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1.0 Executive Summary

The global coil model presented in earlier project memos(
&
) is used here to study the effects of imposing vertical displacement constraints at the top and bottom of the TF coil on stresses from the most limiting operating conditions. 
The analysis shows that forcing the coils to have vertical displacements which are compatible with the SS support castings produces a favorable stress condition. This limits the travel of the TF coil when it operates, particularly at high current levels (i.e., 16.2 kA, 0.5 T). The reduction in the maximum stress level is ~40% for the 0.5T condition. A slightly greater reduction in stress from a more extreme 1.7 T High-β 0.5T TF operating condition should result in greater flexibility space for the coil system. In fact a quick fatigue calculation indicates that the revised support configuration can accommodate this operating condition for all 130,000 design cycles. 
In support of this conclusion, the hybrid model is used to quantify stresses in the Cu conductor as a result of this vertical proposed support concept. A conservative analysis assuming a debonded wedge-WP interface indicates that the Cu stresses are essentially cut in half when the TF coil is supported from above and below. Vertical reaction forces are of order 4100 lb which may impact the TF support structure or Modular Coil stresses. The low stresses from 0.5T operation imply that high TF currents during reference scenario operation will be more tolerable, although this is an extrapolation from the global model results. 

It is worth noting that [accidentally] cooling the TF coil to 85K while maintaining a room temperature (RT) TF support structure will produce stress levels which are ~7% greater than the worst-case electromagnetic operating condition. This event can be tolerated, but it is probably worth minimizing the number of such occurrences.
2.0 Structural Results
A plot of the 120˚-symmetric global model is shown in Fig. 2.0-1. The WP is represented by an orthotropic smeared material which matches the structural characteristics of the 3x4 array with Kapton/S2-glass insulation.

Fig. 2.0-2 shows plots of the stress intensity in the smeared and detailed (hybrid model) WPs when the TF coil is energized to 0.5 T (16.2 kA). All other coils are off. In both cases, the support configuration provides vertical restraint at the bottom of the TF coils. Global model results are perfectly symmetric, indicating that the structure, boundary conditions, and constraint equations seem to be working properly. The maximum smeared stress of 42 MPa is compared to a Cu conductor stress of 89 MPa from the hybrid model. This presents a stress ratio of 2.1. That is, the smeared model stresses should be scaled by a factor of 2.1 in order to estimate the stress in the Cu conductor. 
When the coil is supported vertically from the top and bottom by imposing displacement constraints equal to the contraction of the SS structure, the stresses are as shown in Fig. 2.0-3. For 0.5 T operation the maximum stress in the TF coil is 25 MPa, 40% less than the bottom support only configuration shown in Fig 2a. It is nice to see that the smeared WP stresses are very small at 85K before the coil is energized (Fig. 2.0-3-lower). 

If the coil is cooled to 85K while the support structure remains at RT, the maximum stress reported in Fig. 2.0-4 is 57 MP. This scales to 120 MPa in the Cu, which is not much different than the hybrid model results. 

Fig. 2.0-5 shows the effect of supporting the TF coil from below only (upper plot) and from the top and bottom on stresses from 1.7T high-β reference scenario at t=0.24 s with the TF coil at 0.5 T. The upper plot shows a maximum stress and deflection of 98 MPa and 18.3 mm. The lower plot shows a maximum stress and deflection of 53 MPa and 9.8 mm. This is a substantial reduction in stress and scales to a Cu stress of 111 MPa and makes it possible to reconsider operating at high TF currents during reference scenario pulses.
Let’s perform a simple fatigue evaluation to get an estimate of the life for this extreme operating condition. Similar to the approach used in an earlier memo
 an equivalent alternating stress is calculated:

σeq (tension) = σalt / {1 - σmean/σut} = (111/2)/{1-56/340} = 66 MPa

Entering the design-basis fatigue curve with this 66 MPa equivalent alternating stress yields a fatigue life of ~200,000 cycles. This is greater than the 130000 design life, indicating that the TF coil will be in reasonably good shape when supported vertically from above and below.
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Fig. 2.0-1 Global (Smeared WP) Model
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Fig. 2.0-2a Stress in Global model TF WP supported from below (0.5T TF, Uniform 85K)
Fig. 2.0-2b Stress in Hybrid
 model TF WP supported from below (0.5T TF, Uniform 85K)
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 Fig. 2.0-3 Stress in Global model TF WP, supported from the top & bot: UZ=-/+Z(13μ/K)(300-85)

Upper Plot: 0.5T TF & 85K
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Lower Plot: 0.0T TF & 85K
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Fig. 2.0-4 Stress in Global Model WP, 85K Coil, 300K Structure

TF supported from the top & bottom: UZ=0
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Fig. 2.0-5 Stress in Smeared WP from 1.7 T High Beta Scenario, t=0.24 s, I(TF)=+16.2 kA
 Upper Plot: Supported from bottom only
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Lower Plot: Supported from top and bottom
3.0 Confirmatory Analysis

The analyses presented in section 2.0 indicate that imposing vertical restraints at the top and bottom of each TF coil produces lower stresses than allowing unrestrained vertical motion. The global model used to perform these analyses has many good features (all current sources, 120˚ periodicity, TF and PF coil support structures) but lacks the level of detail necessary to capture the Cu or insulation stresses. It also provides only a crude representation of the TF wedge castings. 

In contrast, the hybrid model [4] has all of the TF coil pack detail (localized explicit model of WP constituents glued to a smeared WP) plus wedge castings, but lacks the other current sources (PFs and MCs) and structure required to simulate anything but an energized TF coil. Fig. 3.0-1 is included to show some of the hybrid model features. The reader is directed to [4] for more model details. 

It is worth noting that the 0.5T TF coil operating condition is still the most demanding required operating condition. As shown above and in [3], adding other coil currents to the 0.5T operating condition adds significantly to the TF coil stress state (possibly a factor of two) but this is not an operating requirement. That said the hybrid model is the tool of choice for performing the design-basis stress analysis. A few stress plots are included to show the impact of top and bottom vertical constraints on the Cu conductor stress level from 0.5T operation.
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Fig. 3.0-1 Hybrid model Bird’s Eye View
Fig. 3.0-2 is a plot of the vertical displacement contours in the TF coil when the coil is cooled to 85K and energized to 0.5 T. The maximum (and minimum) displacements are essentially determined by ZαΔT, which is 4.5 mm. The reactions at these restraint points are 4100 lb per TF attachment point. A more subtle result requires studying the region at the ends of the wedge castings. Previous analyses have shown that the large radial EM loads push the coil inward where it rolls over the ends of the wedges and develops a notable displacement even at this perspective. The absence of such roll-over in this plot indicates that the vertical fixity at the top and bottom is not allowing some of this inward deflection. Of course the roll-over is still present as indicated in Fig. 3.0-3, but at a much smaller scale. This is a good result, and foreshadows the lower conductor stresses shown in Fig. 3.0-4.
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Fig. 3.0-4a is a plot of the stress in the Cu conductors from the hybrid model when the coil is supported vertically at the top and bottom, preloaded radially, cooled to 85K, and energized to 0.5T. The maximum stress is 62 MPa. For comparison, Fig. 3.0-4b is taken from [4] and represents the identical loading without the vertical constraints. The stress has essentially been cut in half by applying the vertical restrains on top and bottom. Since the previous design passes the monotonic and fatigue requirements, this new design must also pass. 
Fig. 3.0-2 Vertical Displacements from 85K, 0.5T + Imposed Vertical Top & Bottom BCs

Fig. 3.0-3 Local Deformations in Conservative Unbonded Wedge-WP Simulation
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Fig. 3.0-4a Cu Conductor Stress (Pa), 85K + Radial Preload + 0.5 T Loading + UZ BCs
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Fig. 3.0-4b Cu Conductor Stress (Pa), 85K + Radial Preload + 0.5 T Loading (No UZ BCs)
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