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1. Introduction

As the EB Tilecalorimeter is constructed the support saddles and the modules will be subjected to different forces, stresses, and deflections than when completely assembled.  The purpose of this analysis is to examine the stability of the support saddles and modules at various stages of assembly.  

There are two load cases where the EB assembly is not stable and additional supports are needed, when 24 modules are in place and the cryostat load first applied, and when there are 14 modules supported only by the saddle.  The FE model in both of these load cases found a solution; however, the deflections were excessively large because the entire structure had to deform in order to find a static solution to the problem.  Also, in both of these load cases when a small force (100N) was applied to the back cryostat support in the X direction the deflections and forces that were found by the FE model changed dramatically.  In an initial analysis stability was achieved when the cryostat load was applied by having a compression beam between the back cryostat supports.  However, this concept has been rejected because of space constraints.  An alternative solution using a tension connection between the bottom of the saddles is examined below.  
Both of these load cases were examined by performing some simple hand calculations and with a 2D fortran program which solved for the reaction forces on the saddle.  With the constraint that the swivel bolt forces must be in compression in both of these load cases it was found that a static solution was only possible if additional support was provided to the saddles or modules below the saddle.  Each of the unstable load cases will be examined in detail below.  

2. Stability during load Transfer to Saddles
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The figure above shows a simplified location of forces being applied to the saddle in load case EB9 in which there are 14 modules in place that are only supported by the saddle.  With only 14 modules in place only 1 swivel bolt and the key are in contact.  The reaction force F is equal to 7 times the weight of a module.  The saddle reaction forces Fr and Fs can be easily solved by statics as shown below:
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However, the sum of the moments about the IP must be equal to zero in order to achieve equilibrium, therefore:
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Solving for X we find:
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If the angle is:
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Using R=4,173mm we find that X=2,333mm which is not underneath the saddle support beam.  If the support point is located at 3,000mm at the center of the support beam then an additional moment [ M=(3000mm-X)*F ] is needed in order to achieve static equilibrium.  In order to check this analysis the saddle support beam in the FE model was restrained along its edges in the vertical direction so that is could support a reaction moment.  The reaction forces were then examined and the equivalent location of the reaction force was found.  This is plotted below and shows that the reaction force would have to be applied outside of the beam to achieve equilibrium.  The location of the reaction force is in reasonable agreement with the location of the reaction force calculated in the simplified hand calculations discussed above.  
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In order to achieve equilibrium during assembly the support cradle that is used to initially assemble the first 12 modules will have to be kept in place.  In this case the support cradle carries the entire load of the modules and only a minimal load is applied to the saddles.  The static analysis shows that only after 16 modules are in place can the weight of the modules be safely transferred to the saddles.  
3. Stability Transferring the Back Cryostat Load with 24 Modules in Place

The figure below shows the forces acting on the back of the saddle when there are 24 modules in place and the cryostat load is applied.  
We can solve for the forces acting on the saddle using the following equations.  
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Solving for Fr1, Fr2, and Fs using the parameters listed in the table below we find that the bottom swivel bolt force, F1, is negative which indicates that it is in tension for equilibrium to occur.  However, the swivel bolts can only support a load in compression so this equilibrium state cannot exist.   This solution though is dependent upon the angles that are choosen to represent the centroid of the forces acting o the 5 swivel bolts acting above the key.  An angle of 50 degrees has been chosen because based on the results of the 3D FEA analysis
	Angles
	Degrees
	Radians

	Angle to Bottom Bolt
	32.334
	0.564335

	Angle to Key
	36.5625
	0.638136

	Angle to Top Swivel Bolt
	50
	0.872665

	
	
	

	
	
	

	Parameters
	
	

	Radius
	4240
	mm

	Length to airpads
	3000
	mm

	Distance to Cryostat Load
	2231.5
	

	
	
	

	# of modules
	24
	

	Weight of 1 module
	11
	tons

	Total Weight per saddle
	276
	tons

	
	
	

	Back  Cryostat Load (Fc)
	87
	tons

	Front Cryostat Load 
	57
	

	
	
	

	Calculated Forces
	
	

	Key Force (Fs)
	149.50
	tons

	Top Swivel Bolt Force (F2)
	158.17
	tons

	Bottom Swivel Bolt Force (F1)
	-2.04
	tons


The 3D FEA model is able to describe the forces on the swivel bolts along the Z axis.  The swivel bolt forces for the 3D FEA model are shown below
3D FEA Model

24 Modules in Place and Cryostat Load Applied

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	52,810
	148,000
	136,000
	143,200
	75,580
	0
	-327,200

	Z2
	47,140
	148,500
	142,600
	113,800
	21,860
	0
	-578,700

	Z3
	0
	0
	26,340
	76,500
	43,440
	1,980
	-337,890

	Z4
	0
	0
	0
	162,500
	116,500
	3,395
	-96,410

	Angle
	32.34
	40.78
	46.41
	52.04
	57.66
	63.28
	36.40

	Total
	10
	30
	31
	51
	26
	1
	-137


This model shows that that the swivel bolts at the bottom of the saddle that is supporting the back cryostat support loose contact.  
The fact that the 2D analysis shows that there is the potential for loosing contact at the bottom of the saddles along the entire length of the saddles and the results of the FEA model raises a concern about the stability of the EB when the cryostat load is applied.  

 In order to overcome this problem a tension load, T, shown in the figure below can be added to the structure.  This tension load, T, would be applied to the center of the support beam as shown and would be acting at an angle so that it is tangent to the bottom of the EB.  This force would be generated by having a cable running between the saddles.  The following equations describe static equilibrium for this case.
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It is possible to solve for the saddle variables, F1, F2, and Fs while treating the Tension load, T, as a constant.  The tension load, T, can then be varied until all of the saddle swivel bolt forces are positive which indicates that they are in compression.  Using the parameters listed in the table below, a minimum value of T is 10 tons results in relatively small compressive load on the bottom swivel bolt as seen in the table below.  
Saddle Forces for T=10 tons -24 modules - cryostat load applied
	Angles
	Degrees
	Radians

	Angle to Bottom Bolt
	32.334
	0.564335

	Angle to Key
	36.5625
	0.638136

	Angle to Top Swivel Bolt
	50
	0.872665

	Tension Angle
	13.8
	0.240855

	
	
	

	Parameters
	
	

	Radius
	4240
	mm

	Length to airpads
	3000
	mm

	Distance to Cryostat Load
	2102
	

	
	
	

	# of modules
	24
	

	Weight of 1 module
	11
	tons

	Total Weight
	292
	tons

	Tension
	10
	tons

	Back Cryostat Load (Fc)
	80
	tons

	Front Cryostat Load
	56
	

	
	
	

	Calculated Forces
	
	

	Key Force (Fs)
	156.94
	tons

	Top Swivel Bolt Force (F2)
	146.32
	tons

	Bottom Swivel Bolt Force (F1)
	44.28
	tons


These results were compared to the FEA model.  With 24 modules and the cryostat load a force of 10 tons was applied to the back saddle as shown in the figure below.  A second model was also made in which three truss elements connected the saddles together; each truss element had an area of 2,000 mm2.  The load on these truss elements was 10 tons and the forces on the saddles and between modules were similar to model which had 10 tons directly applied to the saddles.  When the cross sectional area of these truss elements was reduced the tension in the elements also declined.  The stiffer truss elements (higher cross sectional area) were better able to resist the movement of the saddles away from each other.  Truss elements with smaller cross sectional areas elongated more which allowed the saddles to move away from each other.  The forces on the saddles are shown below.  
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3D FEA Model

24 Modules in place with Cryostat Load

10 Ton Tension Load Applied to Saddles

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	39,600
	127,800
	128,100
	136,000
	70,530
	0
	-331,617

	Z2
	81,540
	172,700
	147,900
	110,300
	18,310
	0
	-563,100

	Z3
	0
	0
	90,860
	65,390
	31,730
	1,428
	-308,097

	Z4
	0
	0
	10,870
	167,800
	107,100
	2,066
	-57,012

	Angle
	32.34
	40.78
	46.41
	52.04
	57.66
	63.28
	36.40

	Total
	12
	31
	39
	49
	23
	0
	-128


The 2D static analysis was not able to mimic the 3D FEA model as closely when the tension load was applied.  The FEA model is able to show how the swivel bolt forces vary along the length of the saddle in Z.  The FEA model shows that contact on the bottom swivel bolts is lost on the saddle which support the back cryostat load even with the addition of the tension load.  

Using the 2D static model to determine when the tension force is no longer needed it was set to zero and the number of modules was increased until both of the swivel bolts were in compression.  This did not occur until module 32.  However, even in this load case the compressive load on the bottom swivel bolt was relatively small.  In order to provide additional safety it is felt that the tension load must be kept on until the entire cylinder is completed.  The force on the bottom swivel bolts is highly dependent upon the angle used to the top swivel bolt.  Based on the FEA analysis it is felt that the forces on the top swivel bolts act at approximately 50 degrees and this has been used in all of the 2D static analysis.  The table below lists the saddle forces for 32 modules in plate and the tension load equal to 10 tons.  

32 Modules in Place - T=10tons

	Angles
	Degrees
	Radians

	Angle to Bottom Bolt
	32.334
	0.564335

	Angle to Key
	36.5625
	0.638136

	Angle to Top Swivel Bolt
	50
	0.872665

	Tension Angle
	13.8
	0.240855

	
	
	

	Parameters
	
	

	Radius
	4240
	mm

	Length to airpads
	3000
	mm

	Distance to Cryostat Load
	2102
	

	
	
	

	# of modules
	32
	

	Weight of 1 module
	11
	tons

	Total Weight
	336
	tons

	Tension
	0
	tons

	Back Cryostat Load (Fc)
	80
	tons

	Front Cryostat Load
	56
	

	
	
	

	Calculated Forces
	
	

	Key Force (Fs)
	198.08
	tons

	Top Swivel Bolt Force (F2)
	199.74
	tons

	Bottom Swivel Bolt Force (F1)
	11.38
	tons


The results of the 3D FEA model for 32 modules in place with the cryostat load applied is shown in the table below.  The results of the 2D static analysis and the FEA model are fairly close.  The FEA model shows that the swivel bolts still loose contact at the bottom of the saddle which supports the back cryostat load.  
3D FEA Model

32 Modules in Place with Cryostat Load

	
	Radial Forces
	Key Forces

	
	M6
	M8
	M9
	M10
	M11
	M12
	M7

	Z1
	60,450
	149,800
	146,900
	152,600
	78,240
	0
	-399,440

	Z2
	117,400
	217,000
	179,800
	131,500
	22,620
	0
	-680,000

	Z3
	0
	13,480
	123,200
	77,770
	35,620
	1,186
	-427,700

	Z4
	0
	0
	34,960
	178,800
	110,800
	533
	-142,900

	Angle
	32.34
	40.78
	46.41
	52.04
	57.66
	63.28
	36.40

	Total
	18
	39
	49
	55
	25
	0
	-168


4. Tension connection

The tension connection between the saddles that is needed to provide stability could be applied using either a wire rope or a chain.   Several of the M24 bolts that connect the saddle to the saddle support beam could be removed and replaced by a eye hook.  The wire rope or chain would be connected and tensioned using a simple turnbuckle.  An initial load of approximately 1 ton would be applied to the wire rope or chain.  Several issues need to be kept in mind:

· Several connections (4-5) are needed along the length of the saddles to account for the Z dependence of the load.  3-4 tension connections would be needed in the vicinity of the back saddles.

· The tension strap cannot elongate because this would allow the saddles to move apart.  A standard wire rope in the US is 3/8” diameter.  If four ropes were used then each rope would elongate by approximately 12mm which is to much to prevent the movement of the saddles.  A chain that is at least ¾” will have to be used.  

· A pre-tension on the chain is not needed.  A pre-tension would deform the saddles inward and would load the chain.  When the cryostat load is applied the saddles would not deform as much, however, the load on the chain would increase significantly
5. Conclusions

The following conclusions can be made from this analysis.

· The load of the modules can be transferred from the cradle to the saddles after 16 modules are in place.

· The bottom swivel bolts in the EB loose contact at 24 modules in place when the cryostat load is applied.  The 2D static analysis shows that contact is not achieved until 32 modules are in place with the cryostat load.  
· The 3D FEA model shows that the swivel bolts on the saddle that supports the cryostat load do not make contact until the EB is complete.  
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