Summary of 3D Disruption Analysis of Passive Plates for NSTX Upgrade
This FE based 3D analysis is an amendment to NSTXU-CALC-12-01-01 to correct previous 2D disruption analysis of passive plates, vacuum vessel and components during plasma disruption and VDEs for NSTX upgrade. The ½" passive plates are electrically connected and structurally supported by the vacuum vessel through the supporting bracket. Each plate is bolted onto the bracket with 28 steel bolts at the back of the plate and the bracket is welded onto the vessel. The passive plates are made of Chromium Zirconium Copper C18150, a copper alloy with high electrical conductivity. The bracket and the vessel are made of stainless steel.
Since the output disruption forces on the center stack, the vessel and its components from the NSTXU-CALC-12-01-01 are used as input for a number of other calculations for NSTX upgrade, it is important to validate methodology used in this analysis and cross check magnetic field distribution and eddy current forces during plasma disruption.

In the 2D disruption analysis, magnetic vector potentials from OPERA 2D simulation are transferred to classical ANSYS APDL for stress analysis. The 2D OPERA model is an axisymmetric model assuming copper and bracket averaged material electrical conductivity based on available measurement data. This averaged electrical conductivity, however, is an order of magnitude smaller than that of the copper plate. Therefore, skin effect, which is very important for passive plates during transient plasma disruption and fast VDEs, cannot be captured in previous analysis. The skin depth of copper plates is ~2 mm for 1 ms disruption, which means that the eddy current flowing on the plate during disruption penetrates only ~1/6 of the plate thickness. The skin depth increases to ~6 mm for the 10 ms plasma VDEs – still eddy current flows only in half of the plate thickness. Therefore, due to this limitation, previous 2D analysis significantly overestimated net disruption force and bending moment on the passive plates. 

A 3D OPERA EM model is created for accurate disruption analysis and a new OPERA to ANSYS load transferring procedure has been established. The new EM model includes not only the plates, but also the supporting bracket, the vacuum vessel and center stack casing. Various plasma shapes from square, trapezoid to octagon (close to circular) are studied to understand its impact on the disruption loads for passive plates for fast (1 ms) mid-plane disruption, P1 to P5 10 ms translation and then fast (1 ms) and slow (40 ms) disruption. The elemental disruption forces on the primary and secondary plates are mapped onto ANSYS Workbench structural model for static and dynamic stress analysis. A sensitivity study with varying electrical conductivity for the bracket is performed to study its impact on the disruption loads on the plate. An adjusted conductivity of the bracket that matches the overall DC loop voltage measurement with electrical conducting path from the plate to bracket and the vessel is used. The 3D model is benchmarked against a Maxwell 3D model used for vessel disruption analysis as well as the magnetic field from results of Woolley Green's function formulation for various coil current scenarios. The new 3D model in an axisymmetric form is also benchmarked against Hatcher's 2D analysis using the same electricity conductivity as that from direct measurements.             

The main conclusion based on the new 3D disruption analysis is that current ½" primary and secondary plates are sufficient for the upgrade and therefore no need to be replaced. Following is a summary of main conclusions from the new disruption analysis and the main assumptions used for the 3D analysis.

1) The worst disruption loads on primary plates are from P1 to P5 VDEs – 10 ms translation and 1ms fast quench. The peak pushing force from the primary plate against the bracket is ~100 kN at the end of plasma translation and the peak force pulling the plate out of the bracket is ~120 kN at the end of 1ms plasma disruption. 

2) The Tresca stress of membrane plus bending in primary plates during disruption is less than ~70 MPa and the stress in secondary plate is smaller. Although stress in regions near the corner bolts is higher than 100 MPa, it is still significantly lower than the stress limit for CuCrZr. The maximum deflection of the plate during disruption is less than 2 mm.   
3) Results show higher stresses in 4 corner bolts due to bending and twisting of the plate with non-uniformly distributed eddy current loop during disruption. The current 3/8" corner bolts are recommended to be replaced with larger size bolts. 

4) The peak net toroidal current in the plate is 250~300 kA. This is from the worst case for P1 to P5 VDE and fast disruption. 
5) To be consistent with Hatcher's 2D model, a close to circular plasma shape is used in my final analysis. Plasma shape has some limited impact on the net disruption loads but skin depth, which is missing in the 2D model, is the most dominant factor. 
6) Dynamic Amplification Factor – Results from dynamic analysis with 0.5% damping factor for the disruption cases we studied show a relatively small dynamic response, the dynamic amplification factor is ~1.1. 
7) Impact of halo current during disruption on the passive plate is still under investigation but not included in my current analysis.   
8) Instead of using the worst background field from all scenarios, current scenario #79 is used for coil background field and the real background field spatial distribution is represented in the new 3D model. It is possible to explore current scenarios with the worst background field but it will take some time and the transient field from plasma disruption is far more important than the influence from the background. 
