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1. FY 2006 Mechanical Engineering Tasks
The engineering plan for the ATLAS Upgrade Silicon Tracker separated into two natural phases, engineering analysis of the stave structure and prototype stave testing.  During this fiscal year the focus was on structural analysis of the stave structure and thermal analysis of the embedded cooling system.  Next year will focus on stave construction and testing.  Our tasks planned for this year were:

· Prepare stave design layout for 1 meter length and width of 6.4cm
· Review material options for attaining structural stiffness (sag < 50 to 60 microns) using FEA modeling.  Select composite materials best suited for the composite facing and the sandwich core material

· FEA model of the stave connection support to describe anticipated boundary restraint for the stave, i.e. to what extent the end close approaches a fixed support

· Using ATLAS evaporative cooling system as a baseline, establish what coolant temperature is required to provide a strip detector temperature of nominally -25ºC.  Develop reasonable assurance that -30ºC inlet is not required to achieve the stated objective
· Using FEA model predict thermal strains for the stave structure, accounting for the effects of dissimilar CTE for the strip detector, hybrid, and composite materials.  Predict strains for the operating chip heat loads and sub-cooling of the detector from room temperature to -25 ºC
· Calculate heat transfer coefficient for forced convective evaporative coolant in the stave embedded tubing

· Calculate pressure drop for the coolant passage within the stave proper (dual pass, entrance and exit both from one end of the stave)

· Review option of 2m stave length and propose an approach for longer and wider stave

· Develop plan for constructing stave prototype, detailing parts and design necessary fixtures

This effort was structured to lower the risk in the development stave prototype, an activity planned for FY2007.  To accomplish this objective will require placing commitments for the long lead materials - composite pre-preg material and honeycomb for the sandwich core – by the September-October CY 2006 time frame.
2. Work Accomplished

2.1 Summary
The engineering effort has produced two stave designs; the principal design difference between the two concepts is the stave sandwich thickness.  The first option, which has been analyzed more fully, has an overall thickness of approximately 6.1mm.  For the first design a minimum inner separation between composite faces was chosen, nominally 4.6mm. A prototype tube of this size is not available, thus requiring procurement of a special coolant tube extrusion.
  The second design option premise used an 8mm diameter aluminum tube to lower the cost of the prototype fabrication, since the extrusion stock is available. A slight reforming of this tube to flatten and improve thermal contact provides a separation between composite faces of 7.3mm (overall thickness of stave 8.8mm).  The advantage of this design is a much stiffer stave.  As a next step, we plan to bend the tube through a 180º arc without exceeding a 3.2cm radius of curvature.  This will allow the tube to be placed optimally within the 6.4cm stave width.

  A very slight difference in radiation length will exist between the two designs.  Small increases are associated with increased honeycomb core height and coolant tube mass.   

Gravity sag for the 8.8mm thick stave design, in the critical most horizontal position, appears to be well within our design goals.
  The effective thermal performance of both tubes is quite similar.  The smaller diameter tube has a lower convective film coefficient, but a higher heat flux than the larger tube cross-section.  Effectively, the differences in convective film coefficients and tube surface heat flux balance out.   In both tubes the low mass flow rate required to cool the 108W electronic chip load yields a very low two-phase flow velocity throughout the channel.  This results in a predicted 3 to 4ºC temperature gradient for the forced convective cooling condition (evaporation) in either case.  
 We have selected all materials and material thicknesses of the various stave elements.  K13D2U, a very high modulus, highly conductive graphite fiber oriented in 4/1 orientation has been selected for the sandwich facing.  Material properties are based on a 60% fiber fraction.  At this fiber fraction, the longitudinal tensile modulus, important to opposing gravity sag, is nearly twice that of steel.  In spite of the fact that the longitudinal CTE in this laminate is very negative and not particularly well matched to the wafers and hybrids, thermal distortion for the 50ºC temperature change
 is quite acceptable.  Out-of-plane distortion of the silicon strip detectors is moderated by the near symmetry of the assembled unit. 
A review of the 2m option was made.  To limit gravity sag over this large span would require a large separation between stave sandwich facings.  This potential solution complicates significantly the effective placement of a cooling tube.  Our present approach is to provide a mid-span support, limiting the un-supported length to 1m.  This essentially provides a compatible geometry for all staves, long or short, regardless whether the stave width is 6.4cm or 12cm.  
2.2 Current Activities
Our current effort centers on identifying fixture needs to fabricate stave components and resolve assembly issues for a stave constructed from a stock cooling tube extrusion.  The solid model under construction is shown in Figure 1.  Precision pins are used at each end to support and align the stave in the over tracking assembly.  Tooling concepts are being formulated for this 1st article; tooling design will provide precision alignment of the two stave ends, bonding the sandwich structure  in steps to permit proper placement of the cooling tube and end caps.  A preliminary plan for accomplishing these tasks is under review. 

Figure 2 illustrates the nominal 1m stave assembly that will be constructed as a first article. 
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Figure 1: Solid model rendering of a stave constructed using an 8mm diameter aluminum tube that has been reformed to enhance thermal transport area.  
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Figure 2: View of overall stave depicting strip detectors, hybrids and chips. The assembly comprises 15 strip detectors with a length of with a length of 993.5mm exclusive of the end caps and pin extension.
2.3 Overview of Specific Results

We present here a brief overview of some of the modeling that has been completed, which is input to the detailed design of the 1m stave prototype and the associated tooling. As described, the inner stave will be (typically) 1 meter and the outer stave (typically) 2 meters long.  These staves will be supported by discs at some (minimum) number of locations e.g. about 1m apart.  The gravitational sag and stability of the stave must be controlled as determined by performance and interference specifications.  Using mechanical design and FEA methods the geometrical and physical (sag, resonance frequency, thermal properties) parameters of staves models were studied and determined.  These results will be input to the design of full-scale, 1m, stave prototype.
2.3.1 Gravity Sag and Core Shear Properties
Detailed mechanical and thermal modeling of the stave structures and their connections to supporting bulkheads are already underway.  The initial work has concentrated on modeling of the short stave, approximately 1 m long.  The model includes all of the components of the stave – detectors, hybrids, electronics, bus cable, composite supports, cooling tubes, and closeouts.  Studies of gravitational deflections (sag) are underway with various assumptions on the geometry and supporting boundary conditions.  An example of a finite-element model of the maximum gravitational deflection for a 96 cm long stave is shown in Figure 3 .  We propose to control gravity sag by preferentially orienting most of the stave composite fibers along the stave axis.  For the illustrated solution, 4 times as many fibers are placed in the longitudinal direction as in the lateral, achieving tensile modulus greater than steel.
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Figure 3:  NASTRAN solution for stave gravity sag with aluminum cooling tubes.  Distortion scale is in meters, with peak resultant distortion of 66.7µm; essentially all deflection is in the Y-direction, normal to the stave.

Honeycomb and carbon foam were evaluated as core material options as part of the FEA effort.  From the standpoint of minimizing installed mass, there is an optimum core shear modulus to satisfy sandwich stiffness.  Beyond a certain value, there is a diminishing return with respect to increasing core shear modulus for the purpose of reducing gravity sag.   In absence of a cooling tube, the design problem becomes a rather simple.  However in the stave case, the cooling tube divides the core into three separate compartments, one central region and two outer regions.  Most of the space for bonding core material is contained in the central region. 

Throughout the initial FEA study, the cooling tube structurally interacted with the stave composite faces, contributing to core shear.  Table 1 summarizes these results, in terms of two core materials, core thickness and two core heights.  To assess the contribution that core material contributes to radiation length, an “equivalent thickness” was calculated.  For this value the core material was assumed to be spread over the 6.4cm width of the stave.   
Regardless of the core material, increasing core shear modulus with the cooling tube coupled structurally did not produce the desired effect; predicted sag increased slightly.  It appears that the added core mass increased was responsible. 

Table 1: Summary of FE Solutions Crediting Two Contributions to Core Shear Stiffness, Aluminum Tube in Conjunction with Indicated Core Options.

	Carbon Foam Core Shear Modulus

(MPa)
	Foam Density (kg/m3)
	Stave Central Deflection

(1G loading)
	Foam Radiation Length

(%)
	Equivalent Foam Radiation Length

(mm)

	Half Length Model

	Separation between facings -5.88mm (equivalent t=4.48mm)

	26.8
	66
	62.1
	.069
	6470

	34.4
	110
	63.9
	.115
	3882

	229.7
	210
	65.1
	.221
	2033

	Full Length Model (96cm)

	Separation between facings -4.61mm (equivalent t=3.15mm)

	26.8
	66
	53.7
	.049
	6470

	34.4
	110
	54.7
	.081
	3882

	229.7
	210
	54.8
	.155
	2033

	
	
	
	
	

	Honeycomb Core Shear Modulus

(MPa)
	HC Density (kg/m3)
	Stave Central Deflection

(1G loading)
	Foam Radiation Length

(%)
	Equivalent HC Radiation Length

(mm)

	Half Length Model

	Separation between facings -5.88mm (equivalent t=4.48mm)

	626/337 (resin)
	56
	58.7
	0.059
	7611

	1551/710 (CC)
	160
	61.6
	0.168
	2669

	Full Length Model (96cm)

	Separation between facings -4.61mm (equivalent t=3.15mm)

	626/337 (Resin)
	56
	50.1
	0.046
	7611

	1551/710 (CC)
	160
	51.7
	0.168
	2669


A solution was made for the 1m length stave (4.61mm separation) with honeycomb core (626/337 resin) where the tensile modulus of the aluminum cooling was set essentially to zero.  This solution uncouples the cooling tube structurally; a condition that a compliant, thermally conductive adhesive that joins the cooling tube may produce.  Sag measurements on the stave prototype will assess to what extent this decoupled state exists; our prior experience has shown that the ATLAS Pixel thermostructures do experience structural coupling to some extent, albeit not very well documented.  For this stave solution the gravity sag became 57.3μm (as opposed to 50.1μm).  At this juncture, we concluded it best to proceed with the honeycomb option, since the carbon foam density needed to provide this level of shear modulus is quite dense, resulting in an undesirable radiation length penalty.
2.3.2 Gravity Sag and Stave Pin Support Design

Each stave will engage the primary support disks with pins, two at each end.  A thin stave profile limits the diameter of the pins to some extent, although some flexibility can be provided by making the end caps larger.  Stave end caps slip in between the two composite facings, providing a ledge for bonding.  Precision receiver holes are provided in the end caps for the small diameter solid pins.  At the present, aluminum has been chosen for the end caps and steel for the pins.  Since radiation length does not favor steel, the pins were kept small.  FEA solutions for the 6.1mm thick stave (4.61mm separation) did include an assessment of the effect of beryllium parts and two distinct pin diameters.  Solutions were made for 0.125in, 0.173in, and 0.25in diameter, with 0.173in diameter being choice for most of the solutions when other structural parameters were varied.  
For 4.39mm diameter pins and aluminum end caps the gravity sag is 50.1μm (honeycomb core), as compared to 44.9μm, an 11.6% improvement.  The gain provided by the higher modulus elasticity of beryllium, 45Msi versus 10Msi for aluminum, does not offset the hazards incurred through its use.

As we progress into the detailed design of the stave with the 8mm diameter cooling tube the end cap and pin geometry will undergo some change.  One option considered briefly was to make the end cap from composite material, providing a closer CTE match to the facings and a lower radiation.  Steel will be retained for the pins, but it may be possible to use a hollow pin instead of solid.
2.3.3 Pin End Support Boundary Conditions

 In practice the pins at the stave ends fit into precision receivers, following a kinematical sense.  Two pins at opposite ends and in line will slide into precision holes.  This boundary condition fixes the stave normal to its axis and azimuthally for any orientation.  The second pin at either end must slide into a slot so as not to over constrain an in-plane thermal dimensional change.  A restraint in Z (stave axial direction) is required for static stability in the FE model.  A number of solutions were made first using Z restraint at one end for both pins.  Had the opposite pins been fixed in Z also, the condition would have simulated in-plane traction restraint, similar to fixed-end beam conditions. Later, to make the sag symmetrical about the stave midpoint, nodes at mid-span were fixed.  The result was a slight difference (increase) in sag, not entirely unexpected.  
With reference to Table 1, the Z-restraint for the pins was both fixed at one end.  Removing this restraint and fixing nodes (Z) at mid-span of the stave increased the sag 11%, not significantly but noticeably.  For example, the solution for carbon foam, 53.7μm increased to 59.4μm.  

We are sensitive to the fact that our solutions are influenced to some degree by the uncertainty of the pin boundary conditions.  However, it is felt that the method of allowing freedom of the pins to slide provides some contingency against aspects presently unknown.  During installation, one pin maybe clamped
 to set the Z-axis, but clamping both pins at one end is not acceptable for kinematic reasons.      
2.3.4  Cooling of 1m Stave
Studies of distortions that result from mismatch in thermal properties of the various materials comprising a stave have been initiated using a 32cm stave section.  Cooling the assembly from room temperature to -25ºC is used to quantify this effect.  The results indicate that distortions are within an acceptable range, largely due to the stave detector elements being mounted on both sides, albeit with a shift to provide the desired strip coverage.  A distortion pattern tracking the above and below alternating strip and hybrid placement is evident in Figure 4. 
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Figure 4: Thermal strain solution for 50ºC temperature change (room temperature to -25ºC), with aluminum cooling tube.  Alternating detectors above and below on the stave produces a low amplitude cyclic pattern (10.6microns).  Stave composite facings are constructed with 4 to 1 fiber orientation.

Stave cooling is accomplished by a dual pass evaporative cooling circuit, located between the stave composite facings.  Cooling entrance and exit for the 96cm stave model occurs at one end, forming a long U-shaped passage between the stave composite facing.  Preliminary thermal solutions have been made for both aluminum and PEEK coolant tube materials using the short 32cm stave section (Figure 5).  Enhancing the lower thermal conductivity PEEK
 material with carbon-fibers produces acceptable thermal performance, although an aluminum tube provides the best performance by a noticeable amount.  The difference in peak chip temperature between the two materials is ~4 ºC, with nearly the same difference in strip detector temperature.  In each case, the coolant reference temperature is -25ºC but there is no temperature gradient along the direction of the coolant flow in this model. The temperature difference between the reference temperature and the silicon detectors is less than about 3oC (5oC) for the aluminum (carbon-filled PEEK) coolant tubes. Sag is substantially lower with aluminum tubes.

[image: image5.emf] 


Figure 5: Comparison between Aluminum and carbon-fiber filled PEEK cooling tubes using the 32cm long stave model.  Each chip is dissipating 0.5W.  Chips are mounted on a BeO hybrid

2.3.5 Two Meter Stave Length

An assessment of a 2m stave, supported at its two extreme ends with fixed end conditions, was made using a classical analytical method and shear modulus properties extracted from the 1m stave analysis.  The analytic method solves for shear and bending deflections separately.  The assumed fixed end conditions, not at all kinematic, limits the gravity sag to roughly 90μm for a core height of 20mm.  One may recall for a kinematically mounted 1m stave, the gravity sag was <60μm with a core height of 4.6mm, and the 7.33mm height being <<60 μm.  
It is conceivable to pose an internal core configuration for a 20mm core height that limits shear deflection.  The problem becomes integration of the cooling tube.  It is no longer possible to cool both surfaces of the stave with a single cooling tube.  No ready solution solves this complication without additional tubing or internal heat collectors to route the dissipated electronic heat to a centrally mounted tube.  We propose a more direct solution to be providing a mid-span support for the 2m stave.  This decision provides the obvious benefit of making the stave structural geometry universal for both short and long staves.  

One 2m stave configuration under study is 12cm wide, as opposed to the 6.4cm wide version for which thermal studies have been substantially completed.  At this time we do not seem any obstacle to the simple two-pass cooling embedded cooling tube working for both stave widths.  
3. Proposed Plan for Mechanical Study FY2007

The activities planned for the coming fiscal year are:

· Fabricate tooling fixtures needed to assemble a 1m by 6.4cm width stave

· Procure raw materials for the stave structure, pre-preg, honeycomb, etc.

· Consolidate K13D2U/Cyanate ester laminate with 4/1 fiber orientation

· Conduct material specimen testing to verify laminate fiber fraction and tensile modulus properties

· Conduct thermal diffusivity measurements of facing material to confirm thermal conductivity through the laminate wall

· Measure transverse (in-plane) laminate thermal properties  

· Prepare assembly procedure for bonding and curing stave structure

· Bond and assemble 3 staves, one for mechanical testing (4 point bend test to determine sandwich shear properties)

· Assemble cold box facility for thermal stability testing (-25ºC)
· Conduct thermal stability tests measuring out-of-plane distortion with LBNL TV Holography equipment or optical measurements
· Measure gravity sag using coordinate measuring equipment 
4. Budget
The budget for engineering design, materials, fixture fabrication and labor (skilled mechanical technician familiar with composite fabrication) is given below. The tooling design will by done by iTi, with the collaboration of a senior technician from LBNL that has extensive experience in the fabrication of composite structures for ATLAS. It is not yet decided if the fixtures will be fabricated commercially (under the direction of iTi) or at LBNL. LBNL will procure the prepreg, honeycomb and other materials. Material testing will be done commercially. Fabrication of the stave components will be done at LBNL and utilize equipment there – automated cutting and an autoclave. Finally assembly of the stave prototypes will be done at LBNL. It is anticipated that LBNL will provide additional senior technical labor (0.3 FTE, S. Dardin and M. Cepeda or J. Wirth) supported by base program funds for the implementation of fixtures, assembly of the stave components and staves and preparation of fixtures for stability measurements. LBNL will provide measurement capability (TV holography, optical measuring machines and CMM).
Pre-Preg (K13D2U 10bs plus set up) Bryte Technologies……………..$17,500

Honeycomb (UCF-119-3/16-3.5, ~3 staves)…………………………….$ 4000

Consulting (iTi):
 Senior Engineer……….300hrs @$75/hr………$22,500




 Designer……………….100hrs @$35/hr………$ 3,500

Fixture Fabrication:
4 precision bonding fixtures…………………….$25,000

Material specimen testing………………………………………………..$ 5,000
LBNL Tech Labor to assemble fixtures and make staves…………….…$32,000
Fixtures for stability measurements...........................................................$ 5,000








TOTAL
     $114,500































� Sub-cooling the detector from room temperature to -25ºC.


� May be difficult.


� Unfilled PEEK produces a significant thermal gradient
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