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HFM-Common Coil Dipole Magnet with Horizontal Split Yoke

Abstract

FNAL in collaboration with LBNL realized an R@D project for block type, common coil dipole magnet with double apertures for future post-LHC hadron collider. The hybrid dipole magnet for 11-12T field is designed using the Nb3Sn cable for inner blocks and the NbTi cable in outer block. 

The results of mechanical analysis of the horizontal split yoke concept are presented.

1. Common coils singularity
The racetrack coils are wound from the flattened cable under tension around a rigid core or other frame, which has pole keys at the ends. During cool down pole key shrinks and the width of the racetrack core (or frame) becomes shorter. The main racetrack coils are common to both apertures. Therefore, a distance between apertures reduces at the same time as the pole key shrinks.

The coil transition regions from the straight section to the end are the most risky areas for magnet training, especially for the NbTi coil. These areas are important for minimizing strength in the reacted Nb3Sn cable also. 

Transition region has two different mechanisms for the coils support, in the straight section, and in the end. These mechanisms have to provide the same coil motion (in same direction) at 300K and 4K to avoid discontinuity of the coil pressures and to obtain approximately equal conductor positions before ramping. In this case the stress concentration inside of the coils will be minimized.

As follows from previous statements, the coils have to pressurize only from outside toward to the racetrack core, which has to be made from the same material for the magnet’s straight section and for the ends.

It can be realized in a horizontally split yoke structure described bellow.

2. Design concept

C-shape iron laminations (Fig. 1) are locked to the central iron yoke island and provide a rigid boundary around the collared coil blocks in horizontal direction. Vertically they are flexible and maintain a pressure on the coils through the spacers. The spacer’s laminations, made from aluminum alloy, are alternated around inner and outer coil assembly, and pinned together by rods. The left and right inner-outer coils with the spacer laminations are independent systems (see appendix, Fig.7). They can freely move from each other horizontally, but are held in place by the yoke grooves during assembly and cool down (Fig.8). The vertical coil pressure produced by shrinkage of the 10mm thick stainless steel skin during welding and cooling down. Aluminum control bars help to manage horizontal coil pressure and horizontal gaps between iron parts. The gaps between the iron parts will be open after welding and closed at 4K. There is no horizontal pressure on the coils at warm condition. The coil block is slightly pressurized horizontally by the spacers after cool down. Magnetic forces are transmitted from the coils to the yoke and skin structure during excitation. Only yoke and skin are against coil pressure.
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Figure 1. Common coil racetrack dipole magnet with a horizontally split yoke.

3. Model description

Finite element analysis has been performed by ANSYS software, to check the mechanical design that described above. Magnetic analysis was done as well to provide electromagnetic forces for mechanical model. To reduce model size and computing time, quadrant symmetry was used.
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Electromagnetic and Mechanical finite element models are shown in Figure 2,3.
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Figure 2. Electromagnetic model.

The electromagnetic model includes coils, yoke and air elements.

Figure 3. Mechanical model

The mechanical model includes the inner and outer coils with insulated conductors and wedges. The aluminum spacers surround the coils. Steel protection sheets are placed on the boundaries between spacers and coils. The spacers are modeled as three separated pieces: a front collar with a pole insert and a back collar. They are representing two laminations in depth.  The constraint equations are used on the collar’s vertical planes to enforce rotational symmetry. All elements are modeled with 3 or 4-node plane elements (PLANE 13-magnetic, PLANE 42-mechanics). Material mechanical interfaces are represented with one-dimensional gaps (COMBIN 40) oriented perpendicularly to the interface without friction effect

4. Material properties

The material properties of the model’s components are temperature dependent, and are listed in Table 1. The B-H curve for yoke material is shown in Fig. 4.

Table 1. Material properties 

                                   
V
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           Elasticity Modulus [GPa]
            ITC ,   

           mm/m                      

             -3

         10      1/K



            300 K
      4.2 K
    300   -     4.2 K            



X
Y
X
Y
X
Y

Inner Coil,
Composite,NbSn
1

2
44

38
38

35
55

38
38

35
2.7
3.7

Outer Coil
Composite,NbTi
1

2
40

35
35

20
45

35
35

20
2.9
4.1

Wedge
Copper
120
120
135
135
3.39
3.39

Collar
Al
70
70
84
84
4.14
4.14

Yoke
Iron
190
190
210
210
2
2
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The variant 1 in the table corresponds to case with impregnated NbTi coils.

Figure 4. B[T]-H[Am2] dependence for the yoke material.
5. Magnetic analysis

The outer coil geometry was changed relatively to the preliminary magnet design [1]. Magnetic analysis was performed to calculate the Lorentz forces at coil excitation for the new design. The 2x25 turns of inner coil and the 2x21 turns (Sturn=12.6mm2) of outer coil carry the same Iss=10900 A to obtain the required field 11.5T (B=11.65T). 

Flux line distribution and the map of Lorentz forces are shown on Fig. 5 and 6.
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Figure 5. Magnetic flux line distribution.

Figure 6. Electromagnetic forces.

Force distributions for different conductor blocks at one quadrant are listed in Table 2 

Table 2. Force distribution by the conductor blocks at one quadrant.

layer
Fx, N/mm
Fy, N/mm

Inner-1 turn
2x(100.680)
2x(+/-3.075)

Inner-3 turns
2x(302.984)
2x(+/-4.834)

Inner-21 turns
2x(1782.780)
2x(+/-431.435)

Outer-21 turns
2x(566.866)
2x(+/-353.195)

Total inner
4372.970
-0.110

Total outer
1133.740
0

 The numbers in brackets corresponds to ½ of the coil model.        

6. Mechanical analysis

There are three load steps in the mechanical analysis:

· skin welding at 300K                                  (see appendix, Fig.10-14,42-46)

· cooling down from 300K to 4K                  (see appendix, Fig. 15-19,36-41)

· Lorentz forces (LF) action at 4K                 (see appendix, Fig. 20-35)

A vertical interference between upper’s edge of the spacers and the coils has been used as variable parameter for vertical pre-stress generation in the coils.  

Weld shrinkage results in a 0.2mm vertical motion of the skin.

Upper and lower parts of outer coil are field with dummy windings, which are used as spacers to equalize height of inner and outer coils and minimize possible stress concentration at the corners of the coil’s block.

 6.1 Coil Prestress 

The coil’s prestress for all load steps are listed in Table 3. 

Table 3. Average vertical prestress for inner and outer coils.


Interference,

         mm
Pressure, MPa



welding
cooling down
LF

variant
1
2
1
2
1
2
1
2

Inner coil
0.15
0.13
19
20
15
9
16
10

Outer coil
0.25
0.27
54
47
39
33
49
41

Lam-yoke H-interface
0
0.5
70

Data show that the inner coil vertical pressures can be at low level 20-9 MPa for all load steps. Outer coil needs to be pressurized up to ~55-60MPa at room temperature to have approximately the same pressure at 4K and B=11.5T.

The vertical outer pressure is supposed to be as close as possible to the horizontal pressure (which is ~70 MPa at this case) for providing NbTi cable stability. The relation between horizontal and vertical support pressure will be investigated in a separate ten-stack program. 

Vertical coil pressure loss during cool down is 5-10 MPa, and depends on coil properties and size of gap between the C-shape block and the yoke island at 300K. The gap is open at 300K and closes at 4K. The aluminum control spacer is managing a gap size during welding and cool down. This gap was 0.1mm at 300K for all presented calculations. 

Practically no horizontal pressure is applied to the coils from the yoke structure. Only the laminated spacers are compressing the coils in this direction due to a different thermal contraction of coil and spacer during cool down, and moving the coils toward to the yoke boundary.

6.2 Change of the coil cross-section

Displacements of the outside corners of the inner and outer coils are listed in Table 4. Two calculated cases are very close to each other. Data shown in following tables correspond to the worse case of the 2 variants (case with higher pressure).

Table 4. Displacements for the coil’s corners.

Displacement, m 
Welding
Cooling down
LF


x
y
x
y
x
y

Inner-up
-11
100
42
-402
100
-429

Inner-down
-11
-11
42
-245
106
-247

Outer-up
-15
110
-88
-394
-24
-408

Outer-down
-15
-25
-88
-254
-19
-265

Outer mid-plan
-22
-
-93
-
-3
-

Coil’s section becomes smaller during welding, with some midplane bending towards the bore ~5-10m (-15,-22,-15). This bending is still at the same level after cool down (-88,-93,-88). The LF change bending orientation (-24,-3,-19) and magnitude of bending ( ~20 m). 

Coils are compressed horizontally as a unit during cool down by -(-11-42-88+15)= -126m and move outwards by 42-(-11)=53m.

Coil’s outer edge horizontal motion is  –3-(-90)=90m under LF action.  This number is less then 0.1-0.2m, which is typical value for conductor motion during ramping for accelerator magnets. 

The Y-displacements shown in the table for upper corners depend on the vertical interference between coils and spacers. The interference has been used as variable parameter for coil pre-stress generation. It is why these Y-displacements are not representative. 

The Y-displacements for down corners may be good indicators for the yoke island dimensions. The island Y-dimension relates to the pole key radius in the ends.

After cooling down the island is reduced in size by 245-(-11)=234m and remains so during excitation. The end pole key material has to match this shrinkage.

6.3 Stress in main elements

The stresses in the main elements are listed in Table 4.

Table 4. Equivalent stress in the main elements.

Seqv, MPa
Welding
Cooling down
LF

Inner coil
70
40-125
76

Outer coil
107
100
162

Spacer lamination
70
132
145

C-Yoke/Yoke island
166/112
115/87
228/157

skin
166
286
335

A major concern is the stress in the Nb3Sn coil. The stress level does not exceed 125MPa at 4K for worst case, when collar spacers seats very tight on the coil’s block (vertical warm gap is 0). But stress will be 40MPa at 4K for the gap equal to 50 m.

The stress level in the NbTi outer coil is not dangerous any time, <100MPa. Maximal stress in the dummy winding on top and bottom of the coil is 162MPa. 

Stress level for aluminum spacer is 145<460MPa (yield strength at 4K).

Skin stress is 335MPa and it is lower than the skin stress at SSC (450MPa) dipole magnet [2].

Looks like only the yoke stress level of 228MPa in the C-shape lamination is a problem. This number needs to be reduced for the brittle yoke material as much as possible.  

In the article [4] the tensile stress 140MPa (20ksi for safety factor of two) had been used for investigation of brittle behaviors for the SSC yoke. The author determined a pre-existing crack length ~ 4mm(0.16inch) for such stress, which would result in catastrophic failure. At this condition the crack will grow unstably. The crack length is rather small, but it should be detected with the naked eye during quality control operation.

The tensile stress for our case is 190MPa and happens in the non-rounded corners of C-shape yoke lamination. Such level of stress requires the crack length to be below ~1.6 mm. 

The stress may be reduced to 160MPa by using big friction coefficient on horizontal surfaces along the yoke split (an additional locking tooth on the yoke island can be used instead of that). 

Cutting material from the stress concentration area reduces this number to 130-140 MPa.

Analysis shows, that increasing skin welding shrinkage by 0.1 mm decreased yoke stress by ~10MPa. We have some margin for increasing skin stress. 

Reducing horizontal yoke pressure from 70MPa to 60MPa decreases tensile stress significantly, by 30MPa. It means, the design would work better with help of additional support elements. Best variant would have part of the LF (~15%) contained in the collar laminations.

The case with rounded yoke corners, 70MPa horizontal pressure on the C-shape yoke (no vertical pressure applied), 10mm skin, 0.2mm skin weld shrinkage, 0.1mm vertical yoke gap, max friction on a split surface gave ~90MPa tensile stress in the yoke (see appendix, Fig 29).  

So, several improvements can reduce the tensile stress in the yoke to ~130-140MPa.

Conclusions

· The described solution is a preliminary variant for the possible mechanical design of the common coil dipole magnet.

· The coils have to be pressurized only from outside toward to the racetrack core. The coil stress concentration in the transition areas will be minimized.

· The stress situation for Nb3Sn and NbTi coils is acceptable. The protection sheet between coils, equal layer height, additional wedges in outer coil, help to reduce stress for Nb3Sn coil to level less then 100MPa.

· Maximum coil motion is 90m at coil excitation, which is admissible from the field quality viewpoint. 

· Coil block bending is kept to ~20m.

· A skin of 10mm thick can be used.

· End key material has to match shrinkage of the yoke island (234m on radius 130mm).

· Warm vertical pre-stress is practically the same as the cold one at B=11.5T, and is equal to 20MPa for inner coil and 50 MPa for outer coil.

· No horizontal pressure is applied to the coils at warm condition.

· Horizontal pressure on the C-shape yoke is ~70 MPa under Lorentz forces action.

· Inner and outer coils have different vertical pressure before excitation but approximately the same conductor motion during ramping.  It can cause a possible releasing of the stored strain energy from shear stress on the borders between coils. Using NbTi impregnated coil looks more attractive from point of view matching coil’s properties, but need to be analyzed additionally as risk in term of training behavior.

· Tensile yoke stress in the corner of C-shape lamination is ~190 MPa. It may represent a dangerous level for brittle materials. For this reason, stress level the yoke has to be minimized as much as possible. The estimation shows a possibility to reduce this value to ~140 MPa by using rounded internal yoke corners and additional locking teeth on the yoke island (see a sketch on Fig 9). An additional material testing is needed.
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Appendix
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Figure 7. Collared coils.
Figure 8. Coil assembly around yoke island.

[image: image25.wmf]
Figure 9. Horizontal split yoke (next iteration).

Load step 1: Welding. Stress in Kg/mm2=0.1MPa
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Figure 10. Inner coil

Figure 11. Outer coil
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Figure 12. Spacer’s laminations
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Figure 13. Yoke and skin
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Figure 14. C-shape yoke lamination.

Load step 2: Cooling down
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Figure 15. Inner coil

Figure 16. Outer coil
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Figure 17. Spacer’s laminations
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Figure 18. C-shape yoke lamination
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Figure 19. Yoke and skin after cooling down.

[image: image36.png]ANSYS 5.5.15P
APR 11 2000
12:57:35
NODAL SOLUTICN
STEP-1

SUB -1

TIME=2

SEQV (ava)
PowerGraphics
EFACET-1
AVRES—lMat

DM -.421013
SMN =.365467
SMX =B.211
NFOR

365467
1.237
2.109
2.981
3.852
4.724
5.596
6.467




Load step 3: Lorentz force action.
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Figure 20. Inner coil

Figure 21. Outer coil
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Figure 22. Spacer’s laminations
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Figure 23. Yoke and skin under LF.
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Figure 24. C-shape yoke lamination

[image: image41.png]ANSYS 5.5.15P
APR 11 2000
12:14:32
NODAL SOLUTICN
STEP-1

SUB -1

TIME=3

SEQV (ava)
PowerGraphics
EFACET-1
AVRES—lMat
457255





Figure 25. Yoke Island.
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Figure 26. Ideal case, B=11.5 at 4.2K with h-pressure 80MPa and closed x-contact on a split yoke boundary
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Figure 27. Ideal case, tensile stress in the C-shape yoke at 4.2K and Bmax=11.5T.
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Figure 28. Ideal case, tensile stress in the yoke island at 4.2K and Bmax=11.5T.
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Figure 29. Rounded lines, only 70MPa horizontal pressure on C-shape yoke, 10mm skin, 0.2mm skin tension, 0.1mm vert.yoke gap, max friction on horiz.split gave ~90Mpa tensile stress in the yoke.
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Load case 3: Lorentz forces action

Figure 30. Yoke and skin at LF action
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Figure 31. Yoke laminations.
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Figure 32. C-shape yoke lamination
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Figure 33. Spacer laminations
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Figure 34. Inner coil


Figure 35. Outer coil

Load case 2: Cooling down

Figure 36. Inner layer


Figure 37. Outer layer

Figure 38. Spacer laminations

Figure 39. C-shape yoke lamination


Figure 40. Yoke

Figure 41. Yoke and skin 

Load case 1: Welding

Figure 42. Yoke and skin

Figure 43. Yoke


Figure 44. Spacer laminations


Figure 45. Outer coil


Figure 46. Inner coil

Figure 47. Inner and outer coils under LF action.
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