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Overview

e Shell-based support structures
— With LHC dipole, and RD3 and SMC missing
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The Use of Pressurized Bladders for Stress
Control of Superconducting Magnets

Shlomo C:

Abstract—LBNL is using pressurized hladders in its high field
superconducting magnet program, Magnet RD3; a 14 T race
iruck dipoles has been assembled and pre-stressed using such a
system. The bladder, placed hetween the coil pack and the iron
yoke, can provide 70 MPa of pressure while compressing the coil
pack and tensioning a 40 mm thick structurgl Aluminum shell.
Tnderference keys replace the bladder's functionality as they are
deflated and removed leaving the shell in 140 MPa of tension.
During cosl down, stress in the shell increnses to 250 MPa as &
resolt of the difference in thermal expamsion between the
Aluminum shell and the inner iron yoke. A number of strain
gauges mounted onto the shell were used to monitor ifs strain
during assembly, cool-down and testing, This technique ensures
that the final and maximum sivess in the shell is reached before
the magnel is ever energizcal,

The wse of & structural shell amd pressurized bladders has
simplified magnet assembly considerably. In this paper we
describe the bladder system and its wse in Uhe assembly of 2 14T
NBE3Sn magnet.

Index Terms—bladder, pressurize, stress, superconduc)

I INTRODUCTION

Loremz forces generated by high field dipole magnels are
100 large 1o be handled by sell-suppoerting collars. Experience
with NbySn magnets has shown that replacing the collars with
a thin spacer and using structural 1ings or wire wrap over the
yoke improves the magnet structure. In the past, two different
technigues have been tricd, Magnet D20 [1); a 13 T dipole;
was assembled by wrapping a high-tension stainless stecl wire
over the yoke, In contrast, a shrnk it sructural Aluminum
tube was used in the nssembly of Twente University 12 T
dipole magnet [2]. In both cases the final pre-siress resulis
were less than desirable even though anempis were made
assure high wlerances

A PRESSURIZED BRIADDER SYSTEM (PES)

It became apparent that if we want high pre-stress, good
control during assembly and a cost effective magnet, a change
of course would be required, We need to identify ways o
generate measurably large forces in combination with relaxed
coil tolerances.

Using a hydraulic bladder system meets these three goals.
An inflated bladder is a “smart shim”™ that compensates for
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low tolerances and can deliver large forces, Consequently
there i no need for imermediate collars and pre-siress is
delivered directly from the bladders and keys to the structural
shell, Determining the stress of the shell can easily he done by
measuring its strain, Bladders can be pressurized with melted
liquid metal, as was done in the ossembly of an ECR
sextupole (3], or; & it was sccomplished here; with the use of
high water pressure and interference keys.

weld Inlet tube

Figure |, A blucider vom welded stainkess steel shoets, The
indet tabe i soen al the kwer right com

Bladder technology was tested with o series of small
bladders (25mm wide by 150mm long), made [rom two
0.254mm (00107} thick stainless steel sheets, with a /8"
stainless whe (0,27 wall) as a supply line.

Initially, bladders were welded by hand, bul as progress
was made an oulside shop was used (© laser weld theim. The
final main bladders used in RD3 were 190 mm wide and 890
mm long, Tis internal pressure and the compliance of the coils
and strueture contral the overall bladder gap-s

B. BLADDER TEST

The range of a reliable gap-size as a function pressure was
determined experimentally. The maximum pressure a bladder
can sustain before it bursts is a Munction of its stroke (the gap
between the iwo  sheets). To  determine the bladder
characteristic curve (for 0L.0107 thick stainless steel sheet)
bladders were placed within a known gap between two
stainless steel beams. The beams were bolted and held in a
press. Using a hand pump the water pressure was raised 1o 70-
85 MPa (10-12 Kpsi). Several times during the fest the
bladder was deflated and the gap size increased. The
pressurization process was repeated until a burst occurred.
Results arc plotted in Fig. 2. Test bladders could he
pressutized o 70 MPa at 3 mun withowt failure. Some
bladders survived a1 6 mm gap and 70 MPa (over 800 MPa of
tensile stress on the stainless steel sheets). Bladders that could
sustain high pressure and large gap size uswally failed
somewhere aleng the weld; poor performing bladders tended
to fail near the supply line, No 5 | provisions were made
to round the bladder's cormers and we have not experienced

.
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Figane 2. Prossare sustained by the bladder as a function of its gap.

C. Hydrautlic Sys

Final magnet assembly used o commercial air driven pump
system (Fig. 3), capable of delivering pressures up to 200
MPa.

Bladder
pressure

lines

Figuee 3. Bladder pressurizing unlt.

1. RD3 ASSEMALY

A, Dipole magner RD3

Magnet RD3 [4] is a NbySn common coil dipole expected
o reach 14 Tesla in a 10 mm bore, At that field the average
Lorentz side force is 15.4 MN/m (a total of 12.0 MN over the
T80 mm coil length). A foree of such magnitide can not be
managed with a centilever beam structure and tie-bolts as it
was done in RT1 [5]. Further, o cantilever structure will not
prevent the cols from  separating over the gap. The
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requirement for no coil separation, large forces, o fragile
Nb3Sa coil and the need for reliable stress control made the
use of bladders quite attractive.

The magnel is d from thiee sub- blies - u
pre-assembled coil pack, a pre-assembled iron yoke and shell,
and a set of keys and bladders (Fig, 6), The coil pack (Fig. 4)
is an assembly of two inner coils, twa culer coils (previously
tested as RT1) and outer pads (ivon). The coil-pack was pre-
assembled and compressed with threaded pad-to-pad tic-rods,
The iron yoke and shell were also pre-assembled in the
vertical position and locked with emporary keys. The final
magnet assembly of the coil pack and shell ook place
hotizontally, Finally, bladders were inserted between yokes
and pads with shims and special removable slip planes (10
help during bladder extraction). As a precautionary measure
auxiliary bladders were also used in the regions shown in Fig.
4. Bladders were inflated incrementally and temporary keys
inserted every 1520 MPa. Alter & final pressurization;
comresponding o 85 MPa, final keys (1.5 mm thicky were
inserted and the bladders deflated and removed with the aid
af slip planes. The strain of the retaining Aluminum shell was
measured continwously,

Side rails keys

bladder

auxiliary bladders
pad

Figure 4. The cail pack is an assermbly of eoil madules between iran
pads. (n the pads facing away from the coils are key sloss. Bladders
are placed between keys

B, Concepi of Operation

The balance of forces between the shell and coils takes
place in several steps. Initially the shell pre-stress value is set
at 150 MPa by the bladders and keys. During cool-down the
stress increases o its final value of 250 MPa and remains
unchanged during operation. The reason for that can he
explained as follows (Fig, ). Forces on the shell at point A
are balanced by reactive forces between the two symmetrical
halves of the magnet (point B), At point B reactive forces are
carried by the coil and iron post, As the magnet is ener)
the incrense in Lorentz force is balanced by an identical
deerease in reactive forces in the post and side rails (Fi
leaving the stress in the shell unchanged and minimum coil
maotion, The magnet was designed with enough pre-stress 1o
keep a finite reactive foree op 1o 16 T, In addition, during
operation the combination of keys and pads protect the cuils
from bending. The pad's thickness was chosen in such 4 way
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that while the side fucing the yoke deforms, the side facing
the ceil remains flat

Shell

post -bladder

Figure 5. Foeces refated 1 RD) magnet aepembly

Figune 6. End view of RD3 shawing the Aluniinum shell, iron pads
and yokes, ¥ coll mostules and keys betwoen yokes ui pacs

I, STRUCTURAL SHELL

A. Mechanical Model

In order o test the bladder in a geometry that is similar w
RD3 we built a 173 scale mechanical model. We used a 6061
T6 aluminum tube (240 mm OD, 12.6 mm wall, 305 mm
long) and standard off-the-shelf iron (equivalent 10 1018),
The yoke and pads were cut from 2" thick wwon plates using an
Electrical Discharge Machine (EDM). A coil pack
was made from aluminum blocks and an iron post clamped
inside iron pads and tie rods (simifar to Fig. 4), The shell was
put into tension using two bladders and a hand pump, Water

pressure in the bladders was raised 0 80 MPa before iron
keys were inserted, After cool down to 42 K the shell
reached & final pre-stress equivalent to o field of 1S T, We
have concluded that the measured strain of the shell followed
closely an ANSYS two-dimensional plane-stress model with
friction. The strain-stress relations of the mechanical model
and m-qznﬂ RD3 are the same, but the size of the forces and
S are different. The similarity between the two
cm and the fact that, with proper key \uc Lorentz forces
should not contribute 10 an increase in the shell stress afier the
magnet is encrgized, makes the test results of a mechanical
model identical 1o those obtained during the final magnet
axssembly. Pressurizing the bladders strain the outer aluminum
shell. Strain gauges mstalled around the shell can be
colibrated directly against the bladder pressure and compared
with those calculated with the program ANSYS (Fig. 7).

Figere 7. Van Misca stress at 14 T

B. Magnet RD3

The RD3 shell was machined from a 2219-T852 Aluminum
forging (740mm OD, 40mm wall and 850 mm long). The iron
yoke laminations were cut from 2" plates using a water jet
with a final machining. During assembly the shell strain was

d at all points ponding 10 M, Pla,
and P1. Point Pla is a location that is both bending free and
free from friction effects. Several gauges were instramented
10 read strain in the axial direction. The measured strain at
location M is plotted against the bladder pressure in Fig. 8.
The horizontal data points correspond to the shell unloading
and loading on temporary keys. Final size keys of 1.5 mm
were used corresponding (o a shell strain of 1830 microstrain.
When the results are compared with ANSYS, the measured
strain agrees well when a friction factor of 0.15 is applied
between the yoke and the shell. That friction factor was down
from a value of 0.25 observed in the mechanical model and in
agreement with the improved surfsce quality used in the
magnet parts, Location P1 at the pole area was instrumented

at bath 1D and 013 | With the und ding that the
shell will undergo bending wt P1 we expected local yielding
along the pole 1D, The choice to allow local yielding was a
way 1o avoid making the shell oval which would have resulied
in & shell that is costly and more time consuming to make,
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Figure 8, Strain of shell at paint M during bladder cperation,

Table [ Shell stress-strain during assembly

LoCation | R0 MEASURED | ANEYS
STaln SthEss | STRAIN STRESS
— dmcy | MPay L (wcy | (MPA)
[2L5] 1834 | 143 | 170 | 138 |
Pla 2020 15T | 2134 166
[ 657 67 | 0 0.
Pt 5120 400 4115 321
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)
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Figure % Strain as a function of time measured on the shell a1 point
M.

Magnet assembly with bladders required no more than a
couple of days. As shown in Fig, 9 only about 10% of strain
logs oceurs after the bladders are deflated, 1t is also apparent
That there is no creep and the magnet structure maintained s
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start bladder bladder 42K 4T

inflated deflated

Figure 10 Swess of shell an vasioos mnes.

strain many days following the assembly. During cool down
we expected the strain i the shell o double. A 42K the
sirain increased o0 a measured value of 3420 microstrain
compared with 3461 caleulated by ANSYS (Fig. 10}, That
strain is equivalent to a stress of 267 MPa in the shell. As the
magnet reaches its final field of 14 T we expect the shell o
remain al that siress Tevel and all inner coils o remain in
contact (e.g. no coil separation as seen during the RT1 test
[6]).

1V, CONCLUSION
We have d the use of high-pres bladders in
the assembly of high feld superconducting magneis, Such a
system can deliver a well-controlled pre-stress level o both
coil and structure regardless of tolerances. This method also
ensures a similar straightforward operation during magnet
disassembly.
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General concept

e Room temperature pre-load provided by |- measured midplane - ANSYS . messured average poe
bladders o :
— About 30-50% of total pre-load

— Large force, easily adjustable

e The rest from shell cool-down

Azimuthal Stress (MPa)

— Offset! et ey
* |In general, targeting 150-200 MPa on st bladder  bladder 42K T
the COiI at COId Figure 10. Stress of shell at various times.

— 35 MPa in the LHC dipole

* Generally, less than 100 MPa coil stress
at warm

* Peak stress reached from below ’
— No “collaring peak”
* Yoke gap always open 5

— Shell force directly to the coil
— Still quite rigid

I@l Paolo Ferracin 20/01/2016 10
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Bladders: 45 MPa (700 um gap)

Paolo Ferracin 20/01/2016
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Key: 550 um

*  We impose a coil stress based
on shell stress, not a coil strain
based on a cavity

— Less sensitive to uncertainties
on elastic modulus

~
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Cool-down to 1.9 K
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2D ANSYS model

Potted Nb,Sn coil ,glued” with
contact elements

Contact elements between the
structure parts model the friction
— Friction coefficient u=0.2
Continuous analysis of the
magnet life-cycle

— Bladders operation

— Key insertion

— LHe vessel installation

— Cool-down

— Magnetic forces
* From ANSYS magnetic model

Plane stress”

o

20/01/2016
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Criteria (Frascati 2012)

* Pole-coil contact in pole-turns midpoint
Peont = 2 MPa
 Max bladder pressure
<50 MPa
* Bladder should open the interf=interf, . + 100pum
< 150-200 MPa at

* O

eq coil max
3K and 155 T/m " Vaterial | Ryq, IMPal__
< 100 MPa at 293K _--
* Allcomponentso <R, Al 7075
* Foriron at 4.3K (brittle) SS 316 LN 286 930
<~200 MPa NITRONIC 40 353 1240
MAGNETIL 180 723
Ti 6Al 4V 827 1654

I@! 20/01/2016 Paolo Ferracin 18



Shell

* Thickness

— It sets the cool-down force
e 80-100 MPa of stress

* more or less (oy-Q;,0,) E

— Probably, an “healthy”
condition is with shell
providing 50-70% of the
total force

* Diameter

— Mainly given by what’s
inside

al

I@l Paolo Ferracin 20/01/2016 19



Yoke

e General size

— At cold one of the most
critical target is 6, < ~200 /|
MPa

— Keep an eye also to the

room temperature peak
stress < 180 MPa

I@l Paolo Ferracin 20/01/2016 20



Pad

e General size

— Some bending during
bladder operation

e Sometime made of Stainlessﬁj‘
steel to increase limits

— With keys, normally no
Issue

* Shape

— Maximize bladder size
— May include axial rods

I@l Paolo Ferracin 20/01/2016 21



Bladder

* Max pressure, assume 50
Mpa for the “short
sample condition”

— In reality 70 MPa

* Assume over pressure to
produce clearance for key
insertion: ~0.100 mm

I@l Paolo Ferracin 20/01/2016 22



Bladder
MQXFS1

1200
Load kev shims:50 mil 60 mil
E 1000 Target: 1147 pe
= 3500nsic
= 00
& — Top
E 600 = Right
E ~ DBottom
< 400 — Left
o
i
v 200 Bladder nressure bv auadrant
From 2500 nsi to Max: 4200 nsi
0

Fig. 9. Strain data of the mid-planes of the shell in the azimuthal pre-loading
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Key

* Horizontal

— Optimized to minimize coil
stress at cold and with e.m.
forces

— Interference/shim of ~0.5
mm: easy fine tuning of
room temperature stress

I@l Paolo Ferracin 20/01/2016 24



Key

e Vertical

— Just tight at warm

* In any case it is not easily
controllable

— At cold, usually not much
force intercepted v

— Vertical pre-load provided
by bending of the yoke

I@l Paolo Ferracin 20/01/2016 25



Coil

* A cut-outin the pole may help
a lot to reduce peak stress at
cold

— But no strain gauges

e Hard to have uniform contact
pressure on the pole with e.m. /
forces b

1 2wsys 15.0 i

NO. i B vl
NODAL SOLUTION | |
TEP=5 W

Q!

T e
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Assembly of the colil-pack with
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Sliding the shell around the yoke- ik b /&
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Handling the shell & yoke...
B\ . T = 1
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Gap-keys

Insertion
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Sliding the coil-pack in...
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loading

Bladder operation...

Horizontal bladders Vertical bladders

Paolo Ferracin
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Assembly steps
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Mechanical analysis
End region

 Axial force at 15 T: 780 kN
* Full axial support at 4.5 K

— No coil = pole separation in the
ends

e Axial force shared between end-
shoes and wedsee (hullets)

17321 &
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loading

Rod pre-tension...
— - A . \ A 3 ) == —
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Axial preload system

Axial magnetic force at 140 T/m
F,=1.29 MN

Aluminium rods M36

Keys and Rods

SEQV (AVG)
SMN =877722

SMX =.316E+09
811122

: 309F+08
. 709E+08
- LOBE+09
.141E+09
ol (OEA09
Z11E+Q09
.246E+09
s LY
231 0F+09

(T

o, [MPa] (RUWACIE  End-plate (lead-end)

Warm 0.76 316 ¢
Cold 1.23 304 541
Forces 1.25 307 545
140 T/m ¢

Nitronic 50 HS, 75mm thick
*  minimum YS: 515 MPa (in RT)
e minimum UTS: 795 MPa (in RT)

Negligible plate deflection due to
magnetic forces (few microns)

Displaced by 50um during powering
(stretching of the rods)

I@! Paolo Ferracin
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Stress and preload in the coil return-end

o

Cool-down

cool-

down

< 200 MPa

Below HQ

fELCREON

.156E+08 [
.311E+08 |
.467FE+08 |

.622F+08
.778E+08
.933FE+08
.109E+09
.124F+09
.140E+09

SIVIN
SIVIX

JECCROENN

« L BOE+08 -
AN T 012
g ladoieti
.160E+09
.1 6BE+0S
.1 70E+09
«1 79E+09
.180E+09
.185E+09
L. 30E409
«1 JBF(9
.200E+09

O1401/m < 160 MPa

Below HQ

Maxinmum gradient

Contact pressure against poles and spacers

SIVIN
SIMX

(A

.145F+08
wLOSET0Y
el L OB TOY
.120E+09
sl Zob+09
«LIUE+0S
ol 30
.140E+09
.145FE+09
LI UR+0H
s Laar s
+ 160E+09

@
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e Aluminum collars
— No pre-load

— Bolted on pole
keys

— Minimal
interception of
shell forces
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Effect of friction in end region
Model results

In a frictionless model the shell
slides axially with respect to the
yoke

— Poisson effect
¢ &= Ve

3000
_ ngher thermal ContraCthn Model, 0.0 fr., 293 K Model, 0.0 fr., 77 K
2500 4- ---- Model 0.1fr, 293K ---- Model, 0.1 fr., 77 K
— — -Model, 0.2 fr., 293 K — — -Model, 0.2 fr., 77 K
g 2000
* Friction between shellandyoke % . | A Rl N
limits shell sliding g N
£ 1000 e A I
* The shell axial strain varies 5 ol S LA
along the length dependingon £ N
friction factor
o o SBO0 peeifift e
e Similar behavior is expected on ey S
th d | -1000 T
e aummy CollS 1900 0 1900
Axial position (mm)
20/01/2016 Paolo Ferracin 41

@)



3D mechanical analysis
Axial strain in the aluminum shell

* During cool-down, shell shrinks more than yoke
— Friction limits the shell contraction

* High measured axial strain in LRSO1
— Effect on azimuthal stress

 LRSO2 and LQSO01 with segmented shell
— Reduction of axial strain

3000

2500

2000 4

Shell axial microstr

-500

-1000

LRSO1

1600 -

1000 4

500 ~

LRS02

LOS01

3000 3000
B Meas. right (4.5 K) & Meas. left (4.5 K) B Meas. right (4.5 K) ® Meas. left (4.5 K)
— — Comp. 0.20 friction 2500 | —— Comp. 0.20 friction (segm.) 2500
S Bt 2000 4 c 2000
» P 2 2
/* \ £ 1500 A 2 1500
/ \ = 8
/ Y g 1000 1 o £ 1000
/ \ 8 5
\ T 500 m P N " S 500
\ % a 5 NN /N 2
S 04 // A / \ / N %) 04
v/ k 8/ / D A
/ / Y N/ S ' 00
/ -500 4 / N \ W/ \ -500 -
/ i / % v y
: 1000 : -1000 : :
-1900 0 1900 -1900 0 1900 -1700 -850 0 850 1700
Axial position z (mm) Axial position z (mm) Axial position z (mm)
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Liquid helium vessel

* OD of the structure shrinks by ~2mm

e LHe vessel requires tensioning to
maintain contact and alignment (weld
shrinkage)

e Vessel of 8mm thickness modelled

 Weld shrinkage simulated with contact
elements features

Oweld vessel
MPa MPa

Warm
Cold 128 16 51 .
Forces 224 28 71

CONTPRES (AVG)
DMX =.001001 = 2
SMX 2645OE+O7 }
499770
999541
«LB0EH0 T
.200E+Q7

s ZoUEAUT
«SUUEAD T
.350E+07
.400E+Q7
.A50E+07

Maximum gradient

(I (R

Contact between the shell and the vessel
maintained (locally) after cool-down

Vessel linked to the yoke through the
backing-strip (tack-welded) and welding
blocks between the shell segments
(bolted to the yoke)

I@! Paolo Ferracin

20/01/2016 43



Appendix

Paolo Ferracin 20/01/2016 44




Coil and G10 pole key

e Tialloy pole impregnated with the coil

Paolo Ferracin 20/01/2016 45




Aluminum bolted collars

50 mm thick laminations

Radial contact with coil and azimuthal contact with pole key (for alignment)

No coil pre-load function

Kapton shim used it to adjust radial contact between coil and collar
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Iron and stainless steel bolted pads
Coil-pack sub-assembly

* 50 or 8 mm thick laminations

* Alignment with respect to collars

e Stainless steel laminations in the ends
* No coil pre-load function
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lIron masters and alignment-loading keys

* Slots for
— Bladders
— Loading keys
— Alignment
keys
* Flat surface

 Nested into
features in the
load pads (and
yokes)
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Yoke-shell sub-assembly

e 4 stacks of lamination
assembled with ties
rods

* Shell pre-load with
temporary keys

e Tack-welding blocks
bolted to the yoke

* Segmented shell with
cut-outs for cold-mass
assembly
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Coil-pack sub-assembly in shell-yoke-sub-
assembly and pre-loading
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Aluminium axial rod insertion and
assembly of end-plate
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Backing-strip
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Welded LHe vessel (stainless steel shell)
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3D ANSYS model
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3D ANSYS Model
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3D finite element model
Lorentz forces

* ANSYS

— (x, y, z) coordinates of each coil
element center

* OPERA
— Computation of J x B (N/mm?3)
at each (X’ y’ Z) Coordinate \ W VECTOR FIEL|
* ANSYS

— Computation of Jx B - V,;(N)

— Final force applied to each coil
nodke L :
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Bladders: 45 MPa (700 um gap)

@

-105 MPa

Bladders

ANSYS 15.0
PLOT NO. 1
NODAL SOLUTICN
STEP=1

SUB =1
TIME=1
SY (AVG)
REYS=1
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.124F-03
SMN =—.105E+09
e

= F+
e —.074E+08
L

—.458FE+08
[

—.384FE+08
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Bladders: 45 MPa (700 um gap)

—

ANSYS 15.0
PLOT NO. 1
NODAL SOLUTICON
STEP=1

SUB =1

TIME=1

SXY (AVG)
RSYS=1
PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.123E-03
SMN =—.172E+08
SMX =.707E+07
—isd 1 2B+08
.145F+08
L L OEE0B
«913E4+07
.043E+07
.373E+07
«LOSEA07
.167E+Q07
L437E+07
. 707E+Q07

JRCCNEEN

Bladders
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Key: 550 um

1 ANSYS 15.0
PLOT NO. 1
NODAL SOLUTION
STEP=2
SUB =1
TIME=2
SY (AVG)
RSYS=1
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.624FE-04
SMN =—.067E+08
= e

= +
g —.613E+08
— 451E+08

—.181E+08

Keys

Paolo Ferracin 20/01/2016 59




Key: 550 um

Keys

ANSYS 15.0
PLOT NO. 1
NCDAL SOLUTION
STEP=2

SUB =1

TIME=2

SXY (AVG)
RSYS=1
PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.620E-04
SMN =—.179E+07
SMX =.169E+08
—ul {9E+07
283538
236E+07
L443F+07
.650E+07
.857E+07
.106E+08
.127E+08
.148E+08
.169E+08

JRCCNEEN
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Cool-down to 1.9 K

] ANSYS 15.0
PLOT NO. 1
NCDAL SOLUTION
STEP=4

SUB =1

TIME=4

SY (AVG)
RSYS=1
PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.502E-03
SMN =—.156E+09
L434FE+08
« 1956E+09
.143E+09
3L L0
+118E+09
.106E+09
.934E+08
.809E+08
.684FE+08
.559E+08
L434FE+08

-156 MPa

[ O A R

(RN e

Cool—down
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Cool-down to 1.9 K

—

Cool—down

ANSYS 15.0
PLOT NO. 1
NODAL, SOLUTION
STEP=4

SUB =1

TIVME=4

SXY (AVG)
RSYS=1
PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.501E-03
SMN =—.409E+08
SMX =.533E+08
—.409E+08
—.304E+08
“ el I 0E
—.946E+07
.100E+Q7
.115E+08
« 2198408
.324F+08
.429E+08
-533E+08

JRCCNEEN

Paolo Ferracin

20/01/2016

62



132.6 T/m

—

-148 MPa

Maximum gradient

ANSYS 15.0
PLOT NO. 1
NODAL SOLUTICN
STEP=5

SY (AVG)

PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.471E-03
SMN =—.148E+09
SMX =.406E+08
—.148E+09
.127E+09
«L.06E+09
.850E+08
.041E+08
.431FE+08
w508
- 125F+07
+197E+08
.406E+08

N

JRCCNEEN
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132.6 T/m

ANSYS 15.0
PLOT NO. 1
NODAL, SOLUTION
STEP=b5

SUB =1

TIME=5

SXY (AVG)
RSYS=1
PowerGraphics
FEFACET=1
AVRES=Mat

DMX =.470E-03
SMN =—.485E+08
SMX =.411E+08
—.485E+08
.385E+08
.286E+08
.186E+08
.8067E+Q7
.128E+07
el ZBH08
.212F+08
. 311E+08
.411E+08

—

[ A

JRCCNEEN

Maximum gradient
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132.6 T/m
Pole contact

CONTPRES (AVG)
DMX =.459E-03
SMN =—.297E+08
SMX =.0680E+08
— 29 [E+08
—.188E+08
~. [95E+07
291E+Q7
.138E+08
.246E+08
«3905+08
.463E+08
.O72E+08
.680E+08

BUCEN

Maximum gradient

Paolo Ferracin 20/01/2016 65




Mechanical analysis

1. ~30% of shell force
intercepted by collars

2. Spring back
3. Full pre-load at 1.9 K

4. Coil still compressed at G,
— Alignment maintained

AZIMUTHAL FORCE

F3 /F3_e.m.

Coil peak azimuth. stress

T
Shim 19K Gop

-148 MPa | =
o

Paolo Ferracin
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Structure rigidity

Rout 140mm = Royt - 4972 7um

14 pm Coil OD SHELL OD
AUr [pm] AUr [um]
Warm -80 +420
Cold -430 -960
Forces (140T/m) +45 +30
VSR Effect on the coil displacement on the field
SMX =.641E-04 :
mm -S31E 05 quality
. }%Sﬁ?ggfﬂ « Room temperature assembly and cool-down
1 158 04
B 239504 - B2:41.23T/m
== T3Tgr-04 -
1 1507 04 . b6: + 0.95 unit
T 480E-04 -
ISy « Magnetic forces at 140 T/m
B E1E 04 .
o i YU NEGLIGIBLE
. b6:-0.02 unit

9]



Stress variation (MQXFS)

Layer 1 mid point

Keys
Cool-down
Field

201 f\
40+ :
-60 F
— 80T
[a )
= -100f
D
© 120}
—___/_—.~ ’
-140 : ,
-160
o =25
2200
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
z [m]

* Optimised layout
— 1 normal shell (0.755m long)
— 2 half-shells at extremities (0.377m)

Preload guaranteed at 140
T/m

Stress variation under
central segment

+/-5 MPa
(affected by ends)
Half-shells at the

extremities decrease the
stress variation

I@! 20/01/2016
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Stress variation (3m)

Layer 1 mid point

40 F ,
_/\—/

-60 '

-80

-100 |

c, [MPa]

-120 |

-160 |

-180 |

Keys
Cool-down
Field

-200
0 0.5 1

z [m]

- Optimised layout

1.5

. 3 normal shell (0.755m long)
. 2 half-shells at extremities (0.377m)

Stress variation under
central segments

+/- 10 MPa

Half-shells at the
extremities decrease the
stress variation (affect
adjoining long segments)

I@! 20/01/2016
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Magnet design
MQXFB

* Second iron master
— Coil-pack sub-assembly
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Magnet design
MQXFB

* [ron yoke laminations
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Magnet design
MQXFB

 Segmented aluminium shell
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Magnet design
MQXFB

* Backing strip
— For Lhe vessel welding
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Magnet design
MQXFB

* Axial support system
— Aluminium rods and end-plates

I@l Paolo Ferracin 20/01/2016 74



Pre-loading sequence

* Target:
— Coil pre-load = e.m. force

* Room temperature

— 45 MPa bladder pressure
* Overshoot to insert shim

— ~30% of force on collars — |
— Marginal impact of vessel wam frcss
— Coil peak stress <100 MPa 4000 ‘

e 19K

— 0.4 mm coil radial displ.

— Minimum force on collars
— Vessel still in contact 1000
— Coil peak stress ~175 MPa

w
o
o
o

N
o
o
o

F azimuthal [kN/m]

Bladders Shim LHe vessel 19K

|@! Paolo Ferracin 20/01/2016 75




Excitation to 140 T/m

Coil under pressure
— Capability to pre-load to 155 T/m
Coil peak stress ~140 MPa

e Structure rigidity

— ~0.045 mm on the mid-plane
* No impact on field quality

PLOT NO.
NODAL_SOLUTION
STEP=
SUB =1
TIME=5
CONIPRES (AVG)
DMX =.454E-03
SV =—,133E+08
e
=% +
o . 497E+07
e -333E+07
o . 116E+08
-199E+08
=
== 282E+08
= 1365E+08
-148E+08
o - 031E+08
-614E+08

5000

4000

W
o
o
o

N
o
o
o

F azimuthal [kN/m]

1000

e.m. forces

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

77777777777777777777777777777777777777777777777777777777777777777777777777

pole key

140 T/m

LHe vessel 1.9K

Bladders Shim

Paolo Ferracin
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Peak cool-down stress (3m)

Layer | inner radius (2nd bl. cent.)

20

-40

-80

/|

-100

o, [MPa]

Keys
Cool-down
Field

-120

-140 F

-160
/\/-—/
-180 k

-200

0 0.5 I 15
z [m]

- Optimised layout
. 3 normal shell (0.755m long)
. 2 half-shells at extremities (0.377m)

Peak stress after cool-
down below 182 MPa
(below TQ/HQ)

I@! 20/01/2016
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Peak mid-plane stress (3m)

Layer | inner radius mid-plane ‘
0 T T < ®
=20 3

40t
60} | P - - Peak stress with
s T - — magnetic forces at 140
2 | Coton | T/m below
L . L ]
iz/\/‘/ _ 138 MPa (below
60 - TQ/HQ)
-180 |
-200 2
0 0.5 1 1.5

z [m]

Optimised layout
3 normal shell (0.755m long)
2 half-shells at extremities (0.377m)
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Liquid helium vessel

* OD of the structure shrinks by ~2mm

e LHe vessel requires tensioning to
maintain contact and alignment (weld
shrinkage)

e Vessel of 8mm thickness modelled

 Weld shrinkage simulated with contact
elements features

Oweld vessel
MPa MPa

Warm
Cold 128 16 51 .
Forces 224 28 71

CONTPRES (AVG)
DMX =.001001 = 2
SMX 2645OE+O7 }
499770
999541
«LB0EH0 T
.200E+Q7

s ZoUEAUT
«SUUEAD T
.350E+07
.400E+Q7
.A50E+07

Maximum gradient

(I (R

Contact between the shell and the vessel
maintained (locally) after cool-down

Vessel linked to the yoke through the
backing-strip (tack-welded) and welding
blocks between the shell segments
(bolted to the yoke)

I@! Paolo Ferracin
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Bronze vs Titanium - island

Axial scan of axial stress along the mid-island ir

Z

Center island stress ¢ (MPa)

80

60 |7

40

120

-140

160

-180

I +— Bronze {
P— =—= Bronze i
»— Bronze ||

I —o T}

b 2 o—a Tj

- o

[____ 4-‘{ I‘it Assem i

[

T

0 50 100 150 200 250 300 350 400

Axial position (mm)
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MQXF ANSYS model materials

| Materidl | EGPl | | (el

Coil

Stainless stell

Aluminum
Bronze

Iron
Aluminum
G10
Titanium

Nitronic 40

293 K
EX=44
EY =52

GXY =21

193
110

213
70
30

130

210

4.3 K
EX=44
EY =52

GXY =21

210
120

224
79
30

130

225

293 K/4.3K
0.3

0.28
0.3

0.28
0.34
0.3
0.3
0.28

293 K ->4.3K

X = 3.36e-3
Y = 3.08e-3

2.84e-3
3.12e-3

1.97e-3
4.2e-3

7.06e-3
1.74e-3
2.6e-3

@)
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