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PPPL Calculation Form 

 
Calculation #  NSTXU-133-10-00        Revision #00                     WP # 1672  
 (ENG-032) 
 

Purpose of Calculation: (Define why the calculation is being performed.) 
 
There are two bellows used on the NSTX center stack, upper and lower. These form a vacuum 
connection between the center stack casing and the insulated ceramic break and the rest of the 
vacuum vessel structure. The bellows must maintain the normal vacuum conditions for the 
necessary operation of the NSTX device under various load conditions, which include the bake-
out and other thermal scenarios.  
This calculation is intended to justify and recommend convolution geometry and acceptable 
thickness of the bellows as an initial sizing exercise, and then provide the design specifications 
for the purchase of the bellows. Ultimately, the bellows manufacturer shall provide the 
qualification of the bellows. To ensure an adequate initial design, this calculation provides 
qualification of the acceptable stress state and performance for the following load conditions: 

• Halo Current Loads (upper bellows only). Reference calculation #NSTX CALC 133-04-
00. 

• The upper bellows must allow thermal motion due to the bake-out and the normal 
operation where heat from the plasma is transferred to the CS casing through the 
insulating tiles. Reference calculation # NSTX CALC 11-01-00. 

• The upper bellows must support the seismic loads, Reference calculation #NSTX CALC 
10-01-02. 

• The upper and lower bellows transmit some portion of the torsional moment from the 
upper vessel structure to the center stack casing. This moment comes through the umbrella 
structure, Reference calculation # NSTX CALC 10-01-02. 

• Pressure due to vacuum condition which is always present during any operations of the 
machine. 

References (List any source of design information including computer program titles and 
revision levels.) 
 
These calculations were performed using: 

•   EJMA (Expansion Joint Manufacturers Association) Basic equations presented in section 
4.13 of the manual. 

• NASTRAN Version MSC FEA x64 2010.1.2 finite element code. 



Assumptions (Identify all assumptions made as part of this calculation.) 
 
Three basic thicknesses ( .02, .025, and .03 inch) were examined to better understand the general 
behavior of the bellows under different load conditions. 
Since EJMA provides basic equations for the design of the Axial and Pressure conditions based 
on tests and experience, these results were used to justify the finite element simulation obtained 
through NASTRAN.  Complete table of compared results are included in the power point 
presentation. NASTRAN simulation was then used to include load conditions which EJMA does 
not provide. Therefore, once basic calculations were justified, NASTRAN model could include 
all load conditions which add to calculate the maximum stress conditions on the bellows.  
It was assumed that the seismic loads do not combine with the Halo Loads (these are of the very 
short duration compared to seismic). Therefore, for the maximum possible stresses during the 
seismic event the following loads are considered: pressure, CS thermal, torsional moment and 
the seismic loads from the center stack with .5% damping.  

Calculation (Calculation is either documented here or attached) 
 
All the calculations are presented in the following attachments: 

•   Final_Bellows.ppt 

•   Final_ EJMA.ppt 

•  Final EJMA Calculator 

• Seismic_Stresses.ppt 

• LVRBellDisrupt.ppt 

•  Bellows_ Mode.ppt 

• Spare EJMA Order Sheet 

Conclusion (Specify whether or not the purpose of the calculation was accomplished.) 
 
Comparing the maximum stress for both EJMA and NASTRAN results, bellows of 
thickness=.03 inch, demonstrates the lowest value. Von Mises combined stress is = 61,600 psi. 
Considering Inconel plate where Sy = 95,000.psi, this calculated stress value is well within the 
2/3 Sy stress condition as specified for the NSTXU project. 
For Seismic condition the calculated von Mises stress is = 46,600.psi and this event is extremely 
unlikely to develop. The combined stresses are well within the acceptable range.  
“Global Model” results for seismic analyses show similar acceptable maximum stresses up to 
20,000.psi based on standard seismic scenario for the TFTR existing facility. 
Lower bellows magnetic disruption analyses, show the maximum stresses for iteration at step #8. 
These stresses are about 500.psi and considered insignificant. 
EJMA Specification Sheet is included bellows and it should be a part of the final drawing. 
The specific (selected) bellows design requirements should be as follows: 

• t = .030 inch  



• w = 1.095 inches, convolution height 

• q = 1.0 inches, convolution pitch 

• Di = 38.0 inches, Inside diameter 

• Do = 40.25 inches (at the outside surface of the convolution), Outside diameter 

• General axial length should be determined by the final design. For now it is 7.06 inches. 

 

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 
 

_______________________________________________________________ 



Customer: Princeton Plasma Physics Laboratory Date:1/25/2011 Page: 
Project:       NSTXU Prepared By: P. Rogoff 
Item or Tag Number:   
Quantity:     2  
Size:   
Style or Type (single, universal, hinged, gimbal, etc.)      single  

End Connections 
 

Thickness/Flange Rating     0.030 inch  
Material       

 
*Pressure 

 

Design    14.5 psi  
Operating     14.5 psi  
Test    14.5 psi  

 
*Temperature 

 

Design   Room  
Operating    Room  
Installation    Room  

 
Media 

 

Media   
Flow Velocity   
Flow Direction   

 
 
 
 

Movements  
 

and  
 

Life Cycle 

 
 

Installation 
 
 

Axial Extension   
Axial Compression      
Lateral   
Angular   
Number of Cycles   

 
 

Design 
 
 

Axial Extension   
Axial Compression     0.315 inch  
Lateral    0.020 inch  
Angular    0.00315 inch  
Number of Cycles  High  

 
Operation 

 

Axial Extension   
Axial Compression  0.315 inch  
Lateral 0.02 0 inch  
Angular 0.00315 inch  
Number of Cycles  High  

 
Materials 

Bellows Inconel (high Yield)  
Liner   
Cover   

 
Dimensions 

Overall Length 7.06   inch  
Maximum O.D. 40.25 inch  
Minimum I.D. 38.0   inch  

 
Spring Rates 

Maximum Axial Spring 
Rate 

3,835.2 lbs/inch  

Maximum Lateral Spring 
Rate 

204,200.lbs/inch  

Maximum Angular Spring 
Rate 

147,400. In-lbs, for 
.00315 in 
displacement 

 

Quality Assurance 
Required Code 

Bellows Long. Seam Weld   
Bellows Attachments Weld   
Piping   

Applicable Codes and Standards B31.1, B31.3, Section 8 Division 1 
 
 

 



Final_Bellows.ppt



Executive Summary

The purpose for these analyses was to justify and select the appropriate NSTX Center Stack
Update  project VV Bellows. The bellows should provide and absorb the existing relative
motions between the redesigned Center Stack and the Vacuum Vessel within the acceptable
stress limits for the selected material for a combination of load conditions.

The analyses were completed using two methods:

* EJMA standard equations, and,
* Nastran finite element code. 



Di = 38.0 inches
Do =40.25 inches

Modulus of Elasticity = 29,000,000. 
stainless steel (FEA and EJMA)
t = variable ( .02, .025, .03 ) in.

w = 1.095 in. convolution
height

q = 1.0 in.       convolution
pitchp

Node #49436 – central, RBE2 independent
Deformations and loads applied through it.

Fi d R R RFixed : x, y, z, Rx ,Ry, Rz

Note: All stresses reported are for cquad4 surface “Z2” . This is the bellows inside surface.



Design justification for the NSTX Update Bellows 

FEM model simulation:  Quad4 NASTRAN element with various convolution thicknesses.
For present analyses, .020, .025 and .030 in.

L d ditiLoad conditions:
1) 8 mm ‐ Axial compression due to the CS expansion.
2) Static Pressure = 14.5 psi.
3) TORSIONAL deformation = .00315 in. (Applied as pure moment values.
which were calculated from P. Titus inputs). 

4) Halo Loads Reactions at the bellows ( variable as per bellows thickness
as calculated from A. Brooks inputs).

Note: Conditions #3 and #4 change based on the selected material thicknessNote: Conditions #3 and #4 change, based on the selected material thickness.

EJMA equations and related constants were used to test and justify the validity of the
FEM simulation using axial deformation and pressure loads:

Eq. 4‐30, 4‐31, 4‐32, 4‐33 and 4‐37. 
EJMA constants: Cp, Cf and Cd.

Figures 4.16, 4.17, 4.18.
Figure 4‐20 for fatigue life estimatesFigure 4 20 for fatigue life estimates.



Comparison between pure EJMA equations and NASTRAN results



Summary of EJMA calculations

This data is only valid for Axial deformation and pressure loadsThis data is only valid for Axial deformation and pressure loads



EXPLANATIONS

Following can be concluded by examining the above table.

* “EJMA”  and “MSC/NASTRAN FEA 2010” results compare favorably.                                                      

* For constant axial deformation of the convoluted bellows (in our case .315 inch), 
maximum stresses: 

- decrease with decreasing thickness ( t ),
- decrease with increasing convolution height  ( w ).

( function of the allowable space)

* For constant pressure ( in our case atmospheric , always present) stresses:
- increase with decreasing thickness ( t )
- increase slightly with increase of ( w ).increase slightly with increase of  ( w ).

* For Halo loads, it is necessary to calculate the bellows Spring Rate in the pure 
shear mode. Since the spring rate changes with changing thickness, the absorbed
amount of the Halo Energy , reacts at the bellows to form the shear deformation.
Then this calc lated deformation is sed as an enforced load case in the staticThen this calculated deformation is used, as an enforced load case, in the static 
FEM simulation.

* Toroidal deformation is constant/maximum ( .8e-4 m = .00315 inches) and produce 
decreasing Torque values  with the decrease of ( t )g q ( )



Total Loads

Calculations when all load conditions are applied simultaneously . 

* CS thermal expansion CS thermal expansion
* Pressure 
* Halo Loads effects
* Toroidal motion



Units in Psi



Halo





All load applied Max Shear



Summary of stresses for total loads combination

For INCONEL, say, Sy=95,000 psi, 2/3Sy = 63,300 psi, Bellows thickness of .030 in can be selectedFor INCONEL, say, Sy 95,000 psi, 2/3Sy   63,300 psi, Bellows thickness of .030 in can be selected



Seismic force/reaction calculation

Ru = 569. kg

Use acceleration = .5 Gs.
( P. Titus)

Reaction at bellows = 569 x 5 x 2 204 lbs
Total mass =1,138.0 kg.

Reaction at bellows  569. x .5 x 2.204 lbs.
= 627.0 lbs

Note: this is considering maximum spring rate
reaction at Ru and Rl. Since in our 
case, spring rates are much lower, 
h ti t th b ll ill

CS 
assembly

shear reaction at the bellows will
decrease accordingly.
Chances for this event are minimal.  

Rl = 569 kgRl = 569. kg

Reff. E-mail from A. Brooks/A. Jarivala



Maximum Stresses due to individual Load conditions

W = 1.095 in. (convolution height), q=1.0 in (convolution pitch) 



C l l i f h l d i d d lCalculations for each load case independently.
This is provided for better understanding of bellows reaction to
various load conditions and for easier selection based on 
material thickness. 



Deformation profile for axial loadsDeformation profile for axial loads    



Thickness       Max. stress
von Misesvon Mises

.020 in.          23,200 psi
Delta =5,600. psi

.025 in.          28,800 psi
Delta =5,600. psi

.030 in.          34,400 psi

Axial315t030,A22
( Load case designation
for each configuration )

See Appendix for description 
of all casesof all cases



Static Pressure

Thickness        Max. stress
von Mises

.020 in.             15,600. psi
Delta = 4,700. psi

.025 in.             10,900. psip
Delta = 2,710. psi

.030 in.                8,190.psi

General pressure 
application



Thickness       Max. stress
von Mises

.020 in.            38,500. psi
D lt 4 000 iDelta= 4,000. psi

.025 in.            34,500. psi
Delta=  7,000. psi

.030 in.           27,500. psi

Typical Shear deformationsTypical Shear deformations

Due to Halo Loads



02.02
71.120.0

Halo Loads Shear StressesHalo Loads Shear Stresses

Thickness           Stresses
Max Shear

.020 in.                 19,900. psi
Delta = 1,800. psi

.025 in.                  18,100. psi
Delta = 3,600. psi

030 i 14 500 i.030 in.                14,500. psi



Toroidal                  Calculations

Applied toroidal deformation = .00315 at each of the 300
upper edge nodes as spcd loads which calculated constraints
as is shown . Therefore, Torque = 300 x 25.86 x 19. (radius)=
147,400.0 in-lbs. These torques are used in the “Totalloads” runs.
This values is for t=.03 in. Same method used for  t=.020 and .025.



Appendix A

Complete list of the NASTRAN runs and post processing Data Base files:p p p g

Bellows_3.db: Individual runs
Axial315t02, A20 – (for X= -.315 and t=.02 inches)
Axial315t025 A21 (for X= 315 and t= 025 inches)Axial315t025, A21 – (for X=-.315 and t=.025 inches)
Axial315t030, A22 – (for X=-.315 and t=.030 inches

Prest030, A23 – (only pressure and t=.030 inch)
Prest025, A24 – (only pressure and t=.025 inch)
Prest020, A25 – (only pressure and t=.020 inch)

XShear020, A42 – (Halo x-deformation for t=.020 inch)
xShear025, A41 – (Halo x-deformation for t=.025 inch)
xShear030 A34 – (Halo x-deformation for t= 030 inch)xShear030, A34 (Halo x deformation for t .030 inch)

Totalloads020, A39 – (combined loads and t=.020 inch)
Totalloads025, A40 – (combined loads and t=.025 inch)
Totalloads030, A38 – (combined loads and t=.030 inch)

Bellows_3Tor.db:These runs were made in order to calculate the required Torque values
for the use in “Totalloads” runs.

Tor020,  A4 – (constant toroidal deformation and t=.020 inch), ( )
Tor025,  A5 – (constant toroidal deformation and t=.025 inch)
Toro30,  A6 – (constant toroidal deformation and t=.030 inch)

Located at : asalehz‐64c/My Computer/My Book(G:)/NASTRAN P.R./BELLOWS



APPENDIX B

Previous calculations – Included here 
only as reference and deeper understanding
of various loads.

Note: This data was presented under the
present calculation number and it was
considered preliminary It is includedconsidered preliminary. It is included
here simply because it describes the
flow process for the required load
considerations.

Page #1



APPENDIX B

Page #2



APPENDIX B

Page #3



Final_ EJMA.ppt



EJMA vs. NASTRAN Calculations
Used to check the Finite Element simulation 



Results From Pressure and Axial Loads only

Equations are from Section 4.13 of the EJMA manual

Slides #3 and #4 present calculation for , t = .02, w = 1.095, q = 1.0 inchesp , , , q
Slides #5 and #6 present calculation for , t = .025, w = 1.095, q = 1.0 inches
Slides #7 and #8 present calculation for , t = .03, w = 1.095, q = 1.0 inches

Slides #9 to #11 present data for various coefficients which are used in the
above calculations.





















EJMA Fatigue Life estimate for
combined Axial and Pressure loads onlycombined Axial and Pressure loads only

See slide #2 for “St” values
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EJMA vs. NASTRAN Calculations
Used to check the Finite Element simulation 



Results From Pressure and Axial Loads only

Equations are from Section 4.13 of the EJMA manual

Slides #3 and #4 present calculation for , t = .02, w = 1.095, q = 1.0 inchesp , , , q
Slides #5 and #6 present calculation for , t = .025, w = 1.095, q = 1.0 inches
Slides #7 and #8 present calculation for , t = .03, w = 1.095, q = 1.0 inches

Slides #9 to #11 present data for various coefficients which are used in the
above calculations.





















EJMA Fatigue Life estimate for
combined Axial and Pressure loads onlycombined Axial and Pressure loads only

See slide #2 for “St” values



Seismic data included
No Axial deformation

Static Calculations

P. Rogoff
1/25/2011



Seismic Data Including
Axial deformation due to the Cs thermal expansionAxial deformation due to the Cs thermal expansion



The next slide shows Seismic results which were obtained from the
the complete NSTX update structure simulation with ANSYS 12 1 Thisthe complete NSTX update structure simulation with ANSYS 12.1. This 
work was completed by P. Titus and it is also available under a different
calculation report. (See, NSTXU-CALC-10-01-02 )
These calculations were completed using the standard seismic scenariog
for the TFTR facilities with .05% damping.
Both calculations show maximum stress results well within the material
Yield allowable for the Inconel bellows.



Bottom Bellows Static 
.5g Lateral Analysis

Mode 4

Bottom BellowsBottom Bellows 
Modal Analysis



LOWER BELLOWS MAGNETIC DISRUPTION CHECK

These calculations were performed using a sequence
of ANSYS prep7 runs:

*  Using “BellDisrupt02.txt”  “elect2.db” was created and
d i h d f 40 i f i hsaved with data for 40 time steps for restart in the next

phase of the process. This data is then used in the
“Static01.txt” to create the “struct2PR.db” for further
static processing.

Note:  All the necessary data is located at:
asalehz‐64pc,G:\ANSYS_PR\BellowsEM1



Step =7

Step = 8



Step = 9



Displacements and VonMises stresses

From “struct2PR.db”
Input data “Static01 txt”Input data  Static01.txt

Due to the disruption magnetic forces at the lower bellows.
General input data provided by A. Brooks and P. Titus in
ANSYS Prep7 formatANSYS Prep7 format.

Maximum displacements and stresses are calculated at
iteration “step = 8”, i.e., stress = 3.37 MPa (about 500. psi),
therefore, adding small increase to the Inconel bellows.therefore, adding small increase to the Inconel bellows.

Steps #7 and #9 are shown in order to help verify the maximum
load and reaction  conditions. 

Conclusion: Stresses due to the magnetic disruption at the
lower bellows are insignificant.



step = 7

step = 7

2.84 MPa



step = 8

step = 8

3.37 MPaMaximum for the total calculation



step = 9

step = 9

3.25 MPa



NSTX CSU BELLOWS FIRST 10 MODE SHAPES

• Total weight = 18.1 lbs
• Bellows in fixed mode.

P.Rogoff
1/24/2011













STANDARD ROUND EXPANSION JOINT SPECIFICATION SHEET  

Customer:   Date:  Page: 
Project:  Prepared By: 
Item or Tag Number:     
Quantity:     
Size:     
Style or Type (single, universal, hinged, gimbal, etc.)     

End Connections 
 

Thickness/Flange Rating     
Material     

 
*Pressure 

 

Design     
Operating      
Test     

 
*Temperature 

 

Design     
Operating      
Installation      

 
Media 

 

Media     
Flow Velocity     
Flow Direction     

 
 
 
 

Movements  
 

and  
 

Life Cycle 

 
 

Installation 
 
 

Axial Extension     
Axial Compression     
Lateral     
Angular     
Number of Cycles     

 
 

Design 
 
 

Axial Extension     
Axial Compression      
Lateral     
Angular     
Number of Cycles     

 
Operation 

 

Axial Extension     
Axial Compression     
Lateral     
Angular     
Number of Cycles     

 
Materials 

Bellows     
Liner     
Cover     

 
Dimensions 

Overall Length     
Maximum O.D.     
Minimum I.D.     

 
Spring Rates 

Maximum Axial Spring Rate     
Maximum Lateral Spring Rate     
Maximum Angular Spring Rate     

Quality Assurance 
Required Code 

Bellows Long. Seam Weld     
Bellows Attachments Weld     
Piping     

Applicable Codes and Standards B31.1, B31.3, Section 8 Division 1 
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