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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.
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