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Abstract

Using material data correlated from cryogenic thermal expansion testing and finite element analysis, a method was derived to accurately predict displacement, via finite element analysis and acceleration test data for a space based focal plane. The paper breaks the random vibration correlation process into its two major components: frequency and displacement.  These two distinct areas are then broken down further and examined to give a very accurate method to predict displacement using finite element analysis.
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Initial Remarks

This white paper attempts to show practical application of engineering techniques used within Northrop Grumman Corporation, ESSS in order to combine two distinctly complicated mechanical engineering problems: coefficient of thermal expansion mismatch, and random vibration fatigue.  By doing so, it is the hope of the author to present a method of determining elastic material properties from an already scheduled cryogenic test, which, in turn, contributes to an affective model correlation and a methodical, accurate approach to understanding the displacement due to random vibration.  Finally, other aspects of analysis are shown.  This includes cryogenic loading of a bolted joint, cumulative stress due to random vibration, and bolt fatigue analyses are shown.

In order to pursue the requirements brought forth in this document, Northrop Grumman, ES3 engineers took a two-pronged approach.  Initially, analytical methods were used to determine the impact of each requirement.  If it were felt that the analytical models could not provide enough detail, and it was found feasible, test models were made and used to correlate to the analytical models for future testing and designs.

This paper contains two major sections describing the thermal expansion and random vibration analysis of a focal plane.  The random vibration loading takes place during flight, while the thermal expansion issues occur during payload tasking. The task of proving the design of the focal plane uses the path shown in Figure 1.  Phase I and II are associated with understanding and proving the mechanical operational concerns (thermal elastic contraction) of the focal plane.  Phase III and IV are associated with taking what was learned in the first two phases and applying that knowledge to prove the focal plane design during launch (random vibration and ascent loading).  Phase I and III can be broken down into testing and correlation, while phase II and IV can be seen as proving flight hardware.


Figure 1: Design & Analysis Path for the Focal Plane

Problem Definition

The ultimate goal for a space based focal plane is for it to perform its functions during tasking.  The analysis presented in this paper tackles two typical problems associated with a space based focal plane: random vibration fatigue damage during launch, and thermal expansion mismatches during tasking which may cause the focal plane to loose focus.

Focal Plane Description

The general make-up of the focal plane (see Figure 2) is a molybdenum housing, sensor electronics (not shown), a molybdenum sensor cover, sapphire filters, a flex cable with connector (also not shown), and a flex cable strain relief strap.  The weight of the unit is 3.68 lb.
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 Figure 2:  Focal Plane
Phase I: Thermal Testing and Correlation

The thermal expansion section will cover the following:

1) Describe the issues associated with cooling the substrate to cryogenic temperatures

2) Depict the Layout of the focal plane

3) Illustrate customer specifications and in-house requirements

4) Explain Laboratory Testing

5) Present methods of correlating the finite element analysis model

Description of Problem

For the thermal expansion problem, the concerns of the Northrop Grumman ES3 analytical team is to determine the amount of out of plane bowing that will occur when the focal plane is subjected to cryogenic loading during operation.  The bowing is due to coefficient of thermal expansion (CTE) mismatches between the different materials used in the lay-up of the focal plane.  The objective of the analysis is to discover the extent of the out of plane bowing and determine the best method to minimize it.  In general, any bowing of the housing and substrate changes the alignment of the sensors and reduces the amount of tolerance allowed during random vibration loading.  Therefore, less bowing is desirable.

Specification

The analysis is to quantify the amount of bowing for tolerancing the sensor chip assembly stack-up.  There is no customer or in-house specification.

Method

The method used to determine the out of plane bowing requires multiple steps.  They are listed as follows:

1) Create a simplified model in PTC’s Mechanica using mechanical property values determined by the materials group

a) Run model between 295 (K to 110 (K ((T = 185 (K)

b) Examine relative displacement results in the out-of-plane direction (Z).

2) Compare results to testing completed in laboratory

3) Make changes to model to correlate to laboratory results (if necessary)

4) Repeat step 1, until results are satisfactory

Simple Model

Analysis

The following are the material properties supplied by the Northrop Grumman ES3 materials group and the American Institute of Physics Handbook, pages 4-66, 4-136 (see Table 1 & Figure 3).  These material properties are used in the ¼ symmetry model created in PTC’s Mechanica.  Mechanica was chosen due to its use of P-elements, and their ability to converge on a solution.  Model convergence is a necessity with regards to very thin elements (adhesive) model in proximity to relatively thick elements (housing and substrate), and is only guaranteed in H-element based finite element analysis by using a series of refined meshes and comparing results until a convergence requirement is met.  PTC’s Mechanica performs this task by increasing the polynomial order of the element until a convergence is met.  Unlike H-element methods, algorithms within the software accomplish this; therefore, the engineer requires little additional labor other than the initial build of the model.
Table 1: Material Properties for Focal Plane
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Figure 3: Coefficient of Thermal Expansion vs. Temperature

From Mechanica, the following simple, ¼ symmetry model was created to simulate the laboratory testing (see Figure 4).  Figure 5 shows the same ¼ symmetry model with the substrate layer removed to show the adhesive.  A ¼ symmetry model was used in order to reduce the run times associated with a densely meshed model.  Finally, a uniform temperature change of –185 (K (295 (K down to 110 (K) is loaded on the entire assembly.  This temperature range does not include the curing temperature, because in the lab, the dial gauges are zeroed at room temperature.

[image: image5.png]



Figure 4: Simple, 1/4 Symmetry Model of Test Specimen
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Figure 5: Simple, 1/4 Symmetry Model without Ceramic

Results

The first analysis used 5 mil thick Adhesive A.  After running the analysis, it is found that the model converges to within 1.4% on global rms stress.  The following plot (see Figure 6) is of the out of plane displacement (z-direction) of the ceramic.
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Figure 6: 5 mil Thick Adhesive A Simple Model

The second analysis uses an eight mil thick bond-line of Adhesive B.  The results for the Adhesive B analysis can be seen in Figure 7.  Table 2 below shows the summary of the simplified model displacement results.  As can be seen, the Adhesive B gave a much lower relative displacement versus Adhesive A.  Initially, it was thought that this may be due to the bond-line thickness; however, this was later proven wrong as the model was later run with Adhesive A at 8 mil thick with little reduction in relative displacement.

Table 2: Relative Displacement of Simple Model (Center to Edge)
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Figure 7: 8 mil Adhesive B Simple Model

Laboratory Testing

For Laboratory Testing, a simple plate model was initially used to correlate a finite element model.  The simple plate model consisted of a 5 x 2 x 0.25 inch molybdenum plate with a 4.5 x 2 x 0.1 inch ceramic substrate adhered to the 5 x 2 inch surface of the molybdenum (see Figure 8).  Two different adhesives were tested.  Adhesive B (8 mil thick), and Adhesive A (5 mil thick).  The temperature range varied from room temperature (295 (K down to cryogenic 110 (K ((T = 185 (K).  Figure 9 shows the cryogenic test chamber used.

The test procedure was to zero the dial gauges at room temperature, then reduce the temperature and re-read the gages at 100 (K.  The results from the tests can be seen below in Table 3.

Table 3: Simple Model Test Results for Relative Displacement
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Figure 8: Simple Cryogenic Test Specimen Setup
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Figure 9: Cryogenic Test Setup

Table 4 below shows a comparison between test data and analytical data.  As can be seen there is little difference between the test data and the analytical data.  This proves two major objectives:

1. Material Properties are accurate

2. Boundary Conditions are accurate

Table 4: Comparison of Test and Analytical Data for the Simplified Model
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The next step is to apply what was learned to a full detailed model of the housing and substrate and determine the bowing of the housing.

Phase II: Detailed Thermal Analysis & Results

Because the simple model of the housing proved to be successful, a detailed model was created.  The material properties for the model followed the same ones used in the simple model (see Table 1 and Figure 3).  Model geometry was taken from Unigraphic Solutions’ Unigraphics, and imported directly into PTC’s Mechanica.  The model appears as follows (see Figure 10):
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Figure 10: Detailed Cryogenic Focal Plane Model

Since the focal plane mounts to a molybdenum lens cell, the model is constrained in a free-free state.  This means that the housing is allowed to deform in any direction.  As a boundary condition check, a model of just the molybdenum housing was completed, and reduced in temperature from cure (125 (C) down to operating temperature (-183 (C, a -308 (C difference).  The results are seen in Figure 11.  As can be seen, there are no noticeable differences in the Z-direction displacement across the entire substrate area.


Figure 11: Boundary Condition Test of Housing During Cryogenic Loading


Now that the boundary conditions are set, the model is run with the Adhesive B and the Z-direction displacement is examined.  From the model, it was found that the model would vary 5.2 microns from corner to center of the substrate or +/- 2.6 microns across the middle plane.

Additional Testing

For stress testing of the focal plane, an engineering test model (ETM) model was tested in the cryogenic test chamber.  One hundred thermal cycles from 335 (K to 90 (K were completed.  This model is used to confirm that all major bonded joints remain intact.  Specifically the filter-to-filter cover, the housing to substrate, and the substrate to brazed molybdenum.  Additionally, the bolted joints (6 screws) for the cover to housing are also confirmed. Figure 12 shows the focal plane in the cryogenic test chamber.

From the cryogenic thermal cycling test, it was found that no failures occurred.  All components remained intact, and showed no signs of damage.
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Figure 12: Cryogenic Test Setup of Pre-Qualification Unit

Bolted Joint Analysis

Description of Problem

The objective of the bolted joint analysis is to examine the effects of cryogenic loading on the bolts associated with the connection of the housing and the cover.

Specification

There is no specification for this analysis.  The analysis is completed as a method to quantify possible failure modes of the bolted joint.

Laboratory Testing

Laboratory testing for this section is completed as part of the overall cryogenic tests described in previous sections.  There were no failures associated with the bolted joint analysis during cryogenic testing or the post-random vibration testing.  Since the random vibration testing was completed post-cryogenic testing, and joint separation was not detected, than it can be said that the cryogenic cycling did not damage the bolted joint.  Therefore, there are no failures associated with this joint.

Detailed Analysis

From 
Appendix A: Cryogenic Loading of Hardware
, focal plane mounting hardware cryogenic loading analysis, it can be seen that for the bolt selected, NAS1352-04LE4-08, the bolt is optimized for torque such that the margin of safety equals zero.  This is done intentionally so that the joint does not have failure during random vibration (joint separation) and cryogenic loading.  The optimum torque value is 6 in-lb, which is lower than the typically required 12 in-lb for this bolt.  If the torque value of 12 in-lb were used, there would be a chance of causing high amounts of yielding in the bolt as the bolt contracted faster than the molybdenum.

Summary

From the cryogenic analysis and testing shown above, the focal plane proved to meet all in-house thermal requirements, and general operational and functional requirements regarding thermal expansion.  Additionally, displacement of the housing due to coefficient of thermal expansion (CTE) mismatch was methodically found and used in other parts of the focal plane analysis (random).

Phase III: Random Vibration Testing & Correlation

The general flow of the random vibration analysis section is as follows:

1) Describe the issues associated with random vibration of the focal plane

2) Depict the layout of focal plane

3) Illustrate customer specifications and in-house requirements

4) Explain laboratory testing

5) Present methods of correlating the finite element analysis model

Filter Cover Displacement Relative to the Housing

Description of Problem

For the analysis of the focal plane, the random vibration analysis is primarily concerned with the distance that the focal plane filter cover will translate with reference to the focal plane housing.  The objective is to minimize the travel between the top of the sensors and the bottom of the sapphire filters (see Figure 13).
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Figure 13: Generalized Filter Cover Cut-Away

Specifications

The specifications for the random vibration problem for the focal plane are customer driven.  The random vibration qualification curves are described in Table 5.

Additional specifications documents are that of safety factors.  These are shown in Table 6.

Table 5: Focal Plane Random Vibration Input
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Table 6: Factors of Safety
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For random vibration, typical areas to concentrate during an analysis are stress and displacement.  For the focal plane, it was discovered early on that the analysis was purely stiffness driven.  Therefore, the majority of the random vibration analysis is in regards to the relative displacement between the sensors, and the filters located on the cover.  Table 7 shows how the deflection allowable is calculated for the random vibration.

Table 7: Allowable for Random Vibration
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An additional in-house requirement has the random vibration analysis using a 3 statistical response.

Laboratory Testing

Random vibration testing was completed at the Northrop Grumman ES3 Production Qualification Laboratory (PQL).  The objective of the testing was two fold: 1) determine whether the focal plane unit, as a whole, could survive random vibration qualification loading, and 2) determine the amount of relative displacement of the cover and housing.

For the test set up, the focal plane assembly was bolted upside down on the shaker table (see Figure 14).  The focal plane assembly was constructed from excess engineering test model (ETM) piece-parts, which included:

A:
Housing

B:
Cover

C:
Flex Cable Strain Relief Strap

D:
S-Link Pad Mass Simulators (x4)

E:
Flex Cable

The random vibration input used is shown in Table 8.  As can be seen, Table 8 is slightly lower than the requirements in Table 5.  This is because at the time of testing, Table 8 was the latest revision.

Table 8: Focal Plane Random Vibration Acceleration Input
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Figure 14: Random Vibration Test Setup

The accelerometers are labeled according to data channels.  Channels 1 through 4 were control channels, used to monitor the table and test fixture, and control the input into the focal plane.  Channels 5 & 6 were used to measure out of plane deflection of the housing and cover.  The channels are as follows (see Table 9):

Table 9: Description of Accelerometers
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For random vibration testing, an additional testing specification is required for tolerancing on the input.  Table 10 shows these values.  Tolerancing is required since absolute control in a random vibration environment is difficult to achieve.

Table 10: Tolerance Levels for Random VIbration Testing
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Finally, the following duration is set for testing the focal plane (see Table 11):

Table 11: Test Duration
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The test conducted at Northrop Grumman’s PQL used the qualification inputs; therefore, our test time was three min/axis.  Below are photos taken of the set-up (see Figure 15 and Figure 16).
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Figure 15: Focal Plane Random Vibration Test Setup
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Figure 16: Focal Plane Close-up of Random Vibration Test Setup

Results


Below are the acceleration response curves from control channel 3 (see Figure 17), the cover channel 5 (see Figure 18), and the housing channel 6 (see Figure 19):
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Figure 17: Control Channel Acceleration Response (Channel 3)
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Figure 18: Cover Acceleration Response (Channel 5)

[image: image29.wmf]
Figure 19: Housing Acceleration Response (Channel 6)

As can be seen in Figure 17, the testing data is slightly over the 15.75 Grms input (16.5 Grms); however, it still falls within the required 10% overall (4.8% difference) and +1 dB (+0.3975 dB) overall tolerance that is shown above in Table 10.  For the bandwidth of 20 Hz – 2000 Hz, the acceleration data can be derived for the cover and is shown in Table 12 and Table 13.

Table 12: Acceleration Response of the Cover by Mode
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Table 13: Acceleration Response of the Cover
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Taking the auto-spectral density of the acceleration, integrating twice, and multiplying by gravity squared one can find a displacement value found for each channel.  The 3 displacement (500 Hz – 2000 Hz)
 for each channel is shown below in Table 14.  These values have a +/- 0.15 mil 3 error over the range of 20 Hz – 2000 Hz.

Table 14: 3 Absolute Displacement from Testing
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The values in Table 14 are absolute values.  This means that the housing and cover have shaker displacement data embedded in them.  Unfortunately, due to phase, the values can not be directly subtracted from one another to get a relative displacement.  If the values for the cover and housing displacement are added, a 3 clearance of 2.448 mil is required to ensure that the cover and housing do not crash into one another during random vibration.  However, with the help of the Spectral Dynamics Data Analyzer workstation, a program has been created to produce relative displacement data between accelerometers.  The equations for performing relative displacement can be found in Appendix B: Relative Displacement Calculation.  Using these equations, a 3 relative displacement between the cover and housing is reduced to 2.379 +/- 0.15 mil over the range of (500 Hz – 2000 Hz).  This is a 3% reduction in displacement.

A final note that should be presented regarding random vibration testing is that there were no failures during random vibration testing.  For example, there were no failures of filters or filter adhesives during testing.  Additionally, there were no failures regarding the bolts or the chassis.

Correlation and Analysis


From the testing, a finite element model is created and correlated.  The model is created so that new specifications can be examined without the need for repetitive testing.  Additionally, the model allows the analyst the ability to review stress data, which is difficult to achieve in physical tests.  Finally, in the early stages of design, the correlated finite element analysis allows us to predict failures in expensive, long lead items (electronic components) prior to testing the production models.

Correlation

The finite element model of the focal plane was created in MSC’s Patran version 8.0.  The geometry of the model was created directly from the Unigraphics Solution’s Unigraphics (drafting package) parasolid files.  The model appears as follows (see Figure 20 and Figure 21):
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Figure 20: Focal Plane FEA (Front)


[image: image34.png]



Figure 21: Focal Plane FEA (Back)

The majority of the model is created using hexahedron elements, while parts such as the substrate and strain relief bracket are modeled with quadrilateral elements.  The bolts used to hold the cover to the housing and the strain relief bracket to the housing are modeled with beam elements.

In order to correlate the analytical model to the tested model, there are two steps to satisfy five variables:

1) Match the frequency of the test model

a) Boundary conditions

b) Mass of components

c) Stiffness

i) Geometry

ii) Material Properties

2) Match the displacement of the cover of the test model

a) Acceleration PSD input

b) Damping value (related to amplification by   = 1/(2Q)

Boundary conditions on the test fixture consisted of stainless steel bolts that mounted the housing to the test fixture.  For the analytical model, the boundary conditions are fixed at the areas under the bolt head on the contact surface.  For boundary conditions of the cover to housing, beams are modeled as stainless steel bolts, which are centered in the bolt-holes.  The beams are then attached to the housing based on threaded area via rigid body links.  Additionally, the bolts for the cover are attached to the contact area of the cover and bolt head via rigid body links.  This method has been used in the past on finite element models, and has been proven very effective for simulating a bolted joint.  Therefore, condition 1a has been satisfied.

In order to satisfy condition 1b, mass of components, components were weighed after testing and used to set the mass of components in the model.  The component weights are shown below in Table 15.  The comparison of weight for testing model and analytical model proved to be 0.0% error, such that the total weight is 2.12624 lb.

Table 15: Material Properties for Focal Plane Components
,
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S-Link Pads

AL6061

1.00E+07

0.33

0.0621

Substrate

Alumina

4.50E+07

0.19

0.2602

Housing

Molybdenum

5.07E+07

0.307

1.4650

Cover

Molybdenum

5.07E+07

0.307

0.2735

Strain Relief Bracket

Molybdenum

5.07E+07

0.307

0.0420

Filters

Sapphire

5.00E+07

0.19

0.0065

Hardware

Stainless Steel

3.00E+07

0.31

0.0150

Adhesive for Substrate

Adhesive B

14800

0.33

N/A

Adhesive for Filters

Adhesive A

245380.4

0.33

N/A

Accelerometer - Cover

N/A

N/A

N/A

0.0009

Accelerometer - Housing

N/A

N/A

N/A

0.0011


For stiffness, section 1c, two parts must be satisfied – geometry and material properties (primarily Young’s Modulus).  Because geometry is set by the use of elements, and because this model is built directly from Unigraphics solid parasolid parts and good finite element analysis techniques are used, the geometry is fundamentally as close to the actual part as can be.  Therefore, the last variable is Young’s Modulus (E).  Specifically, Young’s Modulus for the molybdenum is varied to match the second mode frequency of the part
.  Because the molybdenum is the structural-carrying component in the focal plane, it is expected to have the greatest impact with the least variance.  A tensile test of the material was requested; however, due to time constraints and cost, it was not completed.

In order to justify varying molybdenum’s Young’s modulus, limits were set so that an unrealistic property is not created.  Several data sources were considered in order to bound the material property.  The limits for the molybdenum were set as 48 - 50 Mpsi +/- 1 Mpsi
.  After completing two modal analysis runs, a linear interpolation of the data revealed that 50.7 Mpsi will match the analytical model’s second mode to the test models analytical model (1717 Hz).  Data for modes 1 and 2 can be seen below in Table 16.  Additionally, Figure 22 and Figure 23 show the mode plots of the two frequencies.  Modes 1 and 2 are the only modes below 2000 Hz.

Table 16: Percentage Difference of Testing vs. Analytical Models
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1

1513

1477

2.4%

Cover corner lifting

2

1717

1717

0.0%

Oil Canning of Cover
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Figure 22: Analysis Mode 1, 1477 Hz
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Figure 23: Analysis Mode 2, 1717 Hz

Now that the frequency portion of the correlation has been satisfied, the next step is to correlate the displacement of the cover for the analytical model to the test model.  Although acceleration power spectral density function input to the housing at the time of testing is defined above in Table 8, there is a tolerance that is allowed during testing.  The values for these are shown in Table 10.  Therefore, in order to match the input a Mathcad worksheet was created in Appendix C: PSD Correlation.  After examining the PSD input values used at PQL (Grms,in = 16.5), it was found that these values were 0.3975 dB higher than the specified 15.75 g input value.  These higher values are within testing tolerance because the specification calls for a maximum of +1.5 dB from 0 to 1000 Hz, and +3 dB from 1000 to 2000 Hz.  In order to match the PQL testing input values, the original 15.75 curve is raised across all values by 0.3975 dB, until the Grms = 16.5.  By doing this, the following values are used (see Table 17):

Table 17: Input Acceleration PSD Used for Testing
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Now that the PSD input has been correlated, the final step is to modify the damping value so that the amplification is met.  This is done with the following equation:
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where:

Damping value


Q
Amplification value

After performing several runs, a damping value of 0.00351 is found.  This provides for a 3 relative displacement between the housing and cover of 2.380 mil, or a 0.042% difference from testing (2.379 mil) for the range of 500 – 2000 Hz.  This damping value corresponds to an amplification value (Q) of 142.  From the testing model, the amplification value was found to be 110 for the second mode (see Table 12).

Now that the analytical model is correlated to testing, the next step is to exercise the model.

Analysis

Using the same model created during the correlation stage, the 3 displacement value for relative motion between the cover and housing is determined for the full bandwidth of 20 – 2000 Hz.  This value is 2.40 mil, which corresponds to an increase of 0.88% or +0.039 mil over the tested value (2.379 mil).  An interesting note is that the increase from the full range is less than the 0.15 mil 3 error associated with the testing calculations mentioned earlier.
The next step in the analysis is to add the electronic component and SCA’s weight and to remove the accelerometer’s weight from the model above.  The new weights are shown below in Table 18.

Table 18: New Weights or Analysis Model4
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A modal analysis is then performed and finds the following modes (see Table 19):

Table 19: Description of Analysis of Flight Hardware
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2

1730
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It should be noted that modes 3 and 4 are at 2183 Hz and 2328 Hz respectively.  Although modes above 2000 Hz require no analysis, mode 4 is the first mode of the housing and appears as follows (see Figure 24).
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Figure 24: Housing Analytical Mode, 2328 Hz
Phase IV: Detailed Flight Hardware Analysis & Results

Displacement

Now that the modes are found, the next step is to examine the displacement associated with the flight hardware.  For a damping coefficient of 0.00351 and a bandwidth of 20 – 2000 Hz, the new weight model has a 3 relative displacement between the housing and the cover of 2.492 mil for an acceleration PSD input of 16.5 Grms (reference Table 17 for input values).  If one were to go strictly by the specification and use the 15.75 Grms values (reference Table 8), then the relative 3 displacement between the housing and cover reduces to 2.392 mil.  However, the 15.75 Grms specification takes a conservative approach by using the higher end of the allowed tolerance range, which is based on observed inputs during pre-qualification testing.

Using the above correlation, it is reasonable to examine the focal plane under the latest focal plane random vibration specifications, which are shown in Table 5.  The results for out of plane 3 relative deflection of the cover and housing for each direction is located in Table 20 (20 – 2000 Hz bandwidth).

Table 20: Relative Displacement
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0.121

Y

15.88

0.121

Z

15.88

1.695


In order to analyze to proven test methods, Table 21 show the focal plane random vibration curves with a +0.40 dB increase.  These values are then used to predict a plane 3 relative deflection of the cover and housing for each direction (see Table 22) for a bandwidth of 20 – 2000 Hz.  As can be seen, the maximum relative displacement is 1.76 mil is below the 2 mil requirement shown in Error! Reference source not found. (Margin of Safety = 0.14); therefore, the focal plane passes for displacement during random vibration.

Table 21: Modified Random Vibration Input
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Table 22: 3 Relative Displacement Response between the Cover and Housing
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Stress

Below is the derived fatigue-life curve (S-N) for molybdenum (see Figure 25).  It is based on a method described by Robert C. Juvinall in Norman E. Dowling’s book Mechanical Behavior of Materials.  The derivation can be found in Appendix D: Fatigue Life Curve for Molybdenum.  The S-N curve has stress factors within its derivation, which take into account proximity to holes; therefore, these factors are not included in the Margin of Safety calculations below. 


[image: image47.wmf]1

.

10

3

1

.

10

4

1

.

10

5

1

.

10

6

1

.

10

7

1

.

10

8

2.5

.

10

4

3

.

10

4

3.5

.

10

4

4

.

10

4

4.5

.

10

4

5

.

10

4

5.5

.

10

4

Cycles

S

N

(

)

psi

N


Figure 25: Molybdenum Fatigue-Life Curve

From the S-N curve, a cumulative damage index (CDI) can be found based on Minor’s rule.  Minor’s rule is a method of summing the number of applied cycles over the number of cycles to failure at each stress level.  This sum is compared to a value of 1.  If the CDI found is less than 1, then the part is considered passing; otherwise, if the CDI is greater than 1, the part has used all of its allowable stress cycles, and a failure is probable.  If the equation used to create the CDI is solved for its roots based on stress, than a 1 fatigue stress allowable can be found.  For the molybdenum curve shown in Figure 25, a scatter factor of 4, a fundamental frequency of 1730 Hz, and a 3 Rayleigh distribution, it is found that the 1 fatigue stress allowable is 10743.3 psi.  Using the 3 allowable, margins of safety values are calculated in Table 24.  The Von Mises stress values are calculated using an MSC derived method in NASTRAN that allows phase and amplitude to be tracked and calculated across the entire bandwidth and summed cumulatively.  The maximum values are retrieved for each element and presented in the Table 24.  All maximum Von Mises stress values are found to be at the center of the filter cover between the 2 center filters.  The location can be seen in Figure 26.

Table 24: Von Mises Results from Molybdenum Filter Cover
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Figure 26: Maximum Von Mises Stress Location on Filter Cover

For ribbing associated with the cover, the maximum 3 combined stress (18420 psi) is depicted in Figure 26.  Values are listed in Table 25 and show positive margins of safety for all directions (Passing).

Table 25: 3 Combined Stress For Filter Cover Ribs
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The housing is examined next.  For the housing, a conservative Von Mises approach is used to calculate stress.  This is because there is currently not a method of tracking amplitude and phase for each solid element in order to get a Von Mises solution.  The normal equation for calculating three-dimensional Von Mises stress is shown below:
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For the conservative Von Mises, all negative values are changed to positive.  Because the values for the various stress values are calculated based on a root mean square (RMS) method, the conservative Von Mises will always be higher than a typical Von Mises.  Therefore, caution should be used.  The equation for the conservative Von Mises is show below: 
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Table 26 shows the conservative Von Mises stress values and their corresponding margin of safety values.  It should be noted that an additional hole stress concentration factor of 3 is placed on the calculations.  The margin of safety is calculated based on the fatigue stress allowable described earlier.  Figure 27 shows the location of the highest conservative Von Mises stress on the chassis.

Table 26: Conservative Von Mises Stress for Housing
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Figure 27: Conservative Von Mises Z Direction Stress () for Housing

As can be seen in Table 26, the molybdenum housing passes for the random vibration loading conditions, although a very conservative approach is used.

Filters & Adhesives

Description of Problem

The objective of the filter analysis is to determine if there will be any catastrophic failures during random vibration loading of the focal plane’s filters.  Specifically, it is the objective of the Northrop Grumman ES3 team to ensure that the filters will not dislodge due to flight loading environments, which may cause damage or functional failure of the focal plane.

Specification

Specifications for the analysis of the filters are the same as the previous section.  Analysis is based on inputs shown in Table 21.  Safety factors are based on those found in Table 6.  Location of the filters can be seen in Figure 2:  Focal Plane.

Analysis

Filter Cover Stress

The first part of the filter analysis is to determine the stress in the single-crystal sapphire windows.  The filter analysis utilizes the same model produced to analyze the filter and housing.  From this model, the following stresses are found (see Table 27).  The margin of safety is compared against an allowable of 50000 psi, which is the modulus of rupture (MOR) for sapphire as provided by the vendor.
  Because sapphire is a very brittle material, it does not have a yield point; therefore, no yield calculations are provided.

Table 27: Sapphire Filter Von Mises RMS Response
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From Table 27 it can be seen that the sapphire filters pass random vibration for stress.  Additionally, no filter cover failures were observed during random vibration testing.

Adhesive Stress

The second part of the filter analysis is to ensure that the adhesive, a combination epoxy paste is reliable enough to maintain the sapphire windows in their mounting location.  The paste is applied around the edge of the sapphire filters, filling the void between the filters and the molybdenum cover.  For the adhesive, there is no fatigue based data available for the epoxy; however, the random vibration test has been completed on the Pre-Qualification Unit and shown no evidence of failure.  Therefore, the adhesive passes requirements based on testing.

Bolted Joint

Description of Problem

The objective of the bolted joint analysis is to determine if there will be any fatigue concerns with any bolts used in the assembly of the focal plane under random vibration loading.

Specification

Specifications for the analysis of the bolts are the same as the previous section.  Analysis is based on inputs shown in Table 21.  Safety factors are based on those found in Table 6.  Northrop Grumman is required to analyze bolts associated with the mounting of the filter cover to the housing.  Other bolted sections are being complete by other members of the IPT.

Analysis

The bolts used to hold the filter cover to the housing are high strength, corrosion resistant steel, #4 size (NAS1352-04LE4-08).  They have an Ultimate Tensile Strength (Ftu), according to specification FF-S86E
 of 180 ksi.  The Yield Tensile Strength (Fy) is 155 ksi.  From specification NAS1352, it is found that the ultimate tensile loading is 1090 lb. 

The initial concern of the random analysis is to determine if the bolted joint will remain together during random vibration loading despite the lower torque required due to cryogenic loading.  The first section in Appendix E: Fatigue Analysis of Bolted Joints shows the analysis necessary to calculate a positive margin of safety of 8 for the joint separation.

Fatigue loading of the bolt is the next concern.  For fatigue, bolt forces are calculated across a bandwidth of 20 – 2000 Hz.  The random vibration loading produced a 3 maximum bolt axial load of 25 lb.  This load plus the preload calculated from in Appendix A: Cryogenic Loading of Hardware (258 lb) is used to determine the possibility of fatigue failure in Appendix E: Fatigue Analysis of Bolted Joints.  Using the Goodman method from Shigley’s Mechanical Engineering Design a margin of safety for ultimate is calculated to be 115, while a margin of safety for yield is calculated to be 1.8.

Summary

As can be seen from the above analysis, all components within the focal plane assembly pass random vibration testing and analysis for the required specifications outlined.  The smallest margin of safety for the focal plane is 0.002.  The location of this margin of safety is the center of the focal plane cover during Z-direction random vibration.  However, it must be noted that this value is based on a conservative +0.4 dB over Qualification input, and should not be seen by the cover during launch.

Finally, in following with the goal of the paper, a method is shown to correlate material properties with testing via a thermal expansion problem.  This information is then used to aid in effectively correlating a random vibration analysis to successfully design a space-bound focal plane.

Appendix A: Cryogenic Loading of Hardware
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Appendix B: Relative Displacement Calculation

Relative Displacement from Individual Acceleration Measurements

First, let us derive an expression for the relative acceleration, which is the difference of the individual accelerations.  Shown in block diagram form, the relationship looks like:
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where 
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 are the correlated individual accelerations and 
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 is the relative acceleration.  The frequency response functions are just H1 = -1, H2 = 1.

The single-sided spectral density function of the relative acceleration
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The Relative Displacement is then


[image: image68.wmf]..

..

..

..

4

4

)

2

(

1

)

(

1

y

y

y

y

yy

G

f

G

j

G

p

w

-

=

=


If the acceleration is in units of “g’s”, then
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where N = 9.81 m/s2/g or 386 in/s2/g

Note: If a “Re” Function is not available, then the following is equivalent
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Appendix C: PSD Correlation
[image: image71.wmf]This Mathcad sheet is used to determine the amount of decibals that PQL inputted into the housing 

during testing.  This will be used to correlate the Nastran Model.
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Appendix D: Fatigue Life Curve for Molybdenum

[image: image73.wmf]Estimating a Fatigue-Life Curve for Molybdenum
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Appendix E: Fatigue Analysis of Bolted Joints
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� Material Properties for Adhesive B were estimated by the Northrop Grumman ES3 Materials Group then optimized in Mechanica to match the simplified cryogenic test based on warping.  The optimization run assumed that the CTE value for Adhesive B was correct, that the properties for molybdenum and alumina were correct.  The molybdenum and alumina properties we correct based on the Adhesive A analysis, which offered a percent difference between testing and analysis of 0.25% without data optimization.





� Mechanica will take the CTE vs. Temperature curve and determine the average temperature between the upper and lower temperatures, then interpolate the CTE from the closest values supplied by the CTE vs. Temperature Curve.  Therefore, for a temperature range of 125 to -183 (C, the values are:  CTEMolybdenum = 4.876x10-6 in/in/(C, and CTESubstrate = 4.504x10-6 in/in/(C.


� Displacement data from testing is only examined from 500 Hz – 2000 Hz due to the instability of the error equations below 500 Hz.  If one examines the equations in � REF _Ref478299107 \h � \* MERGEFORMAT �Appendix B: Relative Displacement Calculation� it will become apparent that any error in the accelerometer data below 500 Hz will be multiplied by the 1/(2f)4.  Therefore, lower frequency errors will have a much greater affect than errors at higher frequencies.


� Weight for the adhesives are included in adjoining elements. This is done for simplicity of mass calculations, and because the adhesives are so thin.


� Accelerometers are modeled as point masses and do not have materials properties, other than weight.  Finally, only 40% of electronics were present during the random vibration testing; therefore, weight values for substrate, which contains weight due to electronics, are low.


� Initial models showed that the second mode of the cover has the largest modal mass participation.


� Mark’s, page 6-61, table 6.4.1; Shigley, page 729, table A-5


� Union Carbide Corporation, Crystal Products., Sapphire Data Sheet.


� FF-S-86E, Federal Specification Screw, Cap, Socket-Head, printed 01/16/1991


� Calculations created by Joe Donovan, Northrop Grumman, ES3, Senior Mechanical Engineer.


� D. E. Newland, An Intro To Random Vibration, 3rd ed., page 72. 
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		Adhesive for Filters		Adhesive A		245380.4		0.33		N/A

		Accelerometer - Cover		N/A		N/A		N/A		0.0009

		Accelerometer - Housing		N/A		N/A		N/A		0.0011
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Sheet1

		Direction		3s
Von Mises
[psi]		Margin
of
Safety		Pass/Fail

		X		682.3		174.9		Pass

		Y		277		432.3		Pass

		Z		9541.2		11.6		Pass






_1015176187.xls
Sheet1

		Direction		3s Von Mises
Cumulative
Response
[psi]		Margin
of
Safety		Pass/Fail

		X		1852.6		12.918		Pass

		Y		754.2		33.186		Pass

		Z		25739.7		0.002		Pass
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Sheet1

		Frequency Range				Tolerance

		[Hz]		[Hz]		[dB]

		20		100		+1.5

		100		1000		+1.5

		1000		2000		+3

		Overall				+1

		Random Overal Grms				10%
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Sheet1

		Out of Plane Response of GEO and HEO for each directional random vibrational inputs

				HEO								GEO		HEO

		Direction		Overall
Input
[Grms]		3s Relative
Displacement
[mil]						1s Relative
Displacement
[mil]		1s Relative
Displacement
[mil]

		X		15.88		0.121						4.04E-05		4.04E-05

		Y		15.88		0.121						2.08E-04		4.04E-05

		Z		15.88		1.695						5.65E-04		5.65E-04

		Scale Factor				1000

		Sigma				3
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Sheet1

		Relative Displacement of Housing with respect to the Cover

		Conversion for Inch to Mil						1000

		Statistical Occurance						3

				HEO								My Coord Out of Plane 1s
Deflection Z Direction

		Direction		Overall
Input
[Grms]		3s Relative
Displacement
[mil]				My Coord		GEO
[in]		HEO
[in]

		X		16.63		0.13				Y		4.17E-05		4.17E-05

		Y		16.63		0.05				X		2.10E-05		1.69E-05

		Z		16.63		1.76				Z		5.86E-04		5.86E-04
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Sheet1

		Frequency		PSD

		[Hz]		[G2/Hz]

		20		0.023

		50		0.309

		600		0.309

		2000		0.013

		Overall Grms		16.5
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Sheet1

		Component		Weight
[lb]

		S-Link Pads		0.0621

		Substrate		0.3250

		Housing		1.4650

		Cover		0.2735

		Strain Relief Bracket		0.0420

		Filters		0.0065

		Hardware		0.0150

		Adhesive for Substrate		N/A

		Adhesive for Filters		N/A
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		HEO Focal Plane Random Vibration Specification

		From TM-99-045 dated April 20, 1999

		Qual dB		4.5		dB

		Testing Inc.		0.4		dB

		All Three Axis

		Frequency
[Hz]		Acceptance
PSD
[G2/Hz]		Orignal
Qualification
PSD
[G2/Hz]		Modified
Qualification
PSD
[G2/Hz]

		20		0.011		0.031		0.034

		70		0.200		0.564		0.618

		300		0.200		0.564		0.618

		400		0.100		0.282		0.309

		2000		0.002		0.006		0.006

		Overall (Grms)		9.46		15.88		16.63






_993556822.unknown

_993557509.unknown
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Sheet1

		Mode		Frequency
[Hz]		Description

		1		1477		Cover Corner Lifting

		2		1730		Oil Canning of Cover
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		Mode		Frequency
Testing
[Hz]		Frequency
Analysis
[Hz]		% Difference		Description

		1		1513		1477		2.4%		Cover corner lifting

		2		1717		1717		0.0%		Oil Canning of Cover






_992088886.unknown

_991738489.bin

_991631929.unknown
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Sheet1

		Test		Duration
[axis/min]

		Acceptance		1

		Proto		2

		Qualification		3
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Sheet1

		Metallic		Yield		Ultimate		Qualification Test to Ultimate

		Analysis and
Qualification
Test		1.1		1.25		1.25

		Analysis Only		1.25		2		---
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		Channel		Displacement
[mil]		Description

		3		0.732		Shaker

		5		1.536		Cover

		6		0.912		Housing
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		Accelerometer		Direction		Description

		1		X		Control for X

		2		Y		Control for Y

		3		Z		Control for Z

		4		Z		Control for Z

		5		Z		Focal Plane Cover

		6		Z		Focal Plane Housing
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		Grms,in		16.5		g

		Grms,out		118.8		g
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		Mode		Frequency
[Hz]		PSDin
[G2/Hz]		PSDout
[G2/Hz]		Amplification
Factor		Damping
Factor

		1		1513		0.019		10.55		23.6		0.02122

		2		1717		0.016		193.2		109.9		0.00455
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_991633803.unknown

_991633899.unknown

_991632734.unknown

_991632081.unknown

_991567465.unknown

_991567523

_991631745.unknown

_991567491.unknown

_991475577.bin

_991567454.unknown

_991566090.unknown

_991227642

