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1. Introduction

As the Barrel Tilecalorimeter is constructed the support saddles and the modules will be subjected to different forces, stresses, and deflections than when completely assembled.  The load of the cryostat will be transferred to the barrel after 32 modules have been assembled.  The purpose of this paper is to describe how the forces/stresses and deflections of the structure change when this load transfer takes place.  The nominal weight of a barrel module is 20 tons.  CERN Document number ATL-LB-EA-0001 “Summary of the Structural Analysis of the Barrel Support Saddles” describes in detail the structural analysis of the saddles and the completed barrel assembly.  These calculations followed Eurocode 3.

There are two criteria that have been used to establish that the structure is stable.  

· First, the structure should be statically determinate and a solution of force equilibrium should exist.  

· Second, the force equilibrium solution should be unique and all of the swivel bolt forces should be non-zero and positive (i.e. the swivel bolts are in compression).  

This paper will examine whether or not these criterion are met during the assembly of the barrel with the cryostat load applied. 

2. Model Description

In the FE model of the saddle and back cryostat support the Z axis ran along the beam line, the Y axis was in the vertical direction, and the X axis was horizontal.  

Software used:  COSMOS/M and SolidWorks

Type of Elements: Solid

Number of Elements:  78,355

Material: Stainless Steel, E = 206,000 Mpa

Code applied: Eurocode 3

A complete description of how the modules, connections within and between modules, and support saddles were modeled can be found in ANL Technical Report # ANL-HEP-TR-01-097, “Extended Barrel Support Saddle Design and Analysis”.

3. Load Cases

This paper examined when there are 32, 48, 62, and 64 modules in place with the cryostat load.
The figure below is shows the FEA model.  The modules are numbered so that   
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4. Two Dimensional Static Analysis of the Stability of Assembly 
In order to determine the stability of the system a simple two dimensional analysis was performed.  The figure below shows the parameters of the analysis.
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The table below shows the parameters used:
	Angles
	Degrees
	Radians

	Angle to Bottom Bolt
	32.344
	0.564509293

	Angle to Key
	36.5625
	0.638136008

	Angle to Top Swivel Bolt
	48
	0.837758041

	Angle to Cryostat load
	45
	0.785398163

	
	
	

	
	
	

	Parameters
	
	

	Radius
	4240
	mm

	Length to airpads
	3000
	mm

	
	
	

	# of modules
	32
	

	Weight of 1 module
	10
	tons

	Total Weight
	271.72
	tons

	
	
	

	Cryostat Load (Fc)
	158
	tons


Solving for F1, F2 and Fs we find the values in the table below for 32, 48, 62, 64 modules in place:

	
	32 Modules
	48 Modules
	62 Modules
	64 Modules

	Key Force (Fs)
	305.5 tons
	418.7 tons
	517.7 tons
	531.9 tons

	Top Swivel Bolt (F2)
	144.7 tons
	245.8 tons
	334.4 tons
	347.0 tons

	Bottom Swivel Bolt (F1)
	48.8 tons
	78.2 tons
	104.0 tons
	107.7 tons


The criteria defined above for stability are satisfied in this simple 2-D static analysis for 32, 48, 62, and 64 modules.  
5. FEA Analysis of the Stability of the Barrel

A 3 dimensional FEA model was created for 32, 48, 62, and 64 modules.  The forces on the saddles are listed in the tables below.  For comparison to the 2-D static analysis above, the forces on the swivel bolts are summed along the Z direction and are listed in the bottom row.
32 Modules in Place with Cryostat Load
Swivel Bolt Forces (N)
	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-217,190

	Z2
	35,920
	0
	0
	0
	0
	0
	-500,000

	Z3
	164,200
	218,000
	118,900
	60,850
	1,140
	0
	-448,819

	Z4
	148,200
	203,600
	113,400
	60,600
	3,284
	0
	-361,800

	Z5
	148,200
	203,500
	113,200
	60,590
	3,362
	0
	-362,180

	Z6
	164,300
	217,900
	119,200
	61,070
	1,115
	0
	-448,700

	Z7
	35,850
	0
	0
	0
	0
	0
	-501,000

	Z8
	0
	0
	0
	0
	0
	0
	-216,400

	Angle
	32.34
	40.78
	46.41
	52.04
	57.66
	63.28
	36.40

	Sum Z1-Z8(tons)
	71.02
	85.93
	47.37
	24.78
	0.91
	0.00
	-311.53


48 Modules in Place With Cryostat Load 

Swivel Bolt Forces (N)
	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-223,930

	Z2
	98,050
	0
	0
	0
	0
	0
	-552,720

	Z3
	236,700
	324,200
	215,800
	130,800
	19,590
	0
	-717,500

	Z4
	215,400
	288,700
	184,700
	114,700
	17,390
	0
	-615,650

	Z5
	215,400
	289,100
	184,800
	114,700
	17,530
	0
	-616,420

	Z6
	237,300
	324,800
	216,600
	131,200
	19,540
	0
	-718,200

	Z7
	99,160
	0
	0
	0
	0
	0
	-554,610

	Z8
	0
	0
	0
	0
	0
	0
	-223,020

	Angle
	32.34
	40.78
	46.41
	52.04
	57.66
	63.28
	36.40

	Sum Z1-Z8(tons)
	112.34
	125.06
	81.74
	50.09
	7.55
	0.00
	-430.38


62 Modules in Place With Cryostat Load 

Swivel Bolt Forces (N)
	
	M6
	M8
	M9
	M10
	M11
	M12
	Key Force

	Z1
	0
	0
	0
	0
	0
	0
	-242,200

	Z2
	157,000
	26,120
	0
	30,500
	24,900
	0
	-659,120

	Z3
	277,000
	452,300
	278,500
	161,500
	23,690
	0
	-920,500

	Z4
	249,100
	399,100
	234,900
	139,700
	20,590
	0
	-802,900

	Z5
	248,900
	399,200
	234,700
	139,700
	20,740
	0
	-803,600

	Z6
	277,900
	452,000
	278,900
	161,900
	23,640
	0
	-919,800

	Z7
	157,100
	26,360
	0
	30,360
	25,020
	0
	-660,100

	Z8
	0
	0
	0
	0
	0
	0
	-240,800

	Angle
	32
	41
	46
	52
	58
	63
	36

	Sum Z1-Z8(tons)
	139.35
	178.91
	104.69
	67.65
	14.13
	0.00
	-535.07


As seen in the tables above the swivel bolt forces go to zero at the ends of the saddle where the cryostat load is applied.  The next row of swivel bolts is also nearly at zero.  This indicates that the majority of the weight of the modules is supported by the two center saddles.  Taken as a whole, the saddles meet the criteria established above for being stable; however, individual saddles do not meet these criteria.  The results of the 2D static analysis corresponds fairly well with the sum of the swivel bolt forces along Z.
6. Forces Between Modules

The forces between modules for each of the load cases are shown in Appendix 1.  The main concern is the loading of the front plate and how this changes when the cryostat load is applied because of the impact that shim deformation has on the geometry of the structure.  Below is a comparison of the front plate forces before and after the cryostat has been loaded for the ends and middle of the barrel.  The most interesting result is that the addition of the cryostat load actually reduces the compressive force on the front plate.  This is because the cryostat load is causing the saddles to rotate outward.  This analysis has assumed that the cryostat load will be evenly distributed among the 4 A-frames.  
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These two graphs show that for 32 and 48 modules in place when the cryostat load is applied the inner radius contact force goes to zero for the modules directly below the saddle.  The entire load below the saddles is therefore being carried by the link plates at the outer radius.  The loss of compression occurs at the first module on the saddle.  Therefore, the modules below the saddles begin to act like one large beam that is supported only along its edge at the outer radius.  These modules are act as one unit that is supported by the bottom swivel bolt and the key.
7. Deflections

The deflections of the saddle were concentrated at the upper corner of the saddles on the end where the cryostat load is applied.  The maximum deflections were on the order of 4-5mm in the radial direction in this position.  The figures below show the deflections for 32, 48, 62 modules in place with the cryostat load applied.
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8. Conclusions

There are two criteria that have been used to establish that the structure is stable.  

· First, the structure should be statically determinate and a solution of force equilibrium should exist.  

· Second, the force equilibrium solution should be unique and all of the swivel bolt forces should be non-zero and positive (i.e. the swivel bolts are in compression).  

The static 2-dimensional analysis has shown that the Barrel meets both of these criteria for stability.  However, the 3 dimensional FEA analysis shows that the second criterion is not met along the entire length of the barrel.  Specifically, the swivel bolt forces go to zero on the saddles at the end.  In addition, the compression force at the inner radius goes to zero on the first module on the saddle for 32 and 48 modules in place.  This is not considered a great problem though because the modules below the saddle then act as a rigid body that is supported at the outer radius by the bottom swivel bolt and the key.  
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