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Abstract:

In the R&D effort towards a post-LHC hadron collider, Fermilab is developing a 10-12 T block-type, common-coil dipole magnet operating at 4.5 K using Nb3Sn superconductor with the React and Wind technology. As a first step in the development of the React and Wind common coil dipole, a precursor magnet, consisting of a package of two flat racetrack coils, separated by a thin G10 plate in lieu of a bore and assembled into a bolted steel structure, was produced. This so called racetrack magnet is the subject of the analysis presented here. A first model was assembled and tested in summer 2001. A second model is currently in preparation. One of the key-issues in the design of any high field magnet is the design of the mechanical structure that contains the Lorentz-forces generated in the windings during magnet operation. The following note presents an analysis of the mechanical behavior (displacements and stresses) of the racetrack during assembly, cool-down and magnet excitation, obtained with finite element calculations using ANSYS(. The racetrack 1 results are provided retrospectively and were compared to the results of mechanical measurements. 

1) RACETRACK DESIGN
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Fig. 1: Racetrack magnet during assembly of the mechanical structure. On the right: clamps and side bars used during winding. On the left: final side pusher. The tensioner is shown in the top right corner.

The magnet consists of two flat racetrack coils (Fig. 1), wound using a pre-reacted Nb3Sn cable and connected by a NbTi cable. The magnet was designed to achieve a field between 9 and 10 tesla, in order to study the behavior of coils fabricated with the react-and-wind technology by comparing the critical current degradation in the magnet with the degradation measured on wire and cable short samples. The magnet contains no iron because a simple mechanical structure was preferred to a larger and more complicated structure, which would allow iron in close proximity to the coils (iron outside the mechanical structure would have a very low efficiency). The coils have 30 turns. The maximum field in the coil (9.02 T) is in the center (i.e. fifteenth turn) of the straight section (Fig. 2). The minimum inner bending diameter in the coil ends is 180 mm.
The main components of the mechanical structure are two 40 mm thick stainless steel plates (“main plates” in the following, indicated by A in Figure 2), which provide pre-stress and support of the main component of the magnetic force (in the direction normal to the coil plane). 57 stainless steel bolts, with a 25 mm diameter, (pre-loaded at 3000 kg after magnet impregnation) should restrain the coil separation within 0.05 mm at maximum field. Side pushers (B) provide vertical pre-stress and support by means of 32 bolts, each with 12 mm diameter. In the ends pre-stress and support are given on each side by a 25 mm-thick plate (C) and 8 bolts, each with a 20 mm diameter. All plates, pushers and bolts are made of non-magnetic stainless steel. A 5 mm-thick G10 plate (D) separates the coils. End parts (E) are made of brass. All parts inside the coils, both in the ends and in the straight section, are made of G10. The NbTi cable connecting the coils is pre-shaped around a G10 rod and closed inside a G10 block (F). Pins are used to center the coil inserts and the inter-coil plate on the top of the main plate.
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Fig. 2: Racetrack assembly. See text for details.

After assembly, the magnet was vacuum impregnated with epoxy. After impregnation the external surface of the magnet was cleaned of epoxy, all bolts were extracted, cleaned, re-inserted and pre-stress was applied.

A more detailed description of the magnet design, the components and its assembly can be found in [
]. 

2) LORENTZ FORCE CALCULATION

The Lorentz-forces in the racetrack straight section were calculated for 15 kA. Fig. 1 in the appendix shows a flux distribution plot obtained with ANSYS®. A plot showing the Lorentzforce-distribution in the coils is shown in Fig. 2 in the appendix. The total horizontal forces in Table 1 are consistent with a 3 T average (y)-field in the coil. The peak (and bore) field calculated by ANSYS® is 9.2 T.

Table 1: Coil Lorentz-force in straight section at 15 kA.

	Force
	(kN/m)

	horizontal
	1367

	vertical
	0.2


3) 2D FINITE ELEMENT MODEL OF THE RACETRACK STRAIGHT SECTION

The finite element (FE) model described in the following is a model of the 2D cross-section of the straight section of the magnet.  

The program code ANSYS( was 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 was 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 peak Lorentz-forces (15 kA)

The results of all 4 simulations steps were analyzed separately. The magnetic forces (step 1) were 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 were then imported node by node into the mechanical model. The material properties that were used in the FE model are reported below.

The finite element simulations were performed only for one quadrant of the racetrack magnet. The main elements of the model are shown in Fig.3. The geometry shown in Fig. 3 represents a quadrant of the racetrack magnet. Fig. 3 in the appendix shows the FE mesh over the model. Plane42 elements were generally used in the mechanical calculations. There were Contac48 contact-elements (no friction) around the coil, vertical shim, steel plate (including the ground-insulation layer), vertical pusher, G10 bore plate and G10 island. The coil was represented by a monolithic block with mechanical properties as measured on “ten-stacks”. This procedure is justified because the coils are impregnated. The geometrical parameters of the model are listed in Table 2. These dimensions were measured on the existing parts. The only variable parameters are the coil dimensions and the optional vertical shim width and height. The labels “height” and “width” refer to the vertical (y) and horizontal (x) dimensions of the magnet parts forming the model. The complete coil package, consisting of two racetrack coils (of which only one is shown here) and a 5 mm thick G10 bore plate in lieu of a bore, is compressed with two massive steel plates with 4 rows of 1 inch bolts. Each row of bolts can only be implemented in the model as a continuous plate. These plates have an equivalent thickness of 0.4 of the real bolt diameter. The equivalent thickness was determined such that the cross-sectional surface area of the plate is equivalent to the sum of the cross-sectional areas of the 17 one inch diameter bolts forming one row. The bolted structure provides the “horizontal” pre-stress in the coil. The vertical stress is produced by the pusher using smaller ½ inch bolts. Again, in the model the bolts were replaced by a plate with a width of 0.4 times the diameter of the bolts. The G10 bore plate is cut short in the vertical dimension to prevent interference with the pusher (see gap in Fig. 1). The ground insulation layer is glued to the inner face of the steel plate. The G10 shim is placed on the coil to allow adapting the mechanical support structure to coils of different heights. In the first racetrack model the shim was impregnated together with the coil, therefore in the model the shim was integral part of the coil. As a conclusion of the calculations presented here, the shim will be painted with mold-release before impregnation to prevent bonding to the coil in the second racetrack model. The main function of the shim is to ensure that the horizontal gap between the vertical pusher and the thick steel plate is kept open during pre-stressing and cool-down.

Table 2: Geometrical parameters of the racetrack magnet model (values refer to one “quadrant”).  

	Item
	(mm)

	Height of steel plate
	182.5

	Width of steel plate
	40

	Height of coil
	41.08

	Width of coil
	15.25

	Height of G10 island
	90

	Width of G10 island
	15.25

	Height of top shim
	3

	Width of top shim
	15.25

	Pusher width max
	57.8

	Pusher width min
	~15

	Pusher height max
	66.72

	Pusher height min
	19.05

	Ground insulation width
	0.5

	G10 bore plate width
	2.5

	G10 bore plate height
	139.7

	Horizontal bolt equivalent thickness 

Vertical bolt equivalent thickness
	10.3

2.8


4) MATERIAL PROPERTIES

Table 3 lists the material properties used in the FE calculations presented in this note. The various sources for the values in the table are indicated below. Modulus and thermal contraction date were obtained from 10-stack measurements using 10 stacks made from the appropriate materials.

	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

	Coil 1
	Impregn. Cu/Nb3Sn, S2-sleeve insulation
	1
	44
	38
	55
	38
	2.55
	3.42
	8.8
	11.8

	Coil 2
	Impregn. Cu/Nb3Sn, 7 mill E-glass cloth
	3
	44
	38
	55
	38
	3.3
	4
	11.2
	13.8

	
	
	
	
	
	
	
	
	
	
	

	Ground Insulation
	Kapton
	2
	3
	3
	3.8
	3.8
	4.21
	4.21
	14.5
	14.5

	Shim
	G10
	4
	18
	14
	18
	14
	2.7
	7.48
	9.3
	25.8

	Island
	G10
	4
	14
	18
	14
	18
	7.48
	2.7
	25.8
	9.3

	Structure
	Stainless Steel

SST 316
	1
	210
	210
	225
	225
	3
	3
	10.1
	10.1

	Bolts
	Steel

Aluminum
	1
	210
	210
	225
	225
	3
	3
	10.1
	10.1

	
	
	2
	70
	70
	81.6
	81.6
	4.4
	4.4
	14.7
	14.7


Table 3: Material Properties for the mechanical analysis of high field magnets,(* calculated from integrated contraction between 300 and 4 K, assuming a linear contraction coefficient): 

1 –  “Mechanical Analysis of the HFM with common coil design”, I. Novitski, Fermilab, unpublished note; 

2 – “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; 

3 – D. Chichilli, Fermilab, personal communication;

4 – “Case Studies in Superconducting Magnets”, Y. Iwasa, Plenum Press, 1994;

5) INFINITELY RIGID STRUCTURE SIMULATION

As a first step in the mechanical analysis the case of an infinitely rigid structure was modeled. The outer boundaries of the model were moved uniformly toward the coil to simulate pre-stress and thermal contraction during cool-down. The fixed displacement at the boundaries corresponds to the case of an infinitely rigid structure. The infinitely rigid structure case produces the smallest possible coil displacements under Lorentz-forces. Although, in principle, the infinitely rigid boundary case should produce the largest possible coil stress, the opposite is often the case. This can be explained by a minimization of stress concentration and bending effects in the coil, usually caused by non optimized movements and deformations of the surfaces transferring pre-stress to the coil or reacting the Lorentz-forces from the coil. Apart from representing the best possible mechanical conditions for the model, the infinitely rigid structure case allows to quickly obtain a general impression of the mechanical issues of the model magnet design. In the real case the mechanical structure will never be rigid enough to produce such boundaries, however. The results of the simulations are shown in the plots 5-9 in the appendix.

The most important conclusions that can be drawn from the infinitely rigid boundary case are:

· The vertical pusher has to be pushed downward by 396 µm to ensure contact between the pusher and the coil after cool-down.

· The steel plates have to be moved inward by 193 µm to produce a horizontal pre-stress of 30 MPa at cold condition.

· Given the above mentioned pre-stress conditions the coil-block displacement under Lorentz-forces is minimal in both directions.

· The total VM stress in the coil during magnet operation remains below 50 MPa.

The most important issues found in this simulation were:

· It is important to keep the gap between the pusher and the steel plate open to allow the pusher to move downward sufficiently to stay in contact with the coil and to maintain vertical pre-stress during all stages (see Fig. 4).

· To ensure that the steel plate is not stopped in its inward motion during horizontal pre-stressing (tightening of the bolts) by the pusher the coil/G10 part has to be oversized by at least a few microns with respect to the steel pusher. If the pusher is as wide as the coil the pusher will react all of the pre-stress produced by the upper horizontal bolt and the steel plate, as a result of the force exerted by the lower bolt, will drive into the bottom part of the coil, inducing bending of the coil. In addition the coil is not horizontally pre-compressed in the upper half. This will be referred to as the “gap issue” in the remainder of this note.

· Another issue is related to the differential thermal contraction between the G10 shim and the coil. The G10 shim shrinks less than the coil resulting in stretching of the top portion of the coil if shim and coil are bonded by impregnation. The effect should be avoided.
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Fig. 4: Bending of pusher due to vertical pre-loading. The gap between the pusher and the steel plate should be large enough to avoid contact during bending. Contact between the steel plate and the pusher results in loss of vertical pre-stress in the coil.

6) SIMULATION OF RACETRACK 1 CASE

The following discusses the mechanical conditions that are believed to have existed in the first racetrack model, tested in summer 2001. The following simulation was performed using the coil material properties labeled as “COIL 1” in Table 3 and the structural geometry listed in Table 2. Measurements of the bolt loading during pre-stressing were accounted for in this simulation. The horizontal bolts were loaded to 3 tns, corresponding to a pressure of 60 MPa, while the side pusher (vertical) bolts were loaded to 1.5 tns, which corresponds to 120 MPa. The results of the simulations are reported in Table 5 - Table 7 and in the plots 10-22 in the appendix. A detail regarding the geometry, not accounted for in Table 2, is the following: After impregnation the coil-pack, i.e. the G10 island, the coil and the vertical pusher form a flat surface against which the steel plate is pushed. As part of the assembly however, the pusher is removed and the epoxy film on its surfaces breaks off. Therefore a slight under-sizing of the pusher width with respect to the coil pack is achieved. This under-sizing was set to 5 µm in the model. The under-sizing helps to minimize coil bending during horizontal pre-stressing. That is, the pusher being stiffer than the G10 island, the steel plate tends to be driven during bolt tightening into the bottom of the coil more than the top, inducing bending.

The bolting of the racetrack I structure produced 20 MPa vertical pre-stress. A horizontal pre-stress of the order of 10 MPa was achieved with the main bolt loading. This is the maximum pre-stress level that the bolted structure is capable of producing, given that most of the pressure is reacted by the G10 island and the steel pusher. 

Thermal shrinkage during cool-down introduces a gap between the G10 island and the steel plate. Most of the pre-stress on the lower bolt is therefore lost during cool-down. The upper bolt on the other hand retained its full pre-stress and therefore most horizontal pre-stress on the coil during cool-down. This slightly accentuates the inward bending of the lower part of the coil. The pre-stress in the vertical bolt was maintained during cool-down because the coil pack shrinks approximately as much as steel. This is the result of using the G10 island with the low shrinkage direction orientated vertically.

After excitation to full current the horizontal displacement in the coil appears moderate (30 µm). The peak stress in the coil under full Lorentz-forces is of the order of 40 MPa. Since the vertical Lorentz-forces are moderate no significant effects are noted in the vertical direction. The large vertical pre-stress prevents separation of the coil from the G10 shim and G10 island during excitation.

Table 4 compares measured horizontal bolt loading data
 with predictions from the model. L1 and R4 are bolts of the “upper-horizontal” type (referring to the model geometry), whereas L2 and R3 are of the “lower-horizontal” type. The measured variation of the bolt loading is not well understood at that point, given that nominally all bolts were tightened to the same torque. Although the simulated and measured data display similar tendencies (i.e., strong loss of pre-load in “lower” bolts during cool-down and ~13 MPa load increase on all bolts due to Lorentz-forces), the quantitative agreement between measurements and model is only approximate. Note that the model simulates the 15 kA case. The equivalent load data for 8.3 kA was obtained from the 15 kA data by multiplying the difference between the load before and after excitation with (8.3/15)2~0.34, adding the so found Lorentz-force load to the “after-cool-down data”.

Table 4: Comparison of bolt loading data with model predictions for racetrack model I.

	bolt
	Pre-stress 

(measured)
	Pre-stress

(model)
	After cool-down

(measured)
	After cool-down

(model)

	Upper L1
	6540 lbs / 58 MPa
	60 MPa
	4140 lbs / 37 MPa
	60 MPa

	Lower L2
	3600 lbs / 32 MPa
	80 MPa
	590 lbs / 5.3 MPa
	25 MPa

	Lower R3
	4260 lbs / 38 MPa
	80 MPa
	1800 lbs / 16 MPa
	25 MPa

	Upper R4
	5950 lbs / 53 MPa
	60 MPa
	2400 lbs / 22 MPa
	60 MPa

	bolt
	At 8.3 kA (measured)
	At 8.3 kA(model)

	Upper L1
	5740 lbs / 51 MPa
	73 MPa

	Lower L2
	2590 lbs / 23 MPa
	73 MPa

	Lower R3
	3600 lbs / 32 MPa
	73 MPa

	Upper R4
	3400 lbs / 32 MPa
	73 MPa


	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	1
	
	-
	
	
	
	

	y [µm]
	-
	-
	-140
	
	
	
	

	x [MPa]
	-6-10
	-6-10
	-
	-
	60
	80
	-

	y [MPa]
	-
	-
	-20
	-20
	-
	-
	120


Table 5: ANSYS® simulation, racetrack model 1: pre-loading at room temperature.

	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	-63
	-20
	-
	-
	
	
	

	y [µm]
	-
	-
	-526
	-364
	
	
	

	x [MPa]
	-6-14
	-6-14
	-
	-
	60
	25
	-

	y [MPa]
	-
	-
	-20
	-20
	-
	-
	120


Table 6: ANSYS® simulation, racetrack model 1: cool-down to 4.2 K and pre-loading. 

	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	+30
	+32
	-
	-
	
	
	

	y [µm]
	-
	-
	-2
	+10
	
	
	

	x [MPa]
	-35
	-1
	-
	-
	100
	100
	-

	y [MPa]
	-
	-
	-20
	-20
	-
	-
	115

	VM[MPa] in coil: 40 
	
	
	
	
	
	
	


Table 7: ANSYS® simulation, racetrack model 1: final stage: maximal Lorentz-force (15 kA).
7) RACETRACK MODEL II SIMULATION

The second racetrack coil (racetrack model II) is currently being assembled. One of the major changes (in what refers to the mechanical design) with respect to model 1 is the use of a new insulation scheme, consisting of 7-mil E-glass cloth instead of S2-glass sleeve. As a result the thermal contraction coefficient of the coil is larger than in the model I coil. The new thermal contraction coefficients are listed in the row labeled “COIL 2” in the material property table. The compensation shim thickness (“height”) in the model II is 3 mm (as indicated in Table 2), leaving a vertical gap between pusher and steel plate of 0.25 mm. As discussed before, this gap should remain open at all times to prevent loss of vertical pre-stress e.g. during cool-down. The slightly smaller thermal contraction of the G10 island with respect to steel is not sufficient in this case to compensate the strong vertical coil shrinkage. Therefore, to prevent loss of vertical pre-stress during cool-down, the side pusher will be tightened with Al alloy bolts instead of steel bolts. The strong thermal contraction of the Al bolts, together with a set of 5 mm steel washers to allow extending the bolt length will provide the additional vertical pusher downward motion required to compensate the coil shrinkage. The model calculations discussed in the following proved the viability of this approach.

As mentioned before, the vertical shim was implemented in the model as an independent part, surrounded by contact elements, to prevent the unnecessary stressing of the coil due to differential thermal contraction effects. To obtain this condition the shim will be coated with mold release prior to impregnation.

Another novelty with respect to model II is a step in the ground-insulation layer on the steel plate: Along the coil this layer includes a 11 mills quench heater, whereas along the part facing the pusher a similar thickness of Kapton layers would be required to obtain an even surface. One motivation for the FE simulations presented here was to determine the optimum ground-insulation thickness on the upper part of the steel plate. As discussed before in the context of the racetrack I simulation, it is advantageous to have a small vertical gap between the steel plate and the pusher to prevent coil bending. The cause is the relative softness (with respect to steel) of the G10 island (and its strong thermal contraction) in the horizontal direction such that the lower bolt will drive the steel plate into the bottom of the coil. A too large gap would prevent the steel plate from being pressed against the pusher, thus causing the steel plate to bend into the top part of the coil. This can produce a stress of 40 MPa in the top part of the coil during pre-stressing and should be avoided. The minimum gap width that can be produced (e.g. by peeling of a layer of Kapton from the upper part of the steel plate after impregnation) is 25 µm. A simulation using a 30 µm gap revealed that the gap was large enough to represent the case in which the steel plate never gets into contact with the pusher, causing excessive bending of the steel plate at the top of the coil. It was therefore decided to retain the solution with no gap (actually a minimum 3 µm gap was required in the model to avoid overlapping key-points in the geometry). This solution is presented in the following. Plots can be found in Fig. 23-28. Table 8 to Table 10 summarize the solution quantitatively. 

The stress in the horizontal bolts of the racetrack II assembly at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case is: –1) 65 MPa in the upper bolt and 75 MPa in the lower bolt after tightening (to ~ 3 tons) –2) 65 MPa in the upper bolt and 25 MPa in the lower bolt after cool-down –3) 100 MPa in the upper bolt and 90 MPa in the lower bolt after excitation. The state of loading of the bolts is not uniform because of the difference in rigidity of the materials reacting part of the bolt force. The upper bolt (referring to the first quadrant) is mostly reacting against the steel pusher whereas the lower bolt (referring to the first quadrant) is reacting against the G10 island. During cool-down the steel plate looses contact with the G10 island due to the stronger G10 shrinkage and the lower bolt is partly relaxed whereas the upper bolt takes more loading. Lorentzforces generate ~ 30 MPa counter pressure in both bolts.

	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	0/-3
	0/-1
	-
	-
	30
	30
	-

	y [µm]
	-
	-
	-140
	-110
	-
	-
	-200

	x [MPa]
	-6/-10
	-6/-10
	-
	-
	65
	75
	-

	y [MPa]
	-
	-
	-20
	-20
	-
	-
	120

	VM[MPa] in coil:
	20
	
	
	
	
	
	


Table 8: ANSYS® simulation, racetrack model 2: pre-loading at room temperature.

	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	-63/-69
	-17/-23
	-
	-
	-200
	-200
	-

	y [µm]
	-
	-
	-400
	-242
	-
	-
	-800

	x [MPa]
	0/-15
	0/-15
	-
	-
	65
	25
	-

	y [MPa]
	-
	-
	-20
	-20
	-
	-
	100

	VM[MPa] in coil:
	20
	
	
	
	
	
	


Table 9: ANSYS® simulation, racetrack model 2: cool-down to 4.2 K and pre-loading. Displacements are absolute with respect to Table 8.

	
	Coil outer face
	Coil inner face
	Coil 

top 

face
	Coil bottom face
	Horizontal bolt 

top
	Horizontal bolt 

bottom
	Vertical bolt

	x [µm]
	+34/+41
	+43
	-
	-
	+12
	+12
	-

	y [µm]
	-
	-
	-1
	-7
	-
	-
	0

	x [MPa]
	-38/-55
	-1
	-
	-
	100
	90
	-

	y [MPa]
	-
	-
	-30
	-25
	-
	-
	100

	VM[MPa] in coil: 55 
	
	
	
	
	
	
	


Table 10: ANSYS® simulation, racetrack model 2: final stage: maximal Lorentz-force (15 kA). Displacements are absolute with respect to Table 9.

The horizontal pre-stress in the coil is ~6 MPa, except for stress concentration in the corners due to bending of the steel plate, caused by the difference in rigidity of the support against the horizontal pre-stress above (steel) and below (G10) of the coil. During cool-down the strong shrinkage of the G10-island causes the steel plate to bend even more inward at the bottom of the coil. A loss of horizontal pre-stress occurs along the top half of the coil. The bottom of the coil remains at ~6 MPa pre-stress. Lorentz-forces drive the coil against the support structure, thus re-establishing a uniform loading along the coil-steel plate interface. The horizontal peak stress in that stage is 35 MPa. Due to bending of the steel-plate there is some pressure-concentration in the corners.

The vertical pre-stress in the coil is 20 MPa after tightening the side-pusher bolts to 1.5 tons (115 MPa in the bolt). The vertical thermal contraction of the coil-package being matched to that of the steel plate using Al bolts (and a 5 mm SS washer pack), the pre-stress is maintained during cool-down. Vertical Lorentz-forces increase the vertical pressure in the coil (center) to 35 MPa and decrease it slightly at the top and bottom coil edges. The vertical pressure being conserved throughout all steps, there appears no risk of the coil loosing contact with its support. The peak von Mises stress in the racetrack II coil is 20 MPa after pre-stressing and cool-down and 55 MPa after excitation to peak Lorentz-forces.

The coil displacement during excitation is ~35 µm at the outer edge and 45 µm at the inner edge. The steel plate bulges out by 30 µm at the outer edge as a result of the strong horizontal Lorentz-forces emanating from the coil. The bolts are stretched by ~5-10 µm due to Lorentz-forces.

APPENDIX -  PLOTS

Fig. 1: Field lines in first quadrant of racetrack magnet model.
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Fig. 2: Lorentz-force vectors in racetrack coil at 15 kA
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Fig. 3: Racetrack – finite element model geometry - main elements – left, areas – middle, mesh – right.
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Fig.4: Horizontal pre-stress in infinitely rigid boundary model. The outer vertical boundary of the steel structure is moved toward the center by 30 µm to produce 35 MPa of horizontal pre-stress in the coil.

[image: image10.jpg](rTI_mec_1) assembly & room temp prestress

ANSYS 5.5.3
NOV 16 2001

10:

151

NODAL SOLUTION

STEP=1
SUB =12
TIME=1
5K
RE¥S=0

(ave)

Powercraphics

EFACET=1

AVRES=Mat

DM =.047028

SMN =-71.

182

8MX =16.909

- !

-61.
— .606

.B18

-51
-a1

-12

-32.
-22.

2,666

182

394

03
242
454




Fig.5: Von Mises stress after pre-stressing in infinitely rigid boundary model. The outer vertical boundary of the steel structure is moved toward the center by 30 µm in vertical and horizontal direction to produce 40 MPa VM in the coil (being mostly horizontal pre-stress).
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Fig.6: Horizontal displacement after cool-down in infinitely rigid boundary model. The outer vertical boundary of the steel structure is moved inward by 163 µm to compensate the loss of horizontal coil pre-stress that would otherwise occur due to differential thermal contraction effects.
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Fig.7: Vertical displacement after cool-down in infinitely rigid boundary model. The upper boundary of the pusher is moved downward by 366 µm to compensate the thermal contraction of the coil and G10 island.
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Fig.8: Horizontal stress in infinitely rigid boundary model at 15 kA. The Lorentz forces lead to a final stress of 50 MPa in the coil.

[image: image14.jpg]ANSYS 5.5.3
NOv 16 2001
10:23:25
NODAL SOLUTION
STEP=3

sUB
TIME=3
81 (ave)
RS¥S=0
PowerGraphics
AVRES=Mat
DMX =, 58028
SMN =-71.475
8MX =7.978
-71.475
. e2lsar
-53.819
-44.991
-36.163
-27.334
-18.506
-3.678
-.850362
7.978

(rII_mec 1) prestress, cooldown to 4.2K and Loventzforce





Fig.9: Horizontal displacement under Lorentz-forces at 15 kA. The displacements in mm in the plot refer to the neutral position. Therefore, if compared to the displacements generated during cool-down, this plot reveals that the displacements are negligible in the infinitely rigid boundary model.
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Fig.10: Horizontal pre-stress in the racetrack I model. The stress mostly appears in the bolts. The horizontal pre-stress in the coil is of the order of 5-10 MPa.
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Fig.11: Vertical pre-stress in the racetrack I model. The stress mostly appears in the bolt. The vertical pre-stress in the coil is of the order of 20 MPa. Strong bending occurs in the pusher as a result of tightening the bolt.
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Fig.12: Horizontal pre-stress in the coil of the racetrack I model. The horizontal pre-stress in the coil is of the order of 5-10 MPa.
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Fig.13: Vertical pre-stress in the coil of the racetrack I model. The vertical pre-stress in the coil is of the order of 20 MPa.
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Fig.15: Remaining horizontal stress in the racetrack I model after cool-down. The upper bolt fully retains the pre-stress while the lower bolt, due to the strong shrinkage of the G10 sheet, completely looses the pre-stress. The gap appearing between the G10 sheet and the steel plate is exaggerated in the plot.
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Fig.17: Remaining horizontal stress in the coils of the racetrack I model after cool-down. The horizontal pre-stress is ~10 MPa .
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Fig.18: Remaining vertical pre-stress in the coils of the racetrack I model after cool-down. The vertical pre-stress is ~20 MPa .
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Fig.19: Horizontal coil displacement in racetrack I model after cool-down. At the outer edge the coil shrinks by 60 µm.
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Fig.20: Horizontal coil displacement in racetrack I model after cool-down and application of Lorentz-forces. At the outer edge the coil shifts outward by 30 µm under the effect of the Lorentz-forces.
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Fig.21: Horizontal coil stress in racetrack I model after cool-down and application of Lorentz-forces. The peak horizontal stress in the coil as a result of the Lorentz-forces is 40 MPa.[image: image25.jpg]ANSYS 5.5.3
DEC 6 2001
19:36:21

NODAL SOLUTION
STEP=3

(ave,

EFACET=1

-52.682
-45.669
-41.097
-35.3
513
-23.721
-17.929
137
345
-.553288

2) prestress, cooldown to 4.2K and Lorentzforce





Fig.22: Horizontal stress in the racetrack I model after cool-down and application of Lorentz-forces. The deformation of the parts of the magnet in the plot is exaggerated.
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Fig.23: Horizontal stress in racetrack II assembly at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. The upper row mostly shows the state of loading in the bolts –1) 65 MPa in the upper bolt and 75 MPa in the lower bolt after tightening (to ~ 3 tons) –2) 65 MPa in the upper bolt and 25 MPa in the lower bolt after cool-down –3) 100 MPa in the upper bolt and 90 MPa in the lower bolt after cool-down. The state of loading of the bolts is not uniform because of the difference in rigidity of the materials reacting part of the bolt force. The upper bolt is mostly reacting against the steel pusher whereas the lower bolt is reacting against the G10 island. During cool-down the steel plate looses contact with the G10 island due to the stronger G10 shrinkage and the lower bolt is partly relaxed whereas the upper bolt takes more loading. Lorentzforces generate ~ 30 MPa counter pressure in both bolts.
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Fig.24: Horizontal stress in racetrack II coil at all at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. The horizontal pre-stress is mostly 6 MPa throughout the coil, except for stress concentration in the corners due to bending of the steel plate, caused by the difference in rigidity of the support against the horizontal pre-stress above (steel) and below (G10) of the coil. During cool-down the strong shrinkage of the G10-island causes the steel plate to bend even more inward at the bottom of the coil. A loss of horizontal pre-stress occurs along the top half of the coil. The bottom of the coil remains at ~6 MPa pre-stress. Lorentz-forces drive the coil against the support structure, thus re-establishing a uniform loading along the coil-steel plate interface. The horizontal peak stress in that stage is 35 MPa. Due to bending of the steel-plate there is some pressure-concentration in the corners.
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Fig.25: Vertical stress in racetrack II coil at all at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. The vertical pre-stress is 20 MPa after tightening the side-pusher bolts to 1.5 tons (120 MPa in the bolt). The vertical thermal contraction of the coil-package being matched to the that of the steel plate using Al bolts, the pre-stress is maintained during cool-down. Vertical Lorentz-forces increase the vertical pressure in the coil (center) to 35 MPa and decrease it slightly at the top and bottom coil edges. The vertical pressure being conserved throughout all steps there appears no risk of the coil loosing contact with its support.
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Fig.26: Von Mises stress in racetrack II coil at all at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. The peak von Mises stress in the coil is 20 MPa after pre-stressing and cool-down and 55 MPa after excitation to peak Lorentz-forces.
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Fig.27: Horizontal displacement in racetrack II coil at all at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. During cool-down the steel-plate is driven slightly into the bottom of the coil due to the strong shrinkage of the G10 island. During magnet excitation the coils are driven against the support plate. The coil displacement during excitation is ~35 µm at the outer edge and 45 µm at the inner edge. The steel plate bulges out by 30 µm at the outer edge as a result of the strong horizontal Lorentz-forces emanating from the coil.
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Fig.28: Stress in the bolts of the racetrack II assembly at all at all three stages of interest (after warm pre-stress, after cool-down and after excitation) in the “no-gap” case. The upper row mostly shows the state of loading in the horizontal bolts –1) 65 MPa in the upper bolt and 75 MPa in the lower bolt after tightening (to ~ 3 tons) –2) 65 MPa in the upper bolt and 25 MPa in the lower bolt after cool-down –3) 100 MPa in the upper bolt and 90 MPa in the lower bolt after excitation. The state of loading of the bolts is not uniform because of the difference in rigidity of the materials reacting part of the bolt force. The upper bolt is mostly reacting against the steel pusher whereas the lower bolt is reacting against the G10 island. During cool-down the steel plate looses contact with the G10 island due to the stronger G10 shrinkage and the lower bolt is partly relaxed whereas the upper bolt takes more loading. Lorentz-forces generate ~ 30 MPa counter pressure in both bolts. The vertical pre-stress is 20 MPa after tightening the side-pusher bolts to 1.5 tons (115 MPa in the bolt). The vertical thermal contraction of the coil-package being matched to the that of the steel plate using Al bolts, the pre-stress is maintained during cool-down.
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Fig. 3: FE model of racetrack.
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