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Introduction

The NCSX vacuum vessel utilizes gas tracing tubes on the exterior vessel wall and electrical resistance heaters on the port extension walls to provide heating during bakeout and standby operation of the vessel.  Insulation is provided to limit the heat losses from the vessel system to the cryostat and modular coils, both of which are maintained at cryogenic temperature.  Analyses were performed to determine the heat losses through the insulation and heat inputs required to maintain steady state thermal equilibrium.  The results of these analyses are being used to determine the adequacy of the vessel tracing and electrical heaters and to determine their operating parameters.
Performance Requirements and Criteria

The NCSX General Requirements Document, NCSX-GRD-00 requires that:

· The vacuum vessel and interior components must be baked at 350 C and maintained at 20-40 C before and after operational shots.
· During bakeout, the port extensions are to be maintained at 150 C at the flanges ends and  350 C at vessel end, with gradient between.
 

· The cryostat and modular coils are maintained at 80 K during both bakeout and standby operation.
Methodology
The analysis was done as a spreadsheet in MICROSOFT EXCEL representing the vessel and ports as simple areas conducting heat across insulating layers to constant temperature heat sinks.  Input variables to the spreadsheet were insulation thicknesses, conductivity, vessel temperatures, and surface areas.  The outputs were the heat loss from the vessel body and port extensions to the cryostat and coil bodies.  The port heating/cooling balance was done with finite differences, iterating along the port length until the boundary conditions [temperatures] were met.  The output was the net loss and heat in.  The values for a typical port were converted to surface fluxes which were used as typical values to estimate the totals for all ports.
Assumptions
Temperatures(K)
· Crostat & Coil 

80

· Vessel bake 

623

· Cryostat Exterior  

288

· Vessel idle   

293

· Ambient   


293
Dimensions
· Cryostat is 123" radius by 119" tall.

· Vessel area, excluding ports is 52200 in2.



· Port standpipe area is 65000 in2.



· Coil area facing vessel  is 23400 in2.

Material Properties

Insulation conductivity  = 0.0002 W/cmK

N2 heat vap. J/g at 77K = 197.6


Insulation thicknesses

An efficiency factor of 75% is assumed.
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Results
Thermal loads
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Vessel heat balance
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Port Losses

Model is calculated in reverse, starting at flange, adding heat.  Heaters are represented by negative input value.
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Results
Bakeout

Based on a 8” diameter port, 1 meter long. Heat input to the port is 65 watts.
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Operation
Based on a 8” port, 1 meter long.  Heat input to the port is 54 watts.


Heat applied over outer half of 8”port.  Heat input to the port is 33 watts.

[image: image6]
Heat applied at midpoint of 8”port.  Heat input to the port is 58 watts.

Summary
During bakeout the vessel tracing will be required to supply on the order of 16.5 kW of heating to the vessel wall.  The port electrical heaters will have to supply on the order of 5.9 kW.  During idle[preshot] operation these values drop to 4.6 kW and 4.7 kW respectively.

The port extensions need to have heat distributed evenly along their length, particularily during operation.  Models representing heat added at the midway point and along the outer half of the extensions had unacceptable temperature gradients, resulting in portions of the pipe running well below room temperature.  Attempts to boost the temperatures up to room temperature resulted in very high temperatures at the port flanges.  This will make replacement of heaters very difficult or impossible since there is no access to the entire length of the extension once the vessel is assembled.  The recommended solution is to add redundant heaters to the ports.  An internal heater could be added inside the port on the vacuum side.in the event both heaters are lost. 
The outside of the cryostat will run cold and result in icing unless a nominal ammount of heat is suupied to its surface [ on the order of 2.5 kW].  This could be circulating fans or resistance heaters.

The cryostat gaseous nitrogen system will require 13.4 kW of cooling during bakeout and 8.1 kW during idle operation.

The modular coil liquid nitrogen system will require 11.3 kW of cooling during bakeout and 4.5 kW during idle operation.

Caveat:  This analysis is strictly a global overview of the heat balance mechanisms at work in the vessel system; it is based on simple area/conduction relationships assuming perfect contact between components such as the modular coils and vessel and ignores details of the local geometry.  It is meant as a first cut for design purposes and is useful for bounding the insulation requirements, power requirements, and tracing coolant parameters.  It will be followed up by 3-D finite NASTRAN models which will more closely represent the actual geometry.
Ports have been added to the vessel since this analysis and the total heat input to the ports will increase; total heat input to the vessel wall will decrease.  The net energy input should not change markedly.
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Sheet1

		HEAT LOSSES FROM VACUUM VESSEL PORTS TO CRYOSTAT DURING BAKEOUT.												PLG 11/03

		1-D Finite Differences analysis.

				Ta=		150		(C)		Re=		49.09		therm resist along length		Q=A*dT*k/L

				To=		350		(C)		n=		20		number of elements

				k=		0.16		Inconel		b=		0.637		(cm)Inconel

				dT=		200		K		p=		7.9		Inconel(g/cm^3)

				Ki=		0.0002		Insulation(w/cm-k)		Li=		5		insulation(cm)

				L=		100		Port length(cm)		Ri=		5000		thermal resistance

				m=		25.1		Port element		Le=		5		elememt length(cm)

										Cp=		0.4		Inconel

		Approx. end losses - assuming end temp clamped to 150 C, ignore side loss.

										loss

		Port style		Dia		A		L		Q

				cm		(cm^2)		(cm)		(w)

		8 inch		20		39.99		100		12.8

		Loss out end is negligible.

		Approx. side losses - assuming end temp clamped to 150 C, ignore end loss.

		Q(w) =		111

		Approx. side losses - assuming no clamping or end losses.

																		Model is calculated in reverse, starting at flange, adding heat.

		Q(w) =		136														Heaters are represented by negative input value.

		Bakeout losses - determine gradient assuming port flange

		clamped to 150 C and heat is added to 10 elements on outer half of port. VV at 350 C.										Accumulative

		PORT				loss						total heat

		ELEMENT		Tb(K)		Qi(w)		Tc(K)		Td(K)		(w)

		1		423		0.0043		423.00		423.21		0.00		(Port Flg)

		2		423.21		0.0043		423.21		423.42		0.01

		3		423.42		0.0044		423.42		423.84		0.01

		4		423.84		0.0044		423.84		424.48		0.02

		5		424.48		0.0046		424.48		425.33		0.02

		6		425.33		0.0047		425.33		426.41		0.03

		7		426.41		0.0050		426.41		427.72		0.03

		8		427.72		0.0052		427.72		429.27		0.04

		9		429.27		0.0055		429.27		431.08		0.04

		10		431.08		0.0059		431.08		433.16		0.05

		11		433.16		0.0706		433.17		435.54		0.12

		12		435.54		0.0711		435.54		441.38		0.19

		13		441.38		0.0723		441.39		450.71		0.26

		14		450.71		0.0741		450.72		463.60		0.34

		15		463.60		0.0767		463.60		480.12		0.41

		16		480.12		0.0800		480.13		500.41		0.49

		17		500.41		0.0841		500.42		524.63		0.58

		18		524.63		0.0889		524.64		552.98		0.67

		19		552.98		0.0946		552.99		585.69		0.76

		20		585.69		0.1011		585.70		623.05		0.86		(VV)

		Heater(w)=		40.42						Total port side loss(w)=		94.6

		Operation losses - determine gradient assuming vv at

		20 C. Distributed heat along outer half of port extension.										Accumulative

		PORT				loss						total heat

		ELEMENT		Tb(K)		Qi(w)		Tc(K)		Td(K)		(w)

		1		293		-0.0102394		293.00		292.50		-0.010239		(Port Flg)

		2		292.50		-0.0103402		292.50		291.99		-0.020580

		3		291.99		-0.0104409		291.99		290.98		-0.031021

		4		290.98		-0.0106432		290.98		289.46		-0.041664

		5		289.46		-0.0109480		289.46		287.41		-0.05

		6		287.41		-0.0113573		287.41		284.83		-0.06

		7		284.83		-0.0118741		284.83		281.68		-0.08

		8		281.68		-0.0125025		281.68		277.96		-0.09

		9		277.96		-0.0132474		277.96		273.62		-0.10

		10		273.62		-0.0141151		273.62		268.63		-0.12

		11		268.63		0.037727		268.64		262.96		-0.08

		12		262.96		0.0366		262.96		259.13		-0.04

		13		259.13		0.0358		259.13		257.10		-0.01

		14		257.10		0.0354		257.11		256.83		0.03

		15		256.83		0.0354		256.84		258.30		0.07

		16		258.30		0.0357		258.31		261.51		0.10

		17		261.51		0.0363		261.51		266.46		0.14

		18		266.46		0.0373		266.47		273.20		0.17

		19		273.20		0.0386		273.21		281.77		0.21

		20		281.77		0.0404		281.78		292.24		0.25		(VV)

		Heater(w)=		33.20						Max  port  side loss(w)=		49.13

		20 C and port end maintained at some necessary temp close to ambient.										Accumulative

		PORT				loss		Heat applied half way out port extension.				total heat

		ELEMENT		Tb(K)		Qi(w)		Tc(K)		Td(K)		(w)

		1		293		0.0426		293.00		295.10		0.043		(Port Flg)

		2		295.10		0.0430		295.10		297.19		0.086

		3		297.19		0.0434		297.20		301.40		0.129

		4		301.40		0.0443		301.40		307.74		0.173

		5		307.74		0.0455		307.74		316.25		0.219

		6		316.25		0.0473		316.26		327.00		0.266

		7		327.00		0.0494		327.01		340.07		0.316

		8		340.07		0.0520		340.08		355.57		0.368

		9		355.57		-0.2542		355.55		373.59		0.113

		10		373.59		-0.2506		373.57		379.13		-0.137

		11		379.13		-0.2495		379.11		372.37		-0.387

		12		372.37		0.0585		372.38		353.39		-0.328

		13		353.39		0.0547		353.40		337.29		-0.274

		14		337.29		0.0515		337.29		323.86		-0.222

		15		323.86		0.0488		323.87		312.97		-0.173

		16		312.97		0.0466		312.97		304.47		-0.127

		17		304.47		0.0449		304.47		298.25		-0.082

		18		298.25		0.0437		298.26		294.24		-0.038

		19		294.24		0.0428		294.24		292.37		0.005

		20		292.37		0.0425		292.38		292.61		0.047		(VV)

		Heater(we)=		58.30						Max  port side loss(w)=		61

		CONCLUSIONS

		1. The ports would benefit from additional insulation.

		2. The ports will require heaters.  (41 w for 8" during bake)

		3. It will not be possible to maintain the VV ports at 150 C without running the flanges considerably hotter than 150 C, unless the heat is distributed along at least the outer half of the port extension.

		4. Extensive modeling is required to determine the parameters of each type of port.

		5. It will not be posiible to run both the VV and the port close to ambient without a severe dip along the port extension, unless the insulation is increased.

		The alternative is to run both the vv and flange hot.
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