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     SUBJECT: NCSX-Coil Thermo-Hydraulic Analysis

A thermo-hydraulic analysis was performed for the three coil systems being designed for the NCSX Stellerator (PF, TF, & Modular). The conceptual design calls for forced flow LN2 cooling of all coil systems with a prescribed inlet temperature of 80 oK at 200 psi. The prescribed ESW used was 1.2-3.5 sec. at the maximum rated current for each coil system as defined in the M45 scenario shown in Figure 1. The duty cycle (cooldown period) was specified as 15 minutes (900 sec.). A summary of the results is shown in Table 1. The total LN2 flow requirements for the main coil systems will be 46 GPM. Specific modeling considerations and a discussion of the results for each coil system follows:

Modular Coils

The conceptual design of the modular coils calls for two edge-cooled copper heat sinks per winding pack as shown in Figure 2. below. The dimensions of the heat sink are 4.6" x 0.040" thick with a 0.25" O.D. (0.040 thk. wall) tube at one end. The heat-sinks are mounted at the inner and outer perimeters of the winding pack and rely on conduction cooling through the stranded conductor, 0.060" turn + ground insulation, and down the depth of the heat-sinks to the LN2 coolant tube. There are two winding packs per modular coil hence there are four parallel cooling circuits per coil (see Figure 14 for the cooling circuit layout of a typical coil system). The code used in the analysis is a 2-d non-linear (material) transient finite-difference program (fcool3tc1) which has been modified slightly (FCOOL-v.2.2) to accommodate the discontinuous, non-symmetric conditions existing in this specific cooling configuration. To correctly model the thermal conductance of the coil/insulation/heat-sink, the code uses a lumped heat capacity representing the coil mass and an equivalent heat transfer length which accounts for the temperature drop across the stranded conductor, insulation thickness, and heat-sink depth. In the analysis we assume the same thermal conductivity for the compacted stranded copper conductor and the solid copper heat-sink. Temperature dependant material properties for the copper and the LN2 were taken from the NIST webbook2. 

To perform the analysis, an equivalent heat transfer length (HTL) must be calculated, which accounts for the temperature drops across the stranded Cu conductor, epoxy/glass insulation, and heat-sink depth. This is done by using an electrical analog of the thermal curcuit as depicted in Figure 3. The serial thermal resistances are summed and the equivalent length is then calculated. The total lumped mass of half the winding pack is also calculated and it, along with the other required parameters, are used as input to the modified finite-difference code. The initial runs assumed a 10 psi pressure drop across the cooling tube length and produced a 0.88 GPM LN2 flow.  Figure 4 shows the transient thermal response of the system for the M-1 coil at the exit node. The red line represents the temperature-time history of the extrapolated peak temperature of the coil assuming a parabolic temperature distribution (through the depth) in the stranded conductor. The green line represents the thermal response of the lumped Cu mass, and the blue line the bulk coolant (LN2) temperature. These are the calculated temperatures at the coolant exit node and indicate a temperature delta of about 28 Deg.K for the first pulse and a ratcheting up to a peak temperature of about 118 deg.K after four pulses. The exit temperature was choosen since it represents the most extreme area of the coil. The code determines whether the coil has reached its equibrium condition by comparing the exit temperature at the end of the cooldown cycle with the temperature at the end of the prior cooldown cycle, and also calculates an integrated power balance to insure that all the heat generated in a pulse has been removed. If the exit differ by less than some prescribed value and the energy out balances the energy in the calculation is terminated. The results should be accurate to within ±10% for this configuration. Figures 5 and 6 are the transient response at the exit nodes of the M2 and M3 coils and show similar temperature excursions. The total LN2 flow requirements for the modular coils will be approximately 16 GPM. 

PF Coils

The PF coils are wound from solid OFHC Copper conductor with a 0.531" (13.5MM) diameter cooling hole. These coils (and the TF coils) have a more conventional cooling geometry so the unmodified finite difference code FCOOL3tc was used in their thermal analysis. Due to the close proximity of the LN2 coolant, the thermal time constant is relatively short and the conductor temperature will cooldown rapidly to its initial temperature after a single pulse (ie. no racheting). Figures 7 through 12 show the transient responses for PF coils 1 through 6 respectively. The pressure drop imposed was only 2 psi and the flow rates ranged from 0.68 GPM to 1.14 GPM per cooling circuit. Typically the thermal response at the exit of these coils follows the usual pattern of approximate thermal equilibration with the outlet coolant temperature followed by a cooling wave propagating down the length of the coolant passage from inlet to exit. This effect is clearly shown in the response curve for PF-1 (Figure 7) where the cooling wave reaches the exit node approximately 175 seconds after the start of the pulse. The fact that the temperature reaches the inlet coolant temperature after only 275 seconds have elapsed from the start of the pulse indicates that there is a significant cooling margin in these PF coils. The maximum temperature rise (in PF-2) is a modest 12 deg.K, and the longest time constant (~850 sec. cooldown cycle) is in PF-4. Total flow requirements for the PF coil system will be 13 GPM.

TF Coils

The TF coils are wound using the same copper cross section as the PF coils in a double pancake arrangement. The length of a single coolant path (a single pancake) is 340 feet. The nominal design current is 18 kA with a ESW of 3.2 seconds. The transient thermal response of a TF coil is shown in Figure 13. The peak temperature excursion is only 5 deg.K and the cooldown time is approximately 375 seconds. The maximum LN2 flow rate will be approximately 1 GPM per cooling circuit with a pressure drop of 2 psi. The total LN2 flow requirements for the TF coil system will be <18 GPM.

Disscussion

The total LN2 flow requirement for the NCSX coil systems is 47 GPM. The pressure drops required do not exceed 10 psi and the peak equilibrium temperature (in the M-1 coil) will be 118 deg.K. The flow rate does not appear to be a critical parameter in determining the equilibrium temperatures or the thermal time constant. Figure 15 shows the response of the M-1 coil when the deltaP is reduced to 2 psi (from 10 psi) and the LN2 flow is reduced to 0.35 GPM (from 0.88). While the LN2 exit temperature rises about 2.5 degrees more than the 0.88 GPM flow case, the copper peak equilibrium temperature rises only fractionally.
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	NCSX COIL SYSTEMS - THERMO-HYDRAULIC DATA

	ESW
	I (kA)
	∂T 

(peak-deg.K)
	T max (deg.K)
	∂P (psi)
	GPM/coil
	GPM

(total)

	M1
	1.2
	24.0
	36.1
	117.4
	10
	0.88
	5.2

	M2
	1.2
	24.0
	36.2
	117.2
	10
	0.90
	5.4

	M3
	1.2
	24.0
	36.4
	116.5
	10
	0.94
	5.6

	PF1
	1.5
	30.0
	7.9
	84.9
	2
	0.92
	1.9

	PF2
	1.5
	38.0
	12.4
	89.4
	2
	1.14
	2.3

	PF3
	1.1
	10.0
	0.3
	77.3
	2
	0.68
	1.4

	PF4
	1.6
	10.0
	0.7
	77.7
	2
	0.681
	2.8

	PF5
	2.5
	8.6
	0.7
	77.7
	2
	0.751
	3.0

	PF6
	1.5
	16.8
	2.2
	79.2
	2
	0.82
	1.7

	TF1
	3.2
	18.0
	5.6
	82.4
	2
	0.95
	5.7

	TF2
	3.2
	18.0
	5.6
	82.4
	2
	0.95
	5.7

	TF3
	3.2
	18.0
	5.6
	82.4
	2
	0.95
	5.7
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Table 1. LN2 Cooling Requirements
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PARAMETERS:


PRESSURE DROP: 10.00 PSI


VELOCITY: 13.39 FT./ SEC.


FLOW RATE: 0.94 GPM


MDOT: 0.11 LBS/ SEC


PATH LENGTH: 21.50 FT.


REYNOLDS NO.: 83246.51


h- film: 1.55 btu / ft-sec.-deg.F


CUR. DENSITY: 85034.02 amp/sq.in


TIME INCR.: 0.03211 SEC


ESW: 1.20 SEC.


REP. RATE: 900.00 SEC.


INLET TEMP.: 138.00 deg.R


CMASS: 3.75 LBS


HTL: 0.42000 FT.


NODE INTERVAL: 0.43000 FT.
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 Figure 2. NCSX Finite Difference Coil Cooling Model-2 (M1 coil)
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Figure 10. Thermal Response of the PF-4 Coil
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Figure 6. Transient Thermal Response of the M-3 Coil
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Thermal Analog - thermal resistance
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Figure 3. Calculation of an Equivalent Heat Transfer Length
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Figure 1. M45 Coil Currents
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Figure 14. A Typical Cooling Circuit Layout for the Modular Coils
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Figure 15. Thermal Response of M-1 Coil With Reduced Flow
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Figure 4. Transient Thermal Response of the M-1 Coil
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Figure 13. Transient Thermal Response of the TF Coils
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Figure 12. Thermal Response of the PF-6 Coil
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Figure 5. Transient Thermal Response of the M-2 Coil
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Figure 11. Thermal Response of the PF-5 Coil
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Figure 8. Thermal Response of the PF-2 Coil
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Figure 9. Thermal Response of the PF-3 Coil
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Figure 4. Thermal Response of PF 1
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Figure 4. Thermal Response of the M-1 Coil
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Figure 7. Thermal Response of the PF-1 Coil
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Figure 6. Thermal Response of PF 1





