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In order to quantify operating limits as a function of allowable adiabatic temperature rise (as called out in the ref. [1]) a spreadsheet was developed as described herein.

First, the G function is used per ref. [2] to determine the ∆J2T which will heat the coil to the temperature limit, starting from a given inlet water temperature (nominally 12C). Then, a peak allowable field is chosen (in this case 4.5kG) which establishes the ∆J2T associated with current decay, in case a trip occurs at peak field. The final allowable ∆J2T minus the ∆J2T attributable to current decay sets the RIS I2T trip level. Then, given the trip level, and the I2T associated with current rise and current fall, the allowable flat top duration at different field levels can be set such that the current, with power supply ramp down, goes to zero without raising the I2T to the RIS trip level. 

Results are given in the attached tables and figure with 4.5kG and ∆T=20C max. chosen as the governing conditions, along with the constraint that the total pulse length not exceed 1.5 seconds (the ACP overtime setting). It is noted that a flat top time of order 500mS can be achieved at 4.5kG, including current ramp down, without an I2T trip. Should an I2T trip occur at the end of flat top, at any field up to 4.5kG, the maximum allowable temperature rise will not be exceeded. 

These limits are enforced in hardware by the RIS and ACP overcurrent settings, the RIS I2T setting, and in software by the PSRTC overcurrent, temperature, and I2T settings.
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NSTX File

Allowable Adiabatic ∆T
20
deg C

T0
12
deg C

G0
2.53E+15
(A/m^2)^2-sec

Tmax
32
deg C

Gmax
6.47E+15
(A/m^2)^2-sec

L
4.37E-03
Henry

Rcircuit (cold)
7.81E-03
Ohm

Rcircuit (hot)
8.19E-03
Ohm

Rpsequiv
4.03E-03
Ohm

∑R (cold)
1.18E-02
Ohm

∑R (hot)
1.22E-02
Ohm

CSA inner leg
6.74E-04
m^2

Bt
4.5
kG

Iflat
5.34E+04
Amp

J2T L/R decay
1.75E+15
(A/m^2)^2-sec

J2T Trip (RIS)
4.72E+15
(A/m^2)^2-sec

I2T Trip (RIS)
1.91E+09
A^2-sec

Trise
0.360
sec

J2T Rise
9.45E+14
(A/m^2)^2-sec

Tfall
0.243
sec

J2T Fall
5.08E+14
(A/m^2)^2-sec

J2T Flat
3.26E+15
(A/m^2)^2-sec

Tflat
0.521
sec

Bt
Iflat
Trise
J2T Rise
Tfall
J2T Fall
J2T Flat Possible
J2T Flat
∑J2T
Tflat
∑T

(kG)
(Amp)
(sec)
((A/m^2)

^2-sec)
(sec)
((A/m^2)

^2-sec)
((A/m^2)

^2-sec)
((A/m^2)

^2-sec)
((A/m^2)

^2-sec)
(sec)
(sec)

3.0
3.56E+04
0.198
2.09E+14
0.179
1.66E+14
4.34E+15
3.13E+15
3.50E+15
1.123
1.500

3.1
3.68E+04
0.207
2.35E+14
0.184
1.82E+14
4.30E+15
3.30E+15
3.72E+15
1.109
1.500

3.2
3.80E+04
0.216
2.63E+14
0.188
1.99E+14
4.25E+15
3.47E+15
3.93E+15
1.096
1.500

3.3
3.91E+04
0.225
2.93E+14
0.193
2.17E+14
4.21E+15
3.65E+15
4.16E+15
1.082
1.500

3.4
4.03E+04
0.235
3.26E+14
0.197
2.35E+14
4.15E+15
3.82E+15
4.38E+15
1.068
1.500

3.5
4.15E+04
0.245
3.62E+14
0.202
2.55E+14
4.10E+15
3.99E+15
4.61E+15
1.053
1.500

3.6
4.27E+04
0.255
4.02E+14
0.206
2.76E+14
4.04E+15
4.04E+15
4.72E+15
1.007
1.468

3.7
4.39E+04
0.265
4.44E+14
0.210
2.97E+14
3.97E+15
3.97E+15
4.72E+15
0.938
1.414

3.8
4.51E+04
0.276
4.91E+14
0.215
3.20E+14
3.90E+15
3.90E+15
4.72E+15
0.874
1.364

3.9
4.63E+04
0.287
5.41E+14
0.219
3.44E+14
3.83E+15
3.83E+15
4.72E+15
0.814
1.320

4.0
4.74E+04
0.298
5.95E+14
0.223
3.68E+14
3.75E+15
3.75E+15
4.72E+15
0.758
1.279

4.1
4.86E+04
0.310
6.55E+14
0.227
3.94E+14
3.67E+15
3.67E+15
4.72E+15
0.705
1.242

4.2
4.98E+04
0.322
7.19E+14
0.231
4.21E+14
3.58E+15
3.58E+15
4.72E+15
0.655
1.208

4.3
5.10E+04
0.334
7.88E+14
0.235
4.49E+14
3.48E+15
3.48E+15
4.72E+15
0.608
1.177

4.4
5.22E+04
0.347
8.64E+14
0.239
4.78E+14
3.37E+15
3.37E+15
4.72E+15
0.563
1.150

4.5
5.34E+04
0.360
9.45E+14
0.243
5.08E+14
3.26E+15
3.26E+15
4.72E+15
0.521
1.124
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Bt (kG)

Tflat (sec)

Bt vs. Tflat

1.1227422577

1.1092254784

1.0955511692

1.081706836

1.0676791921

1.0534540641

1.0068408885

0.9379809578

0.8738314019

0.8138843403

0.7576916408

0.7048559288

0.6550230198

0.6078755026

0.5631272525

0.5205186944
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		Coil		Cnd Width		Cnd Height		Hole Dia		Corner Radius		Turn-Turn		CSA		Length		R@T0		#/Circuit		∑R@T0		Max Curr		Max ESW		∑I^2*R		Max ∫i^2(t)dt		Max ∫j^2(t)dt		Tfinal		∑Wloss		Avg Loss		Hole Dia		Hole Area		Velocity		Flow		Total Flow		Reynolds No		Friction		∆P		Rthermal		Cp		Net Cp		Tau Thermal		Vmax		Stress Factor		Emax						Test Case ∆T		20.0		deg C				Bt		Iflat		Trise		J2T Rise		Tfall		J2T Fall		J2T Flat		∑J2T		Tflat		∑T

				(in)		(in)		(in)		(in)		(in)		(in^2)		(in)		(Ω)						kA		sec		(MW)		Amp^2-sec		(A/m^2)^2-sec		deg C		Joule		Watt		cm		cm^2		m/sec		GPM		GPM		N-sec/m^2		Factor		PSI		degC/watt		Joule/degC		Joule/deg C		sec		(V)				(V/mil)						Insulation Shear Stress @ Test Case ∆T		2000.0		psi				(kG)		(Amp)		(sec)		((A/m^2)^2-sec)		(sec)		((A/m^2)^2-sec)		((A/m^2)^2-sec)		((A/m^2)^2-sec)		(sec)		(sec)

								Note 4																																																								Note 1		Note 2		Note 3						Allowable Adiabatic ∆T		20		deg C				3.0		3.56E+04		0.198		2.09E+14		0.179		1.66E+14		4.34E+15		4.72E+15		1.123		1.500

		Inner Leg, Inner Turn						0.249				0.064		1.054		223.000		1.389E-04		12		1.67E-03		35.58		5.3		2.110		6.711E+09		1.45E+16		93.1818		1.12E+07		3.73E+04		0.6312		0.3129		5.0		2.5		29.8		31559.5		0.023		37.7		1.53E-03		1.33E+04		1.03E+05		157.4		1012.9		1.000		15.8						Peak Differential		0.7		p.u.				3.1		3.68E+04		0.207		2.35E+14		0.184		1.82E+14		4.30E+15		4.72E+15		1.109		1.500

		Inner Leg, Outer Turn						0.249				0.064		1.045		203.000		1.275E-04		24		3.06E-03		35.58		5.3		3.875		6.711E+09		1.48E+16		94.7837		2.05E+07		6.85E+04		0.6312		0.3129		5.0		2.5		59.5		31559.5		0.023		34.3		1.53E-03		1.20E+04		1.02E+05		155.4		1012.9		1.000		15.8						Actual ∆T		14.0		deg C				3.2		3.80E+04		0.216		2.63E+14		0.188		1.99E+14		4.25E+15		4.72E+15		1.096		1.500

		Flag, Inner Turn		1.000		5.000		0.750		0.063				4.555		12.532		1.867E-06		24		4.48E-05		35.58		5.3		0.057		6.711E+09		7.77E+14		15.7833		3.01E+05		1.00E+03																																				Shear at Actual ∆T		1400.0		psi				3.3		3.91E+04		0.225		2.93E+14		0.193		2.17E+14		4.21E+15		4.72E+15		1.082		1.500

		Flag, Outer Turn		1.000		5.000		0.750		0.063				4.555		10.922		1.628E-06		48		7.81E-05		35.58		5.3		0.099		6.711E+09		7.77E+14		15.7833		5.24E+05		1.75E+03																																				Ultimate Shear Strength		2942		psi				3.4		4.03E+04		0.235		3.26E+14		0.197		2.35E+14		4.15E+15		4.72E+15		1.068		1.500

		Connector		1.000		5.000		0.000		0.063				4.997		15.000		2.038E-06		72		1.47E-04		35.58		5.3		0.186		6.711E+09		6.46E+14		15.1403		9.85E+05		3.28E+03																																				% Shear Loading		48%						3.5		4.15E+04		0.245		3.62E+14		0.202		2.55E+14		4.10E+15		4.72E+15		1.053		1.500

		Outer Leg		2.000		3.000		0.436		0.125		0.064		5.837		271.825		3.057E-05		36		1.10E-03		35.58		5.3		1.393		6.711E+09		4.73E+14		14.2980		7.39E+06		2.46E+04		1.1074		6.2144		0.25		2.5		89.3		2788.1		0.043		0.1		1.53E-03		8.97E+04						1012.9		0.917		14.5						T0		12		deg C				3.6		4.27E+04		0.255		4.02E+14		0.206		2.76E+14		4.04E+15		4.72E+15		1.007		1.468

		Joint																1.000E-06		216		2.16E-04		35.58		5.3		0.273								1.45E+06		4.83E+03																																				G0		2.53E+15		(A/m^2)^2-sec				3.7		4.39E+04		0.265		4.44E+14		0.210		2.97E+14		3.97E+15		4.72E+15		0.938		1.414

		Total TF Circuit																				6.314E-03		35.58		5.3		8.0				Max Temp		94.8		4.24E+07		1.41E+05										89.3						37.8																				Tmax		32		deg C				3.8		4.51E+04		0.276		4.91E+14		0.215		3.20E+14		3.90E+15		4.72E+15		0.874		1.364

																																																																										Gmax		6.47E+15		(A/m^2)^2-sec				3.9		4.63E+04		0.287		5.41E+14		0.219		3.44E+14		3.83E+15		4.72E+15		0.814		1.320

		Coil		Cnd Width		Cnd Height		Coolant Hole Dia		Corner Radius		Turn-Turn		CSA		Length																																																										L		4.37E-03		Henry				4.0		4.74E+04		0.298		5.95E+14		0.223		3.68E+14		3.75E+15		4.72E+15		0.758		1.279

				(cm)		(cm)		(cm)		(cm)		(cm)		(cm^2)		(cm)																																																										Rcircuit (cold)		7.81E-03		Ohm				4.1		4.86E+04		0.310		6.55E+14		0.227		3.94E+14		3.67E+15		4.72E+15		0.705		1.242

																																																																										Rcircuit (hot)		8.19E-03		Ohm				4.2		4.98E+04		0.322		7.19E+14		0.231		4.21E+14		3.58E+15		4.72E+15		0.655		1.208

		Inner Leg, Inner Turn		0.000		0.000		0.631		0.000		0.163		6.800		566.420																																																										Rpsequiv		4.03E-03		Ohm				4.3		5.10E+04		0.334		7.88E+14		0.235		4.49E+14		3.48E+15		4.72E+15		0.608		1.177

		Inner Leg, Outer Turn		0.000		0.000		0.631		0.000		0.163		6.742		515.620																																																										∑R (cold)		1.18E-02		Ohm				4.4		5.22E+04		0.347		8.64E+14		0.239		4.78E+14		3.37E+15		4.72E+15		0.563		1.150

		Flag, Inner Turn		2.540		12.700		1.905		0.160				29.386		31.831																																																										∑R (hot)		1.22E-02		Ohm				4.5		5.34E+04		0.360		9.45E+14		0.243		5.08E+14		3.26E+15		4.72E+15		0.521		1.124

		Flag, Outer Turn		2.540		12.700		1.905		0.160				29.386		27.742																																																										CSA inner leg		6.74E-04		m^2

		Connector		2.540		12.700		0.000		0.160				32.236		38.100																																																										Bt		4.5		kG				3.0		1.123

		Outer Leg		5.080		7.620		1.107		0.318		0.163		37.660		690.435																																																										Iflat		5.34E+04		Amp				3.1		1.109

		Joint																																																																								J2T L/R decay		1.75E+15		(A/m^2)^2-sec				3.2		1.096

																																																																										J2T Trip (RIS)		4.72E+15		(A/m^2)^2-sec				3.3		1.082

		Note 1: Total Terminal to Terminal Voltage																																																																								I2T Trip (RIS)		1.91E+09		A^2-sec				3.4		1.068

		Note 2: Ratio Vturn-turn to Vterm-term																																																																								Trise		0.360		sec				3.5		1.053

		Note 3: Extra 0.040 in layer between input and output terminals																																																																								J2T Rise		9.45E+14		(A/m^2)^2-sec				3.6		1.007

		Note 4: Hole dia given for flags results in same csa as four bolt holes																																																																								Tfall		0.243		sec				3.7		0.938

																																																																										J2T Fall		5.08E+14		(A/m^2)^2-sec				3.8		0.874

		OUTER LEG LENGTH CALC																																																																								J2T Flat		3.26E+15		(A/m^2)^2-sec				3.9		0.814

		Parameter		Value		Units																																																																				Tflat		0.521		sec				4.0		0.758

		Conductor Height		3.000		in																																																																												4.1		0.705

		Angle 1		39.750		degrees																																																																												4.2		0.655

		R1 to Conductor		49.500		in																																																																												4.3		0.608

		R1 to Conductor CL		51.000		in																																																																												4.4		0.563

		Length 1		35.382		in																																																																												4.5		0.521

		Angle 2		49.400		degrees

		R2 to Conductor		103.500		in

		R2 to Conductor CL		105.000		in

		Length 2		90.530		in

		Straight Section		10.000		in

		Total Length		271.825		in

		Parameter		Value		Units

		Resistivity (20C)		1.724E-06		Ω-cm

		Density		8.9400		gm/cc

		Specific Heat		0.3860		J/gm-degC

		Res Temp Coeff		0.0041		1/degC

		Initial  Temp		12.0		degC

		G(zero)		2.53E+15		(A/m^2)^2-sec

		H(zero)		4.07E+07		Joule/m^3

		Min Rep Period		300.00		sec
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Bt (kG)

Tflat (sec)

Bt vs. Tflat




