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Introduction

During a plasma disruption, forces are induced on the internal hardware components due to inductive and conductive currents.  The forces due to inductive and conductive currents are generally not additive since the former occurs while the plasma is in a drift position before the latter which is due to current quenching.  These electromagnetic loads were estimated in References [1] through [5].  The structural analyses of NSTX passive plates and outboard divertor plates have been performed by ORNL [5] and PPPL, respectively.  To simply the finite element model, the support structures of these components in Ref. [5] were assumed to be mounted on the rigid supports rather than connecting to the NSTX vacuum vessel.  The results from these simplified models should have small effect on the stresses of passive plates and the outboard divertor plates.  However, since the load paths pass through the vacuum vessel, the structural responses of vacuum vessel due to these interacting loads should be considered.
FEA Models and Analysis Approach

Finite element analyses were performed using the general-purpose code ANSYS.  One quadrant of the NSTX tokamak structure that contains one NB port and two 24" ports in the cylindrical section of vacuum vessel was constructed for the finite element model.  The model also includes the upper and lower domes with reinforcing ribs and 10" diagnostic ports, upper and lower umbrella structures, passive plates and outboard divertor plates with their supporting frames, and one vacuum vessel leg support (Fig. 1).  The displays of passive plate and outboard plate elements with shapes determined from the real constants for the thickness are shown in Figures 2 and 3.  The passive plate brackets are simplified by fastened directly to the vessel wall without the vertical and horizontal channels and sliding bolt connections.

To accommodate the differential thermal expansion, radial sliding capabilities were formed at where the umbrella structures join the ribs and at the upper portion of the vacuum vessel supporting leg.  The outboard support rail system is modeled without sliding joints.  To avoid over estimation of the stiffness, the young's modules of the outboard components were divided by a factor of 20. This allows the transporting of material weight with minimum structural element restraints.

The vacuum vessel is made of 5/8" 304 stainless steel.  The 1/2" reinforcing ribs were welded to the upper and lower domes for supporting of PF and TF coils, and umbrella structure, as well as reinforcing the domes.  The divertor backplates are constructed of stainless steel rather than cooper as are the passive plate backplates.  It is assumed that all ports are closed with covers that the net vacuum load on the torus system is null.  This is similar to the condition when the unbalanced lateral loads due to pump ducts and neutral beams are to be reacted by additional supports.

The model was assembled by several files, as shown in the Appendix A.  Each file contains program commands for building an individual component so that it allows for a quick modification of the particular component with minimum impacts on the other components.  Two load cases were investigated; (1) the plasma disruption loads from passive plates and the outboard divertor plates, and (2) combining loads including vacuum pressure, dead weight, EM loads induced in the PF coils and TF coils, and the load case 1.  Cyclically symmetric boundary conditions were applied between the edges at 0° and 90°.  The supporting leg was fixed at the machine floor.  The ANSYS shell element SHELL63 was utilized for surface element and the static approach was used for the finite element analysis

Loading Conditions

According to Reference [4] the induced toroidal currents produce the governing load case for passive plates and outboard divertor plates.  The forces per backplate segment are listed below including an uncertainty multiplier of 1.5:

Outboard divertor [4]

Fradial/segment = -1067 lbs





Fvertical/segment = -551 lbs

Secondary passive plate [5]
Fradial/segment = -5350 lbs





Fvertical/segment = -2800 lbs

Primary passive plate [5]
Fradial/segment = -15000 lbs





Fvertical/segment = -3930 lbs

In the analysis the loads on the passive plate were applied uniformly on the backing plates.  The loads on outboard divertor were obtained directly from the support reactions of the PPPL divertor structure analysis, performed by I. Zats, and applied these interacting loads on the domes.  The average radial force and vertical force on each support is 1551 pounds and 1100 pounds, respectively.

The electro-magnetic loads on PF and TF coils are calculated on the basis of the following coil currents intersecting with the magnetic fields due to the currents:


TF currents = 71.16 kA


PF currents (maximum or minimum PF Equilibria current values)



OH = -20 kA, PF1a = -11.35 kA, PF2 = -16.93 kA,



PF3 = -18.83 kA, PF4 = -10.73 kA


Plasma current = 1000 kA

The vessel is subject to an internal pressure that varies from the atmospheric pressure to 1 x 10 -8 torr.  The maximum vacuum pressure is about 14.7 psi, the magnitude of the atmospheric pressure near the ground level.  The structural weight are automatically computed from the element size multiplied by the weight density of the materials in the ANSYS analysis.  For those components not existing in the model, such as TF coils and PF coils, the calculated weights were applied directly on the appropriate nodal points.

Results

The stress and displacement results were summarized in Table 1 for  vacuum vessel.  The stress items listed in Table 1 are maximum von Mises stress (Svm), Tresca stress (Sint), and membrane stress.  The displacements, which are described in the cylindrical coordinate system, are based on the model assumption that all ports are closed so that the net vacuum load on the torus system is zero.  Figures 4 and 5 illustrates the contour stress plots of the von Mises stresses for plasma disruption loads and combining loads.  The unit of stress is in pascal and the unit of displacement is in meter.  The allowable values of stresses shall meet the following limits:  (1) General primary membrane stress shall not exceed 1.0 Sm or 20 ksi,  (2) Local primary membrane stress shall not exceed 1.5 Sm or 30 ksi,  and (3) Primary membrane plus bending stress shall not exceed 1.5 Sm.

The high stresses are found at two locations; the primary passive plate supports and the secondary passive plate support at the opening of 6" diagnostic port.  This is due to the facts that the disruption loads are much higher in the primary plates than the secondary plates and the upper ends of the secondary plate bracket supports do not have stiffening ribs.  Although the stresses in the vessel are all within the allowable limits, the welding at the 6" diagnostic port is in question.  For the protection of the seal weld at  the opening, it is recommended that the stiffening ribs be added to the upper end of secondary plate bracket near the opening to minimize the local stress and deformation.

The alternating stress intensity (Salt), which is defined as the largest of the amplitudes of the fluctuation of the three stress differences, is 10.22 ksi.  The mean stress (Smean) can be conservatively estimated at 11.97 ksi (22.19 ksi minus 10.22 ksi).  Using Salt and Smean, the equivalent alternating stress intensity (Seq) become 12.16 ksi.  From Appendix 5 of the ASME Boiler and Pressure Vessel Code [6], the number of fatigue cycles will be larger than 10E10.

Conclusion

Among all individual primary loads, the plasma disruption loads produced the largest von Mises stress in the vacuum vessel as shown below:


Plasma disruption 

18.13 ksi


EM (TF & PF coils) [7]
11.43 ksi 


Vacuum pressure [7]

10.94 ksi


Dead Load [7]

  3.76 ksi

The maximum stresses are not additive, since they do not occur in the same location.  The maximum stresses due to combined loads as shown in Table 1 are within the allowable limits.  

Horizontal elements of passive brackets are essential to spread the bracket reaction to a wider area.  The maximum stresses on the vessel will be about double if no horizontal bracket elements are provided.  The high vessel stresses found at the end of the horizontal bracket elements are conservative, since in the model the bracket is connected to the vessel, rather than connecting to a bolt in the middle of the horizontal channel.

The plasma disruption loads are smaller in the secondary plate than in the primary plate.  However, the highest stress was detected on the dome near the diagnostic port.  To protect the seal weld at the opening, it is recommended that horizontal ribs should be provided near the opening.

The fatigue strength has been evaluated and the number of fatigue cycles will be larger than 10E10.

Appendix A:  ANSYS files for FEA

The following files are used to generating the finite element model and performing the analysis.  The files were saved in NERSC Common File System (CFS) under the directory name of /004470/nstx.newdome


(1) nstx16da5

vacuum vessel


(2) nstx16db5 
ribs


(3) nstx16dc6a2
umbrella structure


(4) nstx16dd5d
passive plate brackets and divertor plate assembly


(5) nstx16de5a
vessel support leg


(6) nstx16df5

modify passive plate brackets


(7) nstx16f1.50c-2
modify divertor material properties, boundary condition


(8) filebc4.db

Run files (1) through (7) to generate data base, file (8)


(9) nstx16f.50c-2
generate EM loads due to TF and PF coils (case 3), vacuum loads 



(case 4), and dead loads (case 5)


(10) pd.statics-1
generate plasma disruption loads, combined load case and perform 



finite element analysis



Table 1   Stress and Displacement Results


 EMBED "ExcelWorksheet" "nstxvv.pd1" "R42C1:R61C4" \* mergeformat  
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Fig. 1  FEA Model
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  Fig. 2  Passive Plate Elements
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  Fig. 3  Outboard Divertor Elements
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   Fig. 4  von Mises Stress Contour for Plasma Disruption Loads
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   Fig. 5  von Mises Stress Contour for Combined Loads
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Results of Finite Element Analysis 

Disruption Loads (PD)

PD + EM (TF&PF) + Vac        + DL

max. Svm  (MPa)

125.0

139.0

max. Sint  (MPa)

141.0

153.0

Membrane Svm  (MPa)

50.0

75.5

Vacuum Vessel

Max. U  (mm)

0.317

0.691

max. Ux  (mm)

0.118

0.219

min. Ux  (mm)

-0.294

-0.633

max/min Uy   (mm)

0.156

0.308

max/min Uz (mm)

-0.25

-0.57

max. Svm  (MPa)

112.0

139.0

max. Sint  (MPa)

121.0

153.0

Membrane Svm  (MPa)

17.2

70.5

Cylinder Segment

Max. U  (mm)

0.296

0.691

max. Ux  (mm)

0.118

0.219

min. Ux  (mm)

-0.294

-0.633

max/min Uy   (mm)

-0.044

-0.267

max/min Uz (mm)

-0.057

-0.316

max. Svm  (ksi)

18.131708732230926

20.16246011024079

max. Sint  (ksi)

20.452567449956483

22.193211488250654

Membrane Svm  (ksi)

7.25268349289237

10.951552074267479

Vacuum Vessel

Max. U   (in)

0.012480290000000002

0.02720467

max. Ux  (in)

0.00464566

0.008622030000000001

 

min. Ux  (in)

-0.01157478

-0.024921210000000003

max/min Uy  (in)

0.006141720000000001

0.01212596

max/min Uz (in)

-0.0098425

-0.0224409

max. Svm  (ksi)

16.24601102407891

20.16246011024079

max. Sint  (ksi)

17.551494052799537

22.193211488250654

Membrane Svm  (ksi)

2.494923121554975

10.226283724978241

Cylinder Segment

Max. U   (in)

0.01165352

0.02720467

max. Ux  (in)

0.00464566

0.008622030000000001

min. Ux  (in)

-0.01157478

-0.024921210000000003

max/min Uy  (in)

-0.00173228

-0.010511790000000002

max/min Uz (in)

-0.0022440900000000002

-0.012440920000000001
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   Note: Ux, Uy, and Uz denote the radial, tangential, and vertical components of 

            displacements


