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1. Introduction

The Totally Active Scintillator Design (TASD) relies on the use of PVC extrusions as the main structural support.  This presents a problem because PVC extrusions are typically not used as structural members and there are no commonly used design references or design specifications that can be used as a guide when designing the TASD structure.  As a result it is necessary to perform an R&D program on the PVC, the extrusion structures, and the method of bonding the extrusions together in order to have a thorough understanding of their properties to form the basis for designing the structure.  The purpose of such an R&D program is threefold:

· To test PVC extrusions in order to compare their actual performance to the performance predicted by FEA analysis.  This will give insight and confidence in the ability of FEA to model the behavior of the TASD structure.

· To investigate the properties of PVC and the effect of titanium dioxide on the strength and creep properties of the material.

· To investigate methods for bonding PVC.  There are two critical bonding applications.  The first is the method of bonding the bottom seal and the fiber manifold to the extrusion.  The second is the method for bonding extrusions together to form the TASD structure.

Once the basic structure of the TASD design is understood there are several important next steps that must occur.  First, a complete failure analysis of the structure needs to be conducted so that every possible mode of structural failure or instability has been addressed.  Second, the design of the bookends and a determination of how many are required need to be addressed.  Finally, the assembly methods for the structure need to be examined.  
This paper describes a R&D plan to address all of the mechanical engineering issues associated with the TASD design.  It is divided into the following sections

2.0  Physical Testing of Extrusions for FEA comparison
3.0  PVC properties

4.0  Epoxy Properties

5.0  “Half Scale” 4 Plane Prototype

6.0  Design and Analysis of TASD Structure and Extrusions - Future Work
2. Physical Testing of Extrusions for FEA Comparisons
FEA modeling has been used to gain an understanding of how PVC extrusions will perform in the TASD structure.  Further FEA modeling will be done to understand the performance of the assembled TASD structure.  This modeling will be used to gain insight into the basic geometry of the extrusions that is needed to minimize deflections and stresses.  The thin members, high stresses, stress concentrations, and the use of plastic make modeling the TASD structure challenging for FEA.  As a result it is important to be able to correlate the actual performance of PVC extrusions to the performance predicted by the FEA modeling.  The FEA modeling to date has focused on the geometry of the TASD extrusions.  Therefore, it is impossible to perform any physical testing to confirm the results of the FEA results.

At this time the only extrusions that are available for this comparison are commercial panels fabricated by ExtruTech in Manitowoc, WI.  These panels consist of 34 cells that are 1” x 1 5/8” with 1/16” thick (side wall) and 1/32” (rib).  These panels have 8% titanium dioxide by weight.  The vendor believes that for this type of extrusion this is the optimum percentage for the extrusion process.  Several 8ft long panels have are being used at ANL for physical testing and there are currently 27ft and 15ft long panels which will be used to construct a 4 plane prototype that is 27ft x 15 ft.  Physical tests will be performed using these panels and compared to FEA models in order to evaluate the accuracy of these models.  These panels can be seen in Figure 1 below.
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Figure 1

Commercial Extrusions

The purpose of the testing of the commercial extrusions is to examine the ability of FEA to model the performance of the PVC extrusions and to address some of the following the critical questions regarding the PVC extrusions.  
· First, will the bottom horizontal extrusion buckle when subjected to the load from the extrusions above?  
· Second, will the interior web of the extrusion buckle when subjected to the compressive load?  
· Third, can the extrusions withstand the pressure created in the vertical orientation?  FEA models have been created in order to examine each of these questions.  The following tests have been conducted to examine the accuracy of the FEA model with the actual extrusion performance.

2.1. Buckling of the Panel

If unrestrained laterally the horizontal extrusions will be subjected to a buckling load.  The maximum buckling load will be applied to the bottom extrusion which would have to support the entire weight of the modules above it which corresponds to a load of approximately 52.7 lbs/in. along the length of the extrusion.  In the extreme case in which the bottom extrusion would have to support the entire weight of the upper extrusions and would not have any lateral restraints a total load of 52.7 lbs/in. would have to be supported by the bottom extrusion.

Figure 2 below shows the test setup used to test the load at which a panel will buckle.  Ten panels were tested.  The test sample has a dimension 27” high by 24” long with 26 cells. The cell profile is 1” x 1 5/8” with 1/16” thick (side wall) and 1/32” (rib).  Every panel buckled at 208 lbs. This corresponds to a load of 8.66 lbs/in or 5,971 lbs over the length of a 17.5m long horizontal extrusion.  This indicates that a 17.5m long horizontal panel that is unrestrained on its sides could only support the weight of approximately 2 additional horizontal extrusions above it.  (~2,135lbs per 17.5m long extrusion filled with liquid)
Ang Lee at FNAL created a FEA model of these panels.  Three calculations were been done to compare with the experiment data. The first one was a 2-D buckling model by using a plane element. The second one was a 3-D model with a thin shell element. The third one was an analytic solution. The comparison is summarized in Table-1 below.

Table 1 Comparison Between the Test Data and Calculation Result
	
	Experimental Data
	FEA 2-D model
	FEA 3-D model
	Analytic Solution

	Collapsing Load (lb)
	208
	199
	193
	180

	Difference with test data (%)
	
	5%
	7%
	17%
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Figure 2 Test piece for a commercial PVC panel
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Figure 3 A 2-D finite element model with a plane element
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Figure 4 A 3-D FEA model with a thin shell element

2.2. Cell Buckling

Another failure mode is if a horizontal extrusion lost its liquid and the side walls had to support the entire load of the extrusions above it.  For the bottom extrusion in this extreme case the full size horizontal extrusion would be loaded with 36,293 lbs. or 52.6 lbs/in.  

Individual cells were also cut out of the commercial panels and compressed to failure.  Figure 5 shows the test specimen in the Tinius Olson tensile/compression machine and Figure 6 shows an example of a buckled cell.  A single 8” long cell was cut out of the commercial extrusion.  This test simulates the condition where the cells in the horizontal extrusions lost its liquid and the side walls had to support the entire load.  In the completed TASD structure the extrusion are restrained on the sides by adjacent extrusions, therefore if a single horizontal extrusion lost its liquid the side walls would have to support the entire load and would be subjected to buckling.  
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Figure 5

Test Setup for Buckling Test on Individual Cells

A total of 20 samples were tested with an average load to buckle of the side wall of 2122 lbs and a standard deviation of 583.6 lbs.  For the 8” long sample this corresponds to 265 lbs/in.  For the full size horizontal extrusion then the load capacity  of the extrusion would be 182,751 lbs.  For the bottom horizontal extrusion then this load is 5 times greater than the weight of all of the extrusions loaded above it.  Therefore, if the extrusions are restrained for lateral motion then the bottom horizontal extrusion can easily support the weight of extrusions above.                                         
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Figure 6
Buckled Side wall Sample

A second buckle test was performed in which identical samples were compressed but turned 90 degrees so that the web was under compression.  When under pressure the webs of the extrusions will be under tension, however, if a cell looses its liquid it would be subjected to compression from adjacent extrusions.  In this situation the extrusion webs would be subjected to compression.  Six samples were tested with an average load to buckle of 128.2 lbs and a standard deviation of 2.82 lbs.  The extrusions are significantly weaker in this orientation because of the thinner wall of the interior web.
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Figure 7
Buckled Specimen

The FEA model to compare to these buckle experiments have not been conducted yet.  
2.3. Pressure inside of Cell.

Several FEA models of PVC cells under pressure have been created.  These all show a dependence upon whether the side wall is constrained.  There are several loading scenarios that are a concern:

· Maximum allowable pressure in the vertical extrusions.

· How the weight of the upper horizontal extrusions is transferred to the bottom horizontal extrusion.  Is the weight transferred through the side wall or through some combination of the sidewall and by increasing pressure on the top cell?

· What is the effect of a rib failure from manufacturing?

· What is the effect if there is a leak on one cell within an extrusion looses liquid but the others don’t?

These questions will be addressed through the following tests.

First, in order to test the maximum pressure that an extrusion can withstand a commercial extrusion will have its ends seals, filled with water, and pressurized at ANL.  The sides of the extrusions will be restrained to mimic the FEA model and the maximum pressure before leaking will be measured.  In the vertical extrusions filled with 17.5m of liquid the bottom is subjected to 21 psi of pressure.  
Second, a half scale 4 plane prototype is being constructed at ANL and will be used to test the load transfer from the upper horizontal extrusions to the bottom horizontal extrusion.  It is planned to seal the ends of the extrusions and to fill them will liquid.  A pressure transducer will be placed inside the bottom cells to measure how the pressure increases due to the weight of the upper horizontal extrusions.  In addition, a similar test will be conducted using shortened lengths of the commercial extrusion.

Third, a commercial extrusion that is 4ft long will have a center rib cut out.  The ends will be sealed and it will be pressurized to failure in order to see the effect of internal rib failure.

Fourth, a commercial extrusion that is 4ft long will have its ends sealed.  However, it will be sealed in such a way that the 2 center cells are isolate from the others on the ends.  The end cells will then be filled with liquid and pressurized while the two center cells will not pressurized.  This will test the effect of a leak within a cell.  
2.4. Future Work
The following tasks need to be performed in the near future on the commercial extrusions:

· Complete the FEA modeling of the buckling of individual cells and compare them to the test results. 

· Perform additional pressure tests on commercial cell panels with the ends sealed and pressure applied.  

· Measure the increase in pressure in the 4 plane prototype.

· Perform pressure tests with ribs removed.

· Perform pressure tests with center cells under no pressure and without liquid.

3. PVC Mechanical Properties.

There are many commercial references that list the mechanical properties of PVC.  The first step is to gather as much data from industrial sources as possible and to summarize and compare it.  

However, it is likely that TASD will be using a mixture of PVC that is not commonly used in industry because of the higher level of titanium dioxide that is desired.  Therefore, it is prudent to carry out a systematic testing of PVC in order to understand how its properties vary with its composition.  It is difficult to perform a series of experiments with different levels of titanium dioxide because only commercial products are available that have prescribed levels of titanium dioxide.  The vendor that has supplied the commercial extrusions being used in tests at ANL has indicated a willingness to supply extruded sheets that have a range a TiO2 as well as other components if needed.  These samples will be used to do a systematic series of tests on the strength of the PVC and effect of TiO2 and other components on strength.  Also, FNAL is currently working with a vendor to produce 3 cell extrusions with 12.5% titanium dioxide.  If possible, this vendor should be asked to produce a series of extrusions that have a range of titanium dioxide from 8% to 15%.  In addition, if it is determined from the review of published data on PVC mechanical properties that there is another variable that plays a strong role in the strength of the extrusion then the vendor should also be asked to make various runs using different combinations of this additional variable.  Test samples can then be cut from the extrusions and standard tensile and creep tests can be performed in order to make a systematic comparison.  (See Nova note#49 by Hans Jostlein and Appendix 2)  Tensile and creep tests should be conducted on test specimens cut from the commercial extrusions in order to use these as inputs into the FEA modeling and as a first step in gaining and understanding of the strength of the PVC.
All testing should be done to standard testing methods such as the following ASTM standards:

D6436-02 Standard Guide for Reporting Properties for Plastics and Thermoplastic Elastomers

D6112-97 Standard Test Methods for Compressive and Flexural Creep and Creep-Rupture of Plastic Lumber and Shapes

D1784-03 Standard Specification for Rigid PVC Compounds

D882-02 Standard Test Method for Tensile Properties of Thin Plastic Sheeting

D695-02a Standard Test Method for Compressive Properties of Rigid Plastics

D638-03 Standard Test Method for Tensile Properties of Plastics

3.1. Future Work

The following tasks need to be completed in the near future:

· Perform a literature search and summarize the published data on PVC material properties and creep.  (see for example Engineering Properties of Thermoplastics Ed. By R.M. Ogorkiewicz, Wiley Press, 1970, creep graphs in Appendix 3)
· Obtain PVC sample material with different levels of TiO2
· Perform tensile tests

· Perform long term creep tests

· Define an acceptable working stress based on the tests described above.  This working stress will be used in all subsequent analysis of the extrusions and structure.

4. Epoxy Testing

There are two applications of epoxy in the TASD structure.  The first use of epoxy is to attach the end plug and manifold.  The second use is to bond adjacent planes of extrusions to each other.  The requirements for each of these applications are not the same and different epoxies could be used.
4.1. End-Plug and Manifold Epoxy

The requirements for the End-Plug and Manifold Epoxy are the following:

· Compatibility with scintillator

· Ease of Application

· A long cure time is acceptable

· Low cost

· Long pot life

UMN and ANL have investigated several epoxies already which include standard PVC cement, 3M 810 epoxy, and Araldite 2001.  PVC manufacturers have also recommended for testing ResinLab EP1056 LV.  In order to evaluate these epoxies standard shear and tensile test should be conducted according to the following ASTM standards:

D6465-99 Standard Guide for Selecting Aerospace and General Purpose Adhesives and Sealants

D4896-01 Standard Guide for Use of Adhesive Bonded Single Lap-Joint Specimen Test Results

D3164-03 Standard Test Method for Strength Properties of Adhesively Bonded Plastic Lap-Shear Sandwich Joints in Shear by Tension Loading

D3163-01 Standard Test Method of Determining Strength of Adhesively Bonded Rigid Plastic Lap-Shear Joints in Shear by Tension Loading

D1144-99 Standard Practice for Determining Strength Development of Adhesive Bonds

It is important to follow these standards in order to be able to compare the results with manufacturer’s data which has been developed using them.

Compatibility of the epoxy with the liquid scintillator is also very important.  UMN engineering students  (Nova note #46) have already done tests which have shown the PVC cement is compatible with liquid scintillator.  Further tests should be conducted using the same methodology as the UMN tests to confirm this.

4.1.1. Testing of Joints Using Extrusions

The design of the endplugs and comparisons between the performances of various epoxies can also be done using the commercial extrusions.  Prototypes of different bottom plug designs can be made and bonded into the commercial extrusion using different epoxies.  By pressurizing these test specimens it is possible to get a relative comparison between the performances of the epoxy as well as to gain insight into the design of the bottom plug.  
A simple test piece using a single cell is shown in Figure 8.  An eight inch long cell cut from a full extrusion has its ends plugged with a piece of PVC machined to fit tightly into the cell.  Several test specimens were made with the plug bonded in using different epoxies.  The cells were then pressurized until a leak occurred.  The results are summarized in the table below.
	
	# of Samples
	Failure Pressure (psi)
	Standard Dev.

	PVC Cement
	5
	44.0
	29.2

	3M 810
	5
	34.0
	4.1

	Araldite
	5
	12.0
	4.4

	EP1056-LV
	5
	10
	0

	EP1056-LC
	5
	13.0
	2.0
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Figure 8

Epoxy Test Sample

4.2. Extrusion Bonding

The TASD structure will be constructed by bonding together alternating layers of horizontal and vertical extrusions.  The requirements for the epoxy used for this bonding is the following:
· High strength 

· Short cure time

· Low VOC

· Long pot life

A calculation has been done to put a scale on the strength that is needed for this epoxy (see Appendix 1).  Assuming 100% coverage of the epoxy a tensile strength of 1.33 psi and a shear stress of 35 psi is required.  The coverage of the epoxy can be reduced considerable and still have the required strength of the epoxy within acceptable limits.  

UMN and ANL have investigated several epoxies already which include standard PVC cement, 3M 810 epoxy, and Araldite 2001.  PVC manufacturers have also recommended for testing ResinLab EP1056 LV.  In order to evaluate these epoxies standard shear and tensile test should be conducted according to the following ASTM standards:

D6465-99 Standard Guide for Selecting Aerospace and General Purpose Adhesives and Sealants

D4896-01 Standard Guide for Use of Adhesive Bonded Single Lap-Joint Specimen Test Results

D3164-03 Standard Test Method for Strength Properties of Adhesively Bonded Plastic Lap-Shear Sandwich Joints in Shear by Tension Loading

D3163-01 Standard Test Method of Determining Strength of Adhesively Bonded Rigid Plastic Lap-Shear Joints in Shear by Tension Loading

D1144-99 Standard Practice for Determining Strength Development of Adhesive Bonds

It is important to follow these standards in order to be able to compare the results with manufacturers data which has been developed using them.

Compatibility of the epoxy with the liquid scintillator is also very important.  UMN engineering students have already done tests which have shown the PVC cement is compatible with liquid scintillator.  Further tests should be conducted using the same methodology as the UMN tests to confirm this.

4.3. Future Work

The following tasks need to be completed in the near future:

· Based on tests at UMN and ANL 2-3 epoxies should be selected for future testing.

· Tests on mechanical strength should be conducted according to ASTM standards

· Tests on compatibility of epoxy with scintillator will be conducted.

· Tests on small samples of commercial extrusions will be done.

5. “Half Scale” 4 Plane Prototype
A cheap and easy way to answer many of the mechanical construction issues described above is to construct a large mechanical prototype using off-the-shelf commercial extrusions.  At 27ft the mechanical prototype will be almost half size of the proposed detector.  The prototype will contain 4 layers to verify predictions about the mechanical behavior of very long structures. The purposes of this prototype will be the following:

· Evaluate the flatness of large extrusions and how this affects the assembly.

· Evaluate the minimum amount of epoxy needed for structural strength and to eliminate bowing of the extrusion.

· Evaluate methods for assembling the detector.  The initial plan calls for assembling an entire “plane” of a horizontal and vertical layers of extrusions.

· The extrusions will be filled with water and pressurized to evaluate deflections of an assembled structure.

· A temperature differential will be applied by placing heaters at the top or bottom of the prototype to evaluate the effect of thermal expansions.

· An FEA model will be made of the structure and a combination of strain gages and dial indicators will be used to measure deflections and stresses.
· The extrusions will be filled in different sequences to evaluate how this affects the structure.  

The 4-layer PVC extrusion structure must be constrained to be vertical, flat and mechanically stable. This will be accomplished by attaching it to a 27ft high by 15ft wide vertical bookend structure. The bookend structure and method for lifting a plane of extrusions into place is shown in the figure below.
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6. Design and Analysis of TASD Structure and Extrusions

The information and knowledge gained from the tests above will be used as input into the design of the TASD structure and extrusions.  A series of analysis and physical testing needs to be done in order to develop the final design.

6.1. Extrusion Design

To date preliminary analysis has been conducted on the shape of the extrusions.  The acceptable level of stress in the extrusions will be determined through the physical testing described above.  Once this is determined the final geometry of the extrusion can be designed using FEA analysis.  This analysis would then be confirmed through physical testing after prototype extrusions have been fabricated.

The calculations using the information available to date are summarized below.

Analysis of Vertical  Cell

As an earlier study(1) indicated, the stress at the vertical cell is about 5,300 psi for 2 mm wall. Compared with a recent inquired material RPVC 7181 from Georgia Gulf, the safety factor against yield is SF=Sy/Smax=1.15.  The minimum SF is required to be 1.5, which is equivalent to use 2/3 of the yield stress as its allowable.

With an updated geometry, a 90-degree corner has been modified to a 3 mm chamfer or 1/8” radius fillet as shown in Figure 9.  The Ansys shows that the stress has been improved from 5,300 psi to 3,900 psi for both 3 mm chamfer design and  1/8” radius fillet designs as shown in Figure 9. The difference between the 3 mm chamfer and 1/8” radius is negligible.
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Figure 9 (a)The stress resultant for the vertical cell with 3 mm chamfer 
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Figure 9 (b)The stress resultant for the vertical cell with 1/8” radius fillet

Analysis of Horizontal Cell

Since the horizontal cell is loaded with both a hydrostatic load within its own module and the gravitation load from top modules as a compressive force, two calculations have been done. One is to check its stability against the lowest cell buckling, and second one is to calculate the working stress against the material yield.  The buckling calculation has been done with an assumption that the cell has 1.5 psi hydrostatic pressure around with a compressive force from top structure as a 22.3 lb/in, which is calculated as

 1000 kg/module * 14modules* 2.2/(689”*2 sides)=22.3 lbf/in

This is probably a worst scenario. The eigenvalue solution from ANSYS shows a safety factor of 3.3 against the buckling as shown in Figure 3. This approach servers as a quick assessment only as stated in reference 2.  As a further improvement, a non-linear large deflection analysis is carried out by increasing the load up to a point where the structure starts losing its load carrying capacity. The load verse displacement curve in Figure 4 reveals  that the cell is very stable up 57 lbf/in. Then, it starts to curve up to 68 lbf/in.  Any small load increased beyond that point would cause a very large or infinite displacement. If we used a 64 (lbf/in)  as an average value for Pcr,  SF will be 64/22.35=2.9. It is about 90% of  SF= 3.3, calculated by eigenvalue method. Therefore, we do have some confidence about its stability calculation.  A closed form solution(3) has also indicated the SF being more than 3 as shown in Appendix A. 

The stress calculation for the horizontal cell shows that the maximum stress is less 700 psi under the operating condition. 
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Figure 10 The buckling calculation based on eigenvalue approach
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Figure 11 The buckling study based on a non-linear analysis

6.2. TASD Structure

The performance of the assembled TASD structure will also have to be analyzed in detail.  Appendix 1 described a crude analysis of the forces on the epoxy between extrusions.  Additional work that has already been carried out is described below.
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The structure of the liquid scintillator is to have a horizontal plane and vertical plane alternated each other as shown in Figure 5. As a possibility, these two planes could be glued together.  it is very interested to know how much strength it will carry.  As an earlier study indicated, the maximum stress for the vertical cell is about 3,300 psi if it stays as a single plane. It is very close to its limit in terms of the safety factor. With a creep curve becomes available later, SF will be certainly brought down more or below to  

Figure 12 The proposed PVC structure (4)

1.5. Therefore, it may be desirable to look at so called “a combined strength” of the structure.  By assuming they are glued together without any slippage as shown in Figure 5. The initial calculation shows that the divider in horizontal cell will be buckled first before the sidewall. We’ve understood that mode is probably impossible due to the fact that the vertical cell divider is indeed in tension while the horizontal divider is in compression. Having one side is in tension while the other side is in compression; the buckling chance for the divider is none as long as the tension side stress does not exceed its yield. The calculation shows the maximum tensile stress for the vertical divider is about 800 psi, which is well below to its yield. As a result, a simplified calculation is done by eliminating the divider for both vertical and horizontal cell. The statement is made that what safety factor SF will be for the buckling and working stress for a 4 mm wall.  The Ansys calculation shows that the safety factor  SF is more than 20 against the buckling and SF=6 against the yield for its working stress as shown in Figure 7 through Figure 9. Two planes gluing together does offer : (a) to increase the buckling capability ( b)to reduce the working stress.

Figure 13 The Case for the gluing two planes (vertical and horizontal [image: image23.wmf] 
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Figure 14 The collapsing force Pcr  based on the non-linear Analysis for  a 4 mm sidewall

[image: image25.png]T
F-2235 Ibfin AN

(14 modules load) v 21 2004
17:00:01

srEpeL
SUB =1

oL

smr (awe)
DI =.010073

S =14.596 4 mm wall
anx -1467

H

»ras =21 psi (hydrostatic

presure at 17.5 m)

y/Smax=6100/1467

against yield Stress plot for 4 mm wall by
gluing 0/90 degree plane
together
=149 psi
(at1.25 m)
Las 10.161 18.632 337,581 582,751
5.826 14,497 14.996 660. 165 1467

numi_off axis,buckling, cell size 3.5 ou x 4.5 on




Figure 15  The working stress for the case of gluing 0/90 degree planes together

6.3. Future Analysis on TASD structure

After the tests and analysis described in sections 2.0 - 4.0 above have been concluded this knowledge gained will be used to inform final design and analysis of the structure.  Future analyses that will be conducted are the following:
· Perform all required FEA analysis to mimic the tests currently being conducted on the commercial extrusion.

· FEA modeling of the proposed TASD extrusion geometry that reflects past analysis as well as knowledge gained from PVC testing and physical testing of the commercial extrusions.

· FEA modeling of the 4 plane mechanical prototype being constructed at ANL.

· Detailed FEA analysis of TASD assembled structure.

· When prototype extrusions of the TASD extrusion geometry have been produced physical testing and FEA modeling of physical testing on cell samples similar to the tests conducted on the commercial extrusion.

7. Conclusion

This paper has outlined a test plan for the extrusions and epoxy that will be used in the TASD design.  This design will be using an epoxied/PVC extrusion structure with no other standard engineering materials being used for a support structure.  As a result, extensive testing is needed in order to evaluate the performance of the PVC extrusions, epoxy, and to confirm the method of analysis.   The following tasks will occur in the near future:
Commercial Extrusion Tests

· Complete the FEA modeling of the buckling of individual cells and compare them to the test results. 

· Perform additional pressure tests on commercial cell panels with the ends sealed and pressure applied.  

· Measure the increase in pressure in the 4 plane prototype.

· Perform pressure tests with ribs removed.

· Perform pressure tests with center cells under no pressure and without liquid.

PVC Testing

· Perform a literature search and summarize the published data on PVC material properties and creep.  (see for example Engineering Properties of Thermoplastics Ed. By R.M. Ogorkiewicz, Wiley Press, 1970, creep graphs in Appendix 3)

· Obtain PVC sample material with different levels of TiO2

· Perform tensile tests

· Perform long term creep tests

· Define an acceptable working stress based on the tests described above.  This working stress will be used in all subsequent analysis of the extrusions and structure.

Glue Testing

· Based on tests at UMN and ANL 2-3 epoxies should be selected for future testing.

· Tests on mechanical strength should be conducted according to ASTM standards

· Tests on compatibility of epoxy with scintillator will be conducted.

· Tests on small samples of commercial extrusions will be done.

“Half Scale” 4 plane Prototype

· Complete bookend and strongback for lifting planes

· Assemble planes

· Perform tests and compare results to calculations

· Evaluate method for extrusion handling and assembling

Extrusion/Structure Design and Analysis

· FEA modeling of the proposed TASD extrusion geometry that reflects past analysis as well as knowledge gained from PVC testing and physical testing of the commercial extrusions.

· Detailed FEA analysis of TASD assembled structure.

· When prototype extrusions of the TASD extrusion geometry have been produced physical testing and FEA modeling of physical testing on cell samples similar to the tests conducted on the commercial extrusion.

Appendix 1
Estimation of Glue Force Between Extruded Layers in TASD Design

July 15, 2004

Victor Guarino

Introduction

A rough estimate is needed of the forces acting between extrusions in the TASD so that the amount and strength of the require glue joint (and possibly welded joint) can be determined.  It is virtually impossible to calculate exactly what the glue forces will be because of uncertainties with the assembly, how well the extrusions will contact each other and transfer load, etc.  However, it is possible to do a series of calculations in order to bound the problem and find extremes in the forces on the epoxy.  In one extreme case all of the planes of extrusions are perfectly vertically.  In this case the loads on the epoxy are minimal because all of the weight is transferred directly into the floor support.  There are, however, several scenarios where the geometry is not ideal and results in additional loads on the epoxy.  This paper will address several of these scenarios.  The forces acting on one extrusion will be calculated.  

Forces Due to Detector “Lean”

During the construction of the detector the planes will not remain vertical but instead will be at some angle.  In a worst case situation the first plane against the strong back will be vertical but then every plane after that will begin to incline at some angle.  For example, if there is a 1mm difference between the top and bottom of the detector (17.5m) then after 400 layers there will be a 400mm difference between the top and bottom of the detector which is an angle of 1.309 degrees.  This skew of the detector results in increased loads on the epoxy.  A simplified estimate of these forces was made by doing a simple static analysis.

The figure below shows a single extrusion with the forces that are acting on it.  The extrusion is shown at an exaggerated angle.  On the side surfaces there is the shear force in the glue (S) and the normal force on the face of the extrusions (N).  The weight and shear reaction (R) at the bottom of the extrusion are also shown.  It is assumed that the angle is small so the vertical reaction at the bottom of the extrusion is equal to the weight.  There is also a shear force, R, shown at the bottom of the extrusion. The forces on each extrusion can be found by solving the system of linear equations that result from this simplified model.

[image: image7.png]



The forces were calculated for a extrusion that is 1283mm wide, 17500mm long (high) and 49mm thick.  This problem is linear with the width of the detector so the forces acting on a plate is simply the forces calculated here for one extrusion multiplied by the number of extrusions that make up a plane.  It was assumed that there were 400 layers which is approximately 20m and is probably the longest we would be able to go without a book-end.  The glue forces were calculated for systematic offsets between the top and bottom of an extrusion of .1mm, 1.0mm and 5mm.  The results for the normal and shear glue forces on each extrusion are shown in the graphs below.  (the extrusions are numbered so that #400 is against the bookend and #1 is unsupported and at the extreme angle.)  The weight of an extrusion is 968kg.
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The maximum normal force on the glue is at the book end and is nearly 20,000kg (20 tons) per extrusion.  However, distributed over the large area of the extrusion that result in a normal stress on the glue of only .01MPa which is insignificant.  The shear force is negligible (negative sign is just a result of the sign convention used).  This analysis shows that the extrusions will have to be secured to the strongback and not simply leaning against it.  

This rough calculation of the epoxy forces can provide some insight into the percent coverage that is needed with any epoxy.  

Offset between Horizontal Extrusions

A second scenario that can be calculated to bound the forces on the epoxy is for the horizontal extrusions.  In the unlikely scenario that the bottom horizontal extrusion is placed so that it does not make contact with the bottom support structure of the detector and has to support the entire weight of the extrusions above it.  If there are 12 extrusions per plane then the total shear force on this bottom extrusion is 11,616kg (11.6tons).  If this load is distributed evenly over the surface of the extrusion the shear stress will be 5.1kPa (~35psi) which is insignificant.  

Appendix 2
FNAL Creep Tests
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Appendix 3

PVC Mechanical Data

Engineering Properties of Thermoplastics Ed. By R.M. Ogorkiewicz, Wiley Press, 1970
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Figure 13.2. [sochronous stress vs strain curve: 20°C, 100 sec. Unplasticized PVC (‘Darvic’ | 10)
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		0		0		0		0		0		0

		0.0013888889		0.0013888889		0.0013888889		0.0013888889		0.0013888889		0.0013888889

		0.0027777778		0.0027777778		0.0027777778		0.0027777778		0.0027777778		0.0027777778

		0.0041666667		0.0041666667		0.0041666667		0.0041666667		0.0041666667		0.0041666667

		0.0347222222		0.0347222222		0.0347222222		0.0347222222		0.0347222222		0.0347222222

		0.1534722222		0.1534722222		0.1534722222		0.1534722222		0.1534722222		0.1534722222

		0.3159722222		0.3159722222		0.3159722222		0.3159722222		0.3159722222		0.3159722222

		1.14375		1.14375		1.14375		1.14375		1.14375		1.14375

		3.0777777778		3.0777777778		3.0777777778		3.0777777778		3.0777777778		3.0777777778

		3.0993055556		3.0993055556		3.0993055556		3.0993055556		3.0993055556		3.0993055556

		3.1006944444		3.1006944444		3.1006944444		3.1006944444		3.1006944444		3.1006944444

		3.1027777778		3.1027777778		3.1027777778		3.1027777778		3.1027777778		3.1027777778

		3.1159722222		3.1159722222		3.1159722222		3.1159722222		3.1159722222		3.1159722222

		4.2888888889		4.2888888889		4.2888888889		4.2888888889		4.2888888889		4.2888888889

		5.3888888889		5.3888888889		5.3888888889		5.3888888889		5.3888888889		5.3888888889

		6.2868055556		6.2868055556		6.2868055556		6.2868055556		6.2868055556		6.2868055556

		7.2597222222		7.2597222222		7.2597222222		7.2597222222		7.2597222222		7.2597222222

		8.2680555556		8.2680555556		8.2680555556		8.2680555556		8.2680555556		8.2680555556

		10.1875		10.1875		10.1875		10.1875		10.1875		10.1875

		10.1875		10.1875		10.1875		10.1875		10.1875		10.1875

		10.9916666667		10.9916666667		10.9916666667		10.9916666667		10.9916666667		10.9916666667

		14.0263888889		14.0263888889		14.0263888889		14.0263888889		14.0263888889		14.0263888889

		17.0555555556		17.0555555556		17.0555555556		17.0555555556		17.0555555556		17.0555555556

		17.9965277778		17.9965277778		17.9965277778		17.9965277778		17.9965277778		17.9965277778

		20.2534722222		20.2534722222		20.2534722222		20.2534722222		20.2534722222		20.2534722222

		30.0625		30.0625		30.0625		30.0625		30.0625		30.0625

		32.0763888889		32.0763888889		32.0763888889		32.0763888889		32.0763888889		32.0763888889

		35.0347222222		35.0347222222		35.0347222222		35.0347222222		35.0347222222		35.0347222222

		38.9930555556		38.9930555556		38.9930555556		38.9930555556		38.9930555556		38.9930555556

		43.0763888889		43.0763888889		43.0763888889		43.0763888889		43.0763888889		43.0763888889

		48.9930555556		48.9930555556		48.9930555556		48.9930555556		48.9930555556		48.9930555556

		65.0763888889		65.0763888889		65.0763888889		65.0763888889		65.0763888889		65.0763888889
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Fract. Mic 3
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5167.9586563308
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4134.3669250646
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1074.9354005168

1943.1524547804

8413.4366925065

7689.9224806202

5912.1447028424

11431.5245478036



PVC Test 

		

		1 kg=		2.204623		#						Dial gage magnification						4.5

		Pi		3.1415926536

		PVC Modulus		320000		psi

		Tensile  strength		6000		psi

		Sample width		0.5		in

		sample thickness		0.08		in

		Sample length		24		in

		Force at tensile limit		240		#

		Elongation factor at limit		0.01875

		Stretch at tensile limit		0.45		in

		Lever ratio		5

		Force at lever		48		#

		Stretch at lever		2.25		in

										Raw Data Readings														True  Strip Extension [mils]														Microstrain

		Start Day #																																		Fract.

		38194.38		Date		Time		Temp		Raw 1		Raw 2		Raw 3		Raw 4		Raw 5		Raw 6				Ext 1		Ext 2		Ext 3		Ext 4		Ext 5		Ext 6		Day		Mic 1		Mic 2		Mic 3		Mic 4		Mic 5		Mic 6		Diff 1		Diff 2		Diff 3		Diff 4		Diff 5		Diff 6		day #

				26-Jul		9:10				843		720		292				617		522				0		0		0		0		0		0		0		0		0		0				0		0

				26-Jul		9:12				843		720		291				616		519				0		0		0		0		0		1		0.00		0		0		21				21		62		0		0		-1		0		-1		-3		0.00

				26-Jul		9:14				843		720		291				616		518				0		0		0		0		0		1		0.00		0		0		21				21		83		0		0		0		0		0		-1		0.00

				26-Jul		9:16				843		720		291				616		517				0		0		0		0		0		1		0.00		0		0		21				21		103		0		0		0		0		0		-1		0.00

				26-Jul		10:00				843		720		291				609		500				0		0		0		0		2		5		0.03		0		0		21				165		455		0		0		0		0		-7		-17		0.00

				26-Jul		12:51				842		720		288				597		475				0		0		1		0		4		10		0.15		21		0		83				413		972		-1		0		-3		0		-12		-25		0.03

				26-Jul		16:45				841		719		284				587		457				0		0		2		0		7		14		0.32		41		21		165				620		1344		-1		-1		-4		0		-10		-18		0.15

				27-Jul		12:37		24		841		718		273				569		424				0		0		4		0		11		22		1.14		41		41		393				992		2026		0		-1		-11		0		-18		-33		0.32

				29-Jul		11:02		25.8		833		707		232				532		421				2		3		13		0		19		22		3.08		207		269		1240				1757		2088		-8		-11		-41		0		-37		-3		1.14

				29-Jul		11:33		25.8		820		703		204		590		506		421				5		4		20		0		25		22		3.10		475		351		1819				2295		2088		-13		-4		-28		590		-26		0		3.08		Start of #4

				29-Jul		11:35		26.1		820		685		204		583		506		421				5		8		20		2		25		22		3.10		475		724		1819		145		2295		2088		0		-18		0		-7		0		0		3.10

				29-Jul		11:38		26.1		820		685		204		578		506		421				5		8		20		3		25		22		3.10		475		724		1819		248		2295		2088		0		0		0		-5		0		0		3.10

				29-Jul		11:57		26		820		685		204		565		506		421				5		8		20		6		25		22		3.12		475		724		1819		517		2295		2088		0		0		0		-13		0		0		3.10

				30-Jul		16:06		25.5		818.5		682		183		481		492		420				5		8		24		24		28		23		4.29		506		786		2253		2253		2584		2109		-2		-3		-21		-84		-14		-1		3.12

				31-Jul		18:30		25		815		678		168		456		480		344				6		9		28		30		30		40		5.39		579		868		2563		2770		2832		3680		-4		-4		-15		-25		-12		-76		4.29		Unjam # 6

				1-Aug		16:03		25.5		812		673		154		438		469		300				7		10		31		34		33		49		6.29		641		972		2853		3142		3059		4589		-3		-5		-14		-18		-11		-44		5.39

				2-Aug		15:24		26.3		807		666		134		413		455		269				8		12		35		39		36		56		7.26		744		1116		3266		3659		3349		5230		-5		-7		-20		-25		-14		-31		6.29

				3-Aug		15:36		26.5		805		664		120		396		447		248				8		12		38		43		38		61		8.27		786		1158		3556		4010		3514		5664		-2		-2		-14		-17		-8		-21		7.26

				5-Aug		13:40		25		806		662		95		365		430		209				8		13		44		50		42		70		10.19		765		1199		4072		4651		3866		6470		1		-2		-25		-31		-17		-39		8.27

				5-Aug		13:40		25		806		662		400		365		430		400				8		13		44		50		42		70		10.19		765		1199		4072		4651		3866		6470		0		0		305		0		0		191		10.19		Re-zero # 3 and #6

				6-Aug		8:58		24.5		808		662		395		364		432		394				8		13		45		50		41		71		10.99		724		1199		4176		4672		3824		6594		2		0		-5		-1		2		-6		10.19

				9-Aug		9:48		25.4		803		655		363		340		416		358				9		14		52		56		45		79		14.03		827		1344		4837		5168		4155		7339		-5		-7		-32		-24		-16		-36		10.99

				12-Aug		10:30		22.8		810		660		354		336		417		347				7		13		54		56		44		81		17.06		682		1240		5023		5251		4134		7566		7		5		-9		-4		1		-11		14.03

				13-Aug		9:05		22.2		811		661		353		335		417		345				7		13		54		57		44		82		18.00		661		1220		5044		5271		4134		7607		1		1		-1		-1		0		-2		17.06

				15-Aug		15:15		22.7		807		657		342		326		409		332				8		14		57		59		46		85		20.25		744		1302		5271		5457		4300		7876		-4		-4		-11		-9		-8		-13		18.00

				25-Aug		10:40		24.6		794		640		291		287		379		278				11		18		68		67		53		97		30.06		1013		1654		6326		6264		4920		8992		-13		-17		-51		-39		-30		-54		20.25

				27-Aug		11:00		24		789		635		274		275		368		260				12		19		72		70		55		101		32.08		1116		1757		6677		6512		5147		9364		-5		-5		-17		-12		-11		-18		30.06

				30-Aug		10:00		23		792		637		270		272		368		254				11		18		73		71		55		102		35.03		1054		1716		6760		6574		5147		9488		3		2		-4		-3		0		-6		32.08

				3-Sep		9:00		25.7		784		617		248		255		354		232				13		23		78		74		58		107		38.99		1220		2129		7214		6925		5437		9943		-8		-20		-22		-17		-14		-22		35.03

				7-Sep		11:00		25		783		625		229		243		345		212				13		21		82		77		60		111		43.08		1240		1964		7607		7173		5623		10357		-1		8		-19		-12		-9		-20		38.99

				13-Sep		9:00		25		783		623		217		234		339		199		Cranked +200		13		22		84		79		62		114		48.99		1240		2005		7855		7359		5747		10625		0		-2		-12		-9		-6		-13		43.08

				29-Sep		11:00		22.5		791		626		190		218		331		360				12		21		90		83		64		123		65.08		1075		1943		8413		7690		5912		11432		8		3		-27		-16		-8		161		48.99

		Strip #						1		2		3		4		5		6

		Stress [psi]						633		1132		2632		2602		1964		2908

		Creep rate [microstrain/decade]						1250		2500		8800		8800		6000		12500
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Fract. Mic 1

Fract. Mic 2

Fract. Mic 3

Fract. Mic 4

Fract. Mic 5

Fract. Mic 6

PVC Creep [microstrain]
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PVC strip Dimensions

		Bookends

		1 ft=		0.3048		m

		1 yard=		0.9144		m

		1 cuyd=		0.764554858		m^3								Height		Pressure		Force per m height		Moment/m

														m		kg/m^2		kg/m

														0.5		13600		238000		119000

		Detector height		17.5		m								1.5		12800		224000		336000

		Detector width		17.5		m								2.5		12000		210000		525000

		Oil density		800		kg/m^3								3.5		11200		196000		686000

		Pressure at the bottom		14000		kg/m^2								4.5		10400		182000		819000

		Detector area		306.25		m^2								5.5		9600		168000		924000

		Pressure force		2143750		kg		2143.75		ton				6.5		8800		154000		1001000

		Pressure overturn moment		12505208.3333333		kgm		12505.2083333333		ton m				7.5		8000		140000		1050000

														8.5		7200		126000		1071000

		Concrete endwall height		17.5		m								9.5		6400		112000		1064000

		width		17.5		m								10.5		5600		98000		1029000

		thickness		1.5		m								11.5		4800		84000		966000

		Needed Bottom length		9.898989899		m								12.5		4000		70000		875000

		Concrete density		2750		kg/m^3								13.5		3200		56000		756000

		Concrete volume,wall		459.375		m^3		600.8398157475		cu yd				14.5		2400		42000		609000

		Concrete Mass,wall		1263281.25		kg								15.5		1600		28000		434000

		Flat apron thickness		0.3		m								16.5		800		14000		231000

		Apron length		9.148989899		m								17.5		0		0		0

		Apron volume		48.0321969697		m^3		62.8237417735		cu yd

		Number of piers		5		each								Total				2142000		12495000

		Pier thickness		0.2		m

		Total pier volume		80.0536616162		m^3		104.7062362892		cu yd

		Concrete unit cost						120		$/cuyd

		Total concrete volume		587		m^3		768		cu yd

		Total concrete mass		1615517		kg		1616		ton m

		Total concrete cost						92204.3752572406		$





		

		Dial gauge magnification		4.5		times

		Sample #		1		2		3		4A		4B		5		6

		Widths		495		584		556		538		510		556		517

				482		546		544		511		543		534		496

				494		555		532		534		533		517		521

				514		537		518		547		545		509		525

				524		536		535		545		532		510		529

				520		545		507		533		534		508		530

				524		528		508		530		543		537		526

				519		514		516		532		532		534		520

				518		521				535				512		560

		Average width, mils		510		541		527		534		534		524		525

		Std Dev of width, mils		15		21		18		10		11		17		17

		Thicknesses		57		67		69		66		68		66		64

				61		73		63		72		69		71		60

				63		76		64		72		69		70		60

				62		77		66		74		66		74		62

				63		70		63		67		66		69		64

				58		70		63		69		71		70		64

				58		65		59		61		69		64		66

				60		62		63		59				62		61

						58								59

		Average thickness		60		69		64		68		68		67		63

		Std Dev of thickness, mils		2		6		3		5		2		5		2

		Average  cross section in^2		0.0307275		0.0371257778		0.03359625		0.0360375		0.0364645714		0.0352319136		0.0328711667

		1 Kg x lever =		71.7		59.4		65.6		61.2		60.5		62.6		67.1

		Creep run weight x lever		8.8		19.1		40.1		86.3		43.0		31.4		43.4

		Stress  psi		633		1132		2632		5279		2602		1964		2908

		Strip length		10.75		in

		Sample #		1		2		3		4A		4B		5		6

		Stress  [psi]		633		1132		2632		5279		2602		1964		2908
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