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Coupled Magneto-Thermal FEM Model of Direct Heating of
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Scalar and vector magnetic formulations have been applied to solve the current distribution in a 50 Hz direct resistance heating system
of ferromagnetic tubes. The scalar formulation driven via an external circuit has been also applied to solve the Time-Harmonic EM part
of the problem coupled with the thermal transient: the computed warm up curves have been compared with experimental data.

Index Terms—Eddy currents, electromagnetic heating, finite element methods, resistance heating.

1. INTRODUCTION

IRECT resistance heating of steel tubes is industrially
D achieved by supplying strong 50 Hz currents directly to
the workpiece by means of suitable contact systems. The cur-
rent density distribution inside a straight tube depends upon the
skin effect, while for bended tube it is influenced also by the
ring effect. The thermal sources for the heating are the Joule
losses, which depend on the square of the current density: con-
sequently the unbalanced distribution of the current density due
to the ring effect produces a significant overheating in the inner
part of the curved zone. In previous investigations the possibility
of balance the ring effect by means of properly designed lam-
inated cores has been analyzed [1]. The proposed solution has
been realized in a laboratory setup and experimental measure-
ments have been used to verify the reliability of the numerical
models applied to this case study.

Numerical models have been developed to solve the electro-
magnetic problem by means of 3-D finite element solution: be-
cause there is only one conductor carrying the source current,
the A-AV formulation has been implemented applying Dirichlet
conditions for the scalar electric potential on the edges of the
conductor which means that a voltage has been applied between
the extremities that are supposed to be at the same potential.
The solution of the EM problem has been also implemented
by means of a magnetic scalar coupled with the electric vector
potential formulation. This formulation reduces substantially
the computational requirements so that also the 3-D coupled
electromagnetic thermal solution can be achieved in reasonable
times [2]. Moreover the scalar formulation can be more effi-
ciently driven by an external electrical circuit, allowing to feed
a constant current in the model instead of an applied voltage [2],
[3]. Some comparisons between the results obtained by means
of the A-AV formulation with the ones made with T— Ty — ¢ are
presented as well as some comparisons between the computed
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Fig. 1. Schematic of the bended tube laboratory setup. The ferromagnetic tube
(‘A’ region) is surrounded by a thermal insulator (‘B”). The ‘C’ region describes
the laminated yoke, placed to minimize the ring effect.

temperature distribution and the experimental measurements re-
sulting from some warm up processes carried out controlling the
current intensity during the heating transients.

II. COMPUTATION MODELS

The model represents the laboratory setup built in NSTU
(Novosibirsk State Technical University) and it is constituted by
a ferromagnetic tube, a laminated yoke and a thermal insulator
that envelops the tube (Fig. 1).

Only a part of the real system has been considered, applying
tangential magnetic field conditions on the boundaries, repre-
sented in Fig. 2 by the ‘SP;’ and ‘SP5’ lines. These faces are
coincident with the terminals of the tube conductor. On the plane
where the tube axis is laying, normal magnetic field and tangen-
tial electric field boundary conditions have been posed.

In the model the entire domain €2 can be subdivided into:
Q¢, the electrical conductor, 2cv, the insulating part inside the
conductor, {2y the air region, {2); the magnetic region where
there is the lamination, considered as an electric insulator.

As mentioned above, the electromagnetic solution, in partic-
ular the distribution of the current density inside the tube, has
been obtained by means of two different numerical formula-
tions. The magnetic vector potential A coupled with the scalar
electric potential V formulation leads to a very accurate solu-
tion for the current distribution since it can be obtained, in the
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Fig.2. On the left, the boundaries of the model are represented by SP; and SP»
lines; the terminals of the conductive tube are located on the same boundaries.
On the right, the finite element model of the tube has been realized with a 3-D
mapped mesh to subdivide the skin depth layer.
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Fig. 3. The coupled electromagnetic and thermal solution has been obtained
using both A,AV and T, To, ¢ formulations for the EM part.

hypothesis of a time harmonic field of angular frequency w, di-
rectly from the solved nodal state variables with first order basis
functions in the {2¢ region

J= —%(ij-FVV) (1)

where p is the electrical resistivity and the dot over the A, V po-
tentials indicates the phasor representation. The model has been
solved by applying a constant voltage drop between the two ter-
minals of the tube, imposing Dirichlet boundary condition on
the electric scalar potential on the terminals of the conductor
SPc1 and SPcso. However, the vector formulation has some
drawbacks: it requires huge computational resources, it badly
describes the nonlinear magnetic properties when p, > 1,
and finally, when an iterative algorithm like Newthon—Raphson
is applied to nonlinear models, the computation time becomes
very high and the convergence is usually poor [2].

For these reasons, the electromagnetic solution has been ob-
tained also by means of the T — Ty — ¢ formulation with an
imposed current driven by an electrical circuit directly coupled
with the FEM solver. The electric vector potential T is defined
since in quasi-static hypothesis the divergence of the current
density must be 0.

Defining the current density due to voltage drop as

. 1 . .
Jo=—-VV=VxT, )
p

In Q¢ the current density can be computed from
J=VxTy+VxT (3)
and the field H in the conducting region can be described as

H=T+T,-Vé )
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Fig. 4. Photo of the experimental setup.

In QCV
H=T,-V¢ )

while in the air and the magnetic yoke, the field can be computed
as the gradient of the scalar magnetic potential [2].

The total current flowing in the conductor can be computed
integrating the normal component of J vector flowing in the con-
ductor on any plane normal to the tube axis. Since current flow
across the interfaces between the conductor region and the in-
sulator must be zero, the current can be defined, with reference
from the terminal laying on SP; to the one laying on SP5, as

I:—//j-ndsz//j-nds (6)

SP1 SP2

The definition of per unit values of Jg and Ty as jo and tg
with reference to the total current I, allows to define a current
I-voltage U law depending on two volume integrals of the field
values that gives the possibility to simultaneously solve field and
circuit unknowns [3], [4].

ﬁ:I/pj%dQ—i—jw / {oBdQ @)
Qc Qcv

The possibility to impose a sinusoidal current of constant am-
plitude in this simulation is very useful because the laboratory
tests have been carried out using a power supply with a current
control.

The coupled steady state electromagnetic and transient
thermal solution is then performed iteratively in order to
take into account the temperature dependence of the material
properties.

III. EXPERIMENTAL SET UP

The photograph of experimental setup (Fig. 4) shows the ar-
rangement of thermocouples on the surface of the curvilinear
workpiece and places of water-cooled terminals connection.

The sketch of the experimental setup (Fig. 5) shows dispo-
sition of thermocouples and voltage sensors on the curvilinear
workpiece surface in plane of the magnetic core.

Heating of curvilinear workpieces was carried out at constant
current. Bent ferromagnetic pipes having the external diameter
d = 0.16 m, the bend angle G = 90°, the bend radius of the
long axis Ry = 0.64 m and the wall thickness H = 0.02 m were
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Fig. 5. Experimental assembly diagram: 1-heated workpiece; 2-current
supply; 3-water-cooled terminals; 4-constant current source; 5-thermal insula-
tion; 6-magnetic core.

TABLE 1
STEEL PROPERTIES

Property Formula Unit
Electrical ) ]
Re:icstrfvcﬁy p(6)=32210°(1+25107A0) Qm
Thermal . -
Conductivity A(0) =356 (1-2.0 107A8) W/K/m
Heat a0 )
Capacity 0(f) = 3.5210° ! W/K/m
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Fig. 6. Correcting coefficient C for magnetic permeability values vs tempera-
ture.

b}

heated. The construction of the U-core ‘6’ in Fig. 5 provided
changes of the gap between the pipe surface and the bars in the
ranges a/d = 0.15 + oo and b/d = 0.2 + co.

To measure the temperatures 17,75, 15, 1, (Fig. 2) on the
workpiece surface, chromel-alumel thermocouples with the
d. = 0,5 - 1073 m diameter electrodes welded to the pipe
surface were used.

The investigations were carried out in presence of thermal
insulation, 20 mm thick.

The electrical, thermal and magnetic properties of the steel
have been measured as function of temperature #, and shown in
Table I while the magnetic characteristics of both the steel of
the tube and the lamination are nonlinear. In order to achieve
the coupled solution in reasonable time, the nonlinear magnetic
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Fig.7. Comparison between the current distribution, normalized to the average
value, as a function of the azimuthal position obtained with the A-AV formula-
tion (continuous lines) and the T —T'; —¢ formulation. The black lines represent
the solution without yokes while the red curves are with the laminated yoke.

properties of the tube steel and the lamination have been taken
into account only in a preliminary EM solution with cold ma-
terial properties. The coupled computation has been carried out
using a linear model of the permeability. The constant relative
permeability values have been set in order to have the same in-
tegral value of the Joule losses in the tube as computed with
the nonlinear electromagnetic solution at cold temperature. The
fitted relative permeability of the lamination has been set equal
to 30 while the fitted relative permeability of the steel at 20°C
has been set equal to 100.

The dependence from the temperature of the magnetic perme-
ability of the steel is described by the adimensional coefficient
C used in (8), where g (6) is the relative permeability at § tem-
perature and 159 is the one evaluated at 20°C. The temperature
dependence of C is shown in Fig. 6.

pr(0) = (p20 —1)-C+1 ®)

IV. NUMERICAL RESULTS AND COMPARISON

The EM solutions obtained with the two different formula-
tions have been compared, verifying the resulting current den-
sity distribution in the bended part of the tube.

In Fig. 7 the current distribution is represented as the ratio
between the averaged value and the actual values along a curvi-
linear path located in the central section of the bended zone. The
two calculated distributions are in good agreement; it can be no-
ticed that the current densities, resulting from the curl operation
(2) applied on the T values as resolved on a 2nd order mesh,
presents an oscillation due to the derivative operation that is not
performed when the A-AV formulation is applied.

The current distributions obtained by means of A,AV formu-
lation and the ones resulting from the scalar magnetic one are
shown in Fig. 8 for the case without the magnetic yoke and in
Fig. 9 with the presence of the ‘C’ shaped yoke.

The EM-thermal solution has been performed with a classic
iterative procedure, where the joule losses represents the cou-
pling term used as thermal sources of Fourier’s thermal equa-
tion. The total transient period, 3600 s, has been subdivided into
40 time steps of 90 s. The entire solution required roughly 20
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Fig. 8. Comparison between the current distribution without magnetic yoke
obtained using A,AV formulation (on the left, maximum value 8.4 A/mm?2) and
T, To, ¢ one (on the right, maximum value 7.6 A/mm?2).
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Fig. 9. Comparison between the current distribution with magnetic yoke ob-
tained using A,AV formulation (upper drawing, maximum value 7.2 A/mm?2)
and T, To, ¢ one (lower one, maximum value 6.9 A/mm?2 [5].

xﬂux

days of calculation on a Xeon X5355, 2,66 GHz, with 32 GB
of RAM when T, Ty, ¢ formulation is applied while the same
calculation applying A,AV requires roughly 30 days.

The numerical transient is compared with the experimental
data in the diagrams of Fig. 10 and Fig. 11 that refer to two
different geometric configurations of the magnetic core.

With reference to Fig. 5, the value of parameter ‘a’ is 159 mm
and ‘b’ is 616.5 mm for the calculation presented in Fig. 10,
while the core used for the results presented in Fig. 11 has the
same ‘a’ parameter while ‘b’ is 113.5 mm. Both the models have
been supplied with the same current, 6200 A amplitude.

V. CONCLUSIONS

As well known, the scalar formulation coupled with the cir-
cuit equations has been proved to be suitable for the solution of
the electromagnetic part of a coupled magneto thermal problem,
allowing a faster process in comparison with the one achievable
by means of A-AV formulation.
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Fig. 10. Comparison between computed thermal transient and experimental
measurements. Experimental data are obtained from three thermocouples placed
on the tube, as shown in the sketch in the right part of the figure. The same sym-
bols indicate the measured temperature on the diagrams, while the numerical
results are represented by lines. A fourth measured point, indicated with X, is
located on the thermal insulator.
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Fig. 11. Comparison between computed thermal transient and experimental
measurements using a different core, with the same symbols as in Fig. 10.

The coupled electromagnetic and thermal FEM model has
been tested in a laboratory installation. Laboratory measure-
ments have been carried out heating up the load up to a quite
high temperature in order to verify the numerical model in a
wide range of temperature variation.
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