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Scope

1.1 Introduction
The National Compact Stellarator Experiment (NCSX) is an experimental research facility that is to be constructed at the Department of Energy’s Princeton Plasma Physics Laboratory (PPPL). Its mission is to acquire the physics knowledge needed to evaluate compact stellarators as a fusion concept, and to advance the understanding of three-dimensional plasma physics for fusion and basic science.

A primary component of the facility is the stellarator core, an assembly of four magnet systems that surround a highly shaped plasma and vacuum chamber. The coils provide the magnetic field required for plasma shaping and position control, inductive current drive, and error field correction.

This document, the Modular Coil System Requirements Document (MCSRD), describes the functions, performance requirements, operational requirements, and design constraints for the modular coil subsystem of the stellarator core.  

1.2 Document Overview

The MCSRD is a subsystem specification of the General Requirements Document (GRD), which specifies the performance, design, documentation, and quality assurance requirements for the NCSX Project.  The performance characteristics defined in the GRD are allocated to the subsystems through the Characteristics Allocation Matrix in Appendix B.  This document refers directly to those allocated requirements.
1.3 Incomplete and Tentative Requirements
Within this document, the term “TBD” (to be determined) indicates that additional effort (analysis, trade studies, etc) is required to define the particular requirement.  The term “TBR” (to be revised) indicates that the value given is subject to change.

2 Applicable Documents

The following documents form a part of this specification to the extent specified herein.  In the event of a conflict, the contents of this specification shall be considered a superceding requirement.

2.1 Government Documents

DOE-STD-1020-2002, Natural Phenomena Hazards Design and Evaluation Criteria for DOE Facilities
29CFR1910, OSHA Requirements
DOE O 420.1, Facility Safety
2.2 PPPL Documents

PPPL ESHD-5008, “PPPL Environment, Safety, and Health Directives.”
2.3 NCSX Documents
Work Breakdown Structure (WBS) Dictionary, Stellarator Core Systems

NCSX Vacuum Materials List

NCSX Structural and Cryogenic Design Criteria Document, NCSX_DesCrit_IJZ_051302

NCSX Grounding Specification for Personnel and Equipment Safety 

NCSX Test and Evaluation Plan 

NCSX RAM Plan 

2.4 Other Documents

TBD

3 System Requirements

3.1 System Definition

3.1.1 General Description
The modular coil set consists of three field periods with 6 coils per period, for a total of 18 coils.  Due to symmetry, only three different coil shapes are needed to make up the complete assembly.  The coils are connected electrically with three circuits in groups of six coils, according to type.  Figure 1 shows the general arrangement of the coils and structure.

3.1.2 System Elements

The work breakdown structure (WBS) for the modular coil system includes the winding forms (WBS 141), coil windings and assembly (WBS 142), instrumentation (WBS 143), and the winding facility and fixtures (WBS 144).

[image: image1.png]



Figure 1 - Modular Coil General Arrangement

3.1.3 System Functions
Winding Forms (WBS 141) - The function of the winding forms is to provide an accurate means of positioning the conductor during the winding and vacuum-pressure impregnation (VPI) process.  The winding forms are permanent structures that also provide mechanical support for the windings during coil operation.  The complete assembly of winding forms is referred to as the structural shell.

Windings and Assembly (WBS 142) - The function of the modular coil windings is to provide the basic quasi-axisymmetric magnetic configuration for the device.  The windings can produce alternate magnetic configurations by varying the current for each coil type independently.

Instrumentation (WBS 143) – The function of coil local instrumentation is to monitor coil behavior during operation and provide feedback to the coil protection system.  The required data includes voltage, temperature, strain, and flow measurement.

Winding Facility and Fixtures (WBS 144) - The function of the winding fixture, tooling, and autoclave is to provide precise support and positioning of the winding form and conductor during the winding process, and to meet the requirements of the VPI process.  
3.2 Characteristics
3.2.1 Performance Characteristics
3.2.1.1 Electrical
The modular coil system shall be capable of performing electrical continuity, resistance, and low-current tests as part of the facility initialization and Integrated System Test Program (ISTP).

The modular coils shall be capable of performing pre-pulse initialization and readiness tests.

The modular coils shall be capable of performing the reference scenarios defined in GRD Section 3.2.1.5 and summarized in Table 1:

Table 1 – Reference Scenarios and Modular Coil Current

	Scenario
	Max Current (kA)
	Max I2t (A2-s)
	Max ESW (s)

	First Plasma (0.5-T)
	225
	93 E6
	0.76

	Field Mapping
	225
	450 E6
	3.6

	1.7-T Ohmic
	763
	1400 E6
	1.0

	1.7-T High Beta
	763
	1350 E6
	0.97

	2.0-T High Beta
	818
	1530 E6
	0.90

	1.2-T Long Pulse
	538
	1300 E6
	2.0

	320-kA Ohmic
	707
	1270 E6
	1.0


The coils shall be capable of a controlled shutdown during normal plasma termination and a fast shutdown if necessary to avoid hardware damage. 
3.2.1.2 Thermal
The coil windings shall be designed to operate at a temperature of 80-K for maximum performance and compatibility with existing power supplies.

The coil system shall be designed to cool-down from room temperature to 80-K in less than 96 hours.

The modular coils shall be designed for more than 150 cool-down and warm-up cycles during facility operation.

During bakeout, the maximum local temperature at the coil windings shall not exceed 90-K, and the coils shall be capable of returning to the operating temperature within 24-hrs.

After a pulse, the coil windings shall be capable of being cooled to pre-pulse temperature in a minimum time interval of 5-min and maximum of 15-min.
The modular coils shall be designed to warm-up from 80K to room temperature in less than 96 hours.

3.2.1.3 Mechanical
The modular coils shall support operational loads with a minimum of deflection.  Table 2 lists the maximum EM loads that will occur during performance of the reference plasma scenarios:
Table 1 Maximum Operational Loads on Structural Shell

	
	Max  Radial Load (kip)
	 Max Vertical Load (kip)
	Avg Inboard Pressure (psi)
	Avg Outboard Pressure (psi)
	Max Coil Radial Load (kip/in)
	Max Coil Lateral Load (kip/in)

	Segment / Coil 1
	200
	10
	220
	70
	3
	6

	Segment / Coil 2
	320
	110
	280
	75
	6
	7

	Segment / Coil 3
	90
	120
	170
	80
	4
	6.5


In addition, the modular coils shall be capable of supporting loads due to gravity, temperature, and seismic events.
3.2.2 Configuration and Essential Features
The modular coil system shall consist of 18 coils, arranged in three field periods with six coils per field period.

The coils shall be connected electrically in 3 circuits, with coils of each type in series.

Positive modular coil current flows in +Z direction in the inboard leg of coil, producing a positive toroidal field.

Each modular coil shall consist of two winding packs, wound on either side of a structural tee feature on the winding form.  The two winding packs comprise a modular coil.

The position of the winding center of each modular coil shall conform to the prescribed geometry within a tolerance of +/- 1.5-mm.

Each winding form shall be segmented in the poloidal direction so that the longest lived eddy current eigenmode for the structure is less than 20-ms.
The coils shall provide access for tangential Neutral Beam Injection (NBI), Ion Cyclotron Resonance Heating (ICRH), vacuum pumping, diagnostics, and personnel access.

The winding form assembly shall provide a means of supporting the vacuum vessel (WBS 12).

The winding form assembly shall itself be supported by TF/PF coil support structure (WBS 15).
Each modular coil assembly shall be equipped with multiple Resistance Temperature Detectors (RTDs) in order to provide pre- and post-pulse monitoring of conductor average temperature.

Each modular coil shall be equipped with voltage taps at the leads.

Each winding form shall be equipped with strain gages along the length the coil.

The modular coil winding fixture shall be designed to accommodate three coil types.
Winding tooling shall be designed for accuracy and ease of use.
 The winding facility autoclave shall be designed to meet the requirements of the VPI process: 

· Access ports for epoxy feed-through, thermocouples, viewports, personnel entry.

· Heat coil assembly to minimum temperature of 130-C.

· Provide positive pressure of 15-psig.

· Achieve vacuum <1-torr in 4-hours

· Heat assemblies from RT to 45-C in 4-hours, 45-C to 110-C in 15-hours

· Provide temperature monitoring and feedback control of heating.

3.2.3 System Quality Factors

The modular coil system shall incorporate reliability and maintainability features in the design that are consistent with achieving a high (greater than 75%) operational availability after the initial shakedown and commissioning phases of the system.
Provisions for recovery shall be made for every credible failure mode.

As part of the stellarator core, the modular coils shall be capable of being disassembled and reassembled within one year to permit replacement of any part or machine reconfiguration that would require disassembly.

Assemblies that exceed two man manual lift limits shall include provisions for lifting eyes or other sling attach provisions.

The facility shall have a design life of >10 years when operated per the reference scenarios.

The facility shall be designed for the following maximum number of pulses when operated per the reference scenarios defined in Section 3.2.1.5.3.3.1 and based on the factors for fatigue life specified in the NCSX Structural and Cryogenic Design Criteria Document:

• 100 per day
• 13,000 per year
• 130,000 lifetime
3.2.4 Transportability
All assemblies and components shall be transportable by commercial carrier via highway, air, sea, or railway. All system elements that are unsuitable, due to operational or functional characteristics, for normal transportation methods by highway, air, or railway shall be identified.

3.3 Design and Construction
The modular coil system shall be designed in accordance with the NCSX Structural and Cryogenic Design Criteria.
3.3.1 Materials, Processes, and Parts
Materials used in the construction of the winding forms, windings, and assembly shall have a relative magnetic permeability of less than 1.02.

Materials, processes, and protective surface treatments or finishes shall be provided to ensure that equipment capability during its service life is not degraded due to corrosion. Where possible, contact between dissimilar metals shall be avoided.
3.3.2 Electrical Grounding

A single-point electrical grounding system shall be provided in accordance with the NCSX Grounding Specification for Personnel and Equipment Safety.

A ground-loop detection system shall be provided to facilitate maintaining the integrity of the grounding system.

Voltage isolation shall be provided between the VV and systems attached to the vacuum vessel, in accordance with the NCSX Grounding Specification for Personnel and Equipment Safety.
3.3.3 Nameplates and Product Marking

Equipment and any parts of that equipment to be used by personnel shall be identified with appropriate labels. Labels shall indicate clearly and concisely the function and purpose of the item being labeled. Hierarchical labeling shall be used to facilitate component location on control panels. The terminology used for equipment, procedures, and training materials shall be the same for each case. Label design shall be consistent to promote simplicity and avoid clutter. The use of abbreviations and acronyms shall be minimized. Permanent labels shall be attached to the specific component or equipment in such a manner that environmental conditions or usage by personnel will not remove or destroy the label. Temporary labels shall be used only when necessary and shall not obscure other information or equipment. If a temporary label is to designate a device that is out of service, the label shall be applied so that it prevents the use of that device. Labeling shall be legible and conform to human visual capabilities and limitations in regard to physical characteristics.
3.3.4 Workmanship

During modular coil fabrication, particular attention shall be given to freedom from blemishes, defects, burrs, and sharp edges; accuracy of dimensioning radii of weld fillets; making of parts; thoroughness of cleaning; quality of brazing, welding, riveting, painting, and wiring; alignment of parts; and tightness and torquing of fasteners.
3.3.5 Interchangeability

Design tolerances shall permit parts and assemblies of the same part number to be used as replacement parts without degrading the specified performance of the parent item.
3.3.6 Environmental, Safety, and Health (ES&H) Requirements

When utilized within its intended use and within specified environments, the safe operation, test, handling, maintenance and storage of the system hardware and software shall be provided.

The coil system shall not present any uncontrolled safety or health hazard to user personnel.

The coil system shall be designed to detect abnormal operating conditions and safeguard personnel.

The system shall meet all applicable OSHA requirements in accordance with 29CFR1910. The system shall limit personnel exposure to hazardous materials to below their OSHA permissible exposure limit (PEL).

The use of flammable materials shall be minimized. Components containing flammable materials, fluids or gases shall be designed to minimize the possibility of leaks and spills.

Electrical apparatus and systems shall be designed so that two simultaneous failures of high voltage (>600 V) barriers or a single failure of a low voltage barrier would have to occur to endanger workers performing work processes.

Designs shall comply with the requirements of PPPL-ES&HD-5008, Section 2.
3.3.7 Human Engineering

Human factors technology shall be considered in the design, operation, and maintenance of the modular coil system. The criteria and requirements provided in this section are applicable to the design of the work environment and humanmachine systems at NCSX facilities. These criteria shall apply to new construction and to retrofitting of existing facilities. These criteria shall be considered for upgrading existing facilities where cost-benefit or risk tradeoff analyses indicate justification for such expenditures.
3.3.8 System Security

Protection from unauthorized access and use of the modular coils shall be provided as part of the overall NCSX facility control system.
3.3.9 Government Furnished Property Usage
Not applicable.
3.4 Documentation

Not applicable.
3.5 Logistics

The system shall be maintained using, to the extent possible, standard/common tools and existing multi-purpose test equipment. Use of new/special tools and the number of standard/common tools shall be minimized through maximum commonality of fasteners, clamps, adapters, and connectors.

The NCSX system shall use the existing PPPL material system.
3.6 Personnel and Training

TBD
3.7 Characteristics of Subordinate Elements

This document represents the lowest level “design-to” specification for the modular coil system.  
4 Verification of Requirements

4.1 General

This section identifies the methods to be used for verification of requirements in Section 3 of this specification. General definitions of basic verification methods are outlined in Section 4.2. System requirements will be allocated in part or total to lower-level NCSX element specifications as outlined in Section 4.3. Verification and qualification of individual components will be conducted in accordance with individual specifications. Verification of system requirements will require additional testing in operational or near-operational environments. Detailed planning for verification of all system requirements will be documented in the NCSX Test & Evaluation Plan.
4.2 Inspection Verification Methods

Verification of qualification shall be by examination, demonstration, test or analysis. Definition of examination, demonstration, test and analysis is as follows:

Examination:  Examination is an element of inspection consisting of investigation, without the use of special laboratory appliances, procedures or supplies and services to determine conformance to those specified requirements which can be determined by such investigations. Examination is generally non-destructive and includes but is not limited to, simple physical manipulation, gauging and measurement, visual, auditory, olfactory, tactile, gustatory and other investigations.

Test:  Test is an element of inspection denoting the determination of the properties or elements of supplies or components thereof by technical means, including functional operation and the application of established principles and procedures. The analysis of data derived from test is an integral part of the inspection element and shall not be confused with “Analysis” below.

Demonstration:  Demonstration is an element of inspection that, although technically a variation of test, differs from “Test” above, by directness of approach in the verification of a requirement and is accomplished without the use of elaborate instrumentation or special equipment. Thus, operation of a representative configuration item (CI) in or near its use environment would be defined as a demonstration rather than a test.

Analysis:  Analysis is an element of inspection in the form of a study resulting in data that is intended to verify a requirement when an examination, test, or demonstration cannot feasibly be employed to verify the requirement. Such data may be a compilation or interpretation of existing data, analysis, design solutions, and lower-level inspection results.

4.3 Quality Conformance

This section establishes the specific evaluation criteria for verification of the system requirements in Section 3. Each of the performance characteristics in Section 3.2.1 is associated with a verification method in the Quality Conformance Matrix in Appendix A. In general, all requirements shall be verified under operational or near-operational conditions as possible given test constraints. 
5 Notes
5.1 Definitions

TBD

5.2 Acronyms

TBD
Appendix A – Quality Conformance Matrix for Modular Coil Requirements
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