher specific resistance.

The second constant in equation (18) isβ (J g−1), which
is the heat energy in the wire at room temperature. Following
theoretical considerations,β should be dependent only on the
kind of material used. Experiments, however, have shown
that this constant is also dependent on the wire diameter and
welding wire type.

The second portion of heat by which the filler material
is melted is obtained from the welding arc. The quantitative
value of arc energy can also be determined experimentally.
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In cases where only arc energy is consumed for melting of
the filler material, i.e. welding is carried out without the wire
extension, the energy input into a unit of the filler material
can be determined by

QA = UEI

M
(19)

when

f (Qw) = Lj2S

M
(20)

is entered into equation (18), we obtain

Qw = αLj
2S

M
− β. (21)

Then we sum up equations (19) and (21), consider the number
of wires in the contact tube, rearrange the terms of the
equation obtained, and thus obtain a mathematical model for
calculation of the melting rate in welding with a multiple-wire
electrode

M = I · n · (UE + α · L · j · n−0.2)

Qk + β
. (22)

In equation (22), ‘n’ is the number of wires,Qk (J g−1) is
the energy per unit of mass of the filler material which is
contained in the droplet right after its detachment from the
wire andUE (V) is the voltage drop in the cathode and anode
regions of the welding arc.

Similarly to constantsα in β, the valuesQk andUE are
also obtained experimentally. Table 1 shows these values for
some of the filler materials used in welding with a single-wire
electrode, while table 2 shows them for a 3 mmwire used in
welding with double-wire and triple-wire electrodes.

6. Comparison of experimentally measured and
theoretically calculated values of melting rate

On the basis of numerous experiments and on the known
physical properties of the filler materials, the mathematical
model for calculation and prediction of the melting rate
in welding with a multiple-wire electrode, as defined by
equation (22), was elaborated. A larger number of repeated
experiments in welding under various welding conditions
were carried out. The results obtained were compared to
the calculated values. The comparison is shown in figure 6.

The diagram in figure 6 shows the functional relations
between the measured melting rates in submerged arc
welding with double-wire and triple-wire electrodes using
different polarities and the calculated melting rates. The
diagram shows a very high degree of similarity between
the measured and the theoretically calculated values of
the melting rate. A particularly high degree of likeness can
be observed in welding with a positive double-wire electrode
and also in welding with a triple-wire electrode. Somewhat
less favourable results, i.e. a somewhat stronger discrepancy
in results, is observed in welding with a negative triple-wire
electrode and with higher melting rates.

7. Conclusions

On the basis of the results obtained, it can be established that
the mathematical model for calculation of the melting rate
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Figure 6. A comparative diagram of the theoretically calculated
melting rates in submerged arc welding with double-wire and
triple-wire electrodes (diameter of 3 mm, with positive electrode
and negative electrode) and the calculated values.

in welding with a multiple-wire electrode is accurate enough
for practical application. The only weakness of the model is
the fact that four different coefficients should be known for
each filler material used. For filler materials these coefficients
should be determined experimentally.
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