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Issue
The performance of NCSX depends on accurately locating the modular coil current center. The current center must follow the specified trajectory within a tolerance of ±1.5 mm (0.060 in.) in the finished machine. The tolerance budget for winding of the individual modular coils is ±0.5 mm (0.020 in.).  Our knowledge of the modular coil current center location depends on metrology data that we obtain through a combination of field measurements with metrology equipment and “back office” analysis throughout the fabrication process. Recently unusually large discrepancies between PPPL measurement of the B1 and B2 modular coil winding forms (MCWF) and measurements made by the MCWF machining supplier, Major Tool and Machine, Inc. (MTM), have come to light. The project’s investigation into this issue included reviews of our methodology, reviews of our measurement results for completed and in-process coils, cross checks of our measurements using different tools, cross checks by MTM of their measurements using different tools, and discussions and interviews.

The NCSX project has completed conductor winding and positioning on ten modular coils and has VPI’d eight of them.  We are now preparing to VPI the B1 coil. Based on the conclusions of our investigation we will proceed with the VPI of the B1 and B2 coils as planned.  We will continue with coil production, but with some changes in methodology beginning with B3.  This memo documents these decisions, as well as follow-up actions and implications for downstream activities requiring further consideration
Findings
· We have applied a consistent measurement and dimensional control methodology throughout our coil fabrication process to date. The methodology is sound and can in principle produce a consistent (within ~0.010 in.) set of measurements and consistent responses to clamp adjustments in the course of fabricating a coil.

· However, factors have been newly recognized that affect our assessment of the overall accuracy of the process:

· Part deflection or deformation is a factor. The strongest evidence is MTM having to shim by 0.020 in. when they flipped the part. Also apparent drift in conical seats (our fiducials) locations relative to each other over the course of 2 shifts’ worth of measurements on B3;  alignment changes ~0.007 in. between horizontal and vertical, as measure by PPPL with the Leica. Predictive analyses of deflection under gravity: deflections of order 0.010 in., from analysis, depending on how it’s supported. 
· Temperature control may not be as good as we expected. Will follow up with Facilities. Possibly 7 degree fluctuations, accounts for ~0.005 in. change in shape. 

· Our process, while good, is imperfectly applied and has some inherent limitations. The existence of some inconsistencies in the reviewed data (e.g. 0.025 in. discrepancies in overlapping measurements on A2 and A3) indicates that we did not always detect inconsistencies that, had we done so, would have prompted us to re-check and possibly repeat measurements.

· Summary:

· Romer accuracy  0.005 in. (already accounted for)

· Deflections & deformation 0.010-0.015 in. 

· Thermal variations ~0.005 in.

· Process inherent limitations  ~0.010 in.
It is possible that measurement errors have entered, causing us to have exceeded the 0.020 in. tolerance budget for the modular coils by an additional ~0.020 in. or more.
· Large (0.040 in.) discrepancies between PPPL and MTM measurements of the B1 and B2 winding forms:

· Follow-up cross-checks and reviews indicate both teams are making good measurements.

· We were able to reduce the discrepancy by half (or better) and improve the similarity in poloidal dependence by re-aligning the coordinate system.

· Original coordinate system was based on alignment to MTM-installed tooling balls using MTM-measure locations. Better agreement occurred when we defined coordinate system by best fit of winding surface measurements to the CAD model.

· We believe the tooling balls (which are on the periphery of the part) moved due to differences in part deflection due to differences in orientations and temperature between MTM and PPPL.

· Since the B1 and B2 winding packs were built based on PPPL measurements in the same way as all the other coils, the current centers are built to the specified coil shape relative to the geometry of the part as referenced to MTM’s coordinate system, within the accuracy of our manufacturing and measurement process.  However they are slightly askew relative to the CAD model coordinate system.  That is why we had extra difficulty in realizing the right coil position (had to shim), and it will be an additional challenge for assembly alignment.

· In assembly, care must be taken to assure that the coil ends up in the right place. Have to account for possible distortions and orientation-dependence.

Path forward
· Proceed with coil production, with the following changes in methodology starting with B3:

· Establish our coordinate system by best fitting PPPL winding surface measurement data to the CAD model, instead of the tooling balls. (This will reduce the skew between the coil and winding form, making manufacture less difficult, but does not change the measurement methodology that determines the geometry of the current center relative to our coordinate system).
· During each measurement setup, field crews will perform frequent checks of the coordinates of PPPL’s fiducials (conical seats welded to the casting) and check for drift. A measurement that indicates drift in excess of a threshold value (t.b.d.: Brooks to propose) triggers a re-measure.

· Increase attention to consistency in the measurements in the overlapping areas. Perform the checks in the field, so the field crews get feedback of possible problems in real time without waiting for back office. (A field-implementable procedure and criteria are t.b.d.-  Raftopoulos to propose).

· Identify metrology as a specialty- train a subset of the winding crew to a higher level of capability. (Chrzanowski)

· Check probe tips and re-calibration of probe tips much more frequently.  (Raftopoulos to specify the protocol.)
· Take additional measures to ensure that the part does not move during the measurements. Monitor ring movement with dial indicators.  Review side supports of ring to minimize motion; modify as necessary.  (Chrzanowski)
· Increase the back office depth- identify additional persons for backup and cross-checking.  Ensure project and PPPL  analysis checking requirements are satisfied. (Reiersen to review staff assignments).

· Record the ambient temperature whenever measurements are being made. Document it in the run copy of the procedure. (Chrzanowski)

· Monitor temperature in the room (strip-chart). Consider low-cost way to monitor casting temperature. (Chrzanowski)

· Revise the Dimensional Control Plan (Ellis) and Metrology Procedure (Raftopoulos) to incorporate the changes being made.

· Recognizing the possibility that the modular coils may have used up more than its allocated 0.020 in. of the 0.060 in. total tolerance budget, consider additional measures to compensate downstream.

· Compensate for manufacturing deviations by optimizing the the inter-coil shimming to minimize island size based on the as-measured dimensions of the coils.  (Planning to do this anyway)  Consider selective placement of coils.
· Investigate magnetic alignment techniques to optimize the alignment of the coils. In principle this would compensate deviations, both manufacturing and measurement, that have accumulated through the coil fabrication process, limited to six degrees of freedom. These techniques are being developed;  the potentially achievable improvements are as yet unknown.  Assess its potential in principle and decide whether to pursue implementation issues by March 16 (Mike Z.)  (Review priorities relative to other activities-  Hutch, Wayne, MZ)
· Change trim coil implementation plans to optimize effectiveness for compensating for current center position deviations.   We need a decision strategy and timeline. (Neilson)
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