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Abstract 

Load conditions for the PST and PST/SCT/ID structures are presented.  Finite Element Models addressing these load conditions are discussed, and results are compared to best known performance requirements.
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1 Introduction and Overall Model Description

The data summarized here is based on an either an integrated PST/SCT FEA model or a simplified, PST-only model run in ANSYS.  Neither model takes into account the PST insertion rails or their added stiffness to the PST shell.  

1.1 Model Description and Constraints

The PST is joined to the SCT at 4 interlink positions (in the XZ plane) utilizing flexures in 3 positions, with a fixed mount at the 4th.  The forward ends of the PST are fixed to the ID Endplug at the end of the cryostat through flexures as well; in the model, the flexure face that would be attached to the Endplug is fixed with rigid constraints.  All of the flexures allow for increased Z flexibility, with the one fixed mount to the SCT acting as the only Z constraint for the PST (Figure 1).
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Figure 1.  PST Support Conditions to the SCT and ID.

For most vibrational analyses, the PST is modeled in a simplified, PST-only model, neglecting the contributions of the SCT (this is done mainly to save computation time, which is very large for modal models).  In the case of this simplified model, the flexure mounts are modeled, but instead of being anchored to the SCT, they are simply rigidly fixed at the SCT interface surface.  The forward end flexures are modeled in the same manner as in the integrated model.

The integrated PST/SCT FEA model combines the simple PST-only model with a full model of the SCT barrel.  All of the flexures are modeled, and the PST includes PP1 endplates and “hat” shaped hoop stiffeners (Figure 2).  In this model, the SCT is constrained at the ends of its interlinks in the fashion shown in Figure 1; a detail of the interlink end is shown in Figure 3.
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Figure 2.  SCT/PST Integrated Model Layout.
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Figure 3.  Interlink End Detail, Showing Constrained Line.

1.2 Materials and Properties

The PST model consists of 3 types of materials.  The barrel shell, or tube, structure is assumed to be constructed of ultra high modulus (UHM) graphite fiber in a cyanate ester resin matrix, with 6 plies arranged in a quasi-isotropic manner, plus 2 additional hoop plies for rigidity ([(90)2/+60/-60]S).  The forward shells are composed of a hybrid of UHM graphite and Astroquartz glass fiber, laid up similarly to the barrel, but with UHM fiber in the hoop direction and AQ in the +60 and –60 orientations ([(90UHM)2/+60AQ/-60AQ]S).  This layup results in a forward shell that is low in bending stiffness, but high in hoop rigidity.  Hoop stiffeners and flanges are assumed to be HM graphite cloth in all cases.  Rails are not modeled in the PST and PST/SCT models.  In all cases, materials are modeled as either shells or solids, with isotropic properties and linear behavior.  A summary of all model material properties, for both the PST and the SCT, is given in Table 1.  

The following modeling assumptions and simplifications were also made:

· All SCT materials were assumed orthotropic for modeling purposes (except interlink material).
· All PST materials were assumed isotropic for modeling purposes (except for pixel shell in rail model only).

· Heater panel contributions to modulus and thickness were neglected for all pixel models.

· CTE of heater panel was included in CTE’s for thermal expansion models.

· Hybrid shell laminate (carbon/quartz) was not modeled in forward shells (except in rail model only).

· Rails were included in rail model only, not in PST or PST/SCT models.
Table 1.  FEA Material Properties for PST and SCT.
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2 Load Cases/Results

Many load cases were considered in analyzing the PST and SCT structures.  Primarily, concerns were centered on performance of the PST as a rigid foundation structure for the pixel system, as well as on the impacts that the long PST structure would have on the ID barrel.

2.1 Gravity – Comparison Model

In order to judge the accuracy of the SCT model that was constructed for analysis of the PST, a comparison model containing only the SCT was made.  This model was subjected to gravity and pixel system weight only, and was then compared with SCT modeling done at EPFL in Lausanne (Figure 4).  The following assumptions were made:

· Pixel Mass = 75 kg (over 4 points)
· SCT not fixed across Diameter 

· All SCT properties from EPFL model
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Figure 4.  Comparison of SCT Models Under Gravity and Pixel Loads.

It can be seen that the models agreed exceedingly well, returning displacements within 2% of each other.  In addition to the SCT model shown above, a model of the PST/SCT combined model was also run under gravity and pixel loads, and the deflections are very similar to those found in the SCT-only model, at 115 microns maximum displacement (see Figure 4a).
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Figure 4a.  SCT/PST Model Under Gravity and Pixel Loads.

2.2 Stability Concerns

The major performance issue for both the PST and the SCT is short term stability.  This is difficult to quantify, and is usually addressed by attempting to achieve minimum natural frequencies in the supporting structures.  These frequencies can either be calculated by modal analysis or by approximating from gravity based deflections.  In order to cope with the high uncertainty in the vibrational spectrum coming into the detector, high first natural frequencies are usually desired.  One of the major reasons for performing FEA on the PST and SCT was to judge its minimum natural frequencies.

2.2.1 Vibration

Many vibrational models of the PST were analyzed in order to determine shell thicknesses, sizes of flanges, hoop stiffener locations, and support schemes.  Only the final PST design is presented here.  The performance of the PST alone, without the foundation stiffness of the SCT considered, is very high, as can be seen in the mode shape plot in Figure 5.  

[image: image8.wmf]
Figure 5.  Characteristic PST Vibrational Mode without SCT Influence, f=110 Hz.

When integrated into the SCT structure, the PST vibrational stability falls substantially (see Figure 6).  This is not surprising, since the SCT structure is much larger, and it carries the considerable mass of its electrical modules.  In fact, the PST is so stiff that it actually increases the SCT’s piston mode (in the axial direction) by about 20%.  The PST does not include the mass of the Pixel system, which leads to higher vibrational frequencies than will be expected in reality.  However, this effect is slight since the pixel mount scheme has very poor coupling to the PST across its diameter, and thus detracts little from vibrational performance.  The first two modes’ vibational results for both models are shown in Table 2.

[image: image9.wmf]
Figure 6.  PST/SCT Vibrational Modes, f=25 Hz (left) and f=43 Hz (right).

Table 2.  Modal Results for PST and PST/SCT Models in their Final Configurations.
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Although the vibrational modes are lower frequencies than are desired in the combined models, the very high (> 100 Hz) frequencies seen in the PST-only models show that the PST is as stiff as necessary to isolate the Pixel system from the SCT and its environment.  Any increase in stiffness in the PST would be defeated by the intrinsic flexibility of the SCT structure.

2.2.2 Mount Deflections

Since the Pixel frame is weakly coupled to the PST (through its kinematic mount scheme) the gravity based deflections of the pixel mount points become more important for stability than the vibrational frequency of the PST.  These gravity deflections indicate the approximate vertical stiffness of the effective pixel support foundation (the mount to the PST which then mounts to the SCT).  These deflections were analyzed with the PST/SCT combined model, and they can be seen to be fairly small, amounting to only approximately 20 microns from the pixel mount point to the attachment of the PST to the SCT (see Figure 7, Table 3).
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Figure 7, Table 3.  Deflections of the Pixel Mount Region in the PST Under Gravity Loading.
2.3 Loads on SCT/ID

Probably the PST design issue of largest consequence is that of the loads and deflections that the long PST forward tubes can impose on the SCT and ID barrel.  Several different load conditions involving this scenario have been examined, some through FEA, and some by extrapolation of the FEA results to analagous scenarios.

2.3.1 Radial Displacement of the Forward End Supports (through movement of the ID Endplug)

For this load case it was agreed that the effect of a +/-2 mm radial offset of the forward end of the PST would be examined.  This analysis was performed for offsets on both A and C sides of the detector, in both the X and Y directions, since the mounts to the PST are located in the X-Y plane only.  One of the worst case results is shown in Figure 8.  Note that the important displacements for the SCT are specifically in the shells, where the modules are mounted, and that these displacements have been resolved into R, R-phi, and Z directions.
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Figure 8.  SCT Deflections under PST Forward Offset of dXA=2 mm.

2.3.2 Asymmetric Operation of the PST Heaters

For this load case the PST heaters on one side, the C side, are assumed to be operating, while all the rest of the PST is unheated.  The following assumptions are made:

· ID gas seal leaks on one side of detector, necessitating heaters to be turned on in PST in one forward (assumed C side)

· SCT does not change temperature

· PST increase in temp relative to SCT by 30 degrees C

· PST CTE’s all assumed isotropic 

It can be seen in Figure 9 that the anticipated deflections under this condition are rather large, and that therefore this operating scenario should be avoided.
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Figure 9.  SCT Deflections under Asymmetric Operation of PST Heaters.

2.3.3 Forward PST Cantilevered During Installation of ID Forwards

The forward PST must be cantilevered from the barrel ID during installation of the SCT/TRT forward assemblies.  Although the pixel system will not be in place during this maneuver, the bare PST shell will be cantilevered by more than 2.4 m, and therefore has the potential to apply loads to the barrel ID (see Figure 10, Table 4).
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Figure 10, Table 4.  SCT/PST Deflections During Installation Cantilever Procedure.

2.3.4 Summary of FEA-Analyzed Load Conditions

Table 5 summarizes the load conditions (above plus a few additional permutations) that were analyzed by FEA.  All other load cases (see next section) are extrapolated from these general results, and they represent failure or unlikely operating scenarios.

Table 5.  Summary of FEA Analyzed PST Load Scenarios.
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2.3.5 Axial Load Conditions Arising from Deflections of the ID Endplug

These remaining load cases all deal with axial deflections in the PST/SCT system that are derived from actions on the ID Endplug.  The calculated anticipated deflections are all derived from a simple stiffness model of the ID, given stiffness results calculated for the PST end flexures, SCT, and ID Endplug in FEA models.  The stiffness model is shown in Figure 11.
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Figure 11.  Stiffness Model for ID Endplug and Axial Deflection Calculations.

Table 6 lists the remaining potential load scenarios, their anticipated Z deflections, and the operating conditions under which they might be expected.

Table 6.  Potential Axial Deflection Scenarios and Their Consequences.

	Load Description


	Occurrence
	Anticipated Z – Motion (SCT relative to PST)

	axial motion of the ID end support plate during operation, up to 1 mm.
	operation
	50 microns

	bakeout load: axial force of 350 N on fixed point
	bakeout
	16 microns

	ID overpressure up to 1 mbar (unbalanced)
	operation
	15 microns

	pixel insertion forces (an axial force of 240 N with a friction coefficient of 0.3 assuming a total pixel mass of 800 N)   
	pixel installation/removal
	30-190 microns

	accidental axial force on ID end plate during access, 4500 N
	ID maintenance
	200 microns


3 Rail Deflections

3.1 Simplified Rail Model

Since the PST and SCT/PST models are already very complex, adding rails to the models results in a sufficiently complex analysis that it is difficult to run.  For this reason, a smaller rail model was made in order to judge the deflections that would be encountered during insertion of the pixel system.  This model (Figure 12), which is composed of a shell and two rails, is 300 mm long and constrained at the edges, signifying the presence of a flange or hoop stiffener.
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Figure 12.  Rail Model Details.

The following assumptions and simplifications were made in the rail model:

· Pixel Mass (1/4 of 35 kg) applied to PEEK slider.

· Slider impacts rail through contact elements.

· Shell modeled as both quasi-isotropic glass laminate and composite hybrid laminate of carbon and glass.


· Rails modeled as many different materials and layups, but settled on high strength (low modulus) carbon fiber.

3.2 Insertion Load Results

Initially, the rail model was analyzed with the shell modeled as a glass quasi-isotropic layup.  However, this resulted in fairly large rail deflections under pixel load.  In order to solve this problem, but not increase the bending stiffness of the forwards (and thus the loads and displacements on the SCT) the shell was modeled with ultra high modulus carbon plies in the hoop direction, which do not change the axial stiffness, but increase the hoop stiffness considerably.  This technique (eventually adding 4 hoop plies instead of 2) resulted in much lower rail deflections without adversely affecting the PST’s impact on the ID.  The best rail result is shown in Figure 13.
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Figure 13.  Rail Deflection Under Pixel Load.

3.3 Anticipated SCT Deflections with Rails Installed

Since the PST and PST/SCT models do not account for the stiffness contributions of the insertion rails, it is important to judge the anticipated increase they will cause in forward PST stiffness, and therefore the additional loads and displacements that will be seen by the SCT and ID.  A lengthy optimization was performed in order to minimize the rail’s area while increasing its local bending stiffness, which serves to minimize rail deflections (as seen in the last section) while increasing the deflection of the forward PST for a given load.  In the end, the rails are anticipated to increase the stiffness of the forward PST by up to 35%, resulting in the anticipated loads and deflections shown in Table 7.

Table 7.  Loads and Deflections in PST/SCT with PST Rails Anticipated.
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4 Comparison with Performance Requirements

4.1 Mount Stability

As mentioned earlier, the performance requirement for the Pixel to SCT mounts is 20 microns, which is almost exactly matched by the FEA analysis (see Figure 7).  Also, since the traget frequency of 80 Hz is conservative (and this is what the 20 micron budget is based on) this result is completely acceptable.

4.2 SCT Deflections

SCT deflection requirements are hard to quantify.  In general, the short term stability requirements are very small, on the order of 15-25 microns.  However, all of the anticipated load cases discussed here are closer to long term or failure scenarios than short term stability.  This fact loosens the requirements by up to almost an order of magnitude; however, no firm numbers exist.  In general, for the R and R-phi deflections, anything less than 50 microns has been accepted by the SCT engineers.  For all but axial load cases, the analyses here show that the PST design meets this requirement.  For the axial load cases, under a long term or failure scenario, a hard limit has been set by the SCT, 200 microns.  This limit essentially guarantees that loads will not be large enough to damage the SCT interlink structure, and it is taken as a structural safety requirement.  It can also be seen here that under no load condition is the axial deflection calculated to be more than 200 microns, which is deemed to be a conservative number.  Thus, it can be confidently said that for the load cases anticipated and presented in this document, the PST meets all known structural performance requirements.

4.3 Outstanding Issues

One outstanding load case remains (that is known).  This involves the service loads applied at the PST PP1 service endplug.  No detailed model of this region exists yet, and thus it is very difficult to quantify what loads the services may apply to the PST or ID Endplug here.  As this model progresses, the service impact on the SCT and ID, through the PST structure, will have to be evaluated.
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