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PPPL Calculation Form 
 

Calculation #  NSTXU-CALC-24-01 Revision # 00  _____ WP #, if any  ________  
 (ENG-032) 
 

 
Purpose of Calculation: (Define why the calculation is being performed.) 
 
To qualify the NSTX upgrade changes to the vacuum vessel midsection, required to accommodate: 1.)  the 
addition of a second Neutral Beam at Port J; and 2.) the larger diameter port at Port L to prevent an optical 
interference with the Thomson Scattering laser beam. Specifically, to determine the maximum stress in the 
vacuum vessel midsection and port extensions under the worst-case simulataneously applied load condition: 1.) 
vacuum/ atmospheric pressure load; 2.) magnetostatic Toroidal Field coil torsional load; and 3.) 
electromagnetic transient plasma disruption load.  
 
 
 
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[3] Hicks, C.M.: “Shock and Vibration 
Handbook”, McGraw-Hill, New York, NY, 1995. 
 
 
 
Assumptions (Identify all assumptions made as part of this calculation.)The combination of Current Scenario #79 and the 
Centered Plasma Disruption Scenario was assumed worst-case for the vacuum vessel, since it results in the 
maximum out-of-plane torque and the largest induced eddy currents in the vessel wall. Several other current 
and disruption scenario combinations should be run to confirm this assumption. 
 
 
Calculation (Calculation is either documented here or attached) 
See attached 
 
 
 
 
 
 
Conclusion (Specify whether or not the purpose of the calculation was accomplished.) 
 
The results of the one-way coupled electromagnetic-static structural analysis shows the maximum stress occurs 
at the intersection of vessel wall and the J-K port cap extension, along the perimeter weld seam, and is below 
the maximum allowed by the NSTX Structural Design Criteria.  A detailed fatigue analysis of the weld, 
submodeled from the global model with the full inventory of loads for the worst-case current scenario, is 
required to fully qualify the NSTX upgrade changes. 
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I have reviewed this calculation and, to my professional satisfaction, it is properly performed and 
correct. 
 
Checker’s printed name, signature, and date 
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St d St t M ll EM A l iSteady-State Maxwell EM Analysis:
PF and TF Coil Loads:

Current Scenario #79 with 10% HeadroomCurrent Scenario #79 with 10% Headroom



ANSYS WB Solid Model of Simplified Coil Assembly Exported to Maxwell



ANSYS WB Solid Model of Simplified Coil Assembly Exported to Maxwell (2)



Maxwell Solid Model with Vacuum Enclosure



Current Scenario # 79Current Scenario # 79

# turns Current (kA) Current-turns Current-turns
with10% Headroom Direction*

PF1aU 64 6.1999 3.9679E+05 4.3647E+05 CCW

PF1bU 32 0.0000 0.0000E+00 0.0000E+00 CCW

PF1cU 20 0.0000 0.0000E+00 0.0000E+00 CCW

PF2U 28 -5.5545 -1.5553E+05 -1.7108E+05 CW

PF3U 30 0.5531 1.6593E+04 1.8252E+04 CCW

PF4U 17 0.0000 0.0000E+00 0.0000E+00 CCW

PF5U 24 -30.1771 -7.2425E+05 -7.9668E+05 CW

PF5L 24 -30.1771 -7.2425E+05 -7.9668E+05 CW

PF4L 17 0.0000 0.0000E+00 0.0000E+00 CCW

PF3L  30 0.5531 1.6593E+04 1.8252E+04 CCW

PF2L 28 -5.5545 -1.5553E+05 -1.7108E+05 CW

PF1cL 20 0.0000 0.0000E+00 0.0000E+00 CCW

PF1bL 32 0.0000 0.0000E+00 0.0000E+00 CCW

PF1aL 64 6.1999 3.9679E+05 4.3647E+05 CCW

OH 884 -24.0000 -2.1216E+07 -2.1216E+07 CW

TF 3 130.0000 3.9000E+05 3.9000E+05 --

Plasma 1 2.00E+03 2.0000E+06 2.0000E+06 CCW

* As viewed from the top



1ms Centered Plasma Disruption, Scenario #79 Current‐Turns vs Time
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Maxwell and Opera Field 
Results Agree within 3%

Maxwell Results: Magnetic Flux Density on Y-Z Plane
Current Scenario #79 w/ Headroom



Maxwell Results: Magnetic Flux Density on Coil Surfaces
Current Scenario #79 w/ Headroom



Maxwell Results: Magnetic Flux Density on Coil Surfaces(2)
Current Scenario #79 w/ Headroom



Maxwell Results: Current Density on Coil Surfaces
Current Scenario #79 w/ Headroom



H D i t M hHex Dominant Mesh
Element Size = 5 cm
# Nodes = 685908
# Elements = 131969

ANSYS WB Full Model Mesh



TF OOP Torque = 1.271E06 ft-lbf
TF OOP Force = 12 x 24 103 lbfTF OOP Force   = 12 x 24,103 lbf

=  2.892E05 lbf

TF Outer Leg OOP Torque and Force, Fixed Ends, No Clevis Load
Current Scenario #79 w/ Headroom



OOP Torque        = 9.99E04 ft-lbf
OOP Force/Flag = 9 99E04 ft lbf/ (1 ft x 36)OOP Force/Flag  = 9.99E04 ft-lbf/ (1 ft x 36)

=  2.775E03 lbf

TF Inner Leg OOP Torque, OOP Force/ Flag: Fixed Ends
Current Scenario #79 w/ Headroom



Results 1/2 Plane OOP Torque
(lbf-ft)( )

Maxwell/ ANSYS 2.492E+06

Design Spreadsheet 2.853E+06

Maxwell/ANSYS WB EM Generated Loads: Half  Plane TF OOP Torque
Current Scenario #79w/ Headroom



Results PF1AU Vertical Force
(lbf)(lbf)

Maxwell/ ANSYS 2.324E+04

Design Spreadsheet 2.541E+04

Maxwell/ANSYS WB EM Generated Loads: PF1AU Vertical Force
Current Scenario #79 w/ Headroom



Results PF2U Vertical Force
(lbf)(lbf)

Maxwell/ ANSYS -3.073E+04

Design Spreadsheet -3.192E+04

Maxwell/ANSYS WB EM Generated Loads: PF2U Vertical Force
Current Scenario #79 w/ Headroom



Results PF3U Vertical Force
(lbf)( )

Maxwell/ ANSYS 6.394E+03

Design Spreadsheet 6.528E+03

Maxwell/ANSYS WB EM Generated Loads: PF3U Vertical Force
Current Scenario #79 w/ Headroom



Results PF5U Vertical Force
(lbf)( )

Maxwell/ ANSYS -2.496E+05

Design Spreadsheet -2.403E+05

Maxwell/ANSYS WB EM Generated Loads: PF5U Vertical Force
Current Scenario #79 w/ Headroom



Results OOP Torque
(ft lbf)(ft-lbf)

Maxwell/ ANSYS 2.700E+06

Design Spreadsheet 2.850E+06

Maxwell/ANSYS WB EM Generated Loads: TF Half Plane OOP Torque
Current Scenario #79 w/ Headroom



Transient Ma ell EM Anal sisTransient Maxwell EM Analysis:
Vacuum Vessel Disruption Load:

C t d Pl Di ti S iCentered-Plasma Disruption Scenario



For the current quench mode, five cases shall be assessed by
simulating the linear decay of current at the rate specified for
the five locations.

For the VDE/Halo mode, four cases shall be assessed. In each
case the current in the centered plasma shall be decreased ascase the current in the centered plasma shall be decreased as
indicated while the current in the offset plasma shall be
increased as indicated to simulate plasma motion. Forces due to
induced currents shall be added to forces due to halo currents.





J (A/m2)
Opera ‐2.95E+07

J (A/m2)
Opera ‐2.39E+07

Maxwell ‐2.84E+07 Maxwell ‐2.57E+07

Maxwell Cyclic Symmetric, Plasma Disruption-Only (No Coils) Results: Current Density
1ms Quench, Centered Plasma



Bz(Tesla) Bz(Tesla)
Opera 3.34E‐01
Maxwell 3.54E‐01

Opera ‐1.77E‐01
Maxwell ‐1.78E‐01

Maxwell Cyclic Symmetric, Plasma Disruption-Only (No Coils) Results: Magnetic Flux Density
1ms Quench, Centered Plasma



ANSYS Cyclic Symmetric, Plasma Disruption-Only (No Coils) Results: Stress
1ms Quench, Centered Plasma, 360°Visual Expansion



Maxwell Cyclic Symmetric, Plasma Disruption w/ Coils Results: Current Density
1ms Quench, Centered Plasma, Scenario #79 Currents w/ Overhead



Maxwell Cyclic Symmetric, Plasma Disruption w/ Coils Results: Magnetic Flux Density
1ms Quench, Centered Plasma, Scenario #79 Currents w/ Overhead



ANSYS Cyclic Symmetric, Plasma Disruption w/ Coils) Results: Stress
1ms Quench, Centered Plasma, Scenario #79 Currents w/ Overhead, 360 °Visual Expansion



Conclusions from Maxwell Transient Cyclic 
Symmetric Model StudySymmetric Model Study 

• Ramping required for plasma and coil 
currents Optimum times: ramp = 1s;currents. Optimum  times: ramp = .1s; 
dwell = .5s; variable timestep size: .05s 
during ramp and dwell; and .0005s 
during disruptionduring disruption

• Meshing: max. element size in vessel 
wall = 2 cm, max. faceting angle = 5 deg

– >5E06 elements required for full– >5E06 elements required for full 
360 deg model with port extensions

• Domes, passive plates, and cs casing, 
are not required in eddy currentare not required in eddy current 
solution for vv midsection CPD analysis

• Effective Lorentz force pulse period = 
006s.006s



ANSYS WB Solid Model of Simplified Coil and VV w/ Ports
Exported to Maxwell



Maxwell Solid Model with Vacuum Enclosure: w/ Ports



# Elements = 3.32E06

Maxwell Vacuum Vessel w/ Ports Mesh:
VV Mesh Settings: Element Length = 3 cm, Faceting Angle = 5 degrees 



Maxwell and Opera Field 
Results Agree within 3%

Magnetic Flux Density on Y-Z Plane: VV w/ Ports: End of Quench
Current Scenario #79 w/ Headroom



Magnetic Flux Density on Vacuum Vessel w/ Ports: Start of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/ Ports: Start of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Magnetic Flux Density on Vacuum Vessel w/ Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/ Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/ Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



ANSYS DM Solid Model: Vacuum Vessel w/ Port Extensions



# Nodes = 312928
# Elements = 273458

ANSYS WB Static Structural Model w/ Ports: Mesh
VV Mesh Settings: Automatic Sweep, # Div. = 3; Element Size = 2 cm; No Mid-side Nodes



Face Radial Displacement = 0

Pressure =14.7 psi

OOP Torque = 2.85E06 ft-lbf

Fixed Face

ANSYS Static Structural Model: Loads and Boundary Conditions



Force
Anomalies

Results for 2/3 Required 
Maxwell Mesh Density

ANSYS Static Structural Results w/ Port Extensions: Force Density
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Results for 2/3 Required 
Maxwell Mesh Density

ANSYS Static Structural Results w/ Port Extensions: von Mises Stress
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Results for 2/3 Required 
Maxwell Mesh Density

ANSYS Static Structural Results w/ Port Extensions: von Mises Stress (2)
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field

y



Results for 2/3 Required 
Maxwell Mesh Density

ANSYS Static Structural Results w/ Port Extensions: von Mises Stress (3)
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



ANSYS WB Solid Model of Simplified Coil and VV Exported to Maxwell



Maxwell Solid Model with Vacuum Enclosure: w/o Ports



# Elements = 2.50E06

Maxwell Vacuum Vessel w/o Ports Mesh:
VV Mesh Settings: Element Length = 2 cm, Faceting Angle = 1 degree 



Magnetic Flux Density on Vacuum Vessel w/o Ports: Start of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/o Ports: Start of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Magnetic Flux Density on Vacuum Vessel w/o Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/o Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Eddy Current Density on Vacuum Vessel w/o Ports: End of Quench
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



ANSYS Static Structural Results, Ports excluded from EM Solution: Force Density
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Static Structural Results, Ports Excluded from EM Solution: von Mises Stress
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Static Structural Results, Ports Excluded from EM Solution: von Mises Stress (2)
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Room Temperature Allowable for 316  and 304 SST

Material Sm 1.5Sm

316 LN SST 183 MPa (26.6 ksi) 275 MPa (40 ksi)

316 LN SST 
Weld

160 MPa (23.2 ksi) 241 MPa (35ksi)

Mill Certs for the 304 
Vessel Show a 45 ksi 
Yield 



Factor of Safety = 1.0
Max. Stress = 26,000 psi

Static Structural Results, Ports Excluded from EM Solution: Margin of Safety
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field



Factor of Safety = 1.0
Max. Stress = 26,000 psi

Static Structural Results, Ports Excluded from EM Solution: Margin of Safety (2)
1ms Centered-Plasma Disruption: Current Scenario #79 w/ Headroom Background Field





tr ~ 6 ms

Centered Plasma Disruption: Effective Pulse Duration



Modal Analysis Results: VV w/ Ports and Static Model B.C.’s: Mode 1 = 72 Hz



Modal Analysis Results: VV w/ Ports and Static Model B.C.’s: Mode 2 = 79 Hz



Modal Analysis Results: VV w/ Ports and Static Model B.C.’s: Mode 3 = 82 Hz



1st Mode









Appendix 1:pp
Previous NSTX Thomson Scattering and NB

Ports L, J, and K Stress Analysis



Sri’s Port Qualification Stress Analysis: OOP Loads Only, Worst-Case Power
Radius Rod Design

Sri Checked Vessel Stresses with Correct NB Port,
and Han’s Worst OOP Loads – Vessel Stress is OK.

~14.8 ksi



(24 ksi)

(6.5 ksi)

Sri’s Disruption Analysis Results 



Max. Pressure 
Stress ~ 6 ksi

Peter’s Pressure (Global Model) Analysis Results 



Han’s Latest TF Outer Leg OOP Lorentz Force Analysis: Scenario 79

TF t l tTF out leg truss
Option 1: tube ring of 4” diameter and 
0.25” thickness with springs (i.e. tie bars).

TF outer leg OOP Lorenz force (about 1/3 of power limit condition)
Scenario 79: 106KN (23,607 lbf) x 3.4 ft radius x 12 coils = 968k ft-lbf (Note: Total OOP torque per 
CN, ANSYS EMAG, Maxwell = 2.8 M ft-lbf)
Ring (ss): 4” tube with 1/4” thickness
Cylindrical coordinate: model Z is machine vertical axis model X is radial and Y is theta directionCylindrical coordinate: model Z is machine vertical axis, model X is radial and Y is theta direction.
spring 

stiffness 
(klbs/in) modulus (Pa)

tie bar 
load (KN)

clevis 
shear load 

(KN)
Utheta 
(mm)

coil 
stress 
(Mpa)

Cu bond shear 
stress Sxy 

(Mpa)
Cu bond shear 

stress Syz (Mpa)

Max Cu bond 
shear stress 

(Mpa)

22.33 9.E+08 23 28 6.52 153 7.63 12.3 12.6

17.37 7.E+08 20 24 7.26 161 7.67 13.1 13.3

12.41 5.E+08 15 19 7.84 170 7.86 14.1 14.1



(106 kN)

Port ‘L’ Baseline Design, 24” Dia. x 1/2” Wall Tube: Solid Model
Current Scenario 79  



Appendix 2:pp
Transient Response of Multiple-Degree of Freedom, 

Linear, Undamped Systems
(Sh k d Vib ti H db k 4th Editi C M H i 1995)(Shock and Vibration Handbook, 4th Edition, C. M. Harris, 1995)
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