April 4, 2006
To: Distribution

From: Wayne Reiersen

Subject: Notes from today’s discussion of the joint resistance issue

The high joint resistances in the C1 coil were discussed today.  Paul Fogarty, Tom Meighan, John Edwards, Jim Chrzanowski, and Wayne Reiersen participated in the discussions.  The first part of the meeting was basically fact finding.

Tom Meighan originally made resistance measurements on March 30. The results are shown in Figure 1.  Values in the figure are in m.  Joint resistances are the small values above each of the circles.  In the top row, the joint resistances range from 2-5 m.  The customary upper limit of acceptability at PPPL for a bolted electrical joint is 2 The second row was by far the worst.  Joint resistances ranged from 23-254  In the third and fourth rows, joint resistances ranged from 3-4 .  Clearly, there is something anomalous about the second row.
Observations included the following:

1. Joint resistances were not measured prior to VPI.  This was a procedural oversight which will be corrected by procedural changes on subsequent coils.
2. The worst joint was loose.  Meighan and Edwards traced the problem to deformed threads.  After using a die on the threads to chase them down, the conical cable connector was moved in and out four times.  The joint resistance dropped from 285 to 70 to 28 to 17 and finally to 13 .  The change was attributed to improved seating.  Meighan and Edwards are continuing to work on the joints.  The 13 has since been reduced to 4 .  The other ones in the row have also been reduced to 3, 4, and 9 respectively.  All others are at 2 except for one joint at 5 .  We should consider doing this for all joints as part of the seating procedure.
3. Epoxy leaked onto the jumper assembly where the highest joint resistances were recorded.  This event coupled with the loose joints might explain why the whole row of joints had an anomalously high resistance.  Care in bag molding and sealing this area was and needs to be exercised, but we can never guarantee there will be no leakage of epoxy.  Chrzanowski suggested applying RTV to the exposed ends of the tapered cable connector or keeping the autoclave at elevated pressure throughout the VPI process to discourage leakage.
4. Joint is not demountable.  In principle, the outer lugs can be removed to remedy a joint problem.  However, the jumper plates cannot be removed without resorting to destructive disassembly.  Consideration should be given to designing demountable jumper plates (e.g. with a lap joint under the bolts that attach the jumper assembly to the winding form or a split collar around the cable connector).  With such as design, we can take the jumper assembly apart to effect repair.
5. Thread engagement is very limited.  A shown in Figure 2, there is very little thread engagement in some joints.  Furthermore, the threaded end of the cable connector is slotted which reduces the load carrying capacity of the threaded connection.  The thread engagement could be increase simply by opening up the taper slightly on the female side of the connection if necessary.  This could be done during pre-fit of the jumper assembly.
6. Pullout of the cable connector sometimes keeps the joint from tightening.  The cable connector has a shoulder between the tapered section and the cylindrical threaded section.  (A drawing of the cable connector is shown in Figure 5.)  During field assembly flat washers with oversized holes were installed first, followed by the Belleville washers and nut, to avoid interferences.  This has been endorsed by ORNL as the fix for this particular problem.
7. The nut is lightly torqued to 10 ft-lbs.  The axial preload is determined by the torque used to tighten the nut and the friction coefficient for the fastener.  The 10 ft-lb limit was set assuming a yield strength of 10 ksi which was not an unreasonable assumption for soft copper.  However, we are using silver bearing copper which might not soften completely when the cable is brazed into the cable connector.  Initial bench tests have shown that the cable connector can be torqued to 30 ft-lb without obvious yielding.  Additional bench tests should be conducted to reduce the uncertainty on what yield strength should be assumed for the cable connector (following brazing).  The torque value should be adjusted accordingly.  The friction coefficient for the fastener can be reduced significantly by using a lubricant, resulting in a higher axial preload for a given torque.  Consideration should be given to using a lubricant (if one is not being used already).  Adequate axial preload is essential to getting the contact pressure needed to make a bolted, electrical joint work.
8. Frictional resistance on the tapered interface is a concern.  The axial preload from the nut is reacted in two ways – from the axial component of the contact pressure (acting normal to the tapered surface) and from axial component of the frictional force (acting along the tapered surface).  The key to making the electrical contact resistance low is to provide a high contact pressure.  This requires a low coefficient of friction.  Figure 6 which is based on some simple (unchecked) calculations for our joint configuration, illustrates the strong dependence of contact pressure on friction coefficient.  The joints are silver plated.  Silver on silver surface interfaces have friction coefficients of 1.4 reported in the literature which is not encouraging.  Consideration should be given to using an electrically conducting lubricant to increase the contact pressure or a very soft (e.g. Indium has a Vicker’s hardness <10) or fusible material (e.g. Woods metal melts at 70C) to increase the effective contact area at low contact pressure.  Heitzenroeder has advocated soldering the joints as a means of achieving a low resistance, high reliability joint.  

9. Cleanliness of the mating surfaces is also a concern.  The contact resistance is the sum of the constriction resistance and surface resistance.  Constriction resistance is determined by the contact area which increases with increasing contact pressure.  Surface resistance is affected by the presence of oxides, sulfides, and other inorganic compounds and is minimized by good surface preparation and preservation.  (A good discussion of contact resistance is provided in the accompanying document.)  The contact surfaces are silver plated, presumably for its softness, high conductivity, and better resistance to oxidation.  Mating surfaces should be wiped clean of dirt before assembly.  Electrically conducting joint compounds are sometimes used to inhibit oxidation.
The following actions seem in order:

1. Review the assembly procedure with the aim of minimizing the contact resistance.  Revise as appropriate.  Consider the following:

a. Pre-assemble the jumper and lug assemblies to ensure adequate thread engagement, no deformed threads, and acceptable contact resistance.
b. Clean contact surfaces before engagement.

c. Lubricate threaded connection prior to tightening nut (if supported by bench test results).  Apply electrically conducting joint compound to tapered surface (if supported by bench test results) to enhance contact pressure.
d. Adjust torque value based on bench test results.

e. Seat joint repeatedly (per the Meighan/Edwards procedure) and track improvement in contact resistance.  All joints should meet the acceptance criterion (TBD) prior to VPI.

f. Seal cable connectors with RTV prior to VPI to prevent epoxy intrusion in the event of a leak during VPI.

g. Contact resistance should be measured following VPI.  Again, all joints should meet the acceptance criterion (TBD).

2. Perform bench tests of design improvement options.  Consider the following:

a. Test brazed cable connectors to determine appropriate yield stress to be used in determining torque values used in tightening the nut.

b. Test lubricants and electrically conducting joint compounds to see if they can be used effectively in a cryogenic environment.

c. Perform testing as required to establish an acceptance criterion for these bolted electrical connections.  Cold testing the joint design under load should be considered.
3. Review the design with the aim of minimizing the contact resistance.  Consider the following:
a. Oversize the flat washer and put under the Belleville washer to avoid interference with the shoulder of the cable connector.

b. Design a demountable jumper assembly that can be used in the event that we have an electrical connection that goes out of spec during coil fabrication or operation or gets installed on all coils prior to operation.

c. Verify that adequate provisions have been made to guard against loss of axial preload, e.g. nut cannot come loose and adequate stroke is provided by the Belleville washer.
d. Consider additional ways of improving contact resistance including using a very soft (e.g. Indium) or fusible material (e.g. Woods metal) to increase the effective contact area at low contact pressure.
e. Consider soldering the electrical connection to eliminate the contact resistance issue.

We have two coils we have to deal with now – C1 and C2.  For C1, we should continue trying to improve the joint resistances without disassembly of the jumper assembly.  For C2, we should assemble the joints as designed with procedural improvements.  Hopefully, we will have the bench testing and any design changes behind us by the time C3 is ready for the jumper assembly to be assembled.  I would not feel comfortable power testing either C1 or C2 until the design issues are resolved and we establish an acceptance criterion for joint resistance.
The joint resistance is extremely important.  When the joint resistance gets too high, the joint becomes thermally unstable with catastrophic results.  Your thoughts and input on this matter are welcome and strongly solicited.  Please plan to attend the regular 9:30 telecon this Monday, April 10 where we will discuss a plan forward.

Cc: Heitzenroeder, Chrzanowski, Meighan, Raftopoulos, Edwards, Nelson, Fogarty, Williamson, Neilson, Dudek, Viola, Williams, Gettelfinger
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Figure 1 - Initial joint resistance measurements

[image: image2.jpg]



Figure 2 - Examples of limited thread engagement
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Figure 3 - Top view of jumper assembly
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Figure 4 - Typical jumper assembly
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Figure 5 - Cable connector detail
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Figure 6 - Contact pressure versus friction coefficient
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Sheet1

		

		taper		0.05		on diameter

		theta		0.0249947936		radians

				1.4320961842		degrees

		Big end		0.32		in

		Length		1.25		in

		Small end		0.28875		in

		Taper Area		2.3905556598		in2

		Torque		10		ft-lbs

				120		in-lbs

		K		0.2

		Preload (F)		1200		lbs		Eq 3.17						mu taper		Contact pressure (psi)

		Contact pressure (fn)		352.3734645037		psi								0.05		6695

		(A x fn).x		21.0526315789		lbs								0.10		4017

		mu taper		1.4										0.20		2232

		mu x fn (aka fs)		493.3228503052		psi								0.50		956

		(A x fs).x		1178.947368421		lbs								1.00		490

		Reaction force		1200										1.40		352

		Error		0		0		Use goal seek on fn

		Shank		0.5		nom diam

		Area		0.1963495408		in2

		Stress		6.1		psi

		TYS		10		ksi		Annealed Ag bearing Cu

		Allowable		6.7		ksi		2/3 TYS

		Threads		13		per inch		0.5-13 UNC

		Area		0.1418988244		in2		Eq 3.06

		mu fastener		0.2

		Stress		8.1				Eq 3.18

				121%		<100%
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