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Strategy: wind “into the box” without using shims and with an extra turn for each coil. Adjust height and width of completed winding pack to place the current center of the coil within the design tolerance. Type A and B coils will have 11 turns. Type C coil will have 10 turns. Note that this strategy requires more compression of each turn to put the current center of the coil in the correct radial location than is required in the original plan of winding one less turn with shims. However, the required amount of compression appears to be achievable based on experience with the twisted racetrack coil (TRC). (The completed TRC winding pack height before adjustment was lower than expected except in high torsion areas.) This strategy also assumes uniform compression of the winding pack during winding and adjustment to achieve the correct overall current center of the coil. We see whether or not this is a valid assumption when the TRC is cut up.
A trial winding, including installation of chill plates and ground wrap, should be done on the first winding form of each coil type. After the trial winding is complete, we will adjust the dimensions of both winding packs to put the position of the current center of the coil within the design tolerance. We will then measure the settings of the top and side clamps. The clamps will be set to these values before the start of winding for all six coils of the same type. This should lead to the height and width of the completed winding packs being close to the values required to place the current center in the correct location for all six coils. This would be very beneficial, both to insure that all the coils are wound within tolerance and that the coils of the same type are as similar as possible. It would also save time because less adjustment of the coils after winding would be required.
The following plan lists the steps in coil winding with the dimensional control steps explicitly called out. This was written with the first coil of each type in mind. Thus, there may be more measurement steps than will be needed on the succeeding coils of each type. We will revise this plan based on experience in winding the first coil of each type.
This document is an outline that will continue to be revised based on discussions and will be subject to peer review. The final version will become the basis for writing the detailed procedure steps that will be revised and signed off before the first coil is wound. The structure of this document is as follows. Questions and/or problem areas are in italics. Blue indicates an issue that needs to be addressed but which is not expected to be a major problem. Red indicates a significant issue. Green indicates a measurement step that will be used to gain understanding during the trial winding of each coil type but which should not be necessary for the production windings. The initials in parentheses that follow these items indicate the person with primary responsibility for addressing the problem. This list is:

SA: Simon Anderson

AB: A. Brooks

JC: J. Chrzanowski

SR: S. Raftopoulos

BS: B. Stratton
DW: D. Williamson

Winding and Dimensional control Steps:
1. Mount measurement monuments to outside surface of winding form after it is received from vendor.

a. Prefer to use conical seats instead of tooling balls used on TRC because they would be quicker and more reliable to measure than tooling balls. Investigate whether suitable conical seats can be purchased or we need to make them. If the latter, design a conical seat made of a non-permeable alloy that can be welded on to the winding form without distortion. This should be prototyped soon so that we can gain experience with it. (SA)
b. If we need to use tooling balls, they should be purchased with stems that can be inserted into accurately bored holes in “pucks” that are welded to the winding forms. To prevent distortion of the tooling balls, they should not be welded directly to the winding form.

c. Can we use vendor-supplied monuments (holes on edges of flanges into which we can insert tooling balls on stems)? Probably OK on type A and C coils but not on type B because flange holes are used to mount type B winding form to wheel. It would be very useful to have some vendor-supplied monuments on the inside of the winding form, especially for type A since it is the largest. (SA )
d. What is the appropriate number of conical seats and where should they be located on each type of winding form? It is likely that a more accurate and less error-prone alignment of the Romer arm to the winding form could be obtained with a larger number of monuments than the 5 tooling balls used on the TRC. Does repeated measurement of each monument improve alignment accuracy? (SA) 
2. Have Romer arm and NIST-traceable standard recalibrated and checked by vendor before winding first coil. (SR)
3. Set up Romer arm and check calibration against NIST-traceable standard.

a. Is it possible to leave arm set up during entire winding process? (SR)

b. Can arm reach both sides of coil from one location? If so, could set up arm on far side of coil from side that is being wound and leave it in place during winding of the entire coil. Probably OK for type B and C coils, not for type A. Make a CAD model of the Romer arm to aid planning. (SA)
4. After receiving winding form measure machined winding surfaces with Romer arm.

a. Number of points to measure and measurement pattern to use on winding form? (SR and AB)
5. Repeat measurements of conical seats and vendor-supplied monuments.

6. Fit CAD model of winding form to Romer arm data.

7. Measure conical seats and monuments supplied by vendor. Incorporate them into CAD model.
8. Make as-built CAD model of winding form. Need accurate as-built model of winding surfaces, flange surfaces, conical seats and vendor-supplied monuments for coil winding and for MC shell assembly.
a. Do we do this in-house or contract it out? Need to get capability if we do it in-house. (SR and BS)
b. Can we use Hi-Res software with Romer arm to make as-built CAD model? (SA)
9. Based on our measurements and vendor’s measurements, is winding form within tolerance?
a. What do we do if winding form is significantly out of tolerance and we are forced by schedule to accept it from vendor? Two cases:

i. If deviations are small, i. e., smaller than reasonable range of adjustment of winding pack, do nothing to compensate at this point and proceed. Compensate for deviations later during setting of side clamps (see item 15 and Appendix 1).
ii. If deviations are larger than range of adjustment of winding pack, shim low places to improve uniformity of winding surface. Machining to remove material is not possible once winding form is at PPPL. Use glass cloth tape under chill plates to shim low places. How to hold cloth in place so that winding is mold-released? Use Kapton tape or use cladding alone to hold tape in place? (JC)
10. Install cladding on winding form, minimizing glue thickness between cladding and winding surfaces. Bend cladding tabs individually as needed to ensure that cladding conforms well to winding surfaces.
11. Measure cladding surfaces and see if consistent with nominal cladding thickness and winding form measurements and as-built CAD model. Use same measurement pattern as on TRC: 12 points between clamps and larger number on septum.
12. Install ground wrap on winding form, trimming as needed in bends to achieve uniform thickness. Avoid additional ground wrap thickness in bends.
13. Measure winding surfaces on top of compressed ground wrap using TRC measurement pattern to see if dimensions add up to nominal thickness of cladding and compressed ground wrap.
a. Do we have a reliable nominal value for the thickness of the cladding plus compressed ground wrap? Yes, as long as ground wrap is laid down according to prescribed pattern, avoiding build up of additional thickness in bends.
14. Measure dimensions of conductor cross section for spools that will be used to wind side A. Use these conductor dimensions plus nominal measured compression in subsequent prediction of desired winding pack dimensions.
a. How to do this easily and reproducibly? Do we need a measurement fixture or are calipers adequate? (SR)
15. Set side clamps parallel to desired width of winding pack for side A of coil. Use washers to shim side clamps. This worked well on TRC. 
a. Set clamps to positions calculated using expressions in section 1 of M. Zarnstorff’s memo (see Appendix 1). This should compensate for modest deviations of winding form from nominal dimensions, assuming the winding form T is straight, perpendicular to the base, and in the desired orientation. 
b. If these conditions are not present in some places, e. g., if the septum is tilted, we will need analogous expressions to predict the clamp settings. Need to develop these expressions and to determine in general what types of winding form deviations can be compensated by clamp settings. (AB)
c. Use Romer arm to set clamps? Could a depth gauge or dial indicator be used? Gauge blocks worked well on TRC but there we were attempting to set the clamps parallel to and at a fixed distance from the septum so one gauge block could be used everywhere. (SR)
d. Radius edges of clamps so they conform better to the winding pack in regions of high curvature or torsion.

e. Use silicone rubber or other easily compressed material under clamps in these regions. Need to procure silicone rubber. (JC)
16. Wind first turn on side A.
a. Set top clamps to specific torque value during winding as was done on TRC.  The value of 35 in-lbs used in the winding of the TRC was too large. Use 30 in-lbs. Obtain torque wrenches for which this value falls near the middle of the operating range. (JC and SR)
17. Measure top and sides of first turn using same measurement pattern as for TRC.
18. Check to see that top and sides of first turn are as expected based on as-built CAD model of winding form and nominal thickness of cladding plus compressed ground wrap.
19. Continue winding side A to complete winding pack. After each turn is complete, reform conductor by tamping it as was done on TRC. 

a. Measure height and width of winding pack every 3 turns during winding, i. e., after completion of turns 4 and 7. Check to see that height of winding pack is close to predicted value after each measurement.
20. Set top clamps to values predicted using expressions in section 1 of Appendix 1 and analogous expressions to be developed (see step 15a). It is likely that there will be places where setting the top clamps to these values can not be achieved. In these locations, get as close as possible without permanently distorting the conductor.
a. Use Romer arm to do this?
21. Measure height and width of completed side A winding pack.
22. Flip winding wheel.
23.  Repeat steps 14 through 21 for side B of coil.
24. When winding of both sides is complete, adjust height and width of both winding packs, starting with side A. This adjustment attempts to keep the overall current center of the coil within tolerance of the design position in places where the settings of the top clamps to the calculated values (step 20) can not be achieved. In these locations, set side and top clamps to values from the expressions in Section 2 of Appendix 1. Use hard stops (washers of various thicknesses) to set clamps.
a. Can the expression in Section 2 of Appendix 1 be generalized to include deviations of the winding form from ideal, as mentioned in item 15a, e. g., tilting of the septum? (AB)
b. Can Romer arm reach both sides of all coil types from one location? Probably not. This determines whether or not both sides of the coil can be adjusted at the same time. (SR and BS)
c. Use both Romer arms, one on each side of coil, so that measurements and adjustments of both sides of coil can be made simultaneously? Probably not possible since one of the Romer arms will be needed for other uses during coil winding. (SR and BS)
d. Measure side A.

e. Re-adjust side A as needed to put height and width within tolerance of predicted values.

f. Perform final measurement of side A when adjustment is complete.

g. Using expressions in Section 2 of Appendix 1, calculate adjustments to side B required to put overall current center of coil within tolerance of design value, taking into account the final measurements of side A.

h. Adjust side B height and width to calculated  values.

i. Measure side B.

j. Re-adjust side B as needed to achieve overall current center within tolerance.

k. Final measurement of side B when adjustment is complete,

l. Final analysis to make sure design position of current center is achieved. (AB)

m. If current center position not satisfactory, repeat adjustment of both sides (steps d through l).

n. Work systematically in defined regions of 5-10 clamps each. Need to define these regions. (SR and AB)
o. Start in regions of high curvature/torsion.

p. Need to define a pattern for adjusting each coil type. (SR and AB)
q. May need to go around coil several times.

25. Measure positions of top and side clamps on both sides after adjustment is complete.
26. Remove minimum number of top and side clamps need to complete ground wrap and install chill plates on both sides in one section of the coil (3-5 clamps?).
27. Complete ground wrap on both sides of coil, keeping thickness as uniform as possible.
28. Install chill plates, ensurring that chill plates are in good contact with winding pack. 
29. Reinstall side and top clamps in region where ground wrap was completed and chill plates were installed. Reset top and side clamps to values measured in step 25 minus compressed ground wrap thickness plus chill plate thickness. 

30. Install bag mold and replace Delrin pusher pads with G-11 pads.
31. Set top and side clamps to values determined from final measurements of clamp settings in step 25 plus nominal thickness of compressed ground wrap, chill plates, compressed bag mold, and difference between thicknesses of Delrin pads and G-11 pads? Note: it is not clear that this helps or is necessary. The chill plate-cladding structure is quite rigid once it is complete and the cooling tubes are soldered on. We may only be able to control the dimensions of the winding pack through completion of the chill plates.
a. Need to accurately measure the bag mold thickness under clamping pressure. It will vary between straight and curved sections due to varying overlap of the bag mold pieces. How to account for this? Initial measurements of bag mold thickness under compression (35 in-lbs torque) indicate that it compresses by about 0.005” after an initial compression, release of pressure, and then re-compression. More testing is needed to see if this is reproducible. This is not a large value so the main problem appears to be the varying thickness of the bag mold in bends. (SR)

32. Measure height and width of winding packs on both sides of coil through bag mold on top of G-11 pads.

33. Install sprues.
34. Install “French toast”.
35. Fill coil with epoxy and cure in autoclave.
36. Remove bag mold from tops of G-11 pads.
a. Measure on top of G-11 pads where bag mold is removed.

37. Install final clamps.
Appendix 1

Determining Clamping Target Deviations

M.C. Zarnstorff, 19 April 2005.  V 2.

This note addresses two issues during the Modular Coil winding process: (1) How to position the winding clamps to adjust for a deviation in the machining of the winding form from the ideal CAD model; and (2) How to adjust the winding clamps if one of the desired clamp positions cannot be achieved.  We will see that a solution is available in both cases that preserves the current center location.

We assume that the winding form T is straight, perpendicular to the base, and in the desired orientation.  If these properties are not present, different compensating expressions for the clamp positions would be needed.  It is also assumed that the turns uniformly distribute themselves within the overall coil pack, so that the current center can be controlled via the locations of boundaries of the winding packs.

1.
Clamp positions to compensate for winding form deviations 

Consider the following geometry of the two winding packs, separated by the winding T.
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Let x1, x2 be the deviation in the horizontal location of the faces of the winding-T;

y1, y2 be the deviation in the vertical location of the winding base.  Let w1, w2 be the deviation in the horizontal location of the outside of the winding packs, as determined by the clamp locations.  Let h1, h2 be the deviation of the vertical location of the tops of the winding packs, again determined by the clamps.  In addition, let W and H be the design width and height of each winding pack. 

Then, at each location along the length of the coil, the goal is to adjust the clamp positions (w1, w2, h1, h2) so that there is no deviation is the winding center location, while preserving the area 
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of each winding pack   The equations representing these conditions are:
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where terms second order in the perturbations have been neglected.  When we prepare to wind the coil, the 
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 are determined by measurements from the bare winding form, and we have four equations in four unknowns (the clamp positions).  The solution for the desired clamp locations is:
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If these clamp location perturbations are imposed and achieved, the winding form deviations will be completely compensated (without shims!).

Other types of fabrication deviations of the winding form are possible.  For example, the T and the base may not be perpendicular. Or, the T and base may be rotated relative to their design orientation.  These types of distortions can probably also be compensated for, but have not been analyzed yet.

2. Adjusting clamp positions for conductor winding deviations.

What if we cannot achieve the desired clamp locations during the winding process?  This occurred on the TRC in regions of strong twisting, and represents a non-recoverable change in the total area required for the windings   During the winding process, this will initially take the form of the height of the pack being incorrect, as the horizontal clamp location will (presumably) be fixed at the desired location.  Let 
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 be the achieved width and height of each winding pack at a particular location under standard conditions (e.g. 35 in-lbs. torque on the top clamp).   Define 
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 as before, as deviations relative to the design locations.  Assuming that the new area of the winding packs can be preserved when adjusting the clamps, equations (3) and (4) become:
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where terms second order in the perturbations have been neglected again.  Again we have four equations in four unknowns.  The solution is:
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Again, we see that the winding center location can be preserved precisely without the need for shims.
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