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1. Introduction

An analysis of the assembly of the EB has been conducted which predicted the deformation of the EB and forces on the support saddle at various stages in the assembly process.  These calculations can be found in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.  The purpose of this paper is to outline the method for comparing the results of the FEA calculations with the actual deflections and forces that occur during the pre-assembly of the EB.  The following load cases were part of the FEA calculations and these stages in the assembly process will be compared.

EB1 - 63 modules with cryostat load

EB2 - 63 modules without cryostat load

EB3 - 48 modules with cryostat load

EB4 - 48 modules without cryostat load

EB5 - 32 modules with cryostat load

EB6 - 32 modules without cryostat load

EB7 - 24 modules with cryostat load

EB8 - 24 modules without cryostat load

EB9 - 14 modules with saddles

EB10 - 14 modules with saddles and support cradle

EB11 - 14 modules without saddles but with support cradle only.  

The purpose of this paper is to describe a set of procedures that should be followed in order to insure that the EB is being assembled in the expected manner and that the forces and deflections are what have been predicted by the FEA calculations.  All of the data that is to be collected, as described below, has to be evaluated together as a system before any judgment can be made about how well the EB assembly is matching the predictions by the FEA.  

2. Assembly Stages

There are three distinct stages in the assembly process.  Different measurements and methods of validation will occur during each stage.  The first stage is when the cradle is in place and the first 14 modules are placed on it.  During this first stage the cradle will determine the location and orientation of the modules.  Each module should be in its theoretical location in a perfectly, non-deformed, EB.  The pins in the cross bars will be match drilled during this stage.  The pins are only installed in the modules that are part of this stage.  


In the second stage of the assembly process the saddles will be inserted into position, attached to the key cross bar, and modules 15 to 24 will be installed.  These are all of the modules that are supported directly on the saddle.  The cradle will remain in place throughout this stage and will only be removed when the 24th module is put into place and a cross bar between the back cryostat supports is added.  After the cradle is removed and the cross bar is in place the cryostat load will be applied.  


The third stage of the assembly process will be the installation of the remaining modules.  

3. Validation of Stage 1

During Stage 1 the modules will be supports on the assembly cradle.  The location of the modules will be adjusted so that all of the modules will be located in their nominal position.  The survey crew will be used to make measurements to insure that the modules are in their nominal position.  This will be done by measuring the location of the survey points on each module as specified in drawing ATALTF_0001.  The only validation measurements that can be taken during this stage are measurements of the loads being applied to the hydraulic cylinders on the support cradle which carry the load of the modules.  The table below lists the loads for when there are 14 modules supported by only the cradle.  

Load Case 11 - 14 modules in place supported only on the cradle

	Radial Forces on Cradle (N)

	
	Support Location

	Module
	Front
	Back

	1
	47,460
	65,030

	2
	47,260
	64,460

	3
	48,150
	66,310

	4
	57,670
	79,150

	5
	97,970
	124,970

	6
	0
	0

	7
	0
	0

	8
	0
	0

	9
	0
	0

	10
	98,120
	125,270

	11
	57,610
	79,360

	12
	48,070
	66,990

	13
	47,620
	66,600

	14
	48,070
	65,000


4. Validation of Stage 2

In Stage 2 the saddles are moved into position and attached to the key link plate.  Modules are then added to the saddles until module 24 is in place.  At that point the cradle is removed.  There are two FEA models that can be used to validate the assembly process and analysis.  The first is when there are 14 modules in place and the key link plate is first attached to the saddle.  Measurements can be made of the radial force on the hydraulic jacks on the cradle which support each module and on the dimensional location of the saddle.  The location of the modules will be measured at the survey points specified in drawings ATALTF_0001 and compared to the FEA and the table below lists the forces on the hydraulic jacks

Load Case 10 - 14 modules in place supported by the cradle and the saddles at the key

	Radial Forces on Cradle (N)

	
	Support Location

	Module
	Front
	Back

	1
	47,800
	63,630

	2
	47,550
	63,680

	3
	48,480
	65,600

	4
	58,190
	77,800

	5
	98,870
	121,690

	6
	0
	0

	7
	0
	0

	8
	0
	0

	9
	0
	0

	10
	99,180
	121,250

	11
	58,240
	77,570

	12
	48,470
	65,520

	13
	47,790
	63,950

	14
	47,640
	63,450


Measurements should also be made at this point on the saddle.  ANL saddle inspection drawing #AT790-10 shows the saddle in their nominal position.  Measurements should be made of each of the dimensions shown on this drawing to insure that the saddles are in the proper position.  

A second FEA model which can be compared with the assembly in Stage 2 is the model of 24 modules in place when the support cradle is removed, Load Case 8 before the cryostat load has been applied, and Load Case 7 after the cryostat load has been applied.  There are four basic measurements that can be taken: 

· The deflections of every module and the cryostat supports can be compared to the FEA model.  The deflections of the modules will be done at the survey points specified in drawings ATALTF_0001 using the survey crew.

· The deflections of the saddle can be compared to the FEA model using measurements by the survey crew at the survey points specified in drawings AT790-10.  

· The load on the cross bar between the back cryostat supports can be measured.  

· The loads on the swivel bolts can be measured and compared to the FEA model.  These forces can be measured by monitoring the torque on the bolts.  

All of these deflections and loads are listed in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.  

The removal of the cradle will be a crucial time during the assembly.  The cradle should be lowered in order to completely remove contact between it and the EB modules.  It is important that the pressure on the hydraulic cylinders is simply not removed because contact would still remain between the cradle and the modules at the 6 o’clock position.  
5. Validation of Stage 3

During Stage 3 of the module construction all of the remaining modules will be installed.  

There are three sets of FEA models which apply to this stage:

· Load Case 5 has 32 modules in place with the cryostat; Load Case 6 has 32 modules in place without the cryostat.

· Load Case 3 has 48 modules in place with the cryostat; Load Case 4 has 48 modules in place without the cryostat.

· Load Case 1 has 63 modules in place with the cryostat; Load Case 2 has 63 modules in place without the cryostat.

At each stage in the assembly process when there are 32, 48, and 63 modules assembled the following measurements can be made to relate the FEA to the assembly:

· The deflections of every module and the cryostat supports can be compared to the FEA model.  This can be done using the survey crew by measuring the survey points as shown in ATALTF_0001.

· The deflections of the saddle can be compared to the FEA model using measurements by the survey crew at the survey points specified in drawings AT790-10.  

· The loads on the swivel bolts can be measured and compared to the FEA model.  These forces can be measured by monitoring the torque on the bolts. 

All of these deflections and loads are listed in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.  

6. Measurement Methods

ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly” lists the deflections of the modules, saddles, and cryostat supports points in addition to the forces on the saddle swivel bolts and key.  This document, therefore, is the basis for monitoring the performance of the EB assembly.  At each stage of the assembly process above several measurements of force and deflections are required.  All deflections will be measured relative to a global coordinate system.  Each of these will be measured as described below.

Module Deflections: In each stage of the assembly process the module deflections will be measured after every module is added.  The deflections will be measured at the survey points on the module that are specified in drawing # ATALTF_0001.  As each module is added a text file will be generated of module position which will list the location of each survey point.  The numbering scheme of the survey points described in ATALTF_0001 will be used to identify each survey point.  These survey points will then be compared to the module deflections which are listed in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.

Forces on the Cradle: There is a hydraulic jack supporting each of the modules on the cradle.  A precision pressure gage will be placed at each of these cylinders to measure the pressure on it which will be converted to the force on the cylinder.  These forces will be then compared to the forces listed in the tables above.

Saddle Deflections: The saddle deflections will be measured at the survey points on the saddle as shown in drawing # AT790-10.  These saddle deflections will be provided in a text file to be compared to the saddle deflections that are listed in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.  

Forces on Swivel Bolts: It will not be possible to use strain gages to measure the forces on the swivel bolts because there is no free length of the bolt.  Therefore, measuring the torque on each bolt can monitor the swivel bolt forces.  The torque that is measured can be converted to the force on the bolt by the following equation:
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T = torque in in-lbs
F = force on swivel bolt in lbs.

μ= coefficient of friction = .2

r = pitch radius = .455”

p = thread lead = .125”

T = .112F in-lbs

Or

T = .0126F N-m

A series of tests were performed in which a swivel bolt was placed in a press and a force was applied to it and the torque measured with a torque wrench.  The theoretical relationship described above closely matched the measured torques as can be seen in the Figure below for tests conducted with dry threads.  
The values of the force on the swivel bolts will be compared to those listed in ANL technical report #ANL-HEP-TR-02-058 “Analysis of EB Support Saddles and Forces Between Modules During Assembly”.

7. Additional Verification Measurements

In addition to the measurements described above several other measurements will be made.  First, a string encoder will be placed between the support beams of the saddles in order to monitor the relative distance between them.  The relative movement in the X direction between the saddle support beams is listed below for each load case.  
Relative X movement Between Saddle Support Beams (mm)

	Load Case
	Front
	Back

	EB1
	.5
	1.1

	EB2
	.03
	.08

	EB3
	.5
	1.0

	EB4
	-.07
	-.04

	EB5
	.7
	1.5

	EB6
	.05
	.06

	EB7
	.2
	1.3

	EB8
	.12
	.14


Also, pressure sensitive paper will be placed between the inner and outer bearing surfaces in the modules which will be dis-assembled.  These will be inspected afterwards in order to verify the loads between modules.  
Finally, dial indicators will be placed in several positions as a quick check that will be made daily of the deflection of modules and the saddles.  A dial indicator will be placed at the front and back of the EB at the 6 o’clock position in order to monitor the deflection of the bottom modules.  Dial indicators will also be placed along the edge of the saddle support beam in order to measure its deflection and relative rotation.  

8. Saddle Reaction Forces

There are 4 hydraulic jacks that are located under the saddles.  The loads on these jacks are listed in the table below for each of the load cases examined.  The loads on the left and right saddles are symmetric so only the forces from the front to the back are shown.

	Load Case
	Front
(N)
	Back
(N)

	EB1
	2.2e6
	2.2e6

	EB2
	1.6e6
	1.4e6

	EB3
	1.8e6
	1.9e6

	EB4
	1.3e6
	1.1e6

	EB5
	1.4e6
	1.5e6

	EB6
	8.6e5
	7.2e6

	EB7
	1.3e7
	1.2e7

	EB8
	6.5e5
	5.5e5


9. Conclusion

For each stage of the production process a list of measurements has been described which can be used to compare the results of the FEA model to the assembly.  The measurements mainly consist of deflection measurements that are made by the survey crew using survey points on the modules and saddles.  The measurements by the survey crew would be compared to the nominal measurements in order to determine the deflections at each point.  These deflections would then be compared to the FEA results.  In addition, the force on the hydraulic cylinders on the support cradle will be measured and compared to the FEA by monitoring the pressure and the swivel bolt forces will be measured by monitoring the torque on the bolt.
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