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Effect of filament size and proximity coupling on total magnet loss

1. Introduction

This note is written as a contribution to the debate about fine filament sizes and whether to use a copper or CuMn matrix.  It extends the loss calculations of Report 8 to conductors with finer filaments, with and without proximity coupling.

Two changes are made in this version 2, viz:

a) a new scaled value of t, new Kim Anderson Jc parameters and new values of the experiment/theory calibration factors, as detailed in Report 8-2, are used in calculating the losses
b) proximity magnetization values obtained from Ghosh, Sampson, Gregory and Kreilick  have been scaled by the twist pitch.
To save you reading it all again, changes are written in red.

2. Proximity Coupling

Data on proximity coupling in a composite with pure copper matrix have been taken from Ghosh, Sampson, Gregory and Kreilick (IEEE Trans MAGNET-23 No 2, pp1724).  The wire used in this work had a ratio of filament spacing to diameter of  s/d = 0.12, which is the same as that proposed for the new wire, so the data is very suitable for our purpose.  Fig 6 of that paper plots the additional component of magnetization coming from proximity coupling as a function of filament diameter at various fields.  
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Fig 1: the additional component of magnetization coming from proximity coupling.

Fig 1 re-plots the same data as a function of field for the three filament diameters showing appreciable proximity coupling.  Note the plot is for the increase in width of the magnetization curve, ie 2Mp, and also that I am defining M in the units of B.  

As suggested by Ghosh et al, this variation with field may be fitted by an exponential function:
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Table 1 lists the fitting parameters used, shown by the straight lines in Fig 1.

Table 1: fitting parameters for proximity coupling

	d 
	m
	2.9
	3.3
	3.9

	2Mo
	mT
	140
	80
	50

	k 
	T-1
	4
	5.7
	8


To calculate the total magnetization, I use:
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Fig 2 plots the calculated  Mt  and  Mp  for the wire sample with 2.9 m diameter filaments.  Also plotted for comparison are some spot points from Fig 5 of Ghosh et al.  
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Fig 2: calculated magnetization for sample with 2.9m filaments 

Finally, to estimate the proximity magnetization of a RHIC cable, we must scale for wire size.  Ghosh et al suggest that proximity coupling at a given filament separation  s  produces a characteristic level of coupling current transverse to the filaments.  If this is the case, then the resulting magnetization for a given filament separation should scale as the outer diameter of the filament bundle.  Appendix 1c lists the wire dimensions and Appendix 1d calculates the scaled proximity coupling for RHIC cable wire with the new matrix:superconductor ratio of 1.8:1.  It may be seen that going to the larger diameter wire roughly doubles the proximity magnetization.

3. Loss Calculation Methods

We calculate the proximity loss power by integration of the magnetization between injection field Bi and extraction field Be.
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where c, c and c are the usual fill factors of filaments in the wire, wires in the cable and cables in the winding and Tr is the rise time.  It should be noted however that, like the classical hysteresis loss formula, this calculation is not completely accurate because it ignores the detailed shape of the magnetization curve at the field reversal points.  As sketched in Fig 3, the above formula calculates loss as the loop area enclosed between the dashed red lines rather than the correct blue lines.  Thus the calculated loss is an over estimate; the error is largest at low fields where the magnetization is changing rapidly.
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Fig 3: Errors incurred in the hysteresis and proximity coupling loss calculations
Other losses are calculated as before, the formulae used are listed in appendix 2.  

4. Loss calculations

As in Report 8, the cable used is based 001SSNHT, using our best estimates of Rc, Ra and t, but with a 4mm twist pitch for the wire.   Table 2 lists the main cable parameters, a more complete listing is given in Appendix 3.

Table 2: cable parameters common to all calculations

	cable half width
	c
	4.87E-03
	m

	cable half thickness
	b
	5.83E-04
	m

	cable twist pitch
	p
	7.40E-02
	m

	cable slope
	cos
	0.967
	

	number of strands
	N
	30
	

	magnet length
	
	2.6
	m

	cable filling factor
	c
	0.826
	

	wire filling factor
	w
	0.872
	

	matrix : superconductor ratio
	mat
	1.8 : 1
	

	filament filling factor
	f
	0.357
	

	wire twist pitch
	pw
	4.0
	mm

	wire transverse resistivity
	t
	2.14E-10
	.m

	Kim Anderson Jc fit 
	Jo
	3.85E+10
	A/m^2

	Kim Anderson Jc fit 
	Bo
	0.13
	Tesla

	Kim Anderson Jc fit 
	A0
	4.35E+09
	A/m^2

	Kim Anderson Jc fit 
	A1
	-5.85E+08
	A/m^2

	calibration factor transverse
	ft
	1.19
	

	calibration factor parallel
	fp
	1.55
	

	calibration factor hysteresis
	fh
	0.61
	


Estimates of magnet loss are calculated using the usual theory, but are then multiplied by calibration factors based on the experimental loss measurements at University of Twente.  The magnet ramping cycle used is the same as in Report 8-2 and is listed in Table 3.

Table 3: Magnet cycle for loss calculation

	extraction aperture field
	Bap
	4.0
	Tesla

	ramp ratio Binj / Bext
	f
	0.1
	

	ramp time
	Tr
	3.6
	sec

	ramp rate
	B`
	1.0
	T/s

	injection time
	Ti
	0
	sec

	extraction time
	Te
	5
	sec


New for this report is finer subdivision of the winding for the hysteresis and proximity coupling calculations.  At each azimuthal point (one degree spacing) the winding is divided into 5 cells radially and loss is calculated in each cell. 

In this version 2, I also calculate losses with a reduced proximity coupling, scaled by the twist pitches.  If, as suggested by Ghosh et al, proximity magnetization is dictated by supercurrent density perpendicular to the filaments, one would expect the magnetization to decrease linearly with twist pitch.  Sample SCN-4164 used in the 1985 study of Ghosh et al had a twist pitch of 8mm, whereas the losses are here calculate for a twist pitch of 4mm.  Thus, in  scaling to the tightly twisted wire, one should halve the proximity coupling.

Appendix 3 presents the detailed calculations.  As a check, Appendix 2 calculates one cell (20 degrees for 2.9m filaments) of the spreadsheet.   Results are presented in Table 4 (where Sc indicates scaled proximity loss) and plotted in Fig 4. 

Table 4: Results of the magnet loss calculations 

	filament dia     m
	2.9
	2.9
	2.9
	3.3
	3.3
	3.3
	3.9
	3.9
	3.9
	5.0
	6.0
	6.0

	matrix ratio
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	1.8
	2.3

	proximity coupled?
	Y
	Sc
	N
	Y
	Sc
	N
	Y
	Sc
	N
	N
	N
	N

	ramping loss   W
	14.4
	12.4
	10.3
	12.0
	11.5
	10.9
	12.1
	12.0
	11.9
	13.6
	15.1
	13.8

	time averaged loss  W
	8.5
	7.3
	6.1
	7.1
	6.8
	6.5
	7.2
	7.1
	7.0
	8.0
	8.9
	8.2

	transverse crossover loss / total
	0.4%
	0.4%
	0.5%
	0.4%
	0.5%
	0.5%
	0.4%
	0.4%
	0.4%
	0.4%
	0.3%
	0.4%

	transverse adjacent loss / total
	11.1%
	12.9%
	15.4%
	13.3%
	13.9%
	14.6%
	13.1%
	13.3%
	13.4%
	11.8%
	10.6%
	11.5%

	parallel loss / total
	0.1%
	0.1%
	0.2%
	0.2%
	0.2%
	0.2%
	0.1%
	0.2%
	0.2%
	0.1%
	0.1%
	0.1%

	filament coupling loss / total
	29.2%
	34.0%
	40.7%
	35.1%
	36.7%
	38.4%
	34.7%
	35.1%
	35.4%
	31.0%
	27.9%
	30.4%

	filament hysteresis loss / total
	31.0%
	36.1%
	43.2%
	42.3%
	44.3%
	46.4%
	49.5%
	50.0%
	50.5%
	56.7%
	61.1%
	57.5%

	proximity coupling loss / total
	28.2%
	16.4%
	0.0%
	8.7%
	4.5%
	0.0%
	2.1%
	1.1%
	0.0%
	0.0%
	0.0%
	0.0%
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Fig 4: Time averaged loss in the magnet versus filament diameter.

The revised t  and Kim Anderson fitting parameters have made slight changes to the losses, but the general shape remains as before.  Scaling the proximity coupling for twist pitch makes substantial reductions in loss at fine filament sizes and gives our best estimate of loss.

5. Comments and Conclusions

It may be seen that proximity coupling has a strong effect at the smallest filament diameters.  On the basis of the calculation with scaled proximity coupling, there would seem to be no benefit in going to < 3.5m diameter with a pure copper matrix.  If finer filaments are needed, a CuMn matrix must be used.

However, the exponential model for proximity coupling magnetization versus field has been obtained by fitting to a small number of points.  Losses at low field are very sensitive to the fitting parameters used – so the calculations may be pessimistic.  Also, as noted in section 3, the loss calculation method is inherently pessimistic, especially at low fields.

List of Appendices

9-1-2:
Proximity magnetization data (Excel spreadsheet)

9-2-2: Formulae used in magnet loss calculations + numbers check (Mathcad sheet)

9-3-2: Dipole losses for different filament diameters  (Excel spreadsheet)
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