April 7, 2007
To: Distribution

From: Wayne Reiersen

Subject: Plan B for inboard shims

We are pursuing a design for the inboard shims in the unbolted region which features shear pucks to transmit the shear from one flange to the mating flange.  The shear is transmitted through shear plates that are fillet welded to the flanges.  The main concerns are weld distortion spoiling the fit-up and shear stresses in the fillet welds.  Dudek is performing weld trials to characterize the distortion.  Freudenberg is analyzing the stresses in the shear puck assembly.  There is a non-negligible risk that the Plan A will not pan out.  In the event that it does not, we need to have a Plan B ready to implement without embarking on a serial development program.
On the outboard region, the shear is taken through friction.  The preloads from the bolts at 77K is approximately 75 kips.  The preload is transmitted through a band of approximately 7/8” thick around the bushing OD of 1.885” based on inspection of HM Fan’s single bolted joint analysis results and the initial Fuji paper trials.  This provides an effective shear area of 7.5 in2 resulting in a normal pressure of 10 ksi.  The COF for alumina on steel for this pressure is approximately 0.6 (per Gettelfinger’s friction test results) resulting in a large factor of safety over the COF of 0.15 (per Art Brooks’s results) required in the outboard region.  Tight-fitting bushings are provided around the bolts to provide positive registration of the coils and to minimize displacements in the event the bolt preload is lost or the COF is anomalously low.
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Myatt’s analyses suggest that tight fitting bushings are most effective on the bolted joints which are at the ends of a string of bolted joints and those closest to the inboard region.  Consideration should be given to eliminating the bushings on the bolts which are in the middle of string of bolts.  This would significantly expedite assembly without significant loss of structural margin.

On the inboard side, we have added bolts where we can.  The preload provided by these bolts enhance our ability to transmit shear loads locally through friction.  However, there are places, notably on the C-C connection, where we cannot add bolts because there is no access to tighten bolts.  
Consider the requirements for the shims in the unbolted region:

1. Provide structural continuity in the toroidal direction so radial centering forces are reacted by hoop compression.
2. React shear loads to prevent relative motion and keep the bolts from being overloaded.  We want to avoid relative motion to avoid fretting, wear, and potential loss of preload in the adjacent bolts.  If there is relative motion, bolts will be subject to cyclic loads and vulnerable to fatigue failure.
Fit-up is critical whether we have a positive shear connection or not.  With the shear puck concept, we need to provide clearance gaps between the shear puck and the receiver for assembly.  Also, there may be imperfect fit-up in the toroidal direction.  The shear loads and centering forces (which result in the hoop compression loads) come on at the time the modular coil currents ramp up.  Imperfect fit-up in the shear connection and toroidal direction means that initially, some of the shear may be passed to the adjacent bolted joints until local deflections cause the shear and toroidal connections to seat and react the loads locally.  This argues for making the end bolted connections as robust as possible.  Using [1] stainless steel bushings and [2] providing a countersink feature in the flange with a collar around the stud have been suggested as ways to increase the robustness of the end bolted connections and should be vigorously pursued.  It also argues for using a lower CTE material, e.g. titanium, in the shear puck so the assembly gap tends to close upon cooldown.
An alternative to having a positive shear connection in the unbolted region is to rely on friction.  One concept would be to provide constant thickness shims like we are providing in the bolted region.  They could be attached to one flange via a stud welded to the flange.  The shim would be alumina coated on both sides.  Compressive loads on the C-C interface are about 6.1 kips/in.  With 1.75 in OD pucks on 2.75” centers featuring a 1” ID hole for attaching a retaining nut to the stud, the compressive stress due to EM loads should be in the neighborhood of 10 ksi with shear loads of 4 ksi.  The compressive stresses are the same as for the shims that are under the bolts.  The expected COF is 0.6 and the required COF is 0.4 (per Brooks’ calculations), providing a factor of safety of 50%.  We may want a single retaining plate around adjacent friction pucks.
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With perfect fit-up, this should provide adequate performance because the shear loads and compressive loads would always be proportionate and thus, we would always be able to react the shear loads through friction.  With imperfect fit-up however, the inner legs must move inward to close up any gaps before the shear loads can be transmitted through friction.  As in the case of the shear puck concept, initial shear loads might be passed to the adjacent bolted joints until local deflections cause the toroidal connections to seat and react the shear loads locally.  This again argues for making the end bolted connections as robust as possible.
It also argues for precise fit-up.  Precise fit-up means that the inner legs cannot deflect unimpeded.  At least some of the shims must be engaged when the shear loads come on.  How can this be accomplished?
1. When assembling a 3-pack (Station 2), two 3-packs (Station 3), or three field periods (final assembly), we can verify prior to tensioning the bolts that at least some of the shims are not loose.  Ellis has pointed out that the thickness of the alumina coating may not be very precise.  If the specified thickness is 20 mils, the variability may be +/- 5 mils.  If we provide the shims to the coating vendor in stock sizes varying by 5 mils, we should have a continuum of thicknesses to provide a custom fit.
2. After the bolts are tensioned, there should be an increase in contact pressure under the shims which were in contact before the bolts were tensioned.  (This is our expectation but is not guaranteed a priori because of the weird shape of the modular coils.)
3. If a low CTE shim material, e.g. titanium is used, the contact pressure should increase further upon cooldown.

Whether precise fit-up is achievable or not can be tested in the A1-A2 fit-up trials that are just starting.  We could get some friction pucks coated with alumina and see if we can really ensure that at least some of the shims are engaged using Fuji paper. We should also look at the deflections under EM loads and determine how much shear load will be transmitted to the end bolts before a toroidal gap of know size is closed.
The bottom line is that we need to have a Plan B.  I propose we consider the friction puck concept.  It is a simple extension of what we are doing for the bolted joints.  Testing the critical aspect of it, i.e. precise fit-up, could be addressed in the fit-up trials that are about to commence.  Of course, there may be flaws in this concept that I missed.  I am asking for your critical input on the friction puck concept and on proposals for other concepts appropriate for Plan B.  Within the next few days, I would like a plan in place for a Plan B alternative.  Let’s plan on discussing appropriate alternatives on Tuesday, April 10 at 9am.  PPPL folks can meet in the Engineering Conference Room.  Remote participants can dial in on 866.718.9081 passcode 706670.
Thanks for your prompt attention to this critical matter.

Cc: Nelson, Cole, Williamson, Freudenberg, Fogarty, Dudek, Viola, Heitzenroeder, Brooks, Fan, Myatt, Neilson, Strykowsky, Williams
