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Overview

* Finite-element simulation

» Losses in accelerator magnets

* Modelling and simulation challenges
 Homogenisation of coils

« Homogenisation of lamination stacks
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Finite-element simulation

Vx (V7 xA) + 04 J
XV X g— =
ot > mesher
JA applied current density (coils) f
U reluctivity
o conductivity
A magnetic vector potential
B =VxA magnetic flux density
I = _0?3_A eddy-current density
© t >
1 - -
p=- Us +]e|2 loss density

J. » Ay - B, parasitic field FE solver -8 m

2nd order FEs, multigrid+CG, implicit Runge Kutta R i

21.09.2021 | TU Darmstadt | Institut far Teilchenbeschleunigung und Elektromagnetische Felder | Prof. Dr.-Ing. Herbert De Gersem | 3 'VE




) TECHNISCHE
- UNIVERSITAT
99r-> DARMSTADT

Losses in Accelerator Magnets

ramped/AC magnets
ramped magnets . Increase during acceleration
AC magnets . orbit corrections
losses in ramped/AC magnets
coll Joule losses
coll eddy-current losses
yoke eddy-current losses
yoke hysteresis losses
prevention
coll many thin wires, twisting, transposition
yoke many thin laminations

appropriate cooling
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Modelling and Simulation Challenges

time dependence
nonlinear material
steep ramping
-> adaptive time stepping needed
many geometric details (prevention of losses)
homogenisation inavoidable
coll conductor model
lamination bulk model for lamination stack
numerical accuracy
looking for a secondary effect - higher accuracy needed
spatial scale, related to skin depth - large FE mesh
temporal scale, related to ramping > many time steps

21.09.2021 | TU Darmstadt | Institut far Teilchenbeschleunigung und Elektromagnetische Felder | Prof. Dr.-Ing. Herbert De Gersem | 5




Overview

* Finite-element simulation

» Losses in accelerator magnets

* Modelling and simulation challenges
 Homogenisation of coils

« Homogenisation of lamination stacks

21.09.2021 | TU Darmstadt | Institut far Teilchenbeschleunigung und Elektromagnetische Felder | Prof. Dr.-Ing. Herbert De Gersem | 6 X IE' 7




TECHNISCHE
UNIVERSITAT
DARMSTADT

Rutherford Cable (1)

strand

= copper wire
Rutherford cable superconductive
twisted strands filament
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adjacency loop cross-over loop
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Rutherford Cable (2)

perpendicular flux
B, (r,0)

adjacency
resistance
parallel flux cross-over
B,(r, 0) resistance
ﬁe keystoning:
Jo, = Nturnslapp (7”2 —-T + r—= 7'1)
2 (r, —11)2 \ 2by 2b,
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Magnetic Flux Density

perpendicular B
magnetic field 8.

B{(T', 6

parallel
magnetic
field
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Adjacency Eddy Currents (1)

1. additional discretisation
for unknown electric field

b B0 = ) ug®E )

p iﬂ;@ q
,/ﬂ’ 2. adjacency eddy current density :
l/(, /

due to perpendicular io=g. (E  — 04
magnetic field pa —Tpa\rbPa - g5¢

3. netto current through 1, = 0

Ipaq = f Joa * €,V =0 } additional constraint !
Vq
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Adjacency Eddy Currents (2)

additional load term for additional constraint
magnetic FE model
da da
Ypa = Mpaa — ZpaUpa —Zgaa + GpaUpa = 0

% degrees of freedom for Upa

e oAl s L
Zg;a 0| dt [Upa 0 Gpa Upa u
Mpaij = fapawl W]dV

4
Zpa,iq j apawl Equ
4

Gpapq = j“pagp 561 dv’
4
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Adjacency Eddy Currents (3)

shape functions g?q (r) are
related (but not necessarily

equal) to the zones of current
redistribution

= - EZ .
Eq(1) = 7 in
Z

g?q (r) = O outside V

due to parallel
magnetic field

> T
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Adjacency Eddy Currents (4)

A/m?2
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adjacency eddy
currents due to
perpendicular
magnetic field
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Cross-over Eddy Currents (1)
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1. coupled flux

r 2. magnetisation

0pp(6)

Az(11,0) % time constant

qbp(g) - fz(Az(TZJ 6) o Az(rll 8))
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A/m?2 \ \B

Cross-over Eddy Currents (2)

cross-over eddy
currents due to

perpendicular
magnetic field
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Overview

* Finite-element simulation

» Losses in accelerator magnets

* Modelling and simulation challenges
 Homogenisation of coils

« Homogenisation of lamination stacks
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Homogenisation: Lamination Stacks

Ho
© XV VX X|TVX— oO— =
] ot ot °°
homogenisation with fill factor y
J’I
X Z
_ 1 0
reluctivity V= ( L 1 y) 1 + 1 0
Hre Mo o] Y#re T (1 =¥k 1
1 1
in-plane flux T=—yod? 1
2
0
_ 1
perpendicular flux & = yo‘[ 1 ‘ S. Koch et al.. 2008
0 J. Gyselinck et al. 1999

TEMF
\/
‘«//
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Example: FAIR SIS100 Magnet

40
T _ 0

35 |- W:det Y ok :930A’

13 J " — Ve = 9604

;30 + — Vo =98%
% 25 +10J 2
% 1.8
? 20 -+ 4l
— =12
g 15 50.513»
8_ 0.6
10 + 02|
0O

5 1
0 | | | | | |
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time / s + S. Koch, J. Trommler
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solution of 110 x 4 = 440

Example: FAIR SIS100 Magnet

relative error with o0 linear systems of equations
respect {o \ A3 O T
reference solution \ J_ |44 h @132 CPUs
. \\ b
S 107 7% SS =
degrees of freedom: S 1% error == 0.4 billion dofs
> m=) 0.3 million dofs
© \
2portoce 3 0] IS
\\ \® ~
- O(n~%/3) \ FE. va“’)
O 7.3h @72 CPUs |- \? — e
o 03 ‘
w0 10t 10°  10°  10°  10°

number of dofs
+ S. Koch, J. Trommler
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Overview

* Finite-element simulation

» Losses in accelerator magnets

* Modelling and simulation challenges
 Homogenisation of coils
 Homogenisation of lamination stacks 40
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