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1. Introduction

The Block Raiser (BR) is the most expensive and critical piece of installation equipment for the assembly of the NOvA detector.  Considerable effort has been devoted to examining several different concepts for constructing this machine.  This paper will describe the calculations for a structure constructed using rectangular tubes.  The motivation for pursuing commonly available rectangular tubes is that such a structure would require a minimum of fabrication effort, would be lighter, and the material costs would be less.  
It is currently planned to construct blocks of 31 planes on the surface of the BR and then to lift the resulting block into the vertical position.  The purpose of this study is to develop a complete design of a BR, perform the required structural analysis, create the detailed drawings needed for a cost estimate, and to develop a comprehensive cost.  

Hand calculations were done initially to determine the initial size of the structural members, connections, hydraulic cylinder sizes, etc.  Later, these initial calculations were confirmed through a 3D FEA analysis and a detailed 3D solid model of the structure.  Details of the structural calculations can be found in Appendix 1 and 2.  It was assumed for these calculations that the block weights 150tons.  
This paper will present:

· Conceptual design of the BR

· Calculations of individual rafter beams to determine their size

· Calculations of individual support beams to determine their size.

· A 3D model of the assembled structure 

· Evaluation of the cylinder force and dynamics of the BR

· Plan for assembly of the structure and alignment of bearings and cylinders.  

· Cost of Structure

[image: image1.jpg]



Figure 1 – Block Raiser
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Figure 2 – Block Raiser Rear View
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Figure 3 – Block Raiser Front View
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Figure 4 – Block Raiser Details of Forks
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Figure 5 – Details of Hilman Roller and Leveling Hydraulic Jack
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Figure 6 – Block Raiser View of Moment Cylinder.
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Figure 7 – View of Pivot
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Figure 8 – Details of Rotating Bearing Assembly

2. Block Raiser Design Description
The design of the block raiser is shown in Figures 1 to 8.  The BR is composed of two main structures: the assembly table; and the carriage.  The table provides a work surface for assembling a block in the horizontal position.  The table also has forks mounted to one end and as the table is rotated vertically the weight of the block is transferred to the forks.  The table is supported by two bearings that are mounted on the carriage.  The block raiser will consist of a 20x8x5/16 rectangular tubes that is centered on each of the vertical 16 cell extrusions.  The design therefore is modular and can easily be expanded from one to twenty four vertical 16 cell extrusions to accommodate a full height prototype if needed.  The 24 rectangular tubes are tied together with similarly sized tubes.  The entire structure has enough stiffness to transfer the loading across the width of the table to the 2 pivot points and 2 support points from the hydraulic cylinder.  
The carriage structure supports the table at four points; two bearing points at the front and two hydraulic cylinders at the back.  The carriage rests on four Hillman rollers which ride on steel plates that are bolted to the floor.  The carriage is driven the length of the hall by two hydraulic cylinders in a style that is similar to CDF and the ATLAS Tilecalorimeter.  Pancake cylinders are located between the two front Hillman rollers and the carriage structure.  These cylinders are used to level the block and lower it into contact with the concrete floor after is has been rotated vertically.  The carriage also has two 3ft x 3ft x 6ft concrete block located at the back to counterbalance the weight of the block once it has been rotated to the vertical position.  The concrete blocks are the two white blocks that can be clearly seen in Figure 2.  The hydraulic pump and 300 gallon reservoir will be located on the platform between the concrete block.  
The forks consist of 14x6x3/8 structural tubes that are bolted to the table surface.  A ½” thick plate runs across the top surface of the forks and forms the surface against which the block will be constructed.  Once the block has been rotated to the vertical position the forks are unbolted from the table and left in place to form the bottom support for the detector.  
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Figure 9 – Schematic of the Rafter Beam Geometry in the Horizontal Position
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Figure 10 – Schematic Geometry of Block Raiser in the Vertical Position

3. Determination of the Rectangular Tube Size

Initial calculations were done on the structure using hand calculations to determine the sizes of the structural members and the connections.  Later a 3D FEA model was created  which confirmed these initial calculations.  Details of the hand calculations used can be found in Appendix 1 and 2.  

Figures 9 and 10 show schematically the block raiser in the horizontal and vertical positions respectively and the geometry of the supports that needs to be determined and will be described in the sections below.  The main loading on the beam is when the Block Raiser in the horizontal or vertical position and these will be used to bound the loading and deflections for the design.  
3.1. Evaluation of Moment in the Horizontal Position of the Block Raiser

Figure 9 shows schematically the rectangular tube in the horizontal position.  The size of the tube can be minimized by minimizing the internal moment.  It can be shown that the minimum internal moment is achieved by having the moment at the support equal to the moment at the center distance between the supports.  This internal moment condition is achieved by having a=c=11ft and b=31ft.  Intuitively this condition makes sense by considering the case where a=c=0.0, in this case the moment is maximized at the center distance between supports.  As a=c increases from zero to 11ft. the moment at the supports begins to increase while the moment at the center distance between the support begins to decline until equilibrium is achieved at a=c=11ft.  Figure 11 below shows the distribution of moments within the beam assuming a 150ton block load distributed over 24 rectangular tubes.  The maximum moment is 22.1 kips-ft.  Figure 5 shows the variation in bending moment along the length of the beam for various angles of the table.  
[image: image11.emf]Variation of Moment Along Tube

Horizontal Position

-20,000.0

-10,000.0

0.0

10,000.0

20,000.0

30,000.0

0.00 10.00 20.00 30.00 40.00 50.00 60.00

Position Along Tube (ft)

Moment (lbf-ft)


Figure 11 – Distribution of Factored Moment Within BR  in the Horizontal Position for a=c=11ft and b=31ft
The design of the block raiser with a=c=11ft requires that the block raiser be off the ground by at least 11ft.  
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Figure 12 – Distribution of Internal Bending Moment in Support Beam for Various Angles of Table

3.2. Evaluation of Moment in the Vertical Position of the Block Raiser

Figure 12 above shows the variation of the moment in the support beams for various angles of the block raiser.  The maximum moment occurs when the BR is in the vertical position due to the cantilevered load of the block on the forks.  It is assumed that each vertical 16 cell extrusion will be supported by a fork.  It is also assumed that the loading of the modules will be evenly distributed along the length of the fork and that the deflection of the fork will be minimal.  
Several factors went into determining the size of the forks.  Using 31 planes that are each 66.6mm thick the fork will have to be 80.5 inches long with a distributed load of 3.5kips/ft.These included the desire to keep the height of the forks a minimum, the design of the connection between the forks and the BR structure/table, the stresses in the forks due to the cantilevered load, and the deflection of the forks due to the cantilevered load.  Based on the calculations shown in Appendix 1 it was determined to use a 14x6x3/8 rectangular tube.  
3.3. Sizing Beam for Moment and Minimum Deflection

The size of the beam is determined by the loading and deflections when the table is in the vertical position because this results in the largest bending moment.  A simple calculation (shown in Appendix 1) was done to evaluate the deflection and moment capacity of the beam.  A criterion was set that the deflection was limited to a maximum of 0.25 inch in the horizontal position.  The block will be assembled in the horizontal position and it is important that the assembly surface remain relatively flat during the entire assembly.  As the table is rotated to the vertical position the loading is transferred to the forks.  The maximum allowable deformation of the fork tip was set at 0.5” which is equivalent to a 1degree angle of the fork over its 80.5” length.    
Based on these calculations a 20x8/5/16 rectangular tube was chosen for the case where a=c=11ft.  The selection of the beam was determined from the deformation criteria.  Hand calculations were done to determine the deflection of the beam in the horizontal and vertical positions and are shown in Appendix 1.  As shown below, these calculations were confirmed by the FEA analysis.  
4. Stress Analysis and FEA Model of BR

Several FEA models were created of the BR structure as well as individual connections in order to confirm the hand calculations and the complete the details of the design.

4.1. Model of BR Table

A FEA model of the BR was constructed using 3D Beam elements elements.  The model was restrained at four points where the bearings and hydraulic cylinder would provide support.  The table surface was loaded evenly along the length of the beams.  Figure 13 shows the deflections and Figure 14 shows the stresses in the horizontal position.  These results match within a few percent of the initial hand calculations.  Figure 15 shows the deflections and Figure 16 shows the stresses in the vertical position.  In the horizontal position the maximum stress is 14,000psi and occurs at the supports.  The maximum deflection in the horizontal position is 0.004”.  In the vertical position the maximum stress is 11,330psi and occurs where the forks are attached to the table.  The maximum deflection in the horizontal position was 0.51” and occurs at the tip of the forks.   The structural tubing that will be used has a yield stress of 50,000psi and it can be seen that the stresses are far below this.  The results of this FEA model are within a few percent of the stresses and deflections calculated in Appendix 1 and 2.  Figure 17 shows the stresses in the beams based on the hand calculations for reference.  
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Figure 13 – Deflections in the Horizontal Position (Forks and Carriage removed for clarity)
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Figure 14 – Stresses in the Horizontal Position (Forks and Carriage removed for clarity)
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Figure 15 – Deflections in the Vertical Position (Carriage removed for clarity)
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Figure 16 – Deflections in the Vertical Position (Forks and Carriage removed for clarity)
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Figure 17 – Stresses in Beam for Various Angles of BR Table Based on Hand Calculations

4.2. Model of Forks
A detailed FEA model was created of the forks in order to confirm the hand calculations that were done as well as to check for any stress concentrations in the mounting plate at the end of the girder.  The stress and deflection plots of the fork are shown in the figures below.
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Figure 18 – Stresses in Fork

4.3. Model of Bearing Supports

A detailed FEA model was created of the bearing support in order to confirm the hand calculations that were done as well as to check for any stress concentrations in the mounting plate, key and welds.  The maximum loading on the bearing mount occurs when the BR is in the vertical position and the entire weight is carried by the bearings.  Calculations of the forces shown in Appendix 2 show that the force of 115tons in the Fy direction and 22tons in the Fx direction.  The force Fy is carried entirely by the key in the plate which is ½” deep, 1” wide, and 24” long.  See Figure 19 below for a schematic of the forces acting on the bearing support.  The stress and deflection plots of the fork are shown in the figures below.
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Figure 19 – Schematic of Forces Acting on Bearing
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Figure 20 – Stresses in Bearing Plate Subjected to Maximum Force
5. Evaluating Requirements for Telescoping Cylinder

A telescoping hydraulic cylinder will be used to lift the block raiser.  The length, speed, and force on the cylinder will be described below.  Also, the calculations below assume that two cylinder will be used to lift the block raiser from the horizontal to the vertical position.    
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Figure 21 – Details of Collapsed Telescoping Cylinder
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Figure 22 – Details of Extended Telescoping Tube

5.1. Length

The extended length of the cylinder is zero in the horizontal position and increases to a maximum of 43.8ft when the block raiser is in the vertical position.  Figure 23 shows how the length of the cylinder changes with the angle of the BR.  
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Figure 23 – Length of Telescoping Tube
5.2. Force on Cylinder and Supports

The force on the cylinder is determined by the weight of the block being lifted as well as the cantilever of the block (the distance the CG is above the pivot point.  It has been assumed that the CG of the block/block raiser is located 5.0 ft above the pivot point when the block raiser is in the horizontal position.  
Figure 24 below shows how the force on a single cylinder changes with the angle of the block raiser for the case where a=c=11ft.  The maximum compressive force of 50 tons occurs in the horizontal position.  The force declines to zero when the block raiser is at approximately 80 degrees.  As the block raiser continues to lift the CG of the block/block raiser passes the pivot point and the cylinder now acts to restrain the block and the force becomes tensile.  A maximum tensile force of 21 tons occurs when the block raiser is in the vertical position.  There is considerable experience on the Atlas moving system with cylinders making this transition from compression to tension.  However, in order to achieve this a double acting cylinder is needed.  
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Figure 24 – Variation in Cylinder Force Assuming a 5.0 ft CG Offset with a=c=11ft and b=31ft During Loading and Un-Loading
The force on the cylinder after the block has been unloaded is significantly lower.  
5.3. Speed

The cylinder speed used in the Atlas moving experience was used as a starting point for examining the speed of the cylinder.  For Atlas a 30ton cylinder was extended at a velocity of 0.03 ft/sec.  Using this cylinder velocity the block raiser angle can be calculated versus time and is shown in Figure 25 below.  It takes approximately 25 minutes to rotate the block raiser 90 degrees.  
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Figure 25 – Angle versus Time for an average cylinder extension velocity of 0.03 ft/sec.
6. Hydraulic Controls

The two telescoping cylinders could be made to move in tandem through a feedback control system.  The flow to the cylinders is controlled by electronic proportional valves such as Parker D1FM serices valves which allow very precise and linear flow control.  The cylinder position would be monitored using a draw wire encoder such as a MicroEpsilin WDS 15000-P115 which has a range of 49.25ft. with an accuracy of +/-0.18”.  One cylinder (the master) would be driven at some desired constant velocity (constant flow) and the second cylinder (slave) would be automatically controlled to follow the position of the master.  A PLC would be used to implement the PID feedback control loop for the position control of the slave.  
7. Evaluation of Block Tipping

One concern with rotating the block is that as the block approaches 90 degrees and the block raiser comes to a stop that the inertia of the block will cause it to tip forward.  In order for the block to tip about the front corner a lateral acceleration of 1.2m/s^2 is needed when the block is in the vertical position.  The acceleration of the block cg was calculated using a ramp down acceleration of the cylinder of 0.003ft/sec^2.  The tangential and radial accelerations at the CG of the block with respect to the pivot point were calculated.  The maximum accelerations were at=0.00048m/sec^2 and ar=0.000006m/sec^2.  Since these accelerations are so much smaller than the acceleration needed to tip the block a vacuum system for holding the block against the block raiser is most likely not needed.  
8. Evaluation of Block Raiser Tipping in the Vertical Position

When the block is rotated to the vertical position the CG of the block will be in front of the wheels of the block raiser as shown schematically in Figure 26.  The block raiser structure will need a counter weight to keep from rotating and tipping around the front wheels.  If the counter weight is located above the rear wheels (which is approximately the distance b from the front wheels) then the needed counter weight is equal to the total weight times the ratio of the CG offset divided by the distance “b”.  A counter weight of approximately 30tons is needed.  This will be provided by two concrete blocks that are each 3ft x 3ft x 6ft as shown in Figure 2 above.
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Figure 26 – Schematic Drawing of BR structure

9. Assembly of BR
The assembly of the BR presents a challenge.  The table surface would be constructed in four sub-sections and shipped to the detector site.  Each section would be approximately 52ft long and 13ft wide.  A special fixture would have to be fabricated for shipping because the 13ft width is to wide to fit on a truck and therefore needs to be shipped angled on the truck bed in order to meet both the width and height requirements.  Once at the detector site the table sections would be unloaded using a portable crane and placed across four I-beams as shown in Figure 27.  The sections would be leveled on these I-beams and then welded together to form the assembled table surface.  Each of the I-beams is supported by a pancake cylinder which allows it to be moved for leveling.  
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Figure 27  - Conceptual Schematic for Field Welding of BR Table

Once the main structure is assembled the next challenge is to align the mounting for the bearings and hydraulic cylinders on the underside of the table.  The bearings are mounted to the table surface through a flat plate and key.  The keyway was initially rough machined in a plate that was then welded to the table sub-section.  Obviously after welding the two keys for the two bearings will not be aligned.  These keys will be aligned in the field using the same method as used on the ATLAS Tilecalorimeter at CERN for aligning the keys in the main support structure.  Figure 28 below shows two of the 8 keys that were eventually aligned through field machining to support the 6,000 ton ATLAS Tilecal.  
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Figure 28  -- Keys that were field machined on the ATLAS Tilecal
Once the keys are aligned the bearing assembly, which had been precisely machined, is mounted to the key and support plate.  The bolts are kept loose and by pulling a wire between the center of the bearing support it is possible to align the axis of the bolt supports.  The same method would be used to align the pin ends of the hydraulic cylinder on the table.  
Once the bearings and cylinder supports are aligned the carriage would be moved underneath the table.  The hydraulic cylinders which support the I-beams would be lowered so that the shaft supports could be aligned with the bearings and then the shafts inserted.  Similarly the hydraulic cylinder final mechanical connections would be made.  Once the table was connected to the carriage the I-beam supports would be removed.  
10. Cost Estimate
A detailed design has been completed and quotes being sought for the commercial parts as well as for the fabrication based on detailed drawings.  Below is a listing of the current prices.  These are listed below:
	Item#
	Description
	Units
	Cost
	Total Cost
	Basis

	1.0
	Structural Tubing for BR Table – Central Steel 
	1
	$69.2k
	$69.2k
	Quote

	2.0
	Structural Tubing for Carriage – Central Steel
	1
	$6.9k
	$6.9k
	Quote

	3.0 
	Telescoping Cylinders – Central Hydraulics
	2
	$60k
	$120k
	Quote

	4.0
	Pushing Cylinders – Milwaukee Cylinder
Part # HO1573-43-12S-7X110
	2
	$8,200
	$16,400
	Quote

	5.0
	Pancake Cylinders – Parker Cylinder
	2
	
	
	

	6.0
	Hilman Rollers
	4
	
	
	

	7.0
	 Swivel Bearings
	2
	
	
	

	8.0
	Hydraulic Pump and Reservoir – Flow Products
Part # R330DP-A-25BMTCF-H1-G3N-LT-FRC40-HEA44C-V5M1S-MS w/HPV20B35-RF-0-1R Piston Pump
	1
	$9,491.85
	
	Quote

	9.0
	BR Shipping Fixtures
	2
	$10k
	$20k
	

	10.0
	BR Assembly Fixtures
	1
	$30k
	$30k
	

	11.0
	BR Table Welding
	1
	
	
	

	12.0
	Carriage Welding
	1
	
	
	

	13.0
	Hydraulic Controls
	1
	$70k
	$60k
	Atlas Exp.

	
	Total
	
	
	
	


11. Conclusion

This paper presents the 3D structural analysis of a design for the BR based on standard steel sections.  The location of support, forces on cylinders, and size of the structure were all examined.  The following conclusions can be made:
· Quotes are still needed for the fabrication of the BR. 

· Placing the supports at a=c=11ft creates the smallest bending moment in the structure and allows for the smallest section to be used.   The block raiser surface though has to be a minimum of 11ft above the ground.

· The CG of the block is above the pivot point.  Therefore, a double acting cylinder is required to control the cylinder as it goes from compression to tension.  

· A 3D FEA model of the structure confirms the deflections calculated for individual members.

· The entire BR structure weights approximately 60 tons. 

