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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(). The analysis of the coil behavior along the different stages of assembly and operation is crucial for the determination of the requirements that have to be imposed on the outer mechanical structure, namely on collar, yoke and skin. The report, going from the initial assessment of the Lorentz-forces generated in the coils, explains the design features introduced step by step in the effort to minimize coil stress and deformation. It discusses as well the material properties used in the finite element simulations. 

1) MECHANICAL ISSUES IN BLOCK TYPE MAGNETS

Block-type magnets, unlike cos dipole magnets have most of their force (~ 70% in this particular case) directed horizontally outwards. This makes the force management (application of pre-stress, etc..) a more complicated task. In a block type dipole, most of the forces will be directed onto the thin edge of the cables. That makes the issue of collapse of a cable under pressure against its thin edge for a given (supportive) vertical state of compression important. An additional difficulty is related to the strong difference in the mechanical properties of impregnated S2-glass insulated Nb3Sn coil material in the inner layer and non impregnated, polyimide insulated NbTi coil in the outer layer, as in the here discussed hybrid design(1). It is obvious, that, given the strong horizontal force component, the inner coil will push into the outer coil, eventually inducing unacceptable deformations of the outer coil. The above mentioned items together with the fact that a block type magnet (unlike a cos type) is not self-supportive against inward directed horizontal force (e.g pre-stress) will require some modifications of the concepts yet applied to the mechanical design of cos type dipole magnets. 

2) BASELINE MAGNETIC DESIGN

The base-line magnetic design used in this study has the following characteristics(
): 11.1 T / 11.8 T bore / peak field at short sample limit (15 kA); 30 mm aperture; hybrid design with flat Rutherford-type cables made from 40 0.7 mm diameter ITER type Nb3Sn/Cu strands in the inner layer and flat Rutherford-type cables made from 38 0.808 mm diameter SSC-type NbTi/Cu strands in the outer layer. The coil cross-section for one aperture is shown in Figure 1a. The inner coil has 36 turns and the outer coil 38 turns. The center to center spacing between the bores is 262 mm. The yoke outer diameter is 546 mm. The initial design of the collar and iron yoke (see Figure 1b) was optimized for magnetic purposes prior to the mechanical analysis. However, there are sufficient degrees of freedom within the magnetic design that an acceptable (= low multipoles) solution can be found as well with a different block arrangement. Figure 1b shows a fieldline-plot obtained in a finite element magnetic analysis.

3) FINITE ELEMENT CALCULATIONS 

The program code ANSYS( is used to simulate the mechanical behavior of the magnet during assembly, cool-down and excitation. The finite element simulations of the mechanical behavior of the coil assembly is divided into four consecutive steps:

· Calculation of Lorentz-forces

· Application of pre-stress at room temperature

· Cool-down to operating temperature (4.2 K)

· Generation of maximum Lorentz-forces (15 kA)

The results of the simulations of all 4 steps are analyzed separately.  In a first stage the finite element simulations are performed only in one quadrant of one aperture of the magnet. The magnetic forces (step 1) are calculated using a separate input sheet based on the same geometrical input that is used for the mechanical simulations (steps 2-4). The magnetic forces are then imported node by node into the mechanical model. A special chapter is dedicated to the set of material properties used.

As an illustration Figure 2 shows an example of the meshed model of the half coil quadrant as used throughout the mechanical analysis. Plane42 elements are generally used in the mechanical calculation. There are Contac48 contact-elements (no friction) around the inner coil, the outer coil-blocks, the outer coil-spacers, the interlayer support strip, the Fe shim, between collar and yoke and around the bore piece. The coils and the interlayer strip are connected with a soft spring in the mid-plane to avoid numerical instabilities.

4) MATERIAL PROPERTIES 

Table 1 lists the material properties used in the FE calculations presented in this note (FNAL 2). FNAL 1 data were used in a former mechanical analysis of the common coil dipole model with the original design (the results are reported along with the material properties in (
). The material properties used by the magnet group at LBNL are listed as well. There are some discrepancies between the different sets of material property data. The biggest discrepancies are found for the case of a NbTi/Cu/Kapton coil-pack – the differences between published results for the Young’s modulus is mainly related to different insulation schemes. The various sources for the values in the table are indicated below. Modulus and thermal contraction measurements with 10-stacks of inner- and outer-coil packages will provide more accurate values for the material properties which apply to the present design.

Magnet Component
Source
Elasticity Modulus [GPa]
Thermal Contraction Coefficient 



300 K
4.2 K
300–4.2K [mm/m]
per 1 K [µm/m/K]



X
Y
X
Y
X
Y
X
Y

Inner Coil
Impregnated Cu/Nb3Sn, S2-sleeve insulation.
FNAL 1
44
38
55
38
3.7
3.7
12.5
12.5



FNAL 2
44
38
55
38
2.6
3.5
8.8
11.8



LBNL
57.8
47.4
35*
35*
4.1
5.02
13.8
17

Outer Coil
Cu/NbTi, Kapton insulation
FNAL 1
35
20
35
20
4.1
4.1
13.9
13.9



FNAL 2
25
10
37.5
16
3.5
3.5
11.8
11.8



LBNL
?
?
?
?
?
?
?
?

Insulation
S2 – sleeve, Epoxy impregnated
FNAL 1
?
?
?
?
?
?
?
?



FNAL 2
?
?
14
18
?
?
?
?



LBNL
?
?
4.6
4.6
8.7
8.7
29.5
29.5

Insulation
Kapton
FNAL 1
2.8
2.8
7
7
13
13
43.9
43.9



FNAL 2
3
3
3.8
3.8
5.9
5.9
20
20



LBNL
-
-
-
-
-
-
-
-

Spacer
Copper
FNAL 1
120
120
135
135
3.39
3.39
11.5
11.5



FNAL 2
120
120
150
150
3.3
3.3
11.2
11.2



LBNL
?
?
18?
18?
4.1
4.1
13.9
13.9

Collar
Stainless Steel

SST 316
FNAL 1
190
190
210
210
3
3
10.1
10.1



FNAL 2
210
210
225
225
3.05
3.05
10.3
10.3



LBNL
195
195
208
208
3.9
3.9
13
13


Nitronic 40
FNAL 1










Steel
FNAL 2











LBNL










Aluminum
FNAL 1











FNAL 2
70
70
81.6
81.6
4.4
4.4
14.7
14.7



LBNL
70
70
78
78
4.2
4.2
14.1
14.1

Yoke
Iron
FNAL 1











FNAL 2
210
210
225
225
2.1
2.1
7
7



LBNL









Endparts & Central Island
Al-Bronze
FNAL 1











FNAL 2











LBNL


103
103
4.1
4.1
13.8
13.8

Table 1: Material Properties for the mechanical analysis of high field magnets,(* calculated): 

FNAL 1 – “ Mechanical Analysis of the HFM with common coil design, Igor Novitski” 

FNAL 2 – “Mechanical and Sensitivity Analysis of 43.5 mm bore Nb3Sn Dipole Model, D. Chichili, G. Ambrosio, Fermilab TD-Note TD-99-035” for Nb3Sn coil and “Finite Element Structural Analysis of the twin aperture prototype superconducting magnet for the Large Hadron Collider, M. Bona, D. Perini, CERN, LHC Note 120, 04/1990” for NbTi coil, Kapton insulation, Al, Fe  

LBNL – “Mechanical Engineering and Design of Magnet RD201 – K. Chow et al, LBNL#42236, SC-MAG #630) and “Measurements of Modulus of Elasticity and Thermal Contraction of Epoxy Impregnated Niobium Tin and Niobium-Titanium Composites, IEEE Transactions on applied Superconductivity Vol. 9, No.2, June 1999”

5) CALCULATION OF LORENTZ FORCES WITH ANSYS

A comparison of the results of computer calculations of the magnetic field and magnetic forces generated in the straight section of a hypothetical single aperture block-type magnet with the 0.7 mm strand cable design (described above), using 2 different magnetic analysis software packages (ANSYS55( and ROXIE52), has been performed. The calculations of bore field, peak field (usually in block 4 – see Figure 1 for nomenclature), and the Lorentz-forces in all 4 blocks as well as the total force on the coil, produced with both methods, are compared in the following tables. The first table compares the fields and forces yielded by both packages neglecting the iron contribution (µr=1). Apart from a 2% difference in peak field, which is probably due to the inaccuracy of the electromagnetic ANSYS( package, the agreement is satisfactory (<1 %). The next table shows the calculations for an iron permeability of 1000. In ROXIE the iron yoke was modeled as a magnetic mirror (with strength proportional to µ) at a radius of 80 mm. In ANSYS® the real shape of the yoke (including hole and iron shim) was implemented. In the ANSYS® model an air-belt surrounds the magnet, the outer boundary of the belt has line elements simulating infinity.


Bpeak
Bbore
Fx1
Fy1
Fx2
Fy2
Fx3
Fy3
Fx4
Fy4
Fx
Fy

ANSYS
10.81
9.47
-1.12
-497.6
106
-0.29
214.8
-3.34
1317
-546
1637
-1048

ROXIE
10.61
9.47
-1.12
-498.9
106
-0.29
214.7
-3.37
1317
-546
1637
-1049


-2
0
0
+0.2
0
0
0.05
+0.8
-0.01
-0.02
0
+0.1

Table 2: Comparison of magnetic calculation in ANSYS5.5( and ROXIE5.2 at 15 kA and µr=1 (no iron effect). Forces (in x, horizontal, and y, vertical, direction) in block 1-4 and total force are in kN/m, the fields in T. Differences are in per cent of the ANSYS®-data. Block – labels refer to Figure 1a.

Bpeak
Bbore
Fx1
Fy1
Fx2
Fy2
Fx3
Fy3
Fx4
Fy4
Fx
Fy

ANSYS
13.79
11.93
693
-486
142.9
-0.26
288
-3.1
1877
-545
3002
-1035

ROXIE
12.53
11.64
616
-493
138.7
-0.27
279
-3.24
1808
-544
2843
-1040


-9.2
-2.4
-12
+1.3
-3
+4.7
-3
+4.5
-3.7
-0.2
-5.3
+0.2

Table 3: Comparison of magnetic calculation in ANSYS5.5( and ROXIE5.2 at 15 kA and µr=1000. The inner iron diameter in the ROXIE model is 80 mm. The ANSYS model is based on the yoke shape in Figure 2, except that for numerical reasons the permeability of the iron corrector-shim had to be kept small (µrFeshim=2). Forces (in x, horizontal, and y, vertical, direction) in block 1-4 and total force are in kN/m, the fields in T. Differences are in per cent of the ANSYS-data. Block – labels refer to Figure 1a.

In the high permeability case the packages agree only at the (10% level. The increased disagreement of the results generated by the two software packages with rising r , can be

explained by the differences in the iron yoke geometry implementation in the models.

The results of the magnetic field calculations yielded with the finite element method in ANSYS( are within 2% of a numerical magnetic field calculation package (ROXIE) and thus good enough for further use in the mechanical analysis.

Figure 4 shows the nodal Lorentz-force vectors at maximum current generated in the coil blocks as calculated by the magnetic ANSYS( model. Especially in the inner layer the force is directed mainly horizontally outwards. In the outer coil-blocks there is as well a strong vertical force component that leads to a compression of the coil. An analysis of the Lorentz-force distribution in the coils, as shown in Figure 4, leads to the following qualitative conclusion: The outer coil requires vertical pre-stress to prevent vertical shrinkage during magnet excitation. The outer coil has to be protected from the strong horizontal force emanating from the inner coil. This implies vertical pre-stress to increase the strength of the cable-pack against pressure onto the thin edges of the cables. It will be necessary to bypass inner coil forces to the mechanical support structure to avoid stress accumulation in the outer coil.

6) STRESS LEVEL DUE TO LORENTZ FORCES ONLY

As a first step in the mechanical analysis the intrinsic stress level generated in the coils due to Lorentz-forces at full excitation (15 kA) was modeled. The coil-packs (including spacers, insulation and ground-wrap) were separated from the collar by introducing gaps along the boundaries between coil and collar. At the same time the horizontal displacement of the outer vertical boundaries of inner and outer coil (that is the outer boundary of the ground insulation wrap) was restricted to zero. The symmetry conditions along the y=0 line automatically guarantee a similar rigid boundary with respect to vertical displacements. The coils are therefore mechanically de-coupled and their (mainly horizontal) load is reacted against these infinitely rigid walls. This procedure serves to assess the intrinsic pressure-levels in the coils due to Lorentz-forces. In the real case the mechanical structure will never be rigid enough to produce such boundaries and therefore the stress levels will be higher. For example the transfer of horizontal force from the inner to the outer coil will increase the stress level in the outer coils. Small differences in the rigidity of the support structure along the coil boundaries will lead to coil deformations that can yield high stress points. The  simulation shows that the inner / outer coil will have to operate at a minimum von Mises peak pressure of 80 MPa / 55 MPa. 

Especially in the inner coil most of the pressure is horizontal. The vertical pressure is significant in the lower half of the coils (around the mid-plane). However, the simulation shows (Figure 5), that the intrinsic Lorentz-force peak stress level of 80 MPa in the inner coil is already close to the 100 MPa limiting pressure that is often applied in superconducting magnet design.

7) STRESS MANAGEMENT IN THE COILS

The high horizontal force-level generated during excitation in the inner coil, together with the relative softness of the outer NbTi coil-pack, make it necessary to protect the outer coil from forces emanating from the inner coil. One possibility is to use the outer coil spacers to channel forces around the outer coil, directly to the surrounding mechanical support structure.

Therefore, as a new feature, departing from the first magnetic design iteration, it is necessary to split the outer coil block and to introduce a spacer approximately opposite to the center of the large upper inner coil block. Furthermore, to collect part of the forces from the inner coil and redistribute them to the outer mechanical structure (collar, yoke, skin) it is necessary to introduce an inter-layer steel strip of adequate thickness. Together with the outer layer iron shim and the spacers it forms the outer coil mechanical protection grid. Figure 7 shows the von Mises stress distribution in the coils after excitation, illustrating how the outer coil spacers channel the forces around the outer coil. The stress level in the mechanical protection grid reaches up to 200 MPa, whereas the outer coil stress remains below 60 MPa.

For the support structure to be efficient it is necessary to keep the outer spacers free of insulation in order to avoid soft parts in the coil support structure. The FE-simulation in Figure 6 suggests another requirement for the coil design: To avoid strong discontinuities in the inner coil support it is advisable to adjust the coils to equal height. The strong bending of the inner coil in Figure 6 is caused by the discontinuity in the support against horizontal Lorentz-forces, with the soft outer coil supporting in the mid-plane region and the stiff steel collar reacting the forces in the top part. The peak stress in the upper right corner of the inner coil (200 MPa) can be reduced by raising the height of the outer coil package to that of the inner coil. Figure 7 shows how the equal height feature and a stress-management can help to keep the stress-level in the coils at the minimum obtained in the infinitely rigid boundary simulation. The spacers in the simulation shown in Figure 7 are made of copper because it is preferable to have materials with matching thermal properties within the coil-pack. On the other hand the simulations have shown that the top spacer, which carries the highest horizontal load, should at least be 3 mm thick to become effective. Similarly it was found that the inter-layer steel strip should be at least 3-4 mm thick. In Figure 7 the outer layer top-spacer is 3.1 mm thick, the inter-layer stabilizer is 3.8 mm thick. This design requires a 5 mm wide gap between inner and outer coil. The gap in the original magnetic design is 2 mm and has thus to be enlarged. As a result of an optimization of the stress-management within the coil the stress level can be kept close to 100/85 MPa in inner/outer layer. The outer coil mechanical support structure (shims, vertical protection sheets) operates in the 100-300 MPa-range. Although the design shown in Figure 7 guarantees the protection of the outer coil from excessive stress it reveals a considerable horizontal outward displacement of the inner coil under Lorentz-forces, which is partly a consequence of outer coil compression and partly due to compression of the collar/yoke structure. This displacement, occurring even in the case of a rigid yoke (~100 µm), will have to be addressed by the final design. 

Using Al instead of steel results in increased coil displacement (250 µm in outward horizontal direction) without much benefit on the stress side. 

The use of NbTi type dummy cable pack instead of Cu for the outer coil spacers results in increased stress in the outer coil (105 MPa) compared to the case of Cu spacers, without being significantly beneficial to the inner coil (the reduction in peak pressure in the inner coil is only 5-10 MPa).

8) SEPARATED FUNCTION COLLAR

In the attempt to find an acceptable final solution for coil displacement and coil stress it appears necessary to revise the collar design. The original collar design as shown in Figure 6 has some disadvantages. The application of vertical pre-stress during assembly will deform the “C” shaped collar in such a way that it deflects into the coil in the mid-plane, thus leading to an outward inclination of the top of the coils. Unfortunately the Lorentz-forces tend to deform the coils exactly in the same way. This accumulation of deformation requires counter-measures, which inevitably involve strong coil displacements and/or high pre-stress (e.g. pre-bending coils with shims to the inside during assembly). As an illustration Figure 8 shows the shape of the coil after pre-stress and application of Lorentz-forces. The case presented in Figure 8 exaggerates the inclination of the coils because the yoke is only rigid in the horizontal direction. A rigid support of the whole collar-yoke boundary would reduce the coil bending. Nevertheless, the “combined function collar” (referring to the coupling of vertical and horizontal stress in the collar) does not appear as the best solution. Therefore we propose a “separated function collar”, in which the top part (vertical support) acts independently of  the side-part (horizontal support). Even if such a collar design cannot be implemented, it serves to simplify the mechanical structure for the model-calculations, such that the basic requirements for the coils can be found with more ease. The separate function collar is certainly more suited to cope with the behavior of block type coils which generate a strongly unisotropic force pattern. To assess maximum displacements and maximum stress two extreme cases were studied. To obtain the former the collar-yoke boundary was let free such that the collar could change its shape (soft yoke). To obtain the maximum stress the collar-yoke boundary was fixed such that the collar could not change its shape (infinitely rigid yoke case). The displacements found in the soft yoke case were typically a factor 2 higher than in the rigid yoke case, inversely the stress was typically half of that in the rigid yoke case. In the soft collar case, parts of the coil would be shifted by up to 650 µm during excitation. In an optimized design the maximum excursions (usually horizontal motion of inner coil in mid-plane) can be reduced to ~150 µm. It is therefore obvious that it is better to design a very rigid mechanical structure around the collared coil. A very rigid support of a C-shaped (Figure 8) collar implies several matching surfaces to give the collar support against forces in all directions in various points. This complicates the assembly. Eventually a separated collar design allows to split the task of matching points and surfaces during assembly, with e.g. the vertical pre-stress and the horizontal pre-stress being applied in separate stages.

9) VERTICAL PRE-STRESS

Vertical pre-stress is applied to the coils by means of interference, lifting the coils vertically from the mid-plane (e.g. with a mid-plane shim). The difference in elastic modulus of inner and outer coil demands different degree of over-sizing in inner and outer coil. The over-sizing of the inner coil has to be moderate because being the stiffer coil, it will react most of the vertical pre-stress, thus discharging the outer coil. Any measure that increases the stiffness of the outer coil can simplify the task of pre-stressing. Typically, a vertical over-sizing of 100 µm in the inner and 250 µm in the outer coil will produce a 80 MPa / 60 MPa pre-stress in inner / outer coil in the rigid yoke case (see Figure 9). In the case of a soft yoke the pressures drop to half of the rigid yoke values. The vertical pre-stress leads to a vertical shrinkage and horizontal expansion of (especially the outer) coils. In the 50 / 250 µm interference- (rigid yoke-) case for example the inner / outer coils shrink by –60 µm / -235 µm vertically and expand by ~10 µm to each side horizontally. In the free collar case the vertical shrinkage under pre-stress resulting from the same interference, is strongly reduced (-135 µm).  The horizontal pressure due to vertical pre-stressing (Poisson effect), though small (typically –10 MPa in above case), is ultimately reacted by the collar and the bore piece. The weakest part of the horizontal mechanical support is the bore piece, thus the coils tend to bend toward the bore in the mid-plane (difference between horizontal displacement of coil on top and in mid-plane: X~-10 µm). The tilting of the coils under pre-stress was already discussed in connection with the issue of separated vs. combined function collar. In the “combined function collar” the tilt is twice as big as in the separate function collar (X~-20 µm). 

The intrinsic Lorentz-force stress level in the inner coil being close to 80 MPa does not allow excessive vertical pre-stress if the inner coil should ever remain below or at a 100 MPa peak stress. Therefore it was investigated in simulations how a low pre-stress in the inner coil would affect the behavior of the coil along the different stages from assembly to operation. No particular influence of the inner coil pre-stress on the displacement pattern in the various stages was observed. Any vertical pre-stress above 20 MPa after cool-down in the inner coil results in excessive peak stress after magnet excitation. On the other hand the inner coil tends to completely unload on its inner vertical edge at full excitation. Therefore only a minimum vertical pre-stress is required to guarantee mating of inner coil top and collar at peak current. The issue of unloading of the inner vertical edge of the inner coil during excitation is a separate issue. It has to be addressed with horizontal pre-stress. Horizontal pre-loading is discussed in detail in the following section. During cool-down the inner / outer coils shrink  ~140 µm vertically, and –40 / -50 µm horizontally. If not compensated the vertical shrinkage of the coils during cool-down leads to the loss of pre-stress. 

 10) DETAILED RESULTS OF A MODEL CASE SIMULATION

The following presents in detail the simulation of the mechanical behavior of the coil-package during pre-stress, cool-down and excitation. The design of the coil package includes the design elements discussed above. The calculated stresses and displacements along the 3 different stages (assembly and vertical pre-loading, cool-down and cold pre-loading, application of maximal Lorentz-forces) in Table 4 to Table 6 refer to the points (1-12) and surfaces (P1-P6) explained in Figure 10. The x- and y-pressures given in the next tables refer to average pressures along the lines P1-P6 or within the coils. The von Mises pressure values are peak values. 

10.1) Summary table

The coil pre-loading was obtained with the following geometrical conditions: 

· 30 / 225 µm interference for vertical pre-stress in inner/outer coil, 

· -300µm cold forced horizontal displacement of the upper part of the vertical collar-yoke boundary (from top to 15 mm from mid-plane) to produce horizontal pre-stress and compensate thermal shrinkage,

· +100µm forced cold displacement of upper part of bore piece (in pole-plane, top to 15 mm from mid-plane)) to produce horizontal pre-stress and compensate thermal shrinkage,

· -225µm cold forced vertical displacement. of top collar-yoke boundary to compensate loss of vertical pre-stress during cool-down,


1
2
3
4
5
6
7
8
10
11
12

x [µm]
-3
-2
-13
-12
-8
8
-15
6
0
0
0

y [µm]
-15
-15
0
0
-180
-180
-15
-15
0
0
0


P1
P2
P3
P4
P5
P6
inner
outer

x [MPa]
-
-2
-
-
-7
-
-8
-10

y [MPa]
-31
-
-17
-63
-
-61
-20
-50

vM [MPa]
35
15
25
55
55
55
35
55

Table 4: ANSYS® simulation, common coil model: vertical pre-loading at room temperature, “infinitely rigid yoke case”.


1
2
3
4
5
6
7
8
10
11
12

x [µm]
32
-30
-3
-52
-78
-128
-82
-130
0
-200
-300

y [µm]
-120
-120
-10
-10
-242
-238
-24
-25
-225
0
0


P1
P2
P3
P4
P5
P6
inner
outer

x [MPa]
-
-53
-
-
-40
-
-60
-30

y [MPa]
+18
-
+/-60
-76
-
-66
0
-50

vM [MPa]
85
85
55
55
55
55
85
55

Table 5: ANSYS® simulation, common coil model: cool-down to 4.2 K and pre-loading for “infinitely rigid yoke case”.


1
2
3
4
5
6
7
8
10
11
12

x [µm]
50
-8
37
-12
-58
-114
-48
-100
0
-150
-300

y [µm]
-144
-133
-4
-4
-253
-245
-27
-30
-225
0
0


P1
P2
P3
P4
P5
P6
inner
outer

x [MPa]
-
-64
-
-
-70
-
-10/-100
-50

y [MPa]
12
-
20/-60
-57
-
-89
-40
-70

vM [MPa]
110
115
70
45
45
70
115
70

Table 6: ANSYS® simulation, common coil model: final stage: maximal Lorentz-force (15 kA) “infinitely rigid yoke case”.

10.2) Vertical pre-loading during room temperature assembly

Vertical pre-stress is achieved in the model by introducing an interference between coils and top collar-piece, here 30 µm / 225 µm for inner / outer coil and keeping the upper yoke-collar boundary rigid (infinitely rigid yoke case). In the real case the interference can be obtained with appropriately sized shims (e.g. in the mid-plane or on top of the coils). The vertical stress in the coil-pack after assembly is shown in Figure 13. The vertical stress and displacement of the coils are shown in Figure 14 and Figure 20. The chosen interference results in a 20 MPa / 50 MPa vertical pre-compression of the inner / outer layer. The inner coil requires less interference to produce a similar stress than the outer coil due to a higher modulus (see Table 1). While the inner coil hardly shrinks, the outer coil top boundary moves by 190 µm toward the mid-plane. The strain in the coils (~ 40 mm high, 0.45% strain in outer coil) and the pressure levels are consistent (see material parameters in Table 1). Vertical pre-stress serves several purposes:

· pre-compressing the coil-package such that vertical Lorentz-forces do not result in vertical coil-shrinkage ( and instead act in unloading pre-stress).

· Stiffening the coil-package to improve its capacity to withstand the horizontal forces (increase of friction). This effect was not simulated in the model which assumed negligible friction.

Especially the first reason applies mainly to the outer coil where the vertical Lorentz-force component is high. The second reason applies as well to the inner coil which has to be protected from bending during the various stages of pre-loading. On the other hand, as shown in the “infinitely rigid boundary simulation”, 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 coil has to be kept below ~ 20 MPa (at 4.2 K). Former simulations showed that this level of vertical pre-stress is enough to ensure physical contact between inner coil and top collar at peak current. Unfortunately the stress-level in the present case is ~0 MPa at 4.2 K). The inner coil top unloads completely at full excitation. Furthermore the inner coil bends toward the bore in the mid-plane (-10 µm) during vertical pre-loading. The horizontal stress (10 MPa) on the inner coil in the warm pre-stress stage emanates from the horizontal expansion of the outer coil under vertical pre-stress (Poisson effect). With the horizontal support in the bore-region being weakest, the slight bending occurs there. This bending remains at cool-down, until Lorentz-forces push the inner coil outwards in the mid-plane by ~30 µm. This displacement is probably not critical from the magnetic point of view (not proven yet) but it results in a bending stress in the mid-plane region of the inner coil. A fine-tuning of the design is required to eliminate the bending problem. Several possibilities exist: The bore-side horizontal support could be reinforced by optimizing the bore-piece shape. The inner coil assembly pre-stress could be raised, since in this particular simulation the inner coil looses vertical pre-stress upon cool-down. A model including friction will eventually reveal an improved solution even with the present set of parameters. The vertical pre-stress in the coil-pack and in the coils is shown in Figure 13, Figure 14 and the vertical displacement in the coils after assembly is shown in Figure 20.

10.3) Cool-down to 4.2 K and vertical/horizontal pre-loading 

During cool-down the coil-pack shrinks more than any other material in the composite structure. The interlayer sheet as well as the iron shim have to be sub-sized vertically to not interfere with the top collar after cool-down. A rough calculation of the coil shrinkage in “free conditions” shows, that both coils shrink by ~ 140 µm vertically (between top and mid-plane). Since after room temperature pre-loading the outer coil was compressed by 190 µm, thermal shrinkage almost unloads the outer coil (50 µm compression left). To compensate the thermal shrinkage the top collar-yoke boundary is (artificially) moved toward the mid-plane by –225 µm during cool-down. In that number, 120 µm account for the vertical thermal shrinkage of the collar, and ~ 100 µm provide additional interference to maintain the vertical pre-stress in the coils (“cold vertical pre-loading”). The 100 µm interference translates into a further vertical compression of the coil by 50 µm, which together with the 50 µm compression remaining from pre-loading at room temperature result accordingly in a 50 MPa cold pre-stress in the outer coil. With respect to the room temperature dimensions the cold outer coil is reduced by 240 µm in height. Only half of the 100 µm additional displacement induced via the forced displacement of the collar-yoke boundary appears as coil deformation. Part of the missing half is lost due to overlap in the contacts involving soft insulation (~30 µm), part goes into the compression of the ground-insulation layer on top of the coil (5 µm), and part is compressive strain in the collar piece (10µm). The overlap in the contacts is believed to be an artifact of the model and thus not real. The low room temperature pre-stress level in the inner coil is unloaded during shrinkage. The inner coil shrinks (110 µm) approximately as much as it would in the free case (140 µm). The 100 µm extra vertical displacement of the rigid yoke does not keep or produce pre-stress in the inner coil, but it closes the gap which would otherwise form on top of the inner coil due to inner coil shrinkage during cool-down. The vertical displacement of the coils after cool-down and cold pre-loading is shown in Figure 21. 

In horizontal direction the thermal shrinkage of the coils is 40 µm in the inner coil and 55 µm in the outer coil. The side-collar and the bore piece each shrink by 90 µm in the same dimension. Thus, the supporting yoke-collar boundary has to move toward the bore by at least 280 µm to compensate thermal shrinkage. In anticipation of the Lorentz-force the coil has to be pre-stressed horizontally, such that the Lorentz-forces unload the coils rather than move them. Former simulations have shown that the coil displacements during magnet excitation can attain 200 µm in the rigid yoke case without horizontal pre-stress. In the case of a soft yoke maximum displacements of 600 µm have been observed. The simulations revealed a minimum (cold) horizontal pre-stress requirement of ~60 MPa in the inner coil. Unfortunately the coils cannot easily be pre-stressed horizontally because of the weak support on the bore-side. Therefore the pre-stress has to be applied in a region where the bore-side is well supported. In this particular simulation the rigid collar/yoke boundary was applied only to the part between top and 15 mm above the mid-plane. Furthermore, in this particular simulation the forced boundary displacement to produce the horizontal pre-stress has been applied to both sides: the bore piece was horizontally displaced by 100 µm toward the inner coil and the vertical collar-yoke boundary was moved by 300 µm toward the bore during cool-down. After subtraction of the thermal shrinkage, the collar compressed the coil-pack by  ~100 µm  to generate horizontal pre-load. A detailed analysis of the simulation reveals that the outer coil is compressed by another 15 µm after thermal shrinkage, resulting in a horizontal pre-stress of 30 MPa. The inner coil is compressed by another 20 µm after thermal shrinkage, resulting in a horizontal pre-stress of 60 MPa. Similarly to the case of vertical pre-loading mentioned before, overlap due to soft contact elements accounts for ~60 µm of (artificial) shrinkage. The remaining ~10 µm strain are due to compressed  ground-wrap. The outer coil cannot be pre-stressed to the same degree as the inner coil because it is protected by the mechanical grid. Here the horizontal pre-stress is ~30 MPa. However, with lower horizontal Lorentz-forces in the outer coil, the required pre-stress goes down as well. The horizontal pre-stress in the outer coil seems to be adequate in this particular case. An important issue in the mechanical dynamics of this particular block-type magnet is the bending of the inner coil. 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 causes unacceptable conductor displacement and bending stress in the mid-plane. In former simulations ( 75 MPa bending stress levels were found in the bottom part of the inner coil in less optimized design configurations. To avoid the bending of the inner coil any similar bending during the prior stages, pre-stress or cool-down, has to be avoided. This was one of the major motivations for the “separate collar” approach proposed here. Equally important is the question of horizontal support against Lorentz-forces. With the accumulated Lorentz-forces highest in the top block of the inner coil, the support has to be adequately strengthened in the top part of the coil, rather than in the bottom part close to the mid-plane. This is in fortunate agreement with the above mentioned weakness of the mechanical structure in the mid-plane. Therefore, as mentioned before, the rigid boundary in this simulation was imposed only on the upper part of  the outer vertical collar yoke boundary. Therefore the horizontal pre-stress is provided essentially on the upper half of the coil. Figure 12 and Figure 18 show the horizontal pre-stress in the coil-pack and the coils after cool-down and cold pre-loading. Figure 15 shows the vertical pre-stress in the coils after cold pre-loading. Figure 21 Figure 23 show vertical and horizontal displacement after cool-down and cold pre-loading. 

10.4) Lorentz-force 

The major coil-related mechanical issues during the application of Lorentz-forces are: 

· Horizontal coil displacement,

· Horizontal pressure management,

· Coil bending, and

· Unloading of inner coil inner boundary.

In the present design the inner coil will horizontally shift outwards by only ~20 µm on top and 30 µm in the mid-plane, during ramping to maximum current. Measures to reduce the bending and mid-plane movement were discussed above. The present solution which operates with modest horizontal pre-stress (~ 60 MPa) may therefore be optimized. On the other hand increased horizontal pre-stress will certainly cause complications regarding the design of the bore piece. The final von Mises peak pressure in the coil-pack is shown in Figure 11. The peak pressure in coils remains within 110 MPa. The highest pressure in the coil occurs in the upper right corner of the inner coil, as expected from the Lorentz-force distribution. The stress plots in Figure 16 shows a 40 and 70 MPa vertical stress level in the inner / outer coils. The horizontal stress distribution shown in Figure 19 reveals that the inner edge of the inner coil is still (even if only weakly) loaded. The coil deformations, shown in Figure 22 and Figure 24, are small in horizontal and vertical direction (as compared to the 4.2 K case with zero current), indicating that the pre-stress levels are in the right range. The outer coil is strongly displaced from the ideal position defined by the magnetic design. Some fine-tuning will be required to improve the convergence of the conductor positioning as found in the mechanical design and the ideal conductor positioning derived from the magnetic analysis.

11) CONCLUSIONS

The solution presented here as a preliminary result of the mechanical analysis is suitable regarding peak pressures and displacements along all stages of magnet assembly and operation. A number of design elements have gradually been introduced into the design in order to achieve acceptable solutions. They are resumed in the following list:

· the outer coil mechanical protection scheme (stress management), including interlayer sheet (steel, > 3 mm thick), outer wedges (Cu, > 3 mm thick, not wrapped in insulation);

· coils of equal height;

· separated function collars;

· infinitely rigid yoke;

· vertical pre-stress, mainly in the outer coil (~ 50 MPa);

· horizontal pre-stress, mainly in the upper part of the inner coil (~ 60 MPa);

· compensation for the vertical and horizontal shrinkage of the coil during cool-down (see Table 7);

· measures to prevent coil bending (tilting) like increasing outer coil stiffness (soldered cable, S2 insulation) , improving bore-piece design to give more horizontal support of the inner coil in the mid-plane and fine tuning of position and extension of the yoke-collar contact area;

Additionally quantitative indications on vertical and horizontal pre-stress as well as indicative values of the required contraction of the mechanical structure to prevent loss of pre-stress during cool-down are given in the following tables. 

item
horizontal


vertical



warm
Inner coil
Outer coil

inner coil
Outer coil


interference [µm]
-
-

30
225
[µm]

cold 
For thermal compensation
 For pre-stress
total
For thermal compensation
For pre-stress
total

Yoke motion [µm]
90
50-100
140
140
70-100
210

Table 7: 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, ground-wrap).

pre-stress [MPa]
horizontal

vertical



inner
outer
inner 
outer

warm
-
-
20
50

cold
60
30
0 (20)
50

Table 8: Stress levels corresponding to the displacement requirements listed in Table 8. 

It has now to be determined if the requirements on the mechanical structure can be met. Providing horizontal and vertical pre-stress independently as proposed here through the separated collar design is not a trivial task. An infinitely rigid yoke is an ideal concept and it has to be determined how much the real characteristics of a rigid yoke will affect the final state of the coils during operation. However, the observations and conclusions gathered in the course of the above presented work are the necessary basis to move on with the mechanical design of the complete assembly.

12) PLOTS

[image: image1.png]




[image: image2.wmf]
Figure 1b: Optimized iron geometry and field lines (1 kA) in first quadrant of common coil dipole magnet model before mechanical analysis. The origin in the plot refers to the center of the complete magnet.
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Figure 2: Example of meshed model of coil with boundary conditions for the infinitely rigid yoke case.
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Figure 3: Field lines in magnetic model of  half-quadrant of block type dipole, ANSYS5.5(. Constant iron permeability (µr=1000).
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Figure 4: Nodal Lorentz-force vectors (in Newton) at 15 kA as computed with ANSYS(.
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Figure 5: Von Mises pressure (MPa) in coils of the common coil dipole magnet at maximum current (15 kA) in the case of infinitely rigid boundaries. The small horizontal displacement at the outer vertical boundaries of the coils, corresponds to the compression of the ground insulation wrap (0.5 mm thick polyimide). The coil deformation in the plot is exaggerated.
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Figure 6: Von Mises stress in common coil dipole model at maximum current (15 kA). The plot shows how the inter-layer sheet redistributes Lorentz-forces to outer coil spacers. It shows as the detrimental effect of a discontinuity in the mechanical support of the inner layer: bending, high pressure region in upper right edge of inner coil.
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Figure 7: Von Mises stress (MPa) in common coil dipole coils – Areas in light gray have vM pressure below 80 MPa. The plot shows how the outer coil is protected from inner coil Lorentz-forces by means of a mechanical support grid consisting of inter-layer bearing strip, outer coil copper spacers and outer layer iron shim.
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Figure 8: Horizontal displacement (ux) in mm of collared coil after pre-stress and application of Lorentz-forces. To simulate a partly rigid yoke the outer vertical collar boundary line is artificially moved inwards, such that the coil remains as close as possible to the design position. The (unfortunate) combination of collar shape and horizontal support are the cause for the strong coil bending.
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Figure 9: Vertical pressure (MPa) distribution in collared coil for the infinitely rigid yoke case. A 0.1 mm / 0.25 mm interference between inner / outer coil and collar produces the pre-stress. The resulting coil tilting and vertical shrinkage are exaggerated in the plot.
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Figure 10: Geometrical model of half of quadrant of common coil dipole model with reference points (1-12) and surfaces (P1-P6) as used referred to in the result table. The shape of the collar in the plot is not representative of the collar shape used in the simulation.
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Figure 11: Final Von Mises stress (MPa) in coil-pack after magnet excitation.
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Figure 12: Horizontal stress (MPa) in coil-pack after cool-down and pre-loading.
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Figure 13: Vertical pre-stress (Mpa) in coil-pack after assembly.
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Figure 14: Vertical (pre-) stress (MPa) in coils after assembly.
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Figure 15: Vertical (pre-) stress (MPa) in coils after assembly and cool-down.
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Figure 16: Vertical stress (MPa) in coils after assembly, cool-down and application of Lorentz-forces.
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Figure 17: Horizontal stress (MPa) in coils after assembly.
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Figure 18: Horizontal (pre-) stress (MPa) in coils after assembly and cool-down.
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Figure 19: Horizontal stress (MPa) in coils after assembly, cool-down and application of Lorentz-forces

[image: image21.png]1 ANSYS 5.5.18P
FEB 2 2000
17:17:00
NODAL SOLUTION
TIME=1

(ave)

PoverGraphics
EFACET=1

188296
482E-04
188296
.16738
146463
125547
10463
083714
062798
041881
020965
.482E-04





Figure 20: Vertical displacement (mm) in coils after assembly and vertical pre-loading.
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Figure 21: Vertical displacement (mm) in coils after assembly and cool-down.

[image: image23.png]ANSYS 5.5.18P
FEB 2 2000
17:50:35

NODAL SOLUTION
TIME=3

(ave)

PoverGraphics
EFACET=1

25318
003512
25318

.225439
197698
169957
142216
114475
086734
058993
031252
.003512

(h07Tmec?) prestress, cooldown to 4.2K and Lorentzforce





Figure 22: Vertical displacement (mm) in coils after assembly, cool-down and application of Lorentz-forces.

[image: image24.png]ANSYS 5.5.18P
FEB 2 2000
17:33:00

NODAL SOLUTION
TIME=2

(ave)

PoverGraphics
EFACET=1

129642
031864
129642
111697
093752
075807
057861
.039916
021971
004026
.013919
.031864





Figure 23: Horizontal displacement (mm) in coils after assembly and horizontal pre-loading during cool-down.
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Figure 24: Horizontal displacement (mm) in coils after assembly, cool-down and application of Lorentz-forces.


















































































Figure 1a: ROXIE( plot of coil cross-section around one aperture of the preliminary baseline design of a 2-layer, 4-block common coil VLHC dipole magnet.
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