Design and Construction of the NSTX Bakeout, Cooling and Vacuum SystemsL. E. Dudek, W. Blanchard, M. Kalish, R. Gernhardt and R. F. ParsellsPrinceton University Plasma Physics LaboratoryP.O. Box 451Princeton, N.J. 08543Abstract- This paper will describe the design,construction and initial operation of the NSTX bakeout,water cooling and vacuum systems. The bakeout system is designed for two modes ofoperation. The first mode allows heating of the firstwall components to 350 ¡C while the external vessel iscooled to 150 ¡C. The second mode cools the first wallto 150 ¡C and the external vessel to 50 ¡C. The systemuses a low viscosity heat transfer oil which is capableof high temperature low pressure operation.The NSTX Torus Vacuum Pumping System(TVPS) is designed to achieve a base pressure ofapproximately 1x10-8 Torr and to evacuate the plasmafuel gas loads in less than 5 minutes betweendischarges. The vacuum pumping system is capable ofa pumping speed of approximately 3400 l/s fordeuterium. The hardware consists of two turbomolecular pumps (TMPs) and a mechanical pump setconsisting of a mechanical and a Roots blower pump. APLC is used as the control system to provide remotemonitoring, control and software interlock capability.The NSTX cooling water provides chilled, de ionizedwater for heat removal in the TF, OH and PF, powersupplies, bus bar systems, and various diagnostics. Thesystem provides flow monitoring via a PLC to preventdamage due to loss of flow.I. INTRODUCTIONThe National Spherical Torus Experiment (NSTX)was designed and sited at the Princeton Plasma Physicslab. The extensive array of existing auxiliaryequipment left behind by the shutdown of TFTRallowed many resource-saving opportunities. One ofthe design requirements for the NSTX auxiliary systemswas to use as much of the existing equipment aspractical.II. TORUS VACUUM PUMPING SYSTEMThe NSTX Torus Vacuum Pumping System(TVPS) consists of the following:1) A portable mechanical pump for roughdown;2) A separate pumping system for achieving andmaintaining high vacuum;3) Associated valves, gauges, and analyticalinstrumentation necessary to operate the system.All of this equipment was obtained from the TFTRspares inventory . The TMPs are mounted off a 24-inchdiameter pumping duct connected to the vacuum vesselat the midplane. A bellows and ceramic break areprovided to allow for thermal expansion during bakeoutand to electrically isolate TVPS from the vacuum vesselBoth of these items were also obtained from TFTRspares. The length of the pumping duct was kept short(~14 feet) in order to maximize conductance. Thebacking systems is located on a skid on the test cellfloor adjacent to the pump duct. In order to avoidventing gasses within the building, an exhaust line isrouted from the mechanical pump to the plant stack. The roughing system consists of a portable pumpsystem incorporating a mechanical pump and a blowerpump.This system takes about two hours to pump thevacuum vessel (approximately 30,000 liters) fromatmospheric pressure to 40 mTorr at which point thehigh vacuum system is employed. The roughingsystem is disconnected when not in use. A. Component Design FeaturesThe high vacuum system consists of a pair of3000l/s TMPs. The TMPs are vertical axis, oillubricated, multi-stage pumps which are isolated fromthe pumping duct by 16-inch gate valves. These pumpsevacuate the torus to high vacuum via a single 24-inchdiameter pumping duct. The TMPs are backed by apump set that consists of a positive displacement lobetype Roots blower with a rotary piston mechanicalpump. Both pumps are mounted on a common base.The mechanical pump has an approximate pumpingspeed of 100 CFM and the blower approximately 800CFM. This pump set also provides sufficient pumpingspeed for maintaining the foreline at an adequatepressure during glow discharge cleaning (GDC)operations when the torus is maintained at 2-4 mTorrwith both TMPs pumping on the vacuum vessel. Thevacuum system is controlled and monitored from aprogrammable logic controller (PLC) using a PC userinterface. The TMPs are monitored for water flow, ,vibration, temperature and oil level while the backingpump set is monitored for water, oil, temperature andpump speed. Interlocks to provide equipment safety areprogrammed into the operating system logic and thesystem is automatically configured into a safeconfiguration on the loss of a permissive. The PLCprovides remote control of valves and pumps toaccomplish startup, operation and safe shutdown and isinterlocked to prevent misoperation of the system.Additional control signals are routed to the main(control room) computer for display and control ofsystem status through the site network. The TFTRliquid nitrogen system provides dry nitrogen atapproximately 6 psig to vent pumps and piping.

B. InstrumentationBayard-Alpert ionization gauges are used for highvacuum (lower than 10-3 torr) measurements. Thesegauges are monitored and controlled remotely via thePLC. They are also interfaced to the main computer toprovide feedback control of the gas injection assemblieson NSTX.There are numerous capacitance manometers (CMs) onthe vacuum vessel and TVPS measuring pressuresbetween atmosphere and the mTorr range. Besidesmeasuring the vacuum integrity of the forelines they arealso used for the measurement and feedback control ofgas feed during GDC. All of the CMs are monitoredand interlocked by the PLC. Two RGA systems are employed for diagnosticand trending purposes. The RGA system is able to scanand provide resolution of 1x10-11 torr partial pressure formasses 1 to 100. Local and remote readout and controlof the RGA is provided.C. System Performance and Initial OperationThe performance of the TVPS on NSTX has beenvery good. The reliability and versatility of the systemhas been excellent. Since startup of TVPS in Novemberof 1998, the system has operated with no lost downtime during three pumpdowns, more than 100 hours ofGDC and plasma operations. The system hasmaintained the vacuum vessel in the 10-8 Torr rangewith only a minimal bakeout of the torus. It isexpected that when the internal surfaces of NSTX arethoroughly baked out, 1x10-8 Torr should be readilyachieved .

III. NSTX COOLING WATER SYSTEMThe NSTX Cooling Water System combines newdesign with the extensive use of existing TFTRequipment to provide cooling water to coils, busswork,and various components.A 33,000-gallon storage tank is polished by adeionized water-polishing loop maintaining highresistivity. This tank is maintained with a nitrogenblanket at a pressure of 40 psig. The primary circulatingpump for NSTX is a 100 hp centrifugal pump capableof providing 600 gpm at 150 psig. The installationtakes advantage of existing piping in the D-site pumproom. An existing 400-ton flat plate heat exchangerprovides the heat sink to the system. Using this heatexchanger the deionized water can be chilled with theHVAC chilled water supply. The deionized water canalso be cooled directly by a 1100 ton process chiller.All of this equipment was originally used to cool theTFTR coil system. A bypass control valve in the pump room is used tomaintain constant pressure to NSTX. New automaticvalves on the main supply and return to the NSTX testcell provide the ability to remotely cut off the watersupply from the control room if required.Instrumentation on the supply line to NSTX in the testcell indicates pressure, temperature, and waterresistivity. Dew point is monitored and compared toinlet water temperature. If water temperature dropsbelow dew point the water system PLC will trip thecooling system to prevent the occurrence of a bussworkarc-over induced by water condensation. High-pressurewater is provided to the OH coils by a small 7.5 hpcentrifugal booster pump. A second booster pump withpotable water as an alternate supply of cooling providesemergency backup. Taps in the supply and returnheaders provide for busswork, diagnostics and variousother components requiring cooling. Taps off of thesupply header include valves to provide isolation foreach cooling path. Flexible hoses bring the water fromthe taps off of the supply header to the individual coils.For coil protection, flow instrumentation is provided onthe return side of each individual coil flow path. Thecoil path flow venturis measure flow in the range of0.5 to 4.5 GPM and provide a switched output to thePLC. These water flow switches and analogtemperature switches furnish signals to the PLC whichprocess the data and provide an enable signal for thenext pulse.All of the existing equipment, primary pump,bypass pressure control, storage tank, deionized waterpolishing loop, and heat exchanger, are located in the�D Site Pump Room�. The primary pump is at anelevation 33 ft below the midplane of NSTX. Water isprovide from the D site pump room through 4� supplyand return lines approximately 200 ft long into theNSTX Test Cell. The return and supply skids arelocated just south and south east of the vacuum vessel.Hoses run from the supply skid to the various coilcooling water inlet connections and back from the coiloutlet connections to the return skid. Access to valvesand hoses are maintained to allow for troubleshootingand maintenance. To minimize piping runs the boosterpumps are mounted in the NSTX test cell. Soundinsulation is provided on the high pressure pumps toattenuate the noise.The deionized water polishing loop utilizes a cation,anion, mixed bed, and carbon filter maintainingresistivity at about 2 mega ohm cm. In addition to thebeds, the polishing loop consists of pump, flow meter,filters, and resistivity meters.A. InstrumentationA Gould PLC, used for TFTR water systems, wasre-used for NSTX. A satellite PLC cabinet is located inthe NSTX test cell and interfaced with the PLC in the Dsite pump room via a fiber optic cable. The PLCmonitors valve positions, system pressures,temperatures, dew point, tank level, pump status, andcoil flow. The PLC provides a signal to the NSTXinterlock system that will inhibit the pulse permissiveif system parameters are not met. Remote pump startsand valve actuation are available from the PLC throughcentral I&C. The PLC will automatically shut pumpsand valves to place the system in a safe state if systemparameters indicate abnormal conditions.

B. System Operations The existing equipment, primary pumps and heatexchanger alignment, are controlled locally in the DSite Pump Room. To avoid pressure surges and insuresmooth operation this equipment is started up beforeopening the NSTX inlet and return AV valves.After pressure has stabilized in the supply headersthe AV valves are opened and indication of sufficientflow for each flow path is noted.The OH booster pump is then started and flowverified to the OH coils. After return header pressure,temperatures and water resistivity are verified withinacceptable limits machine operations may begin.IV. NSTX TORUS BAKEOUT SYSTEMThe NSTX Torus Bakeout System (TBS) consists ofthe following design elements:1) An internal heating coil system circulating hightemperature heat transfer fluid provides the means toheat the protective plate carbon tiles to the required350¡C bakeout temperature.2) An external heating / cooling coil systemcirculation high temperature heat transfer fluid providesthe means to heat / cool the vacuum vessel surfaces tothe required 150¡ C.A. Design FeaturesEach of these elements includes all the equipmentand hardware to perform these design functions as wellas the associated valves, gauges, and analyticalinstrumentation necessary to operate these systems. Theinternal tile bakeout system consists of 1/2� diameterstainless steel heating coils mounted on the back side ofthe plasma facing components (PFC). The externalvacuum vessel bakeout system consists of 1/2� diameterstainless steel heating / cooling coils. These coils aremounted on the vacuum vessel external surfaces.Temperature instrumentation for the bakeout system isprovided by several instruments. Type J thermocouplesprovide temperature indication for the vacuum vesselshell. Temperature controllers monitor thermocoupleinput and are used to maintain 150¡˚C for the vacuumvessel.The TBS is mounted on a vendor supplied systemskid located in the NSTX test cell. The internal heatingcoils are mounted on the back side of the PFC at anominal spacing of 4 inches. The external heating /cooling tubes are located on the vacuum vessel surfaceat a nominal spacing of 4 inches.The Center stack is ohmically heated by passing lowvoltage current through the inconel casing. Thissupplements the interior vacuum vessel heating ofPFC. This system is rated at 20 kW using 5.8 kAsteady state.The equipment on the TBS skid consists of electriccirculation heaters, two pumps one for each low andhigh temperature system, an expansion tank and therelated control and monitoring equipment. Thecirculation heaters are incoloy sheathed heating elementsfor heating liquids remote from the tank. Each heater israted at 40 kW. The elements are flange mounted on a8� diameter flanged pipe, nominally 5 feet long. Theprocess heater controls are, digital readout, solid statemicro processor based fully selectable range control. The circulation pumps are high temperatureinsulated designs, suitable for handling high temperaturefluids, 1 x 1-1/2 canned motor pumps. The chilled water/heating liquid heat exchanger is a flat plate heatexchanger. The unit is rated at 12 kW per 10 gpmchilled water flow & 10¡ F delta T. The heating liquidexpansion tank is insulated and vented. Each of the heating/cooling loops has athermocouple and a control valve to control temperatureand flow. B. System OperationOperation of the TBS from ambient temperature tobakeout temperature and return to normal operatingtemperature is as follows:1) The heating liquid system is enabled and started toheat the PFC. The center stack ohmic heating systemis started to bring the center stack tiles to 350¡ C.2) The chilled water heat exchanger is enabled andoperates to cool the VV while the PFC are heated.3) The internal heating system continues to supplyheat energy until the PFC. reach 350 ¡C. At this pointthe system is modulated to maintain 350¡ C and thenshut down.4) The external cooling system continues to operateuntil the system is returned to normal operatingtemperature.The NSTX TBS was installed in the summer of1999. As part of the safety review performed prior tostartup a fire engineering consultant was hired toperform a safety review of the system. The heat transferfluid used in the design has a flash point ofapproximately 113¡ C. Since the system operatesabove this temperature several design issues were raised.Among these recommendations were the addition of amist type sprinkler system, early fire detection systemand relocation of the skid from inside the building tooutside the building. Operation of the bakeout skid hasbeen suspended pending evaluation of theserecommendations.V. CONCLUSIONWith the successful completion and startup ofthe NSTX auxilliary systems it has been demonstratedthat significant cost and time savings can be realized byreusing systems from TFTR.VI. ACKNOWLEDGMENTThis work was supported by U.S. DoE Contract No.DE-AC02-76CH03073.

Figure 1: NSTX Water System Flow DiagramFigure 2: NSTX TBS Block Diagram

TIRtnTest CellMERAV202AV201PIPFTF

RETURNHEADERSTyp. x 57

Typ. x 8TS1-4OH

TS5-10

HP Pump 2

OH x 8HP Pump 1

PotableWater

TF, PF & Buswork

Pump Room

TF SUPPLYHEADERS

Typ. x 23PSOH

PF SUPPLYHEADERFS

FSPIRtnFITCPSRtn1/2" Hose1/2" Hose1/2" Hose3/8" Hose3/8" HoseRV219200 psigTIPFTFDrainTXSUPBFP

Pen.509Pen. 1041Typ. x40TF& Buswork

RGV205

Orifice Plate

Diag. x 4

Diag. Supply Header

Diag. Rtn. Headertyp.x 16typ.x 16

MV218MV230MV204MV203MV217PIOHMV216MV214MV215MV217MV217MV210MV206CV213MV212MV207MV211CV209CV208

MV220FS

VentsVentsVent

PSPFTF

MV221MV222

DrainMV223

PIHPSup

PIMV226MV227

MV224MV225

MV204

P&ID5GA006

3 7 5CRETURN

3 7 5

HITEMPPUMP1 0 0GPM@7 5 ’TDHHEATERHEATER

1 5 0CRETURN1 5 0CSUPPLYLOWTEMPPUMP1 0 0GPM@7 5 ’TDH

EXPANSIONTANK1 5 0GALLON

CWSUPPLYCWRETURNFLATPLATEHX