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2-D structure

S
U.S. LARP



2-D Structure Design Features (1)
. Alumi i
uminum Collar (l/\\
— Standard 6061-T6 grade {
K

— Stamped laminations; single part design

* Precise features stamped, engagements machined in a Secondary operation

e Eliminates need for accurate pinning or welding
— Gaps between keys to coils, grooves accommodate 4% helium space
— Mid-plane stop to prevent over-compressing coil during yoke assembly
 Stamped inner and outer iron yoke laminations
— Large slots for hydraulic bladders (also serve as bus slots)
— Yoke alignment key in-line with coil pole tabs
— Large helium bypass holes (94 mm dia.)

e 25mm thick Aluminum shell
e 10mm thick stainless steel helium vessel shell (not modeled here)
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2-D Structure Design Features (2)

4x Direct HELIUM VESSEL - 630 mm OD
allgnme_nt ALUMINUM SHELL - 608 mm OD
from coil to
fiducial in ALIGNMENT SLOTS
stainless HELIUM HOLES - 94 mm
steel
LOAD KEYS
vessel
OUTER YOKE
BLADDER / BUS SLOTS
20 mm x 80 mm
INNER YOKE
ALUMINUM COLLARS
Clearance TAPERED KEYS
fit between
aluminum
shell and
stainless
steel
vessel
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2-D Analysis

e Basic FE model features
— CERN coil cross section

— 2-D 8 or 6-node structural solid elements as well as contact elements at
interfaces

— Frictionless model (for now)

* Five Load Steps
— 1. Collared (coil stress from 2-D collared coil model)
— 2. Apply full bladder pressure ( 30 MPa) against slots
* Also apply collar OD shim at mid-plane (0.1 mm radial thickness)

— 3. Install yoke shims

* Bladder pressure removed
— 4. Cool-downto 4.3 K

— 5. Power to 140 T/m followed by 157 T/m peak flux gradient (apply
Lorentz forces from magnetic model)
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2-D Magnetic Analysis

AN

QXF Quadrupole 157 T/m

VECTOR

STEP=1

SUB =1
TIME=1

FMAG
ELEM=176
MIN=33.7634
MAX=7614.14

NOV 9 2012

33.7634 1718.29
876.027

QXF Quadrupole 157 T/m

60.55

13:56:37

7614.14

Magnetic Flux Contour Plot

Coil Nodal Force Vector Plot
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2-D Mechanical Analysis (1)

Step 1 — Collaring

Collar Lug Equivalent Stress (MPa)
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2-D Mechanical Analysis (2)

Step 2 - Apply 30 MPa bladder pressure

AN AN
NODAL SOLUTION NOV 9 2012 NODAL SOLUTION NOV' 9 2079
STEP=1 -60 MPa 11:27:48 STEP=1 11231227
SUB =11 SUB =11
TIME=1 TIME=1
SY 4 _ SEQV (AVG)
RSYS=1 61 MPa DMX =.755E-03
DMX =.122E-03 SMN =732.758
SMN =-.147E+09 SMX =.553E+09
SMX =.646E+08
-53 MPa
-40 MPa
1 : . T23E105 246E+09 36BE+09 09
. . E+ . E+ . E+ +
T LATE0D Laamr0e 00RO Tecmion o T 205408 o 176E+08 0 6468408 16148400 »184E109 207EL02 #293E+09

BNL QXF Mechanical Model 30 MPa Bladder Pressure

BNL QXF Mechanical Model 30 MPa Bladder Pressure

Coil Azimuthal Stress (Pa)

Yoke and Shell Equivalent Stress (Pa)
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2-D Mechanical Analysis (3)

Step 3 — Insert Shims,

NODAL SOLUTION

STEP=1
SUB =4
TIME=1
SY

RSYS
DMX
SMN
SMX

.17 4e=os
-.855E+08
.375E+08

-.855E+08

., | -36 MPa

718E+08
BNL QXF Mechanical Model - Keyed

AN

NOV 9 2012
11:43:38

-31 MPa

-.582E+08 -.308E+08 -.351E+07 .238E+08
-.445E+08 -.172E+408 .102E+08

Remove Bladder Pressure

Coil Azimuthal Stress (Pa)

AN
NODAL SOLUTION NOV 9 2012
STEP=1 1147323
SUB =4
TIME=1
SEQV (AVG)
DMX =.579E-03
SMN =4868.93
SMX =.549E+09
.139E+09
4868.93 .122E+09 .244E+09 . 366E+09 .488E+09
.610E+08 .183E+09 .305E+09 .427E+09 .549E+09

BNL QOXF Mechanical Model - Keyed

Shell and Yoke Equivalent Stresses (Pa)
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2-D Mechanical Analysis (4)

Step 4 — Cool-Down to 4.3 K

AN
NODAL SOLUTION NOV 9 2012
STEP=1 -121 MPa 11:50:48
SUB =28
TIME=1
SY '{1()22 quF)a
RSYS=1
DMX =.506E-03
SMN =-.253E+09
SMX =.121E+09
-504 pum
Lateral
Deflectic
-79 MPa -91 MPa /
8.504E-03
T 253E+09 —.170E+09 —.867E+08 —.364E+07 . 795E+08
-.211E+09 -.128E+09 -.452E+08 .379E+08 .121E+09
BNL QXF Mechanical Model Cool-down to 4.3K

(

AN
NODAL SOLUTION NOV 9 2012
STEP=1 11:58:23
SUB =20
TIME=1
SEQV (AVG)
DMX =.00101
SMN =9476.74
SMX =.578E+09
-
Coil
|
.261E+09
9476.74 .128E+09 .257E+09 .385E+09 .514E+09
. 642E+08 .193E+09 .321E+09 .450E+09 .578E+09
BNL QXF Mechanical Model Cool-down to 4.3K

Coil Azimuthal Stress (Pa)

Shell and Yoke Equivalent Stresses (Pa)
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2-D Mechanical Analysis (5a)

Step 5a — Apply Current to reach 140 T/m peak flux gradient

AN AN
NODAL SOLUTION NOV © 2012 NODAL SOLUTION NGV § 5615
S f -14 MPa 14:05:46 SUB =1 14:10:35
TIME=1 TIME=1
SY SEQV (AVG)
rsys=1 | -14 MPa DMX =.981E-03
DMX =.46 SMN =9606.28
SMN =-.160E+09 SMX =.583E+09
SMX =.372E+08
-437 pm
Coil lateral
Deflection
A=67 pm
-135 MPa -125 MPa /
SE+09.437E-03 .275E+09
-.160E+09 FBFHOB —.2851~:+Om mm
~.138E+09 ~-942E+08 ~-504E+08 gl FI2EL08 77 Le4sE+08’ .194E+09° .324E+09 .453E+09’ .583E+09
BNL OXF @140 T/m Flux Gradient BNL QXF @140 T/m Flux Gradient
Coil Azimuthal Stress (Pa) Shell and Yoke Equivalent Stresses (Pa)
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2-D Mechanical Analysis (5b)

Step 5b — Apply Current to reach 157 T/m peak flux gradient

AN
NODAL SOLUTION _5 MPa NOV 9 2012
STEP=1 15:26:46
SUB =20
TIME=1
SY +5 MPa
RSYS=1
DMX =.460E-03
SMN =-.178E+09
SMX =.361E+08
-424 pym
Coll late
o Deflectic
-152 MPa -135 MPa A=80 M

135E+09. 424E-03

| EEEEEmea—— =
-.178E+09 -.131E+09 - .830E+08 —.354E+08

E s T
-.154E+09 -.107E+09 -.592E+08 -.116E+08 .361E+08|

AN
NODAL SOLUTION o & BBiE
STEP=1 15332431
SUB =20
TIME=1
SEQV (AVG)
DMX =.975E-03
SMN =9621.2
SMX =.584E+09
.145E+09
5E+09
Al
N
N
27 TE+09
— :
9621.2 .130E+09 .259E+09 .389E+09 .519E+09
.649E+08 .195E+09 .324E+09 454E+09 .584E+09|

BNL QXF @157 T/m Flux Gradient

BNL QXF @157 T/m Flux Gradient

Coil Azimuthal Stress (Pa)

Shell and Yoke Equivalent Stresses (Pa)
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2-D Mechanical Analysis - summary

Summary of Coil Stresses at coil midpoint during Assembly and Operation

LARP QXF STRUCTURE MRP QXF §TRUCTURE
Pole Azimuthal Stress Mid-plane Azimuthal Stress
40 1 0
WL e s o) A3 - ol L1 Mid-plane §tress (mid)
5 —4—Coil L2 Pole Stress (mid) : - 14 ‘\ ':O —+—Coil L2 Mid-plane Stress (mid)
tension
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e 54 40 .
-16 Fﬂ/ \/

20 w
21 [ -4 -53
A / )
40 Bt 79
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\ 102/ / 120
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Stress (Mpa)

e
/'/ W

Stress (Mpa)

-100 T 1
l \v 135
-140 - 1
120 ETTM Coil Collaring Bladder Y oke Shims Cool-down  Power to 140 T/m[Pewer to 157 T/m
Activation Installed a5
140 160
-160 -180
Coil Collaring Bladder Yoke Shims Cool-down  Power to 140 T/m Power to 157 T/m
Activation lnstalle%
peration Operation
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Future Work

* Run analysis using LBNL version of coil cross section
e Add 0.2 coefficient of sliding friction to model

U.S.
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3-D structure
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3-D design features

e Stainless steel “inertia
tube” supports axial et nel

forces End Plote—
End Dome— \

* End plate welded to sst
tube

e force transmitted from
coils to end plate
through “bullet”” strain
gauge transducers / set
SCrews
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Axial Support

 1.4MN applied load
150 mm end plate
e Stress is within limits of 300 series stainless steel

End Plate Deflection End Plate Stress

e Stainless steel shell elongation = 1.5 mm

— total axial strain = (2x0.15+1.5)+4000x100=0.045% for 1.4 MIN
@ 11/15/12 18
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Summary

2-D

Same

3-D

Precision stampings, small # of parts = cheap, reliable assembly, good alignment
@94 mm holes permit heat exchangers, secondary helium space

20 mm x 80 mm bladder/busbar slots provide low working pressure - 30 MPa —
and additional secondary helium space

At 140 T/m coil radial deflection is 67 microns outward at the mid-plane. At 157
T/m coil radial deflection is 80 microns; compensating for the initial 100 micron
inward radial deflection at yoke loading.

At 157 T/m the inner coil pole goes into tension (5 MPa at midpoint).
At 157 T/m the coil mid-plane stress range is 135 — 178 MPa.

“scale” of baseline structure = equivalent mechanical behavior and support of coils

Use of stainless steel tube effectively replaces axial rods, freeing volume for heat
exchangers and helium

End plate stress, deflection are acceptable
Axial conductor strain << allowable
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