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Introduction

This System Design Description (SDD) describes the design of the Vacuum Vessel and Torus Support Structure (WBS 12) of the National Spherical Torus Experiment (NSTX). 

The design described herein is in response to System Requirements Document NSTX-SRD-12-014-01.

References to the requirements identified herein are cited in the body of the document using serial numbers preceded by an "R" and are listed in the Appendix. 

WBS 12 -  General Vacuum Vessel and Torus Support Structure Design Description 

1.0 Design Description
1.1 System Design Features

The vacuum vessel and torus support structure consist of the following elements:


- cylindrical section


- upper and lower domes


- upper and lower umbrella structures


- vacuum vessel ribs


- PF coil supports


- TF coil outer leg supports


- vacuum vessel support legs

1.2 Layout

The drawings listed in Table 1.2-1 depict the design of the subject equipment.

Table 1.2-1: Vacuum Vessel and Torus Support Structure Drawing List
	Drawing Title
	Drawing Number

	Vacuum Vessel Center Section Weldment Plan View
	NSTX-E-DB1001

	Vacuum Vessel Center Section Weldment Views A-A, B-B, D-D, Sections C-C, E-E and Details
	NSTX-E-DB1002

	Vacuum Vessel Center Section Weldment Neutral Beam Flanges Views 
	

	
	

	
	

	
	

	
	

	
	

	
	


1.3 Component Design Features

a.  Refer to the sections on the individual components.

2.0 System Performance 

a.  The baseline design for the vacuum vessel and tokamak support satisfies the baseline and upgrade performance requirements. [R1]

3.0 Interfaces

3.1 Interface Points

a.  Refer to the sections on the individual components.

3.2 Interface Requirements

a.  Refer to the sections on the individual components.

4.0 Design Basis

4.1 Standards and Codes

a.  The vacuum vessel and tokamak support structure will be designed in accordance with the general design guidelines set forth in the General Requirements Document (GRD).  [R2]

b.  The vacuum vessel and tokamak support structure will be designed to sustain the design loads and load combinations as specified in the WBS 12 System Requirements Document (SRD).  [R3]

c.  The stress acceptance criteria are primarily based on the ASME Boiler and Pressure Vessel Code, Section III, Division I. [R4]  For some one-dimensional types of elements such as column and bracing, it is more appropriate to apply the allowable stresses specified in the AISC Manual of Steel Construction.  [R5]

d.  Based on the linear finite element analysis, the ASME code  requires that the Tresca stress of the 2-D or 3-D element shall meet the following stress limits:

- General primary membrane stress shall not exceed 1.0 K Sm

- Local primary membrane stress shall not exceed 1.5 K Sm
- Primary membrane plus bending stresses shall not exceed 1.5 K Sm
- Total primary plus secondary stresses shall not exceed 3.0 K Sm

(Where the K factor is 1.0 for normal operating conditions or 1.1 in case the seismic force is involved.  Sm is the design stress intensity value defined in the ASME Boiler and Pressure Vessel code.)

e.  Since the von Mises stress is generally more accurate than the Tresca stress in the representation of the equivalent one-dimensional stress and the difference between the two is small, it will be used instead of the Tresca stress in determining the stress acceptance criteria.

f.  For stainless steel, the design stress intensity value is set at 2/3 of the minimum specified yield at temperature.

g.  For bolting material, the average tensile stress shall not exceed 1.0 Sm and maximum direct tensile plus bending stress shall not exceed 1.5 Sm. 
4.2 Supporting Analysis

Refer to the sections describing the individual subsystems

5.0 Design Implementation

5.1 Prototypes

Refer to the sections describing the individual subsystems

5.2 Mock-ups

Refer to the sections describing the individual subsystems

5.3 Component Procurement and Fabrication

Refer to the sections describing the individual subsystems

5.4 System Assembly, Installation and Testing

Refer to the sections describing the individual subsystems

Vacuum Vessel Design Description 

1.0 Design Description
The vacuum vessel is shown in drawing NSTX12-BXXXX. (Refer to drawing 12-1 in the review package)
1.1 System Design Features

a.  The vacuum vessel is comprised of upper and lower domes attached to a central cylindrical portion.  Each dome is structurally connected to the center section using a minimum of 36 .5-in. diameter bolts around the circumference.  Vacuum integrity is provided by using a nibble zone weld on the interior of the vessel where the flanges meet.

b.  The two halves of the S-1 Spheromak vacuum chamber are used for the upper and lower domes.  The cylindrical section is fabricated from .5-in. thick type 304 stainless steel.

c.  The vessel, ports, flanges and seals are designed to provide a high vacuum environment and be compatible with high-temperature (350°C ) bakeout.

d.  The vacuum vessel supports the outer poloidal field (PF) coils, the outer divertor and the passive stabilizers.

e.  Upper and lower umbrella structures are attached to the vessel domes to react the electromagnetic loads from the toroidal field (TF) coils.

1.2 Layout

a.  The vacuum vessel is 3.4-m. in diameter and 3.7-m. high.

b.  Umbrella structures are welded to the upper and lower domes of the vessel .  These structures are .6-m. high and 1.1-m. in diameter.

c.  The vacuum vessel is mounted on four support columns to the PLT base platform.  Mounted on the columns, the top of the vacuum vessel with the umbrella structure attached is 5.9-m above the PLT base.

1.3 Component Design Features

1.3.1 Vessel Domes

a.  Details of the vessel domes are shown in drawing NSTX12-BXXXX. (Refer to drawing 12-2 in the review package)
b.  The domes were fabricated from .5-in. thick type 304 stainless steel with eight stiffeners spaced at 45°.

c.  Each dome contains 11 ports which extend from the domes at various heights and angles.  All of the ports are equipped with Huntington non-rotatable Vac-U-Flat wire seal flanges and fittings.

d.  The vertical center of each dome contains a 1.3-m. diameter port to accommodate the centerstack assembly (WBS 133).  The flanges and seals for these ports are part of the centerstack assembly and are discussed in NSTX-SDD-13-YYYY.  

e.  PF Coils #2 and #3 are supported from the vessel domes.  The existing supports will be modified to allow the vessel to freely expand during bakeout.  The PF-2 holder will be modified by slotting  the holes for the thru-bolts and using a low friction coating between the coil and support plates.  The PF-3 holder will be modified in the same way however, the coil positioning mechanism will be moved from its existing inboard orientation to the outboard as in PF-2.

f.  The upper and lower passive stabilizers are supported from the vacuum vessel.  Each passive stabilizer is segmented into twenty four plates, two poloidally and 12 toroidally.  The passive stabilizers are discussed in NSTX-SDD-11-YYY.  The individual segments of the passive plates are supported through four .5-in. thick toroidal rings.  These rings are supported by .5-in. thick plates which are welded to the vessel domes and cylindrical section.

1.3.2 Vessel Cylindrical Section

a.  The cylindrical section of the vessel is fabricated from .5-in. thick type 304 stainless steel.

b.  The cylindrical section contains 12 24.-in. diameter ports spaced at 30° intervals around its circumference.  Each of the ports is equipped with Huntington Vac-U-Flat wire seal flanges.

c.  PF Coils #4 is supported from the vessel cylindrical section.  A new support will be fabricated for the PF-4 with the same basic design as the PF-2 and 3 holders.  Here again slotted holes for the thru-bolts and a low friction coating between the coil and support plates will be used.  Details of the new PF-4 holder are shown in drawing NSTX12-BXXXX. (Refer to drawing 12-3 in the review package)
1.3.3 Vessel Supports

a.  The vacuum vessel is supported from the PLT base using leg assemblies at four locations.  The leg assembly is shown in drawing NSTX12-BXXXX. (Refer to drawing 12-4 in the review package)
b.  Four of the six existing PLT support columns will be used.  These columns will be shortened to a length a 1.35m. and a 3.2-cm. thick flange plate will be welded to the top of each column.  At the vessel, three 1.9-cm. thick plates are welded to the lower dome near the cylindrical section.  Connection between the vessel attachment and the columns is made through a W8x40 beam.  Slotted holes and a low-friction coating at the bolted connection at the top of the W8x40 beam allow the vessel to move radially during bakeout.

2.0 System Performance

a.  The baseline design for the vacuum vessel satisfies the baseline and upgrade performance requirements. [R1]

3.0 Interfaces

3.1 Interface Points

Table VV-3.1-1: Interfaces with the Vacuum Vessel

	WBS
	Interface Point

	11
	Passive Stabilizers, outer divertor plates and poloidal limiters at vessel wall.

	12
	The vessel interfaces with the tokamak support structure at the lower umbrella.

	13
	Outer TF coil legs at umbrella structure and vessel wall; outer PF coils at coil supports, centerstack at dome center flanges and umbrella structure.

	2x
	Plasma heating and current drive systems at vessel midplane ports.  Exact interface points are TBD.

	3x
	Auxiliary systems at various vessel ports.  Exact interface points are TBD.

	4x
	Diagnostics at various ports and locations within the vessel.  Exact interface points are TBD.

	5x
	CHI power system.  Exact interface points are TBD.

	6x
	Exact interface points are TBD.


3.2 Interface Requirements

Table VV-3.1-2: Interface Requirements with the Vacuum Vessel

	WBS
	Interface Requirement

	11
	Vessel must support all loads on passive Stabilizers, outer divertor plates and poloidal limiters at vessel wall.

	12
	The tokamak support structure must react the deadload of the centerstack and outer TF legs through the vessel umbrella structure.

	13
	Vessel must support all loads on outer TF coil legs at umbrella structure and vessel wall; outer PF coils at coil supports.  Vessel must support  centerstack EM loads at the umbrella structure.

	2x
	TBD

	3x
	Bakeout system must provide mechanism for high temperature bakeout of vessel.

	4x
	TBD

	5x
	TBD

	6x
	TBD


4.0 Design Basis

4.1 Standards and Codes

Refer to Section 4.1 in the General Vacuum Vessel and Tokamak Support Structure Design Description.
4.2 Supporting Analysis

a.  Stress analyses of the NSTX tokamak structure have been performed with the finite element method using MSC/NASTRAN [R6].  Loading conditions include electromagnetic loads, vacuum pressure, dead load, thermal load (100°C), seismic load, and plasma disruptions..  Table VV-4.2-1 summarizes these FEA NASTRAN's runs. The units of force, length, and time used in analyses is pound, inch and second, respectively.

Table VV-4.2-1: FEA Analyses

	Run IDs
	FEA Models
	Types of Analyses
	Loadings *

	UNASI5
	Center Stack
	Static Analysis
	EM

	NSTX7C
	90° Model (Fine Mesh)
	Static Analysis
	EM, P, DL, and T

	NSTXE4
	360° Model w/Lumped Masses
	Static Analysis
	SE and DL

	PSTXDYN14
	90° Model with Ports
	Natural Frequency
	-

	PSTXDYN15
	90° Model with Ports
	Dynamic Analysis
	Vertically Moving PD

	PSTXDYN16
	90° Model with Ports
	Dynamic Analysis
	Radially Moving PD


* Notes:
EM - Electromagnetic load



P   - Vacuum Pressure



DL - Dead Load



T   - Thermal load



SE - Seismic Load



PD - Plasma disruption

b.  Examination of the analytic results demonstrates the critical regions in the vacuum vessel are:

- where the supports are installed, including the TF coil supports and vacuum vessel supports when the vessel is subjected to dead weight, EM load, and seismic load.

- where the constraints are imposed, such as when the vessel is restrained by the PF coils and center stack due to thermal expansion and vacuum pressure.

- where the large openings are located when the vessel is subjected to vacuum pressure. 

c.  Table VV-4.2-2 lists the maximum von Mises stresses in the vacuum vessel for individual loads and load combinations from static and seismic computer runs, NSTX7C and NSTXE4.  Table VV-4.2-3  summarize the maximum von Mises stresses in the vacuum vessel and the vessel support for the required load combinations [R3].  The stress acceptance criteria for four operating conditions were included in the Tables for comparison.  All stresses are found to be within the allowable limits.  Note that the highest stresses are due to constraining the vessel during bakeout.  The current design employs sliding joints at the vessel and coil supports which allow the vessel to grow radially thus minimizing any thermal stress effects while maintaining adequate rigidity to react the other loads.  The remaining regions of the vacuum vessel have relatively lower stresses and it appears that the half-inch stainless steel vessel is more than adequate to sustain the design loads.

d.  An analysis was performed to determine the magnitude of the thermal growth of the vessel during bakeout.  In the analysis the vessel was assumed to reach a temperature of 300°C.  The maximum vertical growth occurs at the top of the vessel and has a magnitude of 0.72-in.  The maximum radial growth occurs at the vessel cylindrical section with a magnitude of 0.3-in.

Table VV-4.2-2: Maximum Von Mises Stresses in Vacuum Vessel

	Loadings
	Subcase
	Run IDs. 
	Stresses (psi)
	Locations

	EM Loads (PF + TF)
	3
	NSTX7C
	7,201
	TF support, rib

	Vacuum  (14.7 psi)
	4
	NSTX7C
	4,755
	Opening

	Dead Load (104,092 lbs)
	5
	NSTX7C
	5,798
	Vessel support

	Dead Load (104,092 lbs)
	5
	NSTXE4
	5,877
	Vessel support

	Thermal Load (100°C)*
	16
	NSTX7C
	42,990
	Angular flange, rib

	Seismic Load (h=0.243g)
	6 or 7
	NSTXE4
	8,824
	Vessel support

	EM & Vacuum
	10
	NSTX7C
	5,898
	TF support, opening

	DL & Seismic
	12
	NSTXE4
	10,648
	Vessel support

	EM, DL, & Vacuum
	11
	NSTX7C
	8,370
	Vessel and TF support

	EM, DL, & Vacuum
	5 +10
	NSTXE4 & NSTX7C
	8,449
	Vessel and TF support

	EM, DL, Vacuum, & Seismic
	11+12-5
	NSTX7C & NSTXE4
	13,141
	Vessel support

	T, DL, & Vacuum
	20
	NSTX7C
	42,897
	Angular flange, rib


* Note:  The value of 100°C was chosen for scaling purposes.  The thermal analysis assumes a fully constrained vessel.  The current design allows the vessel to grow radially at the coil and vessel supports to minimize the effect of the thermal load.

Table VV-4.2-3: Maximum  Stresses in Vacuum Vessel and Vessel Support for Load Combinations

	
	
	Vessel
	Vessel Support
	

	Load Combinations
	Stress Types
	von Mises Stresses (psi)
	von Mises Stresses (psi)
	Stress Allowables

	DL, P, and EM
	Membrane plus bending
	8,370
	5,205
	30,000

	
	Membrane only
	8,174
	5,129
	20,000

	DL, P, EM, and PD
	Membrane plus bending
	8,697
	5,532
	30,000

	
	Membrane only
	8,501
	5,456
	20,000

	DL, P, EM, and SE
	Membrane plus bending
	13,141
	8,203
	33,000

	
	Membrane only
	12,027
	8,087
	22,000

	DL, P, and T
	Primary plus secondary
	42,897
	14,616
	54,000


e.  The effects of plasma disruptions are very small compared to the effects of other design loads.  The maximum displacements produced by the plasma disruption are 0.0011" for vertical moving plasma disruption and 0.0008" for radial moving plasma disruption. 

f.  The stress resultants from load combinations are not necessarily the sum of the individual maximum stress, because the maximum stresses do not occur in the same locations and the stress vectors do not usually match directions.  However, simultaneous occurrence of several individual loads shall generally increase the stress magnitudes.  An exceptional case was found for thermal load plus vacuum pressure where the reverse effects were noted and the maximum stress value was lower.

g.  A detailed ANSYS model which reflects the latest design changes in NSTX has been developed.  Analysis of this model is currently underway. [R7]

5.0 Design Implementation

5.1 Prototypes

None

5.2 Mock-ups

None

5.3 Component Procurement and Fabrication

The vessel domes exist.  Rolling of the cylindrical section will be subcontracted.  All remaining vessel fabrication will be performed at PPPL.

5.4 System Assembly, Installation and Testing

The vessel will be pre-assembled, tested and disassembled prior to installation in the test cell.  Installation in the test cell is the responsibility of WBS 8.

Tokamak Support Structure Design Description 

1.0 Design Description
1.1 System Design Features

a.  The tokamak support structure is comprised of support platforms for the outer TF legs and the centerstack assembly which are attached to the PLT base.  

1.2 Layout

a.  The tokamak support structure is located beneath the lower umbrella structure of the vessel.  Both the centerstack and outer TF leg support platforms are 47.-cm. high, spanning the distance between the umbrella structure and the PLT base.

1.3 Component Design Features

1.3.1 Outer TF Support

a.  The outer TF support consists of a 2.54-cm. thick annular plate with an inside diameter of 1.84-m. and an outside diameter of 2.15-m.   The ring is supported by four 8x40 columns which are gusseted and welded to the ring.  The base of each column is bolted to the PLT base.

1.3.2 Centerstack Support

a.  The centerstack support consists of a tubular section, 1.-m. in diameter and 1.27-cm. thick with 2.54-cm. thick flanges welded to each end  The base of each column is bolted to the PLT base.

2.0 System Performance

a.  The baseline design for the tokamak support structure satisfies the baseline and upgrade performance requirements. [R1]

3.0 Interfaces

3.1 Interface Points

Table TSS-3.1-1: Interfaces with the Tokamak Support Structure

	WBS
	Interface Point

	11
	None

	12
	Tokamak support structure interfaces with the vessel at the lower umbrella structure.

	13
	Outer TF coil legs at the umbrella structure and the centerstack at the umbrella structure.

	2x
	None

	3x
	Auxiliary system interface points are TBD.

	4x
	Diagnostic interface points are TBD.

	5x
	Power system interface points are TBD.

	6x
	C&IC interface points are TBD.


3.2 Interface Requirements

Table TSS-3.1-2: Interface Requirements with the Vacuum Vessel

	WBS
	Interface Requirement

	11
	None

	12
	The tokamak support structure must react the deadload of the centerstack and outer TF legs through the vessel umbrella structure.

	13
	Tokamak support structure must support all dead loads from the outer TF coil legs at umbrella structure and the centerstack dead loads at the umbrella structure.

	2x
	TBD

	3x
	TBD

	4x
	TBD

	5x
	TBD

	6x
	TBD


4.0 Design Basis

4.1 Standards and Codes

Refer to Section 4.1 in the General Vacuum Vessel and Tokamak Support Structure Design Description.
4.2 Supporting Analysis

a.  Stress analyses of the NSTX tokamak support structure will be performed as part of the upgraded ANSYS model. [R7]

5.0 Design Implementation

5.1 Prototypes

None

5.2 Mock-ups

None

5.3 Component Procurement and Fabrication

The tokamak support structure will be fabricated at PPPL.

5.4 System Assembly, Installation and Testing

The support structure will be pre-assembled prior to installation in the test cell.  Installation in the test cell is the responsibility of WBS 8.

APPENDIX

	#
	Description
	Value
	Units
	Reference

	1
	VV System Requirements Document 
	n.a.
	n.a.
	NSTX-SRD-12-014 r0

	2
	VV GRD Requirement
	n.a.
	n.a.
	NSTX-RQMTS-GRD r0, sec. 3.0

	3
	VV System Requirements Document 
	n.a.
	n.a.
	NSTX-SRD-12-014 r0, sec. 3.0

	4
	ASME Boiler and Pressure Vessel Code
	n.a.
	n.a.
	ASME, New York, NY

	5
	Manual of Steel Construction
	n.a.
	n.a.
	AISC, Chicago, IL

	6
	CDR - Structural Analysis of NSTX Tokamak Structure
	n.a.
	n.a.
	PPPL Memo; DAD-64

	7
	Updated Structural Analysis of NSTX Tokamak Structure
	n.a.
	n.a.
	NSTX 12-


