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Abstract

Project Code MRG5080229

Project Title Modeling of Twisted Superconducting Filaments by Finite Element
Method

Investigator Dr.Thitipong Satiramatekul

Faculty of Engineering at Kamphaengsaen

Kasetsart University, Kamphaengsaen Campus

E-mail Address thitipong.s@ku.ac.th

Project Period 2 years

Abstract

The objective of this research is to develop a computer program in order to describe the
phenomenon or the properties of superconductor, the magnetization, the density of
magnetic field, the electric current density, and the losses due to the hysteresis of the
electrical cable which consists of several superconducting filaments twisted inside it.
Beginning to study and analyze the electromagnetic problem, then to create a model of
twisted superconducting filaments with a computer program in Fortran language and by
using the finite element method in order to solve the problem, and then to show the
graphic results with Matlab program. The results of this research can be applied in
many industrial areas, and also can be used for continuing research of the computer

program developing for solving complex problems of twisted superconducting filaments.

Keywords Modeling, Finite Element Method, Superconducting Filament
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Modeling of Twisted Superconducting Filaments by Finite Element Method
Satiramatekul, T.l*, Bouillault, F.2, Homsup, N

'Department of Computer Engineering, Faculty of Engineering at Kamphaengsaen,
Kasetsart University (Kamphaengsaen Campus), Nakhon Pathom, Thailand
Laboratoire de Genie Electrique de Paris, CNRS UMR 8507, Supelec, Gif sur Yvette Cedex, France
’Department of Electrical Engineering, Faculty of Engineering, Kasetsart University (Bangkhen Campus),
Bangkok, Thailand

Abstract

At present, the finite element codes have been developed to solve the electromagnetic problems.
In particular, they have been used to analyze the electromagnetic coupling between twisted
superconducting filaments in a wire. In reality, the superconducting filaments are contained in a
matrix which is much less conducting than the superconductor. There are then currents which
circulate between the filaments through the conductive matrix. Consequently, the filaments are
coupled between them. By twisting these superconducting filaments together, we can reduce the
coupling between them. With a certain value of the twist pitch, the filaments will be totally
decoupled between them. The magnetization obtained for coupled superconducting filaments is
greater than one obtained for decoupled superconducting filaments. The aim of this work is thus
to model the twisted superconducting filaments, and then simulate it. For that, we use a
macroscopic model which obtained from Bean’s model and the finite element method for
numerical simulation. This work is separated into four parts. The first one is to study the problem
and search the information. The second is to create a model and test it. For that, we use the
FORTRAN programming language. The third is to keep the simulation results by running the
program. And the last one is to analyze the results and conclude the work. For that, we use the
graphic presentation from the MATLAB programming language. The results obtained by the
numerical simulation will allow us to define the coupling, partially coupling and decoupling
phenomena between the superconducting filaments.

Keywords: current density distribution, finite element method, magnetization, modeling, twisted
superconducting filaments

"Corresponding author.
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E-mail: thitipong.s@ku.ac.th



© Faculty of Engig

study
problem

/ analyze & /" make
compare Fortran
results code

filaments are contained in a
much less conducting than
tor. There are then currents whic ulate
between the filaments throug he conduc-
y, the filaments are !

coupled between them. fing k- ¢ make

superconducting filaments 2 Matlab
reduce the coupling bet 3 ‘

d model to selve

{  cxeeute
code &
slore data

Zone 1

Coordinates x and y (for z = -L/2)

Zone 2

Coordinates x and y (for z = +L/2)

Zone 3

Initial Problem Nodes elements (for z =-1/2)

Zone 4

Nodes elements (for z = +L/2)

Mesh Data File

CONCLUSION

The aim of this work is to model the twisted super-
conducting filaments, and then simulate it. For that,
we use a macroscopic model which obtained from
Bean’s model and the finite element method for
numerical simulation. This work is separated into
four parts. The first one is to study the problem and
search the information. The second is to create a
model and test it. For that, we use the FORTRAN
programming language. The ;
For R = 107 Partially Coupling simulation results by runnin :

last one is to analyze the results and conclu ‘
work. For that, we use the graphlc presentat’ )
the MATLAB programmin
obtained by the numerlcal

For R=10® - Decoupling

No. 10, 2005.



% []

unaadauazliainas
(@wsumsdsznaizans “wneulna. wu..a539ga1qla ana.” asefi 9
1 o A a fa ¢ ¢ ¢ °
IERI9INN 15 D9 17 Aa1AY 2552 o Tssusnaaaiagd Dt SN SLWN 1% Bza

INIALNYTY3)



Finite Element Modeling of Coupled Superconducting Filaments
Satiramatekul, T.l*, Bouillault, F.2, Homsup, N

'Department of Computer Engineering, Faculty of Engineering at Kamphaengsaen,
Kasetsart University, Kamphaengsaen Campus, Nakhon Pathom, Thailand
’Laboratoire de Genie Electrique de Paris, Supelec, Gif sur Yvette Cedex, France
Department of Electrical Engineering, Faculty of Engineering,
Kasetsart University, Bangkhen Campus, Bangkok, Thailand

Abstract

The objective of this research is to develop a computer program in order to describe the
phenomenon or the properties of superconductor, the magnetization, the density of magnetic
field, the electric current density, and the losses due to the hysteresis of the electrical cable which
consists of several superconducting filaments twisted inside it. Beginning to study and analyze
the electromagnetic problem, then to create a model of twisted superconducting filaments with a
computer program in Fortran language and by using the finite element method in order to solve
the problem, and then to show the graphic results with Matlab program. The results of this
research can be applied in many industrial areas, and also can be used for continuing research of
the computer program developing for solving complex problems of twisted superconducting
filaments.

Keywords: clectromagnetic coupling, finite element method, modeling, numerical simulation,
superconducting filaments
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Tel: 0-3435-1842; Fax: 0-3435-2853
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Topic: 7c¢ (Materials and Conductors for Magnets — Superconducting Strand and Cable

Characterization)

Magnetization Modeling of Superconducting Magnet

Thitipong Satiramatekul®, Frederic Bouillault®

a. Kasetsart University, Kamphaengsaen Campus, Nakhon Pathom, 73140, Thailand
b. LGEP, UMR 8507 CNRS, SUPELEC, Gif sur Yvette Cedex, 91192, France

In order to control the quality of magnetic field in the Large Hadron Collider (LHC) main magnets
at CERN, an examination of the magnetization in superconducting strands during its fabrication is thus
necessary. A better understanding of the variation of the magnetization in the superconducting strand
by a numerical simulation with the Finite Element Method (FEM) would be a useful contribution for a
better processing control. For that, a finite element program was recently developed at LGEP for
predicting the value of the magnetization [1], [2], [3].

Actually, the LHC main magnet is fabricated from superconducting strands. A strand consists of
several superconducting tapes embedded in a conductor, an Oxygen-Free High Conductivity (OFHC)
copper is chosen for its thermal and electrical conductivities. In order to approach the real problem, it is
then necessary to model the problem in three-dimensions. But to avoid a very high computing time
needed for solving the large number of elements required by three-dimensional modeling, a novel
two-dimensional modeling technique is proposed. This is to divide the superconducting strand into
elementary sections and to consider what happens in each section.

In this paper, the computation of magnetization of a strand consists of two superconducting tapes
immersed in a uniform magnetic field is studied. The numerical results are obtained from the program
developed with the FEM. Bean’s critical state model [4] is carried out to characterize the electrical
behavior law of superconducting materials. The magnetization cycle, the magnetic field and the current
density distributions are presented. The influence of strand length on the electromagnetic coupling
phenomena in the superconducting tapes is also considered. The obtained results are in good agreement

with the theoretical results shown in [5].

[1] T. Satiramatekul and F. Bouillault, “Magnetization of Coupled and Noncoupled Superconducting Filaments with
Dependence of Current Density on Applied Field,” IEEE Trans. Magn., vol. 41, no. 10, pp. 3751-3753, 2005.

[2] T. Satiramatekul, F. Bouillault and L. Santandrea, “Modeling of Magnetization Curves of Partially Coupled Superconducting
Filaments with Dependence of Current Density According to Applied Magnetic Field,” IEEE Trans. Magn., vol. 42, no. 4, pp.
887-890, 2006.

[3] T. Satiramatekul, F. Bouillault, A. Devred and D. Leroy, “Magnetization Modeling of Twisted Superconducting Filaments,”
IEEE Trans. Appl. Supercond., vol. 17, no. 2, pp. 3737-3740, 2007.

[4] C.P. Bean, “Magnetization of Hard Superconductors,” Phys. Rev. Lett., vol. 8, no. 6, pp. 250-253, 1962.

[S1 M. N. Wilson, Superconducting Magnets, Oxford: Clalendon, 1983, pp. 174-176.
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Finite Element Modeling of Superconducting
Magnet

Thitipong Satiramatekul and Frédéric Bouillault

Abstract—In this paper, the computation of magnetization of a
strand constituted of two superconducting square bars immersed
in a uniform magnetic field is studied. The numerical results are
obtained from the program developed with the FEM. Bean’s
critical state model is carried out to characterize the electrical
behavior law of superconducting materials. The magnetization
cycle, the magnetic field and the current density distributions are
presented. The influence of strand length on the electromagnetic
coupling phenomena in the superconducting square bars is also
considered. The obtained results are in good agreement with the
theoretical results.

Index Terms—Current density, electromagnetic coupling,
finite element method, modeling, superconducting magnet.

I. INTRODUCTION

N order to control the quality of the magnetic field in the

Large Hadron Collider (LHC) main magnets at CERN, an
examination of the magnetization value in superconducting
strands during its fabrication is necessary. A better
understanding of the variation of the magnetization in the
superconducting strand by a numerical simulation with the
Finite Element Method (FEM) would be a useful contribution
for a better processing control. For that, a finite element
program was developed at LGEP (Laboratoire de Génie
Electrique de Paris) for predicting the value of the
magnetization [1]-[3].

The LHC main magnet is actually fabricated from the
superconducting cables. These cables are formed from several
superconducting strands in parallel, a strand is a composite
wire containing thousands of superconducting filaments
dispersed in a normal conductor with suitably small electrical
resistivity properties, an Oxygen-Free High Conductivity
(OFHC) copper is chosen because of its thermal and electrical
conductivities, and NbTi is used as the superconducting
material.

In order to approach the real problem, it is appropriate to
model the problem in three-dimensions. However, to avoid a
very high computing time needed for solving the large number

Manuscript received 14 October 2009. This work was supported by the
Commission on Higher Education and the Thailand Research Fund under
Grant MRG5080229.

T. Satiramatekul is with the Faculty of Engineering, Kasetsart University,
Kamphaengsaen Campus, Nakhon Pathom, 73140 Thailand (corresponding
author to provide phone: +66-34-352-853; fax: +66-34-351-842; e-mail:
thitipong.s @ku.ac.th).

F. Bouillault is with the Laboratoire de Génie Electrique de Paris, UMR
8507 CNRS, Supélec, Gif sur Yvette Cedex, 91192 France (e-mail:
bouillault@lgep.supelec.fr).

of elements required by three-dimensional modeling, a novel
two-dimensional modeling technique is proposed. This is to
divide the superconducting strand into elementary sections and
to consider what happens in each section.

II. SUPERCONDUCTING MAGNET MODEL

A. Problem

In order to understand the influence of strand length on the
electromagnetic coupling in the superconducting filaments, it
is enough in a first time to study a sample case of one strand
composed of two superconducting filaments. In this paper, we
propose to treat an example similar to that of Wilson in [4].
Let us first consider a sandwich of normal conductor (NC)
between two square bars of superconductor (SC) immersed in
a changing external magnetic induction (B) applied to the y-
direction, as shown in Fig. 1.

|

Fig. 1. Sandwich of superconductor (SC) and normal conductor (NC) in a
changing external induction (B), as in [4].

2a 2a 2a

External Magnetic Induction (T)

e e

20 30
time (s)

10 40 50

Fig. 2. Alternating magnetic induction: triangular waveform at 0.025 Hz.
We assume that the external magnetic induction is changing

at a rate of B for a long time. In this case, the alternating
magnetic induction is a triangular waveform with B = + 0.1
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T/s and its frequency is equal to 0.025 Hz, as shown in Fig. 2.
The main current density in the superconducting square bar is
supposed to be in the z-direction.

To consider the current flowing in the conductor matrix
leads to three-dimensional problem modeling, we propose a
two-dimensional technique to study this phenomenon. This is
to divide the three-dimensional domain into several two-
dimensional domains and to consider the result obtained in
each two-dimensional domain. In this case, we divide the
problem in Fig. 1 into four sections. Only the half of length
(L/2) is studied due to the symmetry of the current.

If the total current in one of the superconducting square bars
at a distance z from the centre of the bar is I(z), there is some
of this current Al(z) cross over the OFHC copper matrix to the
other side between z and z+Az. The relations of the current
inside the superconducting square bar (/), the current crossing
the OFHC copper matrix (Al), and the voltage for each section
are obtained directly from Kirchhoff’s and Ohm’s laws.
Finally, we can express the relation between the current and
the electric field in the superconducting square bar in the
matrix form, as the following equation:

I, 8 6¢ 4c 2c
I, 6c 6¢c 4c 2c
1, Cl4e 4c 4c 2c
1

4 ¢c ¢ ¢ ¢

€]

1<)
o

=)
>

|
o

where the constant value ¢ = —L /(8R), R is the resistance of
the conductor matrix in each section whose value could be
calculated by using an electrokinetic formulation, and the
electric fields Ey; to Ey, could be obtained as in [3].

In our case, for the given geometry of the problem in Fig. 1,
the resistance between two superconducting squares bars of
each section could be approximated by R = 8§p/L where p is
the electrical resistivity of the normal conductor. Moreover, in
order to simplify this problem, we do not take into account the
resistivity effect between the superconductor and the normal
conductor interface.

B. Modeling

In order to reflect the physical reality, we impose the
boundary conditions of Dirichlet and Neumann on the edge of
the domain. In this case, these boundary conditions are: E = 0
(Dirichlet) on one side and 8F /on = OB, | ot (Neumann) on a

half of circle where B, denotes the tangential component of the
external magnetic induction. This last condition is imposed on
the fictitious boundary of the normal conductor (Cu) which is
made so that the distance from the center point is sufficiently
large in order that the reaction field naturally tends to zero
near the boundary of the normal conductor. For reasons of
symmetry of the problem, the modeled domain is limited to a
half of the problem (Fig. 3). To characterize the electrical
behavior law of superconductor, we use an altering Bean’s
critical state model [5] to get a well behaved graph, as shown
in [6]. For solving this problem, we propose a computer

2

algorithm, as shown in Fig. 4. The first process is to create a
geometric model of the problem as in Fig. 3 by using
SolidWorks®, then to generate a mesh and regenerate a
supermesh in several sections by using COSMOSWorks® and
Microsoft® Excel, respectively. The second process is the
Finite Element Method process. For that, we use and modify
an existed finite element program of LGEP. The results
obtained from this program are the electric fields (£) and the
potentials (V) (see in [1]-[3]). The final process is to calculate
the current density (J), the magnetic induction (B), and the
magnetization (M). J and B could be directly obtained from E.
For M, it is calculated from the value of J. And in order to
display the simulation results: the current density distributions,
the magnetic induction distributions, and the magnetization
cycles, we use a program on MATLAB®.

Dirichlet ——

Neumann

(Al dimensions in pm)

Fig. 3. Modeled domain of each section with imposed boundary conditions.
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(]
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Convergence
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FEM-process
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Calculate J, B, M
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Fig. 4. Problem solving processes by using a proposed computer algorithm.
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