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Which code shall | use?
Introduction to 2D numerical design
How to evaluate the results

A brief outlook into 3D...

Typical application examples
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g JUAS
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2

Nurnerical cles

Joint Un

© Thomas Zickler, CERN

Common computer codes: Opera (2D) or Tosca (3D), Poisson, ANSYS, Roxie,
Magnus, Magnet, Mermaid, Radia, FEMM, etc...

Y [mm]
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Technique is iterative
— calculate field generated by a defined geometry
— adjust geometry until desired distribution is achieved

mw M‘

Advanced codes offer:

— modeller, solver and post-processors 9
— mesh generator with elements of various shapes - el B
— multiple solver iterations for non-linear material properties

— anisotropic material characterisation — ==

— optimization routines
— combination with structural and thermal analysis
— time depended analysis (steady state, transient)

FEM codes are powerful tools, but be cautious:
— Always check results if they are ‘physical reasonable’
— Use FEM for quantifying, not to qualify

Archamps, 17.-21. February 2014
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Whnicn cocle snall | use 7

2

© Thomas Zickler, CERN

Selection criteria:
— The more powerful, the harder to learn
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— Powerful codes require powerful CPU and large memory
— More or less user-friendly input (text and/or GUI, scripts)
— OS compatibility and lincense costs

Computing time increases for high accuracy solutions, non-linear problems
and time dependent analysis

— Compromise between accuracy and computing time
— Smart modelling can help to minimize number of elements

2D 3D
<
= e 2D analysis is often sufficient e produces large amount of elements
5 e magnetic solvers allow currents only e mesh generation and computation
i perpendicular to the plane takes significantly longer
5 e fast e end effects included
=8
R E e powerful modeller
25
2 <
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FE-codes — — Result evaluation — 3D-design — Examples — Summary
@ Nurnerical design process

o

Design process in 2D (similar in 3D):

Create the model (pre-processor or modeller)

Define boundary conditions, set material properties

Calculations (solver)

Visualize and asses the results (post-processor)

Optimization by adjusting the geometry (manually
or optimization code)
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Joint Universities Accelerator School

© Thomas Zickler, CERN

UNITS
Length smm
Flux density : gauss
Field strength : oersted
Potential : gauss-cm
Conductivity :Scm
Source density: A mm-
Power W
Force kgf
Energy J

tkg

Normal-conducting accelerator magnets

PROBLEM DATA
Linear elements
XY symmetry
Yector potential
Magnetic fields
16778 elements

14/Juni2009 13:56:12 Page 241
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2

CLIC DB Quadrupole V3c (T. Zickler)

Y[mm] 180.0
160.0
140.0
120.0
100.0
80.0
60.0

40.0

20.0

|
080 200 60.0 140.0

Model syrmrnetries

180.0

L
260.0
X [mm]

|
220.0

— Result evaluation — 3D-design — Examples — Summary

Joint Universit

UNITS
Length Smm
Flucdensity T
Field strength : A m
Potential “Wh m
Conductivity :Sm”
Source density. A mm?
Power W
Force "N
Energy d
Mass kg

PROBLEM DATA
Quadratic elements
XY symmetry
Vector potential
Magnetic fields
No mesh
39 regions

|21 Mayi2007 12:24:28 Page 415

Note: one eighth of quadrupole could be used with opposite symmetries

defined on horizontal and y = x axis
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Boundary conditions
QL ©
)
S5
© C
%0 (=
£ ©
-§ Error check display: Boundary of mesh with Material Boundaries
S 8000 & & A A A A A A A A A A AAAAAAALAAANAALAA UNITS
= ' A A Length Tmm
€ A Flux density  : gauss
5 Py Field strength : oersted
=2 A Fa Potential : gauss-cm
A P Conductivity :Scm
A Py Source density: A mm
A ri Power T
600.0— A A Force < kgf
A Energy o
é A Mass tky
Py
A Fiy
iy A
& A
- P
400.0 A PROBLEM DATA
A Bn=0 A Linear elements
— XY symmetry
v Bt=0 Fa Yector potential
A Magnetic fields
16778 elements
& 8532 nodes
200.0— i 4 regions
Fay
Fay
A
A
00— VYV TV ITITITITIIT T T T L
| | | | | |
0.0 200.0 400.0 600.0 800.0 1000.0
14/Juni2009 13:58:09 Page 251
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Data source: Thyssen/Germany

ge
ES : . . 9
Material properties JUA
E ﬁ CJ - — :J r) J r) - — S J Joint Universities Accelerator School
T E
o O
=
£ ©
g 1200-100A Permeability:
° Jvs.H ‘
S 0 Hz . ) . .
: 2 ’ — either fixed for linear solution
z -3 i /// — or permeability curve for non-
g 3 AT 1 R .
$$ // LU linear solution
53 . vtz — can be anisotropic
;;’ I // T — apply correction for steel packing
5% | factor
= / — pre-defined curves available
£5° / | -
28 | | Conductivity:
5% — for coil and yoke material
£ o .-(/ — required for transient eddy
2 ] / N A R current calculations
5 =5 )/ =t Mechanical and thermal properties:
g - quer . N
- 0 ' — in case of combined structural or
= 1 10 100 1000 10000 100000
= B St Wil e imh thermal analysis
g g Campo magnético (valor de cresta) (A/m) . . i
S § Current density in the coils
<5
2 %
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c
?é) O
< !CT.; l . -
5 < e~ oY a =Y o= % r
Vlesn generation
© N - ~—) ~— — -
TR 2]
QL ©
g =
o o
© C
%0 =
£
=
© UNITS
g Y [mm] Length smm
(8] Flux density  : gauss
- Field strength : oersted
© .
E Potential L gauss-cm
by Conductivity :Scm
o Source density: A mm
P Power oW
Force < kof
Energy od
Mass tky
PROBLEM DATA
Linear elements
XY symmetry
Wector potential
Magnetic fields
Y [mm] 16778 elements
8532 nodes
4 regions
1>
K
A XE R AL,
VSO>S K A S SR R SR AN OOk
A% o POXKPCARRIERDOOCERA
hﬁ‘hé 0. 40.0 80.0 120.0 160.0 200.0 240.0 280.0 320.0 360.0 400.0
5 5 ?ﬁ“fé X fmm] |
“AVaN| 4 —
SXINAOAKK SO
Vector Fields ﬁ

Magnefic fields
16778 elements
8532 nodes

4 regions

Vi

WA
5

sgvn
VAV AVAVA‘V‘V 1
O AN YAVAVAYD
O TAVAY A AVAVAY

100.0 200.0 300. 400.0 500.0 600.0 700.0 800.0 900.0 1000.0
X [mm]

\Vay,

AV
X0
SVAN

>

V)

}AV
N

[14/Juns2008 13:56:49 Page 242

Fields B4
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© Thomas Zickler, CERN

e linear: predefined constant permeability for a
single calculation

e non-linear: permeability table for iterative

Normal-conducting accelerator magnets

calculations p
e static
e steady state (sine function)
e transient (ramp, step, arbitrary function, ...) J

e hnumber of iterations,

Solver settings * convergence criteria
e precision to be achieved, etc...

Archamps, 17.-21. February 2014
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2

Analyzing the results

o

© Thomas Zickler, CERN

With the help of the post-processor, field distribution and field quality and be
visualized in various forms on the pre-processor model:
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— Field lines and colour contours plots of flux, field, and current density
— Graphs showing absolute or relative field distribution
— Homogeneity plots

CLIC DB Quadr

UNITS
Length omm
Flwcdensity T
Field strength - A m
Potential S Wb m
Conductivity = Sm!
Source density: A mm=
Powver W
Force °N
Energy wd
Mass T kg

PROBLEM DATA
CAOPERAWOrk NCLIC
_DB_Quad st
Quadratic elements
XY symmetry
Wector potential
Magnetic fields
Static solution
Case 10f 10
Scale factor = 0.096
27356 elements
55047 nodes
39 regions

Component: BMOD (18 2007 155100 Page 35|
0.0 0.9 1.8

i e i e ———] AveCt(,).,r Eigl_ds ﬁ
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FE-codes — 2D-design —

g
o

Field normo

A simple judgment of the field quality can
be done by plotting the field homogeneity

B
AB _ B,(%.y) | AB _0.01%

BO ) By(Oﬂo) BO

2.0E-04

Homogeneity along the x-axis

1.5E-04

1.0E-04|

5.0E-05

0.0r

-5.0E-05

-1.0E-04

-1.5E-04

-2.0E-04

X coord 0.0 5.0 100 150 200 250 30.0 350 400 450
Y coord 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Homogeneity of BMOD w.r.t. value 891.810633522906 at (0.0,0.0)

_ __ _Homogeneity of BMOD w.r.t. value 7472.16908069212 at (0.0,0.0)

_ _ _Homogeneity of BMOD w.r.t. value 11199.4446720544 at (0.0,0.0)

_____ Homogeneity of BMOD w.r.t. value 15441.9247684696 at (0.0,0.0)

50.0
0.0

550 60.0
00 00

anelt

— 3D-design — Examples — Summary

-

v in a dipole

SH 0.6 mm, SL 12.5 mm, SP 105.0 mm, HH 65.0 mm, HR 8.0 mm, GL 84.0 mm, GH 19.6 mm

2.0E-04 .
Homogeneity along GFR boundary
1.5E-04
1.0E-04

5.0E-05

0o

-5.0E-05
-1.0E-04

-1.5E-04

-2.0E-04
X coord 60.0 60.0 60.0 60.0 60.0 60.0 58.0 53.0 48.0 430 380 330 280 230 180 130 80 3.0

Y coord 00 50 100 150 20.0 250 280 280 280 280 280 280 280 280 280 280 280 280
Distance 00 50 100 150 20.0 250 30.0 350 400 450 50.0 550 60.0 65.0 70.0 750 80.0 850
____Homogeneity of BY w.r.t. value 891.810633522901 at (0.0,0.0)
____Homogeneity of BY w.r.t. value 7472.16952294183 at (0.0,0.0)
~_ Homogeneity of BY w.r.t. value 11199.4431179734 at (0.0,0.0)
_ . Homogeneity of BY w.r.t. value 15441.9424583263 at (0.0,0.0)
PROBLEM DATA
SMB test.st
Linear elements
XY symmetry
Vector potential
Magnetic felds
Static solution

Case 4 of 4
Scale factor: 1.05
16778 elements
8532 nodes

4 regions

[147)un/2008 14:42:25 Page 268
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Vector Fields ﬂ

n
Conducity S cm
Saurce desy. A min
Pover W

Fore o
ey

Mass i

PROBLEM DATA
C\0perd2d b test 'S
e

4 regins

eens 21021 P 5

Vector Fields ﬁ



Normal-conducting accelerator magnets

JUAS 2014

© Thomas Zickler, CERN

<
i
o
o
>
-
©
>
—
0
(O]
()
—i
%
~
i
o
o
€
©
L=
o
—
<

FE-codes — 2D-design —

Field nornogeneity in a dipole

Y[mm] 1400

— 3D-design — Examples — Summary

120.0

100.0

0'8.0 200 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0 200.0

X [mm

Homogeneity of BMOD w.r.t. value 15441.92477 at (0.0,0.0) [mm]
-2.0E-04 0.0 2.0E-04

Joint Universiti

UNITS
Length Lmm
Flux density : gauss
Field strength : oersted
Potential ! gauss-cm
Conductivity S cm
Source density: A mm-

Power Ty
Force s kof
Energy d

Mass kg

PROBLEM DATA
SMB test. st
Linear elements
XY symmetry
Yector potential
Magnetic fields
Static solution
Case 4 of 4
Scale factor: 1.05
16778 elements
8532 nodes
4 regions

[144uni2009 14:27:19 Page 276 |

Vector Flelds ﬂ
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Saturation and field quality

© Thomas Zickler, CERN
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Y [mm]
Also very low fields can disturb the
field quality significantly
080 10.0 30.0 50.0 70.0 90.0 110.0 130.0
Homogeneity of BMOD w.r.t. value 891.810084 at (0.0,0.0)
1.0E-04 00 1.0E-04

Field quality can vary with field
strength due to saturation

50.0

080 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0 550.0

Component: BMOD X [mm]
0.0 9000.0 18000.0
ﬁ'i
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FE-codes — 2D-design —

@ Field normogeneity in a quadrupole

— 3D-design — Examples — Summary

JUAS

Joint Universities Acc

© Thomas Zickler, CERN

1.0E-03

7.5E-04

5.0E-04

2.5E-04

0.0E+00

Gradient error

-2.5E-04
-5.0E-04
-7.5E-04

-1.0E-03

Gradienterror along the x-axis

Field homogeneity in a quadrupole

B.(x,y)

B'(0,0)y/x” +

E=

Gradienterror along the GFR boundary

—— CERN proposal V2a P=0.98% R=15 —|

mm 1=8.2031 A; tapered poles
(OPERA)

—— BINP proposal V2b (18.7.) R=15 mm —
1=8.2031 A (MERMAID)

\ / \ i

20.8\\ 40.0 60.% 80.0 100.0 \20.0 140.0 /60.0 180.0

\ /

N~ _z \
; SR == \
15 125 75 25 25 75 12.5 17
— CERN proposal V2a P=0.98%
R=15 mml=R 2021 A tanarad
poles (Q
= = = BINP pr
mm [=8.
1.0E-04
X{mm] 7.5E-05
) . . 5.0E-05
Gradient homogeneity along the x-axis | _
S 25E.05
()
g
2 00E+00
g olo
O 5e05
AB'
0 -5.0E-05
<0.1%
RB' 7 5E-05
0
-1.0E-04

angle [degree]

Gradient homogeneity along circular GFR

elerator School
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CLIC DB Quadry

© Thomas Zickler, CERN

Y [mm]

Saturation and field quality

20.0
18.0 *

16.0

14.0ppe

12.0

10.0[ 8
8.0
6.0

4.0

20 40

14.0

10.0

6.0 8.0 18.0 22.0

Homogeneity of SQRT(HYDX2+HXDY™**2) w.r.t. value 7014.171469 at (1.0E-03,0.0)
-5.0E-04 0.0 5.0E-04

26.0
X [mm]

FE-codes — 2D-design— ~ —3D-design — Examples — Summary

X

JUAS

oint Universit elerator School

UNITS

Length
Flux density

Field strength : A m™

Potential
Conductivity
Source dens
Power
Force
Energy
Mass

mm
T

SWhm?
Sm
ity A mm2
W
N
d
kg

PROBLEM DATA
CAOPERAWork NCLIC
_DB_Quad st
Quadratic elements
XY symmetry
ector potential
Magnetic fields

Static solutio
Case 10f 10

Scale factor = 0.096
27356 elements
55047 nodes

39 regions

n

[18Mays2007 15:51:04 Page 357 |

Vector Fields

software for eloctromagnetic design

Field quality varies with field strength due to saturation
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Saturation
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2.5 10%
¢ Fluxdensity [T] ; 9%
2 Linear 8%
m Saturation [%)] M
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= = =
— 15 6% X
z ¢ X
S
§ * L 5% 'g
= 1 a 4% 3
> -
o V)
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0.5 = 2%
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2

© Thomas Zickler, CERN

It is easy to derive perfect mathematical pole configurations for a specific
field configuration
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In practice poles are not ideal: finite width and end effects result in multi-
pole errors disturbing the main field

The uniform field region is limited to a small fraction of the pole width
Estimate the size of the poles and calculate the resulting fields

Better approach: calculate the necessary pole overhang using:

a 2% _ 0361022 _0.90

0

X

unoptimized

* x: pole overhang normalized to the gap

* a: pole overhang: excess pole beyond
the edge of the good field region to
reach the required field uniformity

* h: magnet gap

a{i GFR

o

Archamps, 17.-21. February 2014
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© Thomas Zickler, CERN

Normal-conducting accelerator magnets

— 3D-design — Examples — Summary

Pole optirnization
,Shimming‘ (often done by ‘try-and-error’) can improve the field homogeneity

. Add material on the pole edges: field will rise and then fall
Remove some material: curve will flatten
Round off corners: takes away saturation peak on edges
Pole tapering: reduces pole root saturation

AB/B

Component: BMOD

0.02

0.015 +——

0.01

0.005

0

-0.005

-0.01

-0.015

-0.02

e Case 1
= Case 2
—Case 3
——Case 4

= Case 5
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@ Rogowsky roll-ofr
ROZOWSKY ron=-oii

The ‘Rogowsky’ profile provides the maximum rate of increase in gap with a
monotonic decrease in flux density at the surface, i.e. no saturation at the
pole edges!

© Thomas Zickler, CERN
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The edge profile is shaped according to:

-2

i 2% 0141028 _ .25

For an optimized pole: X
BO

optimized

Archamps, 17.-21. February 2014
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FE-codes — 2D-design —

Pole optirmization

Similar technique can be applied for quadrupoles:

£=\/l(\/( 2+xd)2+1+,02+xd

R 2
%=\/%(\/( 2+xd)2+1_102_xd

— 3D-design — Examples — Summary

Xc,Yc
|

* X un-optimized resp. optimized pole overhang from dipole

* p:normalized good field radius r/R

Pole optimization:
— Tangential extension of the hyperbola
— Additional bump = shim
— Round off sharp edge
— Tapered pole

4U.V

30.0

20.0

10.0

0.8.

0 10.0 30.0
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2

Multipole expansion

The amplitude and phase of the harmonic components in a magnet are good
‘figures of merit’ to asses the field quality of a magnet

n-1

X+1y

B, +iB, = Brefi(bn +ia, ) >
n=1 ref

* The normal (b,) and the skew (a,) multipole coefficients are useful:

— to describe the field errors and their impact on the beam in the lattice, so the magnetic
design can be evaluated

— in comparison with the coefficients resulting from magnetic measurements to judge
acceptability of a manufactured magnet

* Due to the finite size of the poles, higher order multipole components appear
 They are intrinsic to the design and called ,allowed’ multipoles

* n: order of multipole component
n= N(zm + 1) * N: order of the fundamental field
* m: integer number (m>1)

e ,Non-allowed’ multipoles result from a violation of symmetry and indicate a
fabrication or assembly error
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2

Asyrnretries

© Thomas Zickler, CERN

Asymmetries generating ‘non-allowed’ harmonics

Comprehensive studies about
> ><] >< >< the influence of manufacturing

errors on the field quality have
> >< ><] >< been done by K. Halbach.

00 oo 0% 0
PR 4

sols .

n=4 (neg.) n=4 (pos.) n=3 n=2,3
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These errors can seriously affect machine behaviour and must be controlled!
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@AV Asyrnrnetry in a C-rmagnet

© Thomas Zickler, CERN

e (C-magnet: one-fold symmetry

(%]
2
()
C
oo
©
IS
—
o
2
[
—
0
(]
O
o
©
00
C
B
o
=)
©
‘=
o
o
=
@
£
—
s)
=2

 Since NI = I_igf = const. the contribution to the integral in the iron has
different path lengths

* Finite (low) permeability will create lower B on the outside of the gap than
on the inside

* Generates ‘forbidden’ harmonics with
n=2,4,6,...changing with saturation

e (Quadrupole term resulting in a gradient - -
around 0.1% across the pole |

Archamps, 17.-21. February 2014

JUAS 2014




FE-codes — 2D-design — Result evaluation — — Examples — Summary

3D Desian JUAS

o

Joint Universities

2

© Thomas Zickler, CERN

Interference st
Becomes necessary to study:

—  the longitudinal field distribution
— end effects in the yoke
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— end effects from coils

— magnets where the aperture is large
compared to the length

—  spacial field distribution
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@A 3D Design
£
B

Similar to 2D

Creating the 3D model:
— Use pre-processor or modeller to build geometry
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— Profit from symmetries to reduce number of elements

— Difference: all regions with current density have to be modelled completely
Postprocessing:

— Field lines and color contours plots of flux, field, current density

—  Graphs showing absolute or relatiygfiﬁld distribution

— Homogeneity plots o

— Harmonics

— In addition: particle tracking
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2

Magnet encdls

Q

© Thomas Zickler, CERN

Special attention has to be paid to the magnet ends:

e A square end will introduce significant higher-order multi-poles
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* Therefore, it is necessary to terminate the magnet in a controlled way by shaping
the end either by cutting away or adding material — longitudinal or end shimming

The goal of successful shimming is to:
e adjust the magnetic length
* improve the integrated field homogeneity
e prevent saturation in a sharp corner
* maintain magnetic length constant across the good field region

» prevent flux entering perpendicular to the laminations inducing eddy currents

7}‘ I - Eddy current time decay of the main synchrotron dipole
0.00
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1
|
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Normal-conducting accelerator magnets

Series Shim

ke

Shim inserts

\

iterative process betweer
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case

o —

Welding seam on stainless-steel
vacuum chamber:

* GFRradius: 30 mm
e Chamber radius: 35 mm
* Welding seam diameter: 1 mm

FE-codes — 2D-design — Result evaluation — 3D-design —

1: A mater

* Rel. permeability of 316 LN: < 1.001
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1

2

Eddy currents:

— Because of the electrical conductivity of steel, eddy currents can be generated in solid
magnet cores

— This is the reason why pulsed magnets are made of laminated steel
— Nevertheless, some parts remain massive in order to assure the mechanical strength

— Usually they can be ignored, if they don’t contribute to carry magnetic flux and hence
see no significant field or a possible dB/dt

ase 2: An eddy current proolerrn

© Thomas Zickler, CERN
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Problem:
— Magnetic field lagging behind the current

— Time constant tin the order of few hundred ms
— Missing field: 0.5 %

Explanation:
— Eddy currents in the tension bars welded onto the laminated magnet yoke
— The partly saturated return yoke forces the flux into the tension bars

— Only after eddy current have decayed, the flux can enter into the tension bars and
reduce the saturation effects in the laminated yoke

— Increase of the central field after the eddy currents have decayed
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Normal-conducting accelerator magnets

© Thomas Zickler, CERN
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~ |

eclcly currents - dynarnic benavior

© Thomas Zickler, CERN

MA-SMB Eddy C

Length mm
Flux density gauss
Field strenath . cersted
Potential Wh m!
Conductivity - Sm
Source density. A mmr=

(%]
3
@
c
()
©
1S
—
]
2
©
—
o
9]
(8]
()
©
)
c
B
(S)
>
©
oy
o
@
©
£
—
o
=

Power W
Force N
Eneragy J
Mass ka

PROBLEM DATA
CAOPERAWMedAustron
\SMBISMB-EC_711r
Quadratic elements
XY symmetry
Vector potential
Maagnetic fields
Transient solution
Case 10of 14
Time. 06s
17381 elements
34976 nodes
7 regions

Component: BMOD/10000 [pa/Sep/2008 181331 Page 788 |
0.0 1.3345 2.669
1

e — — —  rr— Vector Fields %

Archamps, 17.-21. February 2014

JUAS 2014




FE-codes — 2D-design — Result evaluation — 3D-design — — Summary

(%]
5 &
c w
an O
TG
< K r—o 2 r-+
5 < ‘ol o ~Y a2} d ~ , = -
53 celely currents — field lag
© _— — — - — O Joint Univ:
9 3
[3]
85
o C
%0 'C:) ( Courbes groupées pour di/dt = 1250,2500,5000 A/sec )
k&
-3 0.00
§ 1 2 3 4
=L -0.05
[©]
S
S 0.10
P

0.15

%o 0.20 ///
o2 // Calculated curves (OPERA 2D Transient)
———dVreffref [%] - 1250 A/sec
-0.30 = dVref/Vref -2500 Alsec . . .
/ / — dVrefief %] -5000 Alsec Relative field attenuation (l,,,, = 3000 A)
-0.35 0.00% . . . .
500 1000 1500 3000 3500
-0.40
-0.45 -0.10%
Stop integrateur ( x 200 ms)

Measured curves (D. Cornuet, R. Chritin)

-0.20%
/{/ eI/t = 1250 A/s
-0.30%
[ —=dI/dt = 2500 A/s
—=dl/dt = 5000 A/s
-0.40% [
-0.50% {

-0.60%

ZD WD DT OTOTVHT WTO+DSD R

Time [ms]

<
—
o
~
>
—
©
=}
—
o)
[}
L
—
o
~
—
5
Q
e
©
L=
(S}
—
<C

JUAS 2014




FE-codes — 2D-design — Result evaluation — 3D-design — — Summary

@ Case 3: An interference proolem

© Thomas Zickler, CERN

Significant attenuation of the corrector field due to the close
presence of two quadrupole yokes
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LEBT Correc tor_QUAD interference H- 5.000000E-001

Courtesy of A. Vorozhtsov
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Case 4: Mecnanical deforrnation JUAS

- Joint Universities Accelerator School

© Thomas Zickler, CERN

* Mechanical deformation due to magnetic pressure can influence the field homogeneity
 Multi-physics models can help to quantify the effect
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OAL SOLUTION ?

T T T T T

---ANSYS magnetic: (0,0) = 1.1395 T

—ANSYS structural: (0,0) =1.1401 T
--Qpera ST 2D: (0,0) =1.1395T

Field homogeneity

B 20 10 0 10 20 30
X [mm]

Field homogeneity calculated for the center line of the magnet with ANSYS
magnetic, ANSYS structural + magnetic, and Opera ST 2D

Deformation Analysis
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© Thomas Zickler, CERN
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@A Lirnitations of nurnerial calculation

FE-codes — 2D-design — Result evaluation — 3D-design — — Summary

Advantages

predict behaviour without having the physical object
for relatively simple cases they are fast and inexpensive

Limitations

multi-physics model: including all couplings (thermal, mechanical) and phenomena
(magnetostriction, magneto-resistivity ...) that may be relevant is very complex and
expensive

off-nominal geometry: random assembly errors can dominate field distribution and
quality; often, a large number of degrees-of-freedom and the resulting combinatorial
explosion makes Monte Carlo prediction costly

material properties uncertainty : inhomogeneous properties cannot practically be
measured throughout volume; even homogeneous materials can be measured only
within 2-5% typical accuracy

numerical errors: e.g. singularities in re-entrant corners, boundary location of open
regions may spoil results; special techniques (special corner elements, BEM) require
special skills and time

high cost of detailed 3D models (< Ax?™3); transient simulations increase computing time
significantly

Computer simulation targeting >10* accuracy are difficult and expensive
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surnrnary

© Thomas Zickler, CERN

* A large varity of FE-codes with different features exist — the
right choice depends of the complexity of the problem

(%)
]
(0]
c
oo
©
€
—
[e]
-
©
S
Q
(O]
(9]
o
©
oo
c
‘5
(S)
>
©
c
o
o
=L
©
=S
—
o
=2

* The FE-models shall be as simple as possible and adapted to
the problem to reduce computing time

* Numeric computations should be used to quantify, not to
qualify

 Benchmarking the results with measurements is a good
practice

* Computer simulations have a lot of advantages, but also their
limitations
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