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The tooling used to wind coils for the LHC IR Quadrupoles currently employs a pair of bars, known as winding fingers, to hold the end turns radially down onto the mandrel. These fingers screw to the last straight section key insert, or razorback, and extend out over the coil ends. 

The fingers are shown on Fermilab drawings 5525-MD-344267 (inner coil lead end), 5525-MD-344268 (inner coil return end), 5525-MD-344269 (outer coil lead end), and 5525-MD-344270 (outer coil return end). These bars are made of 4140 HT steel. Ryerson Steel lists this material at 125,000 psi tensile strength, and 100,000 psi yield. These bars have undergone some mechanical changes up to the present point.

The original design screwed the bars to the last key inserts in a fixed position to extend out over the length of the entire coil end. This configuration was impossible to use because the conductor could not be manipulated enough to get it under the fingers while winding. Strands would pop or the cable would collapse while being over-twisted.

We found a way to wind successfully with this design by loosening the screws and installing shims between the finger and the coil. These shims were ~0.100 inch thick, and were axially-placed near the turn to be wound. They held the previous turns or end parts down, and raised the finger up enough to allow the next turn to be wound.

This technique was used on the first inner and outer practice coils, though there were still some problems associated with it. The fingers still extended out over the entire coil end region and interfered with the winders’ ability to control the strands in each turn. Also, the shims held the finger up at an angle, causing the screw heads to be unevenly loaded. The screw heads did show signs of material displacement.

For these reasons, the fingers were modified to incorporate a sliding mechanism which allowed the screws to be tightened once and the fingers left in the horizontal position. The fingers were now able to slide out over previously wound turns to hold them down, but not so far as to interfere with the turn being wound.

This technique has been used on all subsequent inner and outer coils, but there are still some problems associated with it. On HGQI002, we damaged conductor insulation while sliding the fingers out into position for each new turn. We placed a sheet of 0.005 inch thick Kapton between the fingers and the coil to protect the insulation. A 0.005 inch thick brass shim was added between the finger and the key insert to keep the bar horizontal over the added Kapton. After winding, we found that this sheet was worn through by the finger sliding, allowing damage to the conductor insulation.

It appeared that the Kapton sheet had been allowed to slip out of position during finger movement, and it was theorized that this may have been the primary cause of the wear-through. We then glued the Kapton sheet to the end parts for HGQI003 to prevent it from slipping. After winding, we found that wear-through of the Kapton and conductor insulation still occurred on this coil, but to a lesser degree.

We then used a glued-down 0.010 inch thick Mylar sheet between the finger and the coil on HGQI004, hoping the thicker, tougher layer would eliminate insulation damage. We used a 0.010 inch thick brass shim between the finger and the key insert to keep the bar horizontal. After winding, we found that this layer also suffered localized wear-through allowing conductor insulation damage, but to a minimal degree.

While winding with this technique, we discovered that the fingers were being deflected upwards by the force of the conductors. The location of these forces were primarily between the first and second turn of both the first and second-wound current blocks. Later-wound turns in the current blocks did not contact the finger. These conductor forces were added to by the application of azimuthal side clamp forces.

This finger deflection was quite troublesome because no matter how well a particular turn was wound, action of the side clamps forced the turns upward. Once a previous-wound turn was forced up, it was impossible to reposition it. The end nylon holding saddles were unable to apply any downward force because they screwed to the finger and were raised up by the deflection.

While winding HGQI004, we measured the gap between the return end finger and the spacer to be 0.045 inches. Later, the finger was assembled to the mandrel without a coil in place, and a 0.010 inch gap was measured. This gap shows the clearance in the sliding joint at the measured position, with the two screws tight.

The remaining 0.035 inch deflection was assumed to be a combination of screw stretch and finger bending. Jim Kerby and Fred Nobrega suggested that an analysis of the measured deflection be done, in an effort to understand the forces existing within the system. This document is the result of that analysis.

Figure 1 shows the inner coil return end winding finger in the nominal horizontal position, extended out to the point over the second turn of the second-wound current block where the deflection was measured. This measurement included the 0.010 inch sliding joint clearance, so all further analysis of the system will consider only the remaining 0.035 inch deflection.



Figure 1: Geometry of Inner Coil Finger at Measured Position

General Screw Data:

Using information from the Holo-Krome Company and TAD Technical Services sliders, the following screw data was compiled:

1/4-20 UNC screw:

Stress Area



=
0.0318 




Force at minimum tensile strength
=
5730 


#10-24 UNC screw:


Stress Area



=
0.0175 




Force at minimum tensile strength
=
3150 


From the Fastener Standards Handbook, page B-12:


For Grade 8 screws in 1/4 inch and #10 sizes:



Proof load

=
120,000 




Minimum yield
=
130,000 




Minimum tensile
=
150,000 


From Mechanics of Materials, page 92:


Modulus of Elasticity for steel


 29,000,000 


Rigid Finger Analysis:

The first step in this analysis was to calculate the stress in the screws if the fingers were assumed to be perfectly rigid. As shown in Figure 2, this would require a screw stretch of 0.013 inch for the 1/4 inch screw, and 0.009 inch for the #10 screw.



Figure 2: Geometry of Screw Stretch if Finger is Rigid

From Mechanics of Materials, page 85 and 121:


Nominal Engineering Stress




where



the applied load

and



the original cross-sectional area


Displacement under axial loading



(constant cross-section)



where



distance between points



and



modulus of elasticity

Screw Analysis if Finger is Rigid:

For 1/4 inch screw - assume 0.013 inch stretch:


Force






 6377 



Stress









 200,532 


For #10 screw - assume 0.009 inch stretch:


Force






 9135 



Stress









 522,000 


Obviously, these stresses are far beyond the ultimate strength of the screws used. The stresses shown are beyond the screw material elastic limit, so the formulas above are not really applicable. The calculations are provided for reference only. Since the screws did not fail, a significant portion of the measured deflection must have come from the finger bending.

In order to begin analysis of the bending in the fingers, the force system was simplified by combining the screw loads into a single force. The screw forces and stretches generated by the fasteners loaded to yield were used, because this would produce the maximum amount of bending in the fingers. The formulas used throughout the remainder of this document are taken from Mechanics of Materials or Machinery’s Handbook.

Screw Analysis if Loaded to Yield:

For 1/4 inch screw:


Force

130,000 





 4134 



Stretch







 0.0084 


For #10 screw:


Force

130,000 





 2275 



Stretch







 0.0022 


Combine the screw forces into a single resultant force:















 6409 















 5.009 


Inner Coil Finger Bending Analysis:

One additional simplification was to consider the force of the contacting conductors as being applied at a single location. The location chosen was between the first and second turn of the second-wound current block, the conductor contact point farthest from the pivot. Since the finger position is variable, the position shown in Figure 1 was used, the position in which the deflection was originally measured.



Figure 3: Simplified Force System for Finger Bending Analysis

The next step was to calculate the centroid and moment of inertia for both the inner coil return end and lead end fingers. Here again, a simplification was made in assuming the cross-section of the fingers remains constant for their entire length. In reality, the fingers are stiffer in areas where slots do not extend, but this simplification was more conservative and sufficient for the level of detail within this analysis.

The Anvil CADD software was used to lay out the finger cross-section. Anvil has a 2-D section analysis tool which calculates the position of the centroid with respect to a specified reference point. It also outputs the X and Y moments of inertia about the centroid axes. Anvil section analysis allows quick results for complex or composite cross-sectional areas. To verify Anvil output, the centroid and X moment of inertia for the lead end finger were calculated in the traditional manner, based on formulas in Mechanics of Materials. The results were identical and are available for inspection.



     Figure 4:

     Inner Coil Return End Finger

Results of Anvil Section Analysis:


Composite Area:





 1.4847 



Centroid Y Coordinate:



 



 EMBED Equation.2  

2nd Moment About X:



 0.4899 


From Machinery’s Handbook, page 260 and 261:

Maximum Deflection Point


   (measured from b segment end)







 8.396 


Maximum Deflection




(fasteners loaded to 130,000 

)








 



Maximum Stress




(

 distance to extreme fiber)









 




     Figure 5:

     Inner Coil Lead End Finger

Results of Anvil Section Analysis:


Composite Area:



 1.1747 



Centroid Y Coordinate:





 

 



2nd Moment About X:



 0.4333 


From Machinery’s Handbook, page 260 and 261:

Maximum Deflection Point


   (measured from b segment end)







 8.396 


Maximum Deflection




(fasteners loaded to 130,000 

)








 



Maximum Stress




(

 distance to extreme fiber)









 


Inner Coil Summary at Measured Condition:

The analysis so far shows that the fingers cannot be perfectly rigid, or else both screws would have failed. Page 5 shows that the 1/4 inch screw stress would have been over 200,000 psi, while the #10 screw stress would have been over 500,000 psi.

Neither can the screws be stressed up to their 130,000 psi yield strength. As shown on pages 8 and 9, this stress would have produced a 

 inch bend in the inner coil return end finger, and a 

 inch bend in the inner coil lead end finger. This bending, along with the deflection allowed by the screw stretch at yield, would have resulted in a far greater deflection than measured in the field ( 

 inches, see page 14).

Therefore, the actual screw stress must be significantly lower than yield, and as originally assumed, the measured deflection must be a combination of screw stretch and finger bending. The next step is to find that combination.

An empirical analysis of the system was now employed, trying different screw stresses and calculating their effect on the inner coil return end finger system. At a given screw stress, a certain screw stretch and screw clamping force will result. This clamping force will bend the finger. So, the measured 0.035 inch deflection must be accounted for by this combination of stretch and bending produced by the given screw stress.

The screw stretches produced by a given screw stress were first caculated. In Anvil, points were created at the pivot position, and at the 0.035 inch measured deflection position. Then points were created on the screw centerlines, at the appropriate distance above the pivot point, to represent the stretched screws. Creating a continuous second derivative spline through these four points produces a curve which represents the bent finger as shown in Figure 6.

A line drawn between the pivot point and the 0.035 inch measured deflection point represents the finger if it were perfectly rigid. The distance between this line and the belly of the spline represents the amount of finger bending.

If the given screw stress is correct, the amount of bending measured in Anvil will be consistent with the calculated bending based on the screw forces generated. If the Anvil spline is an accurate representation of the bent finger, the Anvil location of the maximum deflection point will be consistent with the location of the calculated point.

Several different screw stresses were tried, using the above geometric analysis, before it was found that 45,000 psi in each of the two screws produced a measured bend in the finger that was consistent with the calculated bend. The next page illustrates the geometry under these conditions, and gives calculations which show consistency with the geometric model. Following is a force analysis which calculates the cable and pivot forces.



Figure 6: Exaggerated Stretch and Bending Geometry

Screw Analysis at Measured Condition:

For 1/4 inch screw:


Force

45,000 





 1431 



Stretch







 0.0029 


For #10 screw:


Force

45,000 





 788 



Stretch







 0.0008 


Combine the screw forces into a single resultant force for finger analysis:















 2219 















 5.009 


Inner Coil Return End Finger Analysis at Measured Condition:








Bending


 




(consistent with Anvil)



Figure 7: Geometry for Force Analysis

Inner Coil Force Analysis at Measured Condition:

Balance forces in the Y direction:













 2219 


Balance moments about the pivot point:















 723 







723 

 2219 








 1496 


It remains to divide the coil force into two forces applied at the two coil contact points shown in Figure 1. Because of the geometry differences between the first-wound and second-wound current blocks, it is not clear how this division should take place. For this reason, and because the single coil force condition is sufficient for the level of detail within this analysis, this force division was not undertaken.

Now that some understanding of the measured load conditions had been reached, one more step was taken in the analysis of the inner coil lead end finger. Using the finger analysis shown on page 9, and the screw analysis shown on page 6, a geometry and force analysis of the lead end finger system at its load limit was done. Using Anvil as described on page 10, the geometry at the fastener load limit is shown in Figure 8.



Figure 8: Stretch and Bending Geometry at Load Limit

Inner Coil Force Analysis at Load Limit:

Balance forces in the Y direction:













 6409 


Balance moments about the pivot point:















 2087 







2087 

 6409 








 4322 


Conclusions:

The above analysis shows that the deflection measured results from a combination of screw stretch and finger bending. The calculated forces produce stresses in the screws that are well within allowable values. The observed material displacement at the screw heads is almost certainly the result of the uneven loading mentioned on page 1.

However, the deflection measured is detrimental to the function of the existing finger design. The deflected finger cannot maintain the radial positioning of the cables and the deflection cannot be avoided without additional downward force on the finger. At the present time, we are using clamps to supply this additional downward force.

Model magnet #3 will use an internal splice design. The internal splice inner coils will have the lead of the first turn ramp up and turn around above the coil. This lead will be pre-formed and soldered, and will be contained within a steel cage that protects the lead, retains its shape and position, and transmits radial force while curing. A new finger design will be required to avoid the lead and cage assembly while winding.

This new finger should be designed so that the deflections encountered do not affect its ability to hold down the end turns. It should be able to apply hold-down force anywhere within the coil end, not just at the top of the mandrel. Recent winding experience suggests a need to hold the windings closer to the mandrel through the whole length of the turn.

The additional force required to hold down the entire turn is difficult to predict. It would make sense to increase the moment of inertia of the finger, as well as to add an additional hold-down screw as close to the end as possible. These ideas will be considered in the design of the finger required for the internal splice. If successful, this new design can be incorporated at both ends of the inner and outer coil winding tooling.

The remainder of this document takes an initial look at the outer coil lead end finger design. This bar is shorter in height and less stiff than the inner coil fingers, and will see greater deflections under the same load conditions. The fasteners used are the same, the finger length is the same, and the finger and coil force positions are chosen to be the same to allow direct comparison.

Using the screw analysis shown on page 6, page 16 shows an outer coil lead end finger analysis, page 17 shows a force analysis at the load limit, and Figure 10 shows a geometry analysis of the deflections expected in the outer coil lead end at the fastener load limit. 

The analysis shows that at the fastener load limit, the outer coil lead end finger will bend 

 inches, compared to 

 inches for the inner coil lead end finger. Coupled with the screw stretches, the deflection at the end of the outer coil lead end finger will be 0.239 inches, compared to 0.111 inches for the inner coil lead end finger. It should be noted that the formulas used for the outer coil finger analysis are not really applicable, since the stress is beyond the material elastic limit. The values are given for comparison.



     Figure 9:

     Outer Coil Lead End Finger

Results of Anvil Section Analysis:


Composite Area:



 0.7172 



Centroid Y Coordinate:







 

 



2nd Moment About X:





 0.1692 


From Machinery’s Handbook, page 260 and 261:

Maximum Deflection Point


   (measured from b segment end)







 8.396 


Maximum Deflection




(fasteners loaded to 130,000 

)








 



Maximum Stress




(

 distance to extreme fiber)









 




Figure 10: Stretch and Bending Geometry at Load Limit

Outer Coil Force Analysis at Load Limit:

Balance forces in the Y direction:













 6409 


Balance moments about the pivot point:















 2087 







2087 

 6409 
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