1 ENGINEERING DESIGN OF THENATIONAL SPHERICAL TORUS EXPERIMENTC. Neumeyera, P. Heitzenroedera, J. Spitzera, J. Chrzanowskia, A. Brooksa, J.Bialekb, H. M. Fana, G. Barnesa, M. Violaa, B. Nelsonc, P. Goransonc, R.Wilsona, E. Fredda, L. Dudeka, R. a, M. Kalisha,W. Blancharda, R.Kaitaa, H . Kugela, B. McCormacka, S . Ramakrishnana, R . Hatchera, G . Oliaroa, E. Perrya, T. Egeboa, A. Von Hallea, M. Williamsa, M. OnoaaPrinceton Plasma Physics Laboratory, Princeton, NJ, USAbColumbia University, New York, NY, USAcOak Ridge National Laboratory, Oak Ridge, TN, USANSTX is a proof-of-principle experiment aimed at exploring the physics ofthe Òspherical torusÓ (ST) configuration, which is predicted to exhibit moree f f i c i e n t m a g n e t i c c o n f i n e m e n t t h a n c o n v e n t i o n a l l a r g e a s p e c t r a t i o tokamaks, amongst other advantages. The low aspect ratio (R/a, typically 1.2~ 2 in ST designs compared to 4 ~ 5 in conventional tokamaks) decreasesthe available cross sectional area through the center of the torus for toroidala n d poloidal field coil conductors, vacuum vessel wall, plasma facingcomponents, etc., thus increasing the need to deploy all components withinthe so-called Òcenter stackÓ in the most efficient manner possible. Severalunique design features have been developed for the NSTX center stack, andcareful engineering of this region of the machine, utilizing materials up totheir engineering allowables, has been key to meeting the desired objectives.The design and construction of the machine has been accomplished in arapid and cost effective manner thanks to the availability of extensivefacilities, a strong experience base from the TFTR era, and good cooperationbetween institutions.1. IntroductionThe National Spherical Torus Experiment (NSTX) is a proof-of-principleÒspherical torusÓ (ST) experiment, the development of which was motivatedby promising results obtained by several small scale experiments, as well asencouraging theoretical predictions.

2The ST is an axi-symmetric toroidal device characterized by a low aspectratio compared to that of traditional tokamak experimental devices. Theprimary factor leading to strong interest in the ST configuration is its abilityto operate with relatively high ratio (b) of plasma pressure to magnetic field.Since the power density in a fusion reactor is proportional to b2, a significantincrease in this factor over that obtainable in high aspect ratio devices coulddramatically improve the prospects for realization of practical magneticconfinement fusion power. In addition to an increase in the b limit, the STconfiguration is predicted to be favorable for high pressure driven(bootstrap) currents. Its naturally elongated plasma shape leads to areduction in shaping duty imposed on external poloidal field coils, and areduction in density of power deposited on plasma facing surfaces as a resultof flux tube expansion [1,2].The aim of the NSTX experiment is to assess and quantify the physicsperformance of the ST on a moderate scale and provide a database for thedesign of future machines based on the ST configuration.While offering the advantages cited above, the low aspect ratio decreases theavailable cross sectional area through the center of the torus for toroidal andpoloidal field coil conductors, vacuum vessel wall, plasma facingcomponents, etc., thus increasing the need to deploy all components withinthe Òcenter stackÓ in the most efficient manner possible. Therefore carefulengineering of this region of the machine, utilizing materials up to theirengineering allowables, is key to meeting the desired objectives.In addition to the engineering challenges presented by the center stack, twoadditional aspects are especially important and noteworthy as significantdesign drivers on NSTX. First, the use of non-inductive current drive viaCoaxial Helicity Injection (CHI) [3], which requires the ability to apply ahigh voltage between the inner and outer parts of the machine. Second, theuse of high temperature (350oC) bakeout to facilitate the removal of waterfrom the graphite and carbon fiber composite Plasma Facing Components), which requires provision of a high temperature heating system alongwith suitable structural design features to allow for the differential thermalexpansion of the various machine components.Construction of the basic NSTX machine culminated in first plasma inFebruary 1999. Since then, the installation of all of the internal hardware,

3along with the High Harmonic Fast Wave RF heating system, as well severalbasic diagnostic systems, has been completed. The plasma control systemhas been commissioned, all fields have been operated at rated levels and1MA plasma discharges have been obtained. It is planned to install NeutralBeam Injection (NBI) and commence operations of same by October 2000.This article describes the engineering design of the NSTX device, withemphasis on those features which are unique to the ST configuration.2. Mission and Requirements2.1 BackgroundNSTX evolved from ST machine concepts (e.g. PSTX) originally conceivedand developed by M. Ono, M. Peng, and S. Kaye et al beginning in the early1990Õs. The design approach was strongly influenced by the objective ofcost minimization via use of existing equipment and facilities. The originalplan called for the use of the PPPL C-site facility which formerly suppliedthe Princeton Large Torus (PLT), as well as the vacuum vessel domes andouter poloidal field (PF) coils from the Spheromak-1 (S-1) machine. Giventhe constraints of the C-site facility, and the physical dimensions of the S-1e q u i p m e n t , t h e b a s i c s i z e o f t h e m a c h i n e w a s t o a l a r g e d e g r e e predetermined without extensive parametric analysis as would otherwise bethe case.Following the Physics Validation in June 1995, the engineering effort beganin earnest. An ÒEngineering Cost & Schedule ReviewÓ (ECSR, really ap r o j e c t - w i d e c o n c e p t u a l d e s i g n ) w a s h e l d i n J u l y 1 9 9 6 . T h e E C S R C o m m i t t e e c o n s i s t e d o f e x p e r t s f r o m v a r i o u s i n s t i t u t i o n s n o t directlyinvolved in NSTX. In April 1996 the Tokamak Fusion Test Reactor (TFTR),which operated at the PPPL D-site facility, was retired, and the decision wastaken in December 1996 to install NSTX at D-site in the ÒHot CellÓ adjacentt o t h e T F T R T e s t C e l l , w h e r e t h e T F T R m a c h i n e r e m a i n s ( i t s decommissioning has recently begun). Although the basic NSTX machinesize and mission were not changed at that time, the availability of the D-sitefacility, in particular the power supply system, provided relief on significantd e s i g n c o n s t r a i n t s a s s o c i a t e d w i t h t h e t o r o i d a l f i e l d ( T F ) a n d P F c o i l s y s t e m s . T h e e v e n t u a l a v a i l a b i l i t y o f t h e T F T R N B I s y s t e m w a s a n additional significant benefit to be realized by relocation to D-site. AÒCheckpoint ReviewÓ was held in October 1996 at which time the ECSR

4Committee assessed progress against the action items raised at the ECSR. AFinal Design Review (FDR) of the center stack components was held inFebruary 1997, along with a review of the systems which had to be re-designed after the project relocated to D-site (Power Systems, AuxiliarySystems (vacuum, water, services, etc.) and Central I&C). Following thisreview, procurement of long lead items (copper conductor extrusions) began.A l l r e m a i n i n g e l e m e n t s w e r e s u b j e c t t o P r e l i m i n a r y a n d F i n a l D e s i g n Review, the last of which (the Data Acquisition System) was completed inNovember 1998, thus ending the engineering design phase of the originalconstruction project.Major project milestones are summarized in Table 1.Table 1 Ð Major Project MilestonesPhysics validationJune 1995Engineering Cost & Schedule Review (CDR)July 1996Checkpoint ReviewOctober 1996Center Stack Final Design ReviewFebruary 1997TF & OH Conductor ProcurementMay Ð September 1997TF Coil Inner Leg Bundle FabricationJune 1997 Ð March 1998OH Coil FabricationAugust 1997 Ð June 1998Vacuum Vessel FabricationMarch Ð August 1998Plasma Facing Component (PFC) Tile FabricationFebruary Ð November 1998Center Stack AssemblyApril Ð November 1998Basic Machine AssemblyOctober Ð December 1998Final Engineering FDRNovember 1998First Pump DownNovember 1998First PlasmaFebruary 1999Internal Hardware & RF Antenna AssemblyMarch 1999 Ð July 1999Completion of Baseline Project ScopeJuly 1999The Total Project Cost (TPC) was $23.6M. Cost breakdown is given inTable 2.

5Table 2 Ð Cost Breakdown ($M)Plasma Facing Components1.90Vacuum Vessel1.44Magnets5.41HHFW RF and ECH Preionization1.67Auxiliary Systems (Water, Vacuum, Gas, Bakeout)1.87Initial Diagnostic Set0.92Power Systems1.85Central I&C1.91Facilities & Machine Assembly2.40Project Support and Integration & Other4.22TOTAL PROJECT COST$23.6MThanks to the availability of D-site following TFTR retirement, a significantexisting facility infrastructure was made available to the NSTX project. Theestimated value of the site credits is given in Table 3, counting only thate q u i p m e n t u s e d d i r e c t l y o n N S T X , a n d e x c l u d i n g b u i l d i n g c o s t s , diagnostics, and NBI systems. With this in mind, to give a sense of scale ofthe entire undertaking, the total project cost in case of a Ògreen fieldÓ sitewould have been of order $100M.Table 3 Ð Estimated Value of Site Credits ($M)Electric Power Systems44.8RF Systems30.9Auxiliary Systems (Water, Vacuum, etc.)0.8S-1 PF Coils0.3Other0.35TOTAL SITE CREDITS$77.1M2.2 MissionThe mission of NSTX is to perform a proof-of-principle experiment toassess the physics of the ST in terms of global confinement and transport,pressure (b) limits, pressure driven (bootstrap) currents, scrape-off-layer anddivertor physics, and stability and disruptions. The outcome will be anextension of the knowledge base already in hand for high aspect ratiodevices, which can serve as a basis for future machines such as a Volumetric

6Neutron Source (VNS) or Deuterium-Tritium (DT) ST burning plasmae x p e r i m e n t ( D T S T ) . I n a d d i t i o n , b e c a u s e t h e u l t i m a t e S T r e a c t o r configuration would exclude the use of an OH coil in the center column,technologies for plasma non-inductive start up, current drive, sustainment,and profile control need to be developed as part of the NSTX mission. TheseincludeÊHigh Harmonic Fast Wave (HHFW) RF Injection and CoaxialHelicity Injection (CHI)The mission strategy is to provide a low aspect ratio machine which aims tominimize center stack radial build but is still equipped with a modest OhmicHeating (OH) coil for limited inductive current drive. The initial phase of theresearch will be performed with fully inductive plasma discharges withplasma current Ip~ 1MA, 0.5 second flat top and a bipolar OH currentw a v e f o r m t o d e l i v e r t h e m a x i m u m p o s s i b l e f l u x s w i n g . C a p a b i l i t y i s provided for operation over wide range of plasma configurations and shapesincluding double null, single null , and inboard limited plasmas with aspectratio R/a ~ 1.25 to 2.5, elongation k ~Ê1.3 to 2.1 and triangularity d ~Ê0.2 to0.6. This will allow for the characterization of basic ST physics over a widerange. Following the initial phase of the research, the focus will movetoward the development of the CHI and HHFW current drive capability, firstwith partial inductive start-up and current drive in which the OH creates atarget plasma with a single flux swing ending at or near zero current, afterwhich CHI and HHFW are to sustain the plasma for up to 5 seconds. Duringthe final phase of the research fully inductive startup and sustainment will beattempted.2.3 RequirementsEngineering requirements, summarized in Table 4, were developed andformalized following the conceptual design phase.

7Table 4 Ð Summary of Engineering RequirementsPlasmaMajor Radius (R0)85.4 cmAspect Ratio (R/a)1.26Current1.0 MARamp Time0.2 - 0.4 secFlat Top (Inductive)0.5 secRepetition Period (Ind.)600.0 secFlat Top (non-Inductive)5.0 secRepetition Period (Partial & Non-Ind.)300.0 secToroidal FieldField @ R03.0 (6.0 kG option)Ohmic HeatingFlux (double swing)2 x 0.3 volt-secInitiation Loop Voltage @ R05.0 volt/turnHeating/Current DriveHigh Harmonic Fast Wave (HHFW) RF6.0 MW, 30MHz, 5 secCoaxial Helicity Injection (CHI)50kA injection @ 1kVNeutral Beam Injection Upgrade (NBI)5.0 MW, 80kV, 5 secPre-IonizationElectron Cyclotron30kW, 18GHz, 0.1 secBakeoutBakeout Temperature350 C PFCs, 150C VV3. Machine OverviewA photograph of the NSTX machine is shown in Figure 1, and a conceptualelevation view in Figure 2. A cross section of the center stack is given inF i g u r e 3 . T h e m a i n c o m p o n e n t s o f t h e m a c h i n e a r e d e s c r i b e d i n t h e paragraphs which follow.

8 Figure 1 Ð NSTX In Test Cell

9 Figure 2 Ð Cross Section of NSTX Machine

10Figure 3 Ð Quarter Cross Section of Center Stack at Midplane3.1 Toroidal Field (TF) coil systemThe 36 turn ÒTF coilÓ system consists of the Òinner legsÓ, the Òradial flagsÓ,the Òflexible connectorsÓ, and the Òouter legsÓ. The inner legs consist of abundle of extruded copper conductors. Each conductor is water cooled withcooling tubes soldered into milled slots on the outside edges. There are 12turns on the inner layer and 24 turns on the outer, all of equal cross section,insulated with a B-staged epoxy glass system. Figure 4 shows the fabricatedbundle prior to assembly.

11 Figure 4 Ð End of TF Inner Leg Bundle After Fabrication, Prior to AssemblyShowing Inner and Outer Leg Conductors and Water Cooling TubesConnections to the inner and outer layers are made at two elevations by theradial flags which are cooled mainly by thermal conduction to the watercooled inner legs, and which are supported by Òhub assembliesÓ (Figure 5).The hub assemblies serve to lock the radial flags in place so the bolted jointsto the inner legs do not experience any deformation and loss of contactpressure under electromagnetic load.

12 Figure 5 Ð Hub Assembly at End of Center StackThe connection between the radial flags and the outer legs is accomplishedvia demountable flexible connectors, which are cooled mainly by conductionto the water cooled outer legs. The flexible connectors provide a mechanicaldecoupling of the inner leg/radial flag/hub assemblies from the outer legs forboth axial and rotational modes. In addition when the are disconnected andremoved the entire center stack can be removed from the machine forinstallation/assembly/maintenance. By careful arrangement of the turn toturn connectionsÕ angular progression in the two elevations top and bottomthe net toroidal current apparent from a distance is nullified. Figure 6 showsa top view of the machine with the TF flexible connectors installed.

13 Figure 6 Ð Top View Showing TF Flexible Connections to Outer LegsThe TF outer legs consist of 12 bundles of three extruded copper conductors.Each conductor is water cooled with cooling tubes soldered into milled slotson the inside edges of the conductors, and insulated with a B-staged epoxyglass system. The outer legs receive their inlet cooling water from the outletof the inner legs. The outer legs are supported as they pass through theÒumbrella structureÓ, and by a strut and Òturnbuckle supportÓ system whichreacts dead weight and torsional electromagnetic loads back to the Òoutervacuum vesselÓ. Installation of TF Outer Legs is shown in Figure 7.The TF inner leg assembly rests on the ÒpedestalÓ beneath the center stacksuch that all axial thermal growth is in the upward direction.

14 Figure 7 Ð TF Outer Leg Installation3.2 Ohmic Heating (OH) coil systemThe 962 turn ÒOH coilÓ system consists of four layers which are woundÒtwo-in-handÓ, forming a total of 8 sub-windings which are electrically

15connected in series, but which are water cooled in parallel by 8 individualcooling paths. Each winding is formed using extruded copper conductorswith central passage for water cooling, and insulated using a B-stagedkapton/epoxy glass composite. The conductor is extruded in a polygon shapesuch that it deforms during winding to a nearly square shape. The coil iswound over a stainless steel Òtension tubeÓ, covered with a Teflon slip planeas shown in Figure 8. The tension tube serves as a winding form, and also asa means of support structure for the coil. The tension tube is affixed to thepedestal. A stack of compression washers between the top flange of thetension tube and the top of the coil body provides an axial pre-load, andaxial thermal expansion of the coil body causes it to grow upward at the topwhile further compressing the washer stack. A sliding gap exists between thetension tube and the TF coil inner leg assembly within, allowing for the axialthermal expansion of the TF coil inner legs. A low resistance conductingpaint layer forms an electrostatic shield (Òground planeÓ) on the outside oft h e O H c o i l a s s e m b l y . V a r i o u s m a g n e t i c d i a g n o s t i c s ( f l u x l o o p s a n d Rogowski coils), as well as thermocouples are installed upon the OH coilground plane.Figure 8 Ð OH Winding Two-In-Hand Over Teflon Layer on Tension Tube

16As shown in Figure 9 the surface of the OH and inner PF coils is are coveredwith an efficient thermal insulation (ÒMicrothermÓ by Microtherm Inc.,Maryville, TN, thermal conductivity ~0.025 W/m-¡K) to isolate the centerstack coils from heat flowing inwards from the center stack casing duringplasma operations and bakeout. Figure 9 Ð Microtherm Blanket Covering OH and PF1a Coils3.3 Center Stack CasingThe center stack casing (CSC) consists of a flanged inconel tube whichserves as the inner wall of the vacuum vessel (Figure 10). Access fordiagnostic wiring and gas injection from the air to the vacuum side of thecasing is provided by the Òorgan pipeÓ tubes and conflats, approx.12 each ontop and bottom flanges. In addition, four toroidally symmetric rods connectto the top and bottom flanges so as to provide an electrical connection pointfor the CHI bus bar, which is used both for CHI and for dc current injectionfor ohmic heating of the inconel tube during bakeout. The surface of theCSC is covered with a compact interlocking PFC tile system, consisting ofalternating ATJ graphite tiles and Carbon Fiber Composite (CFC) tiles, thelatter of which serve to lock in place the former (Figure 11). Cavities areprovided in the rear of the tiles into which Mirnov coils and thermocouplesare installed, with the sensor lead wiring exiting via channels formed at the

17borders of adjoining tiles. There is no active cooling of the CSC; it is cooledprimarily by radiation to the outboard internal hardware. As a consequence itis designed for operation up to 600oC. The CSC flanges are mechanicallyconnected to the outer vacuum vessel (VV) via bellows and ÒceramicinsulatorÓ assemblies. The bellows allow for relative displacement of theCSC and the outer VV due to thermal effects during operations and bakeoutThe ceramic insulator assemblies provide electrical insulation between theCSC and outer VV so as to allow application of the CHI voltage.Figure 10 Ð Center Stack Casing

18 Figure 11 Ð Center Stack Casing with Interlocking Tiles on Central Column3.4 Internal HardwareT h e i n t e r n a l h a r d w a r e c o n s i s t s o f t h e P r i m a r y P a s s i v e P l a t e s ( P P P ) , Secondary Passive Plates (SPP), and Outboard Divertor (OBD). The OBDprovides a target for energetic particles emanating from the plasma Scrape

19Off Layer (SOL), and also serves as the outer CHI electrode. It consists of48 toroidally segmented copper backplates with ATJ graphite tiles, for atotal of 96 segments above and below the midplane. The OBD is supportedby a precision three ring assembly (Figure 12) which is mounted to the outerVV via pin and u-bracket fasteners. This mounting scheme is designed toaccommodate the non-ideal shape of the dome. The OBD copper backplatecenters are is fixed in position as they attach to the central support ring,whereas the inner and outer fasteners are attached via slotted holes, allowingfor thermal expansion in the poloidal direction during bakeout.Figure 12 Ð Outboard Divertor Support StructureThe passive plates provide a close fitting conducting shell in which eddycurrents are induced in response to plasma motion and deformation, suchthat a restoring force is generated which resists the motion and deformation.They consist of 12 toroidal segments, primary and secondary, above andbelow the midplane, total 48 pieces. The plates are constructed of a highstrength copper alloy (Cu Cr Zr) which is able to withstand the high bakeouttemperature without annealing. ATJ graphite tiles mounted to the copper

20plates provide the plasma facing surface. The passive plates are attached tothe outer VV via support structures which include sliding pin fastenerswhich are designed to allow for thermal expansion in both the toroidal andpoloidal directions during bakeout (Figure 13).Figure 13 Ð Passive Plate Support StructureA variety of diagnostics including Mirnov coils, Langmuir Probes, andthermcouples are mounted in cavities machined into the rear of the PPP,SPP, and OBD tiles. A stainless steel piping system is embedded and brazedinto the PPP, SPP, and OBD copper backing plates to allow for transfer ofheat into and out of the system using liquid and gaseous heat transfer duringoperations and bakeout. The system consist of 24 parallel circuits, 12 in eachhalf plane, which passes through 4 OBD backing plates. Figure 14 shows theinstalled internal hardware below the midplane prior to installation of thePFC tiles on the edges of the passive plates.

21 Figure 14 - Internal Hardware Above Midplane3.5 RF AntennaThe RF antenna (Figure 15) delivers up to 6MW of ÒHigh Harmonic FastWaveÓ (HHFW) RF power at 30MHz, corresponding to the 15 harmonic ofthe ion cyclotron resonant frequency at B= 3kG. In this regime, which isespecially important for the low field ST configuration, power is depositedprimarily on the plasma electrons as a result of Landau damping. Theantenna consists of 12 launchers which cover a toroidal angle of 90o, drivenby six independent sources, allowing a wide spectral variety as required forthe heating and current drive functions. Each copper antenna strap is fed onone end via the RF feedthru, and grounded to the outer VV via a sliding jointat the opposite end. Each strap is protected by a molybdenum faraday shield,

22and is contained in a stainless steel box structure, with boron nitride shieldspositioned on top and bottom and between adjacent boxes. The RF feedthrusare mounted to the outer VV RF port flanges with special spool pieces,custom machined for each of the 12 locations to accommodate variations inthe position of the VV port flanges. Active cooling is provided on the lowerstrap terminal to remove the average dissipated power between pulses.Figure 15 Ð High Harmonic Fast Wave RF Antenna3.6 Outer Vacuum VesselThe outer VV, fabricated by Process Systems International, Westboro, Ma.,is constructed of 5/8Ó thick 304 stainless steel, and consists of upper andlower dome sections, and central cylindrical section, all welded together(Figure 16). The domes were spun from plates, and the cylindrical sectionroll-formed from plate (the original plan to use the S-1 domes had to bes c r a p p e d d u e t o w e l d f e a t u r e s w h i c h w o u l d n o t s u p p o r t t h e s t r e s s e s associated with the 350oC bakeout). The upper and lower dome flanges wereprecision machined by placing the entire outer VV assembly on a large

23milling machine; these surfaces provided the primary fiducial positionreference during subsequent machine assembly. Major horizontal portsconsist of seven 24Ó diameter midplane ports, two non-circular midplaneports designed to mate to the TFTR NBI duct, three 16.5Ó midplane RFaccess ports, and twenty-six 4Ó diameter RF feedthru ports (to accommodatethe 12 antenna straps, with possible tilting in the future).Figure 16 Ð Outer Vacuum Vessel

24Major vertical ports consist of ten 16.5Ó diameter ports on each of thed o m e s . T h e o u t e r V V s e r v e s a s t h e a t t a c h m e n t p o i n t f o r t h e i n t e r n a l hardware, and the support structure for the outer PF and TF coils. The outerPF coils are mounted on radial sliding supports which engage with plateswelded on to external rib structures. These external rib structures are weldedto tabs which are, in turn, welded to the outer VV. The tabs are provided toallow for the out-of-roundness of the outer VV. The radial slide supports areprovided to allow for the axisymmetric radial expansion of the VV duringbakeout without imparting significant load on the outer PF coils. The TF coilouter legs are restrained by the outer VV via a turnbuckle support system.The upper and lower Òumbrella structuresÓ (Figure 17) are attached to theouter VV using a radial slide support, similar to that used for the PF coilsupports.Figure 17 Ð Umbrella Structure

25T h e v a c u u m v e s s e l a n d a l l c o m p o n e n t s m o u n t e d t h e r e t o ( t o t a l w e i g h t approximately 100,000 lbs.) is supported from the floor via four legs. Thelegs rest upon columns. The leg-to-column interface consists of a radial slidesupport, coated with a special low friction coefficient surface treatment(ÒMagnaplateÓ). This scheme allows for the axisymmetric radial expansionof the outer VV during bakeout. The outer VV is thermally insulated using a2Ó thick mineral wool covered with a 1/2Ó thick layer of silicone foam, totalR value ~ 16.3.7 Outer PF CoilsThe outer PF coil set consist of PF-2, -3, -4, and Ð5, the first three of which(Figure 18) were taken from the retired S-1 machine, and the last of whichwas built specifically for NSTX.Figure 18 Ð Outer PF Coils from S-1 MachineThe early design of NSTX did not in fact include PF-5; however it wasdiscovered during equilibria analysis that PF-5 was necessary to avoid a

26ÒdimpleÓ in the plasma shape near the midplane. The outer PF coils from S-1 are pancake wound water cooled copper coils, with a Mylar and (B-staged epoxy glass) composite turn insulation, and a Fusa-fab (B-stagedepoxy glass) ground wall. The PF-5 coil is similar in construction. The PF-2coils are driven by a unipolar power supply which includes a midpoint tapsuch that the current may be different in the upper and lower coils. PF-2 isused mainly to ÒstretchÓ the plasma (elongation) and to form single anddouble null X-points. The PF-3 coils are are driven by a bipolar powersupply which includes a midpoint tap such that the current may be differentin the upper and lower coils. PF-3 is biased initially to cancel the stray fieldfrom the OH to promote the formation of a null region for plasma initiation.Then later in the discharge in the opposite current direction a differencecurrent in the upper and lower PF-3 coils is used to provide a radial field forvertical position control. The PF-4 coils are at present not used, but arereserved for future use. The PF-5 coils are connected directly in series (nomidpoint tap) to a unipolar power supply. These coils are used to produce avertical field for radial position control.4. Electrical and Electromagnetic Design and Performance4.1 Constraints4.1.1 D-site Power SuppliesThe availability of the D-site power supplies influenced the selection ofcurrent and voltage ratings for those coils built specifically for NSTX (TF,OH, PF-1a, PF-1b, and PF-5). These power supplies are modular withstandard module rating 1kV, 24kA, 6 second pulse, 300 second repetitionperiod. Thus the NSTX voltage and current ratings were based on seriesconnections of the modules (multiples of 1kV) and parallel connections ofthe modules (multiples of 24kA, after allowance for current imbalance).4.1.2 S-1 Outer PF CoilsThe S-1 coil peak currents were limited to 20kA per the S-1 design; S-1voltage ratings were much higher (20kV DC hipot level) than required byNSTX to drive the coils, so voltage was not a constraint.

274.2 Physics Input4.2.1 Equilibria and ScenariosThe TF requirement was established based simply on the field and flat topduration. The OH requirement was based on 1) total flux swing, 2) Loopvoltage during plasma initiation, 3) Ip ramp times, flat top duration, and voltsecond consumption for various scenarios as predicted by the TokamakS i m u l a t i o n C o d e ( T S C ) , a t i m e d e p e n d a n t f r e e b o u n d a r y p r e d i c t i v e equilibrium and transport solver. [4]. The PF coil requirements were basedon Ip ramp times and PF coil currents for various equilibria over the range oftriangularity and elongation. For the OH and PF systems these requirementst r a n s l a t e t o a s e t o f l i n e a r b r e a k p o i n t d e s i g n b a s i s w a v e f o r m s . T h o s e c o r r e s p o n d i n g t o t h e s l o w ( 4 0 0 m s ) p l a s m a r a m p t i m e s e t t h e ò i2(t)dtrequirement, while those corresponding to the fast (200mS) ramp time setthe driving voltage requirement. In addition to the above, a loop voltage andfield null quality requirement was specified which influenced the height (+/-Z) of the OH coil (related to the stray leakage flux), along with the forcingvoltage and bipolarity requirement for PF-3.4.2.2 DisruptionsThe TSC code was used to predict plasma disruption behavior. The result fora current and thermal quench beginning with a centered stationary plasma(but with vertical and radial control turned off) predicts an Ip waveformwhich resembles an exponential decay with initial slope 1MA/6mS [5].Therefore subsequent engineering calculations followed this prescription andutilized a linear ramp from 1.0MA to zero in 6mS to estimate inducedtoroidal voltages and currents.For halo currents, the prescription was set to 10% of the maximum plasmacurrent prior to the disruption, with a toroidal peaking factor of 2:1. It isnoted that this guidance is based on, but somewhat reduced from, the halocurrent data base from large aspect ratio tokamaks (typically 40% if initialplasma current) based on parametric scaling related to aspect ratio. Animportant feature of halo current flow is the polarity relative to the toroidalfield, which determines whether the J x B forces will be inward or outward.Physics arguments [6] which apply consistently independent of the relativepolarity of Ip and B,, indicate that for most scenarios which generate halocurrent flow (vertical drift, radial drift, current quench) the forces generated

28a r e o u t w a r d ( a n d a c t t o p u s h t h e P F C t i l e s a g a i n s t t h e i r b a c k p l a t e s ) . However it is predicted that changes in plasma shape and stored energy willgive rise to poloidal current flow to conserve or increase toroidal flux, andthat this poloidal current, when flowing in the halo, will result in inwardforces (which act to pull the PFC tiles off of their backplates). Typically themany halo generating mechanisms are active simultaneously and vary intheir strength, so it remains unclear as to which will dominate and underwhat circumstances. For NSTX it was concluded that some scenarios, atleast, will result in the halo force pulling inward toward the plasma.4.3 Determination of Current per Turn in New NSTX CoilsThe current per turn in the TF coil was chosen based on the desire to 1)minimize number of turns for sake of simplicity and packing factor, 2)operate with no more than four parallel branches of the D-site powersupplies (to minimize power supply reconfiguration costs).The current per turn in the OH coil was chosen based on the 24kA rating ofthe D-site power supplies. It was decided to utilize a only a single powersupply branch (for each current direction), because multiple parallels wouldsignificantly complicate the operation of the power supply system in thebipolar mode.The inner PF coil currents per turn were set at 15kA (PF1a) and 20kA(PF1b) based on 1) the desire to utilize a simple square conductor crosssection for the two new coils, which are rated for 5 and 1 second pulses,respectively, 2) the 24kA current limit of the single power supply branch,and 3) to fit the narrow radial space available for the PF1a coil.4.4 Conductor Sizing4.4.1 Conductor TemperatureThe maximum conductor temperature allowable was set to 95oC to avoid theu s e o f a p r e s s u r i z e d w a t e r s y s t e m a n d t h e d e g r a d a t i o n o f i n s u l a t i o n mechanical properties which occurs at higher temperatures. Operation at fullratings is constrained by this limit, including due consideration of thescenario requirements along with the prospective i2(t)dt due to L/R decayfollowing a fault, as well as temperature ratcheting from one pulse to thenext in a sequence.

294.4.1.1 Temperature Rise During a PulseThe most critical coils are the TF inner legs and OH, which are located int h e c e n t e r s t a c k r e g i o n w h e r e c r o s s s e c t i o n a l a r e a i s a t a p r e m i u m . C o n d u c t o r c r o s s s e c t i o n s f o r t h e s e c o i l s w e r e c h o s e n b a s e d o n t h e assumption of adiabatic conditions during a pulse, and full cool downbetween pulses to an inlet water temperature of 10 oC.The properties given in Table 5 were used (100% IACS Copper).Table 5 - Conductor Properties20oC Resistivity1.7241μW-cmTemp Coeff of Resistance (a)0.0041/deg C27oC Specific Heat386 J/kg-deg CTemp Coeff of Specific Heat (b)0.105 J/kg-deg C/deg CDensity8.95 gm/ccÒGÓ (conductor heating) and ÒHÓ (conductor energy deposition) functionswere derived as follows [7].re= electrical resistivityreT0e= electrical resistivity at temperature t0eT= temperaturere= ret0e (1+a(T-T0e))Cp= specific heatCpt0c= specific heat at temperature T0cCp= Cpt0c +b(T-T0c)J = current densityrd= densityt= timeFor an adiabatic conductor:reJ2dt = rdCpdT

30G Function:J2dt = rdCpdT/re,J2t = òrdCpdT/re ºG(t) [(A/m2)2-sec]H Function:J2ret = òrdCpdT º H(t) [(J/m3)]Piecewise integration of G & H functions was performed over the range 0 to120oC and the following curve fit functions derived.G(T) = 6.2949e13 + 2.0934e14*T - 2.8709e11*T2T(G)= 0.13608 + 4.5496e-15*G + 5.3309e-32*G2H(T) = -1.1183e6 + 3.4362e6*T J2redt = rdCpdTThus to calculate final temperature:(1) Calculate G(T0)(2) Calculate G = J2dt(3) Calculate Gfinal= G(T0) + DG(4) Calculate Tfinal = T(Gfinal)To calculate energy dissipation and heat load to cooling water system:(1) Calculate H(T0)(2) Calculate DH = H(Tfinal)-H(T0)4.4.1.2 Cool-down Between PulsesEach of the 36 turns of the TF coil are individually cooled, with the waterpassing through the inner legs (high current density) and then through theouter legs (low current density). The cool-down after a pulse is rapid (bulkthermal time constant ~ 25 seconds) compared to minimum NSTX repetitionperiod of 300 seconds. Therefore no temperature ratcheting will occur.

31The cool-down between pulses was a major issue in the design of the OHcoil, due to the long length of the conductors paths. Cool-down time wasm i n i m i z e d b y 1 ) w i n d i n g t h e c o i l t w o - i n - h a n d t o c u t t h e m a x i m u m conductor path length in half and 2) increasing the pressure and flow of thewater coolant via a special booster pump providing 400 psi at the inlet.Cool-down of the OH coil was simulated using a FORTRAN code [8] whichdivides the conductor length in many sections through which a slug of waterp r o g r e s s e s o v e r t i m e a n d r e c e i v e s h e a t t h r o u g h t h e h e a t t r a n s f e r f i l m resistance. Figure 19 shows a typical result for the case of the fifth pulse in asequence. During the pulse the conductor temperature rises to its maximumfor a brief instant after which some of the heat flows into the body of wateroccupying the coolant passage and equilibrium is reached. Following this,the first turns of the coil at the inlet of the coil receive cool water and rapidcooling takes place. However the water heats up and is not effective inremoving heat from the downstream conductor until the Òcooling waveÓpasses through the coil. A period of 600 seconds is necessary to achievecomplete cooling of the coil, including the turns at the end, near the outlet.

0204060800

32T h e P F - 4 a n d P F - 5 c o i l s , d u e t o t h e i r l a r g e d i a m e t e r , a l s o h a v e l o n g cooldown times. The PF-5 coil includes a water tap midway through thewinding so that the total cooling path length is cut in half.4.5 Coil System ImpedanceT h e T F c o i l i n d u c t a n c e ( 4 . 1 7 6 m H ) w a s c o m p u t e d [ 7 ] u s i n g a s i m p l e piecewise integration f = B*dA across the bore of the TF coil system, withB = μ0NI/2r and L = N/I. TF coil resistance computation (6.52m)includes an allowance for the many joints in the circuit (six joints per turn).The inductance matrix and resistance vector of PF coil set was calculated [9]using the ICC code from the PPPL magnetics library, based on the coilgeometry given in Table 6. Results are given in Tables 7 and 8. Due to itsunusual aspect ratio and critical function, the OH coil inductance was crosschecked using two other techniques and good agreement was found.Measurements taken in the field during commissioning tests are inagreement with the calculated L and R values.Table 6 - PF/OH Coil GeometryRcenter(m)DR(m)Zcenter(m)DZ(m)turnsTurn CSA(cm2)fillOH0.13190.04491.0657+/- 2.13134821.41390.712PF1a0.18030.04161.4483+/- 0.5388483.35130.718PF1b0.30480.0848-1.8188- 0.1713283.35130.646PF2Ua0.79920.16271.9335+/- 0.068145.85280.741PF2Ub0.79920.16271.8526+/- 0.068145.85280.741PF3Ua1.49450.18641.6335+/- 0.068155.85280.693PF3Ub1.49450.18641.5526+/- 0.068155.85280.693PF4b1.79460.09150.8072+/- 0.06885.85280.753PF4c1.80650.11530.8881+/- 0.06895.85280.672PF5a1.99460.13590.6523+/- 0.0685125.96670.769PF5b1.99460.13590.5777+/- 0.0685125.96670.769Note: #Turns in above table are the number above and/or below the midplane (Z=0)

33Table 7 - PF/OH Circuit 20C ResistancesCircuitResistance(mW)OH97.5PF1au2.80PF1al2.80PF1b2.76PF2u4.14PF2l4.14PF3u8.29PF3l8.29PF411.33PF517.38Table 8 - PF/OH Mutual Inductance Matrix (mH)OHPF1aUPF1aLPF1bPF2UPF2LPF3UPF3LPF4PF5Plasma(x1000)OH13.0070.7310.7310.3740.2760.2760.2950.2950.3790.52813.20PF1aU0.7310.3760.0000.0000.0720.0010.0600.0050.0320.0420.487PF1aL0.7310.0000.3760.0900.0010.0720.0050.0600.0320.0420.487PF1b0.3740.0000.0900.5360.0020.1860.0070.1010.0410.0540.454PF2U0.2760.0720.0010.0021.9750.0100.7310.0410.2640.3452.440PF2L0.2760.0010.0720.1860.0101.9750.0410.7310.2640.3452.440PF3U0.2950.0600.0050.0070.7310.0415.1780.1661.1611.4878.380PF3L0.2950.0050.0600.1010.0410.7310.1665.1781.1611.4878.380PF40.3790.0320.0320.0410.2640.2641.1611.1615.1604.80720.10PF50.5280.0420.0420.0540.3450.3451.4871.4874.80712.28931.40Plasma(x1000)13.200.4870.4870.4542.4402.4408.3808.38020.1031.402.660Note: Plasma modeled above is a filament at Ro on the midplaneCoil L/R time constants are given in Table 9; they are noted to be relativelyshort, since NSTX is a small machine. This fact, in combination with thestrong mutual coupling between the PF1a and PF1b coils with the OH coilpresents a significant control challenge for the power supply system whosefrequency response is limited by the input AC power frequency ~ 60Hz.

34Table 9 - Coil L/R Time ConstantsCircuitTimeConstant(mS)OH133PF1a134PF1b194PF2477PF3624PF4455PF5707TF6404.6 Driving Voltage RequirementsD e t a i l e d s i m u l a t i o n s [ 1 0 , 1 1 ] w e r e p e r f o r m e d o f t h e T F a n d O H c o i l p e r f o r m a n c e u s i n g t h e P S C A D ( P S C A D / E M T D C P o w e r S y s t e m s S i m u l a t i o n S o f t w a r e , M a n i t o b a H V D C R e s e a r c h C e n t e r ) s i m u l a t i o n software. The models included the ÒGÓ function calculation and the dynamiccoil resistances, the resistances of the external cable and bus bar circuits, thecommutation voltage drop behavior of the AC/DC converter power supplies,along with the D-site Motor Generator supply which delivers AC power tothe power supplies at variable frequency as energy is extracted.For the TF system it was found that a single power supply layer (one modulein series x four modules in parallel) providing 1kV was adequate for both the3kG and 6kG scenario; the òi2(t)dt due to the current rise was relatively smallc o m p a r e d t o f l a t t o p . F i g u r e 2 0 s h o w s t h e P S C A D s i m u l a t e d c u r r e n t waveforms for 3kG and 6kg operation.

00123456

001

OH Current (kA)Figure 21 Ð OH Waveform Simulated by PSCADThe PF coil driving voltage requirements were obtained by applying thelinear breakpoint waveforms to the mutual inductance matrix and resistancevector. In general the requirements are below 1kV. However, to ensureadequate voltage for plasma control, additional power supply layers wereprovided since they were readily available from the D-site inventory.4.7 Summary of Coil RatingsCoil ratings are summarized in Table 10.

37Table 10 -NSTX Coil Circuit RatingsCircuitVolts(+/-kV)PeakAmps(kA)ESW@Peak Amps(sec)TF135.6(71.2)5.3(1.3)OH6+/-240.525PF1a Upper2155PF1a Lower2155PF1b2201PF2 Upper2205PF2 Lower2205PF3 Upper2205PF3 Lower2205PF4 Upper & Lower in Series3205PF5 Upper & Lower in Series32054.8 Plasma Initiation and Field Null CreationA key function of the OH and PF system is the creation of sufficient loopvoltage and field null region, for sufficient duration, for plasma initiation. Toi n i t i a t e T o w n s e n d a v a l a n c e b r e a k d o w n t h e r e q u i r e d e l e c t r i c f i e l d a n d allowable stray poloidal field are a function of the toroidal field B at thetarget breakdown radius. The required electric field is reduced, and theallowable stray field increased, if a means of pre-ionization (e.g. fromElectron Cyclotron (EC) RF power) is used. For NSTX the requirement onthe OH and PF system was to create conditions at B = 3kG where the strayfield |B| and the loop voltage V satisfied the condition |B| Ê1.3V/(pR2)where R is the target breakdown radius [12,13]. This corresponds to the caseof fully inductive breakdown without pre-ionization. On NSTX the EC pre-ionization source was included to 1) provide additional insurance that NSTXwould be able to achieve inductive breakdown and 2) to provide a non-inductive plasma initiation source relevant to future ST operation without anOH coil (e.g. with CHI plasma start-up).Field null and loop voltage creation on NSTX are complicated by the factthat the vacuum vessel forms a conducting shell, and the copper passiveplates form an Òn=0Ò toroidal loop, albeit broken by the gaps between the 12gaps between the plates (a complete toroidal conducting path still exists

38through the stainless steel passive plate support brackets and vacuum vesselwall). Therefore, significant eddy currents flow as the external OH and PFcoils are ramped, contributing to the stray field pattern, and a delay in therise of the loop voltage within the vacuum vessel.Several simulation codes were developed and used to study the initiationsequence and determine the PF and OH coil requirements, including theLRSIM code. These codes model the machine as an axisymmetric array ofconducting filaments, some of which are driven (representing the coils andtheir associated power supplies), some of which are passive (representing theconducting metallic structures). The LRSIM model included approximately100 filaments, beside the coils themselves, to represent the passive structurein each half plane. In addition, realistic power supply models (includingfinite time response and voltage drop under load) were included. LRSIM isalso used by NSTX control system to test control waveform and gainsettings programmed into the power supply real time controller, prior to theiractual use.It was found that a bias from the PF-3 coil set is necessary to null the initialstray vertical field from the OH coil (~ 100 gauss), and that following theOH ramping to produce the main component of the loop voltage, a rapidresponse from the PF-3 and PF-5 coils is necessary to maintain field nullconditions.Figure 22 depicts a typical LRSIM result showing the field null structure.The use of LRSIM to provide insight into this process and establish astarting point for coil current programming was a key ingredient to the rapidachievement of 1st plasma on NSTX.

39 0.5 1 1.5 2 -2 -1.5-1-0.500.511.52 2 4 4 5 5 10101010 10 50 50

505050 50505050

100100100100100 100100100100

X [m]

Z [m]

Figure 22 Ð Typical Field Null (|B|) and Flux Contours from LRSIMAnother issue related to initiation is the effect of eddy currents in the TFinner legs which occupy the bore of the OH coil. Analysis of this effect[ 1 4 , 1 5 ] s h o w e d t h a t t h e t i m e c o n s t a n t o f a n i n d i v i d u a l T F i n n e r l e g conductor is of order 1 mS, which is not insignificant but still small relativeto the 5 Ð 10mS plasma initiation transient period.

404.9 Plasma Disruption4.9.1 Poloidal Forces due to Disruption Induced Toroidal CurrentsThe SPARK and LRSIM codes were used to estimate disruption-inducedtoroidal currents in the internal hardware and vacuum vessel [16]. SPARK isa PPPL electromagnetic transient current/field/force analysis code which canhandle toroidal geometries with non-axisymmetric elements. Two filamentslocated at R = Ro and Z = +/- 0.6m were used to account for the distributionof the plasma current over the plasma cross section. This approach wasf o u n d t o y i e l d s a t i s f a c t o r y r e s u l t s a f t e r e x p e r i m e n t a t i o n w i t h d i f f e r e n t representations using SPARK. The driving term was a current ramp from 1.0MA to zero in 6mS.From a structural design point of view the primary forces of concern arethose which pull the internal hardware away from the VV wall, toward theplasma (Figure 23).Figure 23 Ð Fields and Inward Forces on Internal Hardware

+

+

+Br,FrBr,FrBr,FrFvBvBvBvFvFvFv

41To identify the worst case condition for each of the internal hardwarestructures (inner wall (IW) of center stack casing, OBD, SPP, and PPP),worst case coil current combinations were established [17] for each of thes t r u c t u r e s s u c h t h a t J x B (inward) was maximized. For eachstructure, coil currents were set to 0, (-), or (+) rating so as to maximize,s e p a r a t e l y , B r a n d B z a t t h a t s t r u c t u r e . C o i l c u r r e n t p o l a r i t i e s w e r e c o n s t r a i n e d w h e r e a p p r o p r i a t e c o n s i s t e n t w i t h t h e r e f e r e n c e p l a s m a direction, but coils which are inherently bipolar or which might be used witheither polarity for plasma shaping were allowed to take on either polarity. Atotal of nine coil current combinations were identified which define theworst case conditions for the structures. The background fields for these ninecases (including the contribution of the toroidal currents induced in the SPPand PPP) were computed and the worst case inward forces Fr and Fz taken tobe the cross product of the disruption induced toroidal currents and theseworst case background fields. An additional multiplying factor of 1.5 wasapplied to account for the possibility of a moving, non-centered plasmadisruption scenario. Results are given in Table 11.Table 11 Ð Summary of Poloidal Forces Due to Toroidal Disruption CurrentsInner WallIBDOBDSPPPPPItoroidal35000.0044100.0044100.0044100.00105700.00AmpBr0.270.680.310.440.22TBv0.370.520.600.560.56TL toroidal0.050.070.120.620.71mk1.501.501.501.501.50Fradial/segment967.252516.104747.5622790.5362992.99N217.44565.621067.255123.3114160.82lbsFvertical/segment705.833290.292452.9117906.8424747.24N158.67739.66551.414025.465563.18lbsAlthough the approach described above is not rigorous it was found to be apractical and conservative one.4.9.2 Forces due to Disruption Induced Poloidal Halo CurrentsTo calculate the halo driven forces, the toroidal field at the average radius ofthe element (based on B=6kG @ Ro) in question is multiplied by the currentand by the poloidal length of the segment. This results in a poloidal forcenormal to the element. The division of current between the tiles and the

42backplates of the various elements will likely be such that the great majorityof current will flow in the backplates rather than the tiles due the resistivitye f f e c t s , e x c e p t w h e r e t h e h a l o c u r r e n t e n t e r s o r e x i t s . F o r c e s o n t h e structures are given in Table 12 (in the case of the inner wall, on a per tilebasis, assuming the full current flowing in the tile).Table 12 Ð Summary of Poloidal Forces due to Halo CurrentsInnerWall*IBDOBDSPPPPPIp1.00E+061.00E+061.00E+061.00E+061.00E+06Ampk0.100.100.100.100.10peaking2.002.002.002.002.00#segment24.0024.0048.0012.0012.00Ipoloidal8333.338333.334166.6716666.6716666.67AmpTheta-90.000-90.000-21.447-59.036-70.942degreesRavg0.1900.2790.9141.1751.355mBt(Ravg)2.6941.8340.5610.4360.378TL poloidal0.1520.4610.6240.2920.582mFnormal/segment3421.397045.351456.922118.993667.43N769.131583.79327.52476.35824.44lbsFradial/segment769.131583.79119.75408.47779.25lbsFvertical/segment0.000.00304.84245.08269.20lbs*Note: Force given for Inner Wall is per tileDuring the initial phase of the design, there was significant concern aboutthe possibility of a large non-axisymmetric halo induced force on the centerstack casing (CSC) due to the halo current toroidal peaking factor; theattractive force between the inner legs of the TF coil and the poloidal halocurrent flowing down the CSC would be non-symmetric (unbalanced) due tothe peaking. The analysis [18,19] showed that, due to the geometry of theCSC, halo current entering at a discrete point of injection quickly becomestoroidally symmetric as it flows from the point of entry to exit, owing to thefact that the impedance of the toroidal current path is comparable to that ofthe poloidal current path. As a result, unbalanced forces are small. Thiseffect is depicted in Figure 24.

43 Figure 24 Ð Pattern of Halo Currents In Center Stack Casing(Width of Arrow Indicates Magnitude of Current)It was found that the worst case force occur with the distance between entryand exit points ~ 1 m. Smaller separations lead to greater asymmetry butover a shorter length, hence a smaller force. The magnitude of the worst caseforce is very small (net radial force Fr less than 100 lbs.). This was animportant finding be cause it allowed the use of the Microtherm layerb e t w e e n t h e C S C a n d O H c o i l , w h i c h a l t h o u g h a n e x c e l l e n t t h e r m a l insulator does not possess strong compressive strength.4.9.3 Plasma Disruption Induced VoltagesIn the case of a plasma disruption, an open circuited coil ÒiÓ will develop ameasurable induced terminal voltage based on åMij*DIj/t, while a coilconnected to power supplies will act as if short circuited and experience asmall change in current such that Li Ii ~ åMij*DIj/t. If a coil is connected

44to a power supply and carries current in the forward direction of the powersupply then it is possible that the disruption induced current change couldexceed the initial current in the opposite direction, in which case the currentwould be driven to zero and the power supply would become reverse biasedand appear as an open circuit.Based simply on the projected dIp/dt of 1MA/6mS and the direct mutualcoupling between the coil circuits and the plasma, all circuits except PF-4and PF-5 will experience less induced voltage than their normal rating.Further analysis taking into consideration the filtering effect of the passiveplate and vacuum vessel structure, these coils also experience a voltage lessthan their rating in case of disruption.When the power supply is connected, the induced current change is typicallyless than one or two kA except for PF-4 and PF-5 where it approaches 4kA.4.10 Coaxial Helicity InjectionWith CHI a power supply is connected across the two electrodes formed bythe CSC and the outer VV, and up to 2kV is applied. The CHI power supplyis rated to inject up to 50kA which is projected to produce up to 500kA ofplasma current. An X-point poloidal field is formed by the driven plasmacurrent and PF1b. As injected current flows around the poloidal perimeter italso flows around the toroidal circumference q times, where q is the value ofthe edge safety factor [3].To allow for the CHI mode of operation, the NSTX machine proper wasdesigned with a large number of dielectric breaks in addition to those whichwould normally be provided on a tokamak to interrupt eddy current loops.These serve to isolate the CSC and outer VV to a 5kV DC test level betweene a c h o t h e r a n d t o g r o u n d . A s c h e m a t i c w h i c h i d e n t i f i e s t h e m a i n components of the machine at different potentials is given in Figure 25 andthe voltages and dielectric breaks between these components are describedin Table 13. 45

2524222321201916

1715141310

1123456789182612Figure 25 Ð NSTX Components at Different Electrical Potentials

46Table 13 Ð Dielectric Breaks for CHI OperationGapID#’sVmax(kV )Hipot(kV )CommentsCS Casing/Outer VV18/1725Ceramic insulatorsC S C a s i n g / O H G r o u n d Plane18/2625Microtherm in CS gapCS Casing/PF1a GroundPlane18/2, 18/425Microtherm in CS gapCS Casing/PF1b GroundPlane18/1225G-10/Kapton spacersC S C a s i n g / H u b Assembly18/1, 18/525G-10/Kapton spacersO H T e n s i o n T u b e / T F Inner Leg3/2433T F I n n e r L e g G r o u n d InsulationHub Assembly/Umbrella1/25,5/725G-10 spline on top, turnbuckleson bottomL o w e r H u b 5/625G-10 spacerL o w e r V V L e g / U p p e r VV Leg9/1325G-10 spacerUmbrella/TF Coil7/24, 25/2437T F g r o u n d i n s u l a t i o n p l u s grouting under clamp attachedto legTF Leg Supports/TF Coil14/24,21/2437T F g r o u n d i n s u l a t i o n p l u s grouting under clamp attachedto legPF2/Outer VV11/17,23/17613PF coil ground insulationPF3/Outer VV10/17,22/1749PF coil ground insulationPF4/Outer VV15/17,20/1749PF coil ground insulationPF5/Outer VV15/17,20/1749PF coil ground insulation plusG-10/Kapton spacersIt was originally planned to bias the CSC up to 2kV while maintaining theOH coil ground plane and tension tube, along with the outer VV, nearground. However, concern about the small gap and entrained diagnostics inthe space between the OH coil ground plane and the CSC led to the decisionto tie the OH coil ground plane and tension tube to the same potential as theCSC. Along with this decision a corresponding decrease in the maximumallowable operating voltage of CHI to 1kV was imposed (based on feedbackfrom first CHI experiments which were successful at 1kV). Therefore the

47OH coil and TF inner leg ground insulation must withstand an additional1kV compared to the original requirement. This extra stress is accepted inlight of the necessity of protecting the aforementioned gap.5. Mechanical and Structural Design and Performance5.1 Overview of Mechanical and Structural Design ApproachThe mechanical and structural design of NSTX responds to the followingrequirements:(1) dead weight loads(2) vacuum loads(3) electromagnetic loads during normal operation(4) thermal loads and displacements during normal operation and bakeout(5) seismic loads(6) feasibility of manufacture and assemblyLoad paths and support schemes, working from the inside of the machineoutward, are described in the following paragraphs.TF Inner LegsThe TF inner legs, radial flags, and hub assemblies form an essentiallymonolithic structure. The radial flags are wedged via epoxy-glass (NEMAG-10) blocks into the hub assemblies, which are in turn fixed to the body ofthe inner legs via torque collars. The dead weight of this structure issupported by floor of the test cell via the pedestal. The joints between the TFinner and outer legs consist of de-mountable flexible connectors which allowfor small axial growth of the inner legs due to thermal effects (the structuregrows upwards since it is supported from the floor). The hub assembliesprovide a reaction against torsional loads resulting from J x Boh which areoppositely directed top and bottom. The bottom hub assembly is fixed to thelower umbrella and pedestal, while the top is locked to the upper umbrellaassembly through a G-10 spline, which allows the axial growth but not thetwist. Thus the torsional loads are reacted between the two hub assembliesvia the outer VV. The torque collar-to-hub assembly connection prevents thetorsional load from being applied to the radial flags, which would otherwisehave an adverse effect on the electrical conductance of the joints with theinner legs.

48OH CoilThe OH coil is wound on a Òtension tubeÓ spool piece. A gap exists betweenthe inside of the tension tube and the TF coil inner legs, which allows fortheir independent axial growth. The bottom of the tension tube is attached tothe lower hub assembly, but is not attached at the top. A layer of Teflonlocated between the tension tube and the adjoining OH coil groundwallinsulation and first layer of the OH coil provides a slip plane which allowsfor axial growth of the OH coil due to its temperature rise during a pulse.The dead weight of the OH coil, in combination with compression washerswhich are react between the top flange of the tension tube and the top of theOH coil, hold it down against the bottom flange, even in the presence ofÒlaunching loadsÓ which can occur due to the interaction between the OHand PF1b coils.Center Stack CasingThe CSC is rigidly attached to the lower hub assembly which provides fordead load support down through the pedestal. The bellows assemblies topand bottom allow for relative axial displacement of the CSC and outer VVduring operations (CSC up to 600oC) and bakeout. The gap between theC S C a n d O H c o i l g r o u n d p l a n e , p a r t i a l l y f i l l e d w i t h M i c r o t h e r m a n d magnetic diagnostics, so as to allow for independent axial thermal growth ofthe two structures.Umbrella StructuresThe upper and lower umbrella structures receive the torsional loads from theTF inner leg assembly and transmit them to the outer VV. In addition theysecure the ends of the outer legs of the TF coils via cast aluminum clampswhich are inserted into keyed openings on the umbrella structures.Outer Vacuum VesselThe outer VV provides support to the TF coil outer legs, outer PF coils,umbrella structures, and internal hardware (outboard divertor and passiveplates), and also reacts the vacuum loads. To allow for radial expansionduring bakeout the outer VV goes to 150oC, the umbrella structures andouter PF coils are mounted to the outer VV via sliding supports. The TF coil

49outer legs are supported by turnbuckles which go slack as the outer VVexpands.Legs and Support ColumnsT h e v a c u u m v e s s e l a n d a l l c o m p o n e n t s m o u n t e d t h e r e t o ( t o t a l w e i g h t approximately 100,000 lbs.) is supported from the floor via four legs. Thelegs rest upon columns. The leg-to-column interface consists of a radial slidesupport, coated with a special low friction coefficient surface treatment(ÒMagnaplateÓ). This scheme allows for the axisymmetric radial expansionof the outer VV during bakeout. The legs and support columns receive, inaddition to the dead weight load, some side loading due to the unbalance invacuum forces, mainly due to the lack of same at the vacuum pumping andN B I d u c t s w h i c h a r e a t t a c h e d t o t h e o u t e r V V v i a f l e x i b l e b e l l o w s assemblies. Additional struts are provide to react these loads to the floor.The welded connection of the legs to the outer VV, along with the slidingjoints, are able to accommodate these additional side loads without excessstress, and without binding of the slides.5.2 Stress Allowable CriteriaBased on the linear finite element analysis, the ASME code requires that theTresca stress of the 2-D or 3-D element shall meet the following stresslimits:- 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 + secondary (thermal) stresses shall not exceed 3.0 K SmThe K factor is 1.0 for normal operating conditions or 1.1 if case seismicforce is involved. S is the design stress intensity value defined in theASME Boiler and Pressure Vessel code. Since the v o n Mises stress isgenerally more accurate than the Tresca stress in the representation of theequivalent one-dimensional stress and the difference between the two issmall, it was used instead of the Tresca stress in determining the stressacceptance criteria. The design stress intensity value is set at 2/3 of theminimum specified yield at temperature. For bolting material, the average

50tensile stress shall not exceed 1.0 S and maximum direct tensile plusbending stress shall not exceed 1.5 Sm.5.3 Loads and Finite Element Stress Analysis5.3.1 TF Coil SystemTorsional loads are generated in the inner leg bundle by the OH fieldscrossing the TF conductors, primarily the outer layer. This results in atorque of ~24,000 N-m on the TF inner leg bundle. Additional torsionalloads are generated in the radial elements of the TF system (i.e., the flags,connectors, and outer legs) by the poloidal fields crossing these elements.Vertical loads are generated by the TF fields crossing over the TF flags,c o n n e c t o r s , a n d o u t e r l e g s . A d d i t i o n a l d o w n w a r d v e r t i c a l l o a d s a r e generated by the dead weight of the structures. Radial loads are generatedinwards on the inner legs due to the magnetic attraction between turns.Radial loads are generated outwards on the outer legs due to the magneticforce J x B. Ohmic heating of the TF bundle leg results in an overallgrowth in its length of ~3/8Ó which, in turn, creates thermally induced loads.The support system must react the aforementioned loads while maintainingstresses (e.g. inner leg turn-to-turn insulation shear) within allowables, andwhile preventing deformation and loss of contact pressure the critical innerleg to radial flag electrical joint.T h e T F s u p p o r t s t r u c t u r e , s h o w n i n F i g u r e 2 6 p r o v i d e s t h e n e c e s s a r y features to react the loads. A stainless steel torque reaction collar is bondedto the outside of the TF inner leg bundle just above the ends of the OHtension cylinder via glass epoxy which acts in shear. A bolted flangeconnection transmits the torque from the collar to the hub portion of therestraint structure. Both ÒtiersÓ of flags are tightly shimmed in the verticaldirection between the two discs in the hub portion of the restraint structure.In this manner, the entire circular array of radial flags clamped betweenupper and lower discs together form two tiers of thick discs. Vertical loadson the disc result in simple shearing loads across bolts of the joints. Thebolts are shoulder bolts designed to act in shear and resist slippage at thejoint. The shearing load is absorbed by a total of 36*4 = 144 bolts. G-10wedges are installed between the flags so the entire array of flags behaves asa solid disc. The resulting torque is reacted through the restraint structure tothe umbrella structure and in turn to the outer VV. The connection between

51the restraint structure is free to move vertically (to permit free thermalexpansion of the central bundle) but fixed in torsion. The TF inner legb u n d l e i s s u p p o r t e d f r o m t h e f l o o r v i a t h e s u p p o r t p e d e s t a l . T h i s arrangement, in conjunction with the flexible connectors between the radialflags and the outer legs permits the bundle to freely expand upwards.Figure 26 Ð TF Support Structure

52An ANSYS finite element model was generated to quantify the loads and theresulting stresses [20]. The model included one-quadrant of the TF coilsystem consisting of three outboard legs with three conductors each, nineinner core conductors and their turn insulation, the inner and outer TF flagsand the de-mountable links between the inner conductors and the outer legs.Only the top half of the conductors were modeled with both the inner andouter conductors fixed at the midplane.The analysis predicts a maximum torsoinal moment of ~17,700 ft-lb for thecase of B=3kG, I=24kA, and I=10kA, occurring over the axial lengthbetween the center of the PF1a coil and the end of the bundle as it enters thehub assembly. This loading results in a von Mises stress of 4.20 ksi in thecopper, a maximum shear of 1.51 ksi in the insulation in the vicinity ofPF1a, and a torsional displacement of 0.1Ò. These results are presented asModel A in Table 14.Table 14 - TF Inner Leg Stress AnalysisCopperInsulationDisp.von Misesshear xyshear yzstress yksiksiksiksiinModel AMin.-0.64-0.8-1.03Max.4.20.51.510.70.101Model BMin.-1.05-1.71-1.17Max.4.980.230.541.30.011Model CMin.-1.59-1.67-1.02Max.4.760.360.450.260.011Notes:1) All models fixed at mid-plane, flags are coupled for vertical displacement2) Model B has additional torsional constraints at flags3) Model C has additional torsional constraints at flags and TF collarThe model was exercised in subsequent analyses to bracket the effect of theC S r e s t r a i n t s t r u c t u r e . T h e f i r s t o f t h e s e a n a l y s e s , M o d e l B , p r o v i d e d torsional constraints along the radial length of the flag. This boundarycondition simulates the effect of the G-10 wedges which are installedbetween the flags. These wedges prevent bending along the length of thef l a g a n d t r a n s m i t t h e torsional loads through the hub assembly to the

53umbrella structure of the vacuum vessel. For this set of constraints themaximum von Mises stress in the copper increases to 5.0 ksi while the shearstress in the insulation increases to 1.7 ksi at the top of the OH solenoid.T h e torsional displacement drops to 0.01Ó. The second Model C addedadditional constraints to simulate the effect of the torque reaction collar.The result of these additional constraints was a slight reduction in the copperand insulation stresses and no change in the displacement.The TF inner core is supported at its base and is allowed to grow/movefreely in the vertical direction. This support arrangement creates no thermalstresses in the conductor but does create additional stress in the insulation ofbecause of differences in the coefficients of thermal expansion between thecopper and the insulation. A shear stress in the insulation of < 1 ksi occurs.The TF inner conductors are fabricated from quarter-hard CDA 107 copperwith specified minimum yield strength of 30 ksi (allowable stress at roomtemperature of 20 ksi). Shear strength of the selected insulation system is ~ 6ksi. From these results it is concluded that the stresses in the TF inner corecopper (9.9ksi at 6kG) is well below the allowable limits while the insulationshear stress (3.4ksi at 6kG) is challenging but acceptable.5.3.2 OH SystemThe OH solenoid is supported from the test cell floor via the supportpedestal. It is free to expand vertically upward independent from the TFbundle, tension tube and CSC. Outward radial J x B forces are generated bythe current in each turn reacting against the self-field of the coil; the forcesp e a k a t t h e i n n e r l a y e r o f t h e s o l e n o i d w h e r e t h e s e l f - f i e l d i s ~ 8 T . Additional radial J x B forces are generated by the current in each OH turnreacting against the stray field from other PF coils. Axial compressive forcesare generated due to the attraction between OH turns. Additional axial forcesare generated by the interaction of the OH current with the fields fromnearby PF coils. PF1b has the greatest effect since it is located close to theend of the OH coil (PF1a is closer but its effect tends to cancel since OHturns exist both above and below its current center). PF1b operation isnominally of a polarity the same as that of the OH when it is operated,r e s u l t i n g i n a d o w n w a r d f o r c e w h i c h i s r e a c t e d t h r o u g h t h e c o m m o n structure which supports both the OH and PF1b at the bottom. Care is takenin the protection systems to avoid large OH and PF1b currents in oppositedirections which would cause a Òlaunching loadÓ. The weight of the coil

54causes a vertical axial load. Additional loads are created as the ÒcoolantwaveÓ progresses through the winding after a pulse.The OH solenoid is vertically constrained and preloaded via the tension tubewith compression washers acting against the upper flange so that net axialloads do not result in tension between the solenoid turns but instead againstthe tension tube and its mounting.To characterize the axial loads in the OH solenoid a series of finite elementanalyses were conducted whose outcome is summarized via the influencematrix shown in Table 15 which describes the effect of each PF coil on theOH coil. Each term in the matrix was developed by applying a unit currenton the OH solenoid and on an individual PF coil bundle. The effect of thep l a s m a w a s a l s o i n c l u d e d ( t w o f i l a m e n t s a t R o a b o v e a n d b e l o w t h e midplane).For each row ÒiÓ in the table, B (i) is the field per kA at the OH conductorcenter due the current in coil ÒiÓ. Fz is the coefficient of axial force where:FZoh = Ioh*åFz Similarly Fr is the coefficient of radial force where:FRoh = Ioh*åFrIn the case of Fr the summation represents the total Òhoop stressÓ. The largecoupling to PF1b is evident from the Table. Six finite element cases wereconducted using ANSYS to determine the stresses and deflections in the OHsolenoid. The first examined the stresses and displacements under the 5000lb. pre-load from the compression washers acting against the upper tensiontube flange. The second examined the effect of electromagnetic (EM) loadsonly. The third set all conductors to the peak temperature at the end of apulse, assuming adiabatic conditions. The fourth set the lower 45 turns ofthe coil at 14¡C and the remaining turns at 83¡C to simulate the effect of thecooling wave propagation through the coil. Cases 5 and 6 are combinationsof the EM with the two thermal cases. In these analyses the OH, PF1a andPF1b coils were all assumed to be operating at their maximum current. Theresults of the analysis are given in Table 16.

55Table 15 Ð OH Coil Axial and Radial Force CoefficientsCircuitBsumFzFrImaxMax AxialLoad Fz(Tesla/kA)(lbs/kA2)(lbs/kA2)(kA)(lbs)OH0.277680.00022206.9240PF1a-u0.1191712.4892461.1102997PF1a-l0.11917-12.4892461.110-2997PF1b-l0.08837-110.2521507.415-39691PF2a-u0.0113328.871402.42013858PF2a-l0.01133-28.871402.420-13858PF2b-u0.0113327.403438.42013153PF2b-l0.01133-27.403438.420-13153PF3a-u0.0063614.338464.2206882PF3a-l0.00636-14.338464.220-6882PF3b-u0.0063613.633482.0206544PF3b-l0.00636-13.633482.020-6544PF4a-u0.001771.727187.320829PF4a-l0.00177-1.727187.320-829PF4b-u0.002822.424302.1201164PF4b-l0.00282-2.424302.120-1164PF4c-u0.003152.360342.1201133PF4c-l0.00315-2.360342.120-1133PL-u0.000670.07247.610001727PL-l0.00067-0.07247.61000-1727Table 16 - OH Stress Analysis for OH=24kA, PF1a=15kA, PF1b=20kACopper Stress Insulation StressDisplacementCaseLoadvonMises(ksi)Sy(ksi)Sy(ksi)Sz(ksi)Sxy(ksi)Sxz(ksi)Dmax(in)Dz(in)1Preload0.150.03-0.042-0.1190.0020.0100.0110.0112EM22.8819.800.732-6.4360.1980.1750.101-0.1013Maximum Temp.2.27-2.461.499-1.1960.1060.3270.2460.2454Temp. at 15.5sec.8.238.012.134-5.3660.0960.9590.2170.2175 Case 2 + 323.2019.911.978-7.2480.2900.4160.1480.1476Case 2 + 423.2019.932.210-7.1420.2800.8230.1190.119

56The maximum tensile (ÒhoopÓ) stress sy in the OH copper is ~ 20 ksi whilethe maximum shear stress in the insulation is less than 1 ksi. The hoop stressof 19.8ksi due to EM alone, compared to the theoretical value of 17.8 ksi forhoop stress in an infinite solenoid of the same radial dimensions and currentdensity, reflects the additional contribution of field from the other PF coils.The OH conductor is fabricated from half-hard CDA 10700 copper withspecified minimum yield strength of 36 ksi (allowable stress at roomtemperature of 24 ksi). Shear strength of the selected insulation system is ~ 3ksi.. From these results it is concluded that the stress in the OH copper isnear the allowable limit while the insulation shear stress (< 1 ksi) is wellwithin the allowable. Based on available fatigue data (for CDA 10400copper), and the tensile stress sy ~ 20ksi, the cycles to failure is of order400,000. Therefore with the double swing of the OH current (two stresscycles per pulse) a failure might be expected after 200,000 pulses at the fullrating. A traditional design rule for fatigue allowables, namely that the rangeof stress should be less than 1/2 of the stress to failure at the design cycle lifeand less than the stress to failure at 20 times the design cycle life suggests,based on the CDA 10400 data, that the latter criteria may be limiting,however. This would imply a lifetime of 200,000/20 = 10,000 pulses at fullrating. While this falls somewhat short of the total number of pulses plannedfor NSTX, it is considered acceptable based the conservative nature of thedesign rule and the necessity for an aggressive design approach.5.3.3 Outer PF CoilsThe outer PF coils experience radial and axial forces due to their mutual J xB interaction. To characterize these loads a series of finite element analyseswere conducted whose outcome was a pair of influence matricies shown inTables 17 and 18 which describe the effect of each PF coil on the radial andaxial load of the other PF coils. The effect of the plasma was also included(two groups of filaments ÒPLAÓ which carries 63% of Ip and ÒPLBÓ whichcarries 36%). For each column ÒjÓ in the table the entries in the ÒiÓ rowscontain the force coefficients which describe the effect of 1kA of current incoil ÒiÓ on coil ÒjÓ. Therefore:FZ(j) = I(j)*åFzi)Similarly Fr is the coefficient of radial force where:

57FR(j) = I(j)*Fri) In the case of Fr the summation represents the total Òhoop stressÓ.Table 17 Ð PF Coil Axial Force CoefficientsOHPF1AUPF1ALPF1BLPF2UPF2LPF3UPF3LPF4UPF4LPF5UPF5LPLAPLBOH0-9.69.653.3-54.154.1-27.727.7-4.64.6-5.95.900PF1AU9.600.050.05-24.20.26-2.550.963.061.563.512.20.130.09PF1AL-9.6-0.05097.2-0.2624.2-0.962.52-1.56-3.06-2.2-3.51-0.13-0.09PF1BL-53.3-0.05-97.20-0.2917.9-1.1-7.16-1.84-4.87-2.72-5.81-0.11-0.07PF2U54.124.20.260.2901.799.06.5633.011.140.2916.720.540.35PF2L-54.1-0.26-24.2-17.9-1.70-6.6-99.0-11.08-33.0-16.7-40.3-0.54-0.35PF3U27.72.50.961.1-99.06.6026.0165.144.9204.669.61.50.95PF3L-27.7-0.96-2.57.2-6.699.0-26.00-44.9-165.1-69.6-204.6-1.5-0.95PF4U4.6-3.061.61.8-33.011.1-165.144.910.0189.8189.4138.01.270.39PF4L-4.6-1.63.14.9-11.133.0-44.9165.1-89.8-0.01-138.0-189.4-1.27-0.39PF5U5.9-3.52.22.71-40.316.7-204.669.6-189.4138.00225.91.310.42PF5L-5.9-2.23.55.81-16.740.3-69.6204.6-138.0189.4-225.90-1.31-0.42PLA0-0.130.130.11-0.540.54-1.51.5-1.271.27-1.311.3100PLB0-0.090.090.07-0.350.35-0.950.95-0.390.39-0.420.4200Table 18 Ð PF Coil Radial (Hoop) Force CoefficientsOHPF1AUPF1ALPF1BLPF2UPF2LPF3UPF3LPF4UPF4LPF5UPF5LPLAPLBOH23112.1-33.8-33.8-57.7-18.9-18.9-15.2-15.2-10.5-10.5-14.1-14.1-0.4-0.2PF1AU2493.8439.10.50.33-7.140.71-8.691.14-1.270.72-1.650.740.080.04PF1AL2493.80.5439.122.70.71-7.141.14-8.690.72-1.270.74-1.650.080.04PF1BL1283.10.57210.1302.40.88-56.51.52-14.591.21-0.151.43-0.570.110.06PF2U942.3180.43.412.44387.25.5-110.49.74.18.41.510.30.670.4PF2L942.33.41180.4290.95.5387.29.7-110.48.44.110.31.50.670.4PF3U1007.4151.313.39.68447.921.9515.440.144.737.624.747.02.641.63PF3L1007.413.3151.3150.921.9447.940.1515.437.644.747.024.72.641.63PF4U667.453.820.914.992.433.3166.159.0184.456.8-899.057.54.282.48PF4L667.420.953.840.433.392.459.0166.156.8184.457.5-899.04.282.48PF5U903.870.732.323.7130.054.0264.1100.21284.3111.8395.1127.95.83.2PF5L903.832.370.755.054.0130.0100.2264.1111.81284.3127.9395.15.83.2PLA31.00.970.970.520.90.90.760.76-0.74-0.74-1.07-1.070.080.04PLB17.20.620.620.330.560.560.390.39-0.52-0.52-0.61-0.610.040.03

58The above forces are relevent primarily to the design of the coil supports andthe outer VV which supports the outer PF coils.5.3.4 Center Stack CasingTo the extent that the halo current is axi-symmetric it results in a uniforminward pressure on the wall of the CSC. The non-axisymmetric componentcauses a net radial load of less than 100 lbs, which, since the casing is fixedto the support structure only at the bottom, produces a bending momentreacted at the bottom flange. The maximum von Mises stress occurs at theflange connection to the shell and is 8.6 ksi. At the midplane the maximumbending stress is 2.6 ksi and the maximum displacement is < 0.02Ó.5.3.5 Outer Vacuum VesselThe outer VV is loaded by the following forces:1) dead weight2) vacuuma. balancedb. unbalanced3) thermala. normal operationb. bakeout4) electromagnetica. normal operationb. plasma disruption5) seismicExcept for 2)b. and 5), an ANSYS finite element 3-D model was used toanalyze the loads and stresses [22]. As shown in Figure 27 the model waslimited to one toroidal quadrant of the NSTX machine with one NBI portand two 24Ò circular midplane ports. The model also includes the upper andlower domes, reinforcing ribs, dome ports, umbrella structures, passiveplates and outboard divertor internal hardware structures and their supports,and one leg support assembly. In some cases the sliding joint features aremodeled explicitly, in others their effect is simulated by suitable adjustmentof material properties.

59 Figure 27 Ð Quarter Section Finite Element Model of Vacuum VesselTables 19 (normal operations at 50¡C) and 20 (bakeout operations with outerVV at 150¡C and internal hardware 350¡C) summarize the results of theanalysis. In order to elucidate the results separate rows are included whichexclude the divertor, and which include the vessel only, leg support only,and torque frame only in the scan for minima and maxima. Also given arethe applicable allowables at the given temperatures, based on a maximumstress intensity for 304 stainless steel of 20ksi @ 50¡C and 18.7 ksi @200¡C. The finite element analysis proved an invaluable tool in identifyingweak spots in the design and confirming corrective measures. The aboveresults reflect the evolved design after various corrections such as inclusionof ribs, increase in material thicknesses, increases in welds, inclusion ofsliding joints, and measures to avoid large thermal gradients.

60Table 19 -Vacuum Vessel Stresses and Deflections, Normal Operation123456LoadingTemp.EMVacuumDead LoadT+EM+DL+VacEM+DL+ VacMax. Svm (ksi)16.9721.7610.947.3122.9221.90Membrane Svm (ksi)3.2121.326.834.9921.7621.61Max. U (in)0.0800.0540.0210.0160.0880.056Max. Ux (in)0.0450.0250.0060.0090.0500.025Min. Ux (in)0.000-0.013-0.021-0.0100.006-0.027Max/Min Uy (in)0.004-0.047-0.007-0.005-0.048-0.049Max/Min Uz (in)0.0800.0200.014-0.0160.072-0.030w/o Divertor Svm (ksi)16.9721.7610.947.3122.9221.90Vessel only Svm (ksi)16.9711.4310.943.7618.1313.56Leg Support Svm (ksi)4.892.101.617.318.217.82Torque Frame max.Svm (ksi)3.2921.760.530.6322.9221.90Bending + MembraneAllowable @50¡C60.0030.00General/LocalMembrane Allowable@50¡C20.0/30.0Table 20 -Vacuum Vessel Stresses and Deflections, BakeoutLoad Case12345LoadingTemp.VacuumDead LoadVacuum+ DeadLoadBT+DL+VacuumMax. Svm (ksi)38.8710.947.3111.6639.74Membrane Svm (ksi)15.236.834.996.8916.83Max. U (in)0.3150.0210.0160.0230.306Max. Ux (in)0.1940.0060.0090.0070.182Min. Ux (in)0.000-0.021-0.010-0.0210.000Max/Min Uy (in)0.015-0.007-0.005-0.0080.012Max/Min Uz (in)0.3000.014-0.016-0.0220.282w/o Divertor Svm (ksi)38.8710.947.3111.6639.74Vessel only Svm (ksi)38.8710.943.7611.6639.74Leg Support Svm (ksi)23.931.617.314.8426.40Torque Frame Svm (ksi)15.520.530.630.8115.38Bending Plus MembraneAllowable @200¡C28.1056.10General/Local MembraneAllowable @200¡C18.7/28.1

616. Thermal and Hydraulic Design and Performance6.1 Normal Operation6.1.1 Coil Cooling WaterDe-ionized cooling water is supplied at 10oC with resistivity 1M-cm.Cooling water flow and pressure drop is described in Table 21 [7,9]. OHnumbers refer to layer numbers 1-4, each of which as two winding X and Yin hand. Nominal OH flow rates are designed to minimize the temperaturedifference between layers during cool-down. TF reflects each inner leg turnin series with each outer leg turn.Table 21 - Cooling Water FlowCoilFlow/CircuitVelocityNo. of CircuitsFlowDP(m/s)OH1X0.642.310.6207.3OH1Y0.642.310.6207.8OH2X0.712.510.7266.3OH2Y0.712.510.7266.3OH3X0.762.710.8329.7OH3Y0.762.710.8331.8OH4X0.822.910.8400.0OH4Y0.822.910.8400.0PF1a6.153.0212.3100.0PF1b3.103.113.1100.0PF2a5.382.6210.8100.0PF2b5.382.6210.8100.0PF3a3.621.827.2100.0PF3b3.621.827.2100.0PF4b4.662.329.3100.0PF4c4.342.128.7100.0PF5a3.591.727.18100.0PF5b3.591.727.18100.0TF3.201.036115.294.8Totals61.0202.7

62Heat loads are given in Table 22 for the three modes of NSTX operation. TFlosses are the same in all three modes (B = 0.6T assumed in short flat top,inductive mode).Table 22 Ð Heat Loads to Cooling Water SystemModeOH ESWPF ESWTF ESWPulsedLossRepPeriodAvg. Loss(sec)(sec)(sec)(MJ)(sec)(kW)Inductive0.5251.01.575.1600.0125.2PartialInductive0.2385.06.0104.5300.0348.2Non-Inductive0.0005.06.096.3300.0321.16.1.2 Vacuum Vessel and Internal Hardware Heating and CoolingMachine temperature is regulated at 50oC using a heating/cooling skid whichcirculates pressurized water through stainless steel piping networks, oneexternal to the machine and welded to the outer VV, the other internal to themachine and brazed into the copper backing plates of the divertors andpassive plate. Auxiliary heating power input of up to 6MW for 5 seconds,once every 300 seconds (average power 100kW) must be removed from themachine by the skid. The center stack casing is not actively cooled, and heatdeposited thereon is mainly removed by radiation outward to the divertora n d p a s s i v e p l a t e s . I n w a r d h e a t f l o w i s m i n i m i z e d b y t h e Microtherminsulation. For fully rated ohmic, RF and NBI heating power input it isanticipated that the center stack casing may ratchet to a temperature as highas 600oC.6.1.3 Heat Loads on PFC tilesThe heat loads specified by Physics [23] for the PFC tiles are given in Table23 for the three plasma configurations. The design requirement is to limit tiletemperatures below 1200oC to avoid sublimation.Heat flux on the divertors is assumed to impinge over a region beginning atthe strike point and ending at a distance of equal to the power flux width ()given in the Table. The peak heat flux occurs at the strike point. The heat

63flux (q) along the power flux width is assumed equal to q(x) = * e-x/Dwhere x = 0 occurs at the strike point.Extensive analysis of the thermal performance of the various NSTX tiledesigns was performed, including the center stack carbon fiber composite(CFC) tiles and the graphite tiles used on the center stack, divertors, andpassive plates [24]. Both 1D and 3D analysis using P-THERMAL was usedin the studies.Table 23 -Heat Loads on Plasma Facing ComponentsScenarioParameterInner DivOuter DivInnerWallTotalUpperLowerUpperLowerNaturalDivertorTotal Power6.0MWRadiated Power1.8MWNon-Radiated Power0.00.01.11.12.14.2MWPower Flux Width0.0000.0000.0940.0942.000mPeak Flux0.00.04.34.31.9MW/m^2DoubleNullTotal Power6.0MWRadiated Power1.8MWNon-Radiated Power0.40.41.71.70.04.2MWPower Flux Width0.0380.0380.0380.0382.000mPeak Flux5.15.117.117.10.0MW/m^2SingleNullTotal Power6.0MWRadiated Power1.8MWNon-Radiated Power0.01.40.02.80.04.2MWPower Flux Width0.0000.0920.0000.1002.000mPeak Flux0.07.00.010.80.0MW/m^2Main conclusions of the PFC thermal analysis were that:¥ÊFor 5 second pulsing, thermal penetration is limited to ~ 0.5Ó such thatincreased tile thickness is not beneficial in terms of thermal absorption;¥ÊWithout divertor sweeping, the maximum power flux with a peaktemperature allowable of 1200oC is 6MW/m2;

64¥ÊIn order to receive power with flux in excess of 6MW/m2 (as is requiredfor a limited number of cases) without exceeding the temperature allowable,divertor sweeping will be required.6.2 BakeoutThe ANSYS finite element 3-D, 1/4 section model used to analzye thevacuum vessel stresses was also used to estimate the heat flow duringbakeout, with the internal hardware PFC tiles at 350oC and the outer VV at150oC [24]. Heat flow is summarized in Table 24.Table 24 Ð Heat Flow During BakeoutHEAT INPUTSPassive Plate and Divertor Heating86.7kWCenter Stack Ohmic Heating5.3 kWTotal Input74 kWHEAT OUTPUTSOutward to Cooling System on Outer VV60.0kWInward from Center Stack to OH coil5.3kWOutward through Outer VV insulation and port covers and ducts8.7kWIt should be noted that these results are highly dependant on assumedconductivites and emissivities.For the ohmic heating a DC power supply is used which is capable ofdelivering 4kA to the center stack casing, which has a resistance of 830μWat 350oC. Therefore the available ohmic heat input is 4kA2*830μ =13.3kW.For the internal hardware heating, the original design called for the use of ahigh temperature heat transfer fluid to be circulated in the stainless steeltubing network both inside and outside the vessel. However, concerns overflammability, and pollution of the inside of the vacuum vessel in case of aleak, have ruled out the use of this or any other complex compounds.Therefore at this time the Project is considering alternative methods(including superheated steam and compressed air). Until a decision is takenon an alternative scheme the systemÕs operation is limited to 150oC usingpressurized water.

657. Fabrication Features7.1 TF and OH CoilsTF and OH coils were manufactured by Everson Electric Co., Bethlehem,PA.7.1.1 ConductorsAll TF and OH conductors utilize Copper Development Association (CDA)a l l o y 1 0 7 0 0 ( s i l v e r b e a r i n g o x y g e n f r e e c o p p e r ) w i t h 1 0 0 % I A C S conductivity, Òquarter hardÓ for TF and Òhalf hardÓ for OH. The two TFinner leg conductor shapes were extruded and then machined to provide 1)electrical joint bolt holes with threaded inserts, 2) precision electrical jointcontact surfaces and 3) milled groove for insertion and soldering of watercooling tube. The TF outer leg conductors were roll-formed, then milledgrooves added for soldering of the water tube. The OH conductors areextruded with a central cooling hole. The extruded cross section of the OHconductor is slightly non-rectangular to compensate for the ÒkeystoneÓeffect, such that after winding into the relatively small radius, the deformedshape becomes closer to rectangular. Since each of the four layers has adifferent radius whereas only one conductor extrusion was made, the finals e l e c t e d s h a p e i s a c o m p r o m i s e a n d n o n e o f t h e l a y e r s a r e p e r f e c t l y rectangular.7.1.2 Electrical InsulationPreliminary design work indicated the need for a high shear strength turn-to-turn insulation in the TF inner leg bundle with a relatively low voltagewithstand requirement, but quite the opposite in the OH system where theshear stress is low and the voltage much higher. In the TF coil the first andlast of the 36 turns are adjacent to one another, but the voltage is only 1kV.In the OH coil the maximum voltages which appears between turns in thesame layer and between layers are 25% and 75% of the total terminalvoltage, respectively, resulting in turn to turn voltage as high as 4.5kV. Earlyinvestigations also addressed the relative merits of a B-staged insulationsystem versus a Vacuum Pressure Impregnation (VPI). Based on discussionswith coil manufacturers and insulation suppliers along with some R&D [25]it was decided that a B-staged system was feasible and would be less

66expensive than VPI. A B-staged material was identified which could meetthe TF requirements for high shear strength and, with the addition of a layero f K a p t o n , t h e O H r e q u i r e m e n t s f o r d i e l e c t r i c s t r e n g t h , a l b e i t w i t h a reduction in shear strength.Final selected insulation material for the B-stage epoxy-glass component is aproduct supplied by Insulating Materials, Inc. (IMI) of Schenectedy, NY,consisting of a glass tape with a TGDM type epoxy supplied to IMI byC o m p o s i t e T e c h n o l o g y D e v e l o p m e n t ( C T D ) o f B o u l d e r , C o . R & D performed by Cryogenic Materials, Inc., Boulder, Co., on the TF inner lega n d O H v e r s i o n s o f t h e i n s u l a t i o n c o n s i s t e d o f l a p s h e a r a n d shear/compression), shear compression fatigue, and DC hipot. Results aresummarized in Table 25. Selected temperatures for shear tests are based onprojected temperature at time of peak shear stress. All conductors were gritblasted, solvent wiped, and then primed with Ciba Geigy DZ80-1. This is anessential step in achieving the requisite shear strength.Details of the TF inner leg and OH insulation systems are given in Table 26.Table 25 Ð Insulation R&D ResultsTF Inner LegOHBi-axial shear @ 600lbscompression (avg. psifailure)6062 psi @ 60oC, 8samples3710 psi @ 100oC, 10samplesFatigue test @ 600lbscompression (test w/ofailure, 1e6 cycles)2400 psi @ 60 oC, 6samples1000 psi @ 100 oC, 6samplesDC Hipot (avg. kV failure)16kV (420 volt/mil), 16samplesNot tested

67Table 26 Ð NSTX Insulation Design DetailsTF Inner LegOHTurn InsulationEpoxy-glassIMI 2258XSIMI 2258XSThickness (10% compression)0.0054Ó0.0054ÓNumber of Layers3 half lapped1 half lappedEpoxy-glass/Kaptonn.a.IMI 2259XSThickness (10% compression)n.a.0.008ÓNumber of Layersn.a.1 half lappedTotal Build0.032Ó (0.064Ó turn-turn)0.026 (0.0525Ó turn-turn)Voltage Stress15.6 volts/mil @ 1kV85.7 volts/min @ 4.5kVGround Insulation (Outer)Epoxy-glass3M Scotchply #10033M Scotchply #1003Number of Layers2 half-lapped3 half-lappedThickness (10% compression)0.009Ó0.009ÓTotal Build0.036Ó0.054ÓGround Insulation (Inner)n.a.Teflonn.a.0.002ÓNumber of Layersn.a.2 half-lappedEpoxy-glassn.a.IMI 2258XSThickness (10% compression)n.a.0.0054ÓNumber of Layersn.a.3 half-lappedTotal Buildn.a.0.036Ó7.1.3 OH Layer to Layer JointsA crucial feature of the OH coil is the layer to layer joint. As part of theR&D work several configurations were investigated and tested for ultimatestrength prior to selecting a scheme consisting of a 4Ó overlap of the twoconductors to be joined, soldered together with 96% tin/4% silver softsolder, then secured using Sil-Fos TIG braze tack welds at the ends of thetwo overlapping sections. Tests of this configuration, shown in Figure 28,had an average stress to failure at 37.4ksi (8 samples). Fatigue tests wereperformed on 3 samples at 20ksi cyclic loading and failures occurred after ~300k, 420k, and 555k cycles, in all cases in the conductor, not the joint.

68 Figure 28 Ð Prototype OH Layer to Layer Joint7.1.4 TF Bundle FabricationA significant fabrication challenge was presented by the TF inner legs: howto assemble the 36 insulated turns into a bundle with sufficient precision tofit within the inner diameter of the OH tension tube, allowing only a smallnominal gap to permit sliding, while at the same time providing the requiredradial restraint. And, aside from the assembly considerations, the fact thatthe TF inner legs form the axis of the plasma places additional importanceon its precision. The TF inner leg assembly, approximately 18 feet in length,was required to be formed to a tolerance of +/- 0.015 inches deviation fromthe ideal cylindrical shape. In order to accomplish this, the followingprocedure was developed: The assembly was divided into 4 quadrants, each of which was firstpress-cured in a precision steel mold, which included a special alignmentfixture to secure the positions of the ends of the inner legs at theirelectrical joint contact surface; The quadrants were then brought together, a groundwall insulationapplied, and the completed assembly bonded together in a second press-cure operation using a final sizing and curing mold; The surface of the groundwall insulation was precision machined toachieve the final desired tolerance.

69The TF Inner Leg bundle fabrication process is depicted in Figure 29.Figure 29 Ð TF Inner Leg Fabrication Procedure7.1.5 TF Inner Leg to Radial Flag JointsA crucial feature of the TF coil system is the joint between the inner legs andthe radial flags, which operates at high current density. The NSTX joint wasdesigned with a nominal contact pressure of 2000 psi, beyond which little isgained in terms of joint conductance vs. mechanical load. The joint is silverplated to enhance conductivity and to promote stable contact resistance. Inaddition to contact resistance effects, local joint heating is influenced by thevariation in current density as the current leaves the vertical inner leg andenters the radial flag; the current concentrates on the inside of the turn. Theouter layer turns present the worst case since the current path transitionsfrom vertical to radial immediately at the joint interface, whereas on theinner layer a short length of radial conductor is present prior to the joint.

70Based on preliminary joint resistance measurements and 2-D transientelectrical/thermal simulations, the silver plated joint provides the requiredconductivity to limit the local heating to Ê140oC. Worst case conditionsresult from the B = 0.6T case, where the pulse time is much shorter than the0.3T case and less time is available for heat diffusion away from the joint.Although the hub assembly is designed to minimize the variation in pressureon the joint under thermal/mechanical load, R&D measurements wereperformed to determine what level of axial and torsional forces are requiredto produce a measurable variation in contact resistance from the allowable of. Vertical loads of up to 1800 in-lbs were applied withoutmeasurable change in joint resistance while horizontal loads were found todegrade the joint beginning at that level.The joint is constructed using four 5/16Ó, A286 bolts, with their lengthextending the full length of the flag, provide elastic pre-load on the jointwhich will track thermal expansions and variations in axial loads. The boltsare Òbody boundÓ (i.e., tight fitting) at the joint interface so they react shearloads without slippage. They are torqued to provide a pre-load of 2000 psi.Stainless steel threaded inserts are used to provide a hardened bolt interfacewith improved pull-out strength. Tests indicate a pull-out strength of ~6000lbs.The torque restraint structure , in conjunction with the body bound bolts,keeps the joint fixed and clamped under constant pressure throughout theoperating cycle. Table 27 lists the major features of the bolted joint.Table 27 - TF Bolted Joint FeaturesFeatureDescriptionSize & Number of Bolts(4) 5/16" boltsBolt MaterialA286Bolt Length11 in.Nominal Joint Pressure2000 psiAllowable Contact Resistance2μW/in2Cross Sectional Area5.0 in2Average Current Density @ 71.6kA14.3kA/in2Load per Bolt2500 lbAxial Stress in Bolts43000 psiShear Stress in Bolts2300 psiPullout Yield Load for Insert5000 lb Factor of Safety for Pullout2

71A photograph of the radial leg is shown in Figure 30. Figure 30 Ð TF Radial FlagThe flags are designed with a radial split. This feature facilitates fit-up,provides a degree of redundancy, and permits the measurement of jointresistance with relative ease (ohmmeter probes placed on upper and lowersections, current passes in and out of the contact area with the inner leg).

727.2 Plasma Facing ComponentsThe PFC tiles in NSTX consist of 3760 individual tiles of 60 unique designs[26]. The various generic types and their main features are listed in Table 28.Table 28 Ð PFC Construction FeaturesComponentTileMat’lTileThick.(inch)Back-plateThick.(inch)MountMethodSurfaceContourPlasmaSideSurfaceContourBackSideTileOverlapToroidalTileOverlapPoloidalCSC RailTilesCFC0.55n.a.railcylindercylinderyesyesCSC BasicTilesGraphite0.55n.a.railcylindercylinderyesyesIBD/ConicalSectionGraphite0.75n.a.barconicalconicalyesyesIBD/VerticalSectionGraphite1.0n.a.T-barcylindercylinderyesyesIBDHorizontalSectionGraphite2.0n.a.T-barflatflatyesyesOBDGraphite1.01.0T-barflatflatyesyesSPPGraphite1.00.5T-barflatflatnoyesPPPGraphite1.00.5T-barflatflatnoyesNotes:1) Carbon Fiber Composite (CFC) material manufactured by Allied SignalCorp. (865-19-4)2) Graphite material manufactured by Union Carbide Corp. (type ATJ)Except for the CSC tiles, the configuration, material, and application of thetiles follows conventional practice for fusion devices. The CSC tiles are of aunique design driven by the severe constraints on radial build of the centerstack; a radial build of only 0.55Ó is allocated to the CSC tiles and theirmounts. The CSC tiles consist of alternating columns of Òrail tilesÓ andÒcapturedÓ tiles, the latter which are locked into place by the former. Aunique design for mounting the rail tiles to the CSC was developed which

73utilizes drift (shear) pins and Inconel brackets. Installation is accomplishedvia hidden fasteners accessed through very small holes in the tile faces.Assuming full current flow in the CSC tiles (and not in the underlyingcasing), halo current loads can produce a force approaching 100 psi per tile.Although most events are anticipated to result in an inward force on the tile,the possibility of an outward Òpull-outÓ force is assumed to remain. Thisforce is transmitted as a shear load through the drift pins, up to ~ 300 lbs perpin.In addition the tiles must withstand up to 2MW/m2 for 5 seconds, withthe underlying CSC ratcheted up in temperature to 600oC.The baseline rail tile design is shown in Figure 31. The rail tile assembly isattached to the CSC by Inconel weld studs and captured allen head nuts.The nuts are tightened through small 0.150Ó access holes in the face of thetiles. The design utilizes four, 0.125Ó diameter, Inconel drift pins to retainthe tile. A step in the rail tile permits lapping adjacent captured tiles andserves to retain them, thereby halving the total number of mounting studsrequired. Wave springs under the captured tiles serve multiple functions;they pre-load the captured tiles to the rail tiles, cushion them againstdisruption loads, and permit thermal expansion. Radiation shields are usedbehind the captured tiles to prevent excessive heat transfer to the centerstack column.

(0.55")SpringInconel BracketAllen HeadNutStudCaptured TileFigure 31 Ð Center Stack Casing Rail Tile DesignThe CSC tile implementation on NSTX was greatly facilitated by theavailability of a 2-D carbon fiber composite (CFC) material from AlliedSignal Corp. (type 866-19-4). This material was relatively inexpensive,

74available within a reasonable time (~ 6 months), and possessed the requiredperformance in terms of mechanical strength, thermal conductivity, andthermal performance as evidenced by pull-out and high heat flux tests [28].7.3 Magnetic DiagnosticsImplementation of magnetic diagnostics on the center stack of NSTX wasextremely challenging due to the very small available space and the hightemperature. The Rogowski loops, which measure the plasma current andmust encircle the entire vacuum vessel poloidally, passing through thec e n t r a l s t a c k a n n u l a r s p a c e b e t w e e n t h e O H c o i l g r o u n d w a l l a n d t h e Microtherm insulation, are unique [28]. Two are implemented on NSTX,each 34Õ in length, 0.135Ó radial thickness, 77 turns per inch. Since thecenter stack casing is removable, the Rogowskis must be designed to beopened and coiled up without damage. Figure 32 shows a photograph of theRogowski during the insertion of the OH coil assembly into the center stack.Figure 32 Ð Plasma Current Rogowski Loop

757.4 Magnetic PermeabilityNSTX utilizes a large number of stainless steel components in the vacuumvessel and other structures which are worked, machined, and welded. Duringt h e e x e c u t i o n o f t h e N S T X P r o j e c t i t w a s f o u n d n e c e s s a r y t o a d v i s e manufacturers on material selection and processing techniques, and toexpand on the definition of magnetic permeabilty allowables, in order that aminimum of field-perturbing components were present on the machine whileat the same time reasonable and practical manufacturing procedures could befollowed.Wrought austenitic stainless steels (i.e. plate, pipe, forgings) are typicallynon-magnetic in the as-rolled condition (μr Ê1.02). Thermal processing,welding, cutting, etc., can result in some level of ferrite which increases thepermeability. Chemical composition is a key predictor of magneticcharacteristics. Chromium, molybdenum, silicon, and columbium promoteferrite while carbon, manganese, and nickel promote austenite. Some limitedamount of ferrite is beneficial to stainless steel welds and castings as itprevents micro-fissuring and resistance to stress corrosion cracking. Certainstainless steels such as Type 316 (16Cr 10Ni 2Mo typ.) will contain lessferrite and better magnetic permeability than other such as Type 304 (18Cr8Ni typ.). Since most NSTX usage is of Type 304, certain guidelines werefollowed to minimize permeability such as 1) hot formed steel should bepurchased, with the forming method clearly documented by the materialcertification and 2) when the chemical composition can be reviewed prior topurchase, the choice of a material with lower Cr, Mo, Si, and Cb and higherC, Mn, and Ni should be preferred, 3) rough cutting of materials used waterjet methods where possible. The choice of welding filler material needs toconsider ferrite content, expressed as the Ferrite Number (FN). FN between2 and 4.5 typically produce welds with acceptable permeability which alsoresist cracks and corrosion. A common weld filler for Type 304 is ER308which is difficult to find with FN in the desired range. An alternate isER316. In some cases the use of a high nickel allow filler (FN 0) may beacceptable if mechanical requirements are not demanding. Careful annealingis another option to reduce permeability.For NSTX, the allowables were set to μr Ê1.05 for base material, μr Ê1.2for machined/formed parts, and μr Ê2.0 for welded parts. These numbersrepresent a considerable increase over the allowables specified at the outsetof the project.

768. Summary and ConclusionsNSTX is a proof-of-principle experiment aimed at exploring the physics oft h e s p h e r i c a l t o r u s c o n f i g u r a t i o n . T h e l o w a s p e c t r a t i o d e c r e a s e s t h e available cross sectional area through the center of the torus for toroidal andp o l o i d a l f i e l d c o i l c o n d u c t o r s , v a c u u m v e s s e l w a l l , p l a s m a f a c i n g components, etc., thus increasing the need to deploy all components withinthe Òcenter stackÓ in the most efficient manner possible. Therefore carefulengineering of this region of the machine, utilizing materials up to theirengineering allowables, has been key to meeting the desired objectives. Thedesign and construction of the machine has been accomplished in a rapidand cost effective manner thanks to the availability of extensive facilites, astrong experience base from the TFTR era, and good cooperation betweeninstitutions.[1] M. Peng, Spherical Torus Pathway to Fusion Power, Journal of FusionEnergy, Vol. 17, No. 1, 1998[2] S. Kaye, M. Ono, Physics Design of the National Spherical TorusExperiment, Fusion Technology, Vol. 36, July 1999[3] T. Jarboe, Formation and Steady-State Sustainment of a Tokamak byCoaxial Helicity Injection, Fusion Technology, Vol. 15, January 1989[4] S. Kaye, Inductive Discharge Scenarios, NSTX Memo 72-970129-SMK-01[5] S. Kaye, Disruption Modeling, NSTX Memo 72-970206-SMK-01[6] S. Kaye, Disruption Forces Due To Halo Currents, Technical Note,February 1998[7] C. Neumeyer, TF Coil Parameters, NSTX Calculation No. 13-2[8] C. Neumeyer, OH Coil Thermal Behavior, NSTX Calculation No. 13-3

77[9] C. Neumeyer, PF Coil Parameters, NSTX Calculation No. 13-1[10] C. Neumeyer, TF Electrical Performance, NSTX Calculation No. 52-1[11] C. Neumeyer, OH Electrical Performance, NSTX Calculation No. 53-1[12] S. Kaye, Plasma Initiation, NSTX Memo 72-970129-SMK-02[13] R. Hatcher et. al., NSTX Plasma Startup Simulations, APS Meeting,1998[14] R. Colchin, Eddy Currents in the Toroidal Field Conductors of theLow-Aspect Ratio Tokamak START, Fusion Technology, Vol. 29, May1996[15] J. Bialek, Eddy Currents in TF Cross Section, NSTX Memo 13-970214-JMB-01[16] I. Zatz, SPARK Plasma Disruption Simulation, NSTX Calculation No.11-1.[17] C. Neumeyer, Internal Hardware Force Calculation, NSTX CalculationNo. 11-2[18] J. Bialek, J. Spitzer, Estimate of Halo Loads for Inner Leg of theVacuum Vessel, NSTX Memo 13-961010-JMB-01[19] N. Pomphrey, J. Bialek, W. Park, Modeling of the Toroidal Asymmetryof Poloidal Halo Currents in Conducting Structures, Nuclear Fusion, Vol.38, No. 3, 1998[20] H.M.Fan, TF Coil Stress Analysis, NSTX Calculation No. 13-12[21] H.M.Fan, OH Coil Stress Analysis, NSTX Calculation No. 13-11[ 2 2 ] H . M . F a n , V a c u u m V e s s e l S t r e s s A n a l y s i s f o r N S T X P l a s m a Disruption Loads, Technical Note[23] S. Kaye, NSTX Divertor Heat Flux Estimates, PPPL Memo October 24,1996

78[24] B. Nelson, Thermal Analysis of NSTX Center Stack and OutboardDivertor Tiles, NSTX Calculation No. 11-5[25] A. Brooks, H.M.Fan.Update of VV Bakeout Heating Requirements,NSTX Memo 13-980511-AWB-01[ 2 6 ] J . Chrzanowski, Center Stack R&D Final Report, NSTX No. 13-970430-JHC[27] P. Goranson, et.al., Design of the Plasma Facing Components forNSTX, Proceedings 18th SOFE 1999[28] R. Nygren, et. al., High Heat Flux Tests of Carbon Composites forKSTAR and NSTX, Proceedings 18th SOFE 1999[29] B. McCormack, et. al., Rogowski Loop Designs for NSTX, Proceedings18th SOFE 1999