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Loss Calculations for Dipole 001

1.  Introduction

The note presents some estimates of loss per cycle in the first GSI prototype dipole, calculated using an Excel spreadsheet similar to that used in previous reports.  

Version 2 includes the following changes: 



- calculation of the additional hysteresis loss caused by transport current



- iron loss calculations from Carsten Muehle


- more experimental data and analysis by Richard Thomas


- separate plots of rate dependent and hysteresis losses

Version 3 includes the revised iron loss data from Carsten Muehle; the change is very small.

Version 4 corrects the wrong use of a loss 'cooking factor; I am grateful to all those who pointed out this silly (and very embarrassing) mistake.  The spreadsheets to calculate magnet loss have been improved and simplified.  They now include magnetoresistance in the transverse resistivity between filaments, using data from the new Report 19.  A new formulation is derived to integrate coupling loss with magnetoresistance over a field cycle.  Losses from each component are now summed over the winding cross section, rather than being roughly calculated as a percentage of the total, as previously.  Transport current for correcting the hysteresis loss is now calculated from the magnet loadline.   Results are compared with the IHEP Report '1 Calculation of Losses in GSI001 Dipole'. 

Changes for this version are shown red.

2. Input Data

Following the data of Rainer Soika [1], I take the interstrand resistances to be: 


Rc = 60 mand    Ra = 74

All other cable parameters are the same as before and are listed in Appendices 1 and 2, the wire twist pitch is 4mm.

The effective length of the magnet is taken to be the total length of cable per pole = 245 feet  divided by twice the number of turns = 2 x 32, giving a length of 1.17m [2].  In this way, the two dimensional calculation gets the correct volume of cable, although the field profile is clearly wrong at the ends. 

3. Transport Current Corrections and Critical Current Density 

Most of the ac loss in the superconducting cable is caused by the magnetic field coming from the rest of the magnet.  However, a small part is caused by the self field of the cable, coming from the transport current flowing in the cable.  Because this component is small, it is usually neglected in calculations and is rarely measured in short sample experiments.  In view of the discrepancies found between measured and calculated values, I have added the transport current correction to these latest calculations.

The main effect is on hysteresis loss, where transport current increases the instantaneous loss power by a factor (1+i2), where i  is the ratio between the transport current and the critical current  i = It / Ic [3].  In the simplified case of constant Jc, we may integrate over the field change between B1 and B2 to find a loss per cycle of:
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where i2 is the ratio between the current I2 at B2  and critical current Ic.  Thus, for a ramp starting at zero field, the loss is increased by a factor 
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The more realistic case of  Jc varying with field is more difficult to solve.  To calculate hysteresis loss in the spread sheets, I use a fit to Jc(B)  of :
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but have been unable to integrate this function in (1+i2) over a field ramp.  Using the simpler Kim Anderson model of:
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I succeeded in finding an enhanced loss of
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(4)

where A is the area of superconductor. The first term is the usual hysteresis loss for the Kim Anderson model, so the second represents an additional loss from transport current; substituting for A we find:
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which is the formula used in the loss calculation.  Appendix 14-1 gives details of this derivation.

There is some uncertainty about the parameters to be used in equations (2) and (3); Table 1 lists the possibilities.  'GSI-4' are the numbers obtained from the Twente magnetization data in my Report 8-2 for the wire GSI-4, which had a twist pitch of 6mm.  'RHIC' data comes from a wire with a 13mm twist pitch, as described in my Report 19-1.  'IHEP' is the data used in 'Calculation of losses in GSI001 Dipole' by IHEP.  For most of the calculations in Appendix 14-4, I have used the GSI-4 data, as in previous versions of this Report, but with different parameters for the simple Kim Anderson approximation, which better fits the data (changes introduced by this are small because it only affects the transport current correction).  I also include calculations using the RHIC wire data, which gives greater J c and hence greater hysteresis loss.

Appendix 14-5 compares all these different functions for Jc(B).

Table 1: Parameters used in the Kim Anderson Formulae for J c

	
	
	GSI-44
	RHIC wire
	IHEP

	J0 =
	Am -1
	3.85(10 10
	4.16(10 10
	

	B0 =
	T
	0.130
	0.155
	

	A0 =
	Am -1
	4.35(10 9
	5.00(10 9
	

	A1 =
	Am -1T -1
	-5.9(10 8
	-7.00(10 8
	

	Jso
	Am -1
	3.00(10 10
	3.50(10 10
	1.0(10 10

	Bso
	T
	0.45
	0.45
	1.0


4. Iron Losses

Appendix 14-2-2 lists the iron losses calculated by Carsten Muehle [4] using packing factors and iron volumes provided by Peter Wanderer [5].   As set out in Appendix 14-2, I have fitted this data with a function:
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and used this function to calculate the iron loss in Appendix 14-4, where it is added to the superconductor loss to get a total loss for the magnet.  Fig 1 shows Carsten's data and my empirical curve, fitted to points up to 4T.
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Fig 1: Iron loss per cycle

5. Magnetoresistance in the Filament Coupling Currents

Using data for RHIC wire with 13mm twist pitch, Report 19 calculates the effective matrix resistance for filament coupling currents as a function of field:


 et (B)= 1.69(10 -10  + 1.23(10 -10 B
(7)

Of course, this is not the same wire as used in Dipole 001, but it is the only one for which we have good data on et (B).  Indeed, given the sensitivity of our measurements, it would be impossible to get a good number for et (B) in wire twisted with 4mm pitch.  Even using the report 19 data, it is necessary to extrapolate from 1T up to 4T.  Appendix 14-3 integrates the filament coupling loss over a linear field ramp to obtain the mean loss power which is used in Appendix 14-4.

6.  Experimental data

All data is taken from the spreadsheet supplied by Richard Thomas [6] and the straight line fits to experimental data are also Richard's.

7. The Loss Calculations

All results are presented in terms of loss per cycle.   Appendix 14-4 sets out the calculation of loss as a function of ramp rate, starting at zero field and ramping up to different values of maximum field.   In some cases, the experimental data is actually for a ramp starting at a low current, eg 100A.  Although it is equally easy to calculate these cases, I have not done so because the answer is only slightly different and it complicates the presentation.  

The only adjustable parameter in the calculation is the 'transverse cooking factor' fta.  Recap from our ASC2002 paper [7] that a cable with very low Ra  at the edges has an adjacent coupling loss in transverse field which is 3 times greater than usual.  By choosing a value ft = 2, I am guessing that we are mid way between uniform  Ra and low Ra at the edges.   It is this factor that was wrongly applied to filament coupling loss in the early version. 

For the transport correction to hysteresis loss, I need a figure for magnet current at each field.  This number is calculated using Appendix 14-6, which is a fit to the magnet loadline computed using POISSON, by Ramesh Gupta.

Appendix 14-7 summarizes all the formulae used in the spreadsheets and makes a numerical spot check on the 20( line of the 4T sheet of Appendix 14-4.  

The 'Sum'ry' sheet of Appendix 14-4 gathers all the results together.   Because the calculation has a built-in linear dependence on ramp rate, I just calculate for 4T/s and draw a straight line between the (corrected) hysteresis component and this maximum ramp rate.   Fig 2 presents the results calculated using the Jc(B) data from GSI-4 wire.  It may be seen that the theory underestimates at high ramp rates.

For comparison, item (3) on the sheet 'Sumr'y' of Appendix 14-4 presents data from Report 14(3) with the cooking factor ft altered to ft = 1.  It may be seen that these results are not much different from the present ones, showing that the main error of Report 14 version (3) was applying the cooking factor to matrix losses and that all the other changes made for this update have been small corrections.
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Fig 2: Loss per cycle when ramping from zero field up to the maximum field shown, versus ramp rate; points are experiment and lines are theory.

There is much more experimental data than shown in Fig 2.  In order to make a comparison between the totality of experimental data and theory, I use the fitting parameters calculated by Richard Thomas.  Each set of measurements of loss/cycle versus ramp rate has been fitted by a straight line whose intercept is the hysteresis loss and gradient is the coupling loss.   Fig 3 shows a plot of the calculated and experimental gradients.  The experimental errors shown are the standard deviation in fitting to a straight line.  It may now be seen that the theory gets ramp rate dependence about right at low field but underestimates by a factor 2 at high field.   
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Fig 3: Gradient of the loss/cycle versus dB/dt data; points are fits to experimental data, line is theory

Finally, Fig 4 shows a plot of the intercepts for all curves like Fig 2, these are the hysteresis losses (iron + superconductor).  As above, the experimental errors shown are standard deviations from the straight line fit.  The lowest calculated line is the basic hysteresis loss (using GSI-4 Jc(B) data), to which I have added the transport current loss and iron loss, resulting in the uppermost red line.  Also shown is the total loss calculated using the RHIC wire Jc(B) data from Report 19-1.  It may be seen that these two curves enclose most of the experimental data. 
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Fig 4: Experimental and theoretical values of hysteresis loss/cycle; experimental data derived from the intercepts of all curves like Fig 2.

8. Comparison with IHEP Calculations

In Appendix 14-4, the sheets '4T-2Tps' and 'IHEP check' run cases at 4T maximum field and ramp rate 2T/s for comparison with calculations in [8]; Table 2 presents the results (no iron loss). 

Table 2: Comparison of loss calculations

	
	IHEP     case 'c'
	MNW GSI-4 parameters
	MNW IHEP parameters

	transverse crossover
	0.4
	0.2
	0.2

	transverse adjacent
	6.0
	9.2
	9.2

	parallel adjacent
	0.1
	0.1
	0.1

	filament coupling
	10.5
	13.5
	11.4

	hysteresis
	19.0
	29.5
	22.9

	delta hysteresis 
	
	3.1
	3.4

	total hysteresis
	19.0
	32.6
	26.3

	total magnet
	36.0
	55.7
	47.3


The first column shows case 'c' from [8], which has  et = (2.14 + 1.3B)(10 -10 m, the closest to that measured in Rep 19.  The second column shows the 2T/s case, calculated as in the rest of this report with GSI-4 data for  Jc(B) and et (B) calculated from equation (7).  The third column is calculated with the IHEP data for Jc(B) and et (B).   

To compare the methods of calculation, look at the first and third columns.   It may be seen that I calculate a higher transverse adjacent loss, presumably because I have used a cooking factor = 2 to allow for the reduced Ra at the cable edge.  Our filament coupling losses are similar, but my hysteresis loss is higher, especially when the transport current correction is included.  I don't know if IHEP include a transport current correction. 

Looking at the second column, the main changes are slightly more matrix loss, coming from the lower et  and significantly more hysteresis loss coming from the higher Jc(B).
9. Concluding remarks

Hysteresis losses calculated using data from GSI-4 or RHIC wire enclose the experimental data, leading one to believe that the calculation may be OK.

Ramp rate dependence is underestimated, and the degree of underestimating gets worse at higher field.  Perhaps this indicates that the iron is involved in some way, possibly eddy currents caused by longitudinal fields at the ends.

Agreement with IHEP calculations is not bad when we use the same wire data.  I would however suggest that my data wire data is better in this case because it is based on measurement of similar wires.

10. Suggestions for Further Work

If we are to sort out fully the losses in Dipole 001, I would suggest the following work:

a) Measure dipole losses without the iron.

b) Compute eddy current losses at the ends in the iron laminations.

c) Measure magnetization of the actual wire used in Dipole 001 cable (with the same heat treatment), over the range 0 to 4T at a slow ramp rate to get Jc(B).  Compare result with a transport current Jc  measurement. 
d) Measure RRR of the above wire.  If it is significantly different from Report 19, measure a similar wire with the same heat treatment and 13mm twist pitch over the range 0 to 4T at the slowest and fastest ramp rate possible to get et (B).
d) Measure Rc and Ra  for Dipole 001 cable.

e) Measure losses for Dipole 001 cable in parallel and perpendicular fields.
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