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PPPL Calculation Form

Calculation # 	NSTXU-CALC-133-08	Revision #	00	WP #, if any  1672	
	(ENG-032)


Purpose of Calculation: (Define why the calculation is being performed.)

To estimate the anticipated stresses in the upgraded NSTX OH coil in various discharge scenarios and to qualify OH design to withstand the forces.


References (List any source of design information including computer program titles and revision levels.)

[1] NSTX Structural Design Criteria Document, I. Zatz
[2] NSTX Design Point June 2010
http://www.pppl.gov/~neumeyer/NSTX_CSU/Design_Point.html

Assumptions (Identify all assumptions made as part of this calculation.)

For the TF/OH interaction analysis, the friction ratio between the TF and OH at the interface was assumed to be 0.15.

Calculation (Calculation is either documented here or attached)

Attached.

Conclusion (Specify whether or not the purpose of the calculation was accomplished.)

Calculation  shows that the OH coil can withstand hoop stress and shear stress at I=24kA. The analysis also revealed that in order to run the PF1A coil at 16.6 kA concurrently with the OH coil, the current in the OH will need to be limited to 13kA. The stress in the OH coil due to hot-OH cold-TF scenario was found to be acceptable but the frictional shear along the length of the TF-OH interface produces unacceptable vertical tension in the OH coil. Mechanical solutions such as low friction interface and removable interface layer as well as electrical solutions in the coil protection system need to be considered for this problem. 

Cognizant Engineer’s printed name, signature, and date

	


I have reviewed this calculation and, to my professional satisfaction, it is properly performed and correct.

Checker’s printed name, signature, and date

	



1.	Assure that inputs were correctly selected and incorporated into the design.

2.	Calculation considers, as appropriate:

	- Performance Requirements (capacity, rating, system output)
	- Design Conditions (pressure, temperature, voltage, etc.)
	- Load Conditions (seismic, wind, thermal, dynamic)
	- Environmental Conditions (radiation zone, hazardous material, etc.)
	- Material Requirements
	- Structural Requirements (foundations, pipe supports, etc.)
	- Hydraulic Requirements (NPSH, pressure drops, etc.)
	- Chemistry Requirements
	- Electrical Requirements (power source, volts, raceway, insulation)
	- Equipment Reliability (FMEA)
	- Failure Effects on Surrounding Equipment

3.	Assumptions necessary to perform the design activity are adequately described and 	reasonable.

4.	An appropriate calculation method was used.

5.	The results are reasonable compared to the inputs.


NOTE: BY SIGNING CALCULATION, CHECKER ACKNOWLEDGES THAT THE CALCULATION HAS BEEN APPROPRIATELY CHECKED AND THAT THE APPLICABLE ITEMS LISTED ABOVE HAVE BEEN INCLUDED AS PART OF THE CHECK.





Executive Summary

The objective of this analysis was to estimate the anticipated stresses in the upgraded NSTX OH coil in various discharge scenarios. Axisymmetric coupled structural /Emag modeling of the OH coil and interaction with PF coils were performed using ANSYS. The OH coil was modeled both as a volume with smeared property and as discrete conductors and insulation volumes. Additionally the maximum stress in the OH coil due to thermal expansion in the TF coils was calculated. This stress results from the fault scenario were the OH coil which is wound on the TF bundle fails to energize while TF bundle is energized and expands out thermally.  

Analysis shows that the OH coil can withstand hoop stress and shear stress at I=24kA. The analysis also revealed that in order to run the PF1A coil at 16.6 kA concurrently with the OH coil, the current in the OH will need to be limited to 13kA. The stress in the OH coil due to hot-OH cold-TF scenario was found to be acceptable but the frictional shear along the length of the TF-OH interface produces unacceptable vertical tension in the OH coil. Mechanical solutions such as low friction interface and removable interface layer as well as electrical solutions in the coil protection system need to be considered for this problem. 


Introduction

The main structural loads on the OH coil and the center stack components are the results of electromagnetic (EM) forces and differential thermal expansion. The EM forces in the OH coil result from the hoop forces and the axial compression in the coil. In addition, the field from nearby coils especially the PF coils exerts force on the OH coil windings. 
Since the OH in NSTX upgrade is directly wound on the TF inner leg bundle, the thermal expansion in the TF in fault cases where the OH is not energized (and remains cold) causes stress in the OH. In the calculations reported here, the OH design analyzed is the latest and final design of the OH reported in http://www.pppl.gov/~neumeyer/NSTX_CSU/Design_Point.html and whose detail are in the Design Point Spreadsheet:

  http://www.pppl.gov/~neumeyer/NSTX_CSU/Design_Point_Spreadsheets/NSTX_CS_Upgrade_100504.xls

Calculation

OH Stress Analysis

To study EM and thermal expansion loads on the OH coil, an axisymmetric discrete-conductor finite element model of the entire OH coil was developed. Figure 1 is a section of this model showing the finite element mesh of the copper (dark blue), epoxy insulation (light blue), and air (green). Air was meshed for electromagnetic simulation. Ansys Multiphysics FEA code was used to study the coupled EM, structural and thermal effects. 

 
[image: meshdetail]
Figure 1: Finite Element Mesh Used in Axisymmetric Structural Analysis of the OH coil

Figure 2 is a plot of hoop stress in the coil at 24kA. The stress is below 233 MPa limit for copper. Figure 3 is a plot of the mid-plane (Tresca) stress intensity resulting from the combination of hoop and axial stresses. The stress is below the 165 MPa limit in the copper and therefore acceptable. Figure 4 is a contour plot of shear stress in the coil epoxy insulation which is shown to be below the 22 MPa limit. 


[image: SZ-alligned-struc]
Figure 2





[image: SINT-midplane-alligned-struc]
				Figure 3

[image: SXY-insulation-alligned-struc]
				Figure 4






Figure 5 shows the stress intensity in the OH winding resulting from interaction with the poloidal field coils PF1A (Upper and Lower) which is housed close to the OH coil inside the center stack housing. The plot is for a case where the OH coil current is 13 kA and PF1A coils carry 16.6 kA current. The plot shows the stress in the copper is below the stress limit. From the results of analyses with this model we derived criteria limiting the currents that can flow in the OH and PF1A coils at any one time during the discharge in order to avoid damaging the OH coil.
 
[image: ]
 Figure 5: Stress Intensity in the OH Coil Due to Self Currents and Interaction with Current in Adjacent PF1A Poloidal Field Coil


Analysis of TF/OH Interaction

The OH coil in NSTX upgrade is directly wound on the TF inner legs bundle and preloaded against the TF flag extensions using Bellville spring washers.
The spring washer stacks need to be designed such as to keep the OH coil from lifting (and breaking the leads in the bottom) under all possible machine operation scenarios. Calculation number NSTX-CALC-133-04-00 by Peter Rogoff covers the design of the spring washer stacks. 

In fault cases where the OH is not energized and the TF is energized (hot) the thermal expansion in the TF causes stress in the OH which is wound directly on the TF inner legs. To study this we developed two models. First model was an axisymmetric model of the center stack components in which OH was modeled as smeared property cylinder (rectangle in axisymmetry). The Bellville washer stacks were modeled as axisymmetric spring elements in the FEA model. Figure 6 shows the center stack components and this axisymmetric FEA model.

[image: ]
		
		Figure 6

The second model developed was an axisymmetric coupled EM-structural Ansys FEA model in which the OH was modeled as discrete copper and insulation elements. (figure 7). 
 

[image: ]
					Figure 7


The TF inner leg bundle was modeled as a thick copper tube with contact elements between the TF and OH mesh with a friction ratio of 0.15. OH was held fixed in the bottom and preloaded on the top with 100,000 lbs. The model was simulated with cold OH and TF temperature allowed to rise from 12 to 100 deg. C. Figure 8 shows the resulting stress in the coil and the shear stress in the insulation on top portion of the coil. These stress values are acceptable.
 

					Figure 8


However, as Figure 9 shows the frictional shear of the expanding TF coil causes large unacceptable vertical tension stress in the OH. Mechanical solutions such as low friction interface and removable interface layer as well as solutions in the coil protection system need to be considered to avoid this problem. 

[image: SY-bottom-detail-mu15001]
				Figure 9
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