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1. INTRODUCTION
The Toroid End-Cap (TE) is moved using two hydraulic cylinders connected to the TE I-beam flange.  The cylinder is connected through a compliant coupling mechanism and mounting bracket ( Z-bracket) to the rails.  The principle components used in this are shown in figure 1.  The TE traction cylinder is rigidly connected to the I-beam flange.  However, the TE  position in X and Y is required to be adjustable +/- 25mm.  
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Figure 1.  Exploded assembly of traction cylinder connection to rail for Z-direction movements.
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Figure 2.  Layout of traction cylinder connection  components as connected to TE I-beam flange.   Layout includes Z-bracket modified to correct cylinder location.  Coupling components size must be increased for desired range of motion. 
With this in mind, the cylinder is connected to a coupling link (see figure 1).  This piece is then placed (with clearance) between a coupling support and a coupling plate.  The mating surfaces of the coupling support and plate have a low friction pad (such as Permaglide) bonded to the surface to minimize friction.  The coupling link needs to be dimensioned so that there is a minimum of 25mm clearance between the coupling support inner diameter.  This coupling is then minimally restrained (through friction only) in the x- and y-direction but constrained in the z-direction (after small clearance is used up).  The low friction results in minimal lateral forces being transmitted to the traction cylinder.  Figure 2 shows these components as laid out with respect to the rail and TE I-beam flange.  The original design (shown in figures 1 and 2) has only 15mm for clearance and must be increased.  The necessary clearance should be simple to obtain by changing one or all parts of the coupling link with minimal effect on the strength of the part
This report contains the analysis of these components and the summary of any design modifications needed for this assembly.  The components analyzed and discussed individually with reference to the relative other parts as appropriate.

2. TOROID END-CAP Z-BRACKET
2.1  Design Summary
The Z bracket for the toroid end-cap is shown in figure 3.  The dimensions shown reflect modifications in the height of the original Z-bracket design to place the cylinder connection point appropriately at 265mm from the rail surface.  The most current rail elevation of Z=4290 to the top surface from the IP is used for establishing this distance.  The figure shows on of the Z-brackets that would be used.  A mirrored copy of the  Z-bracket that is a mirror copy (about the y-z plane passing through the IP) is located on the opposite side of the detector so that two cylinders are used in tandem to move the TE.  For contingency, the Z-brackets are designed so that they can individually support the movement of the TE in the case that only one of the two cylinders is operational (single cylinder breakdown case).  This is consistent with the breakdown case described for the design of the TE X-bracket and is described further in [1].  The Z-bracket is made of 304L stainless steel and has an estimated mass of 172kg.  This bracket is will be stored within the experiment during data taking.
.


 [image: image3.wmf]
Figure 3.  Basic dimensions of Toroid End-cap Z-bracket. Dimensions shown reflect changes in design to match the desired cylinder location with respect to the TE and the rail.  Mass = 172kg.
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Figure 4.  Schematic layout of the applied forces acting on the Z-bracket while in motion and the dimensions used for the hand calculations.  Negative values for the dimensions imply that the reaction force is located in the opposite side as that shown.  For example, a value b<0 for Rd  indicates that Rd is located to the right of Rc in the y-z plane as is the case when Pz <0.  Table 3 lists the values for these dimensions.
2.2  Applied Loads
Under normal operation, the TE is moved using two cylinders with each  Z-bracket sharing the load.  In the case of a single cylinder breakdown, the movement system is designed to be able to move the TE using only one of the cylinders along with the passive x-guide rollers .  The forces in the breakdown case are 3 times larger in magnitude than the normal operation cases.  These forces are used in the analysis.

The dominant force applied to the bracket is in the z-direction due to the cylinder force.   While the cylinder is operating and the TE is in motion, some small movement in  the x-y plane results due to vertical airpad movement and clearance in between the x-guide rollers and rail.  This is allowed for in the compliant nature of the coupling (see section 1).   Figure 4 shows a schematic layout of the forces.  Note that Px and Py are components of the friction force in the x-y plane.  The friction force is simply the friction coefficient times the normal load which in this case is Pz.  The value being used for the friction coefficient is 0.1.  The worst loading case is when the lateral movement is purely in the x-direction (Py = 0) and directed away from the rail ( in the negative x-direction ).  Therefore, the applied loads have the relation,  Px = (-0.1) Pz,  and Py=0.  Table 1 shows the applied loads with reference to the directions and points of application shown in figure 4. 
The values for cylinder force, Pz were determined using the formulas and data listed in appendix A of [1].  From the formulas, Pz is calculated to be 12.8 tons when the 1.5 safety factor required by Eurocode is applied (moving load). To conservatively allow for additional uncertainty in the service loads that must be included, 15 tons is used for the design load.
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Table 1 .  Applied loads for the single cylinder breakdown case with Eurocode moving load safety factor 1.5 applied.  Px is the friction force load caused by TE movement in the x-direction while the TE is moving.  

2.3 FEA Analysis of the Z-Bracket
The FEA model of the Z-bracket is shown in figures 5 and 6.  The model is composed of approximately 2200 solid elements making the body and compressive gap elements used to model the rail and shear pin compressive contacts.  The bolt holes are restrained at the outer edges.  While this does not model bolt elongation, this is accurate so long as the bolts are pre-stressed properly so that the bracket does not leave contact with the rail.
Looking closely at figure 5, it can be seen that there are compressive gap elements arranged in a radial spoke-like pattern about the center of the 50mm shear pin hole.  These are arranged in this way to model the compressive contact-only action that occurs between the Z-bracket and shear pin at that hole.  The pattern of sixteen gaps at the key is repeated along the x-axis of the bracket in the model totaling 48 gap elements comprising the shear pin.  Additionally, the bottom edge of the connection boss and the from edge of the bottom plate on the rail side use gap elements to model the contact between the rail and the Z-bracket.
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Figure 5. FEA model showing loads and boundary conditions. (View along x-axis)
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Figure 6.  FEA model showing loads and boundary conditions.  (View along z-axis)
2.4  Stress Analysis
Stress plots of the Z-bracket are shown in figures 7-10.  The yield limit for 304L is 240 MPa.  The model is meshed relatively coarsely with minimal mesh refinement at the areas if high stress.  Due to the contact nature of the reaction forces combined with the coarse mesh, high nodal stresses result with values as high as 343 MPa in a very localized area.  Element stress values are much lower.

In figure 7, a stress concentration is seen in the area of the shear pin hole with a very small area at 256 MPa.  The highest element stress in that same area is 228 MPa (see figure 10).  By comparison with classical Hertzian contact theory, table 2 list the maximum Hertz contact pressure of 201 MPa assuming a pin-hole diameter clearance of 0.3mm.  The gap elements are modeled with infinite stiffness with tends to build the local stress concentration and prevent proper distribution of the forces.  Based on these facts coupled with the small size of the concentration, this area believed to be acceptable.  
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Figure 7  Von Mises stress plot of Z-bracket (side view, nodal stresses).  The larger stress concentration at the front of the bracket is 308MPa.  Maximum stresses at the shear pin hole are 256 but are believed to be acceptable.  The highest stresses at the bolt 1 restraint are an effect of the restraint method in the model and can be ignored (refer to the text for more).  
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Figure 8.  Isometric view of Von Mises stress (nodal) showing the stress concentration at the front of the bracket more clearly.  The mesh is relatively coarse in this area.  A finer mesh should show more accurate stresses in this area.

Figure 8 shows a relatively large stress concentration at the front of the bottom plate.  This high nodal stress of 308 MPa is highly localized and decreases rapidly as you move away from the node.  It is seen that the stress gradient is very high across the element which suggests the need for a finer mesh in that area.  The highest element stress in that area is 212 MPa as shown in figure 10.  This area should be investigated further with a finer mesh in that area.  

There is additionally a high stress concentration near the bolt #1 hole where we see that the highest element stress in the model is 248 MPa.  This is due to the method of restraint at that hole as the nodes on the outer circle of that hole are providing the reaction.  In reality, the bolt head and washer provide a large area that can distribute the reaction over.  In section 2.5, the bolt stress analysis shows that the bolt stress under the head is within acceptable limits and that this concentration is an effect of the modeling method and can be ignored.
.
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Figure 9.  Von Mises stress iso-plot (nodal).  Only areas above 240 MPa are shaded.  Yellow shading represents area above 240MPa, red above 300MPa.  Areas above the limit are small.
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Figure 10.  Von Mises stress plot showing element average stress values.  Maximum element stress values are 228 MPa and located at the shear pin hole (excluding the bolt 1 hole which are the result of the restraint method). 
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Table 2  Hertz pressure calculation for shear pin connection using reaction loads and assuming 0.3mm diameter clearance on pin.

2.5
Reaction Forces and Bolt Analysis
An analysis of the free body diagram described by figure 4 yields the following values for the reaction forces.  The equations represent the case where Py =0  Note that Rpr   listed in calculated in equation 7 is the magnitude of the resultant force on the shear pin from the combined reactions Rc and Re.  
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Table 3.  Dimensions (corresponding to figure 4 ) used in equations 1-7 for determination of reaction forces.  Negative dimensions are explained under figure 4.  Dimensions for point location of large area reaction forces are determined from FEA analysis for comparison of results.  
The reaction forces Rd and Rf are produced from contact with the rail and occur over relatively large areas.  The FEA analysis has compressive gap elements along the edges where these forces occur allowing the force to be distributed along the edges.  In the hand calculation of the forces, these distributed forces are represented as point loads at particular locations.  These reaction are greatly influenced by the location along the edges. For example, moving Rd along the edge by varying distance 'g' or moving Rf by varying the distance 'i' can greatly alter the reaction forces.  To compare results obtained in the FEA model, the distributed forces representing Rd and Rf are evaluated to determine the center of the force xc using equation 8.  The same is done for forces Rc and Re which are also distributed to a lesser extent. 
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  Using equations 1-7 and the data from table 3, the reaction forces are calculated and compared in table 4 with those extracted from the FEA model.  Appendix A lists the reaction values and locations of the nodes involved in greater detail.  It can be seen that there is good agreement between the hand and FEA calculations.
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Table 4.  Comparison of reaction forces as calculated by hand and from the FEA model.
Using the values from the FEA results, the bolt stresses are tabulated in table 5.  As shown in the tables, the bolt forces are increased by 25% per Euro code.  Based on the stress values, an M24 bolt should be used for these connections instead of the originally planned M20 bolts.  An M24 grade 8.8 bolt has a normal yield stress of 640 MPa and a shear yield stress of 370MPa.  The shear yield stress in the rail material is 138MPa.  It can be seen that all of the stresses are below these values.  The stress due to bearing from the bolt head is tabulated under the assumption that a hardened washer is used under it.
[image: image23.wmf]Bolt

Number 

Force

Force

Axial

External

Internal

Bearing 

Shear Pull-

of bolts

calculated 

increased

Bolt

Thread

Thread

Stress 

out Stress

by FEA

25% per 

Stress

Stress

Stress

Under

Under Bolt 

Eurocode

Washer

Head

[N]

[N]

[Mpa]

[Mpa]

[Mpa]

[Mpa]

[Mpa]

1

1

131,946

164,933

527

85

83

174

25

2

1

40,315

50,394

232

37

36

53

9


Table 5.  Bolt forces and stresses using 24mm bolts for the connection to the rail. All stresses are within acceptable limits. 
Two points must be made about the preceding bolt analysis.  Recall that the nominal position in x can change by +/-25mm.  Additional analysis is still needed to understand the variation of the bolt forces as the link moves through these limits as the reaction forces, Ra and Rb, are greatly influenced by the location of the point of application.  Additionally, the shear pin must be modeled more accurately to determine how much it contributes to the moment about the z-axis.  
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Figure 11.  Resultant deflections of the Z-bracket for load case 2.  Maximum is 1.4 mm.
2.6 Deflections for Z-bracket

The resultant deflections for the Z-bracket are shown for load case 2.  The maximum value is 1.4mm.  This value is acceptable.
3.
CYLINDER COUPLING LINK
The cylinder coupling link has been analyzed and the stresses are found to be well within the acceptable limits.  This plate could conceivably be reduced in thickness if weight savings is desired.  The model analyzed here along with the coupling plate discussed in section 4 are not sized appropriately to allow the +/-25mm movement that is required.  A change to one or both parts is required to increase the relative clearance between both components.  However, based on the low values of stress in both components, the small change required in each should still keep the stresses well within the acceptable limits.
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Figure 12.  Von Mises stress plot of the cylinder coupling link.
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Figure 13.  Resultant deflection of the cylinder coupling link.

4. CYLINDER COUPLING PLATE
The cylinder coupling link has been analyzed and the stresses are found to be well within the acceptable limits.  This plate could conceivably be reduced in thickness if weight savings is desired.  As discussed in section 3, the this plate may be redesigned to increase the needed clearance allowing the +/-25mm movement.  Based on the low stress and deflection in the original design as analyzed here, any small changes should not cause any problems.
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Figure 14  .  Von Mises stress plot of the cylinder coupling plate.
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Figure 15.  Resultant deflection of the cylinder coupling plate.

5. CONCLUSION

The components needed for the TE traction cylinder compliant connection have under gone preliminary analysis.  Most of the emphasis was on the stresses found in the Z-bracket under the breakdown loading which is the most severe.  Under normal loading, the Z-bracket is acceptable as is.
The components were laid out with current rail and TE positions and corrections were made to the cylinder connection point on the Z-bracket to place it at the correct location.  In general the stresses are low on the Z-bracket with the exception of a few stress concentrations.  An additional analysis with a refined mesh in the contact area should be done to more accurately model the stress at these areas.  The deflections are approximately 1.4 mm which should be acceptable.

The current analysis concludes that the bolt connection must use M24 bolts instead of the M20 currently planned.  It is also stated that an additional analysis looking at both the extremes of movement and with a more accurate model of the shear pin should be done to verify the bolt forces. 
The weight of the TE Z-bracket is estimated at 172kg if fabricated using 304L.  Making the bracket out of a high strength aluminum alloy should be considered as this will reduce the weight significantly.  This would come at the expense of increased deflection but likely still within the acceptable range.  The reduced weight will make handling significantly easier.
Analysis was also done on the coupling link and plate to verify the design.  Some or all of the pieces will require slight redesign to allow the +/25mm movement.  Both revealed very low stresses and deflections.  It would be possible to reduce the size of these as well if so desired.
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APPENDIX A- REACTION FORCES FROM FEA MODEL
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Note that Rf is of opposite sign due difference FEA coordinates and free body
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 diagram in figure 4.  The sign is changed in table 4 to avoid confusion.
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Table A1.  List of reaction nodes grouped with associated reaction force as defined in figure 4 in main body.  Position of distributed force components for Rc, Rd, Re, and Rf are measured relatively in the x-z plane from node 2247.  Offset distances for are shown in table to correlate the xc distance with the corresponding dimension of figure 4.  The corrected values are listed in table 5.  See figure A1 for node locations.
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Figure A1.  Plot of restrained nodes.  View on top of page shows outline of whole bracket for perspective.  Enlarged view of nodes shown on the lower figure shows node numbers more clearly.
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