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1. INTRODUCTION
The Extended Barrel (EB) is moved using two hydraulic cylinders.  Each cylinder is located inside one of the EB saddle beams.  The cylinder housing end is connected at the back of the saddle beam as shown in figure 2.  During movement scenarios, the Z-bracket is placed in one of several discrete locations on the rail and is connected to the rail with four (4) Ø50mm shear pins through existing holes.  The cylinder rod end is then connected to the Z-bracket and extended or compressed depending on the direction of movement required.  Figure 1 shows the the Z-bracket relative to the other movement components.  Due to space limitations during the short access, the Z-bracket must be stored inside the detector.  To avoid the need for special lifting fixtures to move the bracket on to the rail, the bracket has been designed with minimum weight as one of the primary requirements.  
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Figure 1.  Extended Barrel saddle beam and related movement components.  
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Figure 2.  EB Z-bracket layout on rail.  Detail A shows the Z-bracket mounted to the rail with the critical interface dimensions to interface with the cylinder.  Detail B shows the connection bracket for the cylinder inside the saddle beam.  As can be seen, there is a 20mm discrepancy with the currently desired placement of the cylinder and this will need to be corrected.  The cylinder and housing connections have spherical rod ends to provide compliance for minor misalignments in the saddle position relative to the Z-bracket.   Figure 6 treats the misalignment further.

2.  DESIGN SUMMARY
The assembly and exploded views of the EB Z-bracket are shown in figure 3.  The bracket is made using 7075-T6 aluminum alloy and has an assembled mass of approximately 115 kg.  The bracket is stored inside the detector and must be lifted over a service cable track to get to the rail.  To avoid requiring special lifting tools, the bracket is designed to be bolted together to allow the bracket to be brought to the rail from the storage position in manageable pieces and then assembled.  The individual pieces have been constrained to have a mass no greater than 30 kg, a mass considered manageable for a single person.  The design was then iterated to produce the structure with minimal deflection while still meeting the piecewise weight constraint.  The mass of the individual parts are listed in figure 3, all of which are 30 kg or less.  As can be seen in the figure, there are commercially available cam rollers mounted to the side structures so that when assembled, the rollers are set just above the rail in the worst tolerance condition (when the tolerance of the bracket and rail holes are considered).  This will allow the bracket to be rolled along the rail between the rail hole locations so that full assembly and disassembly will only be necessary for transporting to and from the rail.  Figure 4 shows some dimensions of the Z-bracket as assembled.
[image: image3.wmf]
Figure 3.  Assembled and exploded views of the EB Z-bracket.  Bolted design is used to allow moving the bracket from the stored position internal to the detector out to the rail without special lifting devices.  The major components are made of 7075-T6 aluminum.  The mass of each component is listed in the table.  The heaviest component is 30kg.  After being bolted together on the rail, the bracket can be moved using the rollers (item 10 in the figure) permanently mounted (with minimal clearance above the rail). 

[image: image4.wmf]
Figure 4.  Assembled nominal dimensions of the EB-Z-bracket.

3.  ANALYSIS
3.1 Load Cases
The movement of the EB is nominally done with two cylinders acting together.  However, as a contingency, the movement components are designed to be able to move the EB with only one cylinder in the event one of the cylinders fails.  This scenario and the calculation of the required cylinder force is discussed in greater detail in [1].  The force required from a single cylinder in the breakdown case is near the maximum capacity of the cylinder, 30 tons.  To be conservative, the bracket is designed for the maximum capacity of the cylinder in the event that this situation might occur due to accidental circumstances during a breakdown situation.  This 30-ton load is then increased by the 1.5 safety factor per Eurocode for the moving loads ( 45 tons) in the Z-direction. 
For the normal operation scenario with two cylinders, the cylinder loads are less with each cylinder nominally supplying 11.2 tons to overcome friction and gravity (due to incline).  As stated in [1], the cylinders need to be regulated in such a way that there is never a mismatch of cylinder forces greater than 4 tons to prevent rail damage from the X-guide rollers.  There is an additional force for accelerating the detector.  
[image: image5.wmf] 
Figure 5.  Applied forces on EB Z-bracket.  The Fz force is the primary force.  Fx and Fy are components of Fz resulting from misalignment between the cylinder axis and the EB-Z bracket connection point due to adjustment in EB position in X and Y.  Table 1 lists the forces for each load case.  Shear pin locations are numbered for reference.

Assuming that the detector speed is less than 10mm/s and that the acceleration to this speed is not faster than 5s, the acceleration force is an additional 0.2 tons.  These incremental loads sum to (11.2 +4 + 0.2) 15.4 tons or 23.1 tons in the Z-direction after the application of the 1.5 safety factor.

Finally, the Z-bracket has no adjustment in the connection point position while the EB can be adjusted in X- and Y- on the order of 25mm.  For simplicity, assume that the detector is offset from the Z-bracket centerline by 25mm in each direction, X and Y.  Using a cylinder distance of 2000mm (conservative), the maximum misalignment angle between the cylinder centerline and the Z-bracket is about 0.72 degrees.  This misalignment adds a force component in the X and Y direction.  To account for this, the Z-loads for each load case are multiplied by 25/2000 (sin 0.72 ˚) and this value is applied in the X and Y direction.  The load cases are summarized in table 1.  Figure 6 shows the misalignment.
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Table 1.  Load Cases for the EB Z-bracket analysis.  Load case 1 occurs in the single cylinder breakdown case.  Load case 2 is the maximum of the "normal load case" which includes the possibility that the cylinders unevenly share the load up to a predetermined limit.  All loads are increased by 1.5 safety factor corresponding to Eurocode requirement for moving loads.  The Fy force is directed down as the worse case as it then adds to the moment produced by Fz.
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Figure 6.  Worse case misalignment scenario is when the Z-bracket is close to the saddle and the EB is offset 25mm in X and Y.  The figure looks down at the X-Z plane.  Assuming an offset of 25mm over the 2000mm length of the cylinder gives angular misalignment of 0.72 degrees.
3.2 FEA Model
The EB Z bracket was modeled using FEA.   Hand calculations modeling the bracket simply as three beams were performed initially to determine appropriate member sizes.  These same calculations were then used to verify the FEA results with satisfactory results.  Material properties used in the analysis are shown in table 2.
The FEA model was constructed using 3-node thick shell elements for the bracket parts and used 3D beam elements to model the connection between the three pieces.  The model is shown in figure 7.  The bracket top piece was modeled using 50mm thick shells and the sides used 60mm thick elements.  The nodes along the piece boundaries are not merged.  Instead, four beam elements, one in each corner, are used to model the bolted connection and facilitate the extraction of the coupling forces and moments at the connection.
The model is shown in figure 7.  The shear pin connection was modeled by simply restraining the shear pin in Y and Z along the hole diameter.  The pin holes 1 and 2 were additionally restrained in X.  
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Table 2.  Material Properties used in the analysis model.
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Figure 7.  FEA mesh of the Z-bracket using shell elements for the bracket pieces and 3D beam elements to model the connection between pieces.  The forces are applied as point loads at the middle of the top piece.  Shear pin holes 1 and 2 are restrained in X, Y, and Z.  Shear pin holes 3 and 4 are restrained in Y and Z only.
3.3 Stress Analysis

The Von Mises stresses are plotted in figures 8-9 for load cases 1 and 2 respectively.   The stresses are all below the material yield stress (462 MPa) with a small stress concentrations of 359 MPa due to the applied point load and another near 300 MPa around one of the fillets in the cut-outs.  The stresses are not larger than 250 MPa for any significant area and are generally below 200 MPa except in a few areas.  As can be expected, the stresses are for load case 1 are roughly half due to the smaller applied loads.  
The shear pin connection is not properly modeled in this case and instead the Eurocode design formulae are used to verify the design (section 3.4).  While this is necessary and indicates that the design is adequate, a separate analysis of the shear pin connection is being done as additional confirmation. 
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Figure 8.  Von Mises stress plots for load case 1, (Fz=45 tons, Fx=-Fy=0.5 tons).  Nodal stresses plotted.  Maximum stress is 359 MPa (shown in red) at the connection point due to concentrated applied load.  Outside this area, the largest element stress is 302 MPa.  All stresses are with acceptable limits (yield stress = 462MPa).  The stress along the front and back edges of top piece average about 250MPa.
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Figure 9.Von Mises stress for load case 2.  Maximum stress is 190MPa (is shown in red) which is well within the acceptable limits.

3.4 Shear Pin Connection Analysis
The reaction forces in the Y and Z direction at the shear pin holes were summed and the magnitude was calculated to determine the resultant force, Rpr for each pin.  These forces agree well with simple hand calculations based on statics.  Table 3 lists these forces.
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Table 3.  Resultant force, Rpr on shear pins as extracted from FEA model.  Figure 5 shows the relative location of each pin.
According to EUROCODE 3, chapter 6.5, the maximum design load on the pin connection is the minimal of:
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where:

A0 = 1964 mm2
; pin area

fur = 800 MPa

;ultimate tensile strength of the pin

fyp = 640 MPa

; yield stress of the pin

gMr = 1.25

; safety factor 

fu = 573 MPa

; ultimate tensile strength of the basis material

do = 50mm

; diameter of the pin hole

t = 60mm 

; plate thickness

a = 1/3 

; parameter (see ENV 1993-1-1, pg. 156)

Applying the above mentioned formulas we get the values:

Fv.Rd = 754 kN

Fb.Rd = 1,146 kN

These are both much greater than the maximum pin force shown in table 3, Rpr = 475 kN.  

3.4.1 Analysis of Contact Stresses 

As an additional check, we calculate the contact stress at the pin material interface using classical Hertz contact theory. The classical Hertz contact stress formulas for a cylinder (of finite length) acting inside a cylindrical hole are shown below.  The maximum Hertz pressure, p0 is located directly under the line of a contact at a depth 0.7a below the surface where is 1/2 the contact width.  The values used in the equations 3 and 4, and the resulting maximum Hertz contact pressure are calculated and listed in table 4.

[image: image15.wmf]D

+

=

L

r

r

P

p

)

1

1

(

564

.

0

2

1

0

 

[3]
where, P is the load on the pin, r1 is the pin radius, r2 is the hole radius, L is the pin length, and


[image: image16.wmf]2

2

2

1

2

1

1

1

E

E

n

n

-

+

-

=

D




[4]
νi,Ei are Poisson's ratio and Young's modulus for the roller and plate respectively. 
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Table 4.  Hertz pressure at shear pin hole as derived using classical Hertz contact theory shows the maximum Hertz pressure , p0 within acceptable limits.

3.5 Displacements
The resultant displacements for load cases 1 and 2 are shown in figures 10 and 11 respectively.  The maximum deflections are 6.1mm for load case 1 and 3.3mm for load case 2.  Due to pin hole clearance, there is the potential for additional displacement in Z.  The pin hole diameter clearance is 0.2mm.  In a worst case scenario of tolerances, an additional 0.8mm deflection in Z along the top plate would be added to this in the form of a rigid body motion about the midpoint of the line connecting the shear pin centers.  These values agree well with hand calculations based on a rigid frame made of three beams.  
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Figure 10.  Resultant displacements for load case 1.  The maximum deflection is at the center of the top piece an equals 6.1mm.  The pin hole diameter clearance is 0.2mm.  In a worst case scenario of tolerances, an additional 0.8mm deflection in Z along the top plate would be added to this in the form of a rigid body motion about the midpoint of the line connecting the shear pin centers.
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Figure 11.  Resultant displacements for load case 2.  The maximum deflection is at the center of the top piece an equals 3.3mm.  As mentioned in the text and figure 10, the pin hole can add an additional 0.8mm deflection in Z along the top plate.
3.6 Analysis of Connection Link
The connection to the cylinder is made with the connection link shown in figure 12.  The link is pinned to the top piece using a 50mm shear pin.  The stresses are plotted in figure 12 and are acceptable.
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Figure 12 Von Mises stress plot of  the cylinder connection link.  Stresses are all within acceptable limits.
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Figure 13.  Resultant displacement of the Cylinder connection bracket under the forces of load case 1 (45 tons).  The maximum deflection is 0.7mm.  

4. CONCLUSION
The design of the Z-bracket for the extended barrel is presented along with analysis supporting the design.

The bracket was designed with the constraint that it be easily moved between the storage and the rail with one person without special lifting devices.  Similarly it should be able to be moved along the rail between connection positions by one person.  The design is made using 7075-T6 aluminum alloy and is a bolted assembly with the individual piece weight limit of 30 kg which was deemed a reasonable weight for a person to carry.  As an assembly, the bracket weighs approximately 115 kg but includes rollers in near contact with the rail that allow easy movement along the rail when the pins are removed.
The design was then iterated to produce minimum deflections with the prescribed component weight limit.  Under the severe loading case of a single cylinder breakdown, the deflections are 6.2mm with an additional 0.8mm deflection in Z possible due to clearance in the shear pin holes.  In the normal running case, the deflection is 3.3 mm with the same potential for the additional 0.8mm deflection.  The deflection values agreed well with simple hand calculations assuming the frame was made of three beams.
The stresses in the bracket are generally low and all within acceptable limits.  It is noted that the present model does not properly model the shear pin connection and that the design of these is based on the Eurocode formulas.  While these formulae indicate that the connection is adequate, a separate analysis of the shear pin connection is being done to verify this. 
The layout of the cylinder at the prescribed height from the rail currently does not match the design of the connection bracket between the cylinder and the saddle beam with a 20mm discrepancy in the height.  This needs to be corrected.
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