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Wire Coatings and Contact Resistance 

Preface

An error has been found in the field components which are the basis of all ac loss calculations in Reports 1 to 4.  The error occurred in converting from Cartesian to polar  components of field and had the effect of increasing the transverse or ‘’ component of field, particularly near to the poles, thereby increasing the total loss by about a factor 2.  Please destroy Report 4-2.

1. Introduction

This report is written as a contribution to the debate about what coatings to try first.   It gathers together some of the existing data on contact resistance and looks at the effect on magnet losses.  However, the variability of this data must be emphasised – the only reliable way to predict contact resistance is to measure it under the exact conditions of stress which will obtain in the magnet and after the heat treatment cycle that will be used in producing the magnet.

2. Data

Arnaud Devred et al (paper 1MC04 at ASC 2000) report measurements on a 36 wire LHC outer coil cable which was coated with AgSn.  The cable was annealed at 185C for 30 minutes and measured under a pressure of 100MPa.  They found:


Rc = 21 and   Ra = 168

This is an important (and rare) measurement because it gives both resistances, showing that Ra is ~ 8x greater than Rc.  A measurement on Nb3Sn cable in the same paper shows a ratio of ~9.  For the fast pulsed synchrotron, we are only interested in Ra because Rc is dominated by the core.  Almost all the other published data gives only Rc so, in the absence of better data, I propose to calculate Ra from Rc using a factor of 8.

Table 1 gives some CERN measurements of Rc  by David Richter, which I presented at the LHC Chamonix Workshop in Oct 96.   All resistances were measured under a pressure of 23Mpa.

Comparing the maximum and minimum values shows the enormous scatter that was found.

Table 1: CERN Measurements of crossover resistance in cables with AgSn coating

	
	Mean Rc
	Std dev
	Max Rc
	Min  Rc
	No of samples

	virgin sample
	9.8
	8.9
	31.0
	1.2
	22

	after 30 min at 190C under 23 MPa
	2.2
	1.8
	6.9
	0.4
	18

	after 30 min at 190C under 0 Mpa  (open the mold)
	19.6
	9.3
	45.0
	9.6
	12

	after 30 min at 190C under 0 MPa and 30 min at 190C under 23 Mpa
	4.8
	4.5
	13.0
	1.0
	10

	after oxidising for 4 hours at 190 C with water vapour under 0 Mpa
	61.2
	47.4
	209.0
	20.0
	18

	after oxidising followed by 30 min at 190C under 23 Mpa
	9.0
	6.7
	23.0
	2.4
	18

	ratio oxidising/oxidising + heat under 23MPa
	7.3
	2.3
	12.2
	4.1
	18

	after oxidising for 4 hours at 190 C with water vapour under 0 Mpa
	144.3
	56.9
	209.0
	102.0
	3

	after oxidising followed by 30 min at 190C under 23 Mpa
	17.3
	6.7
	23.0
	10.0
	3

	ratio oxidising/oxidising + heat under 23MPa
	9.2
	4.2
	12.2
	4.4
	3


Nickel plating was generally found to be more reproducible; Table 2 presents some data.

Table 2: CERN Measurements of crossover resistance in cables with nickel coating

	sample No
	1
	2
	3
	4
	mean

	virgin sample @ 20 - 35 Mpa
	217 
	247
	320
	390
	294 

	after 30 min at 190(C                
	47
	66
	56
	88
	64


I am only aware of one measurement of  Rc across a stainless core, which was made at Twente University for me when I was at CERN (IEEE Transverse Appl Sup.  Volume 7 No2 pp958 1997).  For an LHC dipole inner coil cable with a 25 m thick (not oxidised) stainless steel core we found Rc = 784 

Losses in the proposed cables

In extrapolating the data, it is important to remember that different cables have different crossover areas.  Table 3 lists the crossover area, calculated using:
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where p = twist pitch, a = cable half width and N = number of strands.  Note that this is the ‘shadow area’ of a crossing, which is always greater than the actual area of contact.  It may however be used to scale between different cables.

Table 3: Shadow area of crossovers in different cables

	cable
	p (mm)
	a (mm)
	N
	Ac (mm2)

	RHIC
	74
	4.87
	30
	0.801

	LHC inner
	115
	7.5
	28
	2.200

	LHC outer
	100
	7.5
	36
	1.157


For Staybrite coating after heat treatment we have from table 1, Rc = 2.2  in LHC inner cable.   Scaling to RHIC cable we thus have Rc = 2.2 x 2.2 / 0.8 = 6.05 and Ra = 6.05 x 8 = 48 

For oxidised Staybrite coating after heat treatment we have from table 1, Rc = 9  in LHC inner cable.   Scaling to RHIC cable we thus have Rc = 9 x 2.2 / 0.8 = 25 and Ra = 25 x 8 = 200 

For nickel coating after heat treatment we have from table 2, Rc = 64  in LHC inner cable.   Scaling to RHIC cable we thus have Rc = 64 x 2.2 / 0.8 = 176 and Ra = 176 x 8 = 1408 

For a bare (not oxidised) 25 m stainless core, we expect Rc = 784 x 2.2 / 0.8 = 2156With some oxidation, this value could increase many times, for the calculation I assume a factor 4.

Using this data, six new cables have been calculated, with parameters listed in Table 4.

· core 5 uses wire twisted to 6mm (easy), with un-oxidised Staybrite coating

· core 6 uses wire twisted to 4mm, with oxidised Staybrite and oxidised stainless core

· core 7 uses wire twisted to 4mm, with nickel and oxidised stainless core

· core 8 uses wire twisted to 4mm, with oxidised Staybrite, oxidised stainless core and 2 m filaments

· core 9 uses wire with barriers, oxidised Staybrite and oxidised stainless core

· core 10 uses wire with barriers, oxidised Staybrite, oxidised stainless core and 2 m filaments.

	Table 4: Key parameters of cables used in the ac loss calculations

parameter
	
	core 5
	core 6
	core 7
	core 8
	core 9
	core 10
	unit

	cable half width 
	a
	4.87
	4.87
	4.87
	4.87
	4.87
	4.87
	mm

	cable half thickness 
	b
	0.583
	0.583
	0.583
	0.583
	0.583
	0.583
	mm

	cable twist pitch
	p
	74
	74
	74
	74
	74
	74
	mm

	crossover resistance
	Rc
	2100
	8000
	8000
	8000
	8000
	8000
	

	adjacent resistance
	Ra
	48
	200
	1400
	200
	200
	200
	

	wire transverse resistivity
	t
	5.7E-10
	5.7E-10
	5.7E-10
	5.7E-10
	6.1E-09
	6.1E-09
	m

	wire twist pitch
	pw
	6.0E-03
	4.0E-03
	4.0E-03
	4.0E-03
	5.3E-03
	5.3E-03
	mm

	wire coupling time const
	
	1.0E-03
	4.5E-04
	4.5E-04
	4.5E-04
	7.3E-05
	7.3E-05
	s

	filament diameter
	df
	6.0E-06
	6.0E-06
	6.0E-06
	2.0E-06
	6.0E-06
	2.0E-06
	m


The losses are calculated for cycles 2 and 3 as defined in Table 5; they are summarised in Table 6 and listed in Appendix 1.

Table 5: Parameters for the synchrotron cycles

	cycle
	f
	Bi
	Be
	B`
	Ti
	Te
	Tr
	Tc
	1/Tc

	
	=Bi / Be
	T
	T
	T/s
	s
	s
	s
	s
	Hz

	2
	0.1
	0.2
	2
	4
	1.5
	0
	0.45
	2.4
	0.4167

	3
	0.05
	0.175
	3.5
	1.75
	1.5
	1
	1.9
	6.3
	0.1587


Table 6: Results of the loss calculations

	cycle #
	cable type (
	core 5
	core 6
	core 7
	core 8
	core 9
	core10

	2
	ramping total loss / magnet =    
	118 W
	71W
	67W
	42W
	55W
	25W

	2
	time averaged total loss / magnet =
	44 W
	26W
	25W
	15.6W
	20.4W
	9.6W

	2
	transverse crossover loss / total =
	13.9%
	6.1%
	6.4%
	10.3%
	7.9%
	16.8%

	2
	transverse adjacent loss / total =
	12.5%
	5.0%
	0.75%
	8.6%
	6.5%
	13.9%

	2
	parallel loss / total =
	0.42%
	0.17%
	0.03%
	0.29%
	0.22%
	0.46%

	2
	filament coupling loss / total =
	36.2%
	26.9%
	28.2%
	45.8%
	5.6%
	12.1%

	2
	hysteresis loss / total =
	37.0%
	61.8%
	64.7%
	35.1%
	79.8%
	56.8%

	3
	ramping total loss / magnet =    
	29 W
	20.4W
	19.8W
	10.2W
	17.3W
	7.2W

	3
	time averaged total loss / magnet =
	17.8 W
	12.3W
	11.9W
	6.2W
	10.4W
	4.3W

	3
	transverse crossover loss / total =
	10.6%
	4.0%
	4.2%
	8.0%
	4.7%
	11.4%

	3
	transverse adjacent loss / total =
	9.6%
	3.3%
	0.5%
	6.6%
	3.9%
	9.4%

	3
	parallel loss / total =
	0.32%
	0.1%
	0.02%
	0.22%
	0.13%
	0.32%

	3
	filament coupling loss / total =
	27.7%
	17.8%
	18.4%
	35.5%
	3.4%
	8.2%

	3
	hysteresis loss / total =
	51.7%
	74.7%
	77.0%
	49.6%
	87.8%
	70.6%


4 Temperature rise in the Proposed Cables

Using the methods described in Report 1-3 section 9, the conduction temperature drop has been calculated for each cable and cycle.  The calculation is detailed for two of the cables in Appendix 3 and results are summarised in Tables 7 and 8.   Clearly the rise is proportional to the loss per unit volume, which varies around the winding; Table 7 uses the highest loss power and notes the angle (measured from the magnet mid plane) where this loss occurs.  Note that these are very simple minded approximate estimates, based on the model sketched in Fig 1, in which the heat is conducted to the inner surface of the winding.   Conduction is through the cable and insulation, which is taken to be 4 thicknesses of 25m Kapton.  
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Fig 1: Model of heat conduction out of the winding
The calculation takes no account of temperature drops across interfaces, heat transfer drops between insulation and helium or temperature rise in the helium as it flows along the magnet.  For these reasons it is an under-estimate.  On the other hand, the peak powers occur next to wedges and the calculation neglects heat conduction through the wedges, which would reduce the peak temperature.

Table 7: Temperature rise of winding for cycle 2 or 4

	cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	3.20E+04
	1.96E+04
	1.29E+04
	1.18E+04
	5.29E+03

	angle where Pv is
	73.17
	73.17
	73.17
	73.17
	55.22

	Ra
	4.80E-05
	2.00E-04
	2.00E-04
	2.00E-04
	2.00E-04

	adjacent conductivity  keffa
	1.926
	0.462
	0.462
	0.462
	0.462

	resultant conductivity  keff
	12.79
	11.32
	11.32
	11.32
	11.32

	temperature acros cablec
	0.12K
	0.08K
	0.05K
	0.05K
	0.02K

	temperature acros insulationi
	1.04K
	0.64K
	0.42K
	0.38K
	0.17K

	total temperature drop 
	1.16K
	0.72K
	0.47K
	0.43K
	0.19K


Table 8: Temperature rise of winding for cycle 3

	cable #
	5
	6
	8
	9
	10

	maximum power / vol    Pv
	7.67E+03
	5.29E+03
	2.98E+03
	3.80E+03
	1.52E+03

	angle where Pv is
	73.17
	73.17
	73.17
	73.17
	55.22

	Ra
	2.00E-04
	2.00E-04
	2.00E-04
	2.00E-04
	2.00E-04

	adjacent conductivity  keffa
	0.462
	0.462
	0.462
	0.462
	0.462

	resultant conductivity  keff
	11.32
	11.32
	11.32
	11.32
	11.32

	temperature acros cablec
	0.03K
	0.02K
	0.01K
	0.02K
	0.01K

	temperature acros insulationi
	0.25K
	0.17K
	0.10K
	0.12K
	0.05K

	total temperature drop 
	0.28K
	0.19K
	0.11K
	0.14K
	0.06K


It may be seen that the calculated temperature rises are much less than presented in the early versions of Report 1.  For this reason, it may turn out that we can now get by with a full wrap of Kapton insulation.  However the possibility of bad (and varying) thermal contact between cable and Kapton could produce unreliable performance.  I will examine this question in the next report.
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