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ABSTRACT. In the present paper, two simulation strategiestfitne induction welding
process are presented. Coupled electromagneti¢hanchal problem is solved by applying
three-dimensional FEM models. The resulting powesrsity and temperature distribution are
compared. Reported strategies can be used to dedigninduction welding devices and to
verify the influence of the main parameters of piecess, i.e. welding velocity, frequency,
specific and total power.

INTRODUCTION

The problem of evaluating the parameters of ratudtion welding process in order to
maximize the performance of the installation arelleld quality is very difficult because of
the number of parameters and the complexity optbeess itself. In fact, the “vee” shape and
position, the welding speed, the tube outer dianeetd thickness, the material, frequency and
power are only few of the main parameters thatatgect the quality of the process [1]- [2].

Up to now, only few general papers have beerighdal on this topic but only one or two
are dedicated to the modeling of the process. M@mesome of these papers deal with 2D
very simplified models [3],[4].

In the present paper, 3D FEM models have begiiegpfor the simulation of both
electromagnetic and thermal problems in inducticgldimg of tubes. Only non-magnetic
materials will be taken into consideration in orttieravoid the difficulty in terms of time and
memory requirements for the solution of real nowdir problems.

The electromagnetic problem has been solved bgnaplete A-V formulation in order to
calculate the power density distribution inside tbhbe thickness. Starting from the power
density distribution, a simplified model is used tioe calculation of the temperature values in
the most important region of the welded joint, clese to the welding edges.

DESCRIPTION OF THE PROBLEM

During the welding process, the tube is movirntp welocity v, in a time varying magnetic
field, H. In order to evaluate the temperature at the wglgbint, a magneto-thermal problem
coupled with a translation movement has to be sblWaxwell equations are solved
considering skin and proximity effects on curreansity distribution in order to compute the
power density induced in the tube by the magnegicl.f The computation of the magnetic



flux density and the induced current density actbestube section and in the surrounding air
Is obtained by solving a time-harmonic eddy curgoblem at the welding frequency.

Usually, frequencies involved in tube weldinggess are between 100 and 450 kHz [2],
[5], a range where Maxwell equations can be soivethe quasi-stationary case. Finally, a
transient thermal analysis is carried out to eualtiae temperature distribution.

FORMULATION
The electromagnetic (EM) problem has been soingdrms of the phasor of the magnetic

vector potential A, and the phasor of the electric scalar potentlal Since eddy currents are
concentrated close to welding edges, only the gfatxibe close to the coil (figs. 1 and 2) has
been considered in the simulation. In particullag, hon-homogeneous Helmholtz equation is
solved in the tube regidy (fig. 2):

PA+K2A=—d, K> =-jauo @)

whereu ando are, respectively, the magnetic permeability amdetlectric conductivity of the
materials, and the Lorentz gauge has been imp&}eldT].

In the tube regionQr, modelled as a conductive region, the current itkeirss computed
from the magnetic vector potential and the eledc@lar potential by means:

J =0E =—-0(jah + V) 3)

whereE is the phasor of the electric field.
Since the air region§a and Qgox, are not conductive regionsand k?in (2) are set to

zero, and the EM problem is solved only in termye@dtor potentiala. The magnetic field
source consists of two turns with an impressedectirAt the domain boundar€ng, infinite
boundary conditions are imposed in order to setrniagnetic vector potential to zero at
infinite distance.

The temperature distribution across the tub&@ecan be evaluated by solving the Fourier
equation of the thermal problem in the tube regn8]:

cy%—I:AD2T+p (4)

where the power densitp is computed from the previous electromagnetictgmiy A is the
thermal conductivity [W-mK™], c is the specific heat [J-K&™] andy is the mass density of
the material [kg- i.

The tube is supposed to be at room temperatuhe deginning of the welding process (T =
293.15 K). At the tube surface, suitable heat arge conditions are imposed. In particular,
the region around the tube is at 293.15 K. Coneactind radiation are considered for both

inner and outer tube surface, as well as the wgledge.
Electric and thermal characteristics of the mal® are reported in Table | and Table II,
while thermal model characteristics are reporte@ahle IlII.
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Figure 1. Model geometry of the welding Figure 2. Different regions in the model
system. geometry.
Table I. Electric characteristics of materials.
Material p[Qm] R
Stainsless sted 120-10° 1
Air 10° 1
I mpeder -- 40

Table II. Thermal characteristics of materialssThe temperature in [K].

Material AWm?IK?Y  c[Ikg K] Density [kg m™]
Stainless stedl See fig. 3 See fig. 4 8000
Air 0.03 1300 0.03
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Figure 3. Thermal conductivity vs. Figure 4. Specific heat vs. temperature.
temperature.

Table Ill. Thermal model characteristics.

Type of Surface Emissivity Convection [Wm™K 7]
External 0.7 12
Internal 0.7 12

Welding edge 0.7 10




SIMULATION STRATEGY

The purpose of this study is to solve a theramal EM coupled problem taking into account
the movement of the tube. In fig. 5, a simplifieglogetry of the tube and welding coil is
sketched; the strip is moving through the coil, levlthe welding point remains at a fixed
distance from the inductor as in fig. 6. At the satime, the bending of the strip by the
welding rolls causes a gradual approaching of theddwg edges. Unfortunately, the
simulation tool cannot manage simultaneous movesraohg two different directions. Then,
two simulation strategies have been developed ¢adawis issue and to compute the power
density and temperature distribution in the weldiegion.
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Figure 5. Tube movement directions Figure 6. Weggrocess

The first strategy is based on an equivalentggnapproach, while, in the second one, an
analysis of the entire magneto-thermal transieperéormed.

STRATEGY 1. EQUIVALENT ENERGY BASED APPROACH

Geometry

The geometry of the EM model is sketched in Figand 7 in front and longitudinal views.
The system is composed by a stainless steel tuba amlding coil. The welding coil consists
in two series-connected turns, supplied by a 18QQ/A90 kHz AC current. Furthermore, an
impeder, made of a soft magnetic material, is placeside the tube. The air region is
surrounded by an infinite region.
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Figure 7. Geometry adopted in the first strateggleho

To avoid some issues deriving from data expiorat simplified EM model with parallel
welding edges (fig. 8) is used. It is divided iMNcannular elements of heightrtHvhere H
must be carefully chosen because it strongly affdet precision of the computation. One of
the annular elements is then used as the geonfdtmg thermal model (Figs. 8 and 9).



The EM and thermal problems have been solvatyusicommercial Finite Element Method
(FEM) tool [9]. In the realistic EM model, the firerder mesh is composed by 160000 nodes
and 950000 volume elements, whereas the simpliE&dmodel consists of 100000 nodes
and 650000 volume elements. The thermal model ssretized with 330000 nodes and
430000 volume elements.

Description of the Strategy 1
The problem is solved by following an equivalenergy-based strategy. First, the power
density distribution p(y)is evaluated along & path on the welding edge in the realistic EM
model, as in figs. 7 and 10.

Since the tube is moving at constant velocibe tonsidered cross section has been
subjected to an average power density passing finenmitial positiony,to the positiony, ,

that can be defined as:

J, ply)y
<p >:DY-T ®)

Referring to the simplified EM model in fig. &,is possible to evaluate a new power
density distribution paux(yaux) along a similar path on the welding edge, andirtd the

position y, ., along that path, so thqhaux(yivaux)=< p>. The power density distribution on
the slice corresponding to the position,, is used as equivalent thermal source in the

thermal model to compute the temperature incredses, the temperature distribution on any
cross section along the tube can be easily obtained
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Figure 8. Simplified EM model in the first  Figure 9. Thermal model in the first strategy.
strategy.
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STRATEGY 2: TRANSIENT ANALYSIS
Geometry
The geometry of the model for the EM simulatiosketched in Figs. 2 and 11, where regions
used in simulation are defined. The stainless $tdeQ+ is a conductive non ferromagnetic
region, with parallel welding edges, and the weddaoil is the magnetic field source. The
impeder inside the tube is modelled as a magnegmn,. The tube, the impeder and the
coil are surrounded by the air regiofs, andQgox. TheQgox region is used to facilitate the
re-meshing of the domain. At the domain bounddrg,ibfinity region,Qng, is placed. Initial
and boundary conditions are imposed as well asaritst strategy models.

The EM and thermal problems have been solvatyusicommercial Finite Element Method
(FEM) tool [9]. The mesh is a first-order mesh w0000 nodes and 1000000 volume
elements.

Description of the Strategy 2

The temperature is computed solving an EM probleepled with a transient thermal and
mechanical problem. Since the welding point isdixe space, as in fig. 11, a demarcation
line Ld can be introduced in the model. The regfdp changes its electric and thermal
properties from the ones of an air region to thesotypical of a steel, in every point that
crosses the linéd during the tube translation. In this way, the voéuregion of the tube
follows a translational movement that develops glonly one direction.

At each time step, the power density distributibroughout the tube, obtained from the
solution of the EM problem, is used as thermal seum the thermal problem. Then, the tube
region is displaced along the longitudinal direstis in fig. 11, to perform the mechanical
step. Final power density and temperature disiobstare obtained when the tube reaches a
stationary thermal regime.
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Figure 11. Model geometry of the tube.

RESULTS

Figs. 12-13 show results of the EM and thernmallysis, respectively, obtained from the
first strategy. It can be noticed that skin andxprity effects are considered and the heat
affected zone is close to welding edges. Then,whkling edge temperature reaches the
melting temperature at the welding point.
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Figure 12. Power density distribution on thieigure 13. Temperature distribution on the
tube cross section at the welding point (firtibe cross section at the welding point (first
strategy). strategy).

Figs. 14-15 show power density and temperatistiloutions obtained with the second
strategy. Skin and proximity effects are considerathough some inaccuracies are
introduced because welding edges are considereel parallel for all the tube length. Even in
this case, the temperature increases along theingelddge and reaches the melting
temperature at the welding point.
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Figure 14. Power density distribution on thiéigure 15. Temperature distribution on the
tube cross section at the welding poittbe cross section at the welding point
(second strategy). (second strategy).

The power density and temperature distributiton@ the welding edge for the two
strategies are compared in figs. 16-17.
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Figure 16. Power density in the tube for thegure 17. Temperature distribution on the
first and second strategy modelsyelding edge for the first and second strategy
respectively, as a function of the position anodels, respectively, as a function of the
the welding edge. position on the welding edge.

CONCLUSIONS

A comparison of the results obtained by meartsvofdifferent strategies for the evaluation
of power density and temperature distributions eltts the welding edges has been carried
out. Both the approaches provide comparable resolterms of power density distribution,
and as regards the temperature distribution; theaB¥thermal problems are correctly solved
by both strategies.

The first strategy allows the direct calculatiohthe final temperature distribution, but
many inaccuracies are introduced, such as the hgpist of constant resistivity. Furthermore,
temperature distribution beyond the welding pasmiot calculated.

The second strategy gives more accurate resuitse the material properties can vary point
to point. However, computational costs are veryarngmt and become prohibitive when the
simulated system is characterized by long time taots.

Results will be verified by future tests, evérboth the strategies show good agreement
with experimental data available in literature.
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