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Introduction

The coils of the cosine theta HFM will be simultaneously impregnated in order to obtain a coil-pipe structure [1]. This assembling technique will provide coil alignment and will allow the use of thin spacers between coils and yoke instead of collars. The part of the mandrel used to wind the first layer of the coil will remain in place during impregnation and will constitute the inner part of the pole. Conversely the part of the mandrel used to wind the second layer will be removed after reaction to insert the outer part of the pole. 

This technique has many advantages from the point of view of magnet assembling and of mechanical design, but introduces some new problems. Tests showed large gaps between the pole and the coil ends after reaction. These gaps are created during cooldown to room temperature by the thermal contraction of the pole that is larger than the thermal contraction of the coil. To avoid these gaps the following solution was proposed. The pole will be made with 220mm long pieces with small gaps (2 mm) in between. These pieces will be rigidly connected to a bar that will keep the gaps open during coil winding. After curing, the binder will be strong enough to keep each turn in the right position. The bar will be removed and the gaps will remain open. During the heat treatment the gaps in the pole will accommodate the different thermal expansions and contractions avoiding the generation of gaps between the pole and the coil. After the heat treatment the outer part of the pole will be replaced by an unbroken one. The gaps in the inner part will be filled by epoxy during coil impregnation. In order to prevent cracks of the epoxy sheets of ceramic or S2-glass cloth will be inserted in the pole gaps during winding.  

This solution was successfully tested on a racetrack and is now used for practice coils.

1. Aim of the study

The aim of this study was to explore some problems that could occur during cooldown of the magnet due to the assembling technique to obtain the coil-pipe. These possible problems can be summarized in the following list:

· Stress concentrations in the coils due to longitudinal discontinuity of the pole (220mm long metal parts alternated with 2mm long parts made of G10-like material),

· Stress concentrations in the G10-like inserts of the pole,

· Effects of the longitudinal constraint applied to the coil (being glued by epoxy to the pole) on its stress distribution.

The last problem is particularly relevant because the mechanical design of the magnet was performed using 2D FE models [1,2] that cannot take these effects into account.

2. F.E. model description

A 3D model of the entire magnet would require a very large amount of memory and computer time for each solution. Therefore a 3D model of the coil pipe only was made (Figures 1 and 2) and the rest of the magnet was simulated by boundary conditions on its outer surface. Also a 2D model with the same characteristics was made. The boundary conditions were computed using the results of 2D models with the entire cross section and contact elements between the coil pipe and the rest of the magnet [1]. To better approximate these results the outer boundary of the coil-pipe was divided into two parts (0-15 and 15-45 degrees) and a linear interpolation was used to compute and set the boundary conditions on each part (Fig. 3). Both the 2D and the 3D models use quadrant symmetry (Fig. 4).

The 3D model was created by extrusion of the 2D model. The longitudinal dimensions of elements were set according to the following (Fig. 5):

· 0.33 mm in the first volume (1 mm thick),

· increasing from 0.66 mm to 9 mm in the second volume (20 mm thick),

· 18 mm in the third volume (90 mm thick).

In the longitudinal directions, symmetry conditions were applied on the free side of volume 1 (on the right in Fig. 5). Two different conditions were applied on the free side of volume 3 (on the left in Fig. 5):

· coupling of the longitudinal displacements of all nodes belonging to the surface (to simulate a symmetry condition allowing displacements due to thermal contraction),

· No constraints (to simulate the behavior of the coil-pipe near the ends).

Table 1: Thermo-mechnical properties of materials (see Fig. 1)

#
Material
Temp

K
Er

GPa
E

GPa
Ez 
GPa
xy
yz
xz
r                         z
K-1 (x 10-5)

1
Coil 


300

4.2
44

55
38

38
44

55
0.33
0.15
0.33
0.90
1.21
0.90

2
Azimuthal  insulation
300

4.2
14

14
18

18
18

18

0.3

2.64
0.945
0.945

3
Radial  insulation
300

4.2
18

18
14

14
18

18

0.3

0.945
2.64
0.945

4
G10-like mat.

in pole gap
300

4.2
18

18
18

18
14

14

0.3

0.945
0.945
2.64

5
Copper
300

4.2

120

150


0.3


1.128


6
Al-Bronze
300

4.2

110

112


0.3


1.077


Material properties are reported in Table 1. Fig. 1 shows a cross section of the model where each color refers to a different material. The insulation is made of ceramic tape or cloth filled by epoxy during coil impregnation. G10 properties were used for the resulting composite. Since the properties of G10 depend on fiber orientation, different material numbers were used according to the orientation of the fibers in the cloth. The material properties used for coils were measured at Fermilab on Nb3Sn coils wrapped by ceramic tape, cured with a ceramic binder, reacted and vacuum impregnated [3].

Analyses were made using Copper properties or Al-Bronze properties for coil wedges and pole.

In the inner part of the pole G10 properties (#4 in Table 1) were used in volume 1 in order to simulate the cut, while Copper or Al-Bronze properties were used in volumes 2 and 3 (see Fig. 1).

3. Validation of the models

The results of both models were compared with the results of the 2D model of the entire cross section used to compute the boundary conditions (hereby referred to as “reference model”). Material properties that were slightly different than those in Table 1 were adopted in this comparison in order to use the same properties in all models. The 2D model of the coil-pipe gave results similar to those of the reference model with a slightly larger range of stresses (i.e. maximum stresses were about 10 MPa higher than those computed by the reference model and minimum stresses were about 10 MPa lower). Conversely the 3D model of the coil-pipe showed significant discrepancies with respect to both 2D models. In order to understand the cause of these discrepancies both coil-pipe models were run using coil material properties in all elements. In order to have stresses similar to those obtained using all materials the boundary conditions on the outer circumference/surface of the models were modified by increasing the displacements. 

Table 2: Minimum and maximum stress in the coil. Values computed in different slices of the 3D coil-pipe model using coil material properties in all elements. Slice numbers refer to Fig. 5.

#


r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa

1
1st  volume back
min
-76.9
-206.9
-1.8
-5.0
0.0
0.0


(MID-CUT)
max
-10.6
-89.2
4.9
4.9
0.0
0.0











2
1st  volume front
min
-76.9
-206.9
-1.8
-5.0
0.0
0.0


(CUT/POLE)
max
-10.6
-89.2
4.9
4.9
0.0
0.0











3
2nd volume
min
-76.9
-206.9
-1.9
-5.0
0.0
0.0


(POLE)
max
-10.6
-89.2
4.9
4.9
0.0
0.0











4
3rd  volume
min
-77.1
-208.0
-1.3
-5.0
0.0
-0.1


(MID-POLE)
max
-10.3
-88.9
2.0
4.9
0.0
0.7


Notes:  
ALL PARTS have material properties = COIL









Symmetry condition on top face of volume 1


file: 
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The results are reported in Tables 2 and 3. Both tables report the maximum and minimum stress in the coils. Values shown in Table 2 are computed in different slices of the coil-pipe 3D model (see the position of the slices in Fig. 5). The first slice is the first layer of elements in volume 1 (i.e. the elements where symmetry boundary conditions are applied). The longitudinal position of these elements corresponds to the center of the G10-like insert in the pole. The second slice is the last layer of elements in volume 1. This layer corresponds to the transition between the G10-like and the metallic part of the pole. The third slice is the last layer of elements in volume 2 and the fourth slice is the last layer of elements in the entire model. Stresses reported in Table 3 are computed using the 2D coil-pipe model. Values computed in different slices of the 3D model and in the 2D model should be equal. Discrepancies among slices of the 3D model indicate the effect of different longitudinal mesh size, while discrepancies between the results of the 2D model and the first slice of the 3D model show the ‘error’ of 3D elements compared to 2D elements that are more precise [4].

Table 3: Minimum and maximum stress in the coil. Values computed using the 2D coil-pipe model with coil material properties in all elements.



r

z
r



MPa
MPa
MPa
MPa

2D model
min
-76.8
-207.3

-5.0


max
-10.7
-89.2

4.9

This comparison revealed that the previous discrepancy is not due to any “bias” of the 3D model (poor mesh, lower precision of 3D elements compared to 2D elements, use of anisotropic properties in the 3D model). It is an effect of the difference between the thermal contraction of the coil and that of pole and wedges. As discussed in the conclusion, the dependence of this effect on the thermal contraction of pole and wedges can be seen in comparing analyses performed using different materials. Without this effect the 3D model of the coil-pipe gives the same results as the 2D model. They are slightly different from the results of the reference model but these differences are lower than a few MPa. 

This effect on the coil in the longitudinally uniform part of the magnet (i.e. distant from the G10 insert of the pole) can best be seen in the difference between the stresses in section 3 of the 3D model and the stresses in the 2D model. Therefore we think that the best evaluation of the stress in the coil in the longitudinally uniform part of the magnet is obtained by adding this difference to the results of a complete 2D model (i.e. including spacers, yoke and skin and using contact elements). 

4. Results 

Table 4: Minimum and maximum stress in the coil. Values computed in different slices of the 3D coil-pipe model with Copper wedges and pole. Slice numbers refer to Fig. 5.

#


r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa

1
1st  volume back
min
-103
-156.8
-78.3
-28.6
-5.5
-0.4


(MID-CUT)
max
4.4
-36.5
-9.8
39.4
0.0
1.7











2
1st  volume front
min
-103.2
-156.9
-62.7
-28.6
-20.2
-0.5


(CUT/POLE)
max
4.4
-36.5
-9.8
39.4
0.0
4.3











3
2nd volume
min
-103.3
-160.5
-58.7
-28.8
-3.5
-0.5


(POLE)
max
4.5
-36.5
-9.4
39.6
0.3
0.7











4
3rd  volume
min
-103.4
-159.5
-58.6
-28.8
-19.8
-7.4


(MID-POLE)
max
6.6
-25.4
1.7
38.4
13.6
9.8


Notes:  
Copper pole and wedges
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4.1  Copper pole and wedges

Table 4 reports the results of the 3D model after cooldown. Copper pole and wedges were used for this analysis. Maximum and minimum stresses in the coils were computed in the same slices previously described. These values can be compared with the results of the 2D coil-pipe model using the same materials reported in Table 5. 

Table 5: Minimum and maximum stress in the coil. Values computed using the 2D coil-pipe with Copper wedges and pole.



r

z
r



MPa
MPa
MPa
MPa

2D model
min

-133




max

-45



It can be seen that:

· There are no significant variations in the longitudinal distribution of azimuthal and radial stress in the 3D model. 

· Conversely the longitudinal stress increases about 20 MPa near the cut in the pole. The maximum compression still remains acceptable (78 MPa).

· High shear stress (40 MPa) is reached in the XY plane.

· The maximum azimuthal compressive stress computed by the 3D model (61 MPa) is 28 MPa higher than that computed by the 2D model.

Table 6: Minimum and maximum stress in the coil. Values computed in different slices of the 3D coil-pipe model with Al-Bronze  wedges and pole. No longitudinal coupling on the free face of volume 3. Slice numbers refer to Fig. 5.

#


r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa

1
1st  volume back
min
-97.8
-145.6
-66.8
-18.9
-5.1
-0.4


(MID-CUT)
max
5.8
-45.7
0.4
31.2
0.0
1.5











2
1st  volume front
min
-98.0
-145.7
-51.5
-18.9
-19.0
-0.6


(CUT/POLE)
max
5.9
-45.7
0.4
31.2
0.0
4.0











3
2nd volume
min
-98.0
-149.8
-45.0
-19.0
-3.4
-0.3


(POLE)
max
6.0
-45.8
0.8
31.4
0.3
0.8











4
3rd  volume
min
-94.4
-151.5
-40.4
-19.2
-13.4
-5.0


(MID-POLE)
max
6.9
-38.6
5.9
30.6
9.1
6.6


Notes:  
Al-Bronze  pole and wedges
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4.2  Al-Bronze pole and wedges
The same analyses and comparisons were performed using Al-Bronze in pole and wedges. Fig. 6 shows the azimuthal stress in the coil near the pole transition region (surface 2) if longitudinal coupling is used. Figures 7 to 9 show the azimuthal, radial and longitudinal stress on surface 3 in the coil under the same condition. The azimuthal and radial stress in the coil of the 2D model is shown in Figures 10 and 11.   

Results of the 3D model are reported in Tables 6 and 7, those of the 2D model in Table 8. Longitudinal coupling of all nodes on the free surface of volume 4 was used to obtain the results shown in Table 7. No coupling was used for the results shown in Table 6.  

Table 7: Minimum and maximum stress in the coil. Values computed in different slices of the 3D coil-pipe model with Al-Bronze  wedges and pole. Longitudinal coupling on the free face of volume 3. Slice numbers refer to Fig. 5.

#


r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa

1
1st  volume back
min
-97.4
-145.8
-65.8
-18.9
-5.1
-0.4


(MID-CUT)
max
5.8
-45.3
-0.6
31.3
0.0
1.5











2
1st  volume front
min
-97.4
-146.0
-50.6
-18.9
-19.1
-0.6


(CUT/POLE)
max
5.8
-45.3
-0.6
31.3
0.0
4.0











3
2nd volume
min
-97.5
-150.0
-46.1
-19.0
-2.4
0.0


(POLE)
max
5.8
-45.3
-0.6
31.6
0.0
0.9











4
3rd  volume
min
-97.6
-150.2
-46.0
-18.9
0.0
0.0


(MID-POLE)
max
5.8
-45.3
-0.3
31.7
0.0
0.0


Notes:  
Al-Bronze  pole and wedges
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Table 8: Minimum and maximum stress in the coil. Values computed using the 2D coil-pipe model with Al-Bronze  material properties in wedges and pole.



r

z
r



MPa
MPa
MPa
MPa

2D model
min
-87.5
-130.3

-14.6


max
7.3
-48.9

23.0

From these results it can be seen that:

· The condition on the free surface of volume 3 has no significant effect on the stress distribution in any part of the model,

· There are no significant variations in the longitudinal distribution of azimuthal or radial stress in the 3D model. 

· Conversely the longitudinal stress increases about 20 MPa near the cut in the pole. The maximum compression (68 MPa) is lower than in the previous case (i.e. using Copper pole and wedges).

· The shear stress in the XY plane (32 MPa) is higher than in the 2D model (23 MPa) but lower than in the previous case (40 MPa).

· The maximum azimuthal compressive stress computed by the 3D model (150 MPa) is 20 MPa higher than that computed by the 2D model.

In all previous analyses a value of 0.15 was used for the YZ Poisson ratio in the coil according to measurement performed at Fermilab [2]. In order to explore the effect of a higher value another analysis was performed with the same conditions as the last one except for the YZ Poisson ratio (yz = 0.33) in the coil. The results, reported in Table 9, indicate that:

· An increment of yz in the coil increases mainly the longitudinal maximum compression (+ 14 MPa) but has a significant effect also on the azimuthal compression (+ 7 MPa) and all other stresses.

· The difference in the maximum azimuthal compressive stress between the 3D and the 2D model increases to 27 MPa.

Table 9: Minimum and maximum stress in the coil. Values computed in different slices of the 3D coil-pipe model with Al-Bronze wedges and pole. Longitudinal coupling on the free face of volume 3. yz= 0.33 in coils. Slice numbers refer to Fig. 5.

#


r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa

1
1st  volume back
min
-102.5
-152.9
-79.9
-23.0
-5.4
-0.5


(MID-CUT)
max
5.3
-45.0
-2.5
34.8
0.0
1.6











2
1st  volume front
min
-102.5
-153.1
-66.0
-23.0
-20.1
-0.9


(CUT/POLE)
max
5.3
-45.0
-2.5
34.8
0.0
4.4











3
2nd volume
min
-102.6
-157.5
-65.8
-23.1
-2.0
0.0


(POLE)
max
5.3
-45.0
-2.4
35.1
0.0
0.7











4
3rd  volume
min
-102.7
-157.6
-65.7
-23.1
0.0
0.0


(MID-POLE)
max
5.3
-45.0
-2.2
35.2
0.0
0.0


Notes:  
Al-Bronze  pole and wedges









Symmetry condition on top face of volume 1
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4.3  Stress in pole insert

Stresses in the pole gap filled by G10-like material are reported in Table 10. These values were computed using Copper for pole and wedges. The maximum compression is 172 MPa, the maximum tension is 22 MPa and the maximum shear stress is 40 MPa. 

Table 10: Stress in pole gap filled by G10-like material. Values computed using the 3D coil-pipe model with Copper wedges and pole.




r

z
r
z
rz




MPa
MPa
MPa
MPa
MPa
MPa


POLE INSERT
min
-79
-172
-80






max
22
1
-56
35
40
39

5. Conclusions

According to the results reported it can be said that:

· The discontinuity of the pole (metallic part – G10-like part) is not a problem: the main effect is an increment of the longitudinal compression of about 20 MPa but the maximum compression doesn’t exceed 70 MPa if pole and wedges are made of Al-Bronze.

· The stresses in the pole gap filled by G10-like material are acceptable. Attention must be paid while assembling the mandrel to fill completely the gaps in the pole with fiberglass or ceramic tapes in order to avoid the formation of large areas of epoxy only.

· The longitudinal constraints applied to the coil by the higher thermal contraction of pole and wedges have a significant effect on the azimuthal stress. This effect is shown by the difference between the results of the 3D model and those of the 2D coil-pipe model. The dependence of this difference on the thermal expansion coefficient of the material used for pole and wedges shows that the cause is the difference between the thermal expansion coefficients of the coil compared to the pole. The resulting increment of the maximum azimuthal compression in the coil (20 MPa using Al-Bronze) should be carefully taken into account because this increment can result in a permanent degradation of the cable critical current (not improbable at 150 MPa). A re-optimization of the mechanical design taking into account this increment of the azimuthal prestress near the pole after cooldown is suggested. 
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Figure 1: X-section of the 3D model of the coil-pipe. Material numbers refer to Table 1. 
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Figure 2: 3D model of the coil-pipe
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Figure 3: Radial displacements computed by the 2D reference model and lines showing the boundary conditions used for the coil-pipe models.
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Figure 4: 3D model with symmetry conditions and radial boundary conditions.
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Figure 5: 3D model showing the longitudinal dimension of elements (numbers refer to surfaces used in Table 2 and following)
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Figure 6: Azimuthal stress in the coil near the transition in the pole (surface 2 in Fig. 5) using Al-bronze in pole and wedges and longitudinal coupling on surface 4. 
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Figure 7: Azimuthal stress in the coil between volume 2 and volume 3 (surface 3 in Fig. 5) using Al-bronze in pole and wedges and longitudinal coupling on surface 4. 
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Figure 8: Radial stress in the coil between volume 2 and volume 3  (surface 3 in Fig. 5) using Al-bronze in pole and wedges and longitudinal coupling on surface 4. 
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Figure 9: Longitudinal stress in the coil between volume 2 and volume 3  (surface 3 in Fig. 5) using Al-bronze in pole and wedges and longitudinal coupling on surface 4. 
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Figure 10: Azimuthal stress in the coil of the 2D model using Al-bronze in pole and wedges. 

[image: image10.png]auses 55,15
1

I

Tits0:16
ot 0. 2
(2081 sole made of AL brosze - same s ELE2 (11

SrEEo2
o -1
ez
EY v
REys-1
oix - 26372
e
Su D720
Ta7l3ss
76 96e
eelase
551906
asiae
Tialase
Z2alae
1376
Clase
7





Figure 11: Radial stress in the coil of the 2D model using Al-bronze in pole and wedges.
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