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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 high TF coil currents during a typical (1.7T High-β) scenario. This is intended to address TF PDR chit #32 which questions whether the coil can meet the “flexibility requirements” of the experiment. The model is also exercised with only the TF coil energized. This allows developing a stress amplification factor which, in theory, provides a means of scaling-up global model stresses to obtain Cu conductor stresses.

Coincidentally, the project is proposing the use of a softer Cu, with a minimum room temperature yield stress of 26 ksi. A new design stress (Sm) is developed based on this lower yield Cu. The maximum TF coil current is determined which satisfies monotonic and fatigue requirements. In addition, higher TF coil currents are proposed and the resulting design life is reported.
With a design life of 13000 cycles, the analysis shows that the fatigue life of the TF coil is the most limiting requirement. Results show that stresses from only TF coil currents are greatly exacerbated by PF and modular coil fields during this typical reference scenario. Simple scaling from global model results indicate that the TF coil must be limited to about 11.5 kA (0.35 T) in order to satisfy this 13000 cycle fatigue life requirement. 
In the event that fewer cycles at higher field levels is of interest, the fatigue life at 0.4 T is ~3000 cycles, and the fatigue life at 0.45 T is <<1000 cycles.
It is worth noting that the design-basis fatigue curve is for annealed OF Cu, which adds some conservatism to the calculation. On the other hand, the 26 ksi minimum yield Cu has only about 5% cold work (so the annealed curve may not be very conservative after all).
Also, the higher TF coil currents produce abysmal mechanical deflections (~10 mm). This is substantially larger than the ~3 mm deflections produced by the reference scenarios with relatively low TF currents. Deflection data is available and could be used by PPPL to evaluate the field errors from these “high” TF coil currents.
2.0 Structural Results
Figs 1 through 4 show the stress intensity in the smeared TF coil pack resulting from the coil current sets discussed below. 

The stress in Fig. 1 corresponds to the TF energized to 0.5 T (16.2 kA). All other coils are off. 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. (Note: the unbonded wedges/WP model shows a Cu stress of 117 MPa.)
The stresses in Fig. 2 correspond to the 1.7T high-β reference scenario at t=0.24 s. The maximum stress and deflection are 16 MPa and 11.5 mm (which includes about 8 mm of thermal contraction). This is about half of the stress level reported at the PDR since the location of the radial preload has subsequently changed to a more favorable location (at the top and bottom of the inboard TF legs). 

The stress in Fig. 3 correspond to the same 1.7T high-β reference scenario at t=0.24 s, but with the TF coil current at -16.2 kA. The maximum stress and deflection are 96 MPa and 17.8 mm (which again includes 8 mm of thermal contraction). The stress in Fig. 4 correspond to the same 1.7T high-β reference scenario at t=0.24 s, but with the TF coil current at +16.2 kA. The maximum stress and deflection are 98 MPa and 18.3 mm (which again includes 8 mm of thermal contraction). These last two plots indicate that the maximum stress is independent of the TF coil current direction. However, the location of the maximum stress is affected. 
At this point, it is helpful to develop some scaling laws based on these results. 

1. The stress from TF coil current alone is proportional to I2; B is proportional to I, EM force is proportional to IB, and stress is proportional to force).
2. It follows that the TF stress at 3.76 kA is (41.9MPa)(3.76kA/16.2kA)2 or 2.26 MPa.
3. Of the 15.7 MPa produced by the reference 1.7T high-β reference scenario at t=0.24 s, 2.26 MPa is from TF coil self-field effects and the remaining 13.4 MPa must come from the TF current interacting with Modular Coil (MC) fields.

4. When the TF current is increased to 16.2 kA and the other coil currents are maintained at their reference scenario levels, the stress increases as follows:

a. 2.26 MPa x (16.2kA/3.76kA)2 = 42 MPa (no surprise here)

b. 13.4 MPa x (16.2kA/3.76kA)1 = 58 MPa (not an I2 scaling since MC currents are constant)
c. Total stress 100 MPa, which compares favorably with the 96-98 MPa presented above.

5. Now, global model results are still non-conservative and must be scaled by 2.1 as discussed earlier. 

The following approximation can be made for the TF conductor stress as a function of TF coil current when the background fields are produced by the 1.7T high-β reference scenario at t=0.24 s:

σCu(TF) = 2.1{(2.26 MPa)(ITF/3.76kA)2 + (13.4MPa) (ITF/3.76kA)2}

When the conductor was going to be wound from a material with a minimum room temperature (RT) yield stress of 36 ksi, it had an 80K design stress (Sm) of 180 MPa. Recent discussions have pushed for softer Cu with a minimum RT yield stress of 26 ksi. This material has about 5% CW, which has 80K yield and ultimate stresses of 220 MPa and 340 MPa, respectively. The design stress of such a material is the lesser of (2/3)220 MPa or (1/2)340 MPa, which is 150 MPa.  
Now suppose we would like the maximum stress to be within 20% of the allowable:

Membrane + Bending ≤ 0.8 x 1.5Sm = 0.8 x 1.5 x 150MPa = 180 MPa

Membrane + Bending = 2.1{(2.26 MPa)(ITF/3.76kA)2 + (13.4MPa) (ITF/3.76kA)2} = 180 MPa
Solving the above equation for ITF yields 14.5 kA. This represents a relatively small reduction in the TF coil field from 0.5 T to ~0.45 T.

The other critical stress requirement is fatigue life. A design-basis fatigue curve is presented in [3] and included here as Fig. 5. Since the stresses at the start and end of the pulse are essentially zero (cooldown and radial preload stresses are minimal), the alternating and mean stresses for the above loading are both 90 MPa. However, since the mean stress is >0, an equivalent alternating stress must be calculated:
σeq (tension) = σalt / {1 - σmean/σut} = 90/{1-90/340} = 120 MPa

Entering the design-basis fatigue curve with this 120 MPa equivalent alternating stress yields a fatigue life which is less than 1000 cycles. The project requires that 10% of the 130000 shots occur at this elevated TF operating point. Let’s enter the curve with 13000 cycles, and determine the equivalent design stress: 80 MPa. Knowing the maximum equivalent stress (80 MPa), we can solve for the alternating and mean stresses (x). 
x/{1-x/340} = 80 MPa

x = 65 MPa

Therefore, the maximum stress produced by the 1.7T high-β reference scenario at t=0.24 s and some TBD TF current must be less than 2x or 130 MPa. Using the equation for σCu(TF) set equal to 130 MPa yields the allowable maximum TF coil current of 11.5 kA. This represents a toroidal field of 0.35 T.
Let’s get one more data point: cycles to failure at 0.4 T. This requires an operating current of (0.4/0.5)(16.2 kA) or 13 kA. From the equation for σCu(TF), this current produces a stress of 154 MPa. With a mean and alternating stresses of 77 MPa, the equivalent tensile stress is 100 MPa. The fatigue curve shows that 100 MPa will last ~3000 cycles. 
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Fig. 1 Stress Intensity in WP from Global and Hybrid models, 0.5T TF Only, I(TF)=16.2 kA

Hybrid model
 produces 89 MPa conductor stress from 0.5T only loading (σhybrid/σglobal)=2.1.
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Fig. 2 Stress Intensity in Smeared WP from 1.7  T High Beta Scenario, t=0.24 s, I(TF)=3.76 kA
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Fig. 3 Stress Intensity in Smeared WP from 1.7 T High Beta Scenario, t=0.24 s, I(TF)=-16.2 kA
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Fig. 4 Stress Intensity in Smeared WP from 1.7 T High Beta Scenario, t=0.24 s, I(TF)=+16.2 kA
Fig. 5 Proposed Design-Basis Cu Fatigue Curve

(From http://ncsx.pppl.gov/NCSX_Engineering/Materials/CopperProperties/PB92172766.pdf)
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Figure 4.4. Measurements of the stress-controlied fatigue life at different temperatures are shown. For
clarity, overlapping data points are eliminated from the figure. All data are presented in Table 4.2.
Products were in bar and sheet form. The tests reported in Reference 4.4 were carried out on
copper with an oxygen content of 0.03 wt%, which is closer to the C11000 specifications than to
C10100 or C10200. Ali R-ratios were —1.
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