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Goal

Influence of different geometrical
parameters on coll stress levels

Keeping in mind the two goals of the loading
Not more than 150MPa in compression
At 11T no tension in the coll

The response of the system to the variation
of the young modulus

Material behaviour linear vs. non-linear




Geometrical - Response analysis 11T-FEM model

Boundaries
Shimming/coil size as designed — nominal case

Response from four different locations in the
coll, maximum and minimum
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Input parameters

P718 - pole wedge lateral
TOP Offset

P719 - pole wedge lateral
BOTTOM Offset

P720 - coil_up+AZ_lenght
Offset

P721 - coil_down+AZ_lenght
Offset

P722 - midplane_shim Offset

P723 - Pole Shim Collar
Nose Offset

P724 - Long Collar-Yoke
TOP Offset

P725 - Long Collar-Yoke
BOTTOM Offset
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Output parameters — coll azimuthal stress —
coll #1

excitation to 11T
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C: DS11T-2D sensitivity

Normal Stress COl I #1

Type: Normal Stress(Y Axis)
Unit: MPa
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Input parameter variation -

Nom. lower bound upper bound
Parameter Name
[mm] [mm] [mm]

P718 Lateral #1 0.17 0.23
P719 Lateral #2 0.2 0.17 0.23
P720 Coil size #1 0.06 0.03 0.1
P721 Coil size #2 0.06 0.03 0.1
P722 Mid. shim 0.04 0.01 0.07
P723 Top pole shim 0.2 0.17 0.23
P724 Collar-Yoke #1 0.4 0.35 0.45
P725 Collar-Yoke #2 0.4 0.35 0.45

-Continuous parameters not discrete
-150 different runs
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Predicted vs. Observed output values

Predicted vs Observed - Normalized Values m
11
W P620 - ¥ Axis - Normal Stress - Coil Maximum Maximum Value Over Time
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Local sensitivity — / / c
max. compression stress ‘

collaring ‘
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coil-block_4 2 Minimum coil-block_5 2 Minimum coil-block_2-5 2 Minimum coil-block_1-6 2 Minimum

I Lateral #1 I Mid. shim
. Lateral #2 B Top pole shim x Nominal FEM

Coil size #1 B cCollar-Yoke #1 result [MPa]
B cCoil size #2 B collar-Yoke #2

_ Hich LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
‘ e Luz:;nin()sity If OP increases while IP increases, 8
<7

LHC the sign is positive, otherwise its negative.



HNSYS

Response Chart for P633 - Y Axis - Normal Stress - coil-block_4 2 Minimum
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Local sensitivity — all outputs

Excitation phase

of most interest
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LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
If OP increases while IP increases,
the sign is positive, otherwise its negative.
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Local sensitivity —
max. compression stress

excitation 11T
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Hich LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
‘ a Lu?nin()si’[y If OP increases while IP increases, 11
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LHC the sign is positive, otherwise its negative.



Local sensitivity

Material failure excitation 11T unloading D“
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Response Chart for P657 - Y Axis - Normal Stress - coil-block_4 8 Minimum
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Response Chart for P657 - Y Axis - Normal Stress - coil-block_4 8 Minimum
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E-modulus - Response analysis 11 T-FEM model

Variation of elastic modulus

Over Radial and Azimuthal direction

Mean 25GPa (293K) variation from 30 to 20GPa
At 1.9K 10% higher then during RT

Material characterisation test have shown
much lower values (22GPa) then expected
(33-40GPa) [1,2,3], after massaging.

igh
) Luminosity 15




Local sensitivity — Modulus +-5GPa —

Excitation phase

max. compression stress of most interest
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Local sensitivity — Modulus +-5GPa —

max. compression stress 7 -~
)

excitation 11T
0.2

l — -20

i ]
1 )
-0.2 5
> (@)
2 S 60 &
2 — =
Q -
3 0.4 © @
5 o X 80 S
(%))
S ©)
06 8
-100
-0.8 A B C X D -120
-1 -140
P543 - Y Axis - Normal Stress - P544 - Y Axis - Normal Stress - P545 - Y Axis - Normal Stress - P546 - Y Axis - Normal Stress -
coil-block_4 8 Minimum coil-block_5 8 Minimum coil-block_2-5 8 Minimum coil-block_1-6 8 Minimum

| E-Modulus Radial [ E-Modulus Azimuthal x Nominal FEM
result [MPa]

; High
‘ Luminosity 17
7 LHC



Response Chart for P543 - Y Axis - Normal Stress - coil-block_4 8 Minimum MNNSYS Response Chart for P544 - Y Axis - Normal Stress - coil-block_5 8 Minimum MNNSYS
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Response Chart for P545 - Y Axis - Normal Stress - coil-block_2-5 8 Minimum ANV SHS Response Chart for P546 - Y Axis - Normal Stress - coil-block_1-6 8 Minimum  ANVSHS
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=
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a0 -120
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PE40 - Young's Modulus Y direction_Offset (.10%) [Pa] PB40 - Young's Modulus Y direction_Offset (.10%) [Pa]
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Elastic vs. elastic-plastic - Response analysis 11T-
FEM model

Why?

Coll deformation during assembly and
testing

Hysteretic behaviour of 10-Stack
compression test measurements

Unpredicted quenches, with the elastic
FEM-model, in the straight section of
MBHSP102, which might be explained by
lack of compression

( j\ @ Lu m sity 19
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deformation in 11T = =~ ol
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Stress Strain curve — 10-Stack

measurements

175

150

125

& 100
=

& 75

50

25

0

0 0.005 0.01 0.015 0.02
Strain [mm/mm]
Sample 4.2 FEM-10 Stack

B High
) Luminosity
¥ LHC

10-Stack are showing
a hysteresis
behaviour

Influence on
theoretical model?

Use of bilinear
Isotropic hardening
material parameters

Need to linearize the
strain-stress curve
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Measured coil deformation after assembly

Coil azimuthal length (conductors only)
40mm

Permanent azimuthal deformation on average
over the straight section 0.08mm

0.2% of permanent deformation

10-Stack 15mm

Permanent deformation 0.04mm after
compressive test to 100MPa

0.26% of permanent deformation

ich
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Comparison between perfect elastic (left) and
perfect elastic-plastic (right) material parameters

C: DS11T-2D
Y Axis - Normal Stress - Coil - MBHSP102
Type: Normal Stress (YA s)
Unit: MPa

D: DS11T-2D plastification

Y Axis - Normal Stress - Coil - MBHSP102
Type: Normal Stre (YAx)

Unit: MPa

Cylindrical system Cylindrical system
Time: 10 Time: 10
19/09/2015 01:14 18/09/2015 22:55

0 11.909 Max

0 0

-125

-23.004 Max IS

-37.5 — -375

- -50

—625 ZZGPa -62.5 8 ZZGPa

-7 -75

-87 5 -87.5

-100

1125 -106.54 Min

-125 -125

-137.5 -137.5

-150 -150

-150

0.000 30.000 (mm) 40.00 (mm)

-177.23 Min \
7.500 22.500 10.00 30.00

5 | @ MBHSP102-
2 HC Excitation to 11T
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Comparison between perfect elastic and
perfect elastic-plastic material parameters

22GPa Elastic 22GPa Plastic
e radial lenght [mm] 50 radial lenght [mm)]
-130 -130
-110 -110

©
o
©
o

© ©

o o

S 70 S 70

a a WM
o 50 2 50

0 N

b M "-.j _30
10 -10 \J‘
. y \

0 5 10 15 20 25 30 0 5 10 15 20 25 30
B

—8— [A] Azimuthal Stress - coil-block_4 —8— [A]AzimuthalStress-coil-block_4
—8— [B]AzimuthalStress-coil-block_5
C —®—[C]AzimuthalStress-coil-block_2-5

[D]AzimuthalStress-coil-block_1-6

A
—&—[B] Azimuthal Stress - coil-block_5

—8—[C] Azimuthal Stress - coil-block_2-5

[D] Azimuthal Stress - coil-block_1-6 I,‘
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MBHSP101&102 // Stress collar-nose (error +-1 stdev)

-300
-250
-222
-186 208
-200 189 -169
- -185 -176
-178
lo -179
ooc.ot‘ “-169""""'.".. x“.
-150 PS8R U0 re -133 -138 -140 .
8 128
= ;‘ 124 eccccovefeocc’ Y Seee. %"0. 126
-151 - -145 “125
-100 11 17 -111
g N
: ﬂ o
P -50 J
[%]
= 1
’ I
0 -|- T -[ T T
P |( !
47
27 38 25 46
05 47 37 49 42 M
57
100 Before
Collaring - Collaring - Check Welding shell
34MN of Keys before press-no  welding After shell 293K at 1.9K 19K after 293K 1.9K 1.9K after 293K
. welding SM18 Q7 Q16
force inserted transport load under
press
s AV. Traction 101 -186 -153 -142 -145 -145 -222 -185 -117 -208 -176 -121
AV, Traction 102 -233 -178 -168 -151 -158 -156 -155 -124 -70 -111 -101 -79 -111
mmmmm AV. Bending 101 50 57 47 47 47 37 27 44 40 25 46
= AV. Bending 102 -1 5 11 20 34 35 29 49 38 49 54 42 49
ee e FEM-Traction 33GPa -210 -158 -158 -158 -169 -169 -169 -179 -133 -133 -140 -128 -126
=—=@==FEM 101 8-22Gpa -119 -97 -97 -97 -86 -89 -86 -88 -50 -44 -53 -46 -46
e==Q=== FEM 102 8-22GPa -149 -127 -127 -127 -130 -133 -129 -116 =71 -83 -79 -72 -83

mmmmmm AV. Traction 101 s AV. Traction 102 mmmmm AV. Bending 101 s AV. Bending 102
ee e e FEM-Traction 33GPa ==@==FEM 101 8-22Gpa = ==0==FEM 102 8-22GPa
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Comparison between perfect elastic and perfect

elastic-plastic materia

Applying elastic-p
models

parameters

astic parameters on bullt
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D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - norm
Type: Normal Stress(Y Axis)

D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - MBHSP102

Type: Normal Stress(Y Axis) Type: Normal Stress(Y Axis)
Unit: MPa Unit: MPa

Unit: MPa
Cylindrical system Cylindrical system Cylindrical system
Time: 10 Time: 10 Time: 10
18/09/2015 22:54 18/09/2015 22:55 18/09/2015 22:53

9.1633 Max 11.909 Max 4.2667 Max
0 0 0
-125 -125 125
25 -25 25
375 375 375
-50 '_\ -50 2 -50 ‘_\
-62.5 X -62.5 625 X
-75 -75 75
‘ -87.5 -87.5 -87.5
-99.872 Min { . -100
1125 i 04 Mn 1125
-125 -125 .
1375 1375 -131.86 Min

-150 -150 -150
-150 \ 150
0.00
-

D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - MBHSP103

>

elastic-plastic 8-22GPa

-150
0.00 40.00 (mm) 40.00 (mm) 0.00 40.00 (mm)
— _— (.
1000 30.00 1000 30.00 10,00 30.00

C: DS11T-2D sensitivity C: DS11T-2D C: DS11T-2D

Normal Stress Y Axis - Normal Stress - Coil - MBHSP102 Y Axis - Normal Stress - Coil - MBHSP103
Type: Normal Stress(Y Axis) Type: Normal Stress(Y Axis) Type: Normal Stress(Y Axis)
Unit: MPa Unit: MPa Unit: MPa
Cylindrical system Cylindrical system Cylindrical system
Time: 10 Time: 10 Time: 10
19/09/2015 00:53 19/09/2015 01:14 19/09/2015 01:12
0 0 0

©
(al 0 0
-8.2143 Max i35
(D 25 -23.004 Max
N 75 . 375 ‘ -31.663 Max'
Al 50 A_— 50 g_. 50 ]l_.
625 X 625 X 625 X
(&) 75 75 75
— -875 = g5 -87.5
+— -100 1 -100 -100
(7)) 1125 B s 1125
(qv] 125 125 125
T -142.22 Min e e
(D] -150 -150
-150 -177.23 Min \\ -201.62 Min \\
0.000 30.000 (mm) 0.000 30.000 (mm) 0.000 30.000 (mm)
7.500 22500 7.500 22500 7.500 22.500
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conclusion

Influence of shimming is more important during
excitation then during assembly.

E-Modulus influences the coll uniformly during
assembly. This is no longer true during
powering. High impact on the pole turns.

The coll size after testing corresponds to the
FEM-model.

The behaviour of the previous MBHSP-
magnets can be explained with an E-Modulus
of 22GPa and elastic-plastic behaviour.
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((E/RW ) I_u?nim)sil\’ ”
D, ¥ LHC '



Topics for discussion

Is a non-linear coil material the only way to
simulate impregnated colls correctly?

How to predict long term cycling fatigue?
What is the driving factor for the hysteresis
behaviour?
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Permanent plastic strain in the coll after excitation

D: DS11T-2D plastification
Equivalent Plastic Strain - Coi
Type: Equivalent Plastic Str;
Unit: mm/mm

Time: 6
Custom

Max: 0.0077,
Min: 0.0013798

16/09/2015 16:44

0.0073874
0.0065666
0.0057458
0.004925
0.0041041
0.0032833
0.00241

0.00lﬁﬁ\

0.0008208

Y

L]

b
0.000

0 -

5.000 15.000

0 20.000 (mm)
-

After assembly
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D: DS11T-2D plastification
Equivalent Plastic Strain - Coi
Type: Equivalent Plastic Str

Unit: mm/mm
Time: 8
Custom
Max: 0.00
Min: 0.0016316
16/09/2015 16:46

0.0084413
0.0075034
0.0065655
0.0056276
0.0046896
0.0037517
0.0028138
0.0018759
0.00093793

0
0.000 0 20.000 (mm)

I .
5.000 15.000

After testing
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D: DS11T-2D plastification

azimuthal-stress coil poweting ANSYS

Type: Normal Stress(¥ uis) R15.0
Unit: MPa

nit:
— ime;
Ma: L01e-2
I Lile-2
J: arc_plast-collaring 6. 14e-3

ANSYS

R15.0

Cylindrical system
Tirne: 8

Custom

Max: -17.2

Min: -186

D: DS11T-2D plasti Jres ~ A SY\
e Equivaler Flas I . R15.0
.

Figure
Type: Equivalent Plastic Strain
Unit: mm/frarm
Tirne: 4
26/08/2015 14:38

4.81e-3 Max
4,463 - 46le-3 | -56.3
4123
3.78e-3 L 667
3.4%e-3
3.84e-3
= -7l
I | 875
3.07e-3

— 2.30e-3

L54e-3

. 7.60e-4
X

0.00e0

d— st ————
. . L“:,_.lfr, 10.00 M 10.00
Non-linear material parameters (plast. L = /

def.) explain observed behaviour of Plastification of the Influence on stress of
the coils. Shrinkage and bending after

assembly and testing. conductor blocks after different coil geometries

L-..

.
Response Chart for PE60 - Y Axis - Normal Stress - coil-block_1-6 8 Minimum  /ANSHS te Stl I I g
P25 = 03382
#7125 = 0.3433

The

magnets

mechanical

response to

geometrical

changes/

friction is

analysed. 34

Minimum [MPa]
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Stress-Strain curve +150MPa
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-
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a
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0.005
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0.01

Strain [mm/mm]

0.015

0.02

Increase of strain
at stable stress

Ratcheting due to
cycling



Local sensitivity —
max. compression stress

influence friction 0-0.2 during excitation to 11T

0.3

B

X

X

A

P657 - Y Axis - Normal Stress -
coil-block_4 8 Minimum

0.2

0.1

0.0

Local Sensitivity

coil-block_5 8 Minimum

mP712 - Frictional - pole wedge lateral TOP
mP714 - Frictional - Collar TOP - Collaring Shoe
mP716 - Frictional - Collar TOP - Yoke

¥FEM nom
; High
Luminosity
S LHC

P658 - Y Axis - Normal Stress -

C

-60

- — -80

5 ]

-100
-120
-140

X

-160
P659 - Y Axis - Normal Stress -
coil-block_2-5 8 Minimum

P660 - Y Axis - Normal Stress -
coil-block_1-6 8 Minimum

mP713 - Frictional - pole wedge lateral BOTTOM
P715 - Frictional - Collar BOTTOM - Collaring Shoe
mP717 - Frictional - Collar BOTTOM - Yoke

LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
If OP increases while IP increases,
the sign is positive, otherwise its negative.
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Local sensitivity —
max. compression stress

influence friction 0-0.2 mech. instrumentation

0.4 0
0.3 X X
-50
0.2
>
‘0
S I I II -I I [ | I [ | I [ | alim_ II =i =
o 0.0 )
(7] %)
E my ...:
S 01 X -150 ¢
- X
X
-0.2
X X -200
X
-0.3 X
-0.4 -250
P624 - Y Axis -P625 - Y Axis -P626 - Y Axis -P627 - Y Axis -P628 - Y Axis -P629 - Y Axis -P630 - Y Axis -P631 - Y Axis -P632 - Y Axis -
Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress Normal Stress
-SG-collar2 -SG-collar3 -SG-collar4 -SG-collar5 -SG-collar6 -SG-collar7 -SG-collar8 -SG-collar9 - SG-collar 10
Minimum Minimum Minimum Minimum Minimum Minimum Minimum Minimum Minimum
mP712 - Frictional - pole wedge lateral TOP u P713 - Frictional - pole wedge lateral BOTTOM m P714 - Frictional - Collar TOP - Collaring Shoe
P715 - Frictional - Collar BOTTOM - Collaring Shoe mP716 - Frictional - Collar TOP - Yoke m P717 - Frictional - Collar BOTTOM - Yoke
®FEM nom
High LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
Luminosity If OP increases while IP increases, 37
S LHC the sign is positive, otherwise its negative.




D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - MBHSP103
Type: Normal Stress(Y Axis)

D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - MBHSP102
Type: Normal Stress(Y Axis)

D: DS11T-2D plastification
Y Axis - Normal Stress - Coil - norm
Type: Normal Stress(Y Axis)

Unit: MPa Unit: MPa Unit: MPa
Cylindrical system Cylindrical system Cylindrical system
Time: 10 Time: 10 Time: 10
18/09/2015 22:54 18/09/2015 22:55 18/09/2015 22:53
9.1633 Max 11.909 Max 4.2667 Max
0 0 0
-12.5 -125 -125
=25 -25 -25
-37.5 Y -375 -375
-50 A’ -50 ]1_’ -50 A‘
-62.5 X -625 X -62.5 X
-75 -75 -75
-875 ‘ -875 -875
-99.872 Min || o = 100
-1125 ~— -106.54 Min s
-125 -125 .
-1375 1375 f131.86 Min
-150 -150 -150
-150 \ -150 -150
1 40.00 (mm) 0.00 40.00 (mm) 40.00 (mm)
I "EEmm I "
10.00 30.00 10.00 30.00 10.00 30.00

D: DS11T-2D plastification

Y Axis - Normal Stress - Coil - MBHSP101
Type: Normal Stress(Y Axis)

Unit: MPa

Cylindrical system

Time: 10

18/09/2015 22:55

7.9993 Max

— -100
-1125
-125.21 Min
-1375
-150

-150 \

40.00 (mm)

10.00 30.00

High Nominal, MBHSP101,2,3 with 9 to 22GPa coll 38
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Variation Modulus in radial and azimuthal +-

5GPa - coll azimuthal stress
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Local sensitivity — / ,
max. compression stress

local sensitivity - after shell welding

| I I
-0.1
-0.15
-0.2
-0.25
P649 - Y Axis - Normal Stress - coil- P650 - Y Axis - Normal Stress - coil- P651 - Y Axis - Normal Stress - coil- P652 - Y Axis - Normal Stress - coil-
block_4 6 Minimum block_5 6 Minimum block_2-5 6 Minimum block_1-6 6 Minimum
m P718 - pole wedge lateral TOP Offset mP719 - pole wedge lateral BOTTOM Offset m P720 - coil_up+AZ_lenght Offset
mP721 - coil_down+AZ_lenght Offset mP722 - midplane_shim Offset mP723 - Pole Shim Collar Nose Offset
mP724 - Long Collar-Yoke TOP Offset mP725 - Long Collar-Yoke BOTTOM Offset
_ High LS = f(input) = Max(OP)-Min(OP)/Avg(OP)
@‘ Luminosity If OP increases while IP increases, 40

7 LHC the sign is positive, otherwise its negative.




Response Chart for P649 - Y Axis - Normal Stress - coil-block_4 6 Minimum NNSYS Response Chart for P650 - Y Axis - Normal Stress - coil-block_5 6 Minimum NNSYS
- P10 = 0.1601 —— = a5 P10 = 0.1601 —
< P719 = 0.17167 s < P719 = 0.17167 s
= PT18 = 0.17425 mm = e PT18 = 0.17425 =
E 65 P719 = 0.17682 = E w P710 = 0.17682 =
E PT10 = 0.179d s E . P710 = 0.1794 s
§ P719 = 0.18197 = ; P719 = 0.18197
o P719 = 0.18455 o 49 P718 = 0.18455
<, 70 P719 = 0.18712 n, P710 = 0.18712
= 50
o P710 = 0.1897 we v P710 = 0.1897 w
2 P719 = 0.19227 = 2 =1 P710 = 0.19227
= P719 = 0.10485 me = - AZ10 = 019485 mme
Y P719 = 0.19742 s ¥ AITSSEd 9742 e
@ 73 PT10 = 0.2 s @ -53 \
@ FT19 = 020258 s » PIlo = Tr30z58
i R710 —_— & ™ = 02051
= - — = 55
E E
5 -20 — 5 -56
= RE1G =
\ » L57
2 o
S o
i ET:]
N S z
. 85 EaNES T
2 RS 2
& pT18 = A g e
P7l9 = 0.230 -61
90 62
017 0175 o018 0185 019 0195 02 0205 021 0215 022 0225 0323 017 0175 018 0185 019 0195 02 0205 021 0215 022 0225 0323
P718 - pole wedge lateral TOP Offset [mm] P718 - pole wedge lateral TOP Offset [mm]
Response Chart for P652 - Y Axis - Normal Stress - coil-block_1-6 6 Minimum /W ISHS Response Chart for P651 - Y Axis - Normal Stress - coil-block_2-5 6 Minimum  ANVSYS
—_ _ 49
5 4 P719 = 0.1691 =—— o PT10 = 0.160] s
= - F719 = 0.17167 s = 50 = F710 = 017167 ——
E PT19 = 0.17425 = £ =51 P719 = 0.17425 e
2 48 P19 = 0. 17682 m— 2 P710 = 0.17682 ———
£ a0 P719 = 0.1794 e - -52 PI19 = 01794 ——
= P719 = 0.18197 —e T .3 P719 = 0.18197 o
w 0 P10 = 0.18455 0 P710 = 0.18455
ﬁ 51 P719=0.18712 : -54 F719 = 018712
! s P719 = 01897 cee P P719 = 0.1897 e
2 E
s P719 = 0.19227 = 8 P719 = 0.19227 =
£ 019485 ——m £ 56 PT10 = 0.19485 ===
S 54 - QT4 s S & P719 = 0.19742 e
o 5 3 p _\;‘ 5 o PT10 = 0.2 mm
b= 20258 o - P10 = 0.20258 mm——
[FI o
5 38 o= E oo P71 = 0.20515 mmmtem
= 57 -a 0773 = P719 = 0.20773 =
E 58 7 '&b 03, i £ -60 P719 = 02103 s
‘E -\bﬁ!‘ft 5 118,= 021288 ——m
L 'k*":&\ . -
g -60 Ig\-_.q'\ g -62
o] i 211
m b &‘\ ; o
FE] prla =m »,&‘\ o
o P710 = 0.2300 63
66
017 0175 0l8 0185 019 0195 02 0205 021 0215 022 0225 023 017 0175 0l 0185 019 0195 02 0205 021 0215 022 0225 0323
P718 - pole wedge lateral TOP Offset [mm] P718 - pole wedge lateral TOP Offset [mm]
.
High )
inosi 41
Luminosity  Cold mass at RT — resp. lateral pole shim
7 .

LHC




JANSS]

Response Chart for P657 - Y Axis - Normal Stress - coil-block_4 8 Minimum

HOSYS

Response Chart for P658 - Y Axis - Normal Stress - coil-block_5 8 Minimum

= -16 P721 = 0.020008 ——
S P721 = 0.031673 mmm
a7 P721 = 0.034248 s
E P721 = 0.036823 e
E a8 P721 = 0.030398 e
% P721 = 0.041974 we
® -10 P721 = 0.044549
M P21 = 0.047124
< 20 721 = 0.049599
2 P721 = 0.052274
TIE 21 P721 = 0.05485
v P721 = 0.057425
w22
w
©
=]
i 23
=
E
o
=
P
= -26
"
027
o
28 A
003 0035 0.04 0045 005 005 005 0065 0.07 0075 008 0.085
P720 - coil_up+AZ_lenght Offset [mm]
Response Chart for P659 - Y Axis - Normal Stress - coil-block_2-5 8 Minimum  /AVISYS
T a9 P721 = 0.020008 ———
= = —
Z oo P721 = 0.031573
E P721 = 0.034248 i
101
E P721 = 0.036823 =
= -loz2 PT21 = 0039398 ww
F .103 P721 = 0.041074 e
2 1o P721 = 0.044549
& 105 P721 = 0.047124
o P721 = 0049599 woe
v
B -108 P721 = 0.052278 =
£ 107 P21 = 0.05485 e
S 108 P72l = D.057425 st
o 100 P721 = 0.06 s
@ P721 = 0.062575 e
& -110 P721 = 0.06515 =
5 P721 = 0067726 e
E 112 —
2 a3 —
o 14 —_—
& a1s
s
. -116
o
no.117
o P721 = 0.0833.5 %
18 P721 = 0.090902
119
003 0035 004 0045 005 0055 006 0065 007 0075 008 0085 0.09
P720 - coil_up+AZ_lenght Offset [mm]
.
High
o .
Luminosity
2

LHC

= 20 P721 = 0.020098 ——
S P721 = 0.031673 mem
o= P721 = 0.034248 e
£ -
5 P721 = 0.036823 =
E P721 = 0.030398 e
E =
=
w
o 23
I
e P72l ="
e
3 P721-=-0.052274
=
Y25
w
w
L as
wn
=
E 27
£
o
=
v 28
n
» 29
- B
o
E}
0.03 0035 004 0045 005 0055 006 0085 007 0075 008 0085 009
P720 - coil_up+AZ_lenght Offset [mm]
Response Chart for P660 - Y Axis - Normal Stress - coil-block_1-6 8 Minimum  ANVSHS
— -135
o P721|= 0.020098 m——
= -136 P721 = 0031673 m
E -137 P721 = 0.034248 s
z P721 = 0.036823 ——
Z 138 PT21 = 0.039308 ===
£ q3g P721 = 0041974 coe
w© P721 = 0.0M549
ﬁ -140 F721 = 0.047124
I =
T P721 = 0.049599
o P721 = 0.052274
£ - 31 = 0.05485
]
FRVE]
0 -1a
©
=]
2 -1
T 5
E
5
S a7
w -lag
€ e
>
& -150
w
& 151 D
-152

0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07 0.075 0.08 0.085 0.09
P720 - coil_up+AZ_lenght Offset [mm]

Excitation to 11T — resp. coil size 42




Response Chart for P535 - Y Axis - Normal Stress - coil-block_4 6 Minimum

NSYS

= PE30 = -SE+00 ——

E . PEI0 = 4.583EH00
PEI0 = 4. 16TEHDD

E P30 = -3 75EH00

E PE30 = -3.333E4+00 s

% PE39 = -2.017E+09

z PE30 = -2.5E4+00

-5 PE39 = -2.083E4+00

= PE39 = -1.6GTE+0D

2 PE30 = -1.25E+00 me,

: PEID = -8.333EH08 me

S PEIO = 4. 16TEHDE m

. PE3D = 0 st

? -100 P30 = 4. 16TEH0E

= PEI0 = 8.333E408

= PE30 = 1L.25E+00 met

E PE30 = LEGTEHDD mmme

H P30 = 2 0836400 s

W -l08 PEID = 2.5E4+0 D e

% = 2.017E409 mm

N —

i —

n

o

-110 A
5 4 3 2 1 0 1 2 3
PG40 - Young's Modulus Y direction_Offset (.10°) [Pa]

Response Chart for P538 - Y Axis - Normal Stress - coil-block_1-6 6 Minimum /A STS
= P30 = -5E+00 ——
= PE30 = 4. 583E+00 s
g -55 PE30 = 4 167E+00
E PE30 = -3 75E400 mm
E PE30 = -3.3336400 me
=
o PE3D = -2.5E4+00
® 50 PE39 = -2.083E4+00
I PE39 = -1.66TE+00
8 G0 = -1.25E4+00 et
s PE30 = -8.333E408 m—e
3 65 PE3D = 4 16TE+08 =
. PEID = 0 s
@ PE30 = 4. 16TE+08 s
E PE30 = 8.333E408
o PE30 = 1.25E4+00 ———
g PE30 = 1LEGTEHOD s
‘; PEI0 = 2 0BIE400 et
= PEI0 = 2.5E400 s
M —
F s —
- —
o
e
o

80

Response Chart for P536 - Y Axis - Normal Stress - coil-block_5 6 Minimum

HNSYS

-5 -4 3 -2 -1 s} 1 2 El 4
PG40 - Young's Modulus Y direction_Offset (.109) [Pa]

High
Luminosity
S LHC

= 61 PEID = SELOD et
S 52 PE30 = 4.583E+00 st
= PE30 = 4.16TE+0D st
E & P60 = -3 TSE40D e
E PE30 = -3.333E400 s
£ -64
= P630 = 2.917E+00
o -65 P3G = -2 5E+0Q
n P30 = 2.083E+00
! 66
] P30 = -1.6GTE+0D
= 67 PE3E = -1.25E+00
= P30 = -B.33FEH0B et
& .68
; PE30 = 4. 16TE+0E et
o -69 PE3T = 0 s
£ a0 PEID = 4. 167E+08 s
in PE30 = B.333EH0E m
T 71 PEI0 = 1.25E+00 et
£ 2 PE30 = 1.EGTEH0D
H PE30 = 2 0B3E+00
‘73 —
n
R —
> —
[
o
m
o -T6E
o

i

78

5 4 3 2 1 0 1 2 3 4 5
P640 - Young's Modulus Y direction_Offset (.10°) [Pa]
Response Chart for P537 - Y Axis - Normal Stress - coil-block_2-5 6 Minimum AV SYS

T PGI0 = -SE+00 st
= PE30 = 45836400 m——mt
g 60 P30 = A 16TEFOD et
2 PE2D = -3.75E400 ——
] PE30 = -3.333E400 et
= PE30 = -2.017E+00
o P630 = -2.5E+00
4 es PE30 = 2.083E+00
! PE38 = -1 6ETE+0D
]
2 PE3D = -1.25E+00 et
2 PEIQ = -8.333E408 mm
s PE30 = 4. 16TE+0E st
o 70 PE3D = 0 s
o PEI0 = 4. 16TE+0E st
& PE30 = B.333EH0E m
= PE30 = 125E+00 st
E —
£
o —
z s
n —
>
~ P69 = 4.167E+ TG
m
n 80 Pa3a = =1.583E+09

R

PB39 = 5E+09

-2 -1 s} 1 2 El 4 5
P640 - Young's Modulus Y direction_Offset {.10%) [Pa]

Cold mass at RT — X/Y elastic modulus coll 43




Plast. during assembly

@)

D: DS11T-2D plastification
Equivalent Plastic Strain - Coi
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Plast. during assembly

D: DS11T-2D plastification
Equivalent Plastic Strain - Coi
Type: Equivalent Plastic Str;
Unit: mm/mm
Time: 7
Custom

Max: 0.00

Min: 0.0013798
16/09/2015 16:45

0.0084413
0.0075034
0.0065655
0.0056276
0.0046896
0.0037517
0.0028138
0.0018759
0.00093793
0

Y

e
X
0.000 0 20.000 (mm)

5.000 15.000

High
Luminosity
LHC

D: DS11T-2D plastification
Equivalent Plastic Strain - Coi
Type: Equivalent Plastic Str
Unit: mm/mm
Time: 8
Custom

Max; 0.008

Min: 0.0016316

16/09/2015 16:46
0.0084413

0.0075034
0.0065655
0.0056276
0.0046896
0.0037517
0.0028138
0.0018759

0.00093793 .
0

Y

e
X
0.000 0 20.000 (mm)

5.000 15.000

45



%
/O@ = é e
o %}
Qﬂ o £ g = g g § g IS €
C o & = S = S £ 1 E]
o = S E S > IS
(o) /2 w | = s = £ £ £ 2 € E E £ 5 £
Z Els| €18 e £ £ 2 s £ £ £ £ & g 2 2 E e £ £
Q 5 s ® o o = ~ = = s = £ € = £ S 1S 2 S
/Q 2z 2 = ' ) > : ~ n 3 = S © = £ = s £ £ g £ £ g
(9% = 2 8 = 3 s ,ow N o © © n o = S = g ‘= £ £ =
(o) o o 1 o > S ~ oL | < n o QL ~ = ~ ~ s = > s ©
O 3 =1 o t . e o 3 g $ < ~ | - < N o © 0 2 « 0 =
§ § 8 g ¢ 2| 2|5 /8 |5 8¢ VIR IRV I = 5 w o ow 2
@ H B = @ '9 o = = < o = o o S 3] 3 ! O N 0 ~ ! <
Ox @ ) & = — @ ] S = = oy 2 S 2 Re) 3 ] S = RN TR N
o7 s 28 3 3 & | S o | @ S 3 3 @ 2/ 212|122 8 8 3 S % 38
+ ) o o = 7 a «n o o o ‘S = £ - o e} =2 o ) Ke)
N - ' ; © o S g 4] o 3 9 s o 3 S o 5 = = 2 o = 2
© -] —_ ! ' 2 = = 0 o o s = - f =
7 = 3 f § § ¥ g & & & & & 5 3 3 & 3 3 s 3 3 3 ¢
o 2 ) S IS 2 © ® o = 2 & A b 5 g o I3 @ 2 @ o o s
(‘ ‘ o s =] 2 o = < e © — v V2] 5 = = [ i) @ a »n @
0 2 2 £ g2 € £ £ £ £ = 5 ® £ B & & 3 3 & ¢ & & =2
% . = b= ks 2 ° £ £ g 3 5 g 2 2 2 2l =2 Z2|Z & = = &
p712 ElEE Rl R 22 E £ E E E E E T ¥ z z z 3 3 2
- it — < ! i N i~ — k=4 = © =1
Fr!CtlonaI - pole wedge lateral N N < a © ~ o ) < < b 3 £ g E g g = e g £ ;c: £
P713 - Frictional - pol ral TOP F § & & & &8 S 49 9 g : & 2 & 3 Z E E E E E g
P714 - Fricti pole Wedge lateral BOT 00110 o g ©o $ o g Q - ! ! ' < E = N b~ § ‘N
14 - Frictional - Collar TOP - Coll TOM 0.01 .03 | -0.05 | 0.02 | -0.04 o [ © 3 ) o N b <« o ) < < 3 = <
. -Co i b . a [ n o ' ' '
P715 - Frictional - Collar B aring Shoe 0.01 | 0.00 | -0 g -0.05 - ¥ = £ = £ 8 3 3 2 2 5
P716 - Frictional - Coll OTTOM - Collaring Shoe 0.03 | -0.01 0.01 | -0.03 08 0.02|-0.04] 0.05 [-0.3 0.45 | -0.24 | -0.41 | 0.01 | -0.26 = — g e 8 & E
- Collar TOP - y .01 -0. - 05 [-0.39 |- 01 [-0. 8
P717 - Frictional - OP - Yoke bl oL 0 -0.10 | 0.58 0.30 [-0.34] 0.00 0.18 |-0.36 | -0.08 | 0.54 | -0 =
P63 - Aimuth Collar BOTTOM - Yoke 0.02 | 0.00 oIS ALl 0 002 .58 | 0.52 | 0.24 0.13|-0.14 | 0.11 [-0.29 0‘10 .24 | 0.09 | 0.40
- Azimuthal Stress coil-bl -0 . ==k 0.62 | -0.16 : == 0.06 | 0.04
P634 - Azi -block_4 2 Minim .04 |-0.01 -0.08 d .04 |-0.27
p635 :me”tha' Stress coil-block_5 2 Minimum 0.12 | 0.04 o 04| -0.08 %’05 0.08 | 0.01 | 0.17 028 | 0.26 | 0.02 | 0.29
P636 . AZ'mUtha' Stress coil-block_2-5 2 Mi o 0.44 | -0.02 -0.03 ' -0 :04]-0.19 0.05 | -0.08 -0.38 [ -0.31
_ Azimuthal Stress coil-block inimum ! 0.08 21 | 0.10 0.13 0.40
P649 - Azimuth: X -block_1-6 2 Minimum -0.04 | -0.10 | -0.02 0.53 b -0.19 | - - -0.06
P650 - AZimutha: Stress coil-block_4 6 Minimum 0.05 | 0.58 0.05 |-0.04] 0.21 | 0.53 836 0.26 | -0.20 | 0.19
P651 - AZimutha| Stress coil-block_5 6 Minimum 20.39 | 0.52 0.08 [-0.19] 0.10 | 0.16 | 0.04 04
pE5a - Azimutha| Stress coil-block_2-5 6 Minimum 0.45 |-030 0.24 0.01 | 0.05 ’ 0.11
P6S3 - AZimuth:| ztress coil-block_1-6 6 Minimum -0.24|-0.34| 0.51 3'17 -0.08 -0.38] 0.34 -d l3t1
oot tress coil-block_4 7 Minimu o0 B 18 [-0.11 5 :
zimuthal Stress coil- m 0 : -0.06 | 0.24 -0.09 | 0.04 [0.62 |
P655 - Azimuthal S O! block_5 7 Minimum .01 | -0.26 05 b m 007 |-032 | 061 0.62
P656 - Azimuthal Stress coil-block_2-5 7 Minimum -0.26 | -0.13 | 0.41 0. 1]-0.16 T 0-13 | 0.47 | [0.00 |
a ; : . )
P657 - Azimuthal S:ress coil-block_1-6 7 Minimum 0.18 | -0.14 | 0.30 041;; _8.21 -0.13]-0.12 | 0.54
ress coil-block P, -0.36 | 0 4 -0.20 o 8
P65S - Azim ! _4 8 Minimum .11 | 0.55 | 0.5 0.20 | -
P659 - AZimE:::: ;t:ress coil-block_5 8 Minimum -0.08 | -0.29 | 0.44 > ggi 0.16 m -0.13 | -0.25 g:; 3'26 -
ress coil-blo _ . 0.54 | - 0 -0.23 . g .45 | -0.3 - -
EZ:O-Azimuthal Stress coil-blozt_i Z:mmlmum “ooa 3-01: 8-28 013 |-0.19 o2 0.01 |-0.04 | 0.61 SR o
0 - Azimuthal St —" inimum - : .26 | -0.38 . -0. 0.48 | -0.1 . .03 |-0.26 | O
ress coil-block 4 8 Maxi 0.09 | 0.04 . -0.26 .16 | 0.07 0.5 m 0.03 - .12 [ -0.03
= & amum 0.40 | -0.27 g'g; -0.31] 0.40 [-0.20[-0.19-0.13 -(()J.zo 0.04 [ 027 | 037 o.sz o1 2o IO 0.26
' -0.06 | 0.19 27 | 0.06 | -0.05 | 0.42 | 0.42 | 0. 31060
0.27 |-033] 030 42 [-0.33] 0.47 | 0.48 0.41
o s High 0.38 [-0.28] 0.45 [ 0.36 | 0.36
7 ) Luminosity




- - - el gl ¢
IS € € € € S 1S 1S

55 s s E£E E s 3 £ E 53 3 E £ 35 3 E E 2

< E E £ £ E E £ £ E E £ & E E = & E

) 7 . £ E 5 & £ £ & 5 £ £ s 5 £ = 5 5 3

O& &2 o > > ~ ~ > > © © > > ~ ~ > > 00 0 >

2 s 5 £ & N v e o o Mm%~ o~ B © 0 @ 9w

G 2 = 5 ] D Q NEE RN R N R NS Y R RN N R N

(o) = 3 n ) S ~ ~ ~ i~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ i~

/}. e o - = = = [%] [ Q %] [*] Q [ [%] Q [ [%] Q Q %] [ Q [

Q a l': 2 o o (@] o o o o o o o o o o o o o o o o o o

Y4 o — - o |: o el o o el o o el o o o =] o el el o o

Q(( . ,9 o 5 z Q \ 8 o - - - - - - - - - - - - - - - - -

/o — — - a0 £ o} = =) k) IS S k) IS ks k) © ks ks k) IS k) k) IS ks ks

© © < b~ =2 o o o o o o o o o o o o o o o o o

0 E E oo @ o [ g"’ 2 73 %) %] 73 %) %] %3 73 %] %3 73 %] %] 7] %] %] 7]

— — c | © w wv w w wv w w (%] w w w w w w wv w w

e e o N 1 = o o (] ] (1] (] ] (] (] () (] (1] (] ] 1] (9] ] 1] ]

£ £ g < = o > > s o o bt o o b s o o o o o o o o o

Q | = i | 2 = - 2 + = - = = - = = - = = e =

() $ & ¥ £ B o 5 5 8 5 & &2 5 & & &5 &5 &5 5 5 & & 5 55

q_ © © <_E 3 ) £ = = © © © © © © © © © © © © © © © © ©

] ] c = o o < < < < < < < < < < < < < < < < <

N Q (o] © < (&) &) =] =} =] =] =} =] =] =] =] =] =] =] =] =] =} =] =]

2 2 =] o° = (%2} =] =] =] =] =] =] =] =] =] =] =] =] =] =] =] =] =]

% o o J J §F 2 ® ¥ £ £ E £ E E E E E E E E E E E E E

o o o o = o o o N N N N N N N N N N N N N N N N N

J‘G % a o O € o 3 i} < < < < < < < < < < < < < < < < <

\ ) ' ' ) ' ' ] ' ' ) ' ' ' ) ' ' ) ' ' ) ' ' ) )

& 0 a o — ~ o0 < n ) < LN © Q o — ~ ™ < n ) N~ [~} o)) o o

— — I o~ I o~ N o~ o0 [o0) ) o) < n n N LN N N N n N n © ~

~ ~ ™~ ™~ ~ ™~ ™~ ~ © © © © © © © © © © © © © © © © ©

o o o o o o o o o o o o o o o o o o o o o o o o o

P718 - pole wedge lateral TOP Offset 2 l
P719 - pole wedge lateral BOTTOM Offset -0.01

P720 - coil_up+AZ_lenght Offset

P721 - coil_down+AZ_lenght Offset b L 5
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