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ABSTRACT Due to the fact that geometrical structure of tube electromagnetic bulging process with field
shaper does not conform to the axisymmetric property, three-dimensional (3D) model is usually used to
analyze the process which is complicated and time consuming. Therefore, on the basis of understanding the
working principle of the field shaper, a two-dimensional (2D) model with current constraint is proposed in
this paper to analyze the electromagnetic bulging process of a tube fitted with a field shaper. COMSOL finite
element analysis software is used to develop three models for performance analysis and comparison, these
are: conventional 3D model and the proposed 2D model with and without current constraint. Simulation
results show that the induced eddy current density, magnetic flux density and electromagnetic body density
of the two-dimensional model with current constraint are in good agreement with the results of the three-
dimensional model. This provides an alternative and effective way to analyze the performance of the tube

electromagnetic bulging with field shaper using a simple but yet reliable 2D model.

INDEX TERMS Electromagnetic forming, field shaper, lightweight alloy, finite element analysis.

I. INTRODUCTION

Application of lightweight alloy materials in aviation,
aerospace and automobile industry has been given much
attention in the last two decades [1]—[3]. However, because of
its poor plasticity at room temperature, light alloy processing
using traditional machining technology calls for a substantial
improvement [4]-[6].

Electromagnetic forming (EMF) is a kind of high-speed
forming technology which employs pulse electromagnetic
force to process material forming [7]-[9]. This technology
has been widely utilized due to its ability to improve the
formability of light alloy materials [10]-[13]. Field shaper
is a common auxiliary part in the electromagnetic forming
process which is usually placed between the driving coil and
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the workpiece to adjust the magnetic field distribution and
hence the generated electromagnetic force [14]-[16].
Majority of the current research in EMF with field shaper
is based on experimental measurements or 3D simulation
model [17]-[19]. In [20], the bulging effect of the work-
piece under field shapers of different materials and geo-
metrical dimensions is studied experimentally to select the
optimum field shaper material and dimensions. In [21], a
three-dimensional numerical model of a multi turns coil
field shaper and AL6061-T6 pipe fitting is developed. In the
experimental analysis, photonic Doppler velocimetry (PDV)
is usually used to measure the forming speed accurately
which increases the cost. As such, due to the high cost
of the experimental-based study and the complexity of the
3D simulation model, a few studies have proposed a two-
dimensional model. In [22], one eighth two-dimensional
axisymmetric model with field shaper is developed using
ANSYS software. Reported results attest that the field shaper
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can effectively improve the radial force in tube compres-
sion (bulging). In [23], 2D and 3D models are developed to
investigate the influence of the field shaper parameters on
the magnetic field and the electromagnetic force distributions
on the workpiece. However, the physical construction of the
so far proposed two-dimensional models in the literature
is not clear enough, with lack of reasonable field shaper
modelling.

Based on the principle of electromagnetic tube bulging,
a 2D axisymmetric simulation model of electromagnetic tube
bulging with field shaper is proposed in this paper by intro-
ducing current coupling constraint in the region of the field
shaper. COMSOL finite element analysis software is used
to simulate the proposed model. To validate the robustness
of the proposed 2D model, three models are developed and
compared these are, 3D model and 2D model with and with-
out current constraint. The parameters of the three models
including flux density, induced eddy current of the field
shaper and electromagnetic force distribution are analyzed as
elaborated below.

Coil

Field-shaper

FIGURE 1. Electromagnetic bulging structure of tube with field shaper.

Il. PRINCIPLE OF ELECTROMAGNETIC TUBE BULGING
WITH FIELD SHAPER

The electromagnetic bulging structure of a tube with field
shaper is shown in Figure 1, of which the driving coil, field
shaper and tube are placed concentrically from inside to
outside with air gap along the axial direction of the field
shaper. This structure significantly concentrates the force on
the tube.

When a pulse current is applied to the driving coil,
induced eddy current will be generated on the field shaper.
Because of the air gap, the induced eddy current in the
field shaper does not form a closed circuit. On the other
hand, because the length of the outer wall of the field
shaper is smaller than that of the inner wall (see Fig-
ure 2(b)), the current and flux densities of the outer wall
of the field shaper are enhanced. The current on the outer
wall of the field shaper generates induced eddy current on
the tube. The pulse electromagnetic force generated due to
the interaction between this eddy current and the magnetic
flux drives the tube to accelerate to realize the required
forming.
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FIGURE 2. Geometric model (a) 3D model; (b) 2D model.

Ill. FINITE ELEMENT ANALYSIS

While the driving coil and tube are of axisymmetric geo-
metrical structure, electromagnetic bulging of the tube with
field shaper cannot be directly simplified into a 2D model
because of the air gap and the non-axisymmetric structure of
the field shaper. The key contributions of this paper is the
presentation of a simplified 2D model for tube electromag-
netic bulging with field shaper without compromising the
model accuracy. Table 1 shows the basic parameters of the
main components of the proposed model. The pulse current
source of the driving coil is a damped sinusoid waveform
of 5kA amplitude and 160us width. For accurate comparison,
parameters in Table 1 are used to build three models; 3D and
2D model with and without current constraint using finite
element analysis as elaborated below.

A. THREE-DIMENSIONAL MODEL
To emulate the actual electromagnetic tube bulging with field
shaper, a 3D model is developed with the inclusion of the
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TABLE 1. Basic parameters of the proposed model.

coil Field shaper  tube

Outer radius (mm) 12 25 27

Internal radius (mm) 10 14 26
Height of coil side (mm) 40 32 5

Height of tube side (mm) - 5
Materials copper Rad copper Aluminum

Conductivity (1077S/m) 5.7 4.52 3.53

Relative permeability (H/m) 1 1 1

driving coil, field shaper, tube and surrounding air layer,
as shown in Fig. 2(a) (air layer is not shown). The 3D model
can effectively reflect the tube electromagnetic bulging pro-
cess with field shaper. This 3D model is used as a reference to
assess the performance of the proposed 2D model. The three-
dimensional model is executed in a 28min and 28s and takes
4.05GB physical memory and 4.52GB virtual memory.

B. TWO-DIMENSIONAL MODEL WITHOUT CURRENT
CONSTRAINT

Ignoring the influence of air gap, the field shaper is regarded
as a closed conductor ring of axisymmetric structure, and
the electromagnetic bulging of the tube with the field shaper
can be simplified into a 2D axisymmetric model, as shown
in Fig. 2(b). Although of the small geometrical dimensions of
the air gap, its existence is essential to control the flow of the
induced eddy current in the field shaper. As such it cannot be
ignored in the simulated model. This model does not consider
the current constraint and is used for comparison analysis.

C. PROPOSED TWO-DIMENSIONAL MODEL WITH
CURRENT CONSTRAINT

In order to simplify the electromagnetic bulging of tube with
field shaper into a feasible 2D model, the induced eddy
current in the field shaper must be restricted. The induced
eddy current comprises four components: 11 on the inner wall
of the field shaper, I, on one side of the air gap, I3 on the
outer wall of the field shaper and I4 on the other side of
the air gap, as shown in Figure 3(a). To simplify the finite
element simulation model, the air gap is filled with the same
conductor material, as shown in Figure 3(b). As I2 and 14 are
of the same magnitude and opposite direction, the magnetic
field generated by these currents is only constrained in the
vicinity of the air gap. Thus the influence on these two current
components on the electromagnetic bulging of the whole tube
can be ignored, so the model can be further simplified as
shown in Figure 3(c). In this case, the current collector is
axisymmetric both in structure and current distribution, and it
can be simplified into a 2D-model. The current constraint is
considered in the simplified model by controlling the current
components on the inner and outer walls of the field shaper to
be of equal magnitudes and opposite directions. In the actual
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modeling, this constraint is set by adjusting the total current
in the collector to zero. The calculation time for the proposed
two-dimensional model, is only 4s and it takes only 0.98GB
of the physical memory and 1.2GB of the virtual memory.
This is a significant reduction from the time and memory
required to solve the 3D model as reported above.

@) by

©

FIGURE 3. Equivalent process of the filed shaper model. (a) Initial model;
(b) Model after filling; (c) Final model.

D. SETTING OF PHYSICAL CONDITIONS OF FINITE
ELEMENT MODEL

A pulse current is applied to the driving coil to generate a
pulse magnetic field as per the equation below:

VxH=J (1)

where H is the magnetic field strength, J is the external
current density, obtained by dividing the pulse current I of
the driving coil by the cross-sectional area of the coil.

In the filed shaper, there is no external current, but there
is an electric field intensity generated by the change of the
magnetic flux as below:

oB

VXxE=—-— 2
x o7 2

Je =0E 3

where E is the intensity of the induced electric field in the
collector, B is the flux density, J, is the induced current
density in the collector, and o is the conductivity of the
collector.

For a 2D-model with current constraint, (I = 0);

/ers=o @)

where S is the collector cross sectional-area. Similar to the
collector, there is no external current in the tube and the
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FIGURE 4. Current density (A/m2) of the 3 investigated models (a)
3D-model, (b) 2D- model without current constraint, (c) proposed
2D-model with current constraint.

electric field intensity is generated due to the change of the
magnetic flux that results in induced eddy current in the tube.
The electromagnetic force on the tube is calculated from:

F=J,xB &)

Since the current components on the inner and outer walls
of the collector are equal in magnitude and opposite in direc-
tion, the skin depth § can be calculated based on the below
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equation.

5= | —— Q)
W LOT
where w is the angular velocity, u is the permeability, wg is
the vacuum permeability, o is the conductivity.
In the developed model, the current frequency is 3.125 kHz
and the skin depth calculated using (6) is 1.14mm.

IV. SIMULATION RESULTS

In order to validate the robustness of the simplified 2D-model,
this section analyzes and compares the performance of the
three models mentioned above in terms of the induced eddy
current, flux density, and the electromagnetic force distribu-
tion.
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FIGURE 5. Eddy current density waveforms at points A and B of the tube
for the 3 investigated models.

Figure 4 shows the current distribution of the tube electro-
magnetic bulging with field shaper for the three investigated
models. To enhance the clarity of the results, the current
density of the 2D-models is rotated 360°.

It can be observed that the induced eddy current on the
inner wall of the field shaper of the 3D-model exhibits a coun-
terclockwise distribution. When the eddy current encounters
the air gap, it transits to the outer wall of the field shaper
and exhibits a clockwise distribution after which it flows
back to the inner wall along the other side of the air gap.
Distribution of the induced eddy current in the tube is in
anticlockwise direction, and the induced eddy current density
is clearly enhanced. It is to be noted that in Figures 4 (a) and
(c), the arrow of the outermost layer of the pipe fitting is in
counterclockwise direction.

In the 2D-model without current constraint (Figure 4(b)),
the induced eddy current of the field shaper is almost dis-
tributed only on the inner wall of the field shaper and it
exhibits a clockwise direction. Because there is no current
constraint, the field shaper in this case is equivalent to a
continuous conductor and the distribution of the eddy current
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is inconsistent with the actual situation. The field shaper acts
as a shield, resulting in almost no induced eddy current on the
tube.

(a)

@

e

FIGURE 6. Cloud chart of the magnetic flux density (T) distribution across
the tube. (a) 3D-model; (b) 2D-model without current constraint; (c)
proposed 2D-model with current constraint.

In the proposed 2D-model with current constraint, except
that there is no air gap, the distribution of the induced eddy
current in the field shaper and the tube as shown in Figure 4(c)
is similar to that of the 3D-model shown in Figure 4(a).
To clarify the obtained results, the eddy current density at two
arbitrary points A and B at the end and middle of the tube
(As shown in Figure 2) is measured for the 3 investigated
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FIGURE 7. Magnetic flux density waveform at points A and B of the tube
for the 3 investigated models.

models. It can be observed from the results shown in Fig-
ure 5 that the generated eddy current density at the selected
two points of the 3D-model and the proposed 2D-model with
current constraint are of good agreement. For both models,
the maximum amplitude of the eddy current density at point
A is 3.89 x 108 A/m? while the maximum eddy current density
at the same point for a 2D-model without current constraint
is 4.27 x 10°A/m?. Because of the concentration of induced
eddy current at the end of the tube, the density of the induced
eddy current at point A is higher than that at point B. The
magnetic flux density and the induced eddy current interact to
produce the electromagnetic force. Figure 6 shows the cloud
chart of the magnetic flux density distribution across the tube.
Similar to the current density distribution, the magnetic flux
density of the 3D-model and that of the proposed 2D-model
with current constraint are of similar trend that is far different
from the current-free 2D model. The mesh division of the
3D-model is not detailed enough. As such its cloud image is
not exactly coinciding with that of the 2D-model with current
constraint.

The flux density waveforms at points A and B of the tube
for the investigated 3 models are shown in Figure 7. It can be
seen that the maximum amplitude of the flux density of the
3D- model and the 2D-model with current constraint is 0.55T,
while the maximum flux density in the 2D-model without
current constraint is 0.11T.

Figure 8 shows cloud charts of the electromagnetic force
volume density distribution of the tube for the 3 investigated
models. It can be also observed that the cloud chart of the 3D-
model is consistent with the cloud chart of the proposed 2D-
model with current constraint. Results also show that the elec-
tromagnetic force density on the inner wall is significantly
greater than that on the outer wall. This is consistent with the
distribution of the induced eddy current density on the tube
shown in Figure 6, which is caused due to the skin effect.
On the other hand, the electromagnetic force distribution on
the tube without current constraint is obviously inconsistent
with the other 2 models. Figure 9 shows the distribution
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FIGURE 8. Cloud chart of the electromagnetic force density distribution
of the tube (x108 N/m?) (a) 3D-model, (b) 2D-model without current
constraint, (c) 2D-model with current constraint.

of the electromagnetic force bulk density with time at the
selected two points A and B on the tube. Again, Figure 9 attest
the previously obtained results and validate the consistent
performance of the proposed simplified 2D-model with the
conventional 3D model.

V. CONCLUSION

In order to solve the complexity of the tube electromag-
netic bulging simulation with field shaper, a simplified two-
dimensional model with current constraint is proposed in
this paper based on the distribution characteristics of the
induced eddy current in the field shaper. Detailed com-
parative analysis of three models including conventional
3D-model, 2D-model without current constraint and the
proposed 2D-model with current constraint in terms of
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FIGURE 9. Electromagnetic force bulk density waveform at points A and B
of the tube for the 3 investigated models.

induced eddy current density, magnetic flux density and
electromagnetic force volume density is conducted. Results
reveal the consistent performance of the proposed simpli-
fied 2D-model and the conventionally used 3D-model. The
simplified model can be executed in a few seconds whereas
the 3D model takes more than 28 min to be executed. This
validates the feasibility of the simplified simulation model to
emulate the real operation of the tube electromagnetic bulging
with field shaper. The proposed model is simple, accurate and
easy to implement which opens the door for further research
in the area of tube electromagnetic forming technology.
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