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1. Introduction

The X-bracket is designed to restrain the EB and Barrel tile calorimeters in the X direction 

during installation and in the run position.  In addition, the X-bracket will be used to position the detectors in the X direction during installation.  

The main requirements of the X-bracket are:

· To maintain the X direction tolerance on the beam pipe which is +/- 12mm.

· To position the detectors in the X direction to a tolerance of +/-.5mm

· To allow the nominal position of the detectors to be adjusted by +/-15mm.

· To provide  X direction restraint of the detectors in the event of an earthquake.  CERN has defined a maximum acceleration in the X direction of 0.9375m/s2 (~.1g) in the case of an earthquake.

· To allow for Y (vertical) direction of up to 35mm.

· To stay within the prescribed envelope as defined by CERN.

The same X-bracket will be used in the barrel and EB.  In the EB there will be four brackets per EB.  In the Barrel there will be a total of eight brackets because of the higher seismic loads.  However, during the installation of the barrel only four of these brackets will be in place.  Once the barrel has been located in its final position the rollers will be removed and guide bracket frame will be adjusted up against the rail.  The four  additional guide brackets will then be added as positioned in Figure 4.  If the detector is adjusted to the extreme range of the guide bracket travel (away from the IP), a shim block will need to be added as shown in Figure 3. This is due to the fact that the guide roller mount is recessed a few mm behind the guide roller contact surface.  The basic design of the X-bracket is shown in Figures 1 thru 4.  
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Figure 1 X-guide bracket for with guide rollers attached.  The bolt #2 position is nearest the guide rollers.
[image: image1.wmf]
Figure 2 Layout of guide brackets on the Extended Barrel Saddle Beam
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Figure 3 X-guide Bracket with guide rollers removed and shown with additional shim block that would be necessary in extreme adjustment position. 

[image: image3.wmf]
Figure 4 Layout of X-Guide Brackets on the Barrel Saddle Beam showing the outer guide brackets fitted with rollers during the installation scenario.
2. Forces

There are three load cases of forces acting on the X-bracket in the EB and Barrel.  First, there are the nominal running forces during the movement of the detectors.  These forces are generated by a mismatch in the movement of the traction cylinders which would cause the detector to be rotated and come in contact with the rollers at the corners of the detector.  Second, in the event of an earthquake the X-brackets would be subjected to a force of .1g.  Finally, during the breakdown scenario in which only one of the traction cylinders is working the X-bracket would be subjected to a force due to the twisting of the detector about the Y (vertical) axis.  This final load case only is applicable to the EB since the Barrel will not be moved again after installation.  These forces are summarized in the table below.  
Table 1
Load Cases
Force per X-bracket (tons) without Safety factors applied
	
	EB
	Barrel 

	Load Case
	X
	Y
	Z
	X
	Y
	Z

	#1 Installation
	3.0
	0.6
	0.03
	3.0
	0.6
	0.03

	#2 Seismic
	48.0
	0
	0
	38
	0
	0

	#3 Breakdown
	32.2
	6.4
	1.3
	n.a.
	n.a.
	n.a.


According to Eurocode the appropriate safety factors need to be applied to these loads.  Since the installation and breakdown (load case 1 and 3) cases are moving loads a safety factor of 1.5 must be applied to those loads.  The seismic load (load case 2), however, is an intermittent load and a factor of 1.0 is applied.  Finally, during the detailed calculations of the bolts which attach the X-bracket to the saddle support beam a safety factor of 1.25 was applied to all of the bolt forces.  

In Load Case 3 the detector would be moved with only one cylinder operating.  The force of only one cylinder acts with a large moment arm about the detector CG and requires relatively large reaction forces. 

[image: image4.wmf]
Figure 5 Forces acting on the X-guide in the breakdown scenario.

2.1 BREAKDOWN AND SIESMIC LOADS

Figure 5 shows the forces considered in the breakdown scenario.  The single cylinder force is shown as P.  In determining friction resulting from air pad, f, it is assumed that the normal force N is the same on each of the eight air pads.  Therefore,
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where 
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Solving for  Fx, 
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To allow for the situation where the X-bracket has a Y displacement while moving in Z during the breakdown scenario, an additional force, Fy in the Y-direction must be considered due to the friction between the steel roller and the rail.
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The resulting loads for extended barrel are shown in Table 1 ( using the following parameters.  


m = 1,000 metric tons


b2 = 1161.4mm


b1 = 1161.6mm


c = 3000mm


d = 3365mm


theta = .012rad.


μA = .01


μG = .04


μ steel = 0.2

The barrel detector is only moved into place during installation and never again after that.  If a cylinder was to fail during installation, it could be repaired.  Therefore, the breakdown scenario is not considered for the barrel.
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Figure 6 Force diagram for determining Side forces under normal operating conditions.

2.2 NOMINAL / INSTALLATION LOADS

While the design loads are for the exceptional cases of the breakdown scenario described above, the nominal loads during normal operation are much lower.  Assuming both traction cylinders are operating, it is possible that one cylinder might get ahead of the other and the detector would be rotated to the point where the guide rollers would restrain movement.

Figure 6 shows a layout of the forces acting on the detector with two traction cylinders operating but with cylinder P1 exerting a higher force than that of P2.  Since the loads are relatively low here, the friction from the side guides is minimal and not included in this calculation.  Summing the forces,
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From this, we find the force on the X-guides to be, 
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where ΔP = P1 - P2.

For the extended barrel, a=6000mm and  b= 2323mm.  During normal operation, we would like to keep the Hertz contact pressure below 400MPa to be in a conservative range that does not damage the rails.  This value of Hertz pressure corresponds to a force F= 3 tons.  Using this value for F, we conclude that  ΔP should be below 2.3 tons which is a reasonable requirement. 

For the barrel, b=5265mm so the allowable ΔP for the barrel traction cylinders based on the same Hertz pressure limit is 5.2 tons. 
3. X-bracket envelope

[image: image18.wmf]
FIGURE 7 View inside the detector with X-bracket in place.

Figure 7 shows the X-guide bracket in place in the detector.  It is shown in the nominal position with a 20mm shim in place.  As the detector Y position needs to be modified, the shim size can be varied between 0-40mm.  During this variance, the X- bracket itself does not move relative to the surrounding components.  Figures 8 and 9 show the location in Z of the bracket for the Barrel and EB.  

[image: image19.wmf]
Figure 8 X-guide bracket locations for the extended barrel.

[image: image20.wmf]
Figure 9 X-guide locations for the Barrel Detector

The current design has been made with the extreme Y dimensions considered.  The detector can lower 11 mm before the roller leaves the bottom of the rail. Adjustment larger than that must be made by removing the bracket and machining material from the surface where the bracket is bolted to the beam.
4.  Analysis

Initially hand calculations were performed to evaluate the feasibility of the design.  Next, a 2D finite element model of the bracket was created.  This model use thick shell elements with a thickness of 160mm and modeling the contact surfaces with gap elements and the bolts as truss elements.  A second 2D model was then created using the method of modeling the bolts and gaps but using shell elements with a thickness of 1mm and scaling the forces and bolt areas appropriately.  The seismic loads and breakdown loads are the same magnitude in the X-direction.  The breakdown case has additional X- and Z- loads though these do not contribute largely to the maximum stress and deflections.  It was found for both cases that the stresses, deflections, and bolt forces were all within acceptable limits as described in the sections below.  
Next a full 3-dimensional model was created.  This model used 8 node solid elements and gap elements to model the contact surfaces between the saddle support beam and the X-bracket.  This model is shown in Figure 10.  The loads for the extended barrel are used for each load case since they are the larger in each case.
[image: image21.png]



Figure 10
FE model with applied forces and constraints.

4.1 Stresses

According to Eurocode the seismic loading condition (load case 2) is an exceptional case and therefore a safety factor of 1.0 is applied to the loads.  However, the breakdown scenario (load case 3) is a moving load which has a safety factor of 1.5 applied to all of the loads.  Therefore, the forces applied to the X-bracket for the purpose of stress analysis are nearly identical in the seismic and breakdown load cases (load cases 2 and 3).  The maximum stresses are similar in both of these load cases.  The von Mises stresses are shown in Figures 11 and 12 below for load case 2 (seismic) and Figures 13 and 14 for load case 3 (breakdown scenario).
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Figure 11

Von Mises Stresses in Load Case 2 (EB/Seismic) Bottom View
(Maximum stresses are dark red and approach 300MPa)
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Figure 12
Von Mises Stresses in Load Case 2 (EB/Seismic) Top View
(Maximum stresses are dark red and approach 300MPa)

[image: image24.png]Lin STRESS Lc=1

Von Hisas

| 167

156,

112,

500.0000
I[zn.

225

s000

o000

s000

o000

s000

75.00000

57.50000

0.000000




Figure 13
Von Mises Stresses in Load Case 3 (EB/breakdown scenario) Bottom View
(Maximum stresses are dark red and approach 300MPa)
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Figure 14
Von Mises Stresses in Load Case 3 (EB/breakdown scenario) Top View
(Maximum stresses are dark red and approach 300MPa)

It can be seen that there are three small areas of stress concentrations which exceed the 240MPa yield stress of the material in both load cases.  The first area of stress concentration occurs around the bolt holes underneath the area of the bolt head.  This area is very small and local yielding is acceptable.  In addition, the force from the bolt will be distributed over a larger area which would reduce this stress concentration, in the model only the nodes around the hole are restrained.  The second area of stress concentration can be seen in Figure 11 and occurs along the bottom of the bracket due to the bending of the bracket.  Once again, the depth of the area of high stress is very small and local yielding in the event of an unusual seismic event is acceptable.  Finally, a larger area of stress concentration occurs on the plates holding the rollers.  This is due to the bending of this plate and additional gusseting will be added to reduce/eliminate these areas of high stress.  

The stresses are significantly smaller in the normal running case (load case #1).  Even in the situation in which the two rollers on a bracket were not aligned properly with the rail and only one roller carried the entire load the stresses are extremely low as shown in Figure 15 where the maximum stress is only 39MPa.
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Figure 15
Von Mises Stress in Load Case 1 (EB) with only one roller being loaded

(Maximum Stress equal to 39MPa)

4.2 Deflections

The deflections of the X-bracket can be seen in Figure 16.  The deflections in the X direction are shown and are 1.6mm at the center of the roller.  The deflections in the Y direction are significantly smaller and are shown in Figure 17.
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Figure 16
X Direction Deflections (mm) in Load Case 2 (Seismic)
(Maximum deflections are dark blue and approach 1.8mm at the tip of the roller)
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Figure 17
Y (Vertical) Direction Deflections (mm) in Load Case 2 (Seismic)
(Maximum deflections are dark red and approach .73mm)

The deflections in the nominal load case (load case 1) were also examined.  The deflections were much lower, less than .1mm in the X direction.  If only one roller carried the entire load in load case 1 due to misalignment the deflections in X are less than .2mm as shown in Figure 18
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Figure 18
X Direction Deflections in Load Case 1 with only one roller carrying the load

(Max. Deflection in Blue and approaches .2mm)

4.3 Analysis of bolts

The forces acting on the bolts are shown in the table below.  Each of these forces was increased by a factor of 1.25 as required by Eurocode and the stresses listed were then calculated.  Bolt #1 is at the back of the bracket and is the farthest in X from the rollers.  Bolt #2 is at the front of the bracket and is the bolt closest to the rollers.  Because of symmetry the two bolts at the front and the two at the back are equal.  A M30 grade 8.8 bolt will be used for these connections which has a normal yield stress of 720 MPa and a shear yield stress of 415MPa.  The shear yield stress in the bracket material is 138MPa.  An examination of the table shows that all of the stresses are within acceptable limits.  
Table 2
Bolt Stresses

	
	Bolt Force (N)
	Normal Stress in Bolt (MPa)
	Shear Stress in Bolt Thread (MPa)
	Shear Stress in Internal Thread (MPa)
	Stress Under Bolt Head (MPa)

	
	Bolt 1
	Bolt 2
	Bolt 1
	Bolt 2
	Bolt 1
	Bolt 2
	Bolt 1
	Bolt 2
	Bolt 1
	Bolt 2

	Load Case 1
	12,846
	11,650
	24
	22
	5
	4
	5
	5
	17
	15

	Load Case 2
	193,470
	176,956
	366
	335
	70
	64
	75
	69
	253
	231

	Load Case 3
	345,443
	268,230
	654
	508
	125
	97
	135
	105
	452
	351


5. Analysis of Contact Stresses
Due to the potentially large forces that the rollers will see, it is important to examine the contact stresses of the roller acting on the cylinder.  The classical Hertz contact stress formulas for a cylinder (of finite length) acting a flat plate 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. 
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where, P is the load per roller, r1 is the roller radius, r2 = ∞, L is the roller width, and
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νi,Ei are Poisson's ratio and Young's modulus for the roller and plate respectively.  Table 3 shows the values of p0 using the dimension for a commercially available guide roller and is based on the max. design load in X as determined in table 1,  Fx*1.5= 48.3 metric tons.
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Table 3 Hertz contact pressure for two, 152mm diameter rollers (89mm length)
The Hertz pressure is based on elastic theory and is accurate to the elastic limit.  However, after exceeding the elastic limit, the high stress area below the surface undergoes plastic flow and the stresses are relieved in that area.  The Hertz pressure is generally used as a guide to indicate loading severity or wear rates.  As stress is increased above yield, over repeated cycles, strain hardening occurs to a limiting value of stress termed the shakedown limit.  Below this shakedown limit, the material at the surface is still elastic and no permanent deformation at the rail is expected.  This limit is approximately 500MPa for 304L stainless steel.  

In table 3, we see that the calculated maximum Hertz pressure is 1127MPa, more than double the shakedown limit.  There is not exact guidance on the proper design value of the Hertz pressure that is acceptable.  This value is determined for specific applications through experiment and experience.  Most research in this area is concerned with bearings or rollers that will travel millions of cycles over the rail.  In the case of the X-guide, traveling along the rails under these high contact stresses may only occur once if ever as it is only in the breakdown scenario.  To determine the impact of these stresses, a simple test was set-up to determine any effect due to static loads producing the maximum Hertz pressures we might expect.  

It also well documented that the rolling friction for a roller can be expected to be very low (coefficient < 0.005) while below the shakedown limit but can dramatically increase with stresses above the shakedown limit.  This is due to the non recoverable work that goes into the plastic deformation.  

5.1 Test of Roller Friction and Contact Stress
Figure 19 shows a test apparatus that was used to determine the effect of various loads upon the stainless steel rail.  This test was preliminary to understand if meaningful results could be determined and to also understand if a major problem exists.  The steel plates used were stainless steel but it was not determined which alloy they were and it is likely they were not 304LN.  The test was preformed initially with rough machined surface and no meaningful data resulted.  The plates were then ground so that surface effects would not play a part.  The goals of the test were to determine what values of Hertz pressure resulted in permanent strain of the rolling surface and also what rolling resistance resulted.  Note that each roller experiences a normal force N, equal to P/2 at each contact point to the plate. [image: image33.wmf]
Figure 19 Test set-up for measuring rolling friction
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Table 4 Measured Friction Force

Table 4 lists the data from the test.  The load was taken as the minimum force required to impart motion to the middle plate.  Measuring the friction under low loads was difficult and these numbers are representative but not accurate.  These are consistent with roller bearing industry values of 0.001 - 0.002 when in the elastic range.  

The rolling resistance (or rolling friction) is caused by energy lost in deforming the plate.  In moving the middle plate, the roller (assuming no slipping occurs) acts on both plates it is in contact with.  It can be shown that the force f shown in figure 6 and table 4 is equal to 4 times the friction contribution of one roller.  Therefore, the respective friction coefficients are calculated as 1/4 the force f divided by the normal force (or pressure for µ2.)   

A barely perceptible surface mark was seen on the plates beginning at the 508MPa lad.  At 794 MPa a mark was slight more visible but still difficult to see. In the loading of 1018 MPa, the mark was clearly evident by eye but physically was not detectable.  Rolling a roller over the mark gave no indication that any sizeable depression existed.

Based on these tests and reference to research articles and industry standard practices indicate that loading to 1000 MPa is not unreasonable.  While the test was not as controlled would be desired and repeatability has not been verified, the measurements are consistent with what would be expected from published research.  
6. Clearance between the rollers and rails.

The clearance between the rollers and rails will equal the desired positional tolerance of .5mm when the detectors are in the final position.  However, during installation there will be a larger clearance between the rollers and rail in order to prevent incidental contact which would cause a twisting of the detectors and an increase in the traction force.  Nominally, it is expected that up until a short distance before the final position of the detector that the X direction movement of the detector will be controlled by the traction cylinders.  By controlling the extension/contraction of the traction cylinders it will be possible to control the twist of the detector about the Y axis.  The purpose of the X-bracket during the movement of the detector is only as a fail safe to prevent excessive movement in X which would damage the beam pipe.  
The X-direction tolerance of the VA beam pipe section has been previously defined [ATC-T-ER-0002] as +/-12mm.  The VA section of the beam pipe is 5050mm long.  Therefore X movement of the extremes of the beam pipe are magnified by rotation of the EB detector about the Y-axis.  This is further amplified in the short opening scenario where the EB moves in Z, 3230 mm making the length of the extending beam pipe in front of the detector a maximum.

In order to design the clearance between the rails and the rollers it is necessary to first determine the maximum allowable motion of the rollers which is possible without exceeding the tolerance on the beam pipe motion.  The beam pipe has a range of motion of +/- 12mm. Figure 20 shows the relationship between the maximum deflection at the beam pipe bellows and the maximum allowable clearance between the rollers and rail and is calculated to be 3.6mm.  


a = tan-1 (12mm/3872mm) = .178 degrees


X2 = 3561.3 * [ cos(19.114) - cos(19.114 - a) ] = 3.6mm
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Figure 20
Relationship between the X-bracket displacement and the Bellows displacement during short opening.  Detector retracted 3230mm in Z.
The clearance of 3.6mm between the rollers and rail must account for the straightness and positional tolerance of the rails, the deflection of the X-bracket, and the desired nominal clearance between the rail and roller.  The 3.6mm maximum X movement of the rollers will be broken down into a 1.0mm straightness/positional tolerance on the rail and a 1.6mm gap allocated for the maximum calculated deflection of the X-bracket and a 1.0mm running clearance during movement if the rail is at its nominal position.  If the rail is at its -1.0mm position then there is a nominal 2.0mm clearance between the roller and rail.  If the rail is at its +1.0mm position then there is no clearance between the roller and rail.  See Figure 21 below.  
[image: image36.png]



Figure 21
Relationship between Roller Clearance and the Rail

It should be noted that the straightness/positional tolerance of the rails is actually +/- 1.0mm per rail.  It should be possible to locate the rail segments to within a 2.0mm envelope.  It is felt that the clearances between the rails and rollers and the rail alignment tolerances that have been specified are the minimum that are needed in order to make this design work.  
7. Final Positioning and Alignment
At the final Z position there will be a series of shims which will locate the detectors.  The shims will have a nominal thickness of 3.6mm.  In the event that the detector needs to be positioned in X a distance that is greater than 3.6mm then the location of the X-bracket on the saddle support beam will have to be adjusted.  It is assumed that the beam pipe is not in place during the initial alignment in X.  Shims can be added or subtracted at the boss which transfers the X direction force between the X-bracket and the saddle support beam.  Shims would be temporarily added to this location which creates a large gap between the rail and rollers which is equal to the amount that the detectors need to be moved in X.  Temporary shims would be placed on the rails which would be used to move the detector in X.  Once the detectors are located in X the shims would be replaced with the design shims of 3.6mm thickness and the X-brackets adjusted to provide the design clearance between the rail and rollers.  
The shim placement is driven by the location of the X-guide brackets.  The shims need to have a lead angle in them to accommodate the roller sliding over them with minimal impact.  As the shims see large forces relative to their thickness, they need to be mounted in a recess on the rails to take the shear load as shown in figure 16.  The lead in angle will take place over a distance of 100 mm as shown in Figure 23.  If a=3mm, this makes an angle of 1.72º.  

[image: image37.wmf]
Figure 22 Location of shim recesses on rails.  Detail A shown in Figure 12B.

[image: image38.wmf]
Figure 23 Detail of shim recess. Detail A of Figure 13.

8. Conclusions
The design of the X-bracket has accomplished all of the design goals required by CERN.  A scheme for aligning the detectors has been described which place restrictions on the rail alignment tolerance.  

· The brackets for the EB and the Barrel have the same design.  
· The stresses are within acceptable limits while the deflections are larger than anticipated, however, as has been shown they can be accommodated in the design.  The maximum X direction deflection is 1.6mm.  

· The running clearance between the roller and rail is 1.0mm when the rail is at its nominal position and 0.0mm if the rail is at its plus tolerance.  

· The beam pipe tolerance of +/-12mm results in a maximum X direction movement at the rollers of +/-3.6mm.  The 3.6mm is broken down into 1.6mm for the X-bracket deflection,  1.0mm for nominal clearance between the rail and the roller, and 1.0mm negative tolerance on the rail location.  

· The rails will have to be aligned to within +/-1mm in order to achieve the beam pipe deflection tolerance of +/-12mm.  If it is not possible to achieve this level of straightness/position on the rails then this method of aligning the detector will not be feasible.  
· It is felt that the clearances between the rails and rollers and the rail alignment tolerances that have been specified are the minimum that are needed in order to make this design work.  

· Under normal operation, the traction cylinders will need to be controlled so that the force mismatch between the two cylinders is less than 2.3 tons for the extended barrel.  This is to prevent damage to the rails in normal operation.  For the barrel, this value is 5.2 tons. 
· In the exceptional cases of the breakdown or seismic loading, some local plastic deformation of the bracket and rail will occur.

APPENDIX A
Values used for load calculations
[image: image39.wmf]Extended barrel

Barrel

Input values

m

1000

1600

metric tons

mass of EB

b2

1161.4

2632.5

mm

values used

b1

1161.6

2632.5

mm

in figure 5

c

3000

3000

mm

for the extended

d

3365

3365

mm

barrel

theta

0.01236

0.01236

rad

rail inclination

m

A

0.01

0.01

airpad friction coefficient

m

G

0.04

0.04

guide roller friction coefficient

m

Steel

0.2

0.2

coefficient of friction for steel on steel

Calculated forces for Breakdown Scenario

P

24.9

n/a

metric tons

Single cylinder force during breakdown

Fx

32.2

n/a

metric tons

Fy

6.4

n/a

metric tons

Fz

1.3

n/a

metric tons

Designed loads adjusted according to Eurocode for moving loads (x1.5 factor) 

Fx*1.5

48.3

n/a

metric tons

Fy*1.5

9.7

n/a

metric tons

Fz*1.5

1.9

n/a

metric tons

Siesmic Loads

Seismic accel.

0.9375

0.9375

m/s^2

Siesmic load thru C.G. (Fs)

96

153

metric tons

Siesmic load per bracket

48

38

metric tons


Appendix B

[image: image40.wmf]
Locations in Z of beam pipe ends, bellows location , and detector in run and short opening scenarios.
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