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Abstract

In this paper, we propose an analytical electromagnetic modelling and an electromechanical coupling of the 1-turn bulk coil with
a cut, made of conducting steel or copper alloys, and used in the electro-magnetic forming technology. The electromagnetic part
of the work is the one created beyond the state of the art. Such analytical models that can quickly solve for key process parameters are
extremely desirable but must be completed with a mechanical model able to calculate in the end the deformation. An existing mechanical
model to calculate the deformation is used and coupled to our electromagnetic model. First, the basic electromagnetic theory will be
summarised and then the One-Dimensional (1-D) axi-symmetrical approximation discussed (part 2). The goal is to be able to
determine the magnetic vector potential A diffusion, that will quickly lead to all the parameters needed to characterize, qualify,
feed and optimize the use of the coil (ex.: magnetic flux density, equivalent inductance, force coefficients, ...). Then the pseudo-
harmonic solution of the 1D-problem is expanded with the help of Bessel basis functions, including some specific limit conditions
and constraints (part 3). The results are compared to numerical 2-D and 3-D computations, performed, thanks to the Finite Element
Method, onto some test cases without and with a tube to deform. The proposed model does not only give the numerical value of
each parameter, but it provides analytical formulae, with explicit dependences upon some key geometrical and physical variables
(ex.: changeable air-gap between the coil and the tube linked to the deformation). The use of a pseudo harmonic working condition
will be justified by comparing it to the transient working condition for which the model is improved. Experimental measurements
will be carried out with and without a tube but with no deformation (part 4). The results are close and coherent and useful when
sizing the coil with respect to performance criteria and performing an equivalent electrical circuit and an electro-mechanical

coupling solution, usable with deformation in the transient working conditions (part 5).

I: corresponding author Olivier MALOBERTI (maloberti@esiee-amiens. fr, olivie.maloberti@gmail.com)
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1. Introduction and context

Electromagnetic problems in Electrical Engineering are usually divided into three categories: low, intermediate and high frequencies.
At low frequencies, quasi-static conditions prevail over transient ones and the classical resistance, as well as the inductance value of a
component, do not depend on the frequency. At high frequencies, wave equations are used to predict the propagation of electromagnetic
waves. Both these regions have been studied extensively. The magnetic pulse technology, that benefits from the Lorentz force effects
produced in a metal by the pulsed magnetic field, fall into this intermediate frequency region, where eddy currents take place. Different
geometries of inductors are investigated to generate electromagnetic pulses. Psyk et al. (2011) introduced several industrial cases for
which the single-turn coil (see Figure 1) is often preferable to the multi-turn coil because it is more robust and simple. Most of
electromagnetic models compatible with the tube compression with a single-turn coil do not provide any prediction on the actual current
and flux densities distribution within conducting regions. For example, Nassiri et al. (2015) does not give details on these densities that
are just said to penetrate homogeneously inside a very classical cartesian skin depth. The resulting magnetic field is calculated thank to
the Biot and Savart law, only for the enforced current. In fact then, current source must be known. The same problem occurs for the
resistance or the inductance calculation. Kinsey and Nassiri (2017) gives estimations without taking the actual current distribution inside
the materials into account. Finally, the Lorentz force density should also be highly influenced by the eddy currents radial distribution
either in the tube (deformation expected) or in the coil (deformation and cracking to avoid), which is not recently described neither by
most authors on this subject nor by weddeling et al. (2015), whose main contribution is rather on the mechanical behavior. In the pulsed
magnetic technology, we must compute not only the single-turn coils each carrying a known current source; we must calculate the natural
eddy currents and skin effects in the coil, in the field-shaper and in the tube. Therefore, the total current source densities are not primarily

known and must be calculated. This led us look for other past contributions to adapt calculations to this new technology.

Thus, the aim is first the inclusion of the skin effect into electrical parameters (resistance, inductance, force coefficients) within
cylindrical coordinates, then the evaluation of the electromagnetic fields, densities and force, and finally the prediction of the deformation
and of the process global efficiency. This paper proposes an analytical method to calculate the electromagnetic fields and densities that
are generated by the current pulse in an inductor, as used in the magneto-forming technology. Two versions of the model will be
investigated to avoid any misleading assumption and make sure each induced current is effectively and correctly calculated. Its usefulness

will be emphasized by coupling it with electrical and mechanical models to allow deformation and efficiency predictions.

Figure 1. The single turn coil modelled and used in the pulsed magnetic technology for forming, crimping and welding processes @PFT Innovaltech.

We suggest studying one single turn coil example made of a conducting massive coil. Due to a cut within the toroidal coil between the
two terminals, the geometry is strictly speaking a 3D component with no axial symmetry. Sapanathan et al. (2015) studied the mechanical
behaviour of the single-turn coil and the tube with a 3D numerical method. Because this cut is very small and due to a big computation
time, we, Maloberti et al. (2015), would like to investigate the possibility to reduce this geometry into an equivalent 2D and then 1D axi-
symmetrical model, to give a good approximate solution. Gugliclmetti (2012) studied the electromagnetic and mechanical behaviour of
a cylindrical multi-turn coil and a tube with a 2D numerical method. For our purpose, Dodd (1967) provided the basis of the solutions to
electromagnetic induction problems. Mansouri et al. (2016) introduced an analytical method to describe the electromagnetic behaviour
of the single-turn coil dedicated to the magneto-forming process without a tube. The coil is highly conducting and the source always

delivers a sinusoidal pulse varying very quickly in time with a natural frequency f, (typically from 1 to 100 kHz) and an exponential
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decay. We suggest computing the model with time harmonics in order to analyse the eddy currents, skin effects and induced Lorentz
forces either in the coil, in the field-shaper or in the tube. In the following, we will first derive the general 1D Partial Differential Equation
(PDE) in cylindrical coordinates, then solve the problem in the harmonic working condition, and finally give the main electromagnetic

fields, densities, and parameters.

2. Theoretical preliminaries
2.1. The general physical equations

The equations for the magnetic vector potential 4 can be derived from the Maxwell's equations, involving the magnetic field H, the
flux density B, the current density j, the electric field E and the electronic displacement field D. The media are assumed to be linear,

isotropic and homogeneous: B=uH , D=¢E ., j=cF . pand ¢ are respectively the absolute magnetic permeability and dielectric

permittivity. ois the electric conductivity. According to Dodd and Deeds (1968), the conduction (oF) is much greater than the propagation
(O(eE)/0¢), so the latter may be neglected for frequencies below about ten megacycles per second. The magnetic induction field B is
expressed as the curl of a magnetic vector potential 4:. The coil is driven by a voltage generator with an applied voltage AV. The total
electric field E is thus the sum of the source field E;=- V{V) and the induced field E;=-gA;, where V is an electric scalar potential. In the
following, we investigate the possibility of looking at either a total magnetic potential 4 (Eq. (1), (3)), responsible for the total electric

field E, or a reduced magnetic vector potential 4; (Eq. (2), (4)), responsible for the induced field E;. Both lead to the total electric current

density j, including enforced and induced currents, such that ( Vis the Nabla operator, “A” is the cross product, “.” is the dot product):
E=— 214 j=0E with B=V A A (1); E—_aai_v( ),j:aEwithB:V/\Ai )
t t

By using the Coulomb gauge also used by Maloberti et al. (2015) V.A=0 or V.4,=0, the Maxwell equations give for A and A4::

0A 0A.
AA— noc—=90 3); L=+ uoV(V) 4)
uo— =t ()

2.2. 2D and 1D geometrical assumptions

Figure 2 shows the inductor in 3, 2 and 1 dimensions respectively. In 1D axial symmetric models only the & (orthoradial) components
Ay and joare present in the magnetic vector potentials 4 and A; and in the current density j. Then, we obtain the homogeneous and non-
homogeneous Partial Differential Equations (PDE) (5) and (6) of the inductor in cylindrical coordinates (r, 6z). It is written as a function

of A(r,t)=Ae(r,t) or Ai(r,t)=Aie(r,t), depending on the radius 7 and time #, while neglecting both the z and & dependences.

74 104 A oA 74 124 4 oA v

— -5 —po_=0 O e e =tpo— (o)

o’ ror r ot or r8r r 8t o0
3D problem 2D axi-symmetrical Problem 1D axi-symmetrical Problem
Harmonic: A(r,z, 6, &) - Harmonic: Ag (12, ®) - Harmonic: Ag(r @)
Transient: Afr,z, 6t) Transient:Ag(rzt) Transient: Ag(5t)

- Asp(g=1807)

Asp(g=a0n
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—

Figure 2. Geometry of the 3D geometry and its reduced models.

2.3. 3D effects considerations and limitations
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The model will be calculated in one dimension (1D) for which the useful length Z of the inductor should be “quasi-infinite”. We
suggest comparing the analytical results to 2D numerical simulations obtained with the Finite Element method, that have been already
compared to 3D calculations and measurements by . The discrepancy between results is mainly due to the finite Z
dependence of the actual fields and densities. In order to reduce this error, we must take the length Z into account. In the 2D numerical

simulations, we can observe that the current density j is expanding with a longer effective length Z.=(Z+2AZ), including the edges at both

T

sides of the region ¢ (c=1, 3 or 5 for the coil, 1 for the tube, 3 for the 160

Current density
Jj distribution
at the surface
of %4t of the

field-shaper) (Figure 3). In conclusion, we propose the use of Z.

instead of Z in the model. The absolute and relative difference 2AZ

between Z. and Z can be expressed and estimated as a function of the
internal radius R; and the actual length Z of region c as follows (for

large enough length such that (R/Z) <3 %, it tends towards zero):

(R 2 & 7-7Z < (I(R
lf(zj>100’z_ 2z ~Zfak1;(z(zj] )

a,~0940a;~1.68%a,~—1.383

Figure 3. Calculation of the AZ correction length according to the length Z of
inductor for different values of R; [4,6,8,10,12,14,16,18,20,30,40,50,60,70].
The exponents and coefficients of the fitting function have been adjusted with respect to the 2D computations given by

. The first analysis consists in adjusting the value of AZ for various R; ([4;70] mm) and Z ([20;200] mm), in order to fit the 2D
numerical data. We observe that AZ depends mainly on the ratio between the radius R; and Z, but the relative error AZ/Z is rapidly
decreasing while the length is increasing, thus rendering the 1D assumption more relevant (Figure 3). The 1D hypothesis stays reliable
if Z is very large compared to R; ((R/Z) <3 %) or providing the correction length AZ given by Eq. (7). The modified Bessel functions of
the 1* kind of order 1/k (I,4) have been chosen to rely on the natural base functions of the quasi-static 1D and the 2D solutions studied by

several authors. found the exact solution of the magnetic field in axi-symmetrical solenoids, but providing that the current
source distribution is known and simple. calculated the magnetic fields of cylindrical coils due to a known surface
current and a volume current in a cylindrical coil. derived the mutual inductance and force exerted between thick

coils carrying uniform current volume densities. Unfortunately, the current source densities cannot be primarily known and must be
calculated. The present paper gives a solution with 1D approximations for which the 2D effect is given by Eq. (7). This last impediment
is not completely satisfactory. It will however be less time consuming and easier to perform any sensitivity analysis to the whole
parameters, optimisation or coupling procedures with an analytical model. Another limitation may come from the dependence of such a
2D factor on the conductivity and the permeability. We observe that it is more sensitive to the geometry (ratio between the radius and the

length) than to the physical properties ¢ and p, which fix the skin depth (taken into account in the model).

drkeciy

(a) ' (b) ' (c)

Figure 4. Domains Geometry of the 1D reduced models, without field-shaper nor tube (a), without field-shaper but tube (b), with field-shaper and tube (c)
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3. The 1D magneto-harmonic model
Assuming that both the voltage ¥ and the total current / are sinusoidal functions of time, AV (t) = AVe“*? and | (t) = Je'™, then 4

is likewise a sinusoidal function of time, Ag = Ae®, with 4 being the complex magnitude. Equation (5) is therefore written as follows:

0’4 104 A 0’4 104 A AV
+—————ioucA=0 (®); Lt —— L jouc A = uo— )
o’ ror 1’ # o’ ror HO& =1 2mr

In such a 1D axial symmetric model, if only the & (orthoradial) component 4¢(, @) is present in the magnetic potential A=A(7, ®ue, it

can easily be shown that E, j, H and B have also got only one component: E=E(r, ®)usq, j=j(r, ®)us, H=H(r, ®)u; and B=B(r, ®)u:.
3.1. General solution of the homogeneous PDE with the total magnetic vector potential A

3.1.1. Conducting regions

We consider that the total current density is included in the magnetic potential equation. For this, the 1D PDE in the harmonic working
condition is given by Eq. (10) (w s the angle velocity of the current, & = uow). Eq. (8) or (9) are known as the modified Bessel equations
well introduced, detailed and solved by with the Bessel functions for very general problems and by

with the Kelvin functions for similar magnetic cylinders. Then our solution is built and given by Eq. (11) or (12).

282f+ra—A—(1+ir2a2)A=0 (10)
or or
A(r,w) = C'J;(ayr) — i * D'Ky(a,1) (11
A(r,w) = CJ,(a 1) + DY, (a 1) (12)
With a; = a.exp (3wi/4) and @, = a.exp(wi/4) (@] = —a,), and where J; is the 1* order and 1% kind Bessel function, for which
the relevance is emphasized by in the magnetic field and by in the coil inductance, Y; is the 1% order and

2" kind Bessel function (Neumann function) and K; is the 1% order and 2™ kind modified Bessel function (K;(x) =

—(n/ 2)(]1 (ix) + iY; (ix))). C’or Cand D’ or D come from boundary conditions on H and constraints on j (see next § and Figure 5).

4 ,‘\ RSE
27 2 Ry

: Rie : L R3E R3E‘>i
I I
e o 008 © o © o
| |
i SRR N S ~ W e feg e ~| - i || g
| T — I ' ml Gaaaaa ] | '( """""""""" i
‘ I Py 1 t
| . | sl 4l ks I |
T I il | s 3 5
{ ] ¢| r ' X (l r :i < 1

/ i « r
i O ——— " IRl r—— , | t :

/ |
P lRi" L ! S | oo sy,
! Rif il gl ile
: : Rie i___:_) a
: | [ i R.‘l 1

| R 3 t _'é;>
H=H(,) H=H({,+1;) ' H=H({, +1.)
H~0 H=H({,)+H() ‘ ' H=H(,)+H(;)
H~0 H=H{3)+H(s) '
H~0

Figure 5. Constraints and limit conditions, with-no field-shaper and no tube (a), with field-shaper but no tube (b), with field-shaper and with tube (c).

3.1.2. Air and airgap regions
The 1D PDE in the air regions with neither conductivity nor current and its solution are shown in Equations (13) and (14).
,0°4 0A

—tr—

or or

—A4=0 (13) o A(r) =Cr+D/r (14)
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3.2. Complete solution of the total magnetic vector potential A as a function of the current I

In the following, we will consider conducting regions only, numbered 1, 3 and 5. As a consequence, previous solutions can be identified

for each region with its number in index. All the following solutions are given in the Appendix B.1. after some mathematical operations.

3.2.1. Inductor without field-shaper nor tube

This case corresponds to case (a) of Figure 4 and Figure 5. Only one conducting region is considered, the bulk 1-turn coil.

We now need a limit condition on the surface magnetic field /, and a constraint on the total current density j, and we assume that the
inductor has a finite equivalent corrected length Z; along the z axis (even if no z dependence is considered, see § 2.3). Equation (15)
comes from the current conservation principle inside the coil section and equation (16) comes from the Maxwell-Ampere theorem applied
onto the external limit of the coil section. It means that the flux of the current density j and the circulation of the magnetic field H equal

the current /;,=/ in region 1 (the coil).

_ (Rie (+Z1/2 _ . Rie

1= fRﬂ f—zl/z jdrdz = —0,Z;iw fRn_ A(r,w)dr  (15)

I'=§ Hdl = H,(Ry,0)Z; = 2 (F72 4 6,A(Ry, @) (16)
1 1i

Some mathematical operations give:

_ [cuYo(asRi)=D12(Yo(@1Rie)=Yol@aRe)] _ Ko (L) (17)

L™ [Yo(a1R1)Jo(a1R1e)~Yo(a1R1e)Jo(@1Ry)] z

D. = [-C11Jo(@1R1)+D12(Jo(@1R1e)—Jo(@1R11))] =K (L) 18
1 [Yo(a1R1i)Jo(a1R1e)=Yo(@1R1e)Jo(@1R11)] b1z (18)

I (19)andD12=Z’:;11 (20)

az
0121w

where: C;; =

The constants K¢; and Kp; only depend on the material properties (x4, 0), the geometry (R;, R., Z) and the angle velocity (o=27f). They
are given in equations (21) and (22). The results show that the magnitude of the magnetic vector potential and its derivative quantities

(the fields B, H and density j, see § 3.4) are proportional to the current per unit length (/Z).

K, = ’(:_1) (i) [(%)Yo(“lRu)—(ail)(Yo(“1R1e)—Yn(a1R1i))] @1

Z1/ [Yo(a1Ry)Jo(a1R1e)~Yo(a1R1e)Jo(@1R11)]

Ky, = :;_:)(1) [—(c‘;—z)]o(alR1i)+(ail)(]o(a1Rle)—]o(alRli))] (22)

Z1/  [Yo(a1R1)Jo(@1R1e)—Yo(@1R1e)Jo(@1R1i)]
The physical unit of parameters K¢; and Kp; is given by the important factor \/(,u/( ow)) that will be used afterwards. The factor (Z/Z;)
is just a correction factor that involves the correction length for the 2D geometry (Z;, = Z + 24Z = Z(1+24Z/2) = Z/Z; = 1/(1+24Z/Z)).

3.2.2. Inductor without field-shaper but tube
This case corresponds to case (b) of Figure 4 and Figure 5. Two conducting regions are considered: the bulk 1-turn coil and the tube,

separated by one air region: the airgap. Let’s first define the skin depth & (Eq. (23)) of regions k=1 (the tube), k=3 (the field-shaper) and

k=5 (the coil) respectively

2o 2

Ak HEoRrw

8 (23)

In addition to the limit condition and the constraint on A and j, we need to know the relationship between the secondary current /; in
region 1 and the primary current /3=/ in region 3. The induced voltage ratio is lower than 1 due to a flux ratio, which is weakened by the
flux leakage in the airgap. This is as a result of the different crossed sections. Then the induced current ratio can be tuned by the different
short-circuit resistances estimated by . Let’s assume a current transformation ratio Jgiven by Eq. (24) and inspired
from studies (the ideal transformation ratio is m=1).

B= “Ii _ Sa1 Rz _ m(Rie—81)% 8121 (R3i+83) 1
I3 Saz R1 m(R3;+83)% (R1e=61)83Z m

(24)
Then, the current conservation principle inside the coil section is given by Eq. (25) and the Maxwell-Ampere theorem applied onto the

external limit of the coil section is given by Eq. (26):
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I = -0, Z5i0 f:a_eA3(r, w)dr (25)
I—1 = (A3‘R3‘°°’ +0,A;(Ry, @)  (26)
U3
Likewise, the same physical principles inside the tube section and onto the external limit of the tube give equations (27) and (28):

—I, = —0,Z,iw fRRllfAl(r, w)dr 27)

Z1 ,A1(Rye,
Ii=1 = 2D 4 0 4 Ry ))  (29)

We still assume a finite equivalent corrected inductor length Z; and tube length Z; along the z axis (most of the case Z; = Z;).

3.2.3. Inductor with field-shaper and tube

This case corresponds to case (c) of Figure 4 and Figure 5. Three conducting regions are considered: the bulk 1-turn coil, the field-
shaper and the tube, separated by two air regions: the airgaps.

We still need to know the relationships between the secondary currents /; in region 1, /3 in region 3, and the primary current /5 in region
5. A slot is cut in the field-shaper, preventing any total current to cross its section. We can separate both sides of it, the one facing the
tube crossed by the current /3 and the one facing the coil crossed by the current (-/3). Therefore, we propose two current transformation

ratios £33 and fss to be associated to airgaps 2 and 4 between regions 1 and 3 or 3 and 5 respectively.

B, = i _ SewRs  m(Rie=81)% 8121 (Rsi+63) 1 7

I3 SazR1  m(R3;+83)% (R1e=61)83Zz m

B, = “Is _ Sz Rs _ m(Rse=83)% 8373 (Rsi+35) 1 (28)

Is Sas Rz m(R5i+85)? (R3e—83)85Z m

Then, the current conservation inside the coil and the Maxwell-Ampere theorem applied around the coil give equations (29) and (30):
Iy = —o5Zsiw [ As(r,w)dr  (29)
5i
Is — Iy = 2> (05 4 6, Ag (R, ) (30)
5 51
In the following, we have to split the region 3 into two separated regions: the one facing region 5 (the coil), named region 35 (right side

of field-shaper); and the one facing region 1 (the tube), named region 31 (left side of field-shaper). We then take the same physical
principles inside sections of regions 35 and 31 (Eq. (31) & (32)) and onto the external limits of regions 35 and 31 (Eq. (33) & (34)).

. R3e
—I = —03Z;35iw fR:E_m Ass(r, w)dr (31)

Iy — Iy = 22 (B804 9, A3 (Ry,, ) (32)
R3;+105:
I3 = —0373 1w f:l * Az (r, w)dr (33)
Z Az1(R
Iy = Iy = 22 (BB 40, Ay (R, ) (34)

Finally, the same physical principles inside the tube section and onto the external limit of the tube give equations (35) and (36):

-1, = -0, Z4iw f:ieAl(r, w)dr (35)

I—1L =200 1 5 4, (R, 0))  (36)
e Rie

Each region has a finite corrected length Z; along the z axis.
3.3. Alternative solution with the reduced magnetic vector potential A; as a function of the voltage source AV

The solution of the equation (9) in the coil regions is found thanks to equation (12) and the coefficients variation principle. We thus
look for the following solution given by Eq. (37):

Ai(r,w) = C(r)]i(arr) + D(r)Yi(ayr) (37)

Introducing it inside Eq. (9), C’(r) and D ’(r) must obey the following system:
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J1(,7)0,C + Yy (y7)0,D = 0
{arcar (7)) +0,D0,Y,(ay7) = ﬂ} (38)

2nr

Using the Wronskien, the solutions are:

UacAvV
404

C@r) = <C +5— (Yo(aur) — yo(alRi))> (39)

D(r) = (D — LY (Jo(ayr) —Jo(alRi))) (40)

4ay

where C and D are constants that can be determined by fixing the limit conditions (see next part). In the following, we will consider
the whole regions, numbered from 0 to a maximum of 5. As a consequence, previous homogeneous Eq. (12) and non-homogeneous Eq.

(37) solutions can be identified for each region with its number in index. Air regions cannot be avoided this time.

The solution to this problem can be found by computing a N*N matrix equation given in the Appendix B.2. for each of the following

case (N=3, 8 or 15 depending on the number of regions; i.e. 2, 4 or 6 regions).

3.3.1. Inductor without field-shaper nor tube

This case corresponds to case (a) of Figure 4 and Figure 5. 2 regions are considered: the coil (region 1) and the air (region 0).

We propose to use four limit conditions to determine the four coefficients Cy, Dy, C; and D;: the value of the magnetic potential at =0
equals 0 (Eq. (41)), the magnetic potential and the tangential component of the magnetic field 4 must be continuous at »=R;; (Eq. (42)
and (43)), finally the circulation of the magnetic field H equals the current /;=/ in the coil (i.e. the flux of the current density ;) (Eq. (44)):

Ap=08D, =0 (41)

ARy, w) = Ay (R, w) (42)
1040, 4i0(R1) _ D404 (R1) W)
Ho H1

Ai1(Ryj)

R t+oran®y) g vz
e T e (2L g0y )dr (44
2 7y

H1 Rqi
3.3.2. Inductor without field-shaper but tube
This case corresponds to case (b) of Figure 4 and Figure 5. Four regions are considered: the coil (region 3), the airgap between the

coil and the tube (region 2), the tube (region 1) and the air region inside the tube (region 0).

We propose to use nine limit conditions to determine the eight coefticients Cy, Dy, C;, D;, C,, D,, C3 and D3 and the secondary current
(-1;) in region 1. Thanks to the reduced magnetic vector potential, we do not make any assumption (done with the total magnetic potential)

on the magnitude and the phase shift of the current in the tube; the ones which were highlighted by

First the value of the magnetic potential at =0 equals 0. The magnetic potential is continuous at #=R;;, ¥=R ., ¥=R3:. Then the tangential
component of the magnetic field H must be continuous at ¥=R;, ¥=R/., ¥=R3;. Finally, the circulation of the magnetic field A around the

tube equals the current (-/;) in the tube (Eq. (45)) and around the coil equals the current /;=/ in the coil.

Ai1(R Ai1(Ry))
A0 a4y (R (R0 AR g 45

M1 M1 Z1

3.3.3. Inductor with field-shaper and tube

This case corresponds to case (c) of Figure 4 and Figure 5. Six regions are considered: the coil (region 5), the airgap between the coil
and the field-shaper (region 4), the field-shaper (3), the airgap between the field-shaper and the tube (region 2), the tube (region 1) and

the air region inside the tube (region 0).

We propose to use sixteen limit conditions to determine the fourteen coefficients Cy, Dy, C;, Dy, C2, D3, Cs;, D341, Css, D3s, C4, Dy, Cs
and Ds, the secondary current (-/;) in region 1, and the intermediate current (-/3) in region 3. In this case too, we do not make any

assumption on the magnitude and the phase shift of the currents in the field-shaper and in the tube.
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First the value of the magnetic potential at »=0 equals 0. Then this potential and the tangential component of // must be continuous at
=Ry, Rje, R3i, R3. and Rs;. Finally, the circulation of the field H around the tube equals the current (-/;) in the tube, around the field-shaper
equals zero (-I3+13) (Eq. (46)) (which contains the 2 parts 37 and 35 of field-shaper) and around the coil equals the current /5=/ in the coil.

. Ai3(R3¢)
(%wrma(kw)) (“R—aflwmm (R3i))

Zs — Z, =0 (46)

M3 M3

3.4. Derivation of local fields and densities

All the following physical quantities are derived from the unique magnetic vector potential in each region k. The magnetic flux density

B, proportional to H, both in the z direction, is derived from either the total or reduced magnetic vector potential as follow:

Bi(r) = teHi(r) = (2 + 9,4, (r)) (@7)
Bie(r) = piHp(r) = (2 + 0,45, (1)) (48)

The current density j, proportional to the electric field £, both in the & direction, is also derived from the magnetic potentials as follow:

Ji(r) = 0k Ex (1) = —iowAy (1) (49)

Jie() = 0B (r) = —iopwAy(r) — 2y

2nr

(50)
The Lorentz force density f'and the Maxwell stress tensor oy, both in the 7 direction, are finally derived as follow:

fie(r) = real(ji (r)B;(r)) (51)

_ BB ()

2u (52)

o (r) =

3.5. Coils’ parameters with approximation functions

In this section, we will focus on global coil parameters. First the definition of each parameter will be introduced, then the method to
calculate these parameters will be explained. Finally, analytical formulae will be proposed thanks to exact values or good approximations
of the base functions in the appendix. This might be very useful to make the sizing process and the feeding optimisation easier. The whole

approximate analytical formulae, taking the frequency dependent skin depth into account, are given in the Appendix C.

3.5.1. Maximum induction and induction coefficient
The first performance criterion of a pulse inductor is the maximum magnitude of the induction By ... generated in the airgap between
the coil or the field-shaper numbered £ (k = 3) and the tube. It is evident that By ... is proportional to the current per unit length (//2). We
thus suggest defining the maximum induction (Eq. (53)) and the induction coefficient (Eq. (54)) as follow.
By max = max (| By|) (53)

B max
K, = (ki/z) ~ |Kcpaydo (@i Rii) + Kpiatyy Yo (@ Ry (54)

The physical unit of K, is given by z4.

3.5.2. Magnetic energy and equivalent inductance

Then we focus on the stored magnetic energy W, (Eq. (55)) of each region k and the equivalent inductance L (Eq. (56)), including the
whole self and mutual inductances. Some authors proposed to calculate these inductances but never including eddy currents.
calculated the quasi-static self-inductance of air core circular coils with a rectangular cross section. gave the
calculation for non-axial coils. added the calculation of the mutual inductance between two axial coils. Now, we
propose to calculate the total inductance with the stored magnetic energy in the whole regions (k = 0 - 5), even in the presence of eddy
currents. Due to the magnetic field damping in the skin depth of conducting regions, the inductance can be approximated by the one

mainly due to the magnetic energy in air regions (k even = 0, 2, 4).

Wy = 2102, [0 2Bk gy (55)

Rii 2pp

_ 2Wm _ 25kWmk _ -
L= =" =l
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T[Zk Rie
p sz |KcieiiJo (@er) + Kpiay Yo (@) |Prdr =
k2" IRy

AR Z,
= Koo (@ueRie) + Koo (ayeRie)l* - (56)

Zk even
The physical unit of L is given by (ﬂARkZ/Zk)uk.

3.5.3. Joule losses and equivalent resistance

Rie
Py = 2nZy [ ]Z'Z:rdr (57)
2P; ZZK 22 P
T ZR" ¥
2Zk (R
Yk odd fR;e|KCk]1(a1kr) + Kpi Yy (@yer)|Prdr (58)

Then we focus on the Joule power losses Py (Eq. (57)) of each region k (k odd = 1, 3, 5) and the equivalent resistance R (Eq. (58)),

including the resistance Ry of each region k. The physical unit of R is given by (oxZy)".

3.5.4. Lorentz force and force coefficients

Now we focus on the surface maximum Lorentz force density F; (Eq. (59)) and the global magnetic pressure (i.e. the integrated Lorentz
force density) responsible for the deformation Pf; (Eq. (61)), at the surface and inside the volume of each region k. We show that both
depend on the product between the squared current per unit length (7/Z)? and the square root of the angle velocity V. This leads us to

define the following corresponding force coefficients:

Fe = max(Ifi D = Ifi Rl o7 [fi(Ree)| (59); Kpy, = W (60)
Puo= [ fiydr (61K = % (62)

The physical units of F (Eq. (59)) and Pf; (Eq. (61)) are given by (w/8)(/Z)? and (14ARY &)(1/Z)? respectively. The physical units of
Ki (Eq. (60)) and Ky (Eq. (62)) are given by (o'’ *?) and (i1 ARy) respectively.

3.5.5. Maxwell stress tensor and coefficients
Finally, we study the maximum magnitude of the Maxwell stress tensor along the radius Py (Eq. (63)) at the surface of each region £.
This depends on the squared current per unit length (I/Z)°. This leads to the corresponding and following stress coefficient (Eq. (64)):
Py = max(|opk (1)) = |opi (Ri)| 07 |0 (Rie) | (63)
_ % ~ |cha1k]0(a1kRki)‘;:Dkalkyo(“lkRki)|2 (64)
The physical units of Pf; are given by w(1/Z)°. The physical units of Ky are given by zz.

sk

3.6. Simulation results without field-shaper

In this section, we compare the main calculation results to both 2D and 3D numerical simulations performed with the Finite Element
Method. The first test case (TESTCASE 1) studied contains a 1-turn massive coil with or without a tube but no field-shaper. The value of
the input variables such as the geometry and the material properties are given in the Appendix D.1.

First, 2D and 3D models take more time to compute (1 hour and 1 week minimum respectively) than the 1D models (1 minute at
maximum). The results in Table 1 give similar values. In 3D the terminals, connectors and the base can be modeled. 2D and 3D
calculations of the impedance (R, L) and the voltage (4V) give closer values (<15%) when we limit the calculation inside the ring part of
the coil in 2D and in 3D, results show higher discrepancies (>15%) when adding the base, the terminals and the connectors only in 3D
(this is not possible in 2D). The maximum force density has been compared on the Aspe-90-) and A2D axis respectively (see Figure 2).
Only 15 % discrepancies were noticed comparing 2D and 3D results for different axis (Aspe-=is0-)). These inaccuracies might mainly due

to the & dependences and the slot and would require a complete 3D analysis.

CC BY-NC License



3.6.1. Fields and densities with and without a tube

Providing the current / (with the total magnetic potential 4 model) or the voltage AV (with the reduced magnetic potential 4; model)

and the angle velocity @ or the frequency f; the magnetic field, current density and force density can be computed (see Figure 6).

Table 1: Current (k4), voltage (V) and maximum force density (GN.m™) results without field-shaper (TESTCASE 1).

1D (4) 1D (4)) 2D 3D
AV ithows e~ 2494€5 2800 2705¢15  2778¢13
I3 withou e~ 825 813¢7!S 825 825
AVvitnupe 79712 800 970e7  1287¢'8
I3, with be 825 795¢14 825 825

[1' with tube 696e-i3.13 633640.98 710e-i3.1 678e-i3.1

F1 with tube 1187 978 1116 965
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Figure 6. (top) Radial distribution of magnetic flux density B (a), current density j (b) and Lorentz force density f.. (¢) (bottom) Inductance L (d) resistance R
(e) and maximum force density coefficients K, and K, (f) (AZ ~16.5 mm) (TESTCASE 1). Worse discrepancies stay below 25% and best ones stay below 5%.

Curves (a), (b) and (c) of Figure 6 are important to check the coherence in qualitative shape and skin depth of calculated field B and
densities j and f: distributions with different models. The coil generates a magnetic flux in the air with a quasi-constant induction while it
exponentially decreases in the coils’ skin depth (35; = 4.5 mm). The tube acts as a screen for this flux such that it stops and is created only
in the air gap between the coil and the tube. Therefore, the flux density also rapidly decreases in the tube’s skin depth (36, = 1.59 mm).
Both skin effects are due to eddy currents in the conducting regions, induced by the flux variations. This leads to a total current density

located mainly at the internal surface of the coil and the external surface of the tube.

3.6.2. Frequency dependent coils’ parameters

Curves (d), (e) and (f) of Figure 6 and Table 2 give the main coil parameters, computed either with the 3D, the 2D or the 1D model.
The inductance comes from the magnetic energy in air (mainly dependent on the geometry no matter what frequency) and a small amount
of energy in the skin depth of conducting regions (the latter depending on the frequency). 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 has to be subtracted
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from the self-inductance. As a result, the total equivalent inductance L with a tube is lower. The resistance comes from the Joule losses

with dependence on the coil circumference and skin depth (so frequency dependent). The higher the frequency the smaller the skin depth
and the conductance G=1/R. The tube, as another conducting region, introduces an additional resistance. As a result, the total resistance
R with a tube is higher. Adding the resistance of the terminals will also result in a higher total resistance. R value given in 3D is the mean
value of the ring part of the coil (see large range of 3D values in Figure 6 (e) and (f)). The limiting error is only acceptable for L, K, and
K. The latter seem to be more influenced by what happens in the turning parts around the tube than determined by the coils ends.
Fortunately, the voltage and the force are much more dependent on the inductive part (from 80 to 98% of the voltage) rather than the
resistive part (from 2 to 20% of the voltage). The maximum induction coefficient (maximum induction, created by the coil in the useful

airgap near the tube, per Ampere per unit length) is higher with a tube due to field sources in two regions instead of one.

Table 2: Equivalent resistance R (1(2), inductance L (nH), maximum induction coefficient K}, (7/(kA/mm)) and maximum force coefficients K, in the coil and K,
in the tube (MN.m™.s"?/(kA/mm)?) results without and with tube (@ 20 kHz) for TESTCASE 1.
Without tube With tube

1D 2D 3D 1D 2D 3D

R 200 226 290 400 462 446
L 24 27 26.7 7 8.6 11.9
K, 0.6 0.59 0.54 1 1.01 0.93

K, 0.63 0.55 0.50 1.77 1.5 1.31

Ko 4.25 4.0 3.5

3.6.3. Air-Gap Sensitivity analysis

The major advantage of reduced analytical models is to speed the calculations especially in a sensitivity analysis when varying several
parameters. For the couplings of electromagnetic, electrical and mechanical parts the most critical parameter we must take into account
is the air gap g between the coil and the tube. It is very important to correctly estimate the varying resistance R(g), inductance L(g) and
force coefficient K,,(g). We can save time by relying on 2D FEM simulations, that has been previously validated thanks to a 3D FEM
simulation. As shown in Figure 7, the typical values and tendencies of R(g), L(g) and K,,(g) as a function of the increasing air gap g are
described with both the 2D and 1D models and are coherent with each other. Because the distance between the two parts becomes bigger,
interactions and eddy currents inside the tube become weaker. It is logical to see that both the resistance R and the force coefficient K,

decrease as a function of g. Meanwhile, because the negative mutual effect is also weakened, the equivalent inductance L will increase as

&

a function of g. The first derivative L of this last function will play an important role.

500
450 - \ 10-

400 -

s
0

£y

rid
«

350-

w

300

250

Inductance L (nH)

m
~

200~

Resistance R (uQ)

L

150

— 2D model
100 — 1D model | | P [— 2D model |

| — 1D model |
50- =

—— 2D model
= 1D model

Force coefficient K_ (MN.m™.Hz "%/(kA/mm)?)
o N
& b

L L . 1 L 1 L
Oﬂ 05 1 15 2 ] 05 1 15 2 05 1 15 2

airgap between coil and tube g (mm) airgap between coil and tube g (mm) airgap between coil and tube g (mm)

o2

Figure 7. Variation of resistance R, inductance L and force coefficient K,, as a function of the airgap g between coil and tube (TESTCASE 1).

3.7. Simulation results with field-shaper
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The second test case (TESTCASE 2) studied contains a 1-turn massive coil and a field-shaper with or without a tube. The value of the

input variables such as the geometry and the material properties are given in the Appendix D.2. Results of Table 3 are close and coherent.

The 3D computation with field-shaper does not provide fast enough as good of result as 2D or 3D computations without field-shaper.

This is mainly due to the tremendous number of nodes required to get a mesh fine enough in the four very thin cylindrical parts. That’s

also why we investigate an analytical model which will give accurate enough results much faster and less time and memory consuming.

Table 3: Current (k4), voltage (V) and maximum force density (GN.m) results with field-shaper (TESTCASE 2)

D) D) 2D
AVwithout tube 41536“‘4 3600 37806“'4
15’ without tube 825 840e11-33 825
AV it wbe 1670e15 2500 1962¢15
15, with tube 825 7706’“'04 825
11, with wbe 648¢">13 603¢i122 670e731
Fovinuwpe 944 880 967

3.7.1. Fields and densities without and with tube

Providing the current / (or the voltage AV) and the angle velocity w; the induction B, current density j and force density f- are computed

(focus on the second airgap between the field-shaper and the tube, curves (a), (b) and (c) of Figure 8). The field-shaper is acting as a

secondary coil that stops the induction and concentrates it in the first air gap between the coil and the field-shaper; but re-submit the tube

to the flux imposed by the coil. Therefore, the flux density is also rapidly decreasing inside the field-shaper’s skin depth (363 = 2 mm).
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Figure 8. (top) Radial distribution of magnetic flux density B (a), current density j (b) and Lorentz force density f. (c) (bottom) Equivalent inductance L (d),
resistance R (¢) and maximum force density coefficients K,,, Kyand K,,, (f) (4Z ~16.5 mm) (TESTCASE 2).

3.7.2. Frequency dependent coils’ parameters

Curves (d), (e) and (f) of Figure 8 and Table 4 give the coil parameters, computed with either the 2D or the 1D model. The

dependencies of the parameters on the frequency are unchanged due to the same physical phenomenon as stated previously: the frequency

dependent skin effect. The field-shaper, as a third conducting region, introduces an additional resistance. To form the same tube, due to a
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bigger coils’ section, the inductance L is also bigger with a field-shaper than without. The mutual force coefficient K, is weakened by the

two airgaps using a field-shaper, which is only useful to adapt the radius of a given coil to form a tube with a different lower radius.

Table 4: Equivalent resistance (z.2), inductance (n/), maximum induction coefficient K, (7/(kA/mm)) and maximum force coefficients K, in the coil, Ky in the

field-shaper and K, in the tube (MN.m™.s"*/(kA/mm)?) results without and with tube (@ 20 kHz) for TESTCASE 2.

Without tube With tube

1D 2D 1D 2D
R 820 730 998 1000
L 39 36 14 17.2

Ky 0.54 0.56 0.93 0.99

K, 0.65 0.5 0.8 0.64

K 1.13 1.07 35 3.2

K 3.6 3.7

4. Transient coupling considerations and comparisons
As shown previously, the main parameters of the coil depend on the natural frequency f, of the current pulse and of the changeable
air-gap g=g between the coil and the tube (i.e. linked to the deformation). We also show that @,=27f, depends on the coil parameters,

and so on the deformation too. As a consequence, electrical, mechanical and electromagnetic phenomena should be coupled as follow.

4.1. Equivalent electrical circuit coupling

The coil with or without a field-shaper, and with or without tube is considered as an inductor with an equivalent inductance L(g, @), an
equivalent electrical resistance R(g, ) and an equivalent mechanical resistance R,,(g,g, @) when the tube is deformed. A simple equivalent
electrical circuit is proposed in Figure 9. Once the capacitor C of the generator is charged at a given voltage V5, a switch is closed to let

a current pulse circulate in cables of equivalent resistance R; and inductance L, towards the inductor.

source cables coil
e P A AT T e
ts Ry L -

Figure 9. Equivalent electrical circuit of magnetic pulse system.

Considering first a constant position of the tube without deformation (g =0), the natural angle velocity w, =27, and the phase angle 8

between the current / and the voltage V; pulses must obey the following equations proposed by (65):
_ 2 (1 2 a1
W, = . |w§ — ;) and B = tan"!(tw,,) (65)
with wy = 1/\/C(L; + L) and T = (2(L; + L))/(R, + R)

Once the natural oscillating frequency is determined, it is then possible to deduce the equivalent electrical components of the coil (with
or without the field-shaper or/and the tube). The inductance L and the resistance R are given in equations (56) and (58). The equivalent

mechanical resistance R,,, which is also proposed by , can be deduced from L(g) by the following relationship (66):

R = (a_L) (Z_f) = (05L)(0:9) = (9,L)g"  (60)

g
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Given the initial conditions on the voltage and the current (AV(t=0) = V), I(t=0) = 0), it is then possible to calculate the voltage and
current pulses from time to time with the help of the following ordinary differential equations (67):

Vi = (Ry + Ry + R) + (L + L) >

_cn
I_C[‘)t

(67)

The natural frequency and the equivalent components R, L and R,, can change from time to time if the airgap g change.

4.2. Mechanical coupling solution(s)

The maximum force induced by the current pulse inside the coil and the tube can be estimated thanks to equation (59) by its transient

expression Eq. (68). The global magnetic pressure responsible for the deformation Eq. (61) is equivalently given by Eq. (69).

Due to the shape of the pseudo-harmonic solution and the square root of @; both the force and the strength can be derived from the
squared current /(#)/Z per unit length thanks to the fractional derivative operator &.)/c'”. I'fx) is the gamma function defined by an

extension of the factorial function with its argument shifted down by 1: 7{x)=(x-1)! =/=o(u™' ) du

k5 2(0/2)°) _ kpe [0t 0(/)
o= ) o ) 1 o

fle ™ 32 ar1/2 2 %) o/

_ Kix 3(('/2)2) Kik n[(3) a(l/z) (I/Z) (69)

The magnetic pressure Pg(t) is counterbalanced by the mechanical stress s(z), which depends on the mechanical deformation &(z) and
the deformation speed £’(?) as follows Eq. (70). The law of , whose relevance has been demonstrated by (Shang

et al., 2012), is proposed for high speed forming processes but still neglecting the visco-plastic energy dissipation.
s = min (Ee, (S, + Spe™) (1 +S;1In z—)> (70)
0

Where E is the Young modulus. S;, S», S3, 7 and & are mechanical properties of the material (see Appendix E.). When considering the

field-shaper and the coil, only the young modulus and elastic deformations are taken into account.

Then the material will deform itself following the physical dynamical Eq. (71) inspired from various authors.
included a similar mechanical equation while analysing the electromagnetic forming process. used an
analogous law but for magnetic pulse welding of sheet connections. had to consider the same dynamical equation when

interpreting experiments with simulations. The proposed 1D Eq. (71) gives the acceleration g’ of airgap g time variations.

9" = s (Pre = seIn ) (71)

Yik(Rke—Rki)
Where s; is the mechanical stress, j is the volume mass density of the material and e;=(Ri-Ry;) is the thickness, of region & (tube,
field-shaper or coil depending on the case). Eq. (71) is usable only for the forming and crimping processes. The welding process
conditioned by an impact angle and analysed by cannot be simplified by an equivalent 1D problem like for the

forming and crimping process, it requires a 2D model with the two variables (7,z).
4.3. Flow-chart of the coupling solution

Each modelling tool has been previously defined (the mechanical model, the electrical model, the natural resonant frequency model
and the electromagnetic model). The coupling procedure is shown on the flow chart of Figure 10. It is then possible to carry out the

transient calculation of the voltage, the current, the force, the deformation and the speed of deformation.

4.4. Simulations Results

The aim of the 1D model is to estimate with accuracy the forces induced inside the coil and the tube and the current pulse needed. The
force in the coil is the main cause of the self-damaging process. The force in the tube is useful for the forming process. The energy of the

first pulse is important in the process and it is described by the 1D model that gives results close to the 2D one (see Figure 11).
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Figure 11. (a. LEFT) Current, voltage and maximum force simulation as a function of time for the coil without field-shaper nor tube (TESTCASE 1). (b.
RIGHT) Current, voltage and maximum force simulation as a function of time for the coil without field-shaper but tube (TESTCASE 1).

5. Experimental and numerical results

Experiments measurements have been carried out on two inductors, dedicated to industrial applications. The first prototype
(TESTCASE 3) is a 1-turn massive or bulk coil made of steel without field-shaper (see the Appendix E.1, with normalized data due to a
non-disclosure agreement). The second prototype (TESTCASE 4) is a 1-turn massive or bulk coil with a field-shaper, both made of copper
alloys materials partly studied by some authors. Arnaud ct al. (1985) studied the electrical and mechanical properties of copper alloys.
Lockyer and Noble (1999) proposed some fatigue mechanisms inside similar copper alloys (CuNiSi). Two new materials named the
Siclanic® and Cuprofor® materials (@ Le Bronze Alloys) have been used in the present paper with a known electrical conductivity but

no complete characterisations yet (description is in the Appendix E.2.).

5.1. TESTCASE 3: coil without field-shaper

5.1.1. Coils electrical parameters

The first step is to compute L and R with or without the tube as a function of the frequency and the air gap. Results on TESTCASE 3
are given in Figure 13. The two models are in agreement with each other. The resulting current-voltage characteristics which are computed
in the transient working condition with respect to the equivalent components of Figure 13 also fit the measurements (see Figure 12). We

can obtain an approximate for the current and voltages pulses measured from the equations of Eq. (72).
Vi(e)=V,0,0," exp(=1/7)sin(2af 1+ B)

V(t)=(R-L/z) +(Lw,) I, exp(~t/7)sin(2af,t +y)
1(t)=1, exp(—t/7)sin(2xf,t)

(72)
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1, a VoCawi’ e, is the current peak parameter (dependent on the initial voltage Vo, C, fo and f,), y = tan”'((Lw,)/(R-L/7)) is the phase
angle between / and V, 7 is the time decay constant and f, is the natural frequency. 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

steel is considered as a non-magnetic material (x = 1) like most of the conducting materials usually used for this purpose.

5.1.2. Transient electrical behaviour

In Figure 12, the total transient current / is enforced. It is given by Eq. (72) with a current peak parameter /,=175.6 kA4 (with tube) and
165.7 kA (without tube), a time constant 7=41.7 us (with tube) and 43.5 us (without tube), with no phase angle and a natural frequency f;
= 27.5 kHz (with tube) and 27 kHz (without tube).

The current and voltages have been measured (Figure 12). The model allows the computation of the pulses with a good accuracy
except for the smaller voltage 7 with the tube (see next and Figure 14 for improvements), but neglects higher frequencies mainly due to

the spark gaps between the generator and the inductor.

5.1.3. Transient local force without deformation
In Figure 13, the total transient current / is given by Eq. (72) with a peak current [, = 774 kA, a time constant 7= 50 us, with no phase
angle and a natural frequency f; = 22 kHz (with tube, o; = 30 % IACS). We compare the force density at time steps 7 s and /0 us and

estimate the discrepancies between the 2D (axis A;p) and the 3D model (average of axis Aspe=ooe) and Aspe=1s02)) to be below 10%.

5.2. TESTCASE 4: coil with field-shaper

The second test case (TESTCASE 4) measured contains a 1-turn massive coil and a field-shaper with or without a tube. The confidential

variables such as the geometry and the material properties are defined and normalised in the Appendix E.2.

5.2.1. Coil parameters
Table 5 Gives the experimental identification and calculation of parameters R and L. We observe important inaccuracies especially in
case (b) (coil + field-shaper). The measurement data contains lots of dispersion (from 20 to 40 % for L and 30 to 60 % for R). Case (a)

(coil) and (¢) (coil + field-shaper + tube) are however correctly described with coherent values inside the dispersion range.
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Figure 12. Transient current / and voltage V; or ¥ pulses as a function of time with and without tube for the TESTCASE 3 @ BASIS EP.
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Table 5: Electrical parameters calculation and identification of TESTCASE 4.

case Method R (u€) L (nH)  f(kHz) T(us)
(a) Model 203 84 24.4 49.8
coil Meas. 200 - 380 75+15 24.8+0.3 48.9t4
(b) Model 1840 53 25.6 395
coil+field-shaper Meas. 45 - 1545 50+13 258104 422%5
(c) Model 2400 29 26.8 34.5
coil+field-shaper+tube Meas. 1-2440 25+10 272+£0.6 385%7

Results have been identified with equations (73) and (74), or calculated with equations (58) and (56).

2/t 1
= (2 ) ——R, (73)and [, = E =L, (74)
cCa Y +(1/7)) clay +(1/2))
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Figure 15. (a. LEFT) Absolute surface and maximum force density (7TESTCASE 4). Comparison between 1D, 2D and 3D models (LS Dyna) (@PFT
Innovaltech). (b. RIGHT) Transient elastic strain or deformation (TESTCASE 4). Comparison between 1D and 3D models (LS Dyna) (@PFT Innovaltech)

5.2.2. Results without plastic deformation

Figure 14 shows the current-voltage characteristics of the coil that are measured and calculated. The corresponding impedance is
calculated and given below the current and voltage pulses. Only one capacitors bank has been used, with initial voltage from 2500 V to
7500V (Vo =2.5/35/45/55/7.5 kV respectively, i.e. Energy = 0.86 /1.2 /1.55/ 1.9 /2.58 kJ), to stay below the plastic strain.
Electrical features of the generator are given in the Appendix E.2. The model allows the computation of the transient pulses and of the
impedance (R and X=L,) changeable when a deformation occurs. The linear assumption is confirmed by both the measurements and the
computations: R and X do not depend on the voltage, but only on the changeable airgap g. This last dependence is very weak with small
elastic deformation but might become more significant with strong plastic deformation. The general decaying oscillating shape of both
the current and the voltage is correctly described, but still neglects high frequency disturbances mainly due to the spark gaps. Maximum
values, natural periods and decaying factors are well found for the voltage and the current pulses, giving rise to the force pulse and hence
a strain and the elastic deformation. Figure 15 represents the surface Lorentz force density acting on the tube’s external surface (Figure
15, LEFT) and the tube deformation (Figure 15, RIGHT) as a function of time during the first current pulse (from 0 to 13 ps). Despite a
time-delay between the 1D or 2D model and the 3D model on both the force and the displacement, the peak values attained, the one
responsible for the end forming state, are very similar. Results on the force are better than the ones for the displacement because the

mechanical model does not take the 2D effects into account (around 5% error for the peak force and 25% error for the peak displacement).
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5.2.3. Results with tube and plastic deformation

Now the five capacitors banks have been used, with an initial voltage of V) = 5 £V, to attain the plastic strain but stay below the ultimate
tensile strength. Both measurements and computations have been done with four field-shapers made of different materials (Steel, CuBe,
Siclanic® and Cuprofor® @Le Bronze Alloys). Peak values and natural frequencies are correctly found for the current pulses (see ). The
final and most important result is the prediction of the end forming state shown in Figure 17. The model gives the end deformation with

a final diameter which is at the lower limit measured on samples, with a weak over-estimation coherent with Figure 15.

Table 6: Current pulse needed and natural frequency with initial voltage Vy = 5 kV (i.e. 8.6 kJ from generator) for various field-shapers’ material.

Material Method Ipear (kA4) f(Hz)
Steel Model 320 20250
8 % IACS Meas. 340 20500
CuBe Model 340 21315
25 % IACS Meas. 360 21700
Siclanic® Model 350 21700
46 % IACS Meas. 370 21800
Cuprofor® Model 355 21975
85 % IACS Meas. 375 21900

5.3. Forecasting, Energy Balance sheet and discussions

Thanks to coupled models, the model can be an interesting forecasting tool for the forming and crimping processes in industrial
applications (see Figure 17). proposed something similar by analysing the conditions for an efficient welding
process. carried out a sensitivity analysis of the magnetic pulse welding as a function of the tube thickness. The present
tool can be used to estimate the energy balance and the global efficiency of the process as shown in Figure 16, with possibilities to vary
geometrical, physical and process parameters for optimisation purposes. The aim is to enhance the mechanical energy used to form the
tube, i.e. to change from the initial diameter to the end lower diameter. This can help the design of efficient coils and flux concentrators

for pulsed high magnetic fields like in but taking the whole geometry and process into account.

- input energy (capacitance of generator)
= Joule losses (resistances)
~| === stored magnetic energy (inductances)
= mechanical energy (stress and deformation)

energies (J)

. efficiency = 2.5 % < 10 %

G
pI— i e

-1000 ‘ i i
0 20 EN) 60 80 100

time t (us)
Figure 16. Energy balance with initial voltage V) = 5 k¥ (i.e. total energy 8.6 kJ from generator) for the field-shaper made with the Cuprofor® material.

6. Conclusion and perspectives

In this paper, we propose an analytical modelling of the 1-turn bulk coil with a cut, made of conducting steel or copper alloys, and
used in the magneto-forming processing technology. The basic electromagnetic theory is first summarised and the One-Dimensional (1-

D) axi-symmetrical approximation is discussed (part 2). The goal is to be able to determine the magnetic vector potential 4 diffusion that
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will lead to all the interesting parameters sought to characterise, qualify, feed and optimize the use of the coil. The pseudo-harmonic
solution to the 1D-problem is expanded with the help of Bessel basis functions, including some specific limit conditions and constraints
(part 3). It is shown that it is then possible to estimate with reasonable time and accuracy the main coils parameters, that are
electromagnetic (magnetic field, flux and current densities), magnetic (magnetic energy, equivalent inductance), electrical (energy loss,
equivalent resistance) and mechanical (maximum Lorentz force density, self and mutual coefficients). The-results obtained from
calculations are compared to numerical 2-D and 3-D computations performed thanks to the Finite Element Method in certain test cases
with and without a tube, which will be shaped. Significant discrepancies due to the 2D effects are compensated thanks to a 2D correction
factor determined by FEM simulations. Moreover, as long as the frequency is high enough to give a skin depth very small compared to
the coil radius, the proposed model does not only give the final numerical value of each characteristic, but it also provides complete
analytical formulae, with explicit dependences upon some key geometrical and physical input variables (such as the changeable air gap
between the coil and the tube, linked to the deformation). The use of a pseudo harmonic working condition is justified by comparing it to
the transient working condition for which the model is improved and experimental measurements are carried out with and without a tube
but with no deformation (part 4). The results are close and coherent with each other when performing an equivalent electrical circuit and
the electro-mechanical coupling solution, which can be used with deformation in the transient working conditions (part 5). This model
might ease either the transient calculation or the coupling with electrical and mechanical physics. It takes up less memory space, is less
time consuming and above all it allows us to quickly estimate the main coil parameters and so optimise its conception (geometry,

materials). It has been used in this paper to forecast the end deformation of a tube but should be developed to contribute to estimate the

damaging strain and deformation, aging and life time of a field-shaper and a coil.
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Appendix A Initial data

A.1 The coil geometry (TEST CASE 1)

Table 7: Parameters of the coil geometry of Test-Case 1.

Name Value significance

Ry 17.5 mm internal tube radius

Rie 19 mm external tube radius

fes) 1 mm airgap between coil and tube
Rii 20 mm internal coil radius

Rsie 30 mm intermediate coil radius

Rs. 100 mm external coil radius

VA 30 mm useful length of coil

Z 50 mm total end length of coil

A.2 The materials (TEST CASE 1)

Table 8: Parameters of the materials (@20°C) of Test-Case 1.

Name Value significance

Ho 47,107 H.m™! Air magnetic permeability
o; 75 % IACS* Tube electrical conductivity
Y7 Ho Tube magnetic permeability
o3 10 % IACS* Coil electrical conductivity
M3 Ho Coil magnetic permeability
Ocu 5.8107 S.m’! Copper conductivity

*IACS: International Annealed Copper Standard (100 % = oCu)

Appendix B Solutions

B.1 Total magnetic vector potential

For each conducting region k, the total magnetic vector

potential will be of the following form:

Ap(r,w) = CJ1(aq,1) + DYy (aysr) (al)
By (r,w) = CrayJo(ayr) + Doy Yo(aq,r) (a2)
Jr(r, w) = —iopwCy ] (ayyr) — iorwD Yy (aq,r)  (a3)
fir) = real (j(1)B;(r) (ad)
o (r) = — DD (@s)

We use AJy: and AYy, for k=1 and k=3 defined by:

AJox = Jo(axRie) — Jo(@1iRri)  (26)
AYoi = Yo(axRie) — Yo(aiRy:) (a7)

In each region £, the coefficients C; and Dy are proportional to

(I/Z) and can be written as follows (Cy and Dy have got the same

unit as the potential 4 [T.m] and K¢ and Kpi have got the same

unit as an inductance L [H]).

Ce=Kee(3) (a8)and D, = Kpy (g) (a9)
B.1.1 Coil on its own
Region 1: the coil
Ker = ali_lw(z)[Yo[<(:_2j?jzlc.’ju:(izi;l]n1] (a10)
Koy = ali_;(zil) [Y([)(tElR)::A(:f 12?511?2?)]:;311 (all)

B.1.2 Coil with tube

Region 1: the tube
Region 3: the coil

Ko = #_3(5) [(azz)yo(anRsz) (1+ﬁ')(a13)AY03] (al2)
c3 o3w \Z3/ [Yo(a13R31)AJo3—Jo(@13R3i)AYp3]
Ko = ﬂ(1)[ (aZS)]o(a13Raz)+(1+ﬁ)( )Alna] (al3)
b3 3w \Z3/ [Yo(@13R3i)8Jo3—Jo(@13R3i)AY03]
Ko = E(i)[ )Yo(a11R1e) (1+/7J( )AY01] (al4)
¢ 01w \Z1/ [-Yo(@11R1e)BJ01—Jo(@11R1€)AY01]
Ko = E(i)[ a21)]0(a11R1e)+(1+ﬁ)( )A]l]l] (al5)
b1 010 \Zy [Yo(0‘11R1e)A]01+]0(a11R1e)AY01] :
B.1.3 Coil with field-shaper and tube
Region 1: the tube
Region 3: the field-shaper
Region 5: the coil
Ko = l’-_s(Z)[( )Yn(“ISRSL) (1+ﬁ35)(a15)AY05] (al6)
€57 Josw \zs/)  [Yo(a1sRs)bJos—Jo(a15Rs)AYps]
Koo = I(Z)[( )]0(“15R51)+(1+ﬁ35)(a15)A]05] @l?)
b5 ™ Josw \zs [Yo(a15Rs5:)AJ05—Jo(@15R5:)AYs] 4
Koo = #_( )[ﬁgs( 23)Y0(a13R3e) (1+ﬁ35)(a13)AY03] (@l8)
€35 03w \Z35 [-Yo(@13R3e)AJ03~Jo(@13R3e)AYp3]
K ﬁ( )[ﬁgs(azg)]o(awR3e)+(1+ﬁ35)(a13) 103] (al9)
bss 030 \Z35 [Yo(@13R3e)AJo3+]0(@13R3e)AY03] '
e [(aza)yo(amRsz) (1+ﬁ31)(
Ko = |2 (= el 220
cs1 g3W (231) [Yo(a13R3i)AJ03~Jo(@13R3i)AYp3] (ﬁ35) (a20)
azs3
Jo(a13R31)+(1+5. ) AJ
Kps1 = ﬁ(i)[ ( )0 o = a13 03](ﬂ )( 21)
g3w \Z31 [Yo(a13R31)AJ03~Jo(@13R3i)AYp3] 35
Koo = ,,_1 ( )[ﬁgl( )yo(“11R1e) (1+ﬁ31) a11 01] (ﬂ )(dZZ)
T Jow\z [-Yo(a11R1e)AJ01~Jo(@11R1e)AYp1] 35
K. — &( )[ﬁ'31(aZl)ln(a11R1e)+(1+ﬁ31)(a11 101] (ﬂ )( 23)
b1 010 \Z; [Yo(@11R1e)AJo1+Jo(@11R1e)AY01] 35
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B.2 Reduced magnetic vector potential A (r,w) = CJi(ayer) + DiYi(aner)  (b2)
For each region £, the reduced magnetic vector potential will be Ay (r,0) = Cp + i akA (Yo (ayr) = Y, (alkRkl))>]1 (ay7)
of the following form in air, in conducting regions with no source

and in conducting regions with a source respectively: AV
+ <Dk BTk (]o (ayer) —Jo (alkRkl))> Y (aqr) (b3)
Ag(r) = Cr + 2 (b1)

B.2.1 Coil on its own

Region 0 = the interior air; Region 1 = the coil
R, -J; (al 1Ru) Y(auRn) G

2, 1y 70!”./0((1”13“) - (05” 1,) G
2(20/21)//% *"(0-160/0511)4101 (0—10)/0511) Y, \D, K1(AV)

S

(b4)

Ki(AV) = g, AV (Zil) (_i n(Re/Ryi) + i (Jo(a11R)AYy — Yy (a’ani)A]m)) (b5)

B.2.2 Coil with tube

Region 0 = the interior air; Region 1 = the tube; Region 2 = the airgap between the coil and the tube; Region 3 = the coil

R, -J; (anRh ) -1 (al Ry ) 0 0 0 0 G 0
2/”1//”0 - 1‘]0 (anRu) - lY()(anRu) 0 0 0 0 0 C1 0
=27y | 1y aIIZIJ()(aIIRIe) aIIZIY()(aIIRly) 0 0 0 0 AR 0 (b6)
0 J; (a11R1e) )/;(allRle) -R, ~I/R, 0 0 0] G _ 0
0 a,J, (aIIRIe) a, IY()(aIIRIe) -2/ 1 0 0 0 0| D, 0
0 0 0 R, IR, ~J(@,.R;) ~Y(aR,) 0] G 0
0 0 0 2,/ 1, 0 -3, (aljRji) _amyo(auRs,) 0| D 0
L 0 0 0 2(22/23)//”2 0 71'(0'36()/0{13)41]03 —iloy/ @Ay, 0 \~1, K}(AV)
K3(AV) = o34V (213) (_ % In(Rse/R3;) + i (Jo(a13R3)AYp3 — Yo(ays R3i)A]03)> (b7)
B.2.3 Coil with field-shaper and tube
Region 1 = the tube; Region 3 = the field-shaper; Region 5 = the coil
[ R, -J; (a1 Ry ) -7 (a1 Ry ) e 0
2/11//”() 70!1,]0(0!”13“) 70‘11}/;;(0‘111{1:) 0 0 0 0 0 C1 0
=27, 1 14y a11Z1J0(a11R15) a11Z1Yo(a11R1e) 0 0 0 0 | D 0 (b8)
0 J; (a1 1R1e) Y1(a1 1R1e) -R, ~I/R,, 0 0 e _ 0
0 a,J, (anR/s) a11Y0(a1 ]RIe) 2/, 0 0 0 0| D, 0
0 0 0 R, /R, -J; (amR}h ) ] (aij 11) 01 G, 0
0 0 0 2w/ py 0 _alsJo(auRsh) _auyo(auRm) 0| Dy 0
L 0 0 0 Z(Zz/Zj)/ﬂz 0 7i(o-3a)/a13)A]031 71‘(0'3&)/0!,3)41)’;73, 0\-1, K31(AV)
Y (0‘13R35i) - Y;(O%Rm) 0 0 0 0 0] Cs 0
2,034 ;5 Z,0,;4% 5 0 0 0 0 45 | Dss 0
J; (a13R35e ) Y (a13R35e ) R, —I/Ry;, 0 0 0] ¢, 0 (b9)
a,/, (a13R35e ) a,;, (a13R35e ) =214 / Hy 0 0 0 0| D, |= 0
0 0 Ry, ~I/R;, -J (a15R5; ) -Y (0{15R5[ ) e 0
0 0 2ps/ 1y 0 -y, (a15R5i) —s 0(“15 5i ) 0] Ds 0
L 0 0 2(24/25 )/,u4 0 —i(o*5a)/a,5)A1(,5 _i(o_5w/0‘15) Y 0 i -1 K5(AV)

Koa(8V) = 038V (£) (= & 1n(Rase/Rosd) + 4 Uo(@5Rs2000o31 = Yol@rRandbos))  (b10)

Ks(AV) = 058V (£) (= = tn(Rae/Reo) + £ UolersRs)Bos = Yo(arsRsbos) ) (b11)
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Appendix C  Parameters

The local potential, fields and densities can be built with the
Bessel functions. These must be calculated for a reference radius
small enough (R.y = 5 or /0 mm) in order to make the matrix
system solutions converge. We use an affinity transformation on
the radial position: #—7(R../R). The current source is unchanged
but the voltage become AV—>AV(R,/R). Then, thanks to the
properties of Bessel functions and the skin depth of the material,
the functions obtained with the reference radius can simply be
moved as a function of the actual radius of the tube, the field-
shaper or the coil, obtained by the affinity transformation.

Global performance parameters such as the induction and force
coefficients or the inductance and the resistance can be determined
either with the exact Bessel functions or its approximations given
by (c1) and (c2), providing that ar >> 1.

2 31
Ji(air) N\/ﬁlr cos (alr — T)

Yi(air) ~\/Z sin (alr - %n)

(c1)
Li(ayr) ~ EXp(aﬂ")
Ky (@) ~ Jﬂexp(—azr)
Jo(ay1) ~\/%1r cos (alr - %)
Yo(ayr) N\/ZZT sin (alr - %)
- (©2)

Io(ayr) ~

1
——exp(ar7)

Kofazr) ~ [ exp(—an)

C.1 Resistances

For each conducting region k=2p+1

sin((aqx+azi)r) Rke 2 2
/ [ ajgtazg Rk (KCk * KDk) + \
I |
I [cos((txlk azk)r)] (K KDZk) n |
- Za'szZkI A1k—A2k I(C3)
k=~ 2 R I
laklz ke
ag | [cos(;al;:-+a2k)r) KoKy — KooK + |
1kt a2k Rk I
sin((ag—azp)r) N .
\ [ P ]Rki (KeKpi + KéiKpr) /
C.2 Inductances
For each air region k=2p
2
~ 2 2 Kic+1Zk N
Li=2p ~ T(R{csnyi = Rfe-nye uz;,lﬁﬂ (c4)

The magnetic energy stored in air regions is proportional to the
coil magnetic permeability and the surface of flux in air.

For each conducting region k=2p+1

ayptazk

[cos((txlk az)r)

] (KZ A+ KR +
Rii

stn((a1k+a2k)r) 2

K2 + K2,) +

[ 1 ]R (K3 + K2

|

|

|

|

|

27k A1k—A2k
I’—k'“k'zz [COS((“1k+“2k)T)
(KerKpye — KoKopr) —
Cck Dk
Aiptazg sz bk cr

\.
)

( ) * *
\ [Sm( e T)] (KeiKpr + KeiKpi)

QA1k—A2k Rii
C.3 Induction coefficient

C.3.1 Without field-shaper

Without tube: Ko = py (zi) (c6)
1
With tube: Ky, = (14 Bus (zi) (c7)
3

C.3.2 With field-shaper

Without tube Kj,q = S35z (zi) (c8)
3

With tube: Ky, ~ Bss (L + BusJks (7) (c9)
The unit of Kj is [H.m']=[T/(A.m™)].

(with Z = Z; for a semi-infinite coil or very large Z)

C.4 Force coefficients

C.4.1 Self-force onto the coil and field-shaper
For the coil or field-shaper region k=1, 3 or 5

a-ka(k—l)V 2(4)> .
TRy

Kpk=135) O Kr=3) = (

3m
) KCke z cos (Ulz;cR;a " ) -
Real| i

(c10)
KDke z sin (aszkz 3:)
C.4.2 Mutual force onto the tube
For the tube region k=1
<01Kb0\/2w>
Km ~ | —]— | *
JTra Ry
.3
K;ie'z cos (a21R1e + 3—”) -
Real| i 4 (c11)

% i3_" . 37
Kp.e 7z sin (aane + T)

The unit of K,, Krand K,, is [H.m?2.s"?]=[N.m>.s"?/(A.m™)?].
C.5 Maximum stress coefficient
For each conducting region k=1, 3 or 5

2
Kp(k-1)
KSk =~ =
Kk

Kp -1 (zkz__l) (c12)
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Appendix D  Simulations

D.1 Without field-shaper (TESTCASE 1) D.2 With field-shaper (TESTCASE 2)
D.1.1 The coil geometry D.2.1 The coil and field-shaper geometry
Table 9: Parameters of the coil geometry of TESTCASE 1. Table 11: Parameters of the coil geometry of TESTCASE 2.
Name Value significance Name Value significance
Ry 17.5 mm internal tube radius Ry 17.5 mm internal tube radius
R 19 mm external tube radius R 19 mm external tube radius
= 1 mm airgap between coil and tube = 1 mm airgap between coil and tube
Rs;i 20 mm internal coil radius R;; 20 mm internal field-shaper radius
Rsie 30 mm intermediate coil radius Rsi. 30 mm mid field-shaper radius
Rse 100 mm external coil radius Rse 44.4 mm external field-shaper radius
Z 30 mm useful length of coil g4 0.6 mm airgap field-shaper - coil
Z; 50 mm total length of coil Rs; 45 mm internal coil radius
Rs. 100 mm external coil radius
D.1.2 The materials Z 30 mm useful length of field-shaper
Table 10: Parameters of the materials (@20°C) of TESTCASE 1. Z 50 mm total length of coil
Name Value significance
o 75 % IACS* Tube electrical conductivity D.2.2 The materials
i Ho Tube magnetic permeability Table 12: Parameters of the materials (@20°C) of TESTCASE 2.
o3 10 % IACS* Coil electrical conductivity Name Value significance
103 Ho Coil magnetic permeability o1 75 % IACS*  Tube electrical conductivity
E 210 GPa Young modulus of tube i o Tube magnetic permeability
S; 950 MPa Johnson Cook coefficient 1 o3 50 % IACS*  Field-shaper conductivity
S> 1250 MPa Johnson Cook coefficient 2 1 Ho Field-shaper permeability
Sz 0.083 Johnson Cook coefficient 3 o3 10 % IACS*  Coil electrical conductivity
n 0.43 n.u. Johnson Cook exponent Hs Ho Coil magnetic permeability
& 1 %.s7! Reference speed *IACS: International Annealed Copper Standard (100 % = ccy)
*IACS: International Annealed Copper Standard (100 % = Gcu) The mechanical properties of the tube (E, i, S», S3, n, &) haven’t

been changed and are given in Table 10.

D.1.3 Other electrical parameters '
D.2.3 Other electrical parameters

Transient simulations are done superimposing the current pulse,

i.e. its peak value I, and its natural frequency f,. Pseudo- Transient simulations are done superimposing the current pulse,

harmonic approximations are assumed. i.e. its peak value I, and its natural frequency f,. Pseudo-

Natural frequency: f; = 20 kHz harmonic approximations are assumed.

Peak current: Jpear = 825 kA (if Z = 30 mm)

Peak current: lpear = 825*Zfmm]/30 kA (if Z # 30 mm)

Natural frequency: f, = 20 kHz
Peak current: lpear = 825 kA (if Z = 30 mm)
Peak current: e = 825*Zfmm]/30 kA (if Z # 30 mm)
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Appendix E  Experience

E.1 First experiment (TESTCASE 3)

E.1.1 The coil geometry

Table 13: Parameters of the coil geometry of TESTCASE 3.
Name Value® significance
Ry 0.876 internal tube radius
Rie 0.942 external tube radius
=2 0.0578 airgap between coil and tube
R;;i 1 internal coil radius
Risie 1.98 intermediate coil radius
Rse 6.6 external coil radius
Z 1.98 useful length of coil
Z, 33 total length of coil

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

E.1.2 The materials

Table 14: Parameters of the materials (@20°C) of TESTCASE 3.

Name Value significance

o 30 % IACS Tube electrical conductivity
Y7 Ho Tube magnetic permeability
o3 8 % IACS Coil electrical conductivity
13 Ho to 5000 Coil magnetic permeability
E 69 GPa Young modulus of tube

S 350 MPa Johnson Cook coefficient 1
S> 440 MPa Johnson Cook coefficient 2
S3 0.083 Johnson Cook coefficient 3
n 0.43 n.u. Johnson Cook exponent

& 1 %.s! Reference speed

E.1.3 Other electrical parameters

Transient computations can be done by coupling the
electromagnetic model to the mechanical behaviour and the
electrical circuit.

The capacitor of the generator is charged such that its maximum
initial voltage is: Vy = 8500 V, i.e. maximum energy E = 25 kJ.

The equivalent components of the pulse generator are:
Generator capacitance: C = 690 uF

Generator and cables resistance: R; = 2.4 m(2
Generator and cables inductance: L; = 44 nH

The number of modules connected in parallel is 5.

E.2 Second experiment (TESTCASE 4)
E.2.1 The coil and field-shaper geometry

Table 15: Parameters of the coil geometry of TESTCASE 4.

Name Value® significance

Ry 0.823 internal tube radius

Rie 0.926 external tube radius

=2 0.0742 airgap between coil and tube
Rs; 1 internal field-shaper radius
Rsie 2.292 mid field-shaper radius

Rs. 3.292 external field-shaper radius
g4 0.042 airgap field-shaper - coil

Rsi 3.333 internal coil radius

Rs. 6.583 external coil radius

Z 1.25 useful length of field-shaper
Z 2.5 total length of coil

E.2.2 The materials

Table 16: Parameters of the materials (@20°C) of TESTCASE 4.

Name Value significance

o1 30 % IACS Tube electrical conductivity
Hi Ho Tube magnetic permeability
o3 46 % IACS**  Field-shaper conductivity
M3 Ho Field-shaper permeability
o3 46 % IACS Coil electrical conductivity
Hs Ho Coil magnetic permeability

**(Steel: 8%, CuBe: 25%, Siclanic®: 46% to Cuprofor®: 85%).

The mechanical properties of the Al tube (E, S;, S2 S35 n, &)
haven’t been changed and are given in Table 14.

E.2.3  Other electrical parameters

Transient computations can be done by coupling the
electromagnetic model to the mechanical behaviour and the
electrical circuit.

The capacitor of the generator is charged such that its initial
voltage is: V) = 2500/3500/4500/5500/ 7500 V respectively.

The equivalent components of the pulse generator are:
Generator capacitance: C = 138 uF / module

Generator and cables resistance: R; = 12 m£2/ module
Generator and cables inductance: L; = 220 nH / module

The maximum number of modules in parallel is 5.



