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Chapter 8

Conclusion and Future Work

8.1 Conclusions

Electromagnetic forming is a promising technology enabling numerous high speed forming
applications with the use of Lorentz force. This thesis presented a study on the parametric
effect on electromagnetic tube expansion.

In this thesis, The author has developed a numerical model that couples electromagnetic,
structural and thermal physics involved in EM tube forming process. The developed numerical
and analytical model results are in good agreement with experimental results. Design
methodology of the actuator (coil) is presented in detail. Depending on the workpiece
dimensions and forming requirements, selection criteria of different coil parameters are
presented. It is observed that though the coil is under the mechanical and thermal stress during
the forming process, the thermal effect is a leading contributor in the initiation of coil failure.
The presented coil design aspects and failure analysis certainly crucial in the coil design stage
of any electromagnetic forming application.

The discharge circuit parameters during EM forming process are not constant. The variation
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of the discharge circuit parameters estimated with the analytical model and its importance on
numerical model accuracy is studied. It is observed that incorporating the dynamics of discharge
circuit in the numerical analysis of EM forming certainly improves the numerical model results.
For given discharge energy, there exists an optimum frequency at which we get higher forming
and it is related with the relative skin depth. For the tube forming case, it is observed that at
an optimum frequency, the relative skin depth is less than 1 contrast to the sheet forming case
observed in the literature. Further, it is observed that the optimum frequency has a dependency
on tube thickness as well as on system resistance and inductance. This study can beneficial in
setting EM system parameters to get high forming and thereby good process efficiency.

Magnetic coupling between coil and workpiece is plays an important role in EM forming
process still it is not much discussed before. For the tube forming case, the derived relation
between coupling factor and the coil-workpiece gap is found to be exponential decay. Te
discharge circuit parameters, EM process efficiency are varied exponentially with the coupling
factor. Coupling factor analysed in this thesis is helpful in accurate analytical simplification of

EMF discharge circuit. It is also important in the design stage of EM forming set up.

8.2 Future work

Future investigation will be on the feasibility of the electromagnetic joining by tube expansion
method. In this, the electromagnetically expanding tube will be impacted on the aluminium
sheet/flange to achieve the joint between tube and sheet. The developed numerical model
is to be updated to analyse the behaviour of the impacting materials during the joining
process. In electromagnetic welding, there are some criteria to achieve weld such as the impact
velocity, stress and strain in the impacting materials. The numerical model can give important

information about these parameters and will certainly reduce the experimental trials and time.
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The next task is to improve coil life. In present work, diagnosis of the coil failure is performed
using the numerical simulation model. It is seen that the thermal loading plays an important role
in the initiation of the coil failure compared to the mechanical loading on the coil. However,
experimental measurements are required to validate the numerical observations. Though the coil
is functional, the accumulated deformation and degradation of the coil needs to be monitored
during every experimental trial of the coil to know its health. It will help to confirm the exact
reason for coil failure and also probable failure time of the coil.

Besides improving the coil life, utilisation of maximum electromagnetic energy to the
workpiece deformation is also necessary to increase the EMF process efficiency and also
thereby reducing stress on the coil. It is shown in this thesis that the EMF process efficiency
increased exponentially with an increase in the coil-workpiece coupling factor. Considering
the constraints on achieving maximum coupling factor, further study is required on estimating

optimum coupling factor for given geometry and materials.
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Summary

Electromagnetic forming (EMF) is a high-velocity forming method that uses a strong
electromagnetic field to deform metallic workpieces. Ability to form lightweight materials
like aluminium has increased the EMF technique importance in the automobile and aerospace
industries.

The first aim of this research is to propose a methodology to design a robust EM coil for EM tube
expansion and second is to study the effect of process parameters on electromagnetic forming
results, process efficiency and coil life.

A 40 kJ EM manufacturing machine is used for the electromagnetic expansion experiments.
EMF tests are performed on different dimension aluminium 5052 tubes. A 2D numerical
model is developed using COMSOL Multiphysics software. In this, electromagnetic, structural
and thermal physics are coupled sequentially, and time-dependent study is performed. A 1D
analytical model is also developed to estimate required magnetic field, magnetic, resultant
tube velocity and displacement. The developed analytical and simulation model results are
in agreement with experimental observations.

Firstly, a robust electromagnetic coil is designed and tested for aluminium tube expansion. In
designed coil failure diagnosis, it has been observed that the thermal loading on the coil has a
significant role in the coil failure compared to the mechanical loading.

A further study carried out with an aim to obtain the optimum frequency of discharge current

v



that gives maximum tube expansion at constant discharge energy. Results of tube expansion
show that maximum forming is obtained at a frequency where the ratio of skin depth to tube
thickness is less than 1. It is also noticed that the optimum frequency depends on the tube
thickness, inductance and resistance of the system.

The importance of discharge circuit parameters dynamics during the electromagnetic forming
processis studied further. Significant improvements in estimated results are observed with
consideration of discharge circuit parameters dynamics in the analysis. Next study is done on
the estimation of the coil-workpiece magnetic coupling coefficient K. The coupling coefficient
K variation with the coil-tube gap his related with curve fitting, and this K-h relation is then
used to analyse the discharge circuit parameter dependency on h. The EMF process efficiency
and tube displacement are found to be improved exponentially with the increase in K.

The studied aspects in this thesis will be helpful to design strong electromagnet and to improve

the EMF process efficiency.



Chapter 1

Introduction

Present world desire for efficient use of energy resources due to increasing energy cost. As a part
of this, recent research aimed at the alternatives for conventional methods. In the automobile
industry, the fuel consumption of vehicles is a topic of constant importance. Automotive
mileage can be improved by reducing the weight of automotive parts. Using the lightweight
material as a replacement for heavy materials like copper, steel and cast iron is a more
feasible approach to improve the fuel economy. Aluminium alloy properties such as corrosion
resistance, formability and high strength to weight ratio have made it a suitable material for
use in the automotive sector. Hollow aluminium alloy tubes are formed to different shapes and
are widely used in the automobile and aerospace industries. The tubular parts are formed to
generate circumferential and axial deformation in the material. Conventional forming methods
have limitations like low forming quality, low productivity and high cost. Attempts to obtain
improved formability have led interest in the high-speed forming process; among them, the
process that stands out is the electromagnetic forming (EMF). EMF is a high-speed forming
process that uses Lorentz force generated by the interaction between induced current density

and magnetic field to deform workpiece. EMF process has advantages over quasi-static forming



like improved material formability, reduced spring back and high forming precision [1] [2].
Depending on the applications, it is often required to combine aluminium alloys with different
materials to improve its properties. EMF method is able to produce similar and dissimilar metal
joints as strong as a weld within hundreds of microseconds. In contrast to the conventional
joining techniques, this method is environmentally friendly with no fume, spatters and heat-
affected zones.Though the EMF method is not commercialised yet, the area is certainly of

interest in future lightweight automotive design [8].

1.1 Objectives and research significance

To date, EMF has been mainly used to form or to weld materials by compression method. In
the case of electromagnetic (EM) compression, the workpiece is present inside the coil that
allows freedom in selecting coil shape and size. The technology has rarely been used for high-
speed EM tube expansion applications; this is mainly attributed to constraint associated with
the coil size. As, in the case of EM tube expansion, the coil is placed inside the tube and hence
coil size is limited by tubes inner diameter and thickness. Unpredictable life of the coil is a
fundamental problem in EMF. Field strength limits, mechanical and thermal stress are critical
parameters that decide the sustainability of the EM coil. Therefore, the first aim of this research
is to propose a methodology to design a robust EM coil for EM tube expansion and second is to
study the effect of process parameters on tubular workpiece forming and process efficiency. A
numerical model is developed for the EM tube forming analysis that couples electromagnetic,
structural and thermal physics. A robust helical coil is designed and used for forming of tubular
workpieces. Furthermore, the influence of process parameters on tube forming results, process
efficiency and coil life is analysed using the analytical, simulation and experimental study. A
potential application of the present study is in the nuclear reactor industry [7] involving the

2



joining of hollow aluminium tube to aluminium flange/end sheet by tube expansion. This study
also finds its use in space frame structures that require forming of hollow aluminium tubes as

well as joints by tube expansion.

1.2 Organization of thesis

In view of the above objectives, this thesis is divided into following broad topics.

Background

Development of analytical and numerical simulation model

Coil design methodology for the tube forming application

Parametric studies using experiments and numerical simulation

Chapter 2 reviews the literature works specific to the analysis performed in this thesis. A
summary of previous work done in the domain such as parametric effect on electromagnetic
tube expansion, coupled physics approaches of numerical simulation and coil design for EMF
applications is presented.

Chapter 3 gives the details of the experimental setup and a developed numerical simulation
model.  Various components of the EMF machine and measuring instruments used in
experimental work are explained along with their specifications. The numerical model is
developed using COMSOL Multiphysics. Governing equations of used physics in the numerical
model and physics coupling are explained in this chapter. Further, the numerical model results
are validated by comparing them with experimental and some literature results.

In chapter 4 design methodology of a helical coil for the considered electromagnetic tube

forming application is discussed. An analytical model is developed to calculate parameters like



magnetic field and tube velocity based on designed coil parameters. The analytical results are
compared with the experimental and numerical model results. With the help of the numerical
model, the mechanical and thermal loading on the coil during forming operation is analysed to
dignosis the coil failure.

With the help of experimental and numerical simulation study, the effect of the coil current
frequency on electromagnetic tube expansion is analysed in chapter 5. At constant discharge
energy, optimum current frequency is obtained for the used experimental setup. Here the
optimum frequency refers to the frequency where maximum process efficiency occurs. The
dependency of optimum frequency on the discharge circuit parameters and relative skin depth
is also discussed further.

Discharge circuit parameters vary during the electromagnetic forming process. The variation
of these parameters with time during the electromagnetic tube expansion is analysed in chapter
6. A developed analytical model in the previous chapter is modified by considering the nature
of the dynamics of discharge circuit parameters at each time step. The estimated dynamics of
discharge circuit parameters are compared with experimental measurements and its effect on
discharge current as well as on numerical simulation accuracy is discussed.

Chapter 7 talks about the importance of magnetic coupling between the coil and the tube on
the electromagnetic tube forming process. The coupling factor variation with the coil-tube gap
is related with the curve fitting using the experimental and numerical simulation results. This
relation is used to estimate the nature of process efficiency variation with the coupling factor.
Further, the derived curve fitting relation is used to estimate the discharge circuit parameters at
different coil-tube gap.

Chapter 8 summarises the overall work and renders future research directions.



Chapter 2

Liturature survey

The EMF concept began from the Kapitza [9] experiments, who has generated the magnetic
field that is capable of deforming solid conductors. As mentioned by [8], EMF process for target
oriented geometries is first used by Harvey and Brower [10] and patented the process. Many
papers published during 1960-70 on electromagnetic forming are consists of the theoretical
model of the phenomenon and the experimental validation [11][12][13]. With the increase in
computing facilities in 1990, more work on this field is carried out on numerical simulation of
the process. With the advantages of coupled 2D and 3D simulations and fast measuring devices
[4], the progress in this field is increased in the past three decades. EMF can be classified based
on the application such as expansion, compression, welding and crimping of the material. An
extensive review of EMF is done by Psyk et al. [8] and Mamalis et al. [14]. They have covered
the work carried out in the past in the EMF applications. A large quantity of research is present
on numerous aspects of EMF. The emphasize of the present thesis is on the electromagnetic
tube expansion, and hence, the literature review here is focused on following topics relevant to

the work carried out.

e Electromagnetic expansion-parametric study



e Numerical simulation

e Tool coil used for forming

2.1 Overview of EMF process

EMF is one of the prime applications of the pulsed magnetic field. The technique uses Lorentz
force for high-velocity compression and expansion of a workpiece. Figure 2.1 shows a typical
schematics of the EMF applications. There are three main components present in the EMF
process a capacitor bank, coil (electromagnet) and workpiece. A power supply is used to store

the electrostatic energy Ec, which can be calculated from equation 2.1.
1 2

Where C is the capacitance of the capacitor bank and V is the charging voltage. This stored
energy Ec is discharged into the coil using a high voltage, high current switch and converted
to electromagnetic energy. The overall electrical circuit is capacitive-resistive-inductive nature
and hence the current through the coil is damped sinusoidal. The time-varying, pulsed magnetic
field is generated by the coil and is linked with surrounding metallic workpiece. Eddy current
gets induced in a workpiece with direction opposite to that of coil current direction as shown in

figure 2.1.
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Lorentz force responsible for workpiece forming depends on cross products of vectors



namely, workpiece induced current density and magnetic flux density as given by equation 2.2.

F=J,xB (2.2)

In the case of tube expansion, the current exciting coil is placed inside the tube whereas in the
case of tube compression the coil is placed outside the tube. Figure 2.2 shows the Lorentz force
direction relative to the position of the coil. For the sheet forming case, a flat spiral coil is used
and it is placed parallel to the sheet. The shape of the sheet can be obtained by free forming
process, or a die is also used for particular shapes. Electromagnetic welding [3] [6] [18] is also
one of the prime applications of the electromagnetic process. In this, the workpiece on which
Lorentz force is applied is impacted on the other workpiece with impact velocity in hundreds
of meter per seconds. The details of EMF process analysis and involved parameters are given

in chapter 4.

Industrial applications

The main industries keen in advancement for EMF applications are automobile and aerospace
industries, where weight reduction is a major problem. Fabrication of aluminium parts with
high-velocity EMF method helps in weight reduction and thereby improves the efficiency of
automobiles. Other than these, there is significant interest in the electrical power sector [19]
for lug crimping of the power cable using EMF. Figure 2.3 shows some of the EMF industry

applications.



Figure 2.3: EMF applications in (a) Automobile[20] (b) Power sector [19] (c) Packaging [21](d)
Nuclear industries [22]

The EMF principle is also used by [23] for manufacturing mobile phone cases [24] and for
fuel cell bipolar plates manufacturing. As electrical high conductive material like aluminium
frequently involved in lightweight manufacturing, EMF is a promising technology for the

manufacturing industries.

EMF -Advantages and limitations
Advantages

e The process completes within hundreds of microseconds which is ideal for achieving a

high production rate.

e No environmental constraints for the process. It can be performed in vacuum, inert gas or

cleanroom conditions.



e High-speed forming improves the material stretching limit without rupturing as well as

reduces wrinkling.[25]

e Being a not contact type process, less surface damage and better surface finishing can be

achieved.

e The EMF operation completes in microseconds, and hence heat dissipation of the

workpiece is very fast. This makes easy handling of the final workpiece.

Limitations

e The process is more suitable for high electrical conductivity materials.

Only a small part of total discharge energy is used for forming process that causes poor

efficiency of the process.

A significant requirement of safety aspects due to the involvement of high current and

high voltage.

The applications of EMF are restricted still with simple geometries like tube and sheet.

Significant research required for designing induction coils for complex shapes.

Applications are limited with small thickness workpiece.

Typical process efficiency of the electromagnetic free expansion is 10-25% as reported by [8].
Figure 2.4 shows an energy transfer at different steps of the EMF process. Most of the losses

are difficult to avoid.
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However, methods like the selection of optimum parameters, good coil design can help to

improve the utilisation of field energy and thereby increase the EMF process efficiency.

2.2 Electromagnetic expansion

Electromagnetic expansion applications are focused on both sheet and tubular workpiece.
There are various electrical and mechanical parameters involved in the electromagnetic forming
process that decides resultant forming of the workpiece. The effect of coil-tube relative position
on the tube forming shapes is reported in Song et al. [26]. As sown in figure 2.5, when the tube
length is smaller than the coil length, maximum force appears at the tube ends, causing the
deformation of the tube ends more that the tube centre. Whereas, when the tube length is more
than the coil length, maximum tube deformation occurs at the tube centre. Different tube shapes
can be obtained by changing the axial position of the tube due to the effects of magnetic force

distribution.
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The effect of tube length on the acting magnetic pressure is studied by Lee and Lee [27]

using the numerical simulation method.
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Figure 2.6: magnetic pressure change with the tube length(tube length 76 mm) [27]
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Authors found that the magnetic pressure acting on the tubular workpiece is decreased
with increase in the workpiece length. However, above the certain limit of tube length, the
magnetic pressure remains constant. This limiting tube length is the same as the coil length as
shown in figure 2.6
The electrostatic energy F. stored in the capacitor bank is given by equation 2.3. Selection of

capacitance and charging voltage play a key role in forming of the workpiece.

1
E. = §OV2 (2.3)

Variation in capacitance varies the frequency of the current flowing through the electromagnetic
coil. As seen earlier, the process efficiency of EMF operation is less and the selection of
optimum system parameters can help to improve the process efficiency. For given discharge
energy, there exists a frequency of the current in the coil that gives maximum deformation.
Very few documents are available that have studied the effect of coil current frequency on the
workpiece forming. The effect of frequency on tube compression is studied by Haiping and
Chunfeng [5] and relates the optimum frequency for maximum deformation to high plastic

strain energy (figure 2.7).
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Otin [28] have discussed the estimation of optimum frequency based on FEM modelling.
He used Lorentz force magnitude as a base to estimate the optimum frequency. However,
he considered the loose coupled approach in the numerical model where the workpiece

deformation is not taken into account.
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Figure 2.8: maximum axial displacement of sheet and relative skin depth [29]
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Figure 2.9: Variation of the displacement and ¢, with the capacitance for different sheet
thicknesses Imm,1.5 mm [30]
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Authors, [29][30] have discussed the optimum frequency phenomenon for the sheet
forming case. They have related the optimum frequency to the relative skin depth d,. Here
0, is the ratio of skin depth to the thickness of the workpiece. It is observed that the optimum
frequency is obtained when the ¢, is near to 1 or more than 1 (figure 2.8, 2.9). Estimation
of EMF coil current is necessary to determine the generated force and workpiece velocity
analytically [31]. Whereas, the coil current is also used as input to some of the numerical
models [32] [19]. The discharge circuit parameters determine the coil current, and thus, the
accuracy of analytical as well as numerical simulation model depends on the precise estimation
of discharge circuit parameters. In EMF, the coil and workpiece are mutually coupled, and the
coupling coefficient K is the fraction of magnetic flux produced by the current in the coil that
links with the workpiece. While simplifying the electrical equivalent circuit of EMF as an RLC
series circuit, K estimation is required. Due to the complexity in the analytical estimation of
the K, many authors have made assumptions about K value in their studies. The range of K is
from O to 1 where K=1 means coil-workpiece are tightly coupled and K=0 when coil-workpiece
are magnetically isolated. Nassiri et al. [33] have assumed K as 1 in determining the discharge
current and tube velocity analytically. The authors considered K value assumption as one of the
factors for the error between analytical and experimental results. In the electromagnetic sheet
forming case, Banik [34] assumed K as 0.7 in his study. The K is experimentally measured by
Kamal et al. [23] and Thibaudeau et al. [35] for aluminium sheet forming case and observed it

as 0.7 and 0.45 respectively.
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Figure 2.10: Experimental setup for measuring induced current in workpiece [35]

Different experimental methods to measure K adopted by [23] and [35] might have caused
the discrepancy in K value. The experimental approach of K estimation using induced current
[35] (figure 2.10) is not always feasible. To measure the induced current in the workpiece,
enough space between the coil and the workpiece has to be maintained to place the Rogowski
coil around the workpiece. Additionally, the testing energy should be low enough to avoid any

forming of the workpiece during testing.

2.3 Numerical simulation

To investigate EMF process, numerical simulation is the best choice as it helps to get a realistic
insight into the procedure, which is difficult in practice. Most of the times, experimental studies
have limitations in the measurements of the parameters due to complex setup and transient
operation. The numerical model allows the examination of a wide range of parameters in a short
duration, and it also saves the experimental cost. In the past, the EMF process is investigated

by various numerical modelling software, as shown in table 2.1.
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Table 2.1: Software used in the literature for EMF coupled physics modelling

Sr. no. | Electromagnetic Structural Ref. no.
1 ANSYS ANSYS [361.[371,[38],[39]
2 ANSYS ABAQUS [40],[41],[42],[43]
3 ANSYS ANSYS /LS DYNA [32],[44],[45]
4 COMSOL COMSOL [46],[47]
5 Analytical/FDM ABAQUS [48]

The numerical modelling is developed in 2D axis-symmetric and 3D. The involved physics
in EMF are coupled by two approaches, namely, loosely coupled approach and sequentially

coupled approach.

Loosely coupled approach

In loosely coupled simulation approach, magnetic and structural physics are solved separately.
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Figure 2.11: Flowchart of the loose coupling method [49]
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First, the magnetic field and magnetic force is calculated considering workpiece is
stationary and then this force is communicated to structural physics to calculate workpiece
deformation. Figure 2.11 shows a typical loose coupled approach. The loose coupled approach
is one way which does not consider the workpiece forming effect on the magnetic force or on

the discharge circuit parameters.

Sequentially coupled approach

The sequentially coupled simulation approach is shown in figure 2.12. In this, both the magnetic
and structural physics are solved at every time step, and the feedback of workpiece displacement
is taken into account to calculate the magnetic pressure at the next time step. During the forming
process, workpiece goes away from the coil and hence the acting magnetic force at next step is

less than the case when the workpiece is stationary.

Transient electromagnetic process

Geometry Electromagnetic - ; = Calculate
: »| =t+At —®  Load coil current > 5 R
model analysis clectromagnetic force

Y

Final Workpicce [ Load clectromagnetic

deformation

< Structural analysis

. < ;
deformation force

Transient structural process

Figure 2.12: Flowchart of the sequential coupling method [49]

Comparison of both the approaches is made in [50] [43][37] literature papers. Author
[50] found that a loosely coupled approach leads to an overestimation of workpiece final
expansion which is as high as 30%. Therefore a loosely coupled approach is useful for
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smaller displacement and fast deformation process. This observation is in line with [43]
findings. Authors observed a good match at a low voltage between experimental and loose
coupled approach results. However, at high voltage sequential coupled simulation showed more
accuracy than the loosely coupled approach.

In the EMF analysis, the discharge circuit is simplified as series RLC circuit having a constant
value of R and L. In a practical case, due to workpiece forming, magnetic coupling between
the coil and tube changes and because of that R and L becomes dynamic. The reason for the
constant discharge circuit parameters assumption is that only first wave of magnetic pressure is
used to deform the material as observed in some studies [44]. This means that the second and
further magnetic pressure waves where the dynamics discharge circuit is high have no use in

workpiece forming. Contrast to these, it is also observed that not only first pulse but subsequent

pulses of current and pressure are also contributing to resultant forming [42].
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Figure 2.13: Displacement with one pulse and two pulses current 400 uF/4,500 V [42]
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Figure 2.14: Displacement with one pulse and two pulses current 100 uF/9,000 V [42]

As shown in figure 2.13, at 400 uF, the final sheet deformation is the same when the
first and second current pulse current excitation is considered. However, figure 2.14 shows
that at 100 uF, the final deformation of the workpiece is high when considered second current
pulse excitation. Here, the author found that the effect of the second current pulse on sheet
deformation increases with the increasing of the discharge frequency. The importance of the
dynamic nature of discharge circuit parameters is highlighted in [49]. In this, the author has
modified a loosely coupled simulation by considering a current correction factor as seen in
figure 2.15. The electromagnetic force obtained by loose coupled and fully coupled numerical
model is compared and by that a current correction factor is calculated. With the modified loose

coupled approach, the relative error is substantially reduced in sheet forming case.
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Figure 2.15: Modified loose coupled method with the current correction factor [49]
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Being a complex and transient process, analytical estimation of workpiece deformation
is not much preferred in the literature. Authors in [4][31][51] have used 1D calculations to
estimate magnetic pressure and workpiece displacement. Newtons law of motion is used to
estimate the workpiece acceleration against applied magnetic pressure. The analytical method

is found handful for initial estimation of parameters.

2.4 Tool coil design aspects and failure modes

Design

The electromagnetic coil is the heart and core of the EMF process. Unpredictable life of the
coil is a fundamental problem in EMF. Field strength limits, mechanical and thermal stress are
critical parameters that decide the sustainability of electromagnetic coil (electromagnet). Thus,
it necessitates a careful design and modelling of the electromagnetic coil. The design of the

coil is decided by the geometry of the workpiece which is to be formed. For the sheet forming
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application, Authors [23] proposed a uniform pressure actuator (coil) as shown in figure 2.16
and 2.17. A conducting outer channel is provided around the coil acts as a return path for eddy
current. The advantage of proving the return path is that the magnetic field generated around the
entire coil is used for the forming process. This improves the Lorentz force on the workpiece
and thereby improve the forming efficiency.

Clamping force

' — Conductive outer

| : channel
: < —— Primary Coil

s — ot Sheet

— Die

T

Clamping force

Figure 2.16: Copper channel with the coil [23]  Figure 2.17: Uniform pressure coil [23]

Figure 2.18: Bitter coil [52]



Authors [52], developed a bitter coil for electromagnetic compression forming and
welding applications. As shown in figure 2.18, the coil turns are in the form of discs. Insulation
discs are provided in between each coil discs and at the ends. The electrical continuity from
one disc to other disc is obtained by small copper discs. Authors have considered an electrical,
mechanical and thermal aspects in the coil design. Magnetic field measurement and short circuit
test are performed to compare designed coil parameters with analytical ones. Apart from [23]

and [52] no one discussed the coil design aspects in detail for the EMF applications.

Failure

Because of the stresses acting on the coil during EMF operation, failure of the coil is a common
issue in all EMF applications. Despite this, very few literature papers have reported the coil
failures cases. Golovashchenko [53] did the failure analysis of rectangular and spiral shaped

coil for flat sheets application.

Figure 2.19: Circular and spiral flat coil with Central deformed turn [53]
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Figure 2.20: Destruction of massive multi-turn coil made of steel [54]

As observed by the author, failure in both the coil of figure 2.19 is due to deformation
of the central turn of the coil and expansion of clearance between first and the second turns.
Recently authors [54] have observed the rectangular steel coil destruction. The coil adjacent
coil turns are distorted, which leads to non-uniform clearance between coil and workpiece. This
eventually changes the electromagnetic field magnitude and pattern compared to the initial coil.
Mechanical strength analysis of the coil in the sheet forming case is demonstrated by [55][15].
Using numerical simulation, Von Mises stress acting on the coil is calculated and designed the
coil such that it can withstand this stress with some factor of safety.

The thermal strength of the coil is also an important aspect. The efficiency of the EMF
process is very less and a major part of the energy is converted into the joule heating of the
tool coil. In a high production rate, accumulation of heat results in the reduction of the coil
life. Despite this importance of the thermal loading, not enough information about the coil
temperature and its impact on coil life is available. Increase in coil temperature increases the
material resistivity that intern increases the Joule heating. [56] have measured the insulation
surface temperature provided over the coil surface. Though the measurement is taken after
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the experiments, the author has found that the maximum temperature of the coil winding can
easily overstress the insulation and reinforcement of the coil. Crowbar circuit is one of the
option to reduce the thermal loading as suggested by [57]. It is observed that for the same
output, the maximum temperature of coil winding is reduced from 1060°C to 530°C using the
crowbar circuit. The analytical approach for joule heat losses in the electromagnetic coil is
studied by [58]. Authors have found that at high energy, up to 20 % higher heat losses occurred
when the temperature dependent conductivity is considered in the analytical approach. Recent
time, the experimental measurements of pressure distribution [54] and coil surface temperature
measurements [59] are attempted. Pressure-sensitive film technology is used in [54] to analyse
the pressure distribution applied to sheet metal and in case of temperature measurement [59], a
Fiber-based optical frequency domain refractometer (OFDR) is used. Still, diagnosis of the coil

failure and improvement the coil life are the strong challenges in front of researchers.

2.5 Manufacturing complexities and industrial constraint of

EMF technology

The EMF technique is capable to give strong contest to conventional forming and joining
processes. However, in the past, the EMF technology is mainly adapted in academics and small
-batch size productions. Applications of EMF technique on large metal forming still not fully
developed. The major emf process applications are focused on delivering plastic deformation
of small workpiece area. The obstacles that limit the application of EMF in the world of civil-

industrial demands are discussed below.
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The short lifetime of the forming coil

The electromagnetic coil is a vital component of the EMF process. Every EMF application has
its own coil design requirements. The life of the coil is a major concern in almost all the EMF
applications. Very few research works discussed the tool design with regard to the forming task,
coil lifetime and coils durability. Because of the transient process and involvement of electrical,
mechanical and thermal coupled physics, it is difficult to trace the exact coil failure reasons.

The EMF technique will only be adopted in mass production when technical and economic
benefits are given. The initial cost of EMF setup is high because of costly components like the
coil and the capacitors. The running cost increases due to frequent coil failure and due to the
time that is required for replacing the coil. In a laboratory EMF system, coil replacement may
be few minutes task. However, the situation changes if the system is integrated into a production

line.

EMF complexity

EMF technique is highly dynamic and Multiphysics in nature that involves electrical,
mechanical, thermal and metallurgical phenomenon. There are many parameters strongly
influencing electromagnetic forming process. Hence, it is difficult to obtain a comprehensive
and generalized methodology on controlling the high velocity plastic forming/welding behavior.
A lot of research has been done in various applications of the process but most of the results
are referred to special case studies. For e.g., there is no analytical formulation that can
guarantee weld occurrence in EMW applications. Researchers that have presented the results
of weld occurrence are of case specific. Lack of knowledge of precise correlations between
manufacturing technique and strutting parameters have prevented the complete exploitation of

the EMF potentials.
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The complex coil-workpiece arrangement limits the experimental measurements and hence
numerical modelling is suitable for analysis of the process. There was a lack of commercially
available and user-friendly FE software which is suitable for the modelling of entire
electromagnetic forming processes. They are typically incapable of solving complex
industrially relevant applications. Recent progress in software and modelling are suitable
for such tasks. Various simulation frameworks based on the Eulerian formulation [60] and
smoothed particle hydrodynamics (SPH) [61] are developed recently. These models can able
to predict the interface wavy morphology occurred during the impact welding. However, long
calculation time, economic process design and optimization is still a concern.

Forming larger size parts requires a high magnetic field and energy. Increasing the input voltage
and capacitance cause insulation problems, cost and safety issues. Also, it is a challenging task
to design sustainable high magnetic field generating coil. Hence, present research directed over
other possible methods to form large parts. Electromagnetic incremental forming (EMIF) is
a way adopted by [62],[63] for large components forming. The important idea of EMIF is to
use the form the material at a certain length and then use a series of discharge consecutively to
produce large parts. Another method is to combined other forming method with EMF. Authors
Cui et al.[64] have combined the stretch forming and electromagnetic forming to form a large
diameter sheet. Combination of EMF with electromagnetic heating is tried by researchers. The
idea in electromagnetic heating forming (EMHF) is to reduce the deformation resistance of
work pieces by preheating treatment, and then deform workpiece with small discharge energy.
Despite the potential advantages of EMF, much more efforts still required to overcome the

obstacles of the existing EMF technique and to adopt the technique in industries at large scale.
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Chapter 3

Experimental setup and numerical

simulation model

In this thesis, Parametric influence on the electromagnetic tube expansion is analysed using
analytical, numerical and experimental study. This chapter discussed different parameter
selection criteria for EMF applications. Along with this, the experimental setup used for
the analysis and the procedure followed during the experiments is presented. Further, the
information of the developed numerical model is given and the simulation model results are

validated by comparing them against the literature and experimental results.

3.1 EMF design framework and experiential setup

In EMF technique, the required Lorentz force for the workpiece forming is generated by
the conversion of electrostatic energy into the electromagnetic energy. This necessitates the
experimental system should capable of required electrostatic energy storage capacity. A typical

flow of EMF requirements for different applications is given below.
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Based on the material property and geometry, the pressure required to deform the
workpiece plastically with a certain velocity is estimated. In the case of EMW, the

pressure requirement is based on the required impact velocity.

The magnetic field is estimated to achieve the required magnetic pressure.

The coil discharge current is calculated to achieve the magnetic field.

The capacitor charging voltage is determined from the discharge current.

Magnetic pressure requirement

Lorentz force is associated with magnetic pressure. This magnetic pressure exerted on the
workpiece both deforms and accelerates the workpiece. The generated magnetic pressure
must be sufficient to overcome workpiece materials yield stress. EMF is high speed forming
process. The material flow stress is increased and the ductility is decreased because of high
speed forming. Hence, the magnetic pressure must be sufficient to deform the material with a
certain velocity. The velocity can be estimated from material acceleration. For electromagnetic
welding applications, the material should deform and impact over other material with impact
velocity sufficient to obtain the weld. The required magnetic pressure is calculated as the sum
of two components,

P = Py + Pyee

Pye¢: pressure required to deform the workpiece

P,..=pressure required to accelerate the workpiece

The minimum magnetic pressure to begin circumferential deformation of the tube can be

obtained using the equation of motion of the workpiece [65].

2w
Pus = ?tay (3.1)
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Where w; and D are tube thickness and diameter respectively and o, is the yield stress
of aluminium material. Newton’s second law of motion is used to predict the workpiece

acceleration and thereby velocity.

F
P = 3.2
A A (3.2)
' = mass x Acc (3.3)
P
Acc = —2< (3.4)
wip
(Velo)?
Acc = 3.5
cc 55 (3.5)
From Equation 3.4 and 3.5,
wp(Velo)?
Proe = ———— 3.6
A 55 (3.6)

Where, F=force, w; =workpiece material thickness, p= density of material, Acc= acceleration,

Velo= velocity, s=displacement, A,,= area of workpiece

Magnetic Field

The Lorentz force is associated with magnetic pressure and hence the pressure exerted on the
workpiece is a direct consequence of the magnetic field. The magnetic field originates from
the discharge current that flows through the coil. The magnetic pressure calculated by Equation
3.7.

B2

Poo = — 3.7
I 20 -7

That gives

B = /2410 Prnag @8)
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Current and voltage requirement

The current magnitude required to generate the magnetizing field is can be deterimined from

Equation 3.9

polVi

B:
le

(3.9)

Based on the required magnetic field, the current ¢ can be estimated. Accuracy of B estimation
can be improved by using coil geometry based B calculations. Once the necessary current is

estimated, the required voltage can be found from following current Equation 3.10

V

. _ —Bt .: 1

i(t) _wLTe sinwt (3.10)
Where,
= Lo B (3.11)
w I.C :
Ry

= — A2
5 5L, (3.12)

Selection of Capacitor

As observed from the above equation, the current is dependent on discharge circuit parameters
like R, L and C. Energy stored in the capacitor is given by Equation 2.1. Thus the energy
required for workpiece deformation can be obtained from varying C and V. Capacitance affects
the discharge current frequency as seen from Equation 3.11. The skin depth decides upper limit

of capacitance.

1
Vrfou

Where f is the coil damping current frequency, o is workpiece electrical conductivity and x

5:

(3.13)

is the permeability. The magnetic field diffusion in the workpiece depends on the workpiece
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skin depth. When the skin depth is small in comparison to the thickness of the workpiece, the
penetrated magnetic field is usually neglected. The capacitance must be set such that it would
make skin depth ¢ small in comparison to the thickness of the workpiece. As explained in

chapter 5, selecting very less capacitance is also not suitable for forming process.

Power supply

Once the capacitance and system resistance and inductance are fixed, the power supply must
be able to charge the capacitors to the required charging voltage. Increasing the voltage level

increases the peak current and thereby magnetic field and pressure.

Tool coil

Coil selection is based on the EMF application. As shown in section 2.4, Different coil shapes
are used according to requirements. The coil should be designed keeping its resistance and
inductance to a minimum. As seen from Equation 3.9, the magnetic field generated by the coil
is dependent on the number of turns of the coil and length of the coil. whereas, from Equation

3.14, the coil inductance is affected by the number of turns of the coil, its area and length.

_ NONQAC

L
Le

(3.14)

The designed coil must be able to generate required magnetic field with minimum
resistance and inductance. As shown in the chapter 4, coil failure is the major concern in EMF
technique. Thus, the coil should be provided with suitable insulation. The tool coil is connected
to capacitor banks via connecting cables. For our experiments, we have used a helical coil for
the tube expansion experiments. The design methodology of the helical coil is explained in

chapter 4.
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Effect of workpiece material properties

Important workpiece parameters for EMF process are the geometry, the electrical conductivity,
and mechanical properties. The coil shape is decided based on the workpiece geometry. A
thicker workpiece eventually required more pressure to deform and accelerate. High electrically
conductive material has less skin depth and high eddy current density. Hence, the energy
required to generate the same magnetic pressure for high conductive material is less than low
conductivity material. More energy is transferred in Joule losses in the smaller electrically
conductive material. The work piece material should have good permeability to generate
eddy currents. Usually electrically conductive material has better permeability. Materials
yield strength is important parameter as it decides the required magnetic pressure and thereby
energy requirement. High yield strength and dense material required more energy to obtain its
plastic deformation. Materials stress-strain property is important to estimate materials travelling
velocity and displacement. Thermal conductivity of the material has not significant influence
due to transient nature process. In the case of EMW, during the impact, the temperature rise
causes local melting of the least conductive material. As the process is short, the melting
observed only on outer interface layer. Aluminium-magnesium (Al-Mg) alloys (5XXX series)
have great attention in the automotive industry due to their high strength to weight ratio,
corrosion resistance, weldability and recycling potential. Therefore, Al 5052-O tube has been
chosen for forming experiment in this work. The Al 5052 material composition is given in table

3.1 whereas the mechanical and electrical parameters are given in table 3.2.

33



Table 3.1: Al 5052 chemical composition

Component Wt % | Component Wt %

Al 95.7-97.7 Fe Max 0.4
Mg 2.2-2.8 Si Max 0.25
Cr 0.15-0.35 Zn Max 0.1
Mn Max 0.1 Cu max 0.1

Other, total Max 0.15

Table 3.2: workpiece properties [66]

Material Aluminum 5052
Tensile strength 89.6 MPa
Ultimate Tensile Strength 193 MPa
Density 2680 kg/m?
Modulus of Elasticity 70.3 GPa
Poisson’s ratio 0.33
Electrical conductivity 20 MS/m

Experimental setup

We have used an electromagnetic manufacturing system having an energy capacity of 40 kJ.
Figure 3.1 shows the experimental set up of 40 kJ system. The system has three compartments.
First is the power supply, second is the capacitor bank with trigatron and third is the coil-
workpiece bench. This system is rated for 20 kV charging voltage and 224 pF as maximum
capacitance. There are total 4 capacitor banks of 56 uF capacitance each. Both the number

of capacitor banks and charging voltage can be changed to control the discharge energy and
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voltage. The system operation is controlled through PLC (Programmable Logic Controller).

| e %
i '
Pover iy

=8N Capacitor bank =

Figure 3.1: 40 kJ Machine used for the experiment

A constant current power supply is used to charge the capacitors. The capacitor usually
takes a few seconds to get charge and the charging time of the capacitor is controlled by the
charging current. The power supply has a facility for setting charging current. Resistors are
also provided in the power supply rack and known as dump resistors. Whenever required, the
capacitive energy can be dumped into these resistors. There is a provision provided to dump the
capacitive energy that remains after the capacitors are discharged into the coil.

Trigger based spark gap is used as a switch to discharge the electrostatic energy stored in the
capacitors into the coil. The gap between the spark gap is adjusted in such a way that the
charging voltage of capacitance is less than the self-breakdown voltage of the spark gap. Trigger
pin is connected to the spark gap and trigger control is used to discharge the stored energy of

the capacitor in the coil at the required voltage which is below the self-breakdown voltage of
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spark cap.

Measurement tools
Coil current measurement

The current passing through the coil is measured by the Rogowski coil. The Rogowski has
sensitivity factor 1V/100 kA. It is capable of measuring the current up to 1IMA with MHz

frequency.

Magnetic field and tube displacement measurement

The search coil is used to measure the magnetic flux density. It is a small flat coil of fine
insulated wire with a large number of turns. It is in-house developed and calibrated with a
standard instrument. Search coil has output in terms of voltage where 1 volt = 11.8 Tesla. In

house developed a laser based device is used to measure the workpiece displacement with time.

System parameters

Increasing R causes more damping of the current waveform but on the other hand, it increases
the heating issue. The R and L affects the discharge current magnitude and frequency.
Capacitors are connected to the coil through cables. The cables have its own resistance and
inductance. Again, coil has its resistance and inductance. The entire resistance and inductance
of EMF system must be kept minimum to obtain the required workpiece forming with less
energy. The system parameters are necessary for estimating discharge current analytically. We
have performed the short circuit test [67] to determine the resistance and inductance of the
system. These parameters are mainly of the path from the capacitor bank to the discharge

terminals of the coil. Table 3.3 gives the 40 kJ system parameters R, and L.. Short circuit test
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is performed at 17 kV operating voltage and 112 uF capacitance.

Table 3.3: Short circuit test results

SyStem \% C [peak: fsc Rsc Lsc

40kJ | 17kV | 112 uF | 182 kA | 16.1 kHz | 10 m€2 | 0.9 uH

3.2 Typical operating procedure

The following general procedure is used for the experiments

The helical coil is connected to the high voltage terminals. These terminals have a
connection to the capacitor bank via cables. The coil position is mentioned horizontally

along its axial length.

e The tubular workpiece is placed over the coil, and after that Delrin insulator is used to fix
the coil and tube. This helps to keep a uniform gap between coil and workpiece and also

to avoid movement of the tube and coil during the forming operation.

e Rogowski coil is placed across the helical coil and its signal end is connected to the

oscilloscope.

e Capacitor banks are selected depending on the required capacitance.

e The capacitors are charged to specified voltage using a constant current power supply.

e Using the trigger control, the stored energy in the capacitors is discharged in the coil.
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High voltage and other safety

One of the drawbacks of EMF process is the significant requirement of safety aspects due to the
involvement of high current and high voltage. Following are the safety measures provided for

the system and the precautions that are taken at the time of experiment testings.
e All the switching operations are controlled through PLC based controlling system.
e Grounding is provided to the cabins carrying the manufacturing instruments.

e After every experiment, the dump resistors are used to discharge the remaining energy of

the capacitor (if any).

e The ground rod is used at the capacitor terminals after the experiments to make sure the

complete discharge of energy stored in the capacitors.

e Earmuffs are used during the experiments to protect the ear from high noise that usually

occurs at the time of tool coil failure.

3.3 Numerical simulation model

An accurate and precise numerical model can avoid the number of experimental testings. It
also saves time and cost. In the complicated system and in transient operations, the numerical
model helps to get an insight of the process, which is difficult in practical. In this work, we
have developed an axisymmetric, 2D sequentially coupled simulation model using COMSOL
Multiphysics software. It is a finite element based software and can able to couple different
physics. We have used AC/DC, structural mechanics and thermal modules of the software.

Following are the assumptions made during the model development.
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Assumptions

e The targeted geometry of the coil and tube is considered as axis-symmetric. The
cylindrical coordinate system is used for the developed 2D model that consists of axial
and radial components. The circumferential component effect is less and is neglected

here.

e Being the conductive materials, the effect of magnetic flux density on material

permeability is less and hence permeability of coil and workpiece is assumed constant.

e The effect of temperature on material properties is not considered. The EMF is a transient
process so the change in material properties due to the temperature has less effect on the

process parameters [40].
e The discharge circuit parameters are assumed constant during the forming process.

e Displacement current and free charge density is neglected.

Magnetic field model

In the electromagnetic field model, magnetic vector potential method [68] is used as given below

to solve the Maxwell equations.

V- -B=0 (3.15)
L, 9B
E__Y7 1
V x 5 (3.16)
L " E
VX B=uJ+ ,ueaa—t (3.17)

Where E is the electrical intensity (V/m), J is the current density in the coil (A/m?), B represents

magnetic flux density (T), x is the magnetic permeability of medium (H/m), € is permittivity of
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the medium (F/m). Representing magnetic and electric field using magnetic vector potential A

such that
B=VxA (3.18)
, oA
E=__= 3.1
BT (3.19)

= A= J— o= 2
VX(MVX )=J—0o ; (3.20)

Where o is conductance of medium (S/m) and O'%—? is the induced current density in the tube

(A/m?). According to Lorentz formula, EM force acting on Workpiece is given as

— — — 1 — —
F=JxB==(VxB)xB (3.21)
L

In the axisymmetric case, F' can be further divided into the axial and radial components

-

E. = Joni - B. (3.22)

-

F;z — Jephi * ér (323)

Structural model

The obtained force in the electromagnetic model is used as an input in the mechanical model. In

the structural mechanics physics, tube displacement is calculated using the following equation.
__V-O‘s = f:n (3.24)

Here, p is the mass density of workpiece, u is displacement vector, o, is stress tensor and f,,
is magnetic force density. The underdamped coil current is given as input to the magnetic
field model. At each time step, tube geometry is updated based on Lorentz force. Both the
electromagnetic and structural models are solved till tube settles to its final displacement value.
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Strain rate dependent Johnson-cook plasticity model is used to define the workpiece stress as

given in equation 3.25

T —"1To

7 = [Auw + Bule)"|[1 + Culn(é)[1 — [—

"] (3.25)

Table 3.4: Johnson cook parameters [69]

Material A, B, Cy n m

Al15052 | 167 MPa | 596 MPa | 0.001 | 0.551 | 1.34

In equation 3.25, €” is an effective plastic strain, ¢ is strain rate and A,,, B,,,C,, and n are
material constants [69] . The first bracket represents stress as a function of strain. Second and
third bracket represents stress as function of strain rate and temperature respectively. The The

temperature influence is ignored here.

Thermal model

The heat equation is used in thermal physics to estimate the temperature rise in numerical

simulation. The heat transfer in the material is given by equation 3.26.

R

vgr TV (CErVT) =@ (3.26)

Where C,, is the heat capacity, p is the density of materials, k7 is the thermal conductivity, T is
the temperature and Q is the heat source. In the developed model, Q refers to the Joule heating

of the conductors. The room temperature is taken as 25°C.
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Flowchart of the coupled simulation model

Figure 3.2 shows the flowchart of the sequential coupled model used for simulation. First the
2D geometry is formed in COMSOL that consist of coil, workpiece, insulator and air domain
as shown schematically in figure 3.3. Next, the materials are assigned to the different domains
of geometry. Among the physics module, magnetic field submodule of the AC/DC module
is selected and assigned to the entire geometry. Under the solid mechanics module, plasticity
submodule is considered and it is applied to the workpiece only. In Heat transfer module, joule

heating submodule is considered and assigned to the coil, workpiece and insulator.

Start

Y

Electrical parameters

l End

Coil current estimation Yes

& t:tmd

Electromagnetic model

Y Y

Resistive loss Lorentz force

v ¢ Tube deformation
Heat transfer Solid mechanics [}
model model

Figure 3.2: Flowchart of sequential coupled Simulation
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Tubular workpiece

Coil turns

Air

Insulator

coil central axis

Figure 3.3: Schematic of different domain arrangement in COMSOL

Based on the selected physics, the material parameters are updated. In study, time
dependent study type is selected in and the time step is kept as 0.5 ps. Based on the system
and coil-workpiece parameters, At each time step, the discharge current of the coil is estimated
and is given as input to the magnetic field model. The magnetic field model calculates the
Lorentz force and is given as input to the structural model. Before the next step, the updated
magnetic field because of tube deformation is taken into account to calculate the force. The

process continues till current reaches zero.

Meshing

The 2D symmetric model with mesh division is shown in figure 3.4 and mesh parameters
are given in table 3.5. Triangular meshing is used for air and insulator domain, whereas the

rectangular type of mesh is used for the coil and tube.
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Figure 3.4: meshing used in the numerical model

Table 3.5: Mesh parameters

@) o0

N S =
Ll el 8l | S
>
> ~
o | o g =
- — <
= = < =
Q ) “@ W. o
£ £ = =
(D] ) Q = n
5| 5| E| 8] g
Gy w <L £ m
o .m (D] k d

=

Bl &| 8| ol E
= = 50 =

= < o <
= =
= = ﬂ R=

To account the skin depth effect in numerical simulation, meshing in the tube is kept very

fine (6 elements in the thickness direction).
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3.4 Numerical model results comparison

To validate the numerical model results, we have compared the numerical model results with
experimentally measured magnetic flux density and tube displacement results as well as with

reported literature results of the magnetic field measurements.

Magnetic flux density- Experimental and numerical

In this, we have compared the magnetic flux density (B) produced by the maraging steel coil at
the different operating voltage and different locations of the central axis. In this thesis, a copper
helical coil is used for the experiments, but due to complications in measuring B for this helical
coil, for numerical model validation purpose only, we have used maraging steel coil as shown

in figure 3.5. The dimensions of the coil are shown in figure 3.6.

Figure 3.5: Maraging Steel coil
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11 mm

Central axis

g

Figure 3.6: Coil 2D arrangement and dimensions

The search coil is used to measure the B. The Oscilloscope recorded waveform of the
current measured by the Rogowski coil and B measured by a search coil are shown in figure

3.7.

Coil current

Magnetic flux density ;

Figure 3.7: Magnetic flux density and coil current recorded waveform
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Figure 3.8: Magnetic flux density contour plot by simulation

For the maraging steel coil, A 2D numerical model is developed in COMSOL. Figure 3.8
shows the contour plot of magnetic flux density along with B magnitude colour column. The

comparison of experimental and numerical B field is given further.

Magnetic flux density at the different operating voltage

In this, the magnetic flux density is measured at the centre of the central axis. Keeping the
same capacitance, the charging voltage varied to observe the effect of increasing energy on the
magnetic field. Table 3.6 gives the operating conditions and measured values of peak current

and damping frequency whereas figure 3.9 shows the B field comparison.
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Table 3.6: Experimental results

V&V) | C(uF) | Ipear (kA) | f (kHz)

3 112 34.22 11.8

4.25 112 50.22 11.8

5.28 112 61.5 11.8

e
i
I

m  Experiment
e Simulation

- - - -
[4e] o - 48] L]
| | | 1 L
L]

Magnetic field (Tesla)

6 -

5

4 I I I Ll
3.0 3.5 4.0 4.5 5.0 55
Operating voltage (kV)

Figure 3.9: Magnetic flux density different operating voltage

As depicted by figure 3.9, the flux density magnetite is increased with the charging voltage.

Magnetic flux density at a different position

The magnetic field is also measured at different locations of the central axis as shown in figure

3.10.
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- Experiment
Simulation

Magnetic flux density (T)

Figure 3.10: Magnetic flux density along the axial direction(V=3.2 kV,C= 112uF)

The field concentration at the centre is maximum and decreases towards both end turns

of the coil. It can be seen that the magnetic flux density estimated by numerical model is well

matched with the experimental values.

Magnetic flux density in case of a coil-sheet arrangement

The magnetic field calculated by the numerical model is also validated with the literature [70]
results. Figure 3.11 shows the electromagnetic sheet forming model and figure 3.12 shows
dimensions. Authors,Takatsu et al [70] have measured the magnetic flux density produced by

flat spiral coil experimentally.
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Figure 3.11: Model of electromagnetic sheet metal forming [70]
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Figure 3.12: sheet forming model dimensions [48]

Table 3.7 gives the parameter details of the system used by Takatsu et al.[70]. Based on
the parameters mentions in [70], COMSOL 2D model is developed and the magnetic field is
measured. Figure 3.13 shows the arrangement and 3.14 shows the obtained flux density plot
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obtained at peak current.

Table 3.7: System parameters and working conditions

Coil (Copper) No. of windings 5

maximum radius of ring of coil | 1 mm

maximum radius of spiral coil | 39 mm

Pitch 5.5 mm

Circuit conditions Capacitance 40 n F

Charging voltage 2kV

Workpiece (Al 1050) Thickness 3 mm
Diameter 110 mm
Gap distance 2.9 mm

Contour: Magnetic flux density norm (T) s |
I T T =
- = 30}
3 i 25 2.07
20 AIR 20l
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15 154 :
107 WORKPIECE ¥ 104 1.62
57 I = |=z = 1.4
i ©o0oo0o0o0 s o[ mGeseces) |
0 cor s =" | 1.18
5] i o/ =5
-107 ] Asg —— f 035
153 = 20 0.73
n 25}
,:{}_' i 30k 0.5
25 35| 0.28
307 : ; o i 0.06
20 40 45k I 1
0 20 40
Figure 3.14: contour plot of magnetic flux

Figure 3.13: Arrangement in COMSOL  density with workpiece

The magnetic flux density is measured along the radial direction and 1.6 mm above the flat
spiral coil surface. The operating voltage was 2 kV and peak current amplitude was 7.48 KA.

Further, the axial and radial components of magnetic flux density are measured and compared
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with experimental results obtained in Takatsu et al. [70] paper.
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Figure 3.16: Flux density without workpiece -
Figure 3.15: Flux density by [70] COMSOL
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Figure 3.18: Flux density with the workpiece
Figure 3.17: Flux density by [70] COMSOL

Figure 3.15 and 3.16 show the magnetic field above the flat coil surface without placing
the workpiece. Similar way figure 3.17 and 3.18 show the magnetic field as the same place
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after placing the workpiece. As can be seen from figure 3.17 and 3.18, the radial component
of the magnetic field is higher than the axial component. That is why the axial movement of
the sheet is high. Nature and magnitude of the magnetic flux density obtained by the developed
numerical model showed sufficiently good agreement with the Takatsu et al. [70] results with a

maximum error between them is 14 %.

Tube displacement - Experimental and numerical

To compare tube displacement obtained in experiment and numerical model, We have measured
the tube displacement at the centre point with the help of laser based device. Along with
the magnetic field, the tube displacement obtained by experimental and numerical method is
compared here. A laser based device is used to obtain the tube displacement plot. Maximum
forming point of the tube is at the centre. Parameters of coil and tube used are given in the table

3.8.The details of the coil, tube and experimental arrangement are discussed in chapter 4.

Table 3.8: System parameters and working conditions

Coil (Copper) No. of turns 7
active length 47 mm
Pitch 2 mm
Circuit conditions Capacitance 112 u F

Charging voltage | 16.8 kV

Workpiece (Al 5052) Thickness 2.4 mm
Diameter 70 mm

Length 100 mm
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Figure 3.19: Tube displacement- experimental and numerical

Figure 3.19 shows that tube displacement with time predicted by developed numerical
model is well agreed with the experimental results having a 10% error in tube final displacement.
The higher estimation of displacement by the numerical model may be due to the fact that the
time varying discharge circuit parameters during the forming process are not considered in the

numerical model.

Summary

In this chapter, the details of the experimental system and measuring instruments used for
the electromagnetic forming study are explained. Along with this, the information about the
developed 2D numerical model is presented. Further, the numerical model results are validated.
Experimentally observed magnetic field and the tube displacement results showed a good match
with the results of the numerical model. In further chapters, the developed numerical model is
used in the analysis of the electromagnetic forming process.
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Chapter 4

Helical coil design methodology for

electromagnetic tube forming

An electromagnetic coil is an important part of the EMF system. As seen in chapter 2, design
of electromagnetic coil is depended on the nature of the workpiece to be formed. To study
the electromagnetic expansion process of tubular workpiece, we have first designed a driving
coil. The analytical model is developed to calculate the magnetic field, magnetic pressure and
tube velocity. FEA based numerical model is also developed in COMSOL and it is used to
validate the analytical and experimental results. Further, the numerical model is used to study

the mechanical and thermal aspects of the designed coil.

4.1 Analytical approach

Current, magnetic field and magnetic pressure estimation

Electromagnetic tube expansion schematic diagram is shown in figure 4.1. Its electrical

equivalent circuit is as shown in figure 4.2. Coil has its own resistance and inductance defined by
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R, and the by L, respectively. The tube is magnetically coupled with the coil and has resistance
R,, and inductance is L,,. As observed in figure 3.1, The capacitor terminals are connected
to the coil terminals by cables. Thus the capacitor to the coil path has its own resistance and
inductance defined by R L, respectively. Magnetic coupling between the coil and tube is

Switch 1 Switch 2

Discharge
coil
Tubular
workpiece
]
®«® @, [®
Constant e ®+«H® @ e
current N
source c . ®o«® @
apacitor
®| & @@
bank
@[« ® @ >
® ¢, @>e
C? N
f:urrc_nt direction Magnetic
in coil
pressure

Figure 4.1: Schematic of the electromagnetic tube expansion process
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Figure 4.2: Electrical equivalent circuit of EMF (a) complete form, (b) reduced form

represented by M. The equivalent circuit referred to primary is shown in figure 4.2(b). The
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tube is considered as a single turn secondary of the transformer. Applying the Kirchhoff’s
voltage law to the two current loops of figure 4.2 (a), the following equations can be arrive in

the frequency domain.

V:ic(Rs+Rc +jWLs +JWLC) _iw(jWM) (41)

0= _Zc(]WM)) + Z.w<Rw +]WLw) (42)

After simplifying the above equations and separating real and imaginary parts, we get

M2
Lr=L,+L.—— 4.3)
Ly,
M?R,,
Ry =R+ Re+ —5 (4.4)

Equivalent inductance and resistance of figure 4.2(b) are defined by equations 4.3 and 4.4
respectively [71]. From the reduced equivalent circuit of figure 4.2(b), following differential

equation can be written

di(t)

L
ot

+mﬂw+é/ﬂa:o @.5)

Initially, the capacitor is in discharge condition. The operator set the initial voltage across the
capacitor. There is no current in the coil at the start. Equation 4.5 can be solved for current
i(t) using the two initial conditions. First is the zero coil current and capacitor charging voltage
V. The resulting current i(¢) flowing through the coil is obtained from the above differential

equation and initial conditions.

i(t) = WET e Plsinwt (4.6)

W=/ — .7)
LyC '

p= 2L, (4.8)
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Where w represents the damped angular frequency of the discharge current and (5 is the damping
coefficient. The nature of coil current is damped sinusoidal. We have designed a solenoidal
coil for the tube expansion experiments. Solenoid coil having N number of turns generates
a magnetic field when current i flow through it. The magnetic field strength responsible for

magnetic force is given by equation 4.9[72].

Ni
= T
267”1

(a, B) (4.9)

B | a+ /a2 + B2
1
a—1 " 14/1+p3?

where factor 7(«, /3) is depends on the coil geometry [73], [74] Figure 4.3 shows the dimensions

(o, f) =

] (4.10)

< e >
A| " I
Al15052 tub
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8§ mm
wtl
- ; “—»
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Wi ‘ lc >‘— 11 »
I2 n 4 12 }

coil central axis

Figure 4.3: Dimensions of the driving coil and Al 5052 tube

of the coil and tube. The coil has active length [. and inner and outer radius r; and 7o
respectively. For a fixed number of turns and coil geometry, the magnetic field is proportional to
coil current and this current can be varied through charging voltage of the capacitor. The Lorentz
force responsible for workpiece forming is given by equation 4.11. Jy is the induced current
density, and B is the magnetic field. figure 4.4 shows the coil, workpiece current direction and
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acting force direction.
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Figure 4.4: Schematic of the coil and conducting tube

F=J,xB (4.11)
Wo 1
Prnag = / Fdr = 5~ (Bguy = Byen) (4.12)
w; H
1
Prag = — B2 (4.13)

mag = 5 Cgap
Magnetic pressure relation with the Lorentz force is shown by equation 4.12. Where FP,,,, is
the magnetic pressure generated by the coil [8], 1 1s the magnetic permeability of free space,
B,y 1s the magnetic flux density present in the gap between the coil and tubular workpiece
whereas B, is the penetrated magnetic flux density inside the workpiece. The magnetic field
diffusion in the workpiece depends on the workpiece skin depth. When the skin depth is small in
comparison to the thickness of the workpiece, the penetrated magnetic field is usually neglected.
The coil current rise time must be set such that, it would make skin depth ¢ small in comparison
to the thickness of the workpiece.

1

| — 4.14
VT fopg 19

Where f is the coil damping current frequency, o is workpiece electrical conductivity and ;. is
the relative permeability. The magnetic pressure acting on the tube is given by equation 4.13
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where B, can be obtained using equation 4.15. Ky is the distribution coefficient depends on
the effective gap between the coil and tube [8]. J,,, and d.,; are the skin depth of workpiece

and coil respectively.

Bgap = KHHOHZ (415)
1 2+ 1, 2 — 1,
Ky = —(arctan el arctan & ) (4.16)
T Gerf Geff
1
Jeff = Gair + 5(5wp + Ocoit) 4.17)

Conducting workpiece description

Aluminium 5052 material tube is used for the experiment. The material properties can be found
in table 3.2. The length of tube [, is 100 mm and thickness w; is 2.4 mm. Diameter of the

tubular workpiece is given by D and chosen 70 mm.

Coil geometry and material selection

Coil radius is selected in such a way that the coil outer surface should be close to the tube
inner surface to have a strong coil and tube coupling. As it provides more utilization of
electromagnetic energy to deform the tubular workpiece. The length of the coil is determined
by the work length of tubular workpiece [26]. In this work, the coil diameter is 60 mm,
and the active length of the coil is kept 47 mm. According to [75], for the same current, a
coil of circular, rectangular and square cross section of the equal area gives almost the same
induced current density. We have chosen a rectangular cross section of conductor for the coil.
Electrical conductivity, compressive strength, allowable working temperature and specific heat
capacity are the factors that are to be taken into account while selecting the material for the coil.
Based on these factors, the copper conductor has been selected because of its good electrical
conductivity and high working temperature. Once the coil geometry is fixed, the next parameter
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that decides the magnetic field is coil’s Ampere turns Ni. The required magnetic field can
be obtained by various combinations of current and coil turns. Numbers of turns of the coil
are determined based on maximum limiting current, the dielectric and mechanical strength of
insulation between turns. The advantages of more turns are the uniformity of the magnetic field
as well as the less current requirement. On the other hand, more turns increase inductance and

resistance of the coil and thereby reduce the frequency of the coil current. Figure 4.5 shows

900k - Coil peak current(A) ~16.04 - 20.0m
Coil inductance(H r I
800k - o ) L 140y [ 18-0m
Coil resistance (Q) Rl
| I - 16.0m
700k 200
- 14.0
600K - ' [eem
~10.00 L 42 om
500k r H
8.0y F10.0m
400k - b r
300k Feou [0
] i L 6.0m
200k o
100k - 2.0u ;Q_Om
0 T T —— 1 1 — 1 — 71— 17— 1+%0 -00

2 4 6 8 10 12 14 16 18 20
Number of turns

Figure 4.5: Variation in peak coil current, coil resistance and coil inductance with the number
of turns

the variation of coil peak current, resistance and inductance with the number of turns. Here the
peak current is calculated considering charging voltage of 16 kV, capacitance of 112 yF. N and
i are varied such as to get constant ampere turns and thereby constant magnetic field as given by
equation 4.9. Based on the observations, a 7 turn coil with inter turn gap of 2 mm is designed.
The inductance and resistance of the coil and tube are calculated based on formulas given by

[76].

;- Hom (a1t 1)?

s 5 N2g(u, A1) (4.18)
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N2m o +1
S
The g (a1, B1) factor is dependent on coil geometry. f; is the filling factor (fraction of
conducting material in the volume of the coil [77] and p is the resistivity of the material. To
calculate the coil-tube mutual inductance M, Roiti’s formula [78] is used as shown in equation

4.20. The formula is approximated by neglecting the higher order terms of x contributing

decimal corrections.

2 2
9.9 rowg , 1 1 rowg , 1 1
M =4rn T'inng[xg — T + 3 <x_:% — (L’_§> — ]__6(1’_? — J;_g)] (420)

where 21 = /I3 + w3 and 25 = /3 + wd, ny =+, np =&
Temperature effect on material properties ignored here as any small rise in temperature has little

influence on electrical and mechanical properties of the workpiece material [40][46].

Electrical insulation and mechanical strength

The strength of the coil is defined by the strength of its reinforcement as concluded by [53].
In EMF, dielectric strength and ultimate compressive strength of insulating material used for
the coil is important. Adequate electrical insulation between the turns is required for sustained
operation as high voltage appears across each turn of the coil. This can be estimated from the

thickness and dielectric strength of insulating material.
by = — 4.21)

Where b, is the dielectric strength of insulation, e is the voltage potential to be insulated and d
is the spacing between the turns. During workpiece forming the repulsive stress acts on the coil

turns and thereby on the supporting insulation of the coil.
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Figure 4.6: The coil with reinforcement and used Al 5052 tube

In addition to repulsive stress, there is a force exists on inter turn insulator because the coil
turns carrying current in the same direction. In the design, coil turns are supported by fibreglass
insulation. The copper conductor used has S mm x 8 mm cross section and over its length, it is
coated with high voltage insulation paint. Further, insulation is provided by applying a layer of
Kapton Polyimide tape over the coil surface. Figure 4.6 shows the designed coil and the A15052

tube used in the experiment.

System description

Available pulse power generator ratings like maximum storable energy, maximum allowable
current, inherent resistance and inductance of the system are needed to be known before
designing the coil. Details of the pulse generator supply used for the experiments is given in
chapter 3. The system has 20 kV maximum charging voltage and 224 ;F maximum capacitance.
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The capacitor to the coil connecting path has its own resistance that will add in the discharge
current path. The system parameters R, and L are determined from the peak current, damping
frequency of short circuit current and known capacitance. Table 4.1 gives the parameters used

for EMF experiments.

Table 4.1: Discharge circuit parameters

Component Parameter Value
system Resistance (R;) 10 m Q2
Inductance (L,) 0.9 uH
Coil Length (I..) 47 mm
Inner radius (r7) 22 mm
Outer radius (1) 30 mm

Inner turn distance (d) 2 mm

Workpiece Length (I,,) 100 mm
Thickness (w;) 2.4 mm

Inner radius (W;) 32.6 mm

Outer radius (w,) 35 mm

Workpiece velocity estimation

To deform the tubular workpiece plastically, generated magnetic pressure by the coil must
overcome the tube yield stress. The minimum magnetic pressure to begin circumferential

deformation of the tube can be obtained using the equation of motion of the workpiece [65].

2wt

Prag = 50y (4.22)
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Where w; and D are tube thickness and diameter respectively and is the yield stress of
aluminium material. Using equations 4.13 and 4.22, the resultant pressure P that is responsible

for the tube forming is given as

B? 2
0

The stress strain relation for the material in the plastic state is defined by Johnson Cook model.
For simplicity, the effect of strain rate and temperature on material stress is not considered in
the analytical model.

0y = Aw + Bye" (4.24)

Where o, is the stress acting on the workpiece, € is the plastic strain and A,,, B,, and n are
material constants as defined in chapter 3. Under the action of magnetic force, Newton’s

second law of motion is used to predict the workpiece acceleration and thereby velocity and

displacement.
P
Acc = — (4.25)
wip
t
P
Velo = — (4.26)
0o Wp

In the analytical model, at each time, the acceleration, velocity and displacement changes are
calculated. The parameters like M, L1 and R are assumed constant during the forming.
Details of the experimental setup and developed numerical simulation model are given in the

previous chapter.

4.2 Results

For the 16 kV charging voltage and 112 uF capacitance, the experimentally obtained coil current

has a peak current of 116 kA with the damping frequency f of 11.7 kHz. Figure 4.7 shows

65



the experimentally obtained tube expansion whereas figure 4.8 shows the surface plot of tube

expansion obtained by COMSOL simulation.
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Figure 4.9: Discharge current of the coil - analytical and experimental
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Magnetic field contour
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Figure 4.10: Magnetic flux density (a) contour plot at peak current and (b) along the surface of
the tube

Coil current estimated by analytical model is in good agreement with the experimentally
measured current as observed in figure 4.9. The difference in the waveforms can be seen after
the first current pulse. As the tube moves away from the coil, change in coil-tube coupling
causes change in Ly and Ry during the forming process. This has caused the difference in both
the current waveforms. More details about this aspect is studied in chapter 6.
Being paramagnetic material, the permeability of aluminium tube is assumed constant in the
simulation. Figure 4.10 shows the coil-tube flux linkage. The estimated analytical magnetic
flux density at peak current is 13.8 T and is in line with simulation results. Eddy current induced
in the tube because of coil’s magnetic field and this current is flowing from the tube surface due
to a skin depth phenomenon. This skin depth also affects the electromagnetic flux propagating
through an aluminium conductor. In figure 4.10, flux density around 14 T can be observed near

the coil surface as indicated by red colour. Flux density along the tube surface facing coil is also
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shown in figure 4.10. The inductance and resistance of the developed coil are measured by an

LCR meter at 10 KHz frequency. Comparison of measured and analytical parameters is given
in table 4.2.

Table 4.2: Inductance and resistance of the coil

Sr. No. Parameter Analytical Measured

1. Resistance of the coil (R.) 6.4 m{2 6.1 mQ2

2. Inductance of the coil (L.) 1.5 uH 1.6 uH
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Figure 4.11: Velocity of tube centre by simulation and analytical model
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Figure 4.12: Displacement of the tube at centre

Maximum forming point of the tube is at its centre. Figure 4.11 shows the velocity
and figure 4.12 shows the displacement of the tube at the centre. It can be seen that the
analytically predicted velocity and tube displacement are in good agreement with simulation
results. Experimentally observed tube displacement at the centre is 9.4 mm and is close to the
predicted results. Since the analytical model is one dimensional and simplified, it might have

caused the discrepancy in the results.

4.3 Mechanical and thermal aspects

Along with electrical aspects, mechanical and thermal aspects are also important in designing
the coil for EMF applications. In the performed electromagnetic tube expansion experiments,
it is observed that the designed solenoid coil can withstand for more number of shots when

operated below 150 kA. However, the coil has failed when operated at higher current. In order
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to diagnose the cause of coil failure, developed 2D numerical model is used. A sequential
coupled approached is introduced in the numerical model to solve magnetic, mechanical and
thermal physics. Table 4.3 gives mechanical and thermal properties of copper and fibreglass

which are the coil and its insulation material respectively.

Table 4.3: Mechanical and thermal properties of materials

Properties Copper | Fibre Glass (E)
Heat capacity (J/Kg.K) 385 800
Thermal conductivity(W/m.K) 350 1.3
Density (Kg/m?) 8700 2550
Youngs modulus (GPa) 120 72
Tensile strength (MPa) 210 1700

To account the mechanical aspects, the effect of Lorentz force is considered on coil as
well as on the coil reinforced material. For thermal aspects, heat transfer module is added and
it is coupled with magnetic and mechanical physics. The governing equations can be found in

chapter 3.

Results

As mentioned earlier, it has been observed that the coil fails when the peak current is above
the 150 kA. Figure 4.13 and 4.14 show the failed coil images. The first observation is the
black shades over the coil surface that denote the burning happened of insulating material. Next
observation is the damage of inter-turn insulation along with burning. It is also noticed that

there is no sign of the physical contact between the copper turns.
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Inter-turn insulation
failure

Figure 4.14: Failed coil 2

Figure 4.13: Failed coil 1

The possible causes of the coil failure are electrical, mechanical and thermal. Considering
the dielectric strength of the insulating material of the coil and from experimental observations,
it can be concluded that the dielectric breakdown is not the cause which initiates the coil failure.
Hence, it must be either mechanical or thermal loading of the coil that initiated the coil failure.
To analyse this, developed sequentially coupled numerical model is used. In the model, the
discharge current recorded on the Oscilloscope is fed to coil turns. The time step is kept as 1

microsecond.

Rise in temperature

Heating of the coil is mainly due to Joule heating. Figure 4.15 shows the maximum and average
temperature rise of the coil over time having peak current 152 kA and damping frequency of

9.5 kHz. Figure 4.16 shows the surface plot of temperature at the time of peak maximum
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temperature.
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Figure 4.15: Maximum and average increase in coil temperature(152 kA,9.5 kHz)

Surface: Temperature (degC)

70 350
65
5. 300
55
250
50
45 200
40+
35t 150
30}
L4 100
25+
20+ -
15}
10 0
5 -
50
O -
_5 -

Figure 4.16: Surface plot of the temperature
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Due to the skin depth phenomenon, the current density in the coil and the tube is non
uniform. This causes the heating at the corners of the coil turns higher compared to the rest of
the coil cross section area as observed from figure 4.16 . The average temperature of the coil is
very less compared to the maximum temperature. This is due to the good thermal conductivity
of the copper, causing fast heat dissipation. Numerical simulation carried out at other peak
current and the maximum temperature of the coil is recorded. Table 4.4 shows the rise in the

coil temperature at different peak currents.

Table 4.4: Maximum and average temperature rise of coil

Ipear (KA) | f (kHz) | Maximum temperature (°C)

168 9.5 406
152 9.5 335
116 11.5 201

Due to high current density at corners of coil turns, the temperature of the insulation
attached to the coil corners is high. Poor thermal conductivity is also one of the issues with
the insulating material that results in local increase in the temperature at the coil corners. As
referred by [79], exceeding the glass transition temperature of glass-reinforced epoxy laminate
materials causes a gradual decrease of its strength as the material changes from a brittle to a
plastic condition. This softening temperature is in the range of 135°C to 260°C. From table 4.4
it can be seen that the maximum temperature of the coil increased well above this limit when

operating peak current is in range of 150 kA or above.
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Mechanical stress

The mechanical stress acting on the coil is mainly because of the Lorentz force which is in radial
as well as in axial direction. During the EMF process, as the coil imparts the radial force on the
workpiece, the repulsive force act on the coil turns and thereby on the insulator supporting the
coil. The radial force is maximum at coil central turns and minimum on end turns. In addition

to this, coil turns carrying the current, imparts an attractive force on each other which is an axial

force.
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Figure 4.17: (a) Lorentz force directions (b) von Mises stress without insulation (c) von Mises
stress with insulation at (168 kA, 9.5 kHz)

Arrows in figure 4.17(a) show the acting force directions at a peak coil current. Number
and size of the arrows reflect the magnitude of the force. It can be seen that the axial force is
maximum at the end turns of the coil and minimum on the central turns. This axial force tries
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to compress the coil turns and thereby increasing the stress on the inter-turn insulation. The
radial force is maximum at the central turn compared to end turns. This force tries to push the
coil turns away from the tube. The axial and radial components of force combine form the von
Mises stress on the coil.

Table 4.5: von Mises stress acting on coil and insulator

Ipear (KA) | f (kHz) | Max.stress without insul.(GPa) | Max.stress with insul. (GPa)

168 9.5 0.8 0.14
152 9.5 0.68 0.12
116 11.5 0.51 0.08

Figure 4.17 (b) shows the von Mises stress acting on the coil when we do not consider
insulation and 4.17 (c) shows the stress when we provide fibreglass insulation around the coil
turns. Table 4.5 gives the peak values of the von Mises stress for each of this case. When
the insulation is not provided to the coil, the mechanical stress acting on coil turns is higher
in magnitude compared to the case when insulation is provided. This is because, when the
insulation is provided, the stress has been transferred from coil turns to the attached insulation.
The Maximum stress is high at the inner diameter side of the coil turns when the insulation is not
provided and it is high at the coil centre axis when the insulation is provided. The von Mises
stress at the coil central turns is higher than at end turns which clearly due to the significant
contribution of radial force acting on the coil. The tensile strength of The coil insulating material
is 1.7 GPa. From table 4.5, it is seen that the maximum stress on the coil insulation is very
much less than the tensile strength of the insulating material. Thus it can be concluded that the
mechanical loading is not an initial or alone cause for the observed coil failure.

Based on experimental observations and the numerical model results, the coil failure might
be occurred as per the further mentioned sequence. At first, due to high temperature at the
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corners of coil turns, the coil insulator has got weaken mechanically. This might not be in the
first test but during subsequent operation of the coil. During the test when the coil failed, the
weak insulation of the coil got damaged that further leads to flash over between the coil turns.
Thus, thermal loading on the coil seen to be the initial cause that leads to further electrical and
mechanical failure of the coil.

We have assumed the coil and tube are of axisymmetric in nature. In practice, the coil has
helical in nature and due to this a close observation of formed tube shows that the forming is
not exactly axisymmetric. A 3D model is necessary to analyse the helical effect of the coil on
the electromagnetic expansion of the tube. The future aim is to develop a 3D numerical model

to improve numerical simulation accuracy.

4.4 summary

A helical coil with 7 turns is designed and tested for aluminium tube expansion. The coil
has a generated peak magnetic field around 14 T and deformed the 2.4 mm aluminium tube
with a peak velocity of 160 m/s. The developed analytical and simulation model results are in
agreement with experimental observations. In the coil failure diagnosis, it is observed that the
von Mises stress acting on the coil insulator is below the insulator tensile strength. The thermal
effect must have weakened the mechanical and electrical strength of insulating material, and
caused the coil failure. The heating of the coil plays a vital role in the coil failure compared to

the mechanical loading.
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Chapter 5

Study on Effect of Coil Current Frequency

on EMF

The frequency of capacitor discharge current is an important parameter in the electromagnetic
forming process. Study of this chapter aims to obtain an optimum frequency of discharge
current. Optimum frequency refers to the frequency at which maximum deformation of tube
occurs at constant discharge energy. Simulation and experimental study of electromagnetic
expansion is carried out on aluminium tubes (Al 5052). First the numerical simulation results
are validated with experimental results and then the simulation model is used to find the
optimum frequency of discharge current and to study the effect of process parameters like the

tube thickness, inductance and resistance of the system on optimum frequency.

5.1 Experimental testing

With the experimental setup described in chapter 3 and system parameters as given in table 4.1,
EM tube expansion experiments are performed on the Al tube. Experiments are carried out at

different operating voltage and capacitance value. Capacitance is varied by selecting different
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Table 5.1: Experimental results

Exp.No. | Energy(kJ) | Capacitance(uF) | Voltage(kV) | Tube radial forming(mm)
1 10.108 56 19 4.5
2 14.336 112 16 9.4
3 16.184 112 17 10.5
4 18.144 112 18 13.3
5 20.216 112 19 14.7
6 21.504 168 16 11.5

capacitor banks. Figure 5.1 and 5.1 depicts some of the tube forming images and table 5.1
gives the obtained tube deformation for each experiments. Here the tube radial deformation is

measured at the maximum forming point of a tube.

Figure 5.1: Forming images of the tube at different experiments numbers given by table 5.1
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Figure 5.2: Expanded tubes (a) 26.8% (b) 40.2% change in diameter

Expansion of tubes goes increasing with an increase in discharge energy F.. Maximum
deformation of the tube occurred in the central region and less towards the tube ends. This
happened because of tube length is higher than the coil length. Maximum magnetic flux
concentration occurred at the tube surface facing the coil central turn, and that causes higher
magnetic pressure at the middle part of the tube. For the operating voltage of 16 kV and
capacitance of 112 uF, 26.8% increase in tube central diameter is obtained, whereas an increase
in voltage to 18 kV showed a 40% increase in tube diameter. Comparison of experimental and

simulation results are shown in figure 5.3.
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Figure 5.3: Radial displacement of the tube by experiment and by simulation

Numerical results of tube final displacement and experimental results have a maximum
error of 8% thereby validating our simulation model. The reason for error can be attributed
to the following reasons. (a) The difference in experimental and literature values of material

properties and plasticity model constants.(b) Assumptions taken in the numerical model.
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Figure 5.4, 5.5 and 5.6 indicate the simulation results obtained at 16 kV, 112 yF condition.
The displacement and velocity variation with time at the maximum displacement point of
the tube is shown in figure 5.4. Peak velocity of the tube is found to be delayed by ~15
microseconds from peak coil current which might be due to tube inertia. Figure 11 shows
the surface plot of the tube deformation. Forming efficiency is obtained from the ratio of plastic
strain energy of the tube to energy stored in the capacitor. Figure 12 shows this energy plots
where 10.5% forming efficiency is obtained. This low efficiency can be understood in the
following way: As observed in figure 10, tube deformation completes well before the total
current dies out. Only first and second current pulses are utilized for workpiece deformation

while the consequent pulses result in just heating. This affects the efficiency of the process.
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5.2 Optimum frequency estimation

The simulation model is further used to observe the effect of frequency on forming of the tube at
constant discharge energy condition. The energy stored in the capacitor is given by the equation
5.1. Here E. is the energy stored in the capacitor bank, V' is the charging voltage of the capacitor

bank and C' is the capacitance value.

E, = 5Cv2 (5.1

0 = (5.2)

9
h
The operating voltage and capacitance can be varied in such a way to keep discharge energy
E. as a constant. Change in C' causes change in the damping frequency of the coil as given by
equation 4.1. The magnetic field diffusion in the workpiece depends on the skin depth. The

skin depth 9 is given by equation 4.14. 9, is the relative skin depth as given by equation 5.2. It

is the ratio of skin depth to workpiece thickness 4.
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Figure 5.7: Radial displacement of the tube with a thickness 2.4 mm
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Figure 5.8: Radial displacement of the tube with a thickness 3 mm

150.0k - - 2 kHz=z
— — =5 kHz
100.0k | [1\2~ —-—-8 kHz
LN P 12 kHz
— .-'-‘, .." \ i ' . i -
< s0.0k{#, "\ A/ en 18 kHz
e o1 \ | / tf 1) P o~
= " \ . f / '\ 1 _,- e
£ oo Y\ N PMiY X Fedl NS a
) ) \ A - o5 <
S VR LYY A LA N 4 3
— . \I f 7 . ag
S -5 < - \ .\ e -
S 50.0k AWARY
-J.
-100.0k -
-150.0k

0.0 70.0n 140.0n 210.0un 280.0pn 350.0n
Time (ps)

Figure 5.9: Coil current waveform at various frequencies

Figure 5.7 and 5.8 show displacement obtained at different frequencies for different tube
thickness. The maximum displacement of the tube is found to occur at 5 kHz, and we called it
optimum frequency. The relative skin depth J, at the optimum frequency in figure 5.7 and 5.8
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is less than one. This observation is in contrast to the sheet forming case [29],[30] where 9, is
equal to and more than one when maximum forming occurs in the sheet.

The optimum frequency phenomenon can be explained with the magnetic pressure profile
acting on tube and skin depth. Magnetic pressure is proportional to the square of magnetic flux
density and the magnetic field is proportional to the coil current. Higher the current, higher
the magnetic field. Skin depth § increase with the decrease in frequency value[equation(4.14)].
When ¢ is more than the thickness of the tube, in other words, J,. is more than one, the magnetic
field penetrates through tube thickness. The effective magnetic pressure acting on the tube get
reduced. That is why the tube forming reduces when the ¢, is more than one. Increase in
frequency increases the current peak value with a decrease in current pulse duration as shown
in figure 5.9. At high frequency, though the magnetic pressure is high because of higher peak
current, the duration of this pressure pulse is very short due to rapid damping of the current
pulse. As mentioned, [42] resultant workpiece forming is not only affected by peak current but
also by the duration of the current waveform. That is why the tube forming slowly reduces when
the frequency is increased beyond an optimum value. It means that not only the peak current
but the optimum combination of peak current and the duration of the current pulse resulted in
maximum tube forming. For the used experimental setup, the optimum combination occurred
at 5 kHz. Further, the analysis is carried out to study the effect of different parameters on the

optimum frequency and corresponding relative skin depth.

Effect of tube thickness

Figure 5.7 and 5.8 show the effect of tube thickness variation at constant discharge energy. It
is observed that tube forming is reduced with an increase in tube thickness. With an increase

in tube thickness, the optimum frequency is unaffected but the relative skin depth ¢, at the
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optimum frequency is decreased. This is because the optimum combination of the current peak
and duration of the current pulse (current frequency) have resulted in a maximum push to the
material. The tube thickness has no effect on the peak current or on the current frequency. The
process efficiency of electromagnetic forming is shown in figure 5.10 for different thickness of
tubes. Maximum efficiency occurred at same optimum frequency and it is more for thin tubes

as these are more susceptible to deformation.
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Figure 5.10: Process efficiency variation with frequency

5.3 Effect of system inductance and resistance

Variation in workpiece resistivity, Workpiece length, the coupling between the coil and the
workpiece and coil material affect the magnetic pressure acting on the workpiece. From the
electrical circuit point of view, all these variations affect the resultant inductance and resistance

of the EMF system.
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Figure 5.12: Effect of frequency variation with lower resistance on tube expansion

To take into account this parametric variation, the effect of resistance and inductance
variation on optimum frequency is studied. The simulation model is used to study the effect
of inductance and resistance value on optimum frequency. Figure 5.11 and 5.12 depict the tube
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expansion performed at reduced damping coefficient 5 value for 2.4 mm thickness tube. /3
depends on resistance and inductance of the system as given by equation 4.8). In the first case,
f3 is reduced from 5294 S~! to 3500 S~! by increasing the inductance and in the second case
f3 is reduced to 3500 S~! by reducing the resistance value. Compared to previous results, it is
observed that optimum frequency increased with an increase in inductance, whereas it decreased
with a decrease in resistance. Thus, the optimum frequency does not remain constant. It depends
on system parameters and this fact should be taken into consideration during the design of EMF
system configuration. System parameters can be set in such a way that the coil current oscillates

with optimum frequency. This gives higher process efficiency along with increase coil life.

5.4 Summary

Electromagnetic expansion of aluminium tubes is carried out experimentally and the tube
displacement results are compared with results of the 2D numerical simulation model. Effects
of system parameters on the optimum frequency and relative skin depth are further analyzed

using a simulation model. From the observed results, the following conclusions are drawn

e The maximum expansion of tubular workpiece occurred at a frequency where the relative

skin depth is less than one in contrast to sheet forming case observed in the literature.

e The frequency of current and the relative skin depth at which maximum forming occur are
not constant. The optimum frequency changes with resistance and inductance of the

system.
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Chapter 6

Numerical and Experimental Study on the
Variation of the Discharge Circuit

Parameters

Discharge circuit parameters vary during the electromagnetic forming process. Initially, the
workpiece and the coil are firmly mounted. The moment when workpiece starts going away
from the coil due to the magnetic force, there is an increase in the coil-workpiece gap, which
causes two interdependent effects. Firstly, the flux density between the coil and workpiece
gets reduced, and this reduces magnetic pressure as the magnetic pressure is proportional to
the square of the magnetic flux density (equation4.23). Secondly, the reduction in the coil-
workpiece magnetic coupling affects the resultant discharge circuit parameters (equation 4.3
and 4.4. In EMEF, the coil current is used as an excitation to predict workpiece forming in
both analytical [31] and numerical models [32] [38]. The accuracy of analytical and numerical
models depends on the exactness of the discharge circuit parameters because the current flow

in the coil is a function of discharge circuit parameters. As seen earlier, the sequentially
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coupled simulation approach is preferred over the loosely coupled simulation approach for
EMF simulation. However, the effect of workpiece forming on the discharge circuit parameters
is also significant and it is not considered even in the sequentially coupled simulation models
[37] [43] . Considering this fact, the importance of the discharge circuit parameter variation
during a forming process is analysed in this chapter. A developed analytical model in chapter
4 is modified by considering the nature of the dynamics of discharge circuit parameters at
each timestep. The estimated dynamics of discharge circuit parameters are compared with
experimental measurements and its effect on discharge current is also studied. Further, the
sequential coupled numerical simulation is carried out by two methods. One method that is
followed in the literature where the coil current used as input to the sequential coupled numerical
model assuming the constant discharge circuit parameters. The second method is a modified
one where the discharge current which is fed to numerical model is calculated considering
the dynamics of discharge circuit parameters. The obtained results in both the methods are

compared with the experimental results.

6.1 Governing equations

The electrical equivalent circuit of EMF is presented in figure 4.10. The coil-tube magnetic
coupling varies as tube deforms which affects the coil-tube coupled resistance and inductance.
Taking this into account, the coil-tube coupled resistance and inductance are defined as a
function of tube position [80]. The time ¢ dependent inductance and resistance of the discharge

circuit are defined by equation 6.1 and 6.2 respectively.

_ [wi(t)]* — 3
R 0 R o
2
RT(t) =R+ R. + NTl Ry, (6.2)

[wi(t)]? + 7§ — 13
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Figure 6.1 shows the coil and tube arrangement with the dimensions. Here, the r; and r,
are the coil inner and outer radius respectively. As the coil is stationary and only workpiece
going to deform, the r; and ry values remain constant and only w;, which is the tube inner
radius is going to increase during forming. The discharge circuit parameters Rr,Lr, £, w and
i(t) given in equations 4.3- 4.8 will also change accordingly.

Analytical modelling performed here is similar to that mentioned in the chapter 4. The
difference is only that, based on tube position at each timestep, the discharge circuit parameters
are updated. The flowchart is shown in 6.2. At each timestep, increment in ‘w;” due to tube
movement is communicated back to equation 6.1 and 6.2 to modify R and Ly accordingly.

Further, the analytical results are compared to experimental and numerical results.

P 100 mm -~
| |11.5 mm
A Al'5052 tube
2 ;ﬁm Coil S‘m’m
< A |
Wi
r: | I coil central axis

Figure 6.1: Arrangement of the coil and tube in 2D
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System parameters

Coil-tube coupled circuit
inductance and resistance
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Discharge circuit
current estimation
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Magnetic field and
force

!

Tube deformation

l

Updated geometry

Figure 6.2: Flowchart of the analytical model

6.2 Experimental testing

EMEF experiment is conducted on aluminium 5052 tubular workpiece. Table 6.1 gives the used
parameter details whereas figure 6.3 shows the experimental arrangement of the coil and tube.
The aluminium tube is placed over the coil, and the coil is connected to system high current
discharge terminals. A supporting structure made up of Delrin is used to prevent the coil
vibration and to maintain a uniform gap between the coil and the tube. A Rogowski coil is

used to measure the discharge current.
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EXPANDED TUBE

HV TERMINALS SUPPORTING STRUCTURE

Figure 6.3: Experimental set up and expanded tube

Table 6.1: Discharge circuit parameters

Component Parameter Value

System Capacitance (C) 112 uF
Charging voltage (V) 13.6 kV
Resistance (R;) 8.8 m ()

Inductance (L,) 0.7 uH

Coil Length (l..) 47 mm
Inner radius (1) 21.4 mm
Outer radius (r3) 29.4 mm

Inductance (L,) 1.52 uH

Resistance (R,) 6 m ()
Tube (Al 5052) Length (,,) 100 mm

Thickness (w;) 1.5 mm

Inner radius (w;) 33 mm
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The coil-tube coupled system inductance and the resistance after the tube expansion are
measured by an LCR meter and these parameters are used to compare with the analytical

estimated results.

6.3 Results and discussion

Discharge circuit parameters variation

With the developed analytical model, the variation of discharge circuit parameters Lr, R and

B during forming is estimated as shown in figure 6.4.
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Z.0Opr — = Experimental
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13.Sm —
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Z0.0pa 40.Opa GO0 B0.0Opn 100.0p 1Z20.0p0 140.0p
“A4B00 —
4 GO0 —
4400 —
= 4200 —
== ]
OO0 —
3800
3600 — =
3400

Z20.0p 4. Opn GO .Op BO.0p 100. 0 1 20.0p 1 40.0ps

i e (sec)

Figure 6.4: Variation of discharge circuit parameters with time
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It can be observed that around 20 microseconds, the parameters start to vary as at this
point, the acting magnetic pressure over the tube overcomes its yield pressure and the tube starts
deforming. The coil-tube magnetic coupling K reduces as the tube is deformed which results
in a decrease in the mutual inductance M. As per equation 6.1 and 6.2, this causes an increase
in Ly and a slight decrease in Ry of the discharge circuit. The reason for the decrease in Ry
can be understood by the skin depth phenomenon. The [ coefficient is also decreased being
dependent on R; and Lp. The discharge circuit parametric variation remains constant after
100 microseconds which indicate the completion of the forming process. In the experiment,
when the tube forming is completed, L, and Ry parameters are measured and are found to be
1.88 H and 13.6 m{2 respectively. At the end of the forming process, the estimated analytical
parameters are found to be near to the experimental values as observed in figure 6.4. Further,
the validity of estimated parametric variation during the forming process is done by comparing

the estimated and experimental measured coil current waveform.

Coil current estimation

Here, the coil current is calculated for two cases. In the first case, the estimated dynamics of
the discharge circuit parameters are taken into account and in the second case, the discharge
circuit parameters are considered as constant. The estimated coil current in both the cases
is compared with the experimental measurement as shown in figure 6.5. It can be observed
that the experimentally recorded current waveform closely matches with the analytically
estimated waveform that includes the discharge circuit dynamics. The other estimated coil
current waveform, where circuit parameters /2 and L are assumed to be constant follows the
experimental waveform until the first current peak (20 us). This is because there is no movement

of the tube till that time. However, after that, a clear difference in the current magnitude and the
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frequency can be seen.

Experimnetal
i Analytical (Dynamic R & L)

100.0k \ Analytical (Constant R & L)
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-100.0k

i T i T i T i T T T T T T 1
0.0 20.0n 40.0p 60.0n 80.0n 100.0p 120.0pn 140.0p

Time (sec)

Figure 6.5: Discharge current waveform comparison

The tube movement away from the coil caused a significant increase in L7 and a minor

decrease in Ry, which leads to a decrease in both current magnitude and current frequency.

Analytical and numerical results comparison

In this section, we checked the validity of the analytical model with the numerical model. In
both the models, the dynamics of the discharge circuit is considered to obtain the coil current.
The variation in the velocity and displacement of tube central point with time obtained by the
analytical and numerical model is compared as shown in figure 6.6 and 6.7 respectively. A good
agreement is demonstrated between predicted and simulation results. The final displacement
of the tube central point observed in the experiment is 8.2 mm. An error of 4 % and 9 %
have occurred when the experimental displacement is compared with analytical and simulation

results respectively. After the first peak in velocity, a phase shift is observed between predicted

96



and numerically obtained velocity as shown in figure 6.6, but this parameter is less critical in

the final results.
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Figure 6.6: Tube velocity results predicted by analytical and simulation
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Figure 6.7: Tube displacement predicted by analytical and simulation

As observed in figure 6.7, the tube achieved its final displacement in the analytical model
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(~ 100 ps) prior to numerically predicted value (~ 120us). The error between the numerical
and analytical results can be due to the fact that the developed analytical model is a 1D. 1) The
tube central displacement predicted by the model is only due to the force acting at the centre.
Whereas in the actual case or in the numerical model, the tube central displacement is due to
the cumulative effect of force at center as well as the force at nearby points of centre. 2) We
estimated the dynamic nature of discharge circuit parameters based on the tube central point
displacement, but in practice, the tube displacement is not the same along the length. It is
highest at the centre and gradually decreases towards its end. In actual case and as interpreted
by the numerical model, the tube achieved permanent displacement when it deforms plastically.
The developed analytical model is a simplified one where the tube plasticity is not defined. In
the analytical model, the tube displacement is estimated using Newton’s law of motion where
the acting magnetic force is one which is above the tube yield pressure. This condition meets
till 100 microseconds and that is why the tube displacement and velocity in the analytical model

are considered until 100 microseconds only.

Importance of discharge circuit dynamic parameters in numerical
modelling

As stated earlier, the accuracy of the numerical simulation model depends on the accuracy of
the coil current that is used as input to the numerical model. The impact of variable nature
of discharge circuit parameter on the coil current is studied in the previous section. Using the
estimated coil current waveforms of figure 6.5, the impact of the discharge circuit dynamics on

the numerical model results is analysed in this section.
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Figure 6.8: Tube displacement by simulation and experiment

Analytical estimated current shown in figure 6.5 gives the required coil current excitation

in the numerical model for the following two cases.
e Coil current with constant R and L, parameters
e Coil current with considering the dynamic nature of R and L

The simulation runtime is set, ensuring the complete tube displacement and current decaying.
The final tube displacement at the tube central point is measured in both the simulation model
and compared with experimental results as shown in figure 6.8. It is observed that negligence of
discharge circuit parameter dynamics results in tube displacement estimation to the higher side.
The error in final tube displacement between experimental and simulation result is reduced from
17 to 9 % under consideration of the dynamic Ry and L parameters to estimate the coil current.
Thus the accuracy of the sequentially coupled numerical simulation is found to be improved by

the considerations of discharge circuit parameters dynamics. Analytical and numerical results
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slightly differ from experimental results which may be due to the difference in the experimental
and used literature values of material properties and plasticity model constants. The calibration
error in the measuring instruments also might be one of the causes of the error. The developed
analytical model that takes into account the varying nature of R and L parameters is found as a
good choice to estimate the actual coil current and thereby can be used to improve the accuracy
of the sequential coupled numerical model.

The analytical model developed in the present study is applicable to study the dynamics
of discharge circuit parameters for axisymmetric EM tube expansion cases. However, the
importance of dynamics of discharge circuit parameters is applicable in all EM forming cases
where workpiece goes away from the coil by a large distance. The impact of the dynamics of
parameters will be different for each type of forming cases. This impact more dominant in case
of sheet forming cases as in the case of sheet forming, the influence of coil workpiece gap on

acting magnetic pressure is high

6.4 Summary

In this chapter, the study of electromagnetic tube expansion is performed with an aim to
investigate the importance of discharge circuit parameters variation during a forming process.
An analytical model is developed that is able to predict the dynamics of discharge circuit
parameters as well as tube displacement and velocity. Electromagnetic tube expansion study
is carried out experimentally along with the numerical model. In the sequentially coupled
simulation study, the error in the estimated tube displacement is reduced from 17 to 9 % when
the dynamic nature of discharge circuit parameters is considered in the input current waveform.
The results show that incorporating the dynamics of discharge circuit parameters is a key role

in the analytical and numerical study of the electromagnetic forming process.
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Chapter 7

Numerical and experimental study on
Effect of Coil to Tubular Workpiece

Magnetic Coupling

In EMF, electrical efficiency denotes the amount of transfer of electrostatic energy stored in
capacitor banks to the electromagnetic energy in the tool coil, whereas mechanical efficiency
is the ratio of electromagnetic energy to forming energy. The overall process efficiency in
electromagnetic forming applications is very less [8] [29]. One of the factors for less efficiency
is the leakage flux, and that is related to the coil and workpiece magnetic coupling. In the present
chapter the importance of coil-workpiece magnetic coupling in electromagnetic forming (EMF)
process and in the electrical representation of the process has been dealt. The analysis is carried
out with the help of experiments, and the finite element based numerical simulation. Aluminium
tube of 100 mm length and 1.5 mm thick is electromagnetically expanded using a 7 turn helical
coil. Trials are taken for the different gaps between the coil and tube keeping the discharge

energy constant. The coupling factor (K) variation with the coil-tube gap (%) is related with
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curve fitting and this k-/ relation is used to estimate the discharge circuit parameters of EMF

process.

7.1 Coupling factor K in EMF

A typical EMF system and its electrical equivalent circuit representation are seen earlier(Figure
4.1 and Figure 4.2). Equation 7.1 and 7.2 show the resultant R and Ly of the current discharge
circuit. The coil-tube mutual coupling forms the mutual coupled inductance M. The relation

between mutual inductance M and coupling factor K is given by Equation 7.3

LT:L8+LC—JZ\_J/[—5 (7.1)
Ry = R+ R. + % (7.2)
M = K+/L.L, (7.3)

2
Lew=Le— ]g—w (7.4)
K=4/1- % (1.5)

Lcw defines the coil-tube coupled inductance. Using equation 7.3 and 7.4, K can be
obtained. By measuring the coil-tube inductance L., and coil inductance L., it is possible
to calculate K without performing the forming experiment and without measuring tube induced
current. K varies between O for uncoupled to 1 for the fully coupled system. As coil-tube gap

(h) varies, the discharge circuit parameters Ry and Ly also change.

7.2 Experimental details

Electromagnetic tube expansion experiments are performed using a 7 turn helical coil. Coil-tube
arrangement is shown in figure 6.1 and dimensions are given in table 6.1.
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All the experiments are carried out at constant discharge energy condition where charging
voltage is set to 13.6 kV and capacitance is 112 pF. & is the gap between the coil’s outer surface
to the tube inner surface and this is varied to analyse the magnetic coupling effect on tube
expansion. Different diameter tubes are used to vary 4. A 40 kJ rated capacity pulse generator is
used for the experiments. A short circuit test is done to estimate L and R values of the system
3.3. Before connecting the coil to the high voltage terminals, the coil-tube coupled inductance
L, and resistance R, are measured separately for each h value. A tube is placed over the
coil, and the LCR meter is connected to coil terminals to get L., and R.,. Coil parameters,
R, and L. are also measured using an LCR meter. Based on these values, the coupling factor
K is obtained using Equation 7.5 Different tube expansion experiments are performed with

increasing the coil-tube gap by 1 mm and keeping the same discharge energy.

7.3 Numerical simulation

A finite element model in the COMSOL Multiphysics is also developed with certain
assumptions. The details of the same is given in the chapter 3. When the helical coil is excited
by the current, by the law of electromagnetic induction, an eddy current is induced in the tube
having the direction of current opposite to that of the coil current. Similar to the transformer,
for ideal coupling factor (K=1), the magnitude of current in the tube is N times the coil current
where N is the number of turns of the tool coil. In the numerical simulation, the peak current of
the coil is compared with the peak value of eddy current induced in the tube to calculate K as

shown in equation 7.6.

(7.6)
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Where [,, is the eddy current flowing through the tube, and I, is the current through the coil.
Once the K is determined for each coil-tube gap, the electromagnetic and structural physics
are solved numerically to observe the effect of this K on tube expansion at constant discharge

energy.

7.4 Results

Effect of h on coupled circuit parameters

Table 7.1 shows the measured experimental parameters. With the increase in h, coil-tube
inductance L., increased, whereas resistance R, decreased. Overall, the coil-tube coupled
impedance increases with & causing a decrease in the damping coefficient § and peak coil
current [p..;. The Observed results can be explained by coil-tube magnetic flux linkage

phenomenon.

Table 7.1: Coil- tube flux linkage for different &

h(mm)  Ley (tH) - Rew(mf2) 5 (1/sec)  Ipear(kA)
3 0.831 5.97 4823 105.8
4 0.953 5.61 4358 103.6
5 1.046 543 4075 101.9
6 1.120 5.12 3824 101.1
12 1.412 4.96 3257 94.8
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Figure 7.1: Coil- tube flux linkage for different &

Figure 7.1 shows the contour plot of axial magnetic flux density responsible for the radial
magnetic force. Out of the total magnetic flux produced by the coil, some flux is not linked
with the workpiece which is referred to as leakage flux. It can be observed from Figure 7.1 that
smaller the gap between the coil and the tube, more the coil-tube flux linkage and hence better
the coupling factor K. As per equation 7.4, the L., is reduced with K improvement. The reason
for the decrease in R.,, with & can be explained by the skin depth phenomenon. Skin depth &
is the depth below the surface of the conductor at which the current density has fallen to 1/e
of its maximum value. As & increases, L., increases and this reduces the damping frequency
f (w=27f). § increases with a decrease in f and thus increase in area for current flow causing a
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decrease in R,.

K variation with Ak

Figure 7.2 shows the variation of K with 4. Obtained K value with experimental measurement

(equation 7.5 is compared with the numerical one (7.6). A decrease in K is observed to increase

in h.
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Figure 7.2: coupling factor K variation with &

The variation of K with £ is fit by an exponential curve with the equation, K = Aje~5o*

where Ay and By are the constants with values 0.806 and 0.07 respectively. A represents the
maximum value of K when there is no gap between the coil and the tube. The obtained relation
of K is purely a function of the coil-workpiece gap . In addition to coil-tube gap, K is also
affected by coil mate-rial conductivity, coil and workpiece geometries. But these effects are
not much dominant as compare to 4 over K. This is because, in most of the EMF applications,
excitation coil is made up of copper and the workpiece is usually of electrically conductive
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material which does not undergo a significant change permeability or skin depth. Once K 1is

known, equations 7.1- 7.3 can be used to simplify the discharge circuit in RLC series form.

Effect of K on tube displacement and process efficiency

In order to study the effect of K on tube radial displacement and the EMF process efficiency,
Electromagnetic forming experiments and simulations are performed for different K values at
constant discharge energy. Tube displacement is measured at the maximum forming point of
the tube whereas process efficiency is obtained from simulation which is the ratio of plastic

deformation energy of the tube to the stored energy in the capacitor.
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Figure 7.3: Variation of tube displacement with K
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Figure 7.4: forming efficiency with K

As can be seen from figure 7.3, experimentally obtained results show good agreement
with simulation results. It can be seen that the radial displacement of the tube and the process
efficiency(shown in figure 7.4) follows a smooth exponential curve that increases as K increases.
When the skin depth is small compared to workpiece thickness, the magnetic pressure acting
on the workpiece is proportional to the square of magnetic flux density present in the coil-
workpiece gap [8]. As depicted by figure 7.1, lesser the value of A, higher is the flux density and
higher the magnetic pressure acting on the tube. The high pressure causes large displacement
and thereby more process efficiency. Thus, the coil-tube magnetic coupling K has a significant
effect on tube displacement and forming efficiency and this effect must be considered in
designing EMF set up. Theoretically, the tubular workpiece should be kept close to the coil
to get maximum process efficiency; but there are some constraints which are needed to be
taken into account while selecting 4. During discharging of capacitive energy into the coil, a

high voltage appears across each turn of the coil and across the coil and workpiece. While
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placing the workpiece closer to the coil, short circuit and arcing between coupled materials
must be avoided. Though the heating in EMF is considered as adiabatic, at higher temperatures
in the coil, the insulation may provide the path for an electric short between the coil and the
workpiece. These can be avoided by providing insulation over the coil which has sufficient

electric and thermal properties.

Variation of discharge circuit parameters with K

The derived K-h relation and equations 7.1- 7.3 are used here to analytically calculate the nature
of Ry and Ly variation with /. The analytical results are further compared with experimentally
measured values. The inductance of the coil and tube can be calculated using equation 7.7

whereas the resistance of the coil and tube can be estimated using equation 7.8 [76].
1 2
I — /Loﬂrl(Oé1+ )
8 A

p N1 aq+1
ff T1 251(0&1—1)

N?g(a, By) (7.7)

(7.8)

Where, g (a1, 81), a1, 1 are coil geometry dependent parameters. f; is the filling factor (the
fraction of conducting material in the volume of the coil) and p is the resistivity of the material.
[4o 1s the permeability of free space and r is coil inner radius. Equation 7.1 and 7.2 are modified

by the inclusion of derived K- relation as shown below.

Ly = Lo+ L. — [Age” %ML, (7.9)
R,
Rr =Rs+ R.+ [AOe*BO"]?L—2 (7.10)

w
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Figure 7.5: Discharge circuit parameters variation with &

Analytical estimated parameters using the derived K-h curve shows good match with
experimentally measured values as can be seen in figure 7.5. With the increase in A, inductance

increases exponentially whereas the resistance decreases slightly. Peak current of the discharge

circuit also decreases exponentially with A.

K variation during the tube forming operation and stationary case
As shown in Figure 7.6, there are two different situations in EMF where K varies with 4.
e Stationary (case A), where the / is the same along the axial direction

e Transient (case B), where the workpiece moves away from the coil during the tube

forming operation. Here the gap between coil surface to tube maximum forming point is

considered as h.
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Figure 7.7: Magnetic flux linkage at peak current and #=8 mm, (a) case A and (b) case B

In both cases, though K varies with A, the nature of K-h curve is different. During the
tube forming (case B), tube deformation is non uniform along the tube’s length with higher
deformation at the tube centre. As observed from Figure 7.7, though the 4 is the same in both
the cases, the coil-tube flux linkage for the tube forming case is high compared to the stationary

case. These results in higher coupling factor K for a tube forming case for the same 4.
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To compare the nature of K-h curve nature in both cases, numerical simulation method has
been used. Figure 7.8 shows the K-h curve for each case. The results show that the derived K-h
relation in this chapter is useful in the analytical estimation of discharge circuit parameters in
the stationary case when there is no deformation in the tube. The discharge circuit parameters
do vary during the forming, but the coupling factor variation is different in both cases and hence
the derived K-h relation cannot be used to determine the discharge circuit parameter variation

during the tube forming.

7.5 Summary

Electromagnetic tube expansion study is carried out on tubular workpiece made up of
aluminium. The tool coil to tubular workpiece magnetic coupling is varied by varying the gap

between them and coupling factor relation with coil-tube gap is obtained. Further, the effect of
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the coupling on different parameters is analysed.

e The coil-tube coupling factor (K) variation is an exponential decay: K = Age 50" | where
Ag and By are the constants with values 0.806 and 0.07 respectively and £ is the coil
workpiece gap in mm. This relation is useful for more accurate analytical simplification

of the EMF discharge circuit as RLC circuit.

e Numerically simulated results which are in good agreement with experimental observation
showed that the process efficiency and the tube displacement increase exponentially with
the increment in coil-tube magnetic coupling factor K. Thus, positioning of the coil and

the workpiece is an important aspect in designing the electromagnetic forming set up.

e With the increase in 4, there is an exponential rise in inductance and exponential decay in

peak current of discharge circuit. Resistance decreases slightly with A.

e The K-h curve during the tube forming process is also exponentially decreasing, but the
nature of decay is different from the studied stationary case where the coil and tube are

equidistance from each other along the axial length.
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Electromagnetic forming (EMF) is a high-velocity forming method that uses a strong electromagnetic
field to deform metallic workpieces. The Objectives of the thesis are to develop a numerical model
to simulate the electromagnetic tube forming process and to study the effect of process parameters
on electromagnetic forming results, process efficiency and coil life.

A 40 kJ EM manufacturing machine is used for the electromagnetic expansion experiments. EMF
tests are performed on different dimension aluminium 5052 tubes. A 2D numerical model is
developed using COMSOL Multiphysics software. In this, electromagnetic, structural and thermal
physics are coupled sequentially, and time-

dependent study is performed. A 1D analytical

" SUPPORTING STRUCTURE

model is also developed to estimate required
magnetic field, magnetic, resultant tube velocity

and displacement. The developed analytical and

simulation model results are in agreement with
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experimental observations. Firstly, a robust : ' ! :
electromagnetic coil is designed and tested for :55: =\ | f
aluminium tube expansion. Impact of thermal :: : ) E
and mechanical loading on coil failure is further j‘; of ;
studied. For the used experimental setup, = ] _lzi ;
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optimum frequency is found out and its Figure 1. Designed coil for EMF, experiment arrangement

. . . of coil and tube, expanded tube and COMSOL results
dependency on various parameter is studied.

In the study of effect of dynamics of discharge circuit parameters, significant improvements in
estimated results are observed with consideration of discharge circuit parameters dynamics in the
analysis. In next study, the coupling coefficient (K) variation with the coil-tube gap (h) is related with
curve fitting, and this K-h relation is then used to analyse the discharge circuit parameter
dependency on h. The EMF process efficiency and tube displacement are found to be improved
exponentially with the increase in K. The studied aspects in this thesis will be helpful to design strong

electromagnet and to improve the EMF process efficiency.
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