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Abstract:

In the R&D effort towards a post-LHC, 100 TeV hadron collider, Fermilab is developing a prototype for a 10-12 T 2 layer block-type dipole magnet operating at 4.5 K using Nb3Sn superconductor with the React and Wind technology in the inner layer and NbTi superconductor in the outer layer. One of the key-issues in the design of a high field accelerator magnet is the design of the mechanical structure that contains the Lorentz-forces generated in the windings. The following note presents an analysis of the mechanical behavior of the coil-package during assembly, cool-down and magnet excitation, obtained with a finite element program (ANSYS() for the case of two different outer coil configurations. These configurations are: the “standard” configuration, which was previously discussed elsewhere, as opposed to a new configuration in which the outer NbTi coil is wound the “hard way”. In the former configuration the forces emanating in the inner coil are directed onto the thin edge of the cables in the outer coil, in such a way that vertical pre-stressing and stress management via a mechanical protection grid are required to guarantee safe operation of the outer coil. In the “hard-bend” configuration the horizontal inner coil forces are applied onto the broad face of the outer cable. Since in this configuration the outer coil pack is mechanically stable a design without protection grid is made possible. Both options were analyzed magnetically first. Results of the magnetic analysis are reported elsewhere. This note resumes the mechanical analysis of the coil-package for both outer coil configurations.

1) Introduction

A finite element analysis of the coil package during assembly, cool-down and excitation(
) has been presented for the initial 11 T common coil hybrid dipole design(
). In this finite element model the coils were modeled within rigid boundaries, so that the requirements for the outer mechanical structure (collar, yoke, skin) to produce minimal stress and displacement of the coils could be determined. The mechanical analysis of the initial coil design revealed the necessity to protect the outer coil from the inner coil forces. One possible implementation of such a protection scheme was proposed. It uses the outer coil wedges together with a 5 mm thick inter-layer steel sheet to divert inner coil forces from the outer coil to the outer mechanical structure (“stress management”). Indications of the vertical and horizontal pre-stress were given along with quantitative indications of the required movements of collar, yoke and skin to provide the required coil pre-stress after cool-down. The results of the mechanical analysis triggered a second iteration magnetic design of the 11 T common coil dipole(
). The following note resumes the mechanical analysis of the 2nd iteration coil design resulting in quantitative design requirements for the outer mechanical structure in order to achieve acceptable operating conditions for the coils. In addition a new design was proposed in the course of the second magnetic design step: Following this proposal the outer NbTi coils are wound the hard way, such that the strong horizontal forces from the inner layer are directed onto the broad face of the outer coil cables. In this so called “hard-bend” outer coil configuration the outer coil is more stable against the horizontal Lorentz-forces generated by the inner coil. This measure eventually allows to eliminate the mechanical protection grid. The following note does not only show the viability of this concept, but also concludes with the design requirements for the outer mechanical structure in the hard-bend outer coil case as in the above mentioned standard case.

2) Mechanical Analysis of  Magnetic Design Vs 2D

The following presents an analysis of the mechanics of the coil package during assembly, cool-down and excitation for the second iteration magnetic design for the first common coil dipole model. The magnetic design (2 D) is described in further detail in [3]. The FE model used for the analysis of the mechanics of the coil-package is presented in detail in [1]. The model assumes the coils to be contained by independent vertical and horizontal bars (simulating the collars) with infinitely rigid outer boundaries.

Vertical pre-stress is achieved in the model by introducing an interference between coils and top collar-bar, here 45 µm / 150 µm for inner / outer coil and keeping the upper yoke-collar boundary rigid (infinitely rigid yoke case). The chosen interference results in a 50 MPa vertical pre-compression of both layers at room-temperature. The inner coil requires less interference to produce a similar stress than the outer coil due to a higher modulus. While the 
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Figure 1: Von Mises stress in coil package after excitation. Imposed “cold” boundaries are indicated.

inner coil hardly shrinks (39µm), the outer coil shrinks by 139 µm (the top collar post contracts by ~10 µm under pressure). Vertical pre-stress serves the purpose of pre-compressing the coil-package such that vertical Lorentz-forces do not result in vertical coil-shrinkage (important for outer coil). In addition it stiffens the coil-package to improve its capacity to withstand the horizontal forces. As was shown previously(
) the intrinsic pressure in the inner coil due to  Lorentz-forces is 80 MPa, very close to the chosen limit of 100 MPa. To avoid exceeding the critical pressure, the vertical pre-stress in the inner coil has to be kept below ~ 20 MPa (at 4.2 K), just enough to keep the inner coil top from unloading completely at full excitation. This condition is satisfied in this particular case as a consequence of the loss of pre-stress during cool-down, which reduces the inner coil vertical pre-stress to zero. 

During cool-down the coil-pack shrinks more than any other part in the composite structure. The vertical coil shrinkage in “free conditions” is ~ 140 µm (between top and mid-plane). To compensate the thermal shrinkage and to produce “cold” vertical pre-stress the top coil-collar boundary has to be moved toward the mid-plane by at least that amount during cool-down. In this particular case the upper boundary of the top collar bar was moved only by –100 µm during cool-down, resulting in a total loss of vertical pre-stress in the inner coil. The outer coil retains a vertical pre-stress of 35 MPa. In the horizontal direction the thermal shrinkage of the coils is 40 µm in the inner coil and 55 µm in the outer coil. The supporting coil-collar boundary has to move toward the bore by at least that amount (plus the thermal shrinkage of collar bar and bore piece) to avoid the formation of gaps in the structure during cool-down. Furthermore, the forced boundary displacement has to generate the horizontal pre-stress. In this simulation the bore piece was horizontally displaced by 85 µm toward the inner coil and the vertical collar/yoke boundary was moved by 190 µm toward the outer coil during cool-down. After subtraction of the thermal shrinkage of the various parts, the net compression of the coil-pack is of  ~35 µm,which results in a horizontal pre-load of 60 MPa at the top of the inner coil and ~ 35 MPa in the outer coil. The horizontal pre-stress is applied mainly at the top of the coils because the coils cannot be supported horizontally from the bore-side in the mid-plane. Luckily, in this particular design, the number of inner layer turns in the mid-plane and thus the resulting Lorentz-forces are low. The difference in pre-stress between inner and outer coil is a result of the mechanical protection grid, which diverts part of the pre-stress past the outer coil. The mechanical protection grid in this particular case has been weakened compared to the model-case presented in [
]: To simplify assembly of the coil the ground-insulation layer was wrapped around the complete coil, thus an additional layer of polyimide was introduced between the outer coil spacers and the interlayer stabilizer, resulting in a softening of the outer coil protection structure. The thickness of the insulating ground-wrap had to be reduced to 0.25 mm (instead of 0.5 mm formerly) to avoid compromising excessively the stress-management feature. A trial using stainless steel spacers (instead of copper) in the outer coil to re-establish the mechanical strength of the protection grid gave negative results, with the steel spacer causing high stress at the top of the inner coil (too stiff reaction). 

An important issue in the mechanical dynamics of this particular block-type magnet is the bending of the inner coil during excitation. As discussed before the horizontal Lorentz-force in the top part of the coil is higher than in the bottom part. This leads to an inclination that may cause unacceptable conductor displacement and bending stress in the mid-plane. Here, the bending is minimal due to optimized pre-stress. The inner coil horizontally shifts outwards by ~35 µm at the inner vertical edge during ramping to maximum current (Figure 2). The peak pressure in the coils is 120 MPa in the upper right corner of the inner coil (Figure 1). The vertical stress is  ~10 and ~35 MPa in the inner / outer coils. The horizontal stress distribution reveals that the bore-side edge of the inner coil is just unloading at peak current. The coil deformations, shown in Figure 1-Figure 3 are small, indicating that the pre-stress is in the right range.

Additionally, quantitative indications on vertical and horizontal pre-stress as well as indications of the required contraction of the mechanical structure to prevent loss of pre-stress during cool-down are given in the following tables. Fig. 3 shows the horizontal and vertical pre-stress in the coils after cool-down. The following chapter presents a similar analysis for another magnet configuration, in which the outer coil is wound in the “hard” way. Simulations of a hard-bend outer coil together with a mechanical protection grid similar to the one discussed here, showed that this configuration would be possible. But since the advantage of the “hard-bend” outer coil lies in the fact that it can operate without a mechanical protection grid, this investigation has not been pursued any further.
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Figure 2: Horizontal displacement after cool-down and pre-stressing (left) and after excitation (right).
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interference [µm]
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150
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cold 
For thermal compensation
 For pre-stress
total
For thermal compensation
For pre-stress
total

Yoke motion [µm]
95
35
130
140
0
100

Table 1: Requirements on the outer mechanical structure to obtain optimized coil conditions. Displacements refer to outer boundaries of half-quarter coil-package (coils, interlayer sheet, iron shim).

pre-stress [MPa]
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vertical



inner
outer
inner 
outer

warm
-
-
50
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cold
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35
0
35

Table 2: Stress levels corresponding to the displacement requirements listed in Table 8. 
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Figure 3: Horizontal (left) and vertical (right) pre-stress in coils after cool-down.

3) Mechanical Analysis of Magnetic Design Vs 2E 

The results of the mechanical analysis of the 11 T dipole model with a hard-bend outer coil (magnetic design vs. 2E(
)) are encouraging. Provided a strong horizontal pre-stress of ~100 MPa in cold conditions on the top of the coils the displacement during excitation can be prevented. The solution presented in the following includes as well a vertical pre-stress of ~40 MPa in inner and outer coil. The vertical pre-stress in the inner coil should result in enhanced stability of the coil against internal shear stress due to the horizontal Lorentzforces. In the outer coil vertical pre-stress minimizes displacement during excitation. Under these conditions the worst case peak stress in the inner coil (right upper corner) remains below 100 MPa. The displacement of the inner coil under Lorentzforces is ~15 µm. The bending of the inner coil is minimal (~10 µm inclination) – the bending stress remains below (30 MPa. Unlike the case in which the outer coil is protected from inner coil forces high pressure regions appear as well in the outer coil (~100 MPa here). Figure 4 shows the ANSYS® model of the coil package including indications of the forced boundary displacement during “cool-down”. The imposed boundaries are required to compensate differences in thermal shrinkage between the coil and the collars and to result in the required pre-stress in cold conditions. In Table 1 the displacement requirements for the coil boundaries are listed explicitly. The outer mechanical structure has to provide these flexible boundaries. The case presented here is that of an infinitely rigid outer mechanical structure. Any real structure will deform under the loads from the coils and the final pressure and displacement state of the coils is likely to worsen. In the here discussed model the top spacer in the outer layer has the same mechanical properties as the rest of the outer coil. The space between the outer blocks (~0.5 mm) was filled with soft material (e.g. quench protection heaters). It is important that the outer coil mechanical properties are homogeneous over the full length of the inner-outer coil interface to avoid stress concentration points. Although the inter-layer steel sheet was not removed in the here presented model it was merely acting as a spacer with no special mechanical properties and it may as well be removed. The advantage of the hard bend outer coil design lies in the simplification of the mechanical design with no need for mechanical protection of the outer coil. The stress management consists in applying a considerable horizontal pre-stress. The horizontal pre-stress is reacted on the bore-side by the bore piece. The bore-piece has been designed to provide as much support to the coil as possible (reducing the size of the aperture).
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Table 3: Requirements on the outer mechanical structure to obtain optimized coil conditions. Displacements refer to outer boundaries of half-quarter coil-package (coils, interlayer sheet, iron shim).
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Table 4: Stress levels corresponding to the displacement requirements listed in Table 8.
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Figure 4: Von Mises stress in coil package after excitation. Imposed “cold” boundaries are indicated.
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Figure 5: Horizontal displacement after cool-down and pre-stressing (left) and after excitation (right).
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