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Abstract

This paper proposes to compute the electrical behavior, including electromagnetic and electromechanical parameters, of a single-turn
toroidal coil which is fed by a transient pseudo-harmonic current pulse at low or medium frequency. Solutions adapted to the specificity
of the pulsed high magnetic fields technology are given, including original performance characteristics, independent on the current
source, but still taking eddy currents and the skin effect into account. The finite element analysis is carried out progressively; first with
time harmonics, then in the transient working condition, and finally by coupling the electromagnetic calculations to the equivalent
electrical circuit of the coil. The aim of this study is to first evaluate the accuracy of a 2D axi-symmetrical numerical model by comparing
it to 3D reference calculations. The reliability is valued according to measurements. The method then makes it possible to very quickly
compute the main interesting coils characteristics, namely the equivalent resistance, inductance, maximum induction coefficient and
finally the self and mutual force coefficients. These last new parameters are also defined in the present paper and provide important
performance criteria. Finally, a sensitivity analysis will be performed to understand the impact of the main usual parameters (frequency,
coil length, coil radius, airgap, electrical conductivity). The 2D model allows to save time and to build an approximate but reliable
solution that might make either the transient calculation or the coupling with electrical, mechanical and thermal physics easier. After an
introduction (part 2), part 3 gives the model geometry, physics and meshing. Magneto-harmonic calculations of fields and coils’
parameters and a complete sensitivity analysis are performed in part 4. Transient computations are carried out on a single-turn coil
made of steel without a field-shaper and are compared to experimental results in parts 5. Finally, an innovative single-turn coil with a
field-shaper, both made of a non-standard copper alloy (siclanic®), has been also calculated, tested and measured in part 6. To conclude,
the 2D model provides the main interesting intrinsic coil’s characteristics and a fast sensitivity analysis as a function of several
parameters, such as the pulse natural frequency. These parameters are needed to couple the electromagnetic process to an electrical
circuit or a mechanical workpiece deformation. The present study can estimate if, in given conditions, the forming coil can ensure

electromagnetic forces high enough either to initiate the process or to end it with an assembling static pressure.
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: total current injected in the coil

: peak current parameter

: voltage at the coil terminals

: magnetic vector potential

: electric field

: current density

: magnetic field

: flux density or induction

: Lorentz force density

: Maxwell stress tensor

: electrical conductivity of the tube
: electrical conductivity of the coil

: magnetic permeability of the tube
: magnetic reluctivity of the tube

: magnetic permeability of the coil

: magnetic reluctivity of the coil

: magnetic permeability of the air

: magnetic reluctivity of the air

: angle velocity

: frequency

: skin depth

: copper losses

: magnetic energy

: total equivalent resistance

: total equivalent inductance

: maximum induction generated in the airgap
: maximum induction coefficient

: maximum force density in the coil
: maximum force density in the tube
: self-force coefficient

: mutual-force coefficient

: internal radius of the tube

: external radius of the tube

: thickness of the tube

: airgap between the tube and the coil
: internal radius of the coil

: external radius of the coil

: internal radius of the field-shaper

I. NOMENCLATURE



Le  : external radius of the field-shaper
L  :internal radius of the coil

Lce : external radius of the coil

II. INTRODUCTION AND STATE OF THE ART

roduction of high static magnetic fields can be obtained with superconducting materials. Pulsed magnetic fields can be created
Peither with consumable or permanent coils. This paper investigates the design of single-turn coils made of bulk conducting
materials, without self-destruction. Different geometries of such inductors are studied to generate pulsed high magnetic fields.
introduced the design of high field magnet coils for electromagnetic pulses,
proposed the design of efficient field-shapers next to the coils to control the high field area. made a review
of such inductors used in pulsed magnetic technologies, especially the electromagnetic forming process. He introduced several
practical cases for which the single-turn coil (see Figure 1) is often preferable to the multi-turn coil because it is simpler and more
robust. Single turn coils and field-shapers studied and proposed by previous authors are thus used in pulsed magnetic and
electromagnetic forming technologies.
The coil and field-shaper should be made of a high conducting material with a high mechanical resistance and durable either.
Nowadays, the most used materials for the single-turn coils are steel alloys, CuZr alloys (Copper Zirconium) for multi-turn coils
and CuBe alloys (Copper Beryllium) for single-turn coils and the field-shapers. Steel alloys are not very good electrical conductors
and therefore copper alloys are sometimes preferred . CuZr alloys are not resistant enough and cannot be
used for coils without reinforcements. CuZr and especially CuBe alloys are expensive and contains dangerous elements: Zirconium
is toxic and Beryllium is toxic and carcinogenic. Research is taking place in order to use other copper alloys to replace steels, CuZr
and in particular the CuBe alloy for single-turn coils and field-shapers. Experiments have been carried out using non-standard
alloys with copper, nickel and silicium (siclanic® alloy) or copper and cobalt (cuprofor® alloy). Another goal of this work is to
estimate accurately the current’s distribution that may cause a heating process located in the skin depth and the magnetic pressure
and force that may cause small damaging deformations on the surface of the tool.
Following the state of the art and future needs listed by , We suggest computing, testing and measuring
single-turn coils, made of a massive coil, an optional field-shaper and an internal conducting tube. The first coil will be made of
steel and the second coil and field-shaper will be made of a new and non-standard copper alloy (siclanic®). Due to a cut within
the coil and field-shaper, it is strictly speaking a 3D component with no axial symmetry, as this is shown in reference
. In fact, several authors have already studied this kind of magneto-forming coil with the help of the 3D Finite Element
Method. began to develop and use 3D numerical models based on the Finite Element Method for the
Electro-Magnetic Forming process simulation and improvements. These kind of 3D models also presented by
are extremely time consuming but sometimes necessary when speaking about complex 3D geometries and extreme values
located at the edges or near the cut, as it is explained by . It is therefore interesting to find another method,
that would be accurate enough to give approximately the same nominal results as the ones obtained by the 3D numerical models,
whilst being much faster. This new method could be very attractive for several purposes: 1) the multi-physics simulation that
requires too much memory and time in 3D; 2) the transient non-linear simulation with electrical and mechanical couplings that
takes up less time and memory space in 2D as proposed by for a multi-turn coil for example; 3)
the optimal sizing of the pulsed inductor by giving the corresponding sensitivity analysis for important parameters.
in considers the use of Proper Generalized Decomposition methods dedicated to the coil optimization but only with

parallel 2D numerical simulations on a multi-turn coil example. Because the cut within the coil or the field-shaper is very small,



we would like to investigate the possibility to reduce the single-turn coil geometry into an equivalent 2D axi-symmetrical model,
but still producing a very good estimate of the true magnetic field, current density and Lorentz force, as explained by
in carried out 2D simulations of the magneto-forming process including an attractive force
with a flat coil and an expanding axial coil. in studied the electromagnetic and mechanical behaviour of
a cylindrical multi-turn coil and a tube with a 2D numerical method. Since the coil is highly conducting and the generator creates
a current pulse that varies very quickly in time (from 10 to 100 kHz) , we suggest computing the model
for both harmonic and transient states to analyze the eddy currents, skin effects and induced Lorentz forces in the single-turn coil.
Some authors performed analytical calculations of the magnetic field and the self and mutual inductances for similar cylindrical
coils. in provided the foundations for such electromagnetic induction problems. in
carried out investigations on the good basis functions to be used, i.e. the modified Bessel functions for quasi-static induction
problems. in introduced the use of the Kelvin functions for similar magnetic cylinders.
in found the exact solution for the magnetic field in axi-symmetrical solenoids, but providing that the current source
distribution is known and simple. in calculated the magnetic fields of cylindrical coils due to a known
surface current and a volume current in a cylindrical coil. in calculated the quasi-static self-inductance of
air core circular coils with a rectangular cross section. in gave the calculation for non-axial coils.
in added the calculation of the mutual inductance and the force exerted between thick coils carrying uniform current
volume densities. Most of these authors performed their calculations in quasi-static working conditions and with known current
sources, i.e. without eddy currents, or for currents in a direction different from the orthoradial direction and for magnetic materials.
In this study, we are looking for accurate solutions adapted to the the pulsed high magnetic fields technology and we introduce
original definitions of induction and force coefficients as relevant performance characteristics, independent on the current source
in the orthoradial direction. To do so, we must take into consideration eddy currents and skin effects inside conducting materials.
In fact, the magnetic pulse technology contains bulk coils, sometimes with a secondary coil called the field-shaper and another
secondary or tertiary coil which a conducting tube can be. These secondary and tertiary coils are not connected to a known current
source, the eddy current is rather induced by the primary coil. In this paper, the 2D Finite Element Method allows an accurate
calculation of fields and performance characteristics in the whole parts and a fast method for a complete sensitivity analysis as a

function of various sizing parameters.

III. 3D MODEL AND 2D APPROXIMATION

We propose to analyze a 3D toroidal single-turn coil with a cut and feeding terminals by using the Finite Element Method
(FEM). Some foundations of the numerical computation for similar induction problems can be found in
with the same software. Analytical and experimental validations on the magnetic field and inductance calculations are
proposed by for the induction heating process. Due to two symmetries ((X,y) is a 7+ symmetry plane
and (y,z) is a n- symmetry plane), the problem can be reduced to % but stays 3D (see Figure 1). From now, we will assume that
the thickness of the cut is small enough to admit an axi-symmetry around the (0z) axis. Using the cylindrical coordinates (r,0,z),
there is an invariability versus the coordinate 6. The model reduction in 2D will have to be compared to the exact 3D solution
given by . It will then be possible to investigate analytical solutions initiated in
. A future study will propose analytical models dedicated to the design and optimization of single-turn coils for the magneto-
forming process and will use reference calculations and sensitivity analysis given by the present numerical models.
The geometry is defined thanks to the following parameters: the internal R, intermediate R.i. and external R radius of the

toroidal coil, and its useful (L¢; or L) and total (Lce or Li.) length (see TABLE 1 in the Appendix A.1). This coil, fed by a current



pulse, will generate a time varying magnetic field inside the coil and so eddy currents will be induced in conducting parts. The
tube has got a thickness e,=Rme-Rmi and the air gap between the coil and the tube is g=gmc. There is sometimes an intermediate
field-shaper between the coil and the tube. This secondary coil is also a toroidal part with a cut. Its role is to adapt any coil to

several tubes by concentrating the field in the useful area.
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Figure 1. 3D geometry and its 2D reduced model.

The coil and/or field shaper are made of a steel alloy (electrical conductivity o. and permeability pc=po) and are surrounded by

the air (0,=0 and p,=p). The internal tube is made of a copper alloy (conductivity 6, and permeability pum=Ll0). (see TABLE 2).
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Figure 2. Constraints and Boundary conditions.

We assume that neither the magnetic flux nor the electric current are generated outside the infinite limit (1). Due to the
symmetry, no magnetic flux can circulate through the (y,z) plane, and due to the " symmetry, no electrical current can circulate
through the (x,y) plane (1). The magnetic field H and flux density B are consequently inside the (y,z) plane and perpendicular to
the (x,y) plane. No electric current (j) can go through the air and a total current I(t)=Iexp(iwt) is imposed, feeding the coil (with
o=27f, as the angle velocity and f; as the frequency) through the terminal (2). The two degrees of freedom, the magnetic vector
potential A and the electric scalar potential V, linked to the magnetic and electric fields H and E respectively, are set to zero at the

initial stage. All of this results in the following limit constraints (see Figure 2).

(0):n-B=0<nxA=0

(v ):n-B=0<nxA=0 (M)

(t"):n-j=0 < nxH=0

1=[[j-d’x=[[(j,~00,A)-d*x 2
coil coil

The mesh of Figure 3 is adapted to the skin effect thanks to a skin depth that depends on the permeability p (= v !, v is the
reluctivity), the conductivity o and the angular velocity =2nf (fy is the frequency) (3). The mesh size d at the facing interfaces

is chosen inferior to one third of the skin depth J.
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Figure 3. Mesh (3D 1,400,000 elements and more than 1 day computation time; 2D 50,000 elements at maximum and less than 1 min. computation time).
IV. MAGNETO-HARMONIC COMPUTATIONS

A. Governing equations

The model is computed first with the magnetic field formulation in the harmonic working condition. The use of the magnetic
vector potential A automatically satisfies the magnetic flux conservation principle and the Maxwell Faraday laws. The current

conservation principle and Maxwell Ampere law result in the equation (4), similar to that of a diffusion equation:
Vx(VWxA)+ jooA = j, (4)
js is the current source density. o is the electrical conductivity (oc = 10% IACS, om= 75% IACS, c.= 0). v is the magnetic
reluctivity (v = p! = vo = po! (1/(4w)).10” H'm, V is the “Nabla” operator).

B. Local computation results

Next, we focus on local fields: the magnetic vector potential A, the flux density B, the current density j and the Lorentz force
density f, as a function of the radial position r along the lines (A2p) and (Asp) (5). The total current magnitude I equals 825 kA,
with no phase shift and with the frequency f;= 20 kHz. All the fields can be deduced from A.

B=VxA
j=Vx(VB)=—jonA
f=jxB

)

In Figure 4, Figure 5, Figure 6 and Figure 7, we analyze the field and density results as a function of the radial coordinate r.



The potential A on the (Ap) and (Asp) lines is along the x or 0 direction: A = Aue. In Figure 4, we observe at first that the real
part of the potential is almost linear and the imaginary part is nil in the free internal space of the coil without any tube. However,
this is no longer the case inside the coil material due to the magnetic field damping effect. When the tube is introduced, the damping
effect remains inside both the coil and the tube materials. The magnetic potential slope in the free space inside the tube is much

lower than the one in between the coil and the tube. The main variations and imaginary parts are in the conducting regions.

- real(A) without tube (2D)

-+ real(A) without tube (3D, axis 90°)

¢ real(A) without tube (3D, axis 180°)

imag(A) without tube (2D)

- imag(A) without tube (3D, axis 90°)

-0 imag(A) without tube (3D, axis 180°)

@ real(A) with tube (2D)

& real(A) with tube (3D, axis 90°)

- real(A) with tube (3D, axis 180°)
@ imag(A) with tube (2D)

-4 imag(A) with tube (3D, axis 90°)

- imag(A) with tube (3D, axis 180°)

real and imaginary parts of the
magnetic vector potential A (Wb/m)

0,03

radius r (mm)

Figure 4. Magnetic vector potential A.

The flux density B on the (A2p) and (Asp) lines is along the z direction: B = Bu.. In Figure 5, we see that induction magnitude
|B| is almost constant in the free internal space of the coil without any tube, but< is rapidly decreasing inside the coil due to the
skin depth. When the tube is introduced, the skin effect remains in the coil and the tube, each with its skin depth (6. = 1.50 mm in
the coil and 6, = 0.53 mm in the tube). No flux is generated in the free space inside the tube such that the induction magnitude,
two times higher than without the tube, is focused in the gap between the coil and the tube.

The current density j is along the x or 6 direction: j = jue. In the Figure 6, no current can go in the air region. The current density
magnitude |j| is at its maximum on the conductors’ skin and is rapidly decreasing inside both the coil and the tube skin depth. The
current magnitude in the coil with the tube is two times higher than without the tube. This implies eddy currents are induced in the

coil with an additional phase angle. Mainly due to the higher electrical conductivity of the tube, the current density (only eddy

currents) is three times higher in the tube than in the coil.
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Figure 5. Magnetic flux density B.
By using the flux B and current j densities, the Lorentz force density f is computed by using either the cross product (7) or the

divergence of the Maxwell stress tensor T (6).
_ 1,2 6
T, =V, BiBj—E|B| 3, (6)
f=jxB=V.T (7)

The Lorentz force density f on the (Azp) and (Asp) lines is necessary along the y or r direction: f = fur. In Figure 7, no force acts
on the air region. The force is always negative inside the tube, tending to compress it; and it is always positive inside the coil,
tending to expand it. The force density f is proportional to the cross product between j and B and therefore behaves similarly to j
and B in inside the conducting materials, with a corresponding half skin depth.

Finally, we notice in Figure 4, Figure 5, Figure 6 and Figure 7 that an agreement is found for all the results on A, |B|, |j| and
|f] between the 2D and the 3D computations with a reasonable discrepancy smaller than 4% inside the conducting materials and

12% inside the air. This error is mainly due to the slot in the coil base, separating the two voltage terminals.
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Figure 7. Lorentz force density f.
C. Global computation results

Now, we compute the resistive Joule losses P; (8) and the stored magnetic energy Wn (9).

|2
p - III;—Gd:R -2 ®

2
wm=jjj%d3x:L=2¥m ©)

space

Explanations for the inductances’ calculation can be found in reference Ghali and Rahman (2009) [27]. If the problem is linear



with constant properties ¢ and p, these integrals lead to the coil resistance R and inductance L, similar to that of

. The latter gave the self and mutual inductances of thin wall solenoids and disk coils. The results given in the present
paper do not make any assumption on either the current source distribution or the eddy currents density. On one side, the skin
effect is computed but on the other side, no separation can be found between the self and the mutual inductances. L represents the
total equivalent inductance of the coil, including mutual effects due to eddy currents in conducting regions. In Figure 8 and Figure
9, we draw the curves of R and L as a function of fy. L comes from the magnetic energy. The higher the frequency, the lower the
coils surface and the inductance. The tube is behaving like a secondary coil in short circuit with a mutual inductance that must be
subtracted from the self-inductance. As a result, the total equivalent inductance L with a tube is lower. R comes from the Joule
losses with dependence on the coil circumference and skin depth. The higher the frequency the smaller the skin depth and the

conductance G=1/R. The tube introduces an additional resistance. As a result, the total resistance R with a tube is higher.
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Figure 8. Equivalent coil resistance R.



-o--without tube (2D) —e—with tube (2D) < without tube (3D) x with tube (3D)

30
______________________________________________ o DU TN "5 N U

25
=
=
-
o 20
Q
=
@
0
S
= 15
=
= X
s 10 .\.\"\Q—H
©
2 ® . ® * °
3 - -
i

5

0

10 15 20 25 30

Frequency f, (kHz)

Figure 9. Equivalent coil inductance L.

Then, we can look at the maximum magnetic flux density Bmax generated at the coil internal surface (10) and the tube external

surface (10) respectively.
Bmax = max airgap {B ! uz}: max tube {B : uz } = max coil {B ' uz} (] 0)

The maximum flux density coefficient Ky (11) defined by the ratio between Bmax, also called the magnetic induction, and the
current per unit length (Z=L.;) must also be analysed. The physical unit of Ky is given by the absolute magnetic permeability L in
[H.m']. In a way, it represents the coil’s ability or easiness to focus a high magnetic field inside the airgap.

_ Bmax _ MaXairgap{B.u}

Ky = w/z) (1/2) (o

In Figure 10, we draw the curves of the induction coefficient K, as a function of f; both with and without a tube. It is higher

with a tube due to field sources in two regions instead of one.

Finally, we can look at the maximum force density F. and F,, acting on the coil (12) and the tube (13) skin respectively.
Fc :maxcoil {f'ur} (]2)
F_ =max,,, {fu} 13)

Now let’s look at the self and mutual force density coefficients K. (14) and K (15) defined by the ratio between the maximum
force density and the squared current per unit length multiplied by the squared root frequency. In fact, it can be shown, partially
by , that the Lorentz force, as the cross product of the current and flux densities, is in a first

approximation proportional to (u/8)(I/Z)%. The physical unit of the force coefficients is thus given by the product (c?u>?).

_ maxcoil {f i ur}

N A R (]

(14)



K - E, _max,, {f-ur}
Jollgf oliy)

In Figure 11, we draw the curves of the self and mutual force density coefficients K. and K., respectively as a function of the

(15)

frequency fq with and without a tube to deform (maximum force density magnitude created in the coil itself and in the tube
respectively, per squared root Hertz and per squared Ampere per unit length). These coefficients are loosely dependent on fg. They
can thus be considered as performance parameters for the coil with or without the tube regardless of the source. Kin/Kc oc (Gm/Gc)"?

and K. is higher with the tube due to force balance effects.
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3D results show some inaccuracies because we decided to compute two extreme values for R, L, Ky, K¢ and K. The first extreme



values correspond to the one obtained without the coil connection terminals. The second extreme values are obtained with the coil

connection terminals. Despite these uncertainties, similarities are always found between 3D and 2D models. Of course, these

similarities are reached only for the nominal values of the induction, current density and force density, namely the average values

180%y). These last values called nominal values, are the most

90°)) and (Aspe-

obtained on the axis (Azp), and between axis (Aspe

useful for the sought deformation of the tube. It does not take into consideration the extreme values near the cut or the edges of the

coil or the field-shaper, that can be accurately determined only by 3D simulations (Bahmani & al., 2009) [9].
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Figure 13. Sensitivity analysis of resistance R, inductance L, induction and force coefficients Ky, K. & K, as a function of Ri; and Z.

D. Sensitivity analysis on main parameters

One of the main advantages of the reduced 2D models is to speed up the calculations, particularly in a sensitivity analysis when
there are a lot of calculations to do. We first propose to analyze the sensitivity of results to Ri (coil internal radius) and Z (the coil
length). The fields and densities are shown in Figure 12. The coil parameters are given in Figure 13. Logically, the coil inductance
L and resistance R increase with R (flux section and current path) and decrease with Z (flux path and current section). Despite a
constant current per unit length (I/Z) and a constant frequency f, (20 kHz), K}, and K, decrease with the ratio Rci/Z. However, they
tend towards a constant limit when there is a large enough length Z such that (R.i/Z) becomes smaller and smaller.

We then propose to analyze the variation of results with regard to the airgap g (gap between the coil and the tube) and o (the
coil o, or tube 6, conductivity). The fields and densities are shown in Figure 14 (g), Figure 15 (c.) and Figure 16 (6m). The coil
parameters are given in Figure 14 (g) and Figure 17 (o, and o). Due to a bigger volume of air, the inductance L increases with
the airgap g. However, due to a decreasing interaction between the coil and the tube, the resistance R and force coefficients K. and
K will decrease with g. The electrical conductivity mainly impacts the skin depth (oc1/No) and current magnitude (oco) in the
corresponding conducting region. As a result, R gradually decreases with \o, the force of the corresponding region is largely
enforced with Vo, and the force of the other region stays approximately constant. To a lesser extent, the inductance L is also

weakened by the increase in conductivity because of a decreasing skin depth and flux section.
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V. TRANSIENT MAGNETIC COMPUTATIONS
A. Governing equations

The model can be computed with the magnetic field formulation in the transient working condition. The use of the magnetic
vector potential A(t) still automatically obeys the magnetic flux conservation principle and the Maxwell Faraday laws. The current

conservation principle and Maxwell Ampere law result in a diffusion like partial differential equation (16):
Vx(VWxA)+Gd A = j,
(6c= 7% IACS, 6m=30% IACS, 5,=0, v=p"' = vo = po").

B. Test-Case studied — first experiment

We finally investigate two industrial cases. The first prototype is a 1-turn massive coil made of steel without a field-shaper,
studied first with no tube deformation. The geometry and the materials are defined in the Appendix A.2 with normalized values,
due to a non-disclosure agreement. The coil is connected to a pulse generator made of a capacitor with cables. The measurement
procedure provides the current I(t) generated inside the coil and the voltage V(t) appearing at its terminals. We propose to use the

current pulse measured as an input for the simulation, with an exponentially decaying harmonic function (17) (Figure 23).



I(t)= L €XP L sin(2nfqt)
T

(17)

Ipeax is the current peak parameter, t=2(L+L;)/(R+R;) is the time decay constant and f;= N(I/((L+L))C)-(1/1)?) is the natural

resonant frequency of the system.

C. Local computation results — first experiment
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Figure 20. Transient local force density in experiment 1.

Next, we will focus on local fields: the flux density B(r,t), the current density j(r,t) and the force density f(r,t) respectively, as

functions of the radius r along the lines (A2p), (A3p©-90°)) and (Aspe-150°)) (5) and for 2 time steps (times 7 and 10 ps). The generator

has 5 banks with capacitors charged at the voltage Vo = 8000 V. The current I is given by (17) with a current peak parameter [ycak
=774 kA, a time constant T = 50 ps, a natural frequency f; =22 kHz (with a tube, o; = 30 % IACS) and with no phase angle.

The times 7 ps and 10 pus have been chosen in accordance to the peak value achieved by the Joule power losses or the force and

the magnetic field or the current, as can be seen in Figure 18, Figure 19 and Figure 20. The aim of this computation step is to

estimate the discrepancies between the 2D and the 3D models. These discrepancies always stay below 10%.

D. Global computation results — first experiment

We will focus on global features as a function of time: The Joule losses Pj(t), the magnetic power Py(t), the total power absorbed
P(t) and the surface force density on the coil F¢(t) and on the tube Fi(t). The generator has only one capacitor bank charged at the
highest voltage (Vo = 8000 V). The current I equals (17) with a current peak parameter Ipx=175.6 kA (with a tube) and 165.7 kA
(without a tube), a time constant 1=41.7 us (with a tube) and 43.5 us (without a tube), with no phase angle and a natural frequency
fy = 27.5 kHz (with a tube) and 27 kHz (without a tube).

As can be seen in Figure 21, the Joule loss is oscillating but as an active power, and always stays positive with a maximum
value around 7 ps. It represents the loss induced by the current of the source and eddy currents in the conducting regions. The
magnetic power corresponds to the time derivative of the magnetic energy stored by the inductor, mainly in the air. It is oscillating

and as a reactive power can be either positive or negative.
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In Figure 22, the total power absorbed by the coil must equal the sum of the Joule losses and the magnetic power. Because the
magnetic power is much greater than the Joule losses, the total power is varying in a very similar way to the magnetic power.
Keeping the same initial voltage Vo, the power without a tube is bigger than the one with a tube, because the impedance with a
tube is smaller than without a tube. The induced force density either in the coil or in the tube is behaving similarly to the Joule

losses, causing the coil to expand (positive average force) and the tube to compress (negative average force).

E. Experimental results — first experiment

Even if it is not possible to measure the force density and to check previous results on the maximum force and the force acting
onto the surface of the coil and the tube, it is possible to measure the transient current inside the coil and the transient voltage at
its terminals. These have been measured, recorded, filtered and shown in Figure 23. The total current I equals (17) with a peak
current leak=175.6 kA (with a tube) and 165.7 kA (without a tube), a time constant of t=41.7 us (with a tube) and 43.5 us (without
a tube), with no phase angle and a natural frequency f, = 27.5 kHz (with a tube) and 27 kHz (without a tube).

F. Discussion

As shown in Figure 23, the model allows an accurate computation of the same pulses for sufficiently high voltage but neglects
high frequency disturbances mainly due to the spark gaps between the generator and the inductor. Finally, it has to be mentioned
that despite the usual magnetic properties of steel, high energy measurements with enormous peak currents will induce a magnetic
saturation. As a result, the apparent equivalent permeability of steel in this case is very close to that of air. The steel is considered

as a non-magnetic material like most conducting materials usually used in such an application.



VI. ELECTRICAL CIRCUIT COUPLING

A. Electrical circuit and governing equations

The model can still be computed with the magnetic field formulation in the transient working condition. The use of the potential
A(t) still satisfies the flux conservation principle and the Maxwell-Faraday law. The current conservation principle and Maxwell

Ampere law lead to the equation (18):
Vx(viA)+ G0 A = —Gr’l(?eV (18)

The voltage gradient r'0eV is calculated thanks to a coupled simple equivalent electrical circuit proposed in Figure 24. Once
the capacitor C of the generator is charged at a given voltage Vy, a switch is closed to let a current pulse circulate towards the

inductor in cables of equivalent resistance R; and inductance L;.

B. Test-Case studied — second experiment

The second inductor prototype is a 1-turn coil equipped with a field-shaper (bulk ring with a cut) both made of a non-standard
copper alloy. in [4] studied the electrical and mechanical properties of standard copper alloys.
in proposed some fatigue mechanisms inside similar copper alloys (CuNiSi). Two new materials called the
Siclanic® and Cuprofor® materials (@ Le Bronze Alloys) can been used in the present coil as they have a known electrical
conductivity but no complete mechanical characterisations yet. The input variables such as the geometry and the material properties
are defined in the Appendix A.3 and normalized due to a non-disclosure agreement. The wish to design a new coil with non-usual
materials leads us to perform several computations to calculate its performance and the maximum force it must withstand. The coil
is connected to a pulse generator made of a capacitor with cables. In this section, we propose to compute the current pulse I(t)
measured by using the initial voltage V=V (t=0) as an input for the simulation and coupling the electromagnetic model and the
equivalent electrical circuit. The transient current’s characteristics such as the peak current Ipeax, the time constant t, and the natural
frequency fg are thus not assumed but calculated. First, the aim is to analyze the quality of 2D electromagnetic and electrical results,
leaving out the mechanical coupling. The generator is limited to one capacitors bank charged at various voltages (Vo= 2500, 3500,

4500, 5500, 7500 V) to avoid any plastic deformation of the tube.

source cables coil
= 7 b 28 %
= VAR, A, ——
L L
s
i R <<
v, ‘ ol o
GENERATOR INDUCTOR

Figure 24. Equivalent electrical circuit of magnetic pulse system.
C. Local computation results — second experiment
The Figure 25 shows the 3D and 2D computations of the local radial force density f(r,t)=fi(r,t) inside the tube as a function of
the radial position r along the lines (Azp) and (Aspe-=180)) and for four important time steps (2, 6, 10 and 18 ps). Both the peak and
mean value of the force and its transient behavior can be correctly estimated with either the 2D or the 3D models. We do however

notice a 2 us delay between the two models, which may not be critical in the current-voltage, force density and potential mechanical



deformation predictions.

10

-20

M
£
—
=
9
o
1
. -3 .
_.E' -e- fr @ 2 microseconds @ 7500 V (2D model) o
9 ¥
5 —e— fr @ 6 microseconds @ 7500 V (2D model) L
- 40 N
g —=—fr @ 10 microseconds @ 7500 V (2D model) \\
Q p s
= 250 —& fr @ 18 microseconds @ 7500 V(2D model) LWl
= «
- @ fr @ 4 microseconds @ 7500 V (3D model, axis 180°) AN
= -60 | | 1\
4 fr @ 8 microseconds @ 7500 V (3D model, axis 180°) \
A
it | 8- fr @ 12 microseconds @ 7500 V (3D model, axis 180°) | "\
<-4 fr @ 20 microseconds @ 7500 V (3D model, axis 180°) *
-80

Radius r (normalised value)

Figure 25. Transient local force density in experiment 2 (Vo= 7500 V).

D. Global computation results — second experiment

The first global results we will study are the force density on the tube surface (Figure 26) and the maximum absolute value of
the force density inside the tube thickness (Figure 27). Again, peak and average values plus the natural frequency cohere to each
other, whatever the model. Despite the short time delay between the 2D and the 3D model, mechanical resistance and deformation
analysis are possible.
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Figure 26. Force density on the tube external surface in experiment 2.
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E. Experimental results — second experiment

Figure 28 shows the current-voltage characteristics and impedance of the coil that are measured and calculated. Electrical
features of the generator are given in the Appendix A.3. The model allows the computation of the same transient pulses and of the
impedance (R and L). The linear assumption is confirmed by both the measurements and the computations: R and L do not depend
on the voltage magnitude. The general decaying oscillating shape of both the current and the voltage for all cases is correctly
described, but still neglects high frequency disturbances, which are mainly due to the spark gaps. Peak values, natural periods and

decaying factors were found in the voltage and the current pulses, giving rise to the force pulse and hence the strain.

VII. CONCLUSION

In this paper, we have computed the electromagnetic behavior of a single-turn toroidal coil fed by a transient current at low or
medium frequency with both harmonic and transient finite element analysis.

Firstly, the main interesting coils parameters can be computed and analyzed as a function of several parameters and especially
as a function of the pulse natural frequency due to the skin effect. It has been shown that the total equivalent resistance is enhanced
by the presence of the tube and that it increases as a function of the frequency. The total equivalent inductance is weakened by the
presence of the tube and it decreases as a function of the frequency. The coil induction coefficient is enhanced by the presence of
the tube but does not depend significantly on the frequency. Finally, the induced Lorentz force should increase as a function of the
frequency. It has been shown that this increase follows a root squared law that justifies the definition of original force coefficients;
they consequently do not depend significantly as a function of the pulse natural frequency.

Furthermore, it has been shown that the single-turn coil with a cut can be modelled thanks to an equivalent 2D axi-symmetrical
model that gives results close to the ones obtained with both a complete 3D model and experimental results. It has also been shown
that the electrical circuit coupling is possible in the transient working condition, giving coherent results that are calculated imposing
the transient current pulse and that are estimated in the pseudo-harmonic working conditions. A second partial conclusion is that
these numerical results can be used as a mathematical reference for further analytical modeling tasks.

The transient model makes it possible to compute either the electrical behavior of the coil, with and without field-shaper or tube,
or the pulsed Lorentz force and maximum force acting onto either the tube or the surface of the coil and the field-shaper. This is
essential information for both the pulsed electromagnetic forming process and the study of the mechanical resistance and aging
process of the coil and its materials for pulsed magnetic technologies.

Finally, the 2D model allows a vast number of calculations to be performed rendering fast and accessible any sensitivity analysis
as a function of several parameters, or any coupling between several physical effects (electromagnetic, electrical, thermal,
mechanical). It will thus be possible to imagine performing optimizations of the inductor concept, geometry, material or feeding
and control strategy, as a function of the magnitude and duration of the pulsed magnetic field needed.

However, the present study modeled the magneto-forming process assuming the system is “fixed”. Therefore, we can only
estimate if, in given conditions (i.e. before or after the deformation), the forming coil can ensure electromagnetic forces high
enough either to initiate the process or to apply a sufficient magnetic pressure at the end of the process. Once the deformation of
the workpiece begins, the complete prediction of the system behavior requires to develop a multi-physical coupling between the

electromagnetic, electrical and mechanical behaviors, either with pseudo-analytical or numerical tools.
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APPENDIX TABLE 4: PARAMETERS OF THE MATERIALS (@20°C) OF EXPERIMENT 1

A. Pseudo-Harmonic simulations Name Value significance
1) The coil geometry without field-shaper Om 30-70 % IACS*  Tube electrical conductivity
TABLE 1: PARAMETERS OF THE COIL GEOMETRY OF TEST-CASE .
. (weak impact on I-V results)
Name Value significance
Rumi 17.5 mm internal tube radius Hm Ho Tube magnetic permeability
R.. 19 mm extornal tube radius Cc 7 % IACS Coil electrical conductivity
g 1 mm airgap between coil and tube He Ho Coil magnetic permeability
: p : 3) Other electrical parameters
R 20 ternal coil rad .
m fierhat cott radius Lea=175.6 KA, t=41.7 ps, f, = 27.5 kHz (with a tube)
Reie 30 mm intermediate coil radius . .
C. Second experiment with field-shaper
Rec 100 mm external coil radius 1) The coil and field-shaper geometry
La 30 mm useful length of coil TABLE 5: PARAMETERS O*F THE COIL. GE.OMETRY OF EXPERIMENT 2
Name Value significance
Lee 50 mm total length of coil - -
Rumi 0.823 internal tube radius
2) The materials -
TABLE 2: PARAMETERS OF THE MATERIALS (@20°C) OF TEST-CASE Rie 0.926 external tube radius
Name Value significance =Lt 0.0742 airgap between coil and tube
Om 75 % IACS* Tube electrical conductivity Ry 1 internal field-shaper radius
Him Ho Tube magnetic permeability Ry 2.292 mid field-shaper radius
Gc 10 % IACS* Coil electrical conductivity R 3.292 external field-shaper radius
He Ho Coil magnetic permeability gk 0.042 airgap field-shaper - coil
*IACS: International Annealed Copper Standard (100 % = ocu) R 3.333 internal coil radius
3) Other electrical parameters Re. 6.583 external coil radius
Frequency: /= 20 kHz / Peak current: I = 825*Z[mm]/30 kA
Ls 1.25 useful length of field-shaper
B. Transient and first experiment :
1) The coil geometry without field-shaper L 25 total length of coil
TABLE 3: PARAMETERS OF THE COIL GEOMETRY OF EXPERIMENT 1 *Values normalised as a function of reference value Rﬁ:1 .
Name Value” significance )
2) The materials
Rumi 0.876 internal tube radius TABLE 6: PARAMETERS OF MATERIALS (@20°C) OF EXPERIMENT 2
Rume 0.942 external tube radius Name Value significance
5 ” - —
pr— 00578 airgap between coil and tube Om 30 % IACS Tube electrical conductivity
R, 1 “nternal coil radius IS Ho Tube magnetic permeability
. 0 * Taldo i
R.. 198 ntermediate coil radius o} 46 % IACS Field-shaper conductivity
Ree 6.6 external coil radius M Ho Field-shaper permeability
L. 198 useful length of coil Gc 46 % IACS Coil electrical conductivity
Lee 33 total length of coil He Ho Coil magnetic permeability

3) Other electrical parameters
Initial capacitor voltage: Vy = 0-8500 V; Generator
2) The materials capacitance: C = 138 wF / module; Generator and cables
resistance: R; = 12 mf&2 / module; Generator and cables
inductance: L; = 220 nH / module.

*Values normalized as a function of reference value R.=1.



