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Abstract

Multiwire submerged arc welding (MSAW) is
an efficient joining technology widely used in
manufacturing large-diameter oil and gas steel
pipes. During spiral pipe MSAW, the long cantilever
welding torch (LCWT) for inner welding is prone
to vibration due to the magnetic effects from
high welding currents, which decreases welding
stability. This paper studies the magnetic field for
the internal welding scenario in spiral pipes using
a combination of experimental measurements
and finite element methods. Welding experiments
were performed on spiral pipe MSAW equipment,
and the influence of the magnetized steel pipe was
investigated. Finite element methods were then
performed to simulate magnetic field distribution
and the electromagnetic loads on the LCWT. Finally,
the response of the LCWT to electromagnetic loads
was computed using an analytical method. Based
on magnetic field modeling, this study reveals the
magnetization of steel pipes and its influence on
magnetic distribution. Further, it confirms that the
vibrations of LCWT are due to the electromagnetic
load from the magnetized steel pipe. This study
identifies the physical mechanism of torch vibration
under electromagnetic excitation, providing a basis
for designing stable and efficient spiral pipe final-
welding systems.

https://doi.org/10.29391/2025.104.019

Keywords

m Magnetic Field Modeling

m High-Current Welding

m Multiwire Submerged Arc Welding
m Oil And Gas Steel Pipe

m Magnetic Force

Introduction

The increasing demand for pipeline transportation in the
oil and gas industry is shifting toward steel pipes with higher
grades, larger diameters, and thicker walls (Refs. 1-3), posing
challenges for pipe production techniques and equipment
(Ref. 4). To enhance efficiency, multiwire submerged arc
welding (MSAW) (Refs. 5, 6), an evolution from traditional
single-wire submerged arc welding (SAW) (Ref. 7), has become
the dominant welding technology in oil and gas steel pipe man-
ufacturing (Ref. 8). MSAW technology in oil and gas steel pipe
manufacturing typically arranges two to five welding wiresin a
row to forma single shared weld pool, with each wire powered
separately. The first wire is powered by direct current (DC) to
ensure sufficient penetration, while the subsequent wires are
powered with alternating current (AC) (Ref. 9), and the total
current applied may reach thousands of amperes (Ref. 10).

Oil and gas steel pipeline construction primarily employs
longitudinal submerged arc-welded (LSAW) and spiral sub-
merged arc-welded (SSAW) pipes (Refs. 11, 12). Compared
to LSAW pipes, SSAW pipes offer benefits such as lower
production costs and enhanced flexibility, gaining increas-
ing recognition in the industry. Currently, the manufacture
of large-diameter and thick-walled SSAW pipes follows a
process referred to as “two-step” (Refs. 13, 14), as illus-
trated in Fig. 1. First, the steel strip is wound spirally into a
cylinder shape on a forming machine, with continuous gas
metal arc welding (GMAW) employed to join the strip edges.

AUGUST 2025

269-s



270-s

A plasma cutter cuts the tack-welded pipe into segments
with the required length. Second, the pipe segments are
transported to separate final-welding production lines and
undergo double-sided MSAW. Because the pipe lengths often
exceed 10 m, the welding machine is mounted on the end
of a long cantilever to form a long cantilever welding torch
(LCWT) for internal welding.

MSAW involves more arcs, higher current, and a more
complex welding process than traditional single-arc weld-
ing, which presents significant technical challenges to the
welding procedure. The multiple arcs in MSAW are prone to
deflection, distortion, and even extinguishment, thus affect-
ing weld quality (Refs.15,16). Research has been conducted
on the arc interaction and stability in MSAW. Kozuki et al.
(Ref. 4) investigated arc behavior during the four-wire SAW
process of UOE steel pipes. They thinned the flux layer to
expose the arc, enabling direct observation of arc behaviors.
Choetal. (Ref.17) established an MSAW process model and
analyzed the weld pool’s behavior using an arc interaction
model under different current values. Kiran (Ref. 18) studied
arc behaviorin double-wire SAW and developed equations to
predictarcinteractions for various welding parameters. They
investigated arc oscillation in three-wire SAW and developed
a model to estimate arc center displacement.

In addition to multiple arc interactions, the complexity of
MSAW is augmented by the magnetic effects of high weld-
ing currents. Research has demonstrated the existence of a
low-frequency magnetic field near the welding cable, induced
by the welding current, which is typically considered insig-
nificant in welding manufacturing (Refs. 19, 20). However,
in MSAW, the much higher current results in non-negligible
electromagnetic effects on welding equipment and steel pipe.
In spiral pipe MSAW procedures, it has been observed that
the LCWT is prone to low-frequency vertical vibration due to
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magnetic forces. The oscillation of the welding machine dis-
turbsthe arc length and affects the stability of the arc welding
process, thus decreasing the SSAW quality. Thisissue has been
a primary concern in the steel pipe manufacturing industry.
However, thereis no clear understanding regarding the mech-
anism by which the magnetic field leads to the vibration of the
LCWT during pipe MSAW. Furthermore, few attempts have
been made to investigate the magnetic effects of welding
circuit currentsin MSAW and the impact on pipe production.
Motivated by the limitation of current research, this study
developed a magnetic field model for the inner welding pro-
cess of MSA-welded pipes by combining welding experiments
with finite element (FE) method simulations, investigating
the spatial distribution of the magnetic field and the effects
of steel pipe magnetization. Based on simulations, the elec-
tromagnetic loads on the LCWT were calculated, and the
responses of the LCWT were analyzed, revealing the vibration
mechanism of the LCWT in MSAW of spiral steel pipes.

Step 1: forming process and GMAW tack-welding

Fig. 1 — Schematic diagram of the two-step process
for SSAW pipe welding.
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Fig. 2 — Welding equipment: A — Production line schematic; B-E — show the partial details of the equipment.
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Method

Welding Experiment Procedures

Welding experiments were conducted based on a spiral
pipe MSAW production line, as depicted in Fig. 2. The pro-
duction line consisted primarily of a driving transmission
system, a welding system, a vision tracking system, and a
flux supply and recovery system. The driving transmission
system, composed mainly of orthogonal roll tracks and driv-
ing rollers, was designed to propel the pipe segmentin axial
movement and circumferential rotation. The welding system
comprised multiple SAW power supplies, an automatic wire
feed mechanism, and a uniform cross-section 20-meter-
long cantilever with a welding machine mounted at its end.
The welding machine integrated three welding torches, each
independently powered by a power source (Power Wave®
AC/DC 1000 SD) via transmission copper busbars (TCBs)
fixed on the cantilever.

Configuration 2

Measurement devices were integrated into pipe welding
equipment, including a laser displacement sensor (Keyence
IL-065), a one-dimensional gaussmeter (CH-1600), and
power monitors. As shown in Fig. 2C, the laser displacement
sensor was affixed to the welding machine to measure the
distance between the welding machine and the steel pipe. The
distance served as a proxy for the displacement of the LCWT,
given the minor transverse movement of the pipe during
the welding process. As shown in Fig. 2D, the gaussmeter
was mounted on the cantilever to measure the magnetic flux
density at a designated point in space. The power monitor
was used to record the output voltage, current of the power
source, and wire feed speed. These measurement devices
were interfaced with an industrial computer to facilitate real-
time data transmission.

The driving transmission system first transported the pipe
to theinitial welding position during the welding experiment.
Fluxwas then applied to the weld joint, after which the welding
machine was activated to initiate the arc and weld along the
joint, guided by the vision tracking system. The driving roller
drove the helical movement of the pipe along the orthogonal

Configuration 4

Configuration 3

A B
LCWT = TCBs et
Steel pive by I L —
9e
ey
o X
2e
6e
7e
Fig. 3 — Schematic diagram of four welding configurations and measurement point distribution: A — Four
welding configurations; B — TCB fixing position; C — measurement point distributions.
Table 1 — Welding Experiment Parameters
Wire Size Wire Grade Current Voltage Power Polarity Frequency
1 D 4.0 mm CHW-GX6 850 A 32V DC+ -
2 ® 4.0 mm CHW-GX6 550 A 35V AC 70 Hz
8 @ 3.2mm CHW-GX6 450 A 40V AC 70 Hz
Current Phase 90 deg
Difference
Pipe Size ® 762x15.9 mm
Steel Grade X70
Flux CHF-101GX
Welding Speed 1.3 m/min
AUGUST 2025 | 271-s



Configuration 2

Configuration 1
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Fig. 4 — COMSOL Multiphysics 3D models for configurations one and two.

Table 2 — Configuration Details and Coordinates of the Magnetic Measurement Points

Configuration TCB Fixation Location Di:t:enS: Etei;teoe-: :I:‘:?I'"(':B Df:;'g:ﬂ':ﬁ:",v:f:i:::;:gd
and LCWT
1 Beneath the cantilever 177 mm 19m
2 Beneath the cantilever 177 mm 7.4m
3 Above the cantilever 165 mm 19 m
4 Above the cantilever 165 mm 7.4 m
Measurement Coordinates
Point
x/mm y/mm z/m
1 0 -200 14
2 0 -200 12
3 (0] -200 10
4 0 -200 8
5 0 -200 6
6 0 -215 12
7 0 -225 12
8 0 210 12
9 (0] 310 12
10 0 400 12
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Fig. 5 — Schematic diagram of welding circuit.

roll tracks, ensuring the helixangle corresponded to the spiral
jointangle. The experimental parameters were consistent with
those of the standard pipe production process, as detailed in
Table 1. For practicality and cost-effectiveness, only a portion of
the pipe was welded in each welding operation. The cantilever
was initially constrained and released only after the welding
process had stabilized to minimize the potential distortion of
measurement results due to cantilever vibrations.

Toinvestigate the correlation between the vibration of the
LCWT and the positioning of the pipe and TCBs, a series of
experiments were conducted with various TCB placements
and steel pipe locations. For clarity, a Cartesian coordinate
system was established, with the origin at the center of the
cantilever’s fixed end (see Fig. 2A). Four welding configura-
tions were defined, as shown in Fig. 3, and the details of the
configurations are listed in Table 2. Note that the standard
welding configurations in steel pipe production correspond
to configurations 2 and 4, whereas configurations 1 and 3
were employed exclusively for experimental comparison.

Ten magnetic flux density measurement points were
selected in space, asillustrated in Fig. 3C, with coordinates
listed in Table 2. The measurements at points 1-5 were used
to investigate the axial magnetic field distribution, while
points 2 and 6-10 were used to investigate the circumfer-
ential distribution. To obtain a three-dimensional vector of
the magnetic flux density at each point, the one-dimensional
gaussmeter was reoriented multiple times to measure the
three orthogonal components at the same point underiden-
tical conditions.

Finite Element Simulation Setup

The magnetic field of steel pipes during MSAW was simu-
lated using COMSOL Multiphysics, an FE analysis software,
and the magnetic loads on the LCWT were calculated. This
software allows for the creation of intricate numerical models
thatincorporate various physical fields and governing equa-
tions through a graphical interface. This study utilized the
Magnetic Fields and Circuit module in COMSOL Multiphysics

6.1to develop the simulation models. The computations were
done on a server powered by two Intel Xeon Gold 6226R
CPUs (2.9 GHz) with 256 GB of DDR4 memory.

Four FE model cases were established to correspond with
the four configurations. Figure 4 depicts the FE models for
configurations 1 and 2. Each model comprised an LCWT, a
steel pipe, three TCBs with welding wires, and conductive
brushes, which were all scaled to match the actual dimensions
with necessary simplifications. LCWT, with a high aspect
ratio, was modeled as a uniform beam. Components on the
LCWT, such as the wire feeding mechanism and the elec-
tromechanical components, were excluded, and only the
shell was considered. The distinction between FE model
cases for configurations 3 and 4, compared to configura-
tions1and 2, was the TCB positioning above the LCWT. In all
cases, a cylindrical electromagnetic field-solving domain was
defined. Alarger domain enhances accuracy at the expense
of computational expense. Consequently, the radius of the
cylindrical domain was set to twice that of the steel pipe to
balance these factors. The simulation focused on magnetic
effects, omitting detailed modeling of welding phenomena
such as plasma jets and thermal effects at the weld location.
These phenomena were negligible in scale compared to the
overall model and had minimal impact on the magnetic field
simulation results within the solution domain. The properties
of the above model are presented in Table 3.

The circuit module in COMSOL Multiphysics was employed
to power the TCBs and welding wires. Figure 5 shows the
schematic of the welding circuit. In this setup, the circuit
loads comprised three TCBs with welding wires, arcs, and
steel pipe, which are modeled as a cascade of resistance
and inductance. The SAW power supplies were idealized as
current sources, with the first source delivering DC and the
subsequent two sources generating square-wave AC. The
expression for output current over time is as follows:

i1(t) = A;e(t) M
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Fig. 6 — Experimental results under various configurations: A-D — Present the results for configurations one to
four, respectively.

Weld bead

Fig. 7 — Typical weld beam images: A — Normal weld bead; B — weld bead with poor consistency.

i,(t) = Aysquare(2mft)e(t)

i5(t) = Assquare(2rft — g)s(t)
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where A, A,, and A, denote the current amplitudes, which
werw setat 850 A, 550 A, and 450 A, respectively; fdenote
the welding current frequency, which was set at 70 Hz; £(t)
denotes the step function, defined such that e(t) = 0 for t <
0 and &(t) =1 otherwise. To enhance convergence, the step
function was smoothed with a transition zone of 0.1s.



Table 3 — The Properties of the Model Components

Relative Permittivity

Relative Permeability Electrical Conductivity

Components Material
p (Er) (ur) (O') [S/m]
Cantilever Iron 1 200 112 x 107
TCB Copper 1 1 5.998 x 107
Steel Pipe Iron 1 200 112 x 107
Brush Copper 1 1 5.998 x 107
Others Air 1 1 0]
100 intensity, J is current density, A is magnetic potential, B is
sof il ’\‘ | /?\ T M N AR J‘J"\ ’/\ /\ f \\/"\ A’ —escoredvad]  Magnetic flux density, and H is magnetic field intensity.
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Fig. 8 — The x, y, and z components of magnetic flux
density at point two for configuration one.

The magnetic field distribution in the solution domain
satisfied Maxwell’s equation:

V-D=p, 4

V-B=0 )
0B

— = 6

VXE = o ®)

;.90 @)
VXxH=]+ T

B=VxA (8

where D is the electric flux density, E is the electric field

The following equations govern the constitutive relations
for electromagnetic field quantities:

B = pouH 9
D = g, E (10)
J =cE “an

where pis the vacuum permeability, i, is the relative perme-
ability of the medium, ¢ is the vacuum permittivity, € is the
relative permittivity, and o denotes the material’s electrical
conductivity

The magneticinsulation boundary condition was applied
to the solving space:

(12

ndXA=O

where n, denotes the normal vector to the surface of the
solution domain.
The initial conditions were as follows:

A=0 (13)

The Maxwell stress tensor T was introduced as follows:

T = 2
ij = 80 <ElE] 6UE )
(14)

1 1.,

where 5Udenotes the Kronecker delta, which defined 6,,/, =1
when i=jandé, = O otherwise.

The electromagnetic force per unit surface area of an
objectin a low-frequency electromagnetic field can be cal-
culated using the following formula:
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dF, T -nds

I (% fen=jm™%,
(16)
. JfT-ndzdc
where n donates the normal vector of the surface element = AI;TOT = ng ‘ndc

and a donates the surface area.

The expression for the load distribution f(z,t) on the
cross-section of long cantilever at the coordinate zisas follows: ~ where c donates the curve of the cross-sectional shape.
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Fig. 9 — The x-component of magnetic flux density of points 1-5 for configurations one and two.
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Fig. 10 — The magnetic field indices of magnetic flux density of points 1-5 for configurations one and two.

Table 4 — The Properties of the Beam Model

Property Symbol Value
Modulus of Elasticity E 200 GPa
Media Density p 7850 kg/m?
Cross-Section Area A, 0.0326 m?
Length L 20m
The Area Moment of Inertia / 3.0269x10“ m*
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Analytical Model of LCWT Vibration

The vibration of the LCWT affects the arc length, which
modifies the arc’s load characteristics. These changesimpact
the output voltage and current of welding power supplies
and subsequently influence the magnetic field. Additionally,
vibration induces adjustments in the wire feed speed within
the arc voltage feedback system. This study does not delve
into a detailed examination of the dynamic system charac-
teristics in pipe MSAW. Instead, a simplified analytical model
for LCWT vibration was established based on the following
assumptions and premises:

1. The influence of arc length variations on the arc’s load
characteristics is neglected, and the amplitude of output
voltage and current are assumed to be constant.

2.The LCWTisapproximated as a beam with a large aspect
ratio and uniform cross-section.

3. The beam deformation is minor and elastic, and the
effects of medium dissipation are neglected.

Underassumptions two and three, the LCWT can be mod-
eled using the Euler-Bernoulli beam theory, as detailed in
textbooks and literature (Ref. 21). The equation governing
its transverse vibration is as follows:

0%v(z,t)
¢ o2

0*v(z,t)
El Py fir(z, 1)

a7

where the meaning and numerical values of the symbols are
givenin Table 4. v(z t) is the transverse deflection at the axial
location zand time t; f, (z,t) is the transverse force per unit
length, which is the x-y plane component of f(z, t). The effects
of axial loads on LCWT were neglected in this model, and the
validity of this approach is discussed in the “Results” section.

The beam was fixed at one end and free at the other, with
the following boundary conditions:

dv(z,t)
v(2,t)]z=0 = 0; 6—IZ=O
z
(18)
9v(z,t) (L, t)
=0 TIZ:L =0 TIZ:L =0
(2 )le=0 = 0; v(z,8)]¢=o = 0 (19)
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Fig. 11 — The x-component of magnetic flux density of points 2, 6-10 for configurations one and two.
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Fig. 12 — The magnetic field indices of magnetic flux density of points 2, 6-10 for configurations one and two.

AUGUST 2025

277-s



278-s

Results

Measurement Results Under Various
Configurations

Figure 6 presents experimental data for displacement, mag-
netic flux density, and power supply output for four welding
configurations. The welding process was stable for configu-
rations 1, 3, and 4, as evidenced by the consistent amplitude
in the magnetic field-time curves and the relatively constant
output of the power supply. Additionally, the displacement
measured at the torch end exhibited a slow variation within a
small range. Configuration 2 exhibited unstable welding behav-
ior. The LCWT remained stable at the outset due to applied
constraints, but instability and low-frequency vibrations
occurred when constraints were removed. The initial vibra-
tion amplitude was 1-2 mm, which subsequently increased.
Concurrently, the output of the welding power supply and the
wire feed speed became unstable and exhibited oscillatory
behavior, accompanied by fluctuations in the amplitude of
the magneticinduction. The stable welding processes yielded
weld beads with good consistency (Fig. 7A), while the unstable
process resulted in beads with poor quality (Fig. 7B).
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Magnetic Field Distribution

Toillustrate the magnetic field, the x, y, and zcomponents
of the magnetic flux density at point 2 of configuration 1 are
depicted in Fig. 8 as examples. The magnetic field frequency
was 70 Hz, which matched the welding current. Of the three
components, the x-component was dominant, while the
z-component was negligible. Consequently, the analysis of
the magnetic field was based on the x-component. The mag-
netic field-time curve was divided into intervals, each with a
fixed number of sampling points. Spline interpolation was
then applied to the maxima and minima of these intervals
to construct upper and lower envelopes. The magnetic field
indices (MFI) B, Eup, and B, were defined as follows:

— 1 Nst‘HVsp
5= _Z B(n) (20)
|Nsp| n=Ng+1

— 1 Nst+Nsp
Bup =19 1 Z Bup (n) (21)
|Nsp | n=Ng+1
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Fig. 13 — The x-component of magnetic flux density of points 2, 6-10 for configurations three and four.
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Fig. 14 — The magnetic field indices of magnetic flux density of points 2, 6-10 for configurations three and four.
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B, (n) (22)  tially consistent.

L 1 Nee+Ngp and the amplitude of magnetic flux density remained essen-
B = o] 2
o |Nsp| n=Ng+1

Figure 9 displays the magnetic flux density measurements
at points1to 5 for configurations1and 2, while Fig.10 shows
the corresponding MFI for these locations. As shown in Fig. 9,
the magnetic field-time curves at points 1-4 in configuration
two, which were inside the pipe, shifted downward compared
to those in configuration 1. This shift was also reflected in
the decrease in MFI for points1to 4, as evidenced in Fig. 10.
Measurement point 5, which was located outside the pipe

where B(n) as the measured value of the magnetic flux den-
sity, B, (n) and B, (n) were the upper and lower envelopes,
respectively; and N, and N_ donated the starting sampling
point and the sampling number, respectively. N_, corre-
sponded to the sample point 5 s after welding started, and
N,,was setto 1000, during which the LCWT was constrained
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Fig. 15 — The simulation results of magnetic flux density distribution and magnetic flux lines for configuration
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Fig. 16 — The simulation results of magnetic flux density distribution and magnetic flux lines for configuration
two.
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Fig. 17 — The X, y, and z components of simulated magnetic flux density of point 2 for configuration one.
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Fig. 18 — The simulated magnetic field indices of magnetic flux density of points 1-5 for configurations one and
two.

for both configurations, exhibited consistent magneticfield  configuration 3, contrasting with the pronounced differences
measurements. Note that the MFIs at points1-5 for config-  observed between configurations 1and 2.

uration 1 were approximately uniform. Similarly, the MFis The FE simulations yielded the magnetic field distribu-
at points 1to 4 exhibited consistency for configuration 2. tion, with the simulation results of configurations 1 and 2
Figure 11 displays the magnetic flux density measurements illustrated in Fig.15 and 16, respectively. Note that the mag-

at points 2, 6 to 10 for configurations 1 and 2, while Fig. 12 netic flux density magnitude was logarithmically scaled for
shows the corresponding MFls. Points 2,6,and 7,whichwere  better visualization. Figure 15 shows that the magnetic field
closer to the TCBs, exhibited prominent magnetic fluxdensity.  in configuration 1 exhibited good axial consistency. For con-
Conversely, points 8, 9, and 10, located more distant from  figuration 2 (Fig. 16), the magnetic field within the pipe was
the TCBs, exhibited negligible magnetic fields. Similar to  approximately consistently distributed axially, except in
points 1-4, the magnetic flux density at points 6 and 7 were  regions proximate to the pipe ends. The simulations indicated
shifted downward in configuration 2 compared to those in  significant magnetic fields near the TCBs, and the magnetic
configuration 1. Notably, the reduction was greatestatpoint7,  field inside the steel pipe wall was substantially greater than
closest to the pipe wall, followed by point 6, then the smallest  that in other areas of the space due to pipe magnetization.
reduction was at point 2, which was farther fromthe pipewall.  For comparison with experiment data, the magnetic flux den-
Figure 13 shows the magnetic flux density measurements  sity at point 2 on the FE model was calculated, as shown in
at points 2, 6 to 10 for configurations 3 and 4, with Fig. 14 Fig.17. Following the transition phase of the first 0.1s, the
providing the corresponding MFls. In configurations 3and 4,  magnetic field at point 2 exhibited periodic flux density with
with the TCBs located above the LCWT, points 8to 10 werein  afrequency of 70 Hz, matching the frequency of the welding
closer proximity to the TCBs, and the magnetic flux densities ~ current. Despite higheramplitudes, the simulated magnetic
were more significant. In contrast, points 2, 6, and 7 were  fluxdensity components were generally consistent with those
situated below the TCBs, and the magnetic flux densities ~ measured in the experiment (Fig. 8).
were minor. The magnetic flux density at points 2,6t010 in The model’s MFI at points 1to 10 were calculated for con-
configuration 4 exhibited negligible deviations from thatin  figurations 1 and 2. As shown in Fig. 18, in configuration 1,
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Fig. 20 — The simulated magnetic field indices of magnetic flux density of points 2, 6-10 for configurations

three and four.
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Fig. 21 — The electromagnetic load per unit length on LCWT at coordinate z =12 m.

the MFls at points 1to 5 were essentially identical. In config-
uration 2, points 1 to 4 were positioned inside the pipe, and
the MFIs of these points showed reduced values compared
to those in configuration 1. The reductions of these points
were observed to be consistent. The MFls at point 5 showed
negligible changes, for point 5 was situated outside the pipe
in both configurations 1and 2. The simulation results for the
MFI at points 6 to 10 also revealed a decrease compared to
configuration 1, with the magnitude of the reduction varying,
asdepicted in Fig.19. Among points 2,6, and 7, point 2, which
was closest to the pipe wall, exhibited a higher reduction in MFI.

Figure 20 illustrates the calculated MFI values at points 2,
6 to 10 for configurations 3 and 4. With the TCBs positioned
above the LCWT, the MFIs at points 8, 9, and 10 were signifi-
cantly higher than those at points 2, 6, and 7. Furthermore,
there were minor differencesin the MFls calculated in points 2,

6t010in configurations 3and 4 in contrast to the pronounced
differences observed between configurations 2 and 1.

Electromagnetic Load

Electromagnetic loads on LCWT were calculated based on
the results of electromagnetic field simulation. Given the axial
consistency of the magnetic field distribution, the position at
z=12malong the LCWT was chosen for load analysis. This
location was positioned inside the pipe for configurations one
and three, and outside the pipe for configurations two and
four. The calculated electromagnetic loads at this position are
presented in Fig. 21. Among the four welding configurations,
significant electromagnetic loads are observed solely in con-
figuration two. The loads associated with the remaining three
configurations were negligible and, thus, are not considered
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Fig. 22 — The simulated load distribution on LCWT.

further. Notably, the load in configuration two is transverse,
primarily oriented along the y-axis, and exhibits periodicity
that correlates with the welding current frequency of 70 Hz.

The axial load distribution along the LCWT was additionally
computed, as depicted in Fig. 22. Significant electromagnetic
load distribution is observed only on the LCWT in config-
uration two, with negligible loads in other configurations.
Regarding configuration two, note that the load distribu-
tion on the LCWT is directly related to the pipe’s position.
Specifically, the load is exclusively imposed on the segment
of the LCWT that is positioned inside the pipe, whereas the
outer segment remains largely devoid of significant loading.
Furthermore, it is notable that the load on the LCWT within
the pipe is distributed with approximate uniformity.

The Response of the Long Cantilever
Welding Torch

The vibration response analysis of the beam can be con-
fined to configuration two, as the electromagnetic excitation
on LCWT is negligible in other configurations. According to
the simulation, the analytical expression for the loads on
LCWT can be represented by the following equations:

fer(z,8) = F(t)P(2)e(t) (23)
(0 (else)
P@) = {1 (z € (7.4,18.5)) (24)

where F,(t) denotes a periodic function with a frequency of 70
Hz, characterizing the load fluctuation over time, P(2) serves
as an indicator function delineating the spatial distribution
of the load across LCWT; and interval (7.4,18.5) represents
the portion of the long cantilever located within the pipe.
The response of LCWT under electromagnetic loads is
calculated via modal superposition, with the derivation in
Appendix . An approximate solution of the displacement-time
equation for the LCWT’s end is provided as follows:
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12 16 20

v, (t) = —0.5322(1 — cos(4.275¢) ) [mm] (25)

Upon releasing the constraints, the cantilever’s end exhib-
its a maximum deflection of1.06 mm from its initial position,
in concordance with our experimental measurements.

Discussion

Both experimental and simulation results confirm the
magnetization of steel pipes in the welding process. More
importantly, magnetized steel pipes are found to induce
magnetic fields and influence the magnetic field distribu-
tion within the pipe. Asillustrated in Figs.10 and 18, the MFI
variations at points 1-4 for configuration two, as compared to
configuration one, result from the altered positions of these
points relative to the pipe. In configuration one, points 1-4
are situated outside the pipe and at a significant distance,
whereas in configuration two, they are positioned inside the
pipe. With the welding parameters constant, the magnetic
field contributions induced by the welding circuit current are
roughly equivalent for both configurations. Consequently,
the observed MFI variations confirm and characterize the
influence of the “additional” magnetic field generated by the
magnetized steel pipe. In Fig. 9, the measurement results at
point 4 for configuration two further demonstrate the impact
of the magnetic field from the steel pipe. As welding pro-
gresses, the location of point 4 shifts from the interior to the
exterior of the pipe, and a transition phase of the measured
magnetic field can be observed, which demonstrates the
diminishing and eventual disappearance of the steel pipe’s
magnetic field influence.

Inthe studied case, the magnetic field induced by the mag-
netized steel pipe is approximately uniform along the steel
pipe’s axial direction, as shown in Fig.16. This uniformity can
be attributed to the cantilever and steel pipe’s large aspect
ratios and their approximately consistent cross-sectional
areas along the z-axis, suggesting a form of translational
symmetry, which is also corroborated by experimental results,
as shownin Fig.10. Despite the deviations from the idealized
finite element model in real welding equipment, and consid-
ering instrumental precision and measurement errors, the



measured magnetic field consistency at points 1-4 is slightly
less than the simulation results (see Fig. 18). However, it is
still within an acceptable error range, suggesting that the
axial uniformity is valid.

The magnetic field excited by the pipe is related to the loca-
tion of the TCBs, which acts as the magnetizing field source.
As shown in Figs. 14 and 20, with the TCBs positioned above
the LCWT, the magnetic field at the measurement points 2,
6-10 shows no significant difference under inside-pipe versus
outside-pipe conditions, suggesting that the magnetic field
excited by the magnetized steel pipe is negligible. In com-
parison, when TCBs are secured below the LCWT, significant
variations are observed at these points under inside-pipe
versus outside-pipe conditions (see Figs.12 and 19), indicat-
ing a more significant magnetic field contribution from the
magnetized pipe.

The magnetic field of the magnetized steel pipe is consid-
ered the causal factor for the LCWT vibration. As shown in Fig. 6,
although LCWT is predominantly positioned within the pipein
configurations two and four, vibration is only observed in con-
figuration two, where the magnetized steel pipe generates a
significant magnetic field within the pipe’s interior. In contrast,
no obvious cantilever vibration was observed in configuration
four, as the influence of the steel pipe’s magnetic field is rel-
atively minor. Simulation and analytical results further reveal
the mechanism by which the steel pipe’s magnetic field causes
LCWT vibration. As shown in Figs. 21and 22, the magnetized
steel pipe applies high-frequency (70 Hz) electromagnetic
loads through the magnetic field to the LCWT within the pipe,
resulting in small amplitude, low-frequency vibrations.

The experimental and simulation findings can inform the
design and optimization of inner-diameter welding equipment.
Designers must consider the magnetizing effects of welding
circuit currents and potential magnetic interactions with the
magnetized steel pipe, particularly for equipment with lower
rigidity structures such as cantilever beams. Optimizing the
placement of welding cables is essential to mitigate magnetic
interactions and maintain stability in welding, as the cable
currents influence pipe magnetization, leading to magnetic
forces acting on the equipment from the pipe.

Conclusion

This study employs a combination of experiments and finite
element simulations to model the magnetic field in oil and gas
pipesinside MSAW. It identifies the physical mechanisms of the
vibration of the LCWT used in welding, providing a foundation
for spiral pipe final-welding system optimization. The study’s
conclusions are as follows:

1. In the scenario of steel pipe MSAW, the magnetic field
excited by the welding current is a significant issue, as it
magnetizes the steel pipe, which in turn interacts with other
welding equipment through its magnetic field and affects the
stability of the welding process.

2.Inthe case studied, with the LCWT and pipe having alarge
length-to-diameter ratio and nearly equal cross-sections,
the magneticfield induced by the steel pipe is approximately
uniformly distributed along the axial direction. The influence of
the steel pipe is dependent on the location of the TCBs, which

function as the excitation source. When the TCB is close to the
pipe wall, the magnetized steel pipe significantly contributes
to the magnetic field within the pipe. Conversely, this con-
tribution becomes negligible when the TCB is farther away.

3.The magnetized steel pipe imposes electromagnetic loads
on the long cantilever through the magnetic field it excites,
thereby causing vibrations. Optimizing the position of the TCB
can diminish the magnetic field contribution from the mag-
netized steel pipe, reducing LCWT vibration and improving
welding process stability.

4. To ensure welding process stability, the design of inner-di-
ameter welding equipment, especially those with low rigidity,
must consider the magnetization of the steel pipe and the
magnetic forces between the pipe and the equipment.
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Appendix

This appendix presents the derivation process of the beam’s
response, which is solved using the method of separation of
variables. First, letf, (zt) = O to obtain the natural frequencies
and modals. v(z,t) = W(2)T(t) is separated into two functions
such that v(zt) = W(2)T(t). From equation 17, it follows that:

T(t) + w?T(t) =0 (A1)
d*w
LW _pw =0 )
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where w denotes the angular frequency; S is related to w
as follows:

ﬁ4 — pE{lIC w2

(A3)

The boundary condition (18) can be expressed in terms
of W(2) as follows:

ow(z)
W(Dlomo = 0 5 = omo
(A4)
*W (2) 3PW(2)
=0; aTlZ:L =0 ?h:L =0

Plugging (A3) in (A2), the frequency equation and the
modal expression are obtained as follows:

cosfLcoshBL +1 =0 (A5)

W (z) = C[(cosBz — coshfz)
(cosBL hBL) #e)
cosPL + cos . .
- m (smﬁz smhﬂz)]
where Cis an arbitrary constant. w for the first five modes
are tabulated in Table A1.
The Euler-Bernoullibeam’s modes satisfy the orthogonality
condition, with specific C_and C, such that W_(2) and W,
(2) are regular modes, yielding:

L
f PAWn (2)W, (2)dz = 6mp (A7)
0

L d4VVn
fo EIW,,(2) dz4(Z) dz = W26y (A8)

where §_is the Kronecker delta symbol. 5§, =1when m =
n; 6 =0 otherwise.

The solution v(z,t) of equation 17 can be represented as a
summation of modal multiplied by functions g (£). Under typical
conditions, the energy of beam vibrations is concentrated in
the first few modes, and thus it is sufficient to consider only
the first five modes for analysis:

5
vt = ) W(D)4,(0) (A9)
r=1

Plugging (A9) in (17) with the orthogonality condition, and
initial condition, the expression of g (t) is as follows:

q-() = f tNr ©) wdr (A10)
0

-



Table A1 — The Characteristic Angular Frequencies for the First Five Modes

r 1 2

w, (rad/s) 4,275 26.791

3 4 5

75.024 147.021 243.010

Table A2 — The Characteristic Angular Frequencies for the First Five Modes

r 1 2 3 4 5
K, 1.0766 x 1073 -1.0106 X 10~ -2.0206 x107° 1.9704 x107° -81441x107°
Table A3 — The Value of a, and ¢,
k 0 1 2 3 4
a, -21132 1.32926 0.492216 0172253 0.242708
®, = 0.2008m -0.8727m 0.7937m 0.1155m

L

MO = [ fure W)z (at)
0

Therefore,

5

v(z,t) = Z W;(Z) fotNr(T)sin (w-(t—1))dr  (A12)

r=1

Plugging (A9) in (17), the expression of the end of LCWT
is as follows:

v (0) = Z K. f F(Osin (@, (t — D)dr (M3)
r=1 0

K, =

L
W@ f P(2)W,(z)dz (A14)
T 0

.

Thevalue of K can be determined through numericalinte-
gration utilizing the available parameters, K for the first five
modes are tabulated in Table A2. Note that F, (7) is periodic
and can be rewritten in the form of a Fourier series. It can
be approximately represented by the first four harmonics.

4
F.(t) =ay + a,cos (kw,T + @)

4 (A15)

where w_ = 1407, the coefficients a, and ¢, can be calculated

from the simulation results, with values of the first five terms
displayed in Table A3. Note that kw >> w (r=1,2,3,4,5), the
following equations are satisfied:

t
f ay, cos(kwyT + @) sin(mr(t - r)) dt
0

—a —wrcos (¢r)(cos(kwgt) — cos(wyt)) + sin (k) (o, sin(kwot) — kwesin (w,t)))
- Yk

k20§ — wf
« Jaq| (A16)
Therefore,
5 t
v () = Z KTJ ag sin(wr(t - T)) dt
=1 70
(A17)

.

5
K.a
= Z r-0 (1 — cos (w,t))
r=1 r
Substituting the numerical values of each variable yields:

v, (t) & —0.5322(1 — cos(4.275¢))
+0.008(1 — cos(26.791¢t))
+5.691 x 107#(1 — cos(75.024t))
(A18)
—2.832 X 1075(1 — cos(147.021t))
+2.734 X 1075(1 — c0s(243.0101)) ...

~ —0.5322(1 — cos(4.275t) ) [mm]
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