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Abstract

CERN is currently investigating the feasibility of a future collider - the
Future Circular Collider (FCC) - as a potential successor of the Large
Hardon Collider (LHC), providing scientists in the field of high
energy physics with a powerful discovery tool. INFN developed the
main 16T Nb3Sn dipole of the FCC based on the cos-theta coil design.
The baseline design of the superconducting magnet adopts the
bladder-and-key concept and includes 4-layered asymmetric coils, an
aluminum shell and a welded stain-less-steel skin. The scope of this
collaborative work between INFN, CERN, UPATRAS & FEAC, is to
validate and further study the baseline design.

Mechanical Structure

The main features of the 16T dipole design are illustrated in Fig. 1.

St. Steel Shell

Aluminum Shell

Titanium Pole g

Fig. 1. Exploded view of the 16T Nb3Sn Dipole showing its key features.

» The Nb3Sn coil is asymmetric with respect to the vertical axis and
it is based on the cos-theta design.

» The coils are epoxy impregnated with four winding layers.

» The copper wedges and ground insulation are epoxy-impregnated
with the coil while the Ti-alloy coil pole blocks are not glued to
the coil (pole-loading concept).
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Mechanical Structure (cont.)
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Fig. 2. FCC’s main dipole coil cross section and key features, based on the pole

loading concept. The coil is asymmetric with respect to the vertical axis.

The @660 mm iron yoke is made in three pieces, with the central
part acting as an iron barrier between the two apertures.

The one-piece aluminum shell is 50-mm-thick while the 20-mm-
thick st. steel outer shell is made in two halves and welded at the
horizontal plane.

The external diameter of the cold mass structure is 800 mm.

The shimming locations are presented in Fig 3.
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Fig. 3 Shim location of FCC’s 16 T dipole.

By adjusting the thickness of the keys, one can compensate the
dimensional distortions (up to several tenths of mm) of the coils
and the rest key components.

The vertical keys between the pads and the yoke can compensate
the tendency of the coil to become oval along the horizontal axis
during powering.

The top keys are used to ensure contact at the coil-pads interface in
the pole region during powering.

The welded shell encompasses the whole structure and the weld
shrinkage provides pre-stress to the assembly at room temperature.
During cooling down, the aluminum shell shrinks and provides
further pre-stress as well.

« The results from the electro-magnetic and the structural analysis have been cross-checked and verified by different users with the use
of different software (Star-CCM+ vs. PITH-1A vs. ROXIE / Simcenter 3D vs. ANSYYS), different numerical methodologies (FEM vs.

BEM) and different solvers.

and its ability to manage the large level of Lorentz forces.

Conclusions

and its ability to manage the large level of Lorentz forces.

« The design showcases that coil pre-stress can be applied in a well-controlled manner and that the structure allows keeping the stress
in the coil and the support structure within acceptable levels up to 16 T.
« The latest modifications in the baseline design of the 16 T main dipole and the computed results confirm the magnet support structure

« The sensitivity analysis shows that the range of the various parameters used in the study cover a large design space. This is reflected
at the range of the resulting maximum equivalent stress in the coil.

« At the magnet’s nominal operation field of 16 T, the equivalent stress in the coil re-mains below 200 MPa for a big fraction of the
parameter variations, which is a sign that there is margin in the design.

« The latest modifications in the baseline design of the 16 T main dipole and the computed results confirm the magnet support structure

« To reduce the manufacturing cost of the magnet, an alter-native set of assembly parameters is presented, with reduced aluminum
shell thickness. The structure proves that it can still operate within the safe limits by respecting the design goals.
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EM Analysis

The 2D electromagnetic model is analysed in SIEMENS STAR-
CCM+ [8], PITHIA [9], and ROXIE [10] to compare results between
finite and boundary element method solvers. A non-linear B-H curve is
used to describe the magnetization of the yoke. In PITHIA, only the
boundaries of the model are meshed and internal points are added
where the results are computed [11]. The electromagnetic forces
computed in PITHIA (Table I) are mapped onto the structural mesh.
The three different software calculated results with a maximum
discrepancy of 2% compared to Table I. The 2D magnetic field

distribution at 16.36 T is shown in Fig. 4.

TABLEI
MAGNETIC FORCES CALCULATED IN PITHIA

Left Coil Right Coil
I [kA] B [T]

(11.39) (16.36) Fx Sum Fy Sum Fx Sum Fy Sum
Layer 1 2011 -0.142 2.09 -0.14
Layer 2 -2.38 -0.538 2.25 -0.47
Layer 3 -2.08 -1.15 2.0 -1.08
Layer 4 -0.54 -2.165 0.39 -2.0

SUM -7.11 -3.995 6.73 -3.69
[T] 16.36
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Fig. 4 Magnetic analysis of the magnet at 11.39 kA, 16.36 T in PITHIA.
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Structural Analysis

A thermal-structural analysis of the baseline design is implemented to
determine the structural integrity of the magnet. Four loading
scenarios (LS) are considered in the FEM (Fig 5.)

LS1 LS2 LS3 LS4
Assembly @ 300 K Welding @ 300K Cool Down @ 4 K Powering @ 4 K

Fig. 5. Load steps
All shims are simulated by offsetting the contact and target faces by a
distance equal to the shim thickness.
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Fig. 6. Contacts and shim locations
The Von-Mises Stress (MPa) evolution for the four loading scenarios

Is shown in Fig. 7 and the maximum stress at the main components is
presented in Fig 8

LS1: Assembly @ 300K

LS2: Shell welding

Fig. 7. Von-Mises stress (MPa) evolution in the coil and the whole structure
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Fig. 8. Maximum stress at the main components of the structure
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Sensitivity Analysis

The sensitivity analysis is conducted by utilizing the DoE method
(Design of Experiments) which determines sampling points used to
construct a response surface based on the Kriging method. Eight
geometric and material input parameters (Table Il) were chosen for
this study.

TABLE
PARAMETERS INCLUDED IN THE SENSITIVITY ANALYSIS

Parameter Direction Nominal Value Tolerance
Eeoil 27.5GPa @ I EKE 19 -38 GPa
3025 GPH@4K 21 —-42 GPa

@ coil 32 mm/m 2.5 -4 mm'm
Weld Shrinkage .

(per half shell) Vertical 0.2 mm

Left Keys Horizontal 0.0 mm 0-0.5mm
Top Keys Vertical 0.2 mm 0-0.8mm
Right Keys Honzontal 1.2 mm 0.6—1.8 mm
Tapered Pole Azimuthal 0.025 mm 0.01-0.04 mm
Shim

tshell.alumjmm 50 mm 20— 60 mm

L chellst.stecl 20 mm 10— 30 mm

Table 111 presents the effect of the design parameters on the von-Mises
stress of the colil at all load-steps, according to the tolerances described
in Table II.

TABLEIII
SENSITIVITY ANATYSIS RESULTS

Coil von-Mises Coil von-Mises
@ LS1 @ LS2
(nominal: 109 MPa) (nomunal: 122 MPa)

Parameter

Range AT Range AT o

(MPa) (MPa) (MPa) (MPa)
E. 123-107 16 136-118 18
@ eoil 109-109 0 122-122 0
Left Keys 119-197 78 131-206 75
Top Keys 118-224 106 131-226 95
Faght Keys 72-147 75 78-160 82
Tapered Pole Shim 109-110 1 121-123 2
tohell aluminum 87-118 31 96-130 34
tehellet.steel 91-125 34 98-142 4

Coil von-Mises Co1l von-Mises
@ LS3 @ LS4
(nominal: 194 MPa) (nomunal: 133MPa)

Fange AT e Range AT o

(MPa) (MPa) (MPa) (MPa)
E.a 214-199 15 215-174 41
Qo] 191-225 34 170-215 45
Left Keys 205-249 44 194-230 36
Top Keys 205-252 47 177-346 169
Right Keys 120-238 118 198-216 18
Tapered Pole Shim 193-195 2 183-184 1
tahelLaluminum 145-207 62 192-194 2
ohellet.stect 175-211 36 165-199 34

/

FEAC

ENGINEERING | REALIZE YOUR DIGITAL TWIN

Q)

INFN

Istituto Nazionale di Fisica Nucleare

UNIVERSITY OF

PATRAS

ITANEITIXTHMIO ITATPQN

Optimized Design

The sensitivity analysis on the baseline design provided a better
understanding on the behaviour of the structure, thus allowing for
further optimization and fine-tuning of the design. The optimized set
of assembly parameters is presented in Table IV.

TABLEIV
ASSEMBLY PARAMETEES OF BASELINE & OPTIMIZED DESIGN

L Nominal Value Optimized
arameter (baseline design) design
@ of Cold Mass structure 800 mm 780 mm

Weld Shrinkage

)

(per half shell) 0.2 mm 0.15 mm
Left Keys 0.0 mm 0.0 mm
Top Eeys 0.2 mm 0.25 mm
Fight Keys 1.2 mm 1 mm
Tapered Pole Shum 0.025 mm 0.05 mm
tohell aluminum 50 mm 25 mm
tohellsnstesl 20 mm 35 mm

The Von-Mises Stress (MPa) evolution for the four loading scenarios
of the optimized design is shown in Fig. 9 and the maximum stress at
the main components is presented in Fig 10.
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Fig. 9. Optimized design. Von-Mises stress (MPa) evolution in the coil and the
whole structure
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Fig. 10. Optimized design. Maximum stress at the main components of the
structure




