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Abstract

This report covers the analysis performed to predict the thermo-elastic behavior of composite, sandwich cooling structure under development by the Lawrence Berkeley National Laboratory. The structure, referred to as a local support in the detector community, supports and cools a flat planar array of pixel detector modules. A prototype sector, entitled Sector 8, was mounted rigidly to a composite plate in the test series conducted.  A comparison is made between an analytical model and these experimental results to validate the predictive model developed using finite element methods.  The FE model will be used to extrapolate the thermal-mechanical performance beyond the test boundaries, thus providing an estimate of expected performance in the ATLAS environment.  Dimensional change in the sector from thermal cool-down is also evaluated for both a compliant and rigid adhesive joining the Al cooling tube to the Carbon-Carbon sector faces.
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1. Introduction

2. Finite Element (FE) Model of a Sector

A three dimensional model of the Lawrence Berkeley National Laboratory (LBNL) Local Support Structure (Sector) is shown in Fig. 1.  The model consists of: (1) 2-carbon-carbon (C-C) facings, (2) carbon foam core, (3) aluminum (Al) cooling tube, (4) 3-support bushings, (5) 6-silicon strips, and (5) an adhesive layer between the Al tube and the C-C facings.  The 6-silicon strips, three front and three back, are intended to simulate the pixel detector modules.  

The carbon foam core is bonded between the faces with a rigid adhesive.  This adhesive interface is assumed sufficiently rigid as to be ignored in the FE model.  The three bushings are rigidly connected to the C-C faces and the foam core.  In the actual construction, the bushings are not intentionally bonded to the foam core; however, this simplification for the FE model should not affect results.    
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Figure 1:  Solid shaded image of the Local Support Structure (Sector) for pixel modules by LBNL.  Eleven sectors comprise a disk assembly; sectors are arranged in an azimuthal array.

The illustration in Fig. 2 depicts the sector with the front pixel modules (simulated by silicon stips) and C-C facing removed.  This view shows the path of the cooling tube and the cutout in the carbon foam.  The path described by the cooling results in 2-separate pieces of carbon foam, an inner and outer segment that are unconnected. 

The Al tube is formed from a rectangular extrusion.  The dimensions are 2.31mm by 4.64mm with a 0.29mm wall thickness.  The adhesive layer is a very compliant material, CGL7018, with a presumed thickness of 0.075mm.  To facilitate the solution this layer thickness was increased to 0.15mm.  A corresponding adjustment to the compliant layer material properties is made to account for the increased thickness.  This change also resulted in a thickness change in the sandwich interior dimension to 2.61mm.

Table 1 lists the material property data used in the finite element analysis (FEA).  The commercial reticulated vitreous carbon foam (RVC) used for the sandwich core was densified by a carbon chemical vapor deposition (CVD) process to increase its shear stiffness. The CVD process increased the foam density by roughly a factor of two over virgin RVC carbon foam.  The shear property data used in the FEA was obtained through testing and the results are reported in [1].
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Figure 2:  Cutaway of FE model of LBNL Sector

Table 1: Material Property Data for the FE Model

	Item
	Material
	E- (GPa)

Young’s Modulus
	(-

Poisson’s ratio
	(-ppm/K

	C-C Facings
	P30 Quasi-Isotropic
	147.5
	0.301
	-1.2

	Carbon foam
	RVC (CVD foam)
	.089
	0.3
	2.1

	Bushings
	3D C-C  
	37.2
	0.35
	0.4

	Modules
	Silicon
	131
	0.3
	2.3

	Cooling Tube
	1060 Al
	68.9
	0.33
	23.4

	Adhesive layer
	CGL7018
	.0003515
	0.4
	60


2.1 Preliminary Simplified FE Model

Due to the complexity of the model, a judgment was made to remove the cooling tube and compliant adhesive layer.  This simplification did not obviate the need for a compatible mesh being generated from front to back, with offset silicon strips being taken into account.  The cutout in the foam core for the cooling tube remained unchanged in this initial model.  Fig. 3 depicts a frontal view of the mesh geometry.  The FE model contains 14,391 tetrahedral elements and 62660 nodes.  The boundary conditions that simulate the sector 3 support points are rigid in three degrees of translation.   


[image: image3.wmf] 


Figure 3: Frontal view of the FE model mesh for a sector without a cooling tube and compliant adhesive layer.

3. Thermal Strains from Sector Cool-Down

3.1 Simplified FE Model-No Cooling tube

The first solution for thermal cool-down was restricted to a temperature change of 15.95(C.  This differential was chosen to match a test performed by LBNL.  In this case, the sector was rigidly mounted to a composite plate at the three mounting points.  Fig. 4 illustrates a deformed shaped for the sector for the change in temperature.  The maximum relative change is 20.5(m.  The peak distortion occurs on the overhanging portion of the C-C facing.  Much of the sector surface has a distortion of less than 1.2(m.   Although, the figure depicts the relative motion in XY and Z, the deflection is essentially representative of out-of-plane motion, which can be compared with LBNL test data.
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Figure 4: Deformed shape of sector without cooling tube, subjected to a 15.95(C change in temperature, units are mm.  Distortion is caused by CTE mismatch between the silicon strips and the C-C facings.

The edge of the sector face that overhangs distorts toward the silicon wafer, a positive Z-direction for the edge on the right-hand-side (RHS).  The LHS curls in the negative direction.

Figure 5 is a photograph of Sector #8 under test by LBNL, wherein the sector is mounted rigidly to a composite plate.  The figure shows the location points used in recording the out-of-plane motion, as well as in plane.  Table 2 summarizes a few of the data points extracted from this test.   A figure of merit (FOM) is calculated, microns of displacement per degree of temperature change.  This value is compared with the FEA results, a linear solution of the thermal strains.
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Figure 5: Photograph of LBNL Sector 8, depicting points of instrumentation.  T4 and T5 record temperature of the outermost point of C-C facing overhang.

Table 2:  Summary of Displacements Recorded by LBNL for Sector 8

	RTD
	Z-mm Before
	Z-mm After
	(Z

mm
	T-avg Before
	T-avg

After
	(T

(C
	Shift

(m/(C
	Location

	T4
	159.3
	159.285
	.015
	21.65
	5.7
	15.95
	0.94
	RHC

	T5
	158.988
	158.978
	.010
	21.65
	5.7
	15.95
	0.63
	RHC

	T6
	158.864
	158.863
	.001
	21.65
	5.7
	15.95
	0.063
	Near screw

	T13
	158.942
	158.929
	.013
	21.65
	5.7
	15.95
	0.815
	C-C center

	T23
	156.154
	156.147
	.007
	21.65
	5.7
	15.95
	0.44
	LHC

	
	
	
	
	
	
	
	
	


In comparison, the FEA results predict a Z-deflection peak of 20.5(m for a 15.95(C (T, or 1.29(m/(C.  This is reasonably close to the observed change in the corner of 0.94(m/(C.  The FEA indicates that the Z-deflection over much of the body is less than 2(m.  However, in the case of the test data the sector body has out-of-plane movements on the order of 10 to 13(m.   We also note that the FE model shows the lower corners to distort in an opposite sense, whereas the measured data has the corners both distorting with a positive sense.  It is believed that the FE model correctly displays the proper sense in distortion, front to back, and that some shift in the measured data must have occurred. 

3.2 Full FE Model-With Cooling Tube and CGL7018 Adhesive

A new 3D model of the LBNL sector was prepared.  This model comprises 36,559 parabolic tetrahedral elements and 59,676 nodes.  The predicted peak deflections in the two extreme lower corners are nominally 19.1(m, respectively.   For the complete FE model the predicted FOM is 1.2(m/(C.  This solution slightly over predicts the measured data using a CGL7018 shear modulus
 of 0.01N/mm2.  Two explanations come to mind: (1) the measured data includes some amount drift during the course of the test, (2) the estimated shear modulus for the compliant layer of CGL7018
 beneath the cooling tube does not correctly the stiffness coupling between the Al tube and the C-C faces, and (3) the carbon foam core shear modulus is lower than expected.  The sensitivity of the predicted thermal strain results needs to be explored in terms of the latter two parameters.
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Figure 8:  Results of FE analysis of Sector #8 thermal strains, for a 15.95(C temperature change.  Model includes the aluminum cooling tube, Al cooling tube support, and the compliant adhesive attaching the tube to the carbon-carbon facings.  The out-of-plane distortion (Z) is depicted in cm.

3.2.1 FEA of Sector #8 Under Static Loads

A concentrated force was applied at a node on the surface of each the cooling tube.  The direction of the force vector is normal to the surface; it is intended to simulate a force potentially induced by the services.  The peak deflection occurs at the point of load application, the outer extremity of the tube, ref. Fig. 9.  The tube compresses the compliant layer under this load, and the reaction causes a small motion at the lower extremities of the sector.  The rigid three support points serve to limit the distortion throughout the sector.

In spite of the slight asymmetry in distortion at the two loading points, the distortion at the two lower opposing corners is quite symmetrical.  The out-of-plane motions at these points are both 1.611(m
.
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Figure 9:  FEA of Sector 8 with two concentrated loads applied normal to the exit of the cooling tubes.  Magnitude of each force is 1.113N(113.4g or 0.25 lbf).  Displacement(Z) is displayed in cm.   

The two foregoing loading conditions are combined, i.e., the thermal strain solution and the localized concentrated force solution; the resulting solution is depicted in Fig. 10.  The two lower corners are now unbalanced, since the applied force contributes an additional small negative displacement, which increase the deflection in one corner over the other.
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Figure 10: Combination of two static load cases, thermal contraction for 15.95(C change and for two applied forces of 1.113N at each of the cooling tubes.  Displacement (Z) is displayed in cm.

With reference to Fig. 10, the right corner is distorted in the negative direction by –0.0091mm and the left corner is distorted 0.0057mm. 

3.2.2 Sector Distortion With The Cooling Tube Under Pressure 

A simulation of an internal pressure of 4-bar (60psi) was made by application of a pressure loading to the interior of the coolant tube surface.  Under this condition, the rectangular tube has a tendency to bow outward toward the C-C facing.  This causes most of the C-C face that overhangs to curl toward the module, the opposite direction to that formed by CTE mismatch between the silicon and C-C.  Fig. 11 depicts this condition.
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Figure 11: FEA of pressure loading in the interior of the cooling tube.  Simulation made for 4-bar (60psi).  Displacement (Z) is displayed in mm. 

3.3 Full FE Model with Modified CGL7018 Shear Modulus

Several solutions were made with increasing values of shear modulus for the CGL7018.  The solutions covered a wide range shear modulus ranging higher
 than 9.8 N/mm2, a value felt to bracket adhesive properties after radiation exposure and at -15(C.  In each case, the input parameters remained the same as used in solution shown in Figure 8.  The distortion pattern was observed to change with increasing shear modulus, both in magnitude as well as in character.  When the shear modulus was increased from nominally 0.01 to 0.98N/mm2, the distortion in the corner (overhang) diminished from the 19.2 to nominally 0(m.  A noticeable depression (negative Z displacement) is observed in the region of the corner at this point.  A solution at 9.8 N/mm2 was observed to produce a negative curling of the lower overhanging corner, a complete reversal of the characteristic condition at the near zero shear modulus solution.  For the more rigid, 9.8 N/mm2 modulus, the out-of-plane distortion of the corner is a negative 8.2(m.  Increasing the shear modulus to 98N/mm2 resulted in a solution predicting a negative out-of-plane distortion of nominally 4(m in the lower corner and 8.3(m in the upper.  The sense of the distortion is opposite to that of a very low shear modulus.  A shear modulus of 98N/mm2 is typical of a rigid adhesive (Young’s Modulus of 398,000psi) 

Fig. 12 shows a solution for a shear modulus of 9.8 N/mm2 (1421psi).  The distortion of the C-C face overhang is a negative 8.3(m, an opposite direction to that shown in Fig. 8.  Although this solution is for the same temperature change as the LBNL test, it is not intended to simulate the test condition.  The solution reflects an attempt to illustrate the effect of the CGL7018 after radiation at a sub-cooled state of -15(C.  The temperature sensitivity of the facing distortion for this solution is 0.52(m/(C.  The evidence suggests that one should consider constructing the sector with a rigid adhesive as opposed to a very compliant adhesive that may have questionable long-term adhesion. 
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Figure 12: Results of FE analysis of Sector #8 thermal strains, for a 15.95(C temperature change with an increase in shear modulus coupling the tube to the C-C facings.  The out-of-plane distortion (Z) is depicted in cm 

3.4 Sector 8 Cooling Model Using FE Structural Model

The FE model of the Sector 8 can be used to solve for the temperature distribution throughout the sector.  As a first step, we approximate the C3F8 evaporative coolant system by imposing uniform cooling throughout the interior of the tube.  Test experience with both liquid based coolant (methanol/water) and evaporative fluids C4F10 and C3F10 suggest this a reasonable approximation.  The reverse path taken by the fluid in flowing through the triple U-tube pattern adds sufficient turbulence to keep the fluid well mixed, thereby avoiding stratification of the fluid frequently found in laminar flow situations.
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Figure 14:  Thermal plot of front (left) and back (right) surfaces for 60W uniformly distributed over the  six silicon wafers that simulate the pixel detector modules.  A constant convective film coefficient of 1.256 W/cm2 is applied to the interior surface of the coolant tube to simulate the effect of the C3F8 evaporative fluid.  The interior fluid bulk temperature is assumed to be -15(C.

Fig. 14 provides a view of the front and back surface temperatures derived from this model.  The peak temperature difference between the silicon surface and bulk fluid temperature is 4.65(C.  This temperature difference is in approximate agreement with test data obtained by LBNL.  This temperature field will be used to calculate the thermal strains in the sector. 
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Figure 15:  Plot of thermal strains for temperature filed of Fig. 14, front (left) and back (right).   The boundary conditions hold the three support points fixed.

3.5 Further Assessment of the Effect of CGL7018 on Thermal Strains

A solution was made for a very high shear modulus material used to join the Al cooling tube to the sector C-C facings.  The out-of-plane distortion result for this solution is depicted in Fig. 16.  The major distortion again is limited to the overhanging edges.  The shear modulus of 980 N/mm2 used in the initial appraisal of rigid adhesives would roughly correspond to an adhesive with a Young’s Modulus of 2.75GPa (398,000psi). 
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Figure 16: Results of FE analysis of Sector #8 thermal strains, for a 15.95(C temperature change, using an assumed shear modulus value of 980N/mm2 (142,200psi) coupling the tube to the C-C facings.  The out-of-plane distortion (Z) is depicted in cm 
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� LBNL performed shear modulus (G) tests on CGL7018 as function of temperature.  Data indicates shear modulus to range from 0.01 to 0.2 N/mm2 from room temperature to 0(C.  This implies the Young’s Modulus (E) will range from 0.028 to 0.56 N/mm2 for an assumed Poisson’s ratio of 0.4.  





� The solution results contained in Figures 9, 10, and 11 used an E of 0.3445 MPa (50psi).     


� After radiation the shear test yielded G=0.5N/mm2.  Extrapolating this value to -15(C, factor of roughly 20, yields 10N/mm2.
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