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300 Introduction: Structural Certification Procedures

This section of the certification procedure manual concerns the mechanical designs, analysis, process specifications, and testing for a SOFIA science instrument. Science instrument structures must be certified. Certification can be accomplished by analysis (as shown in Section 300.1), by testing (see Section 350: Manufacturing), or by similarity (similarity is determined by the DER).

Requirements for mechanical certification of a SOFIA Science Instrument (SSI) include:

Loads:  All mechanical systems must be analyzed for various loading factors relative to FAR 25 requirements. Critical areas aboard SOFIA include, but may not be limited to, the following:

Emergency 
(See Table 300.1-1)


Aircraft Flight Ground and Taxi (Table 300.1-1)

Pressurization (the pressure boundary) (Section 300.4)

TA imposed accelerations on SI and Counterweight Rack (Table 300.1-2) 

Mass and CG: The mass and CG of all mechanical systems must be calculated at each stage of the review process. This information will be used for certification of the installed system onto SOFIA.

Weight and Balance Spreadsheet for SI, SI Rack(s), and Counter-weight Rack

Drawings:  Drawings must describe in detail all items related to form, fit, and function; drawings must include as a minimum:

1. Drawing Format (Section 200)

2. All materials used with certification papers if necessary(Can be a separate parts and materials list)

3. Drawing coordinate system used must be in accordance with Global_05

4. Fasteners with certification papers where necessary

5. Process Specifications

6. Finishes

7. Special Notes

Airworthiness Substantiation: There are several ways to show that a science instrument is airworthy. The structure will be analyzed to show that it is contained onboard SOFIA. Included also are the material property allowables, load factors, and appropriate special factors. Where necessary a part or system will have to undergo certain tests to prove the analysis. The following is an outline of items that need to be addressed:

Analyses:

· Containment for items of mass to all applicable load conditions (e.g., SI flange to TA flange, rack component to the rack)

Examples are:

· Fasteners and lugs

· Dowel pins

· Flange failure in tension

· Bolt shear tear out

· Bearing failure of the flange

· Pin shear

· Bolt tension and compression

Examples for these calculations can be found in Section 300.6 or Appendix301-I. Also refer to Appendix301-II for the E-Systems Structures Manual 20.1.

1. Detail parts analyses for component structural substantiation to all applicable load conditions

2. Material mechanical allowables

3. All material used must be in accordance with acceptable published data such as Mil-Hdbk-5 or that have been developed by an acceptable test plan

4. Load factors

5 All applicable load factors must be considered in the analyses (e.g., aircraft flight, emergency landing, pressurization: See Tables 300.1-1 and 300.1-2 for loads)

· Special factors

· Fitting factors (1.15)

· Casting factors as called out in FAR 25.621

· Ultimate load factor (1.5)

· Bearing factors

· Testing

· Material allowable

· In-lieu-of analysis (e.g., pull testing)

· Hydrostatic or pneumatic proof and burst pressure tests

6. Pressure boundary testing

7. Continued airworthiness and maintenance (See section 600)

300.1
Analysis

Structural components of the science instrument must be designed to FAR Part 25 standards (the FAR Part 25 document is available on the SOFIA Science Team web site, http://www.sofia.usra.edu/observatory/instruments). Structural components must be constructed from certified materials and conformed by a Designated Airworthiness Representative (DAR). Critical components of a particular science instrument will be determined by the DERs at the time of PADR and CADR.

Two general types of analysis will be performed: g-loading and pressure. Anything mounted in SOFIA must withstand the g-loading, even some items designated as non-critical such as exposed optics or large mass items. Certain items as determined by the DER do not require analysis such as low mass items or contained items.

FAA acceptance of the mechanical structure of SOFIA depends on following certain guidelines during the design, fabrication, and testing stages. The fundamental concern of the FAA regarding SOFIA’s design is for the safety of the Observatory. This section describes a suggested procedure for mechanical development of an instrument seeking FAA certification. Additional information may be found on the SOFIA web site in the FAA Certification Introduction at:


http://www.sofia.usra.edu/observatory/instruments/FAA/FAA_Intro.html.

Stress Reports

The analysis shall be included in a formal stress report. This report is required and delivered to the Designated Engineering Representative  (DER) for their review. The stress report must certify that all large mass items withstand the required loading. Consider the assembly attachment details first and then other significant mass items. The stress report should adhere to the following guidelines:
Introduction – Each report should have an introduction section that describes the overall configuration and function of the instrument with a minimum of scientific details.

References – The stress analysis report should stand alone. Cite standard references in a “Table of References.” Some standard references are: Mil-Handbook 5G,  “Analysis and Design of Flight Vehicle Structures” by E. F. Bruhn, “Aircraft Structures” by David J. Peery, and “Formulas for Stress and Strain” by Raymond J. Roark.

Geometry – Provide as many overall views of the instrument as may be required to give a good feel for the configuration of the instrument and its attachment to the telescope mounting flange. Show detailed views of the critical attachments/joints that will be analyzed. Define the materials that comprise the assembly. Additional internal views must be provided as needed to illustrate load paths for internal components of significant mass.

Weights – Provide actual weight of the assembly and any critical items of mass that will be addressed within the body of the report. The use of a mass budget is described in Section 300.2.

[image: image1.png]



Loads

The static aircraft load factors to be used in the analysis are shown below in Table 300.1.1. These are derived from emergency landing condition loads and flight loads and are specified by the FAA, the aircraft manufacturer, and by Raytheon and the TA-C for dynamic conditions caused by the TA hitting the hard stops. The loads shown below are ultimate load factors, meaning there can be no catastrophic structural failure at this load. The structure must meet this requirement when in takeoff or landing configuration. For a detailed load analysis, please refer to Section 300.6 or Section Appendix301-I for the details of analysis and Appendix 301-II for E-Systems manual on structural analysis.

Limit loads are the maximum loads that the aircraft may actually experience in operation. Ultimate loads are typically 1.5 times the limit loads. If the manufacturer's flight load factors exceed the emergency landing load factors listed, the manufacturer's flight loads must be used instead. For instance, if the manufacturer's gust load is greater than the FAA's emergency landing load factor in the upward direction, the upward gust load factor would be used, but the forward emergency landing load factor would still be used. Each case is taken on its own. You do not need to combine ultimate inertia load factors. Keep in mind that gust loads are encountered in flight, so if the instrument has a different configuration for flight and takeoff and landing, it must be checked in its worst case flight configuration.


Loads due to pressure: Both cabin differential pressure and  internal pressure must be considered. Ultimate pressure loads are considered separately. You may need to consider some loads cases together. For instance, if a pressure cylinder (lecture bottle) is charged to its operating pressure before takeoff and landing, it must be able to withstand the emergency landing loads combined with the operating pressure load.

It should be noted that depending upon the cryostat design, either the cryostat window or the outer shell will be considered the pressure boundary of the aircraft.  One or the other will require FAA testing.  Refer to Section 300.4 for more information.

                                   Aircraft Load Factors: Emergency / Flight & Ground

Direction
Forward
Aft
Side
Upward
Downward

Accel. (g)
9
1.5
3
3
6

Table 300.1-1:

SOFIA Ultimate Load Factors
                            Maximum acceleration load at the TA

Max. Pitch Accel. (m/sec2)
29.4


Max. Rotational Accel (rad/sec2)
18.3 
Rotation about x axis.

Table 300.1-2:

SOFIA Telescope Assembly Max. Applied Loads
Reactions - Calculate the applied gross loads acting on the instrument by multiplying the weight considered by the appropriate load factor. Determine the reactions at the mounting location for all of the required conditions. The reaction moments are indicated by the use of double-headed arrows. The values for the reaction forces as a function of mass, applied accelerations, and instrument center of gravity location are depicted in the text. An example instrument layout is shown at the end of Appendix I in this section.

Detailed Analysis - Look at all pressure vessels. Each item being considered must be accompanied by ‘Free Body’ diagrams that show all applied loads, reactions, and any necessary dimensions. These must balance to assure accuracy of the reaction loads. Check critical portions of all load carrying structure, using analogy to simple structure such as beams or infinite plates where possible. Fasteners must be checked for combined applied tension, shear and bending loads if any. Be sure to document any assumptions made and explain why such assumptions make the analysis conservative.


Allowable Loads and Stresses - For metal parts and fasteners, allowables will generally come from MIL-HDBK-5. Use "A" basis allowable stresses. For ultimate tension loads, Ftu is used unless there is a requirement for no yielding at ultimate load, in which case Fty will be used. Fcy is used for most compression loads unless a crippling or column failure would occur at a lower stress. Fsu is used for all shear loads and Fbru is used for all bearing loads. If there are different allowables for the Longitudinal and Long Transverse directions, use the lower of the two unless a material direction is explicitly specified on the drawings. Please refer to Figure 300.1-2.











Figure 300.1-2:

Load directions

Some allowables may have to be determined by test. For parts that are welded, a weld efficiency factor may reduce the allowables in the area near the weld. These may be found in Airframe Stress Analysis and Sizing by Michael C.Y. Niu in Figure 9.6.5.  Fastener data may be found in Chapter 8 of MIL-HDBK-5.

Margins of Safety - All stress calculations must result in a Margin of Safety according to the formula: MS = (allowable stress)/(applied stress) – 1 = +X.XX. Margins of Safety are always rounded down (e.g. +0.107 is +0.10). Separate Margins of Safety should be calculated for tension, bending, shear, torsion, etc. When parts are under combined loading, an interaction equation must be used and will depend on the type of loading involved. Margins that are >= +1.00 should be denoted +High. A “Critical Margins Of Safety Summary” should be placed in the front of the report which includes all Margins of Safety which are not "+High."

300.2  Mass Budget

The mechanical design of a SOFIA instrument should begin with a mass budget. All the environmental loads are a function of the instrument’s mass. The loads are not known until the instrument mass is accurately known. A good mass budget includes every item that is needed to produce a working instrument with a minimum of “miscellaneous” categories, even in its earliest stages. The mass budget includes a parts description, quantity used, and three mass categories, “estimated,” “as designed,” and “as built.” “Estimated” data should be entered during initial design layout. The “as designed” data are generally a weight calculation from a design tool such as Pro-Engineer. The “as built” data should be entered as actual hardware is received. All inertial loads calculations should be performed with the maximum predicted weight plus a margin appropriate for the level of maturity and design uncertainty. This margin may be as high as 25% early in a project and approach zero as the part is built. A note on using CAD to calculate mass properties: Most CAD systems do not calculate the exact properties of a component, but divide it into sections, simplify the sections, and sum the section properties. The number of divisions can usually be controlled by the user and you should ensure that the CAD properties are sufficiently accurate for the analysis.

300.3  Pressure Containment

Limit and ultimate stresses in a pressure vessel are determined by the vessel's operating pressure. The proof pressure is two times the operating pressure and the structure should be able to withstand this pressure without the material yielding. Burst pressure is three times the operating pressure and, as its name implies, the structure must be able to withstand this pressure without ultimate failure.   

[image: image26..pict]
Geometry:  Cylinder with Flat Head

Pressure on the instrument’s cylindrical walls produces a combined stress state, with the principal stresses being the hoop stress and the longitudinal stress. The hoop stress is given by: 
[image: image2.wmf] where p is the pressure, r the cylinder radius, and t the wall thickness.  The longitudinal stress is: 
[image: image3.wmf].  The required thickness is then selected to lower the combined stress level below the material allowable stress levels.

There are multiple failure criteria for combined stress fields. The most commonly used is the Maximum-Distortion-Energy (von Mises) stress criterion, which calculates a value that may be compared to uniaxial strength test results from the principal stresses.

The equation is:  
[image: image4.wmf]. 

300.3.1  Example

The following values are used in this example:

po = 150 psi


Operating pressure

r = 9.8 in.


Radius of the pressure vessel

( = 0.33


Poisson's ratio for 6061-T6 aluminum

Under an internal pressure load, the skins will be in tension and the stress will be compared to Ftu. If there were an external pressure load, the skins will be in compression and the stress will be compared to Fcy. The ultimate tensile stress (Ftu) for 6061-T62 Aluminum is 42 KSI and the yield compressive stress (Fcy) is 35 KSI. Assuming the pressure vessel has welded end caps and is not heat treated after welding, a weld efficiency of 0.6 must be applied. This gives an allowable ultimate tensile stress (arbitrarily called Ftw) of 42000 PSI x 0.6 = 25200 PSI and yield compressive stress (arbitrarily called Fcw) of 35000 PSI x 0.6 = 21000 PSI. The burst pressure for this example is 3 x 150 = 450 psi. For the cylinder to withstand the hoop stress the required thickness must be: 
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For the circular flat plate end caps, much greater stresses are generated. The critical mode of failure is bending of the end cap. To check the end caps, they are assumed to be simply supported, meaning they cannot resist moment at the edges. This is not true since the weld will provide some rotational restraint, but it is a conservative assumption because the moment at the center when simply supported is greater than the moment anywhere in the caps if they are analyzed with fixed supports. The bending action of the plate under internal pressure will place a compression load on the inner surface of the cap and tension on the outer surface. We must therefore compare the bending stress to the lower of Ftu or Fcy . We do not need to incorporate the weld efficiency factor because the peak moment is in the center of the cap away from the weld. The bending stress for any flat plate of constant thickness is

Fb = 6M / t2

According to Roark’s Formulas for Stress and Strain, Table 24 Case 10a, the moment generated by a simply supported circular flat plate under this pressure load is 


[image: image6.wmf]
Combining the two equations above gives us the equation for minimum thickness of the end cap:


[image: image7.wmf]
To check the edges, we may assume that the caps are fixed at the edges. This will give the greatest moment at the edges and make the analysis conservative. The bending stress in this case would be compared to Fcy which would be multiplied by the weld efficiency factor. According to Roark’s Formulas for Stress and Strain, Table 24 Case 10b, the moment generated by a fixed circular flat plate under this pressure load is



 

Combining this with the bending stress equation, we get the following equation for the minimum thickness of the end cap at the edges:


[image: image8.wmf]
It can be seen from the previous example that a higher weld efficiency factor would have allowed the use of thinner material near the edges of the cylinder. This would not be practical in most cases, however, due the excessive cost of milling the plate to the lower thickness. The example also gives an idea about where to put the pressure relief valve if it must go in the flat end plate. We obviously do not want to place it in the center of the plate where the greatest stresses are and we also do not want it in the weld-affected zone near the edge of the plate. So the optimum location would be as close to the edge as possible without being in the weld-affected zone

300.4 Cryostats

The same analysis as for other parts of the cryostat has to be done for the cryogenic reservoirs. The analysis should incorporate the material properties at low temperatures. References such as MIL-HDBK-5 and ASME Boiler and Pressure Vessel Code for Unfired Pressure Vessels, Section VIII (1968), may assist you in determining the strength of these cryogenic tanks. 

300.4.1 Certification of cryogenic cryostats

(As referred to in FAR 25.1301/25.1438)

Original certification of pressure vessels
FAA regulations treat a vacuum vessel as if it were any other pressure vessel device.

Original application: Regulation dictates that all first article pressure vessels be proof and burst tested. In the case of the SOFIA science instruments (SSIs), this involves an outer case, which must withstand a maximum working pressure of one atmosphere negative pressure, and two cryogenic reservoirs that must withstand a maximum working pressure of one atmosphere positive pressure. 

Proof pressure is defined as 1.5 times the maximum working pressure. The pass/fail criterion for the proof test is that the vessel under test must maintain the required pressure without leakage for period of 2.0 minutes without permanent deformation.

Burst pressure is defined as 3.0 times the maximum working pressure. The pass/fail criterion for the burst test is that the vessel under test must maintain the required pressure without leakage for a period of 2.0 minutes. Upon removal of the test pressure permanent deformation of the vessel is allowed.  If permanent deformation has occurred the vessel cannot be used but it has passed the test.

For the purposes of the SSI internal cryogen vessels the maximum working pressure is 1 atm. The following parameters are recommended for all calculations:

Proof pressure = 1.5 x 14.7 psi = 22 psi

Burst pressure = 3.0 x 14.7 psi = 44 psi

Aircraft Pressure Boundary

Either the cryostat shell or the vacuum window will provide the pressure boundary for the aircraft. The maximum pressure differential for the skin of an airplane is set at 9.4 psi but the maximum working pressure for a cryostat is 1 atmosphere (evacuated cryostat at sea level). The pressure boundary must therefore be tested to the maximum pressure:

Limit load = 1.33 x 14.7 psi = 19.6 psi

Ultimate load = 1.33 x 1.5 x 14.7 psi = 29.4 psi

The science instrument builder has the choice of choosing to pressure test either the vacuum window to 29.4 psi with the higher pressure on the cabin side of the window or to test the cryostat shell to 29.4 psi with the higher pressure on the outside of the cryostat.

Performing the tests:

The actual performance of the proof and burst tests can be done in facilities chosen by the builder of the SSI, including their own laboratories. The FAA or a designated representative is required to witness the actual test. When requesting witnessing by the FAA (requested through the DER), it is necessary to provide a test plan 45 days prior to the test date for their evaluation and approval. The required instrumentation for the test is a single pressure gauge whose calibration is traceable to the NBS and a pressure source.

300.4.2  Test procedure:

Proof pressure test:

1. Plug all openings, leaving one provided with a suitable “T” fitting to attach an air supply and pressure gauge in parallel.

2. Provide a valve to isolate the vessel and gauge.

3. Fill the vessel completely full with water.

4. Pressurize to the proof pressure of 22 psi and let the pressure equalize.

5. Isolate the test vessel from the air supply by closing the valve, record pressure versus time for 2.0 minutes. The pressure must not drop during this time.

6. Relieve pressure and visually check for permanent deformation. If no deformation is found go to the burst pressure test.

Burst pressure test:

1. Repeat steps 1-3 of the proof test procedure.

4.
Pressurize to burst pressure of 44 psi and let the pressure equalize.

5.
Isolate the test vessel from the air supply by closing the valve, record pressure verses time for 2.0 minutes. The pressure must not drop during this time. 

6.
Relieve pressure and visually check for deformation. Deformation is allowed after the burst test but the article is not usable if deformation has occurred. 

7. The completed data sheet must be signed by the designated witness.  

8. Submit to the final report to the Administrative DER at RSC.

300.4.3  Continued airworthiness of cryogenic cryostats

The FAA requires that all pressure vessels undergo an annual re-certification, which would require hydrostatic testing. In lieu of hydrostatic testing a simple procedure has been negotiated to enable the SSI to remain compliant. The vacuum integrity for a science instrument is a far more stringent requirement than any dictated by FAA regulations. The SI builder must demonstrate in a clear and unambiguous way that the vacuum leak rate for the SI does not exceed some minimal requirement. The following is a simple procedure which when recorded properly will show that the cryostat remains structurally sound.

Before the initial cool down in preparation for a flight series:

1. Visually inspect that the instrument is in sound condition in accordance with its operations manual.

2. Evacuate the cryostat in the usual manner

3. Connect a helium leak checker to the cryostat 

4. Ascertain that the vacuum integrity of the cryostat is better than _TBD_  liters/_TBD_

Record as directed into the maintenance logbook. See Section 600 for further details of the logbook and maintenance manuals.

300.5 Flanges

Analysis must show that the cryostat remains attached to the tub flange during all aircraft flight and crash conditions. The Observatory defines the interface, but users are not obliged to use all of the available bolts in the connection. The shear pins should be used to carry all shear loads. Checking the flanges requires several simple calculations to verify that the flange will not fail. The bolts are the responsibility of the Observatory but the flange must be designed to withstand the loads reacted by the bolts.

The reaction loads are calculated from the applied loads that act at the center of gravity location as shown at the end of Appendix I in this section. All forces and moments must be in equilibrium. When determining loads acting on a pattern of fasteners, such as the bolts and shear pins attaching the instrument to the Observatory, always determine forces and moments at the centroid of the fastener pattern. 

At a minimum, flanges must be checked for axial loading and bending. Other checks may also be required, such as crippling of the flange or column buckling failure. The formula for axial stress is



[image: image9.wmf],

where P is the applied load on the part and A is the cross-sectional area.

The equation for bending stress is



[image: image10.wmf],

where M is the applied moment on the part, c is the distance from the neutral axis of the part to the extreme fibers, and I is the moment of inertia of the part.  For flat plates with constant thickness t and width b, the following equation is given:
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When a part is in compression, it may fail due to crippling of a flange, which is a local failure. Crippling is generally a problem only when the flange width is much larger than its material thickness (b/t >= 15). It may also fail due to long or short column buckling. Methods for determining these critical stresses are given in Bruhn's Analysis and Design of Flight Vehicle Structures.

300.6  Fasteners and Lugs

The tub interface flange is used to mount the instrument used in the pressure containment calculations above. For the following examples, the assumed instrument vessel's mounting flange has the following properties: 

· mass (m): 276 lb 

· aluminum flange thickness (t): 0.75 in

· inner diameter (DI): 34.2 in 

· outer diameter (Do): 41.0 in 

· number of bolts: 20 Max.

· Bolt circle diameter (Bc): 38.976 in  (990 mm)

· bolt diameter (Dbolt): 0.500 in (oversized holes)

· number of shear pins in TA flange: 4 (located at 12, 3, 6, and 9 o’clock)

· shear pin diameter (Dpin): 1.00 in 

· shear pin circle diameter (DPI): 38.976 in  (990 mm) 

· close tolerance hole at 12 o’clock.  Slot at 6 o’clock for horizontal shear. Slot length (Lslot): 1.125in 

· need to have clearance holes at unused pin locations (3 and 9)

The instrument will be fabricated out of 6061-T62 Aluminum whose test-determined stress levels, from MIL-HDBK5G using the A-basis (99% of population with a 95% confidence) criteria, are shown below: 

· ultimate tensile strength (Ftu): 42.0 ksi

· ultimate shear strength (Fsu): 27.0 ksi

· ultimate bearing strength (Fbru): 67.0 ksi

Temperature effects on the ultimate and yield strength of 6061-T62 are shown at the end of Appendix I in Section 300.

                                       [image: image11.wmf]
Example Flange Layout 

For this analysis, it is assumed that the shear load in the vertical direction is to be reacted only by the attachment at the top (12 o'clock) of the flange and horizontal shear load is to be reacted by the attachments on the top (12 o'clock) and bottom (6 o’clock). The other fasteners (bolts) react tensile loads only.

Five calculations may have to be made to determine local stresses around the pins and bolts. These provide stress estimates in areas of possible failure. The possible failure modes are tension failure of the flange, in-plane shear tear-out of the flange at the pins, compressive failure of the flange at pin bearing location, shearing of the pin, and out-of-plane shear tear-out around the bolt hole. 

A margin of safety (MS) is calculated for each part analyzed by comparing the calculated stresses with the allowable material stresses. Any non-negative MS values are acceptable. Typical joint failures are shown in the following figures.
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300.6.1  Flange Failure in Tension

The flange area in this case is much greater for tension than for shear tear out or bearing failure, so tension failure is not critical. A tension analysis is performed here to demonstrate the methodology. The worst case for tension in the flange is going to be the 6.0G downward load case. The cross section in tension is at the shear pin location at 12 o'clock. The pin must react the downward load. The moment generated by the offset of that load from the center of the fastener pattern is reacted through tension and compression of the bolts. The downward load is (6.0 G)(276 lb) = 1,656 lb. From Mil-Handbook 5G, page 3-244, Ftu of 6061-T6 aluminum is 42 KSI. The effective tension area for this lug is equal to the twice the width of the shear pin,

A = t(2Dpin) =Area in tension

A = (0.75 in)(2)(1.00 in) = 1.5 in.2 

Tension Stress  = 
[image: image13.wmf],     where  P = tension load = 1656 lb.
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Add Diagram for Tension

[image: image15.wmf]




(Tension failure of flange)

(Any margin of safety above 1.00 is shown as +High)

300.6.2  Bolt Shear Tear Out 

When designing flanges or lugs, a good rule of thumb is to have an e/D greater than or equal to 2.0. This means that the distance from the center of the fastener hole should be at least two times the fastener diameter. Shear tear-out is most likely at the shear pin hole where the edge distance is smallest. In this failure, a piece tears out from the hole to the flange edge. A conservative analysis assumes two surfaces of this length shear out, measuring between the edge of the hole and the edge of the part and not on the 40º angle as shown in the joint failure graphic.

The critical pin will be the pin at 12 o’clock when a 6.0G downward load is applied because this is where there is the least area available to react the load. This analysis does not take into account the load due to the moment because it does not act in the radial direction. The load in the pin is therefore (6.0 G)(276 lb) = 1656 lb. From Mil-Handbook 5G, page 3-244, Fsu of 6061-T6 aluminum is 27 KSI. The edge distance is

Hole edge distance = (Do - Bc - Dpin)/ 2

(Do - Bc - Dpin)/ 2 = (41.0 in - 38.976 in. - 1.00 in.) / 2 = 0.512 in.

A = (Hole edge distance)(tlug) = (0.512 in.)(0.75 in) = 0.384 in.2
Pallow = (Fsu)(A) = (27000 psi)(0.384 in2) = 10368 lbs


[image: image16.wmf]HIGH

P

P

MS

allow

+

=

-

=

-

=

1

828

10368

1

       (Shear tear-out of 6061-T6 material)




Do = Outer Diameter = 41.0 in.



Bc = Bolt Circle Diameter = 38.976 in.



Dpin = Shear Pin Diameter = 1.00 in.



300.6.3  Bearing Failure of the Flange
Bearing refers to a contact area in a fitting, as between a shear pin and flange, where compressive loads are transmitted between concentric parts. The allowable load values are determined through testing. Bearing strength depends on the distance to the flange edge, relative flange thickness, and pin diameter.

The quantity “e” in bearing stress calculations refers to the edge distance measured from the center of the hole to the material edge in the stressed direction. The quantity "D" is the width of the contact area which is usually the diameter of the bolt or pin. For the shear pin in the slot, this width would be smaller because the bolt does not contact the flange across its entire width, in which case it would be conservative to use half the diameter. MIL-HDBK-5 lists bearing allowables for attachments with e/D = 1.5 and 2.0. If the attachment has an e/D less than 1.5, the bearing allowables must be determined through testing. Tests must also be done if the t/D value is not between 0.18 and 1.00. See MIL-HDBK-5 paragraph 1.4.7 for a discussion of bearing allowables and requirements for them. If the e/D is between 1.5 and 2.0, the allowables may be linearly interpolated. If the e/D is greater than 2.0, use the bearing allowable for e/d = 2.0.

Bearing failure involves deformation of the flange, unlike shear tear out where the failure mode was tearing out a piece of material as wide as the pin without significantly deforming it. Here the failure mode is yielding the contact, or bearing area between the pin and flange. The dimensions given for the example problems give an e/D of less than 1.5. According to MIL-HDBK-5 paragraph 1.4.7, the bearing allowable would need to be substantiated by test, but for the purposes of this example we will assume that the tested value was equal to the allowable from MIL-HDBK-5 for an e/D = 1.5.

For this example, the 6.0G down load will be critical. Again we will assume that the same pins are installed. The downward shear load must be reacted by only one of the shear pins . The moment created by the side (y-direction) offset of the C.G. is reacted by a couple created by the top (twelve o'clock) and bottom  (six o'clock) shear pins. The tension load due to the moment generated by the C.G. fore-aft offset (x-direction) must be reacted by the flange bolts. The shear load on the upper pin is therefore (6.0 G)(276 lb) = 1,656 lb. The moment at the centroid of the fastener pattern assuming a Ycg of 1.5 in. will be (6.0 G)(276 lb)(1.5 in.) = 2,484 in-lb. This moment will be reacted out over a bolt radius of 19.488 in making the load per pin due to the moment (2,484 in lb) / (19.488 in)(2 pins) = 63.7 lb. The total load on the pin will be 


Fbearing =  EQ \R(,16562 + 63.72)  = 1657 lb.

A typical bearing stress calculation is

P = 1657 lb

A = (Dbolt)(tflange) = (1.00)(0.75) = 0.75 in2 
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Note that the e/D ratio for this flange is 1.12 in/1.00 in = 1.12. This is less that the standard minimum of 1.50 and is not suggested. However, from MIL-HDBK 5G, page 3-244, Fbru of 6061-T6 aluminum is 67 KSI for an e/D of 1.5. Thus engineering judgment can be used to determine that a bearing stress of 2.2 ksi will have a high margin of safety:
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 (Bearing of pin on 6061-T6 flange)

300.6.4  Pin Shear

Pin shear is the reaction to the action of shear tear-out above. The total shear load of the instrument is reacted by the cross sectional area of the pins. The pins are the responsibility of the Observatory but the calculation is shown for illustration. The pins have an ultimate shear strength (Fsu) of 16.7 ksi. The allowable shear load is therefore


P = Fsu ¼(Dpin2= (16,700 psi) ¼( (1.00 in.)2 = 13,116 lb.


[image: image19.wmf]
300.6.5  Bolt Tension and Compression

The loads in the bolts induced from the inertial loading can be calculated by assuming that the inertia load is equally divided over all the bolts and then adding the effects from the generated moments. When the lug flange reacts the moments, half of the flange will actually be loaded in compression, while the tension load on the other side is reacted entirely by the bolts. To be conservative and simplify the calculation of loads, we assume that the bolts on the compression side actually react the compression load.

The forward load is (9.0 G) (276 lb) = 2,484 lb and is reacted over 20 bolts. This places the bolts in tension, with load per bolt of 2,484 lb / 20 bolts = 124.2 lb. The forward load generates moments about the Y and Z axes. We estimate that the C.G. of the instrument is 9.0 in. above the center of the fastener pattern, which makes the moment about the lateral axis 22,356 in lb. Using the same offset in the Z direction as the previous example, the moment will be (2484 lb) (1.5 in.) = 3,726 in lb. When all of the bolts are identical, the load in each bolt depends on its distance from the axis where the moment is applied as follows:


[image: image20.wmf]å

=

2

y

My

P



where y is the distance from the axis where the 

moment is applied.

The distances of the fasteners from the centerline are 5.0438 in, 9.7439 in, 13.7800 in, 16.8769 in, 18.8239 in. The sum of the squares of these 3,797.76. Using the above equation for the two moments above and adding the distributed load we get the following for the most critical fastener:
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P = 110.81 lb + 4.95 lb - 124.20 lb = -8.25 lb

Thus the all the bolts are in tension for this load case. For the 6.0 G down load case, we estimate that the C.G. of the instrument is 9.0 in forward of the fastener pattern, which makes the moment about the lateral axis (6.0 G)(276 lb)(9.0 in) = 14904 in lb. The moment about the fore-aft axis is (6.0 G)(276 lb)(1.5 in) = 2484 in lb.
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[image: image24.wmf]
P = 73.87 lb + 3.30 lb  = -77.17 lb

Assuming the diameter of the bolt is 0.433 in. and is manufactured from a material that can produce an Ftu of 62 ksi, the strength of the bolt from MIL-HDBK-5 Table 8.1.5(b1) will be:

Pallow = 6,890 lb.
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(Tension failure of bolt)

300.7 Conclusion

This section is a rather brief overview of the general types of calculations that will be required to show structural integrity of your science instrument. More detailed equations and descriptions are available in the additional appendices  which directly follow this section. 



Weights – Provide actual weight of the assembly and any critical items of mass that will be addressed within the body of the report. The use of a mass budget is described in section 301.1.


L





L





Grain Direction





L – longitudinal


LT – Long Transverse


ST – Short Transverse





LT





ST





-pr2





8





For unit width (b = 1)


  








6M





6M





t2





bt2





= M





Hole edge distance





tlug








Draft Date 6/18/98
 
Revision Date(s) 08/17/99


Draft Date 6/18/98
 
Revision Date(s) 08/17/99

_975324246.unknown

_982151114.unknown

_982154623.unknown

_982160015.unknown

_982160109.unknown

_982160279.unknown

_982154895.unknown

_982153526.unknown

_982150377.unknown

_982150586.unknown

_975324319.unknown

_975220071.unknown

_975220855.unknown

_975253250.unknown

_975303807.unknown

_975303887.unknown

_975221185.unknown

_975220498.unknown

_971005338.unknown

_971005339.unknown

_973512967.unknown

_971005337.unknown

