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Abstract

In this paper, we address the application of Lorentz force in the electromagnetic
pulse crimping process. To do so, we used an analytical method based on mutual
inductance and mutual force between two circular coils. This crimping process
is employed on conductive materials considered as work-pieces. For different
voltages, we developed an analytical model for two circular coils corresponding
to the inductance of the coil attached to RLC circuit, and the tube inductance.
The magnetic density into the work-piece, the Lorentz force and the magnetic
pressure on the tube are evaluated. Obtained results from experimental mea-
surements and simulation are promising.

Keywords: Magnetic pulse generator, single turn coil, dissimilar materials

welding, electrical scheme, current pulse

1. Introduction

In the new technology of magnetic pulse joining metal work-pieces, esti-

mating the exact mechanical or magnetic force is essential for a wide range
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of scientific and industrial processes. The magnetic pulse crimping process is
a high-velocity crimping method of metallic tubes using a magnetic field gen-
erated by an EMPG (ElectroMagnetic Pulse Generator). In the field of met-
allurgy, the EMPG has been studied by many researchers using massive coils
and field shapers. The field shaper is a metallic piece used to adapt the mas-
sive coil to the deformation area of the metal work-piece [1]. It generally leads
to a concentration of the magnetic field that acts on work-pieces in a specific
area. As demonstrated in many studies over the last two years, due to the
eco-environmental benifits of the magnetic forming process, the developement
of this technology has great potential for industrial purposes. In terms of the
generated magnetic field and negative effect on electronic components such as
sensors, many previous studies brought into quesion the safety of the EMPG [2].
Some of the studies were focused on reducing the adverse effects of the magnetic
field on human health [3]. On the other hand, in terms of the force generated
by EMPG, many researchers have consistently focused on studying the Lorentz
force applied to work-pieces using finite element methods.

The third important parameter concerning EMPG is the temperature. Indeed,
the temperature distribution is studied experimentally during the forming pro-
cess and the results are that with a current pulse with a peak of 150 kA, the
active area in the massive coil reaches a maximum temperature of 34°C'. This
process is called cold forming [4]. In the literature, there has been considerable
work addressed to the magnetic force produced in the crimping process of a
tube. These studies are performed analytically, for example, using a method of
splitting the massive coil into areas that correspond to uniform current. The cal-
culation process depends on magnetic vector potential [5]. Other research works
are performed by numerical simulations using FEM (Finite Element Method)
and BEM (Boundary Element Method). Many studies about EMPG have fo-
cused on identifying and evaluating semi-analytical methods using, either the
vector potential A or the injected current and the total energy stored in the
EMPG [5].

In the electromagnetic forming process, a new investigation gives us an in-
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sight into the geometry of a pressure coil. It presents an analytical method
to determine the optimum geometry of the coil. This method is based on two
parameters, the produced magnetic pressure on the work-piece and the mag-
netic energy generated by the EMPG. In this paper, the expression "forming'
will designate all magnetic pulse deforming processes. The present research
work predominately focuses on the analysis of the crimping process of an alu-
minum tube. As illustrated in figure 1, high power bank capacitors are charged
throughout a transformer, then discharged in the massive coil instantaneously
throughout spark-gaps. The discharged current creates an intense magnetic field
in the forming area and generates an eddy current in the work-piece (tube). The
Lorentz force is generated radially in the active area due to the magnetic field
produced by the coil and acts mechanically on the work-piece, which leads to the
crimping process. This process is performed without physical contact between
the tube and the massive coil. The active area or the working zone defines the

gap between the coil and the work-piece.

- Coil -

| Spark-gaps
I | Capacitor

[EEEEEEEEE

i Work

Electromagnetic generator N
piece

Figure 1: Electromagnetic pulse generator: tube crimping setup

Nowadays, several studies have also investigated electromagnetic welding
processes. In this research field, [6] explains the formation mechanism of two
kinds of wave interfaces in a Fe/Al electromagnetic welding process. Another
study [7] proposed a model to predict the critical wall thickness of the inner tube
in the same process. The thickness of the tube has been verified experimentally

with an error of less than 2.5%. A recent study of the same team of researchers
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has investigated the magnetic pulse welding of tubular carbon-fiber-reinforced
plastic / aluminum [8]. In an analysis of crimped connections realized by the
same process, [9] gives an analytic model to predict the joining zone parameters
that was verified experimentally. In a recent study, the magnetic pressure is pre-
dicted analytically, by numerical simulations and verified experimentally [10].
This study is very interesting as it takes into account all the work-pieces, the
materials properties and the EMPG parameters used in the process. Authors of
[11] stated in their research work the advantages of the electromagnetic crimping
process over conventional ones. Authors established an Al to copper wire crimp-
ing process, the average gap in this case, was minimized by 70% and the pullout
strength reaches 1.958%k N rather than 0.98kN in the conventional method. As
noted in a recent study [12], the trapezoidal shape of the coil increases the veoc-
ity of the wire’s crimping by 10% compared to circular or rectangular coils. In
order to find the right coil dimensions and the discharge voltage, the same au-
thors conducted numerical simulation research about the copper wire crimping
process [13]. The joint properties in the electromagnetic crimping process have
also been studied earlier in [14] using metallic filler materials. Authors of the
study proved that the filler materials increase the load-bearing capacity. The
velocity in the electromagnetic joining process is also studied in the literature.
An example of the joining of Al tube to steel rods have been established in [15],
it shows that the velocity of the joining reaches a maximum value of 500m/s.
The same research team studied the velocity in the joining of steel to steel tubes
[16]. In this case, the speed reaches 360m/s.

To the best of our knowledge today, very little research has been done on
the exact Lorentz force needed for the whole process. Most of this research has
been performed experimentally [17] or by numerical simulations using FEM [18].
For the analytical studies, the method has been based on the calculation of the
inductance of both the primary coil and the work-piece to determine magnetic
pressure is performed in the following studies [19, 20]. A significant part of our
research in this paper is focused on the calculation of self and mutual inductance

of both the coil and the work-piece. This leads us to determine analytically the
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radial Lorentz force needed to achieve the desired deformation. Thus, using
the stress/strain modeling of the material of a work-piece, specifically a model
that involves a high strain rate deformation of metallic parts, we can predict
the velocity of the deformation, the displacement and finally the final shape of
this work-piece. This part of the study is not concluded in the paper However,
it is considered as part of future research work. Previous research worked on
defining self and mutual inductance of complicated geometries using three di-
mensional configurations which are presented in [21, 22]. Another critical study
has been developed in [23] using Bessel functions to calculate the inductance
of non-coaxial coils. Regarding the Lorentz force, the authors of [24] identify
a three dimensional analytical case where they have investigated the mutual
Lorentz force of two thick coils using Biot & Savart’s law. This study found
that the force decreases when the distance between the two coils increases, while
the maximum force is reached when the distance is the minimum possible. Since
there is no contact between the coil and the tube, we consider this process as an
energy transfer system. In the same vein, a thesis based on the same principle
presented a wireless energy transfer in a system which rotates on two axes us-
ing air transformers [25]. In this thesis both mutual inductance of coaxial and
non-coaxial rectangular or circular coils are investigated. In the same field of
electromagnetic forming, a case study is based on 1D analytical modelling of
the coil and determines the electro-mechanical parameters by defining the mag-
netic vector potential [5]. Together these studies provide valuable insights into
the electromagnetic crimping process and the parameters needed to be defined
before using experimental setup applications. Compared with studies that have
been already developed in the literature, the main advantage of our study is
that the analytical method is based only on the geometry of the coil to measure
the current in the coil and other electro-mechanical parameters of the electro-
magnetic crimping process. There are several important areas where this study
can make an original contribution to the electromagnetic forming processes. A
specific objective of this study is to predict preliminary the voltage load and

the geometry of the work-piece before performing experimental measurement
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and starting to produce the final product industrially. It can also predict the
velocity of the crimping process, which will help to automate the process.

The remainder of this paper is as follows: Analytical modelling theory is given
in section 2, where we calculate the mutual inductance between the coil and the
tube. In addition, we compute the magnetic field generated in the working zone
and the Lorentz force applied on the tube. Section 3 presents the numerical
method using FEM and BEM. This method predicts the magnetic pressure re-
quired to produce the final shape of the work-piece after the crimping process.
Numerical simulations are performed using coupled mechanical, thermal and
electromagnetic solvers in LS-DYNA software [26, 27]. Results of both studies
are detailed in section 5, where we focus mainly on comparing Lorentz force
both analytically and numerically. Section 6 is the conclusion and gives some

perspectives and future directions for this work.

2. System analytical modelling

In the electromagnetic pulse generator, the interaction between the coil and
work-pieces is performed by the mutual inductance and mutual Lorentz force.
Furthermore, the eddy current generated in the tube is based on the magnetic
field generated itself by the coil. The Lorentz force acting on the tube is due to
both the magnetic field produced by the coil and the eddy current in the tube.
Using the electrical scheme of the EMPG represented in figure 2, we develop an
analytical model based on the Neumann formula of mutual inductance between
two circular coils. This model will be used to specify the Lorentz force and its
impact on the tube deformation. This method enables the calculation of the
self and mutual inductance using only the geometry of the main coil, and it de-
termines the current using these parameters. The calculation method expresses
precisely the Lorentz force needed for a specific deformation of the work-piece.
To establish the current pulse shape in the coil, we begin by giving an overall
equation of the current based on an RLC circuit study using an experimental

measurement of these parameters. Then, we develop an analytical method for
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the mutual inductance and self-inductance inside the massive coil. The purpose
here is to give the exact current shape using only the coil geometry. This result
will allow us to express the magnetic field and Lorentz force analytically in a

short period of time compared to numerical analysis.

2.1. Electrical scheme of the EMPG

The main electrical scheme that explains the circuit of the process is illus-
trated in figure 2. The capacitor Cy represents the bank capacitors. The coil
is expressed by an RL series circuit (R is the resistance of the coil, and L is
its inductance) conducts a current I., while the tube, conducts the current Iy,
is expressed by an RL series circuit (L; is the inductance of the tube and R;
is its resistance). The current is conducted by coaxial cables (24 cables) which
connect the bank of capacitors to the main coil. The electrical scheme of these
conductors is also an RLC' circuit, presented by Cs, R. and L. and represent,
respectively, the capacity, the resistance, and the inductance of the cables. In
figure 2, we represent the total inductance and resistance of the primary circuit,
which are L, = L.+ L and R, = R. + R. The resistance, self and mutual

inductance of the scheme is calculated in the next section. In figure 2, the

c: Met |

Capacitors bank + spark-gaps Cables + Massive coil Workpiece

Figure 2: Electrical scheme of the EMPG

coil and the tube acts as an air transformer, which is governed by Eq. (1). The
voltage V. is defined using the mutual inductance M,; between the coil and the
tube. V. and V; are respectively, the voltages in the capacitor C; and in the

tube. Using Laplace transfer, we get the resulting expressions in Eq. (1).

Ve(p) = Va(p) + Rple(p) + pLyple(p) + pMet It (p)

Vi(p) = Rily(p) + pLili(p) + pMetl.(p) =0
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From V5(p) and V;(p) expressed in Eq. (1), we get the following expressions for
currents I, and I;.
M,
I(p) =~ o Le(0) o)
I.(p) = —p C1Ve(p) = p C2Va(p)

During the procedure that we followed, the parasitic capacitance in the coil
is considered very small and does not have a significant effect on the current
pulse. Therefore, we ignore the parasitic capacitance during the calculation of
the current. I. symbolizes the current pulse flowing through the coil, and I; is
the current generated in the tube.

From Eq. (1) and Eq. (2), we obtain the differential equation (3). It expresses
the electrical behavior of the EMPG.

C C do.(t
R+ Syu0) + (L1 + 5) + ByRyCy) 28
CQ CQ dt (3)
d2v.(t dBo(t
(RpLi + Ly Ry)Cy dtg( ) + (LiLy — M%) Ch dt?’( ) =0

In what follows, we begin the numerical simulation by injecting the computed
current pulse into the coil in order to deform the tube. It is worth nothing that in
the analytical section, the current settings calculated in the numerical analysis
do not serve for the results. Only the peak of the current is computed using the
self and the mutual inductance and depending only on the coil dimensions and

the input voltage.

2.2. Self and Mutual Inductance

Mutual inductance is considered as one of the most useful parameters in
numerous applications such as generators and transformers [28]. Therefore,
since we have noticed an air core transformer system in our EMPG system,
we have developed the following method; by identifying the mutual inductance
between the coil and the tube. The massive coil and the tube’s geometry are
illustrated in figure 3. It is important to clarify that the geometric structure of
the pieces is based on the experimental research in our previous studies [3, 4].

The current in the massive coil and the field shaper, represented in these studies,



circulates only in on the interior surface of the tube. Consequently, this massive
coil can be replaced by a one-turn coil, as illustrated in figure 3. R; and R,
represents the inner and outer radius of the coil respectively while R3 and R, are
respectively the inner and outer radius of the tube. The current is injected into

two bars located at the gap of the coil represented by C in figure 3. To begin this

Figure 3: Geometric representation of the coil and the tube

process, we represent the coil or the tube in figure 4. First, we consider a hollow
cylinder with R;; as an inner radius and R;s as an outer radius while its length
is Zjo — Z;1. The cylinder generates a resistance Rs; and a self-inductance L;.
Before computing the mutual inductance, we begin by using the expression of the

self-inductance L;. The method adopted in the calculation of the self-inductance

AN Coil /tube /
N

Figure 4: Representation of a hollow cylinder

L; has been developed in [29] for a rectangular coil, and expressed with the
Cartesian coordinates z,y, z using a sextuplet definite integral. However, since
we are using a cylinder coil in our study, the calculus will be developed with

cylindrical coordinates. Therefore we give the following expression of L; as



presented in Eq. (4).

i = InS? Qi (4)

where S? = (Ria — Ri1)? (Zia — Z;1)? is the rectangular cross section surface.

Q; is expressed using the following definite integrals as shown in Eq. (5).
/27r a/ i2 / i2 /R12 /RZZ rR COS(@)deTdZdZdQ
Zin Ri JRn \/r2 + R? —2rRcos(f) + (2 — Z)?
(5)

In the analysis method, the integral of @); on 6 is performed between a and

2w — «. Since the coil has a gap (C) for current input and output, o # 0
represents the angle at the beginning of the coil at the gap while in this case we
perform the inductance of the tube whith a = 0. As a result, the primitive of

Q; is given in Eq. (6), and its integral is expressed by Eq. (7).

Qi =Qi[r(2),1(2), 2(2)] — Qulr(1),1(2), 2(2)] — (Qu[r(2), (1), 2(2)] — Qu[r(1), (1), 2(2)])

— (Qulr(),12), 5(1)] — Qulr(1), 1(2), 2(D)]) — (Qlr(2), 11), 2(1)] — Qulr(1), (1), (1))
(6)
where, (1) = Rj, 7(2) = R, 0(1) = «, 0(2) = 27 — «, 2(1) = Z;; and

Qi = % [g <7"4 (1 _sin’20) 3 cos2(0) sin2(9)> +22(2% - 3r2)> N

2

. in(6) cos(0)
— 12r* 2 sin(0) cos(6)z2 arctan <sm(>
(6) cos(6) e

0
+ sin?(f) arctan (COS()Z> + cos?(6) arctan ( sin(0 )
sin(0)v/r? + 22 cos(f 7‘2 + 22

— 3r cos(@)(r2 sin2(9)(7"2 sin (0) 6z + 2 )) In(r cos(0) + /72 + 22)
)+

— 3rsin(0)(r? cos?(0) (% cos? () — 62 + z*)) In(r sin(9

Yo} (1 — Suﬁﬁ — 6cos?() sin2(9)) In(z + \/Tz—f——zz)}

r2 + 22)

(7)
In the second step we calculate the resistance Rs;. To do so, Rs; of each piece

is calculated using the following expression Rs; = p.%, where [ represents the

length of the wire of each conductor, S is the cross-section area, and p represents

10
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the electrical resistivity of the material. Based on this formula, the resistance
is expressed by Eq. (8).

7T(R2 + R1>
(Re — R1)(Z2 — Z1)

Rs; = p. (8)

After calculating the resistance, the next step is the calculation of the mutual
inductance M,.; between two coaxial hollow cylinder coils represented by the
tube and the coil using Neumann formula. Figure 5 shows a 3D configuration
of the coil in situ with the tube. The blue hollow cylinder (external piece)
represents the coil of length Zs — Z7 while the red one (internal piece) represents

the tube of length Z, — Z3.

Figure 5: 3D Representation of the tube and the coil

According to a study developed by [28], the mutual inductance M,; is given
by Eq. (9). The parameter Q) is expressed using integrals along r, R, z, Z and
0 as given in Eq. (10).

_ Ho
Mer = (Ro — R1)*(Z2 — Z1)*(Ra — R3)*(Z4 — Z3)? “ ©)

0— /” /22 /24 /R2 R rR cos(0)dRdrdZdzd6 10)
o Jz. Jzy Jr, JrRs T2+ R%—2rRcos(f) + (z — Z)2

After integrating along 7, R, z and Z, the expression of () becomes:

Q:/ G[R1,R2,R3,R4,Zl,ZQ,Z3,Z4,9]COS(9)d9 (11)
0

where

G=[[F(r,R, 2 2,0) )R] 27, (12)

11



Since F(r, R, z, Z, 6) cos(#) presents singularities at § = 0 and , the integral
along 6 is solved using Newton cotes method of 1% order (Trapezoidal Rule)

and L’Hospital’s rule as expressed in Eq. (13) and in Eq. (14).

_b—a

5 [ F(r,R,z,Z,a)cos(a) + F(r,R, z, Z,b) cos(b) ]

(13)

b
/ F(r,R,z,Z,0) cos(0) df

(z— Z)(;Q — B In[z—-Z4+Y]+ 7('2 —

6
_ 2 _ 2
%Ri” In[R—r+Y] - %(ﬁ +3rR+ RY)Y—
V(-2 (Y2 rR 302+ R?)
20 9 3 2

Z)?

giI%F(r,R,z,Z, ) cos(0) = 3 Infr — R+ Y]+
—

— 7 2 p2)2
lim F(r, R, z, Z,0) cos(d) = — (2 )(r? — R?)
0—m 3
-7 2
B %(7‘3 + R*)Infr + R + X]
2
O 6 -+ )X+

X(z—Z2)? (X2 TR 3(r2+R2))

20 9 3 2

In[z — Z + X]

(14)

where: X = \/(r+ R)2+ (2 —2Z)2and Y =/(r— R)2+ (2 — Z)2.

s Based on the resistance, self-inductance and mutual inductance equations of the
coil and the tube, we calculate the current in the next section. In addition, we
define the magnetic field, Lorentz force and magnetic pressure, operating on the

tube during the crimping process.

2.3. Governing equations of magnetic parameters

Dynamic deformation of metal pieces during welding or crimping is due to
the magnetic loading condition. This deformation is obtained from the mag-
netic pressure which is, itself, generated by the Lorentz force [30]. To predict the
required Lorentz force for the tube’s crimping, we used a theoretical approach

based on mutual forces and Biot & Savart’s law in the working zone and the

12



current in the coil [31].

The current in the coil is calculated as stated in Eq. (2). From this equation,
we extract the magnetic field strength using Biot & Savart’s law at the point
M (r, z) referring to figure 5. The magnetic field is expressed in Eq. (15). This
allow us to establish the expression of the magnetic field at a point M (r, z) in
the working zone. This means that the red tube represented in figure 5 is not

taken into account while calculating the magnetic field.
I

The current density J flowing through the coil is expressed by: J = ,
y g g p y (Z2_Zl)(R2_R1)

and the magnetic field is expressed by:

ﬁ(M):%///Vfdﬁ/\(—VG(r“]ﬁ)) (15)

G represents the Green’s function in 3 dimensions. Supposing a point M (7, Z, )

that belongs to the coil, G will be given by the following equation:

A = —— = = 1

|7 — '] \/7'2 + 72 — 2r7 cos(A) + (z — 2)2

Therefore, the gradient of G is expressed as follows:— VG (Flr') = F-r!

|7—r|3
The radial and axial components of the magnetic field, represented respectively
by H, and H, are expressed in Eq. (16).

Hy(r,2) = - " /QW_Q /Z2 (2 — 2) cos()Fdidfz
U dAr Jry Ja 2, (P2 472 —2ricos(0) + (z — 2)2)3/2

(16)

m.(n) = | " /a e /22 (7) — r cos()rdrdd:

T 4r Ry 7z, (12472 —2rfcos(0) + (2 — 2)2)3/2
After integrating along 7 and Z, final expressions of H, and H, are given in

Eq. (17). The integral along 6 is done such as o < § < 27 — av.

2 2T—a
H,(r,z) = % Z (—1)t+k {¢((a +b)K (k) — aE(k)] +/ \Ilrdﬂ}
i,k=1 a
2 2r—o
.02 = 2 S o] [l dhas
i,k=1 «

13



with:

W, = rcos?(0)In[d + ]

(18)
W, = rcos(f) In[f + ¢] + varctan(% sz(e)) — zj +varctan(%)
Other parameters are defined as follows in table 1.
Table 1: Electrical parameters
a b c d f k v ¢
24?4 (2 —2)? | 2rm a—beos(d) | ri —rcos(f) | z—z | rsin(f) | rsin() | 2¥e=b

The expressions of elliptical integrals K (k) and E(k) are given in Eq. (19).

K(k) = / SN S
0 \ 1-— ksin2(0) (19)

E(k) = /OTF/2 \/1— ksin?()do

The known formula of the magnetic induction B is expressed in the general
following Eq. (20).
B =uH (20)

where: H = H, .4, + H,.d,
In the work-piece, the current density J; is a function of B in Eq. (21). The
parameter r represents the variable radius inside the tube. For simplification
purposes, we suppose that the current density is uniform at each circle of radius
r inside the tube. ~

- 0B

Jt = _‘u 81" (21)

where p represents the magnetic permeability of the material of the tube. The

radial Lorentz force acting on the work-piece is given by the Eq. (22).
F=J xB (22)

To simplify Lorentz force expression, we try to reduce the size of the magnetic
field vector model as much as possible. In order to minimize the computational

resources and time needed to resolve the model, we use symmetry and boundary

14



conditions of the model. After performing the numerical simulation, we found
that the radial magnetic field H, ~ 0. Since the magnetic field vector B has
only the axial component B, and J: is perpendicular to é, the Lorentz force

may be presented by Eq. (23) [19].

F=—--B—=—-— . (23)

The final step in the analytical method focuses on the expression of the
magnetic pressure applied to the tube. Since in Eq. (23) we compute the volume
magnetic force, then the magnetic pressure will be presented by the integral of

this force along with the thickness of the tube as given in Eq. (24).

d
.P:i/ Fdy (24)
0

where d represents the tube’s thickness.
In the following section, we address a numerical method using FEM and BEM

approaches and based on the presented geometry of figure 3.

3. Numerical method

After representing the system with the analytical method, a numerical method
based on finite element method is performed to verify the analytical results of
Lorentz force and magnetic field magnitudes. To do so, we first study the elec-
tromagnetic field based on Maxwell equations and the electromagnetic solver
developed by LS-DYNA. From Maxwell equations, the current density is given
in Eq. (25) and the magnetic field is expressed in Eq. (26).

J=0E + J, (25)

B=pH=VxA (26)

where A is the magnetic vector potential. From Ampére’s law, we obtain the

electrical field E as expressed in Eq. 27, where ¢ is the electrical scalar potential.

E=-V¢— — (27)



185

190

195

200

-,

As we use Coulomb gauge: V(0A) = 0 and since there is no charge accumu-
lation, the charge density is p = 0. The parameter ¢ represents the electrical
conductivity of the conductor. As a result, the scalar potential verifies the
equations (28) and (29).

V(oVe) =0 (28)

04 - 1o L

00—+ VX (—VxA)+oVo=J, (29)
ot Ho

In this method, the expressions of the Lorentz force and the magnetic pressure
are calculated using the same equations (23) and (24) used in the analytical

method.

4. Numerical values of system parameters

4.1. Parameters of the EMPG

To address the current shape, it is crucial to state the EMPG parameters
that are given experimentally by the manufacturer of the EMPG as shown in
table 2. These parameters are taken into account in Eq. (3) to get the input
voltage and the current across the coil, as stated in figure 6. In this figure, the
current pulse corresponds to various voltage loads ( 2.5 KV, 5.5 kV, 8.5 kV).
The voltage 8.5 kV corresponds to the maximum load generated by the EMPG.

Table 2: EMPG parameters

(& L. R, Cy Maximum Energy
690 uF' | 44nH | 24 mQ | 2.112 nF 25 kJ

The current presented in figure 6 is obtained from experimental measure-
ments through the coil during the process. It is measured using a Rogowski
coil with a wide bandwidth (100 Hz to 5 M Hz). The cutoff frequency has a
value of 5 M Hz. For each output voltage unit measured, the Rogowski coil

has a conversion value of 128kA/V and its sensitivity is 7mV/A. This current
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Figure 6: Current pulse variation in the massive coil

wave is loaded directly by using two bars inserted in the 3D model of the coil
of the numerical simulations. The frequency f of the current pulse produced by
8.5 kV load is f = 20 kHz as shown in figure 6 and the current peak is about
580 kA. At 5.5 KV, the current peak is 400 kA and at 2.5 £V, we reach 190 kA.

4.2. 3D Modeling parameters

Material parameters used in analytical, simulation and experimental meth-
ods are given in table 3. In the finite element analysis approach, the Lorentz
force is used as a load on the tubes to model their deformation in 3D. During
the process, we used a coil made of a copper alloy called siclanic® and a tube
made of aluminium. Aluminum and siclanic® parameters have been addressed
in [32].

As for the finite element analysis, the meshing of the coil and the tube is made
only of hexahedron elements. The coil is decomposed to 3200 elements while
the tube has 8000 elements. In order to minimize the simulation’s duration, we
used BEM approach to mesh the air in the system. The boundary conditions
are defined only in the elements close to the gap (C) presented in figure 3. These

elements are used as the input and output bars of the currents injected the coil.

17
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Table 3: Materials parameters

Materials
Siclanic ® | Aluminum
Parameters

Mass density (kg/m?) 8900 2700

Electrical resistivity (£2.cm) 3.95¢7¢ 2.29¢7°
Electrical conductivity (S/m) 5.8¢" 3e”
Young’s modulus (GPa) 130 68.9
Poisson’s ratio 0.29 0.33

5. Obtained results

In this section, we report our obtained results during the analytical and
the numerical simulation phases and give the most significant parameters and
variables that impact the tube crimping process. It should be noted that the
study of the impact of the tube’s thickness is not addressed in this paper.

5.1. Numerical simulation results

The first set of analyses examine the impact of the voltage load on the tube’s
deformation and crimping at the current peak. In this section, The results are
established using the following geometry configuration: R; = 11 mm, Ry =
11.5 mm, R3 = 10 mm and R4 = 10.5 mm. The following numerical simulation
gives the results about the tube’s crimping at 8.5 £V voltage load. Figure 7
represents the coil-tube setup and shows the crimping process of the tube.

Figure 8 gives the current density magnitude during this process. The cur-
rent density distribution is referring to the generated eddy currents due to the
magnetic field induced by the massive coil. These figures represent the tube’s
radial deformation at 4 ps (8.a),8 us (8.b),14 us (8.c) and 22 us (8.d). The
results obtained from these figures demonstrate that the current presents a high
and an intense magnitude and is mainly concentrated at the center of the coil
and the tube. This result is explained by the fact that the current always pur-

sues the shortest path in the conductor. From figures 8-b and 8-c, the current

18



240

245

250

255

LS-DYNA keyword deck by LS-PrePost
Time = 1.9999-005

N

dx

Figure 7: Representation of the tube’s compression at 20 pus.

density shows higher magnitudes in the outside periphery of the coil and the
tube which is due to the variation of the current pulse.

The Lorentz force distribution is plotted radially and axially in the pieces.
Figure 9 illustrates the distribution of the Lorentz force radially in the coil and
the tube. As shown in these figures, the Lorentz force is always increasing from
the inside to the outside surface of the tube. This is explained by the fact that
the magnetic field magnitude is decreasing from the inner radius of the coil to
its center. Figure 10 provides a general scheme of the process development, it
represents an axial deformation and Lorentz force distribution in the tube at
4 us (9.a),8 ps (9.0),14 ps (9.c) and 22 ps (9.d). It presents the variation of
Lorentz force magnitude during the deformation process. What stands out in
both figures 8 and 10 is the concentration of both Lorentz force and current
density on the interior surfaces of the coil and the tube, that is to say in the
working zone.

A positive correlation is found between them by numerical analysis. Further-
more, an interesting result is the skin effect in the deformation area of the tube
and also on the interior surface of the coil. However, the deformation is almost
entirely uniform except in the gap between the input and the output bars. This
gap impacts the final deformation as it should be minimal in order to produce
a uniform magnetic field inside the coil and uniform shape of the tube. It is to

be noted that the initial gap between the coil and the tube changes the results
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Figure 8: Current density magnitude distribution during deformation at: a) 4 ps; b) 8 us; c)
14 ps; d) 22 ps.

of the crimping process. The maximum values of Lorentz force and magnetic
pressure are reached when this gap is initially set at the minimum possible.

To analyze the impact of the voltage load on the deformation of the tube,
three figures are represented in figure 11 and illustrate the tube’s deformation
and the Lorentz force distribution for 2.5 £V, 5.5 KV and 8.5 kV voltage loads
at 22 pus. These figures proves that the Lorentz force is increasing when the
voltage is higher. This leads to produce higher pressure on the tube and as a
result a strong crimping.

Afterwards, we can find radial Lorentz force, magnetic pressure as well as
the velocity variations in one element of the tube. This element is located at
the front edge of the outer cylinder of the tube. The main characteristics and
variables of the process are shown in figures 12 and 13 illustrating respectively,
the development of Lorentz force magnitude and magnetic pressure over time
at the center of the coil and in the tube-coil working zone.

Magnetic pressure, Lorentz force and velocity are obtained at the outer ra-
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Figure 9: Representation of the Lorentz force distribution radially during deformation at: a)

4 ps; b) 8 us; ¢) 14 us; d) 22 ps.

dius of the tube, exactly at the finite element with coordinates =, y, z = 0,10.5, 0.
At this point, both magnitudes are maximum for each voltage load, while we
notice the minimum at z,y,z = 0,—10.5,0 corresponding to the gap of the
input and output bars of the current. This result indicates that the Lorentz
force increases if the gap between the coil and the tube decreases. Therefore,
in order to obtain the maximum deformation, the gap needs to be very small,
which enables us to have the maximum magnetic impact on the work-piece. In
the results illustrated in figures 12 and 13, we observe a time difference between
the peaks in the graphs. A possible explanation for the magnetic pressure peak
might be that it is based on the force variation in the element’s thickness. The
pressure is produced due to the Lorentz force applied on the cross-section of
the tube, and we cannot say that its peak should correspond exactly to the
peak of this force at the same time. Another interesting finding was that the

Lorentz force peak is not generated at the same time as the peak of the current

21



L

< orentz force magnitude)
MIn=276965,at elem 61139
AX-B.4TT16408,at leme 63343

YNA keyword deck by LS-PrePost
270006

(@)

LS-DYNA keyword deck by LS-PrePost
T 50-005

(c)

Lorentz force (magnitude)

Lorentz force (magnitude]

LS-DYNA keyword deck by LS-PrePost
06

Lorentzforce (magnitude)

Sies - A— -
St
49200108 407, at el 63629 7340007
prisavg srsear
by bl
bty by
v Jrios
oy i pribuly |
16436008 3 1 1.246e407
tossascn I o
s T i |
prliaes I proaity

M

LS-DYNA keyword dec}
Tima = 21998005

s of orentz forc

23508407
24150407
18808407

2 ssn-ons]
30srentn

(b)

Kby LS-PrePost
Lorentz force (magnitude]

Ca mognitude)
min=160532,at lem 45827
AX=5.262666+08, 3t elemd 63430

Ssstasan

! zunm]
15056500

(d)

Figure 10: Lorentz force distribution in the outer surface of the tube at: a) 4 pus; b) 8 us; c)

LS-DYNA keyword deck by LS-PrePost
005

Time = 2.1987e.

Lorontz forco (magnitude)

Contours of Lorentz forco (magnitudo) 19870504

min=0,00111586, atelom# 51107
‘max=19872.5, at lom# 52310

. vn.mA]
5900504 |
12910504
ts2es04_
as360%03 |
oy
ss62003 |
as750003

. g.y.m]
1116003

Figure 11: Lorentz force distribution for various voltage loads:

LS-DYNA keyword deck by LS-PrePost

Time= 220-005

14 ps; d) 22 ps.

Contours of Lorentz force (magnituda)
min=0.00659804, at elem# 51107
max=157744, at elem# 53530

8.5 kV

Lorentz forca (magnituda)

LS-DYNA keyword deck by LS-PrePost
Tma = 2100005 Lorentz fores magritude)

15770005
' 420»05:'
12620005 |
1040005 _
4550004 _
e
ca100v04 |
aTazevns |
a1ssev0s

' sn..m]
6588002

a) 2.5 kV; b) 5.5 kV; ¢)

pulse. This discrepancy could be attributed to the fact that the Lorentz force

290

is produced due to the magnetic field B generated by the coil and the current

density in the tube, this current density is based on the current I; in the tube

expressed by the previous Eq. (2). As mentioned in this formula, I; expresses a
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phase shift of 7/2, and therefore, the Lorentz force also presents a phase shift

according to Eq. (22) which may explain the time difference between the current

and the force plots.

In figure 14, we represent the velocity variation at various voltage loads.

The results show that the deformation velocity is higher when we apply the

maximum load.

T T T T T T T
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Figure 14: Variation of the velocity at 2.5 £V, 5.5 kV and 8.5 kV

At 8.5 £V, we reach a high velocity of 420 m/s while at 2.5 kV, we reach

25 m/s which explain the non deformation of the tube at this load. At 5.5 kV/,

we reach a velocity of 150 m/s. To validate the velocity data in this field, we

compared our results to some existing experimental studies that are cited in

the introduction section. In [19], the velocity measured using a Photon Doppler
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Velocimetry (PDV) system reaches 160 m/s at about 8 £V and a current peak
of 300 kKA. This result corresponds to the one where the load is 5.5 kV. The
difference between the two results may be due to the coil and the tube’s geometry
but as well as the EMPG parameters. In the study conducted by [8], the velocity
reaches experimentally 300 m/s with a current peak of 300 kA. Furthermore,
the velocity reaches about 270 m/s at about 380 kA in [20]. All these results
show that this process produces a very high velocity to reach the deformation of
the work-piece. However and to the best of our knowledge, we did not find the
same coil geometry in previous studies and consequently, we cannot precisely

conclude the validation of our results using previous experimental researches.

5.2. Analytical results

This section aims to compare the two results (numerical and analytical) and
to examine the electrical parameters of the coil and the tube. It is worth nothing
that results provided in this section present only the magnitude of each parame-
ter and do not give their variations at any time during the crimping process. The
following results are given for radius Ry = 11 mm, Ry = 11.5 mm, R3 = 10 mm
and Ry = 10.5 mm. For the geometry configuration as represented in figure
3, we begin by stating the self-inductance, resistance and mutual inductance of

the tube and the coil as stated in the table 4.

Table 4: Electrical parameters of the coil and the tube

L(nH/m) | R(mQ) | Li(nH/m) | Ri(mQ) | My(nH/m)
6.5 1.74 1.75 6.4 1.37

The results obtained from the table above gives an insight into the coupling

coefficient K = \/A% of the system. In this case, it has a value of 0.4. This
result is very significant as it specifies how the magnetic flux produced by the
coil will interact with the tube.

The second set of results focuses on the analytical method where the load
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voltage is 8.5 kV. For this value, the current magnitudes I. and I; in both the
coil and the tube are given respectively by I. = 2.43e3 kA and I, = 1.009 kA.
Using Eq. (26) B = uH, the magnetic field magnitude B, which is generated in
the outer radius of the tube at the deformation area, has a value of B = 63.76 T,
while at the inner radius of the tube, it is about B = 69 T. It is apparent
from this data that the magnetic field generated in the coil-tube gap is very
intense. These parameters are decreasing when the voltage load is decreasing.
If we now turn to Lorentz force and magnetic pressure acting directly on the
tube, we find remarkable results; as follows: the Lorentz force magnitude at
the outer radius of the tube is about F' = 625 GN while the magnetic pressure
is about P = 0.16 GPa. At 8.5 kV, both magnitudes increase from the outer
radius to the inner radius of the tube. Consequently, we find that at the inner
radius, Lorentz force is about 639 GN while the magnetic pressure is about
0.193 GPa. However, at 2.5 kV and 5.5 £V, we found that these parameters
are decreasing from the inner radius to the outer radius of the tube. These
results may be explained by the fact that the magnetic field reaches maximum
values at the inner radius of the tube. As for the numerical simulation results,
the Lorentz force at the outer radius is about 654 GN while the magnetic
pressure is 0.17 G Pa which corresponds to the analytic results. The last part
of the results is illustrated in figures 15 and 16. It provides a comparison of the
Lorentz force (figure 15) and the magnetic pressure (figure 16) analytically and
by numerical simulation at the outer radius of the tube.

From these figures, we conclude that the analytic results are almost similar
to the numerical ones at 2.5 kV and 8.5 kV. However at 5.5 £V, according to the
numerical results, we observe a significant error of 15% precisely in the magnetic
pressure. As a conclusion, these results suggest that there is an association
between the analytic model and the numerical one. They also provide important
insights into the modeling of the process based on the electrical parameters of

the coil and the work-piece.
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6. Conclusion and perspectives

The main objective of this study is to identify Lorentz force and the magnetic
pressure analytically and by numerical simulations in the case of crimping a
metallic tube using an electromagnetic pulse generator. The most prominent
finding to emerge from this study is that both methods give a maximum value of
the force when the voltage load is higher. The first contribution is to determine
the analytical Lorentz force applied to a metallic tube. The analytic method has
identified the self-inductance and the resistances of the coil and the tube as well
as the mutual inductance. The second contribution of this work was dedicated
to the numerical method based on Maxwell equations, where the results of the
deformation pattern are estimated numerically. The findings reflect those of a
similar study of the tube crimping process by a multi-turn solenoid coil [18].
The maximum magnetic pressure P,,, found at 8.5 kV is P4, = 0.17 GPa.
This value provides a higher deformation of the tube. In the current research
work, the numerical and analytical findings give almost the same Lorentz force
magnitude at the coil-tube working zone as well as the magnetic pressure except
at 5.5 kV load where we observed a significant error in the magnetic pressure
results. These results provide a strong hypothesis that our model presents the
parameters of the coil and the work-piece properly. A comparison of the two

results shows that both methods give the same results of both magnitudes.
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Overall, these results provide valuable insights into the representation of the
crimping process analytically since the amount of time for analytical calculations
does not exceed 3 seconds. However, the numerical method is very demanding
in terms of computing time (about 3 hours). The main weakness of this study
is that the analytical model does not consider the variation through time of
the magnetic parameters in both the tube and the coil, which could be usefully
explored in future research work. Furthermore, instead of the crimping process,
an additional study could assess the electromagnetic pulse welding process using

the developed methods in this paper.
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