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Mechanical Design oheSMC
(Short Model Colil) Dipole Magn

Federicc Regis, lierre Manil, Faolc Fessia, Narte Bajko, Cijs de Rijk

Abstract—The Short Model Coil (SMC) working group was sel
in February 2007 within the Next European Dipole (NED
program, in order to develop a shortscale model of a N3;Sn
dipole magnet. The SMC group comprises four laboratories
CERN/TE-MSC group (CH), CEA/IRFU (FR), RAL (UK) and
LBNL (US). The SMC magnet was originally conceived to reach
a peak field of about 13 T on conductor, using a 2500 A/n?
Powder-In-Tube (PIT) strand. The aim of this magnet device is t
study the degradation of the magnetic properties of thiNbzSn
cable, by applying different level of prestress. To fully satisfy
this purpose, a versatile and easy-tassemble structure has to b
realized. The design of the SMC magnet has been developed fr
an existing dipole magnet, the SD01, designed, buand tested at
LBNL with support from CEA. In this paper we will describe the
mechanical optimization of the dipole, starting from a conceptue
configuration based on a former magnetic analysis. Two ar
three-dimensional Finite Element Method (FEM) models ave
been implemented in ANSYS™ and in CAST3M, aiming &
setting the mechanical parameters of the dipole magn
structure, thus fulfilling the design constraints imposed by the
materials.

Index Terms— High field magnets, mechanica modeling,
superconducting magnet design.

[. INTRODUCTION

EVERAL Nb;Sn magnets have been tested in the US

1997 [1]{4] within the High Field Magnets and LAF
programs. In Europe, in January 2008, the HFM (High F
Magnets) program took over the NHWogram, which wa
mainly focused on the NBn cable developmerThe SMC is
the first test dipoleof the European HFM progre using the
NbsSn conductor. N§Bn magnets feature high magnetic fie
involving large Lorentz forcess(2MN/m for the SMC alon
the cable broad face), considerably higher than ir-Ti
magnets [5]. Consequently, a proper gtiess has to be set
order to prevent the coil from any motion which might lea
magnet quenches. On the other hand, thi-stress has to
respect what is considered as thg$tbmechanical safe lim
i.e. 150 MPa on the insulated coil block. Nevertheless
limit is not yet well understoodbeing mainly based c
experimental evidence of magnets tgd&k The aim of the
SMC working group is to design subscale dipo magnet
where different levels of pretress can be applied to the ¢
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Varying the prdead, it will be so possible to both explore
mechanical limit of the Nisn before degradation, and the
impact of a low prestress on the magnetining performance.
The SMC takes over the same design principles as the
[6], a racetrack dipole coil tested at LBNL. This mac
showed very good performance, reaching 95% of the
sample current. Nevertheless some improvements
suggested:

» To redesign the coil in order to match the peak f
region with the high stress one. This was not possikt
SDO1 since the peak field occurred in the coil e
whereas the maximum stress was applied aloncg
straight section.

e To improve the coil insumentation,
mechanical and magnetic analysis purpt

The magnetic design of the SMC has been reported iThe
improvementmainly consisted in adopting coil end spacer
order to move the peak magnetic field along the coil str
section.In this paper we describe the mechanical optimizz
of the magnet structure, based on the optimized mac
configuration. The mechanical design has been deve
using the FEM codes ANS“™ (CERN) and CAST3M
(CEA) [8] in order to explore all the denn parameters before
converging to the final crosshecked configuration.

both for

Il. MECHANICAL STRUCTURE

The magnet structure is represented in Fig. 1. The
structure derives directly from the SDO1
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Fig. 1. Schematic view of the SMC cross sec The outer diameter is 540
mm. The overall length measures 500

The structure has to accomplish three requirements: (
allow varying independently the lateral and longitudina-
loads on the cail (2) to allow testing different cable a
insulaton types, and (3) to be easy to assemble
disassemble. Theoil pack(coil andpads) is inserted into the
magnet packformed byyoke and she. The vertical pads are
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split into three parts, with a centralade of magnetic iron
(low-carbon steel MAGNETIE) andtwo outer end parts in
stainless steelThe horizontal pads are machined out in

stainless steel piec&@he magnet pack ian assembly of two
iron halves surrounded by an aluminum s The lateral pre-
load at Room Temperature (RT) is provi by using the
bladders and keystechnology [§ the bladders,placed
between the yoke and the coil pachre inflated witt
pressurized water in order to create a clearance to inse
keys and corresponding shims. These shims, having dift

Aluminum tube
Iron yoke

Harizontal key

Horse-shoe
Horizontal Pad
Coil pack
” _ Vertical Pad
Central po__lE ] __Vertical Key

thickness,are used to set up the correct-stress once the Fig 2. 2D Mechanical model (ANS'™). The central pole and the horse

bladders are deflated and removed. The longitudini-stress
at RT is provided by a couple of aluminum rods, tightene
one dipole end by means of a hydraulic pisThe final pre-
stress is reached aryogenic temperatui by the differential
thermal contraction of the aluminum shell and rods '
respect to the enclosed structure.

I1l. 2D MECHANICAL ANALYSIS

The 2D mechanical analysis includes three main steg
assembly with lateral pre-stress, ol down at 4.2 K, an
(iii) powering at short sample current. The 2D models
developed in order to set the proper latera-load on the
coil. In particular, it will be described how the -stress can
be managedbetween warm and cryogenic conditi by
changing the keys and the shalickness. All the magnet pal
are designed so falfill the failure criteria associatt with the
corresponding material both at roor and cryogenic
temperature. The isotropic material properties for the me
components are listed in Table I [10].

TABLE | MATERIAL PROPERTIE

Component Material E (GPa) AT
293K 42K (mm/m)
Insulated conductor NbsSn 30 42 3.9
Coil components Ti6AI4V 11C 130 1.71
Shell/Fods Al 2014 T65: 70 80 3.9¢
Magnetic pad/yoke MAGNETIL 20t 200 1.97
Non-magnetic pads/yol AlSI 316 LN 21C 19z 2.€

A. ANSYS™ Model

The 2D ANSYS™model is represented in Fig. Zz-nodes
planar elements are used, with plain stress option. Frictic
contact elements connect the different parts. A prelimi
analysis of the appropriate coil psgess during assem has
been carried out. The laterahssembl interference iy,
reproducing the shim thickness, randgiesn 100 to 100Qum,
in steps of 200um. We aim atverifying which is the
maximum pre-loadve can provide at RT in order to resp
the Von Mises equivalent stresg,= 150 MPa onhe coil at
short sampleThe analysis reveals that the maximum lat
interference is about 400 um (see Fig. 3) from nominal
position.For higher interferences, the maximum stress on
goes beyond the safe limit of 150 MPa. For very
interferenes, the coil could detach from the central pole
to the Lorentz forces pull-out.

shoe compose the coil components.

This effect can be quantified in terms of maximtensile
stres on the epoxy impregnating the cables. This limit he
be < 20 MPa [1], according to experimental tests ons;Sn
magnets.
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Fig. 3. oeqvmaxOn coilas a function of the assemllateral interferencé. For

i,=400 UM geqvmax=155 MPa \{oke=55mm)

For the previous analysis, the shell thickness has
arbitrarily set to 20 mm. Nevertheless, the coi-load mainly
derives from the combination of the assembly interfery,
of the shell thickneste, and of the yoke thicknewyqe The
reldionship between the yoke thickness and the
thickness is evaluated for several assembly interfere

45

#ix_ 200
+ix_ 400
“ix_600

B,=12.79T

40

B,=1282T

B,=12.84 T
B=12.87T B =12.92 T

£
E el
=20 e
& A > .
15 ¥ -"“‘-'v-—-_.____' .
10
5
0 T T
30 40 50 60 70 80 90 100
Wigke (mm)

Fig. 4. Shell thickness satisfying the design constraints as a funct the
yoke width wye for different assembly interferencé, For every yoke
thickness, the corresponding peak field on coil is sh

The curves shown in Fig. 4 are obtained by imposing !
different design criteria: (i) the residual tensile stress bet
the coil and the central pole has to be lower than 20 Mi)
Oequmas 150 MPa on coil, and (jii) the maximum stress in
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structure components has be lower than the equiv
mechanical lint with a safety factor (s.f.) « 1.5. All the
materials selected feature ductile behavior both at RT an
K, exceptim made for the magnetic iron, which experier
brittle behavior at cryogenic temperature. For the fithe
Von Misescriterion is assumed; whereas for MAGNE®,
the Rankine criterion based on the maxmprincipal stress i
assumed. These curves reprds the boundary betwee
(below) an insufficient loaded system, involving c
detachment at powering, and (abpaa over constrained cc
With oeqvmax> 150 MPa.Generally, the highest the |-load,
the thinner is the shell to be used. It also appthat an
increase in yoke thickness up to 55 mm leads to high-
stress at RT, due to the augmented system rigidity, so
thinner shell can be used. For thicker yoke widths, th-
load is then completely determined by the shell
interference dnensions. For a given magnet configuration,
predoad will be tuned by means of the interference sh
according to the analysis purposes.

B. CAST3M Model

The effects of the friction coefficient in the magnet struc
have been evaluated with a 2D mobeilt in CAST3M. Fig. £
represents the influence of the friction coefficiu on the
peak stress on coil and shell, at every simulation
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Fig. 6. Radial stress on ¢tdiuring the magnet operating cycle, from asser
up to 120% of the Lorentz forcesyoe= 90 mm,tsper = 20 mm,ix = 300 pm,
u=0.

Note that the horseshoe side undergoes stress increa
to Lorentz forces, which unload the main pole side at the
time, but keepingvell belowthe tensile stress 20 MPa. At
Issthe peak stress oars inside the conductor block, read
about 150 MPa.

IV. 3D MECHANICAL ANALYSIS

The 3D analysis firstly aims at validating the results obta
with the 2Dmodel, together with a detailed stress analys
the magnet structure items.

Lateral suppart

End suppert

Fig. 7. Coil pack model (CAST3N The horseshoe components, composed

Fig. 5. Influence of the friction coefficiepton theradial stress on the shell by the end and lateral suppate represented blue and white respectively.

and coil.Wyoke= 67 MM, tshen = 20 mMm,ix = 0 pm.

We assumehe same design crite mentioned in the
previous section. It appears that, fpe 0 (i.e. no pr-load at
RT), friction slightly affects the peak stress in the coil an
the shell, as well as it has second ordfect on the related
stress distribution. According to this, a frictionless me
could effectively be used as a preliminary assessment ¢
mechanical behavior.

In reality, the effect of friction could be more import:
with higher lateral pre-load. Riner study will be carried o1
once the experimental results will be availe After several
iterative analyses, the shell thickness has been finally set
mm, the yoke thicknessiq. to 90 mm, and the assemt
lateral interference at nominal condits to 300 un In Fig. 6,
the equivalent peak stress on coil, the average stress alc
coil-pole side and coitorseshoe side are represented fo
the phases of the magnet lifgele, up to 120% of the Loren
forces.

Fig. 8 3Dmodel of the SMC (ANSY™).

The longitudinal prdead system has then been-up so to
counterbalance the Lorentz forces effect tending to ope
the coil at powering. Before launching a full 3D optimizati
a preliminary study has been carried ouCAST3M on the
coil pack model only (see Fig. 7). This analysis reveals
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the horseshoe layout has almost no impact on the strassTable Il. At powering Iss~ 14 kA), the stress on colil is
distribution in the coil ends and spacers. It will be machindaelow the assumed safe limit of 150 MPa. The value of 190
out in one block, instead of separated pieces, for cost reasdvi®.a after cool down might not be of real concern, since the
It also justifies that a longitudinal loading system isnagnet is not powered, if the coil behaves reversibly. In the
mandatory. The full 3D model has been built in ANSYS™aluminum components, the equivalent peak stress as well as
Since the coil impregnation glues the coil to the suppotthe stress distribution does not vary from cool down to
structure, it was assumed bonding contact between elementpafvering. This outlines that the pre-load parameters balance
the coil-pack. The contact elements used elsewhere have b#enmagnetic forces preventing the coil from separation at the
considered frictionless. Later modifications or improvementsoundary with the central pole. The magnet structure fulfills
of the contact status will be done once the magnet will ke assumed failure criteria both at RT and 4.2 K, with a safety
tested. For this optimization, the rod diameter has been seffdotor of 1.5. The rods are verified with s.f. = 1.3.

28 mm. The optimization process has been based on the radial

stress component, at the boundary between the first cable V. CONCLUSIONS

turns and the central pole, being the point of the highest stresshe mechanical design of the SMC magnet has been
level eventually leading to coil motion [12]. The longitudinalyresented. We described the procedure followed by the
pre-load is the input parameter; it is expressed in terms of rgghrking group in order to perform a complete study of the
displacementiz(mm) at RT, induced by the hydraulic piston. gesign parameters. The required pre-stress on the coil has been

10 e set-up, in order to avoid any cable motion during powering,
o0 ; | 4506 o under the effect of Lorentz forces. A sensitivity analysis on the
30 ' | ix 0.6mm lateral pre-stress parameters has been performed, outlining
sl e how the shell thickness and the assembly interference interact.

30 N

20 e

It has been remarked that the yoke plays a mechanical role up
. to a thickness of 55 mm, a thicker yoke having an influence on
N : the magnetic results only. The 3D model allowed setting up
Iﬁ ‘ | | x ! the longitudinal pre-stress. The rod pre-tension at RT has been
:1_0 _ | evaluated in terms of end-plate displacement. Some tests of
n the mechanical structure are ongoing; they aim at verifying the
' overall behavior at RT and 4.2K by means of an instrumented
aluminum dummy coil-pack. At the same time, a test of the

_ _ _ ey y instrumentation will be performed. Test of the first full magnet
Fig. 9. armax ON the inner coil end as a function of the longitudinal pre-load

displacementlz, for different lateral assembly interferences. will take place early 2010.
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