1.1 Subsystem Definition

The vacuum vessel is a contoured, three-period torus with a geometry that repeats every 120º toroidally.  The geometry is also mirrored every 60º so that the top and bottom sections of the first (0º to 60º) segment, if flipped over, are identical to the corresponding sections of the adjacent (60º to 120º) segment.  The vessel will be fabricated in three subassembly (VVSA) units (each including a spool piece to join the segments together) and joined together at the assembly site.  With the exception of the large vertical ports and the neutral beam port located mid-segment, all port assembly extensions are required to be installed onto the three vessel sub-assemblies after installation of the modular coils and TF coils as part of the NCSX field period assembly operation.  The VVSA will be supported from the modular coil shell structure via adjustable hangers.  The VVSA will be traced with tubes and resistance strip heaters, which will be used for temperature control.
All work required to execute the Project has been identified in the latest version of the Stellarator Core Systems (WBS 1) Work Breakdown Structure Dictionary (NCSX-WBS1-xx, where xx represents the latest approved version).  A listing of Level 4 (3-digit) WBS elements included in the Vacuum Vessel System (WBS 12) is provided below:

· Vacuum Vessel Assembly (WBS 121)

· Vacuum Vessel Thermal Insulation (WBS 122)

· Vacuum Vessel Heating and Cooling Distribution Systems (WBS 123)

· Vacuum Vessel Supports (WBS 124)

· Vacuum Vessel Local I&C (WBS 125).

1.1.1 Subsystem Diagrams

1.1.1.1 Functional Relationships

A block diagram of the Vacuum Vessel System and its environment is depicted in Figure 3‑1.
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Figure 3‑1 Vacuum vessel system functional relationships

1.1.1.2 Functional Flow Block Diagram

A functional flow block diagram (FFBD) is provided in Figure 3‑2.
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Figure 3‑2 Functional flow block diagram

1.1.2 Interface Definition

1.1.2.1 In-vessel Components (WBS 11)

In-vessel Components (WBS 11) include limiters, an internal liner, internal trim coils, and local instrumentation and control (I&C).  These elements are not included as part of the MIE project.  However, it is necessary to assure that the full complement of in-vessel components can be accommodated as a future upgrade.  These components will be supported from the vacuum vessel.  Vacuum feedthroughs may be needed for electrical and cooling lines.  In-vessel components with be baked to 350ºC by elevating the vacuum vessel to that temperature.  In-vessel components may also be cooled via the vacuum vessel for modest heat loads.

1.1.2.2 Conventional Coils (WBS 13)

Conventional Coils (WBS 13) include the toroidal field (TF), poloidal field (PF), and external trim coils.  Although there is no physical contact between these coils and the vacuum vessel, they are all inside the cryostat.  Port extensions from the vacuum vessel pass through these coils to the exterior of the cryostat.  It is essential that clear access (without interference) be maintained under all operating conditions.  The port extensions physical interfaces with the conventional coils must be documented in an Interface Control Document (ICD) or an applicable drawing by the time of the VVSA FDR.

1.1.2.3 Modular Coils (WBS 14)

Modular coils have key interfaces with the vacuum vessel.  The vacuum vessel is structurally supported off the modular coils for vertical and lateral loads.  The vacuum vessel operates at or substantially above room temperature whereas the modular coils operate at cryogenic temperature.  This requires that the modular coils be thermally isolated from the vacuum vessel in the structural supports and with thermal insulation around the vacuum vessel shell and port extensions.  Since the vacuum vessel shell is surrounded by the modular coil windings and structure, all of the vacuum vessel port extensions must penetrate through the modular coils without interference.  The close proximity of the vacuum vessel and modular coils requires careful attention to clearances during field period and final assembly. The following functional and physical interfaces must be documented in Interface Control Documents (ICDs) or applicable drawings by the time of the VVSA FDR:

· Vacuum vessel heat loads on the modular coils;

· Vacuum Vessel Port Extension interfaces with the modular coils; 

· Assembly clearances and orientation between the vacuum vessel and modular coils; and 

· Physical attachment to the modular coil support structure.

1.1.2.4 Coil Support Structures (WBS 15)

Coil support structures include shelves above and below the modular coils.  Since these structures are inside the cryostat, port extensions from the vacuum vessel must pass through these structures to the exterior of the cryostat.  It is essential that clear access (without interference) be maintained under all operating conditions.  The port extensions physical interfaces with the coil support sructure must be documented in an Interface Control Document (ICD) or an applicable drawing by the time of the VVSA FDR.

1.1.2.5 Cryostat (WBS 171)

The vacuum vessel is located inside the cryostat.  Each of its port extensions represents a penetration of the cryostat.  The function of the cryostat is to maintain a cold, dry nitrogen environment for the cryo-resistive coils inside the cryostat.  The vacuum vessel operates at or substantially above room temperature, so it must be thermally isolated from the cryostat environment.  The following functional and physical interfaces must be documented in Interface Control Documents (ICD) or applicable drawing by the time of the VVSA FDR:

· Heat loads from the vacuum vessel to the cryostat boundary;

· Definition of the heating and cooling penetrations at the cryostat boundary; and 

· Vacuum Vessel Port Extension interfaces with the cryostat.

1.1.2.6 Field Period Assembly (WBS 18)

The vacuum vessel will have interfaces with the tooling and metrology equipment required for field period assembly, including lifting points and monuments to facilitate position measurements.  The following physical interfaces must be documented in Interface Control Documents (ICDs) or applicable drawing by the time of the FDR for the field period assembly:

· Vacuum vessel assembly related attachments, special tooling needs, lifting points, and clearance requirements for field period assembly;

· Vacuum vessel assembly related attachments, special tooling needs, lifting points, clearance requirements, and measurement for final assembly;

· Clearance requirements, special special tooling needs, and measurement provisions for adding cooling/heating lines and insulation prior to final asssembly; and 

· Vacuum vessel assembly related attachments, special tooling needs, clearance requirements, and measurement provisions  for adding vacuum vessel port extensions.

1.1.2.7 Fueling Systems (WBS 21)

Gas fueling will be accomplished via gas injectors located inside the vacuum vessel.  Pellet fueling will be accomplished via pellet injectors located outside the vacuum vessel, which will fire fuel pellets on a line-of-sight into the plasma or into guide tubes to facilitate launch from the high field side.  Interfaces include port access, in-vessel support, and feedthroughs.  The physical envelopes for accommodating gas injection assemblies should be documented in Interface Control Documents (ICDs) or applicable drawings by the time of the VVSA FDR.

1.1.2.8 Torus Vacuum Pumping System (WBS 22)

Functionally, the Torus Vacuum Pumping System (TVPS) provides the vacuum pumping required to achieve ultra-high vacuum conditions inside the vacuum vessel.  This is requires that ample port access be provided for attaching the TVPS to the vacuum vessel.  The physical design of the neutral beam transition ducts must be documented in an Interface Control Document (ICD) or an applicable drawing by the time of the VVSA FDR. 

1.1.2.9 Wall Conditioning Systems (WBS 23)

This WBS element includes systems which facilitate achieving the vacuum conditions required for good plasma performance such as glow discharge cleaning, boronization, and lithiumization.  These systems will typically require in-vessel support and port feedthroughs.  The physical design and location of the glow discharge cleaning anodes and filaments must be documented in an Interface Control Document (ICD) or an applicable drawing by the time of the VVSA FDR.

1.1.2.10 ICH (WBS 24)

The vacuum vessel must be designed to accommodate (as a future upgrade) three inboard ICH launchers.  This requires in-vessel support for the launchers plus port access for the RF feeds.  The physical envelope for accommodating an ICH upgrade should be documented in an Interface Control Documents (ICD) or applicable drawing by the time of the VVSA FDR.

1.1.2.11 Neutral Beam Injection System (WBS 25)

The Neutral Beam Injection (NBI) System consists of a single co-injected beam installed initially with future upgrades for co- and counter-injected beams.  Unobstructed tangential access is a critical interface requirement.  The beam energy which is not absorbed by the plasma or shinethrough armor will impinge directly on the vacuum vessel.    The physical envelope for accommodating NBI upgrade, including port extensions and viewing angles,  should be documented in Interface Control Documents (ICDs) or applicable drawings by the time of the VVSA FDR.  

1.1.2.12 ECH (WBS 26)

The vacuum vessel must be designed to accommodate (as a future upgrade) ECH launchers.  This requires port access for the ECH launchers.    The physical envelope for accommodating an ECH upgrade should be documented in an Interface Control Documents (ICD) or applicable drawing by the time of the VVSA FDR.

1.1.2.13 Diagnostics (WBS 3)

Diagnostic interfaces with the vacuum vessel are pervasive.  Magnetic diagnostics will be mounted on the interior and exterior of the vacuum vessel.  In-vessel diagnostics will require structural support and feedthroughs.  Sightlines and view angles are critical for port-mounted diagnostics.  The vacuum vessel must be designed to accommodate (as a future upgrade) the full complement of required diagnostics.    The following physical interfaces must be documented in Interface Control Documents (ICDs) or applicable drawings by the time of the VVSA FDR:

· Diagnostic port orientation and allocations; and 

· Attachment schemes for day-1 suite of in-vessel and ex-vessel diagnostics.

1.1.2.14 Electrical Power Systems (WBS 4)

Electrical power systems provide the electrical grounding for the vacuum vessel.  They also provide the electrical power for the resistive strip heaters which control the temperature of the vacuum vessel port extensions.  The physical interface for a single-point vacuum vessel grounding connection to the NCSX grounding system outside the cryostat must be documented in an Interface Control Documents (ICD) or applicable drawing by the time of the VVSA FDR.

1.1.2.15 Central I&C (WBS 5)

Central I&C (WBS 5) is responsible for taking the output from the sensors provided in the local I&C in the Vacuum Vessel System (WBS 12), processing those signals and displaying and storing the data.  The physical interface envelops for vacuum vessel local I&C connections to the central I&C systems must be documented in an Interface Control Documents (ICD) or applicable drawing by the time of the VVSA FDR.

1.1.2.16 Helium Bakeout System (WBS 64)

The Helium Bakeout System provides high pressure helium to the vacuum vessel for heating and cooling the vacuum vessel.  The cooling and heating the vacuum vessel heating and cooling provisions must be documented in a physical Interface Control Document (ICD) or applicable drawing by the time of the VVSA FDR.

1.1.2.17 Test Cell Preparations and Machine Assembly (WBS 7)

The modular coils will have interfaces with the tooling and metrology equipment required for field period assembly. The intent is to utilize the tooling and metrology equipment designed and procured for the field period assembly (WBS 18) so the ICDs and/or applicable drawings will provide the necessary documentation.
