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Introduction and Motivations
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= Design proposed for the Final Cooling solenoid  Magnetic pressure vs Field
based on single and compact coil-> critical stress
management:
= P,=B,2/2u,~600MPa
= Hoop stress~ 1.4-2.2P,, (compact coil) o
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See B. Bordini, Technology options for the final cooling
solenoids, IMCC Annual Meeting 2023, Orsay
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Introduction and Motivations
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= Design proposed for the Final Cooling solenoid  Magnetic pressure vs Field
based on single and compact coil-> critical stress
management:

= P,=B,%2u,~600MPa

= Hoop stress~ 1.4-2.2P,, (compact coil)
= Non- homogeneous and anisotropic material: |

= Maximum allowable stress very weak in certain See . Bontin, Technoloay opons o the sl cooin

. . solenoids, IMCC Annual Meeting 2023, Orsay
direction

= Scarce literature

: 700MPa of ~200MPa is
= Reduced safety margin

) ) ) . need to remain
< Schematic of RE-based HTS tape> ‘ AXIaI tenSIIe strain 04 /0 below th|S Value
Stabilizer [Cu plating] 20pm

r[Ag] 2pm ‘

ng Laer [GBCO 2 p / [ELBCOSB10] 25 o 1‘! Transverse compressive stress >100MPa

00, etc.] 0.7um
Substrate [Hastelloy®] 75 / 50 pm

REBCO conductor . A pre-compression

Axial tensile stress

Transverse tensile stress 10-100MPa

- ~N
Reference Conductor Fujikura FESC-SH12. bl M""
https://www.fujikura.co jp/eng/products/newbusiness/superconductors/01/superconductor. pdf Max shear stress >19MPa
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Pre-compression @

= How to obtain the pre-compression?

= Mechanical concept is based on encapsulating HTS pancake coils in an external
structure, generating high radial compressive stresses. Three concepts

analysed:
1. Thermally-induced shrink fitting
2. Adjustable shrink-discs with conical surfaces

3. Hybrid solution (1+2)
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Shrink Fitting @

m"a‘-‘”o“li&oil surrounded by a cylindrical shell with r,, g<re
= Shell is pre-heated-> fitting of the coil inside—> cool-down of the shell and thermal contraction

xt_coil

= Simple analytical evaluation: ay,,,,=-500MPg—>200MPa—>interference gap ~220um-> Tshell~170°C

/ AN

O'ez—pz +}ﬂ2 | _p. = 512—5“=[E%(t§§+vg}+é[ii2§ —V,ﬂrﬂ,pf
p- 1=-5
= Some practical aspects must be considered:
= Differential contraction during cooldown h
= Strength of the cylinder - =  FEAsimulations at different levels of complexity
= Impact of the joints
= Plasticity -
= Mechanical tolerances: TMPa/um lost
= Buckling

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ’ :




Assumptions )
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Magnetic force along coil radius
. . 3.00E+10
= 2D axisymmetric
. 2.50E+10
= Electromagnetic Forces — deal Salenod
o 2.00E+10 eal Solenoi
: Bpmax i ——Real Solenoid
= |deal Solenoid (J; =—=£% = £ 1 soe+10
( ideal Bo(Tco—Tci) %
531 A/mm2) & 1.00E+10
= Real Solenoid (J;aq) = >005109
teoiltt tplate _ 0.00E+00
‘Jideal o SPPOT PR =620 A/mm2) 3.00E-02  4.00E-02 5.00E-02 6.00E-02 7.00E-02 8.00E-02  9.00E-02
teoil r [m]
G:it:Nlmm’
Mau‘:22.343
gdg;'{g/zoz3 09:49
. 22343
19.86

17.378
14.895
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. Coil material (Hastelloy_50+Copper_30)

. Copper hard
. Copper soft

Reference model

&

[ Hastello
Shell Homogeneous

tape properties

Needed to keep the pre-compression.
Soft copper was resulting in a lower

pre-compression

Multilinear Isotropic Hardening
250
. . . — 200 . . .
Ha to avoid radial tensile and g N
S150 |,
shear stress after cooldown . .
3100 ¢ N J ¢
é 50 ° ) * Hard Copper
] ® Soft Copper
0
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Layered model @
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Geometry

. Copper hard
[ copper soft
[T Hastelloy

|| shell

=N |
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v
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Geometry and Materials @
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Caoill

Geometry

30pum Cu

50|Jm Hast

. Copper hard
[ copper soft
[T Hastelloy

|| shell

=N |
- = ,

—_— Inner Connection Outer Connection >
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B f . Coil material (Hastelloy_50+Copper_30)
B Copper hard
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Validity of homogeneous model 2

Step 1: Shrink fitting (T external shell =250°C)

-210MPa

0-Transverse,Average_

Step 2: Cool-down

. 69.014
94 643
-120.27
-1459

17153
I -197.16
-222719

24842
I -274.04
299.67

Step 3: Energization

59.761
n,

70,094
140.19

210,28
I 280.38
35047

420.56
I 49066
56075
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Il Coil material (Hastelloy_50+Copper_30)
S [l Copper hard

Validity of homogeneous model =)
/! = Py

B copper soft

B Hastelloy

ers: 30um+50 pym

Step 1: Shrink fitting Step 1: Shrink fitting

'2 1 OM Pa O-Transverse,Averagez'2 1 5M Pa

0-Transverse,Average_

Step 2: Cool-down Step 2: Cool-down
. 769,014 64,028
e B
-1334

156.52

179.65
202,77
-2259
-249.02
27214

~171.53
I -197.16
-222719

24842
I -274.04
299.67

Step 3: Energization Step 3: Energization
. ;9761
~70.094 71627
0 .
2028 K
I -280.38 [ ?g‘?::
-35047 18234
420.56 -243.11
I -490.66 -303.89
-560.75 v 36467

42545
486,23

IL. < oup, 01/02/2024 !Mﬁ. -
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Effect of the inner joint properties

Target €

Let the ring detach to limit

radial tensile stress

Max: 73473
Min: -502.27
Deformation Scale Factor: 0.0 (Undeformed)

G: CorrectCuCTE_ MPC_750layers_elastic OnlyCuPlastic Hastell Hard OUTSIDE ¢ FRICTIONLESS 2D axyal 06/1 2/2023 11:52

X Axis - Normal Stress - All layer+1 - 3.5
Type: Normal Stress(X Axis)

Unit: MPa

Global Coordinate System

Time: 35

Custom

Max 71627

Min: -486.23

Deformation Scale Factor: 56 (5x Auto)
06/12/2023 10:04

71827
n
-60.779
o 12156
-182.34
24311
-303.89
-364.67
42545
-486.23

73473
ki
-62.784
m -125.57
-188.35
-251.14
-313.92
-376.71
-439.49
-502.27

..

0,000 10.000 20.000 (mm)
—
5.000 15.000

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 —
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[Contact P . .
! B Frictional - inner rin

To inner

inner

J: openring_CorrectCuCTE_ MPC_750layers_elastic_OnlyCuPlastic_Hastelloy +!
X Axis - Normal Stress - Coil - 2.5 3

Type: Normal Stress(X Axis) (Elemental Mean)
Unit: MPa

Global Coordinate System

Time:3 s

Custom

Max: 37.825

Min: -375.57

Deformation Scale Factor: 0.0 (Undeformed)
06/12/2023 11:55

37825
I o
-46.946
— -93891
-140.84
-187.78
-234.73
-281.67
-32862
-375.57




Effect of the tape plasticity @

step min max ave max ~
1 289 57 210 "Plastic”
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2 -224 -67 -164 (200%)
3 -416 77 -213 0.30%
1 -308 -54 -214
2 272 63 171 (2109 T ElasticT
3 -502 73 -224 0.22%
- S ——————— *Average on the external edge

-
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Effect of the tape properties @

step min max ave max
1 -291 -55 -208 Experiments and FE modeling of stress—strain
state in ReBCO tape under tensile, torsional and
-171 (215*) transverse load
To cite this article: K llin af al 2015 Suparcond. Sci. Technol. 28 055006

-218 0.24%

1 -289 -57 -210
~ererence

2 -224 67  -164 (200%)
3 416 77 -213 0.30%

*Average on the external edge

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ’ :




Effect of the tape properties @

step min max ave max
1 -291 -55 -208 Exper_iments and FE modeling o_f stress_—strair
Multilinear state in ReBCO tape under tensile, torsional a
_171(2 15*) 600 transverse load
-218 0.24% _ s —Te . .
% 400
" ? L] [ °
% 300 o . « ° s
1 -289 -57 -210 & y
¥ 200 : o ’ . . o .
iy [}
2 -224 .67  -164 (200%) 100 +° /
e RT @ 77K e Reference model

3 416 77 -213 0.30% -

02 0003 0004 0005  0.006
~ererence
*Average on the external edge Plastic Strain

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ’




Effect of the tape properties @

step min max ave max
1 -291 -55 -208
-60 -171(215)
75* -218

= 0
*Localized effect ﬁz 024 /o (0} x~1 OM Pa

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ
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Alternative Inner Joint-1 @

H

) W
(
N\ Y /i
W j ;
International
UON Collider ety
Collaboration  oveseaesow
Copper hard
t

[(AEEEE
grrpg
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0.0017623
I 0.0014966
0.001231
000096528
0.00069961
0.00043394
0.00016827
-9.7405e-5
-0.00036308
-0.00062875

Alternative Inner Joint-2

<

i Ex-radial[GPa] Ey,z-hoop[GPa]

[ ] shei

£,50.17% 0,=80MPa X

80.828

0
'/’ ’ ‘ ' -57.944
m'\"“'i IH e
‘ -173.83
|. I\muuu” Saors
-347.66
-405.61
-463.55
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Alternative Inner Joint-3 I@
A | softhasteloyisoropic

B Copper hard
| Copper tape

Model simplification, important to have a
— i E [GPa] b 3D design of the inner ring to take into
[ Hastelloy tape 20 account the real stiffness of the structure
|| Shel

£,=0.27% 0,=12MPa

0.0026958
l 0.0023476
0.0019993

1 00016511

0.0013028

0.00095455
0.00060629
0.00025804
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Alternative Inner Joint-4
s

Geometry

International 01/02/2024 0955
UON Collider [ coil material (Hastelloy_50+Copper_30)
#/ Collaboration I Copperhard ) )
ety 3D model more time-consuming,

Shell

homogeneous material and mesh to be
refined> INCREASE OF at least~50%

expected

£,=0.1 8%

0,<20MPa

Type: Normal Elastic Strain(Y Axis)
Unit: mm/mm

Coordinate System 3

Time:2s

X Axis - Normal Stress - Coil - 3.5
Type: Normal Stress(X Axis)
Unit: MPa

Coordinate System 3
Max: 0.0018075 Time: 25
Min: -0.00038037 Custom
Deformation Scale Factor: 0.0 (Undeformed) Max: 38.188
01/02/2024 10:00 Min: 40182
Ds Scale Factor: 0.0 (\
. 00018075 01/02/2024 09:56
0.0015644 38188
= 00013213 F 10
0.0010782 0
0.00083513 57403
5 0.00059203
0.00034893

0.00010583

I -0.00013727
-0.00038037

11481
| 22
1 22961
28702
34442
40182

7000 (mm
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Shrink Fitting @

m"a‘-‘”o“li&oil surrounded by a cylindrical shell with rin<rext_coil
= Shell is pre-heated-> fitting of the coil inside—> cool-down of the shell and thermal contraction

= Simple analytical evaluation: 600MPa—2>200MPg—2interference gap ~300um—-> ~250°C

/ N

B T ey
p- 1=-5
= Some practical aspects must be considered:
= Differential contraction during cooldown h
= Strength of the cylinder - =  FEM simulations at different levels of complexity
= Impact of the joints
= Plasticity -
= Mechanical tolerances: 2MPa/um lost
= Buckling

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ’ :
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= 2 Lload Steps:

Shrink Disk displacement (5 mm)
Energization

= Max. Hoop Stress (after energization):
620.4 MPa

= Max. Hoop Strain (after energization):
0.344 %

= Shear Stresses globally lower than 15 MPa

= However, locally they can reach after
energization ~ |30 MPa

0% 3000 800y
1500 4500

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 : ﬁ




Mechanical considerations - Third concept

&
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=  To limit shear stresses, an intermediate . ANSYS

steel shell is added (ID 184 mm; OD 224
mm)

= ~150 um interference with coil pack
created by differential heating

= 3 Load Steps: 1. Shell/Coil Interference; 2.
Shrink Disk Displacement (2.2 mm); 3.
Energization

= Min. Hoop Stress after shrinking: -426 MPa

= Max. Hoop Stress after energization: 598
MPa

= Max. Hoop Strain after energization: 0.332
%

=  Local peak shear stress ~ 10 MPa

= Max Shear after energization |9.2| MPa

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ




Mechanical considerations - Third concept

&
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To limit shear stresses, an intermediate
steel shell is added (ID 184 mm; OD 224
mm)

~ 150 pm interference with coil pack | ReBCOConductor |

created by differential heating Axial tensile stress 700MPa

3 Load Steps: 1. Shell/Coil Interference; 2. Axial tensile strain 0.4%

Shrink. DiS.k Displacement (2.2 mmy); 3. Transverse compressive stress >100MPa
Energization

Min. Hoop Stress after shrinking: -426 MPa Transverse tensile stress 10-100MPa
Max. Hoop Stress after energization: 598 Max shear stress >19MPa

MPa

Max. Hoop Strain after energization; 0.332 = Preliminary is ok, but limited safety margins—>
% Fundamental to have a good understanding of the

material limits and failure mode
Local peak shear stress ~ 10 MPa

Max Shear after energization |9.2| MPa

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ
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-306.01
-337.9

-369.78
-401.66
-433.55
-465.43
-497.32
-529.2

561.09

" Opoop~-600MPa reached on the inner radius of the coil
= The required compression is achieved with 10 M16 bolts

= System equipped with strain gauges and digital image correlation to characterize
the caoil

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ




) Conclusion and next step l@
AR

« The final cooling solenoid requires a pre-compression to operate at
40T:

= Shrink fitting, mechanical jigs or a combined solution can provide the required
pre-compressions

= Tape properties impacting the results—> important to benchmark them with
experimental tests

= The design of the inner and outer rings is critical: some possible solutions
identified, more modelling work is needed to finalize the design

= Different FEM models ready to investigate more options

= Extensive work of design of the tooling for the experimental characterization of
the tape

C. Accettura et al.,Muons Magnets Working Group, 01/02/2024 ﬁ’ o
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69.014
94 643
-120.27
-1459
17153
-197.16
-222719

24842
-274.04
299.67

59.761
n,

70,094
140.19
210,28
280.38
35047
420.56
490,66
56075

Shell

Validity of homogeneous model

h / B Coil material (Hastelloy_50+Copper_30)
B Copper hard

=--7501ayers: 30um+50 um

Step 1: Shrink fitting (T external shell =250°C)

=-210MPa

0-Transverse,Average

Step 2: Cool-down

|
B e
85M Pa 13522
I 15221
1692

o-Transverse,Average_'

Step 3: Energization

0.000 10,000 20,000 (mm)
A A
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h / B Coil material (Hastelloy_50+Copper_30)
B Copper hard

Internatio gy coppersan

UON Collit g mastelioy

69.014
94 643
-120.27
-1459
17153
-197.16
-222719

24842
-274.04
299.67

59.761
n,

70,094
140.19
210,28
280.38
35047
420.56
49066
56075

Shell

Validity of homogeneous model

=750 1ayers: 30um+50 pym

Step 1: Shrink fitting (T external shell =250°C)

=-210MPa

0-Transverse,Average

Step 2: Cool-down

B o
-85MPa '

~169.2

GTransverse,Average_

-

MPC CONTACT

O-Transverse,Average='2 15MPa

Step 3: Energization

0.000 10,000 20,000 (mm)
A A
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Before
energization

71146
643.87
57627
508,67
441.07
37347
305.88
23828
170,68
103.08

Why thick shell?

1600
1400
1200
1000

800

600

Equivalent Stress [MPa]

400
0 20 40 60 80 100 120 140 160 180

Thickness Shell [mm]

0.00 25.00 50.00 (mm])
L | I

12.50 37.50
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Homogeneization -

Ecytey + Eng - tha
Radial direction—=> springs in series Erqgial = ;
tot
Tangential direction—=> springs in parallel tew  tha\
Etangential = Lot E + E
cu Ha

0.00002 2.5E+11

0.000018 *

o )
) ® . °
0.000016 . 2E+11 * . .
0.000014 ¥
L ]
[ ]
= 0.000012 . t ¢ 1.5E+11
) -

= 0.00001 ! £ ’ ! I ! I 1 i
5 0.000008 -

. e Copper 1E+11 e Hastelloy
0.000006 e Hastelloy ® Copper
0.000004 Radial 5E+10 Radial
0.000002 Tangential Tangential

0 0
50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Temperature [K]

Temperature [K]
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