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0.1 Abstract

This report contains the structural assessment of the AMS-02 components that includes
the Unique Support Structure, the Vacuum Case, the Payload Attach System, and the
Payload Integration Hardware. The analysis was performed per the requirements
specified in the Alpha Magnetic Spectrometer - 02 (AMS-02) Structural Verification Plan
for the Space Transportation System and the International Space Station (ISS)
JSC-28792. This report contains descriptions of the math model, load factors for design
and analysis of structural components, design factors of safety, thermal considerations,
and verification approach. A detailed stress analysis was performed for components in
the USS, Vacuum Case, PAS, and the payload integration hardware. Portions of this
stress analysis were performed by Lockheed Martin under the SEAT contract, but as of
02/01/05, the remaining analysis was performed by Jacobs under the Engineering &
Science Contract Group (ESCG) contract.

v ESCG-4005-05-AMS-0039



0.2 Table of Contents

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1.0

2.0

1.1

1.2
1.3
14
15

21

2.2

2.3

F Y o153 = Lo PSP TP PRPPTT iv
TaDIE Of CONTENTS ...ttt e ettt e et e e e e e s e bbb e e e e e e e e e s nnbe e e e e e e e annbeeeeas %
MinimumM Marging Of SAELY ......cooiiiii e e e e e e e e iX
Fail-safe Minimum Margins Of SAfEtY.........c.oiiiiiiiiiiie e e XXXV
TaADIE OF FIQUIES ...t c e e e e e e s et e e e e e e e s st e tte e e e eaeessananaeeeeeeesasnnns Xlvii
1= 1o (o) 1=V o] = PR PRR liv
o £ 1)/ 11 PRSP lix
(TS (=] (= oo PP PP TRURTN Ixi
T a1 0T [T 1o ] o RS 1.0-1

MOTEI DESCIIPLION .....eeeee ittt e et et e et e e e s sab e e s sabeeeeesabneen e 1.0-11
1.1.1  Unique Support Structure (USS) Component Model............ccoeeeiiiiiiiiiiiiiiiniieee 1.0-11
1.1.2  Vacuum Case (VC) Component MOAEl..........oooiuiiiiiiiiiiiiiiiiie e 1.0-12
1.1.3 Payload Attach System (PAS) Component Model............ccuueeeiiiiiiiiiiiiiiieee 1.0-12
1.1.4 Shuttle and ISS Integration Hardware Component Models...........cccooiiiiieeienennnnninns 1.0-12

oY= To 1 aTe I @01 To [ 0] 130U 1.0-13

FaCtors Of Safety .oooeeee e 1.0-15

Materials and TEMPETALUIE ........ceiiieiiiiiiiiiie e e e e e e e e e e e e e e s e e e e e s e s sarrr e e e e e e e e s e snnreneees 1.0-16

L oo (0 SR S STt [T o | TR 1.0-17
Strength and Stability Assessment of USS-02 ASSEMDIY ........covvviiiiiiiiiiiiieie e 2.0-1

UPPEI USS-02 ASSEMDIY ..cieieieieeee ettt e e e e e s e st e e e e e e s e s st e e e e e e e s e annrennees 2.1-1
2.1.1  Upper Vacuum Case INterface JOINT .........cccooiiuriieiiiiiieiniieee e 2.1.11
2.1.2  Upper Trunnion Bridge Beam ASSEMDBIY .........ccciiiiiiiiii e 2.1.21
R T 1 10 o o | SRR 2.1.3-1
2 S 1 I = ISP SRPP 2.1.4-1
2.1.5 Sl TIUNNION oot e e e e st e e e st et e e ssbae e e e snsaeeeesnseaeeesnnsaeean 2.15-1
ST 1 I o = L (= SRR 2.1.6-1
2.1.7 Lower Trunnion Bridge Beam EIDOW .........cccccoeiiiiiiiiiiiii e 2.1.7-1
2.1.8 Lower Trunnion Bridge Beam ASSEMDIY ........ccooiiiiiiiiiiiiie e 2.1.8-1
2.1.9 Lower Vacuum Case INterface JOINT.........ccuuviiiuriieiiiiiiesiiieeesiiieeessieee e seeee e 2.19-1
2,000 Sill BrACKET ..ceeiitiiieiiieiie ettt e e e nnbeas 2.1.10-1
P22 0 1 I I = PRSP OTPRP 2.1.11-1
2.1.12 Diagonal Sill BraCKel ..........ooiiiiiiiiiiiiii et 2.1.12-1
2.1.13 DiBQONAI SIIUL ASSY....eeiieiiiiiieiiitiee ittt ettt st e e s st e e e et e e e e e nnbbeeeeannnes 2.1.13-1

21131 Diagonal Strut TUDE ......cooiiiiii e 2.1.13.1-1

2.1.13.2 Diagonal Strut ENAfitting .........ooooeeiiiiiieieiiee e 2.1.13.2-1

2.1.13.3  ROA-ENA BEAMNNG ... cuitieiiiiiieeiiiiiieeesitiee e steee e e siaee e e staeeessstraeassssaaeeessnraeaeaas 2.1.13.3-1
2 N S O 1= Y T o PRSPPI 2.1.14-1

2.1.14.1  Clevis Pin (Sill TUDE SIde) ......uuvviiiiiiiiiiiiie e 2.1.14.1-1

2.1.14.2  Clevis Pin (Vacuum Case Side).......ccccccceviiiiiiririie it ee e sinneeee s 2.1.14.2-1
2.1.15 WIF AdApLer BraCKet.........cooiiiiiiiiiiie ettt e e e e e baaneeee s 2.1.15-1

LOWET USS-02 ASSEMDIY.....iiieeiiiieeie e e e ittt e e s e sttt e e e e e e s s st e e e e e e s e s ssnntneeeeeeeeaeannrnnnees 2.2-1
2.2.1  Primary Centerbody BOX JOINE ........cccoiiiiiiiiiiiiee i e e s e e e e s e snrnne e e e e e e 2.2.11
2.2.2 Secondary Centerbody BOX JOINT ........cccuvviiiiireeiiiiiieere e s e e e e e en e e e e e 2.2.2-1
2.2.3  EMC BOX TUDE ..ooiiiiiiiiii ettt ettt et e st s e e e st e e e e st e e e e eaaaeaeanneeas 22.3-1
2.2.4  Lower USS to UpPer USS JOINT......coiuiiieiiiiie ittt 2.2.4-1
2.2.5 RICH MouNting BracCKet .........cocuiiiiiiiiiieiiiiiie et 2.2.51
2.2.6  Lower Angle Beam ASSEMDIY ........oooi i 2.2.6-1
2.2.7  PAS RICH BraCKet.......cciiiiiiiei i ittt ettt ettt et a et e e e s nnsaaeesnnnnees 2.2.7-1
2.2.8 Lower Angle Beam FIange............ooiiiiiiiiiiiiiiiee ettt 2.2.8-1

TS AN 1 41 o] SR 2.3-1
A T R (= T= Y oo | L= Lo T o | PR 2.3.1-1
2.3.2  KEEIBIOCK ...ciiiiiett ettt sttt e e naneee s 2.3.2-1
2.3.3  KEEI TUDE .ttt nnaee s 2.3.3-1

v ESCG-4005-05-AMS-0039



3.0

G T (=YY I (U] o o 2.3.4-1

2.3.5  KEEIRELAINET .. .eiiiiiiiiie et ettt e s st e e e st e e e s nbbe e e e s nabeeeeas 2.35-1

24 USS-02 Bolt and Shear Pin and Bushing Strength ASSESSMENt ...........ccccceeeviiieeeiiiieenenns 2.4-1
2.4.1  Upper USS-02 Bolted INtEITACES. ........uuiieiiiiiie ittt 24.11
2411 Upper Interface Plate t0 USS-02 ...........oieiiiiiiiiiiieie e 24.1.1-1

24.1.2 Lower Interface Plate t0 USS-02 ........cooiiiiiiiiiiiiee e 24.1.2-1

24.1.3 TRD Corner Bracket to Upper Vacuum Case JOiNt............ooocuviieeereeennnnne 24.1.3-1

24.1.4 Sill Bracket t0 Sill JOIN.......cvviiiiiiiiee e 2.4.1.4-1

24.15 Diagonal Sill Bracket to Sill JOINt ........ccovveiiiiiiiiiiiiieee e 2.4.1.5-1

2.4.1.6 WIF to Sill Tube Bolted INtErfaces .......ccccvveveiiiiiiiiiiiie e 2.4.1.6-1
2.4.1.6.1 WIF Adaptor Plate to Sill Tube .........ccceeeveeiii e, 2.4.1.6.1-1

2.4.1.6.2 WIF Socket to WIF Adaptor Plate ........cccccceevviicciiiiineie e, 2.4.1.6.2-1

24.1.7 Bushing Plate to Upper and Lower USS-02 Vacuum Case Joint.............. 2.4.1.7-1

24138 Sill Plate to USS-02 Sill JOINT......ueiiiiieiiiie e 2.41.8-1

2.4.2 Lower USS-02 Bolted INtErfaCeS. ......ccoiiiiiiiiiiiee e 2.4.2-1
2421 Lower USS to UpPPer USS......coo e 24.2.1-1

24.2.2 Lower Angle Beam Flange to Centerbody Box Joint...........cccccoevviiiiinnneen. 2.4.2.2-1

2.4.3 Keel Assembly Bolted INTEIfACES ........cooiuiiiiiiiiie e 2431
243.1 Keel Angle Joint to Lower USS Assembly ..., 243.11

2.4.3.2 Keel Retainer to Keel Trunnion and Keel BIOCK............ccccovvvvveiiiiieeninnnen. 2.4.3.2-1

25 USS-02 Rivet Strength ASSESSMENT .......uuiiiiiiiiee it e s e e e e e e e s naraaae s 2.5-1
2.5.1 Upper USS-02 RIVEIEA JOINTS .....uuuiiiieiiiiiiiiiiiiee ettt e e s st e e e e e e e snrane e e e e e e 25.1-1
25.1.1 Upper Vacuum Case Joint to Upper Trunnion Bridge ........ccccceevvvvvvvnnnen. 25.1.11

25.1.2 Lower Trunnion Bridge Beam Elbow to Sill Joint...........ccccceeveeiiiiiiiiiennnen. 2.5.1.2-1

2513 Sill Bracket to Sill TUDE .....oovviiiiiie e 25.1.3-1

2514 Diagonal Sill Bracket to Sill TUDE..........uuiiiiiiii e 25.1.4-1

2515 Diagonal Strut Tube to Diagonal Strut End Fitting ............cccceeviiieienninnen. 25151

2516 Upper Trunnion Bridge Beam to Sill JOINt...........cccceviiiiiiiiiiiiieeiiee e 2.5.1.6-1

2517 Lower Trunnion Bridge Beam to Lower Trunnion Bridge Beam Elbow .....2.5.1.7-1

25.1.8 Lower Trunnion Bridge Beam to Lower Vacuum Case Joint..................... 2.5.1.8-1

2.5.2 Lower USS-02 RIVELEd JOINES ....uuvviiiiiiieiiiiiieeiiiiiee s st e e s sitee e entee e e s nsiae e e e snnaeeeeenseeas 25.2-1
2521 Lower USS-02 to Upper USS-02 to Lower Angle Beam .............ccccvvvveeee. 25.2.1-1

25.2.2 Lower Angle Beam to Lower Angle Flange Beam Flange.............c.cc........ 2.5.2.2-1

2.5.2.3 EMC Box Tubes to Centerbody JOINtS.........cccvvveevieeeiiiiiiieeeeee e 2.5.2.3-1

2524 RICH Bracket to EMC BOX TUDES.........cuviiiiiiiiiiiieee e 25.24-1

2525 RICH PAS Brackets to EMC BOX TUDES.........cccoccviieiiiiiieeiieee e, 25251

2.5.3 Keel Assembly RIiVEted JOINES........ccoiuiiiiiiiiiieiriiiee et 2531
2531 Keel Angle Joint to Keel TUDE........cooiiiiiiie e 253.1-1

2532 Keel Tube t0 K€l BIOCK..........oiiiiiiiiiiiie e 2.53.2-1
Strength and Stability Assessment of Vacuum Case ASSEMDIY..........c.ueeiviiiiiiiiiiiiiiiee s 3.0-1

3.1 Upper and Lower Conical Flange ASsSembBly ............ouuiiiiiiiii e 3.1-1
3.1.1 Conical Flange Assembly Strength ASSESSMENT ........ccoiiiiiiiiiiiiiiiiee e 3.1.11
3.1.2 Conical Flange Stability ASSESSMENL........uuiiiiiiiiiiiiiiiiieie e e e 3.1.2-1

3.2 (@ 10} (=] B @4/ 11 o L= SRR 3.2-1
3.2.1 Outer Cylinder Strength ASSESSIMENL.........uceiiiiiiiiiiiiieire e e e 3.2.1-1
3.2.2 Outer Cylinder Stability ASSESSIMENL..........ueviiiiiiiiiiiiiee e e 3.2.2-1

3.3 T =] G @4 1 e To = PSPPSR 3.3-1
3.3.1 Inner Cylinder Strength ASSESSMENL ..........cviiiiiiiiiiiiieiie e 3.3.1-1
3.3.2  Inner Cylinder Stability ASSESSMENT ......cocuiiiiiiiiiii e 3.3.2-1

3.4 UPPET SUPPOIT RING ..ttt etttk bttt et e e s st bt e e e abb e e e s anbeeeennees 3.4-1
3.5 [T g0 o] o Jo ] = {1 o FR O PP PP PR PPPRPTON 3.5-1
3.6 Upper Interface Plate ASSEMDIY ........oo i 3.6-1
3.7 Lower Interface Plate ASSEMDIY .......ooo i 3.7-1
3.8 ClBVIS PlALB...ci ittt e e et e e st e e e sttt e e e abbe e e e sbbeeeeaabbeeeensbaeeaeans 3.8-1
3.9 Feedthru POrt COVEN PIALe...........ooiiiii ittt e 3.9-1
3.10  Vacuum Case Bolted INTErfACES ........cciiiiiiieiiiiiie et sbaeee e 3.10-1

Vi ESCG-4005-05-AMS-0039



3.10.1 Upper Support Ring to Conical FIange .........ccoveeiiiiiiiiiiiiiee e 3.10.1-1

3.10.2 Lower Support Ring to Conical FIange .........ccvvveiiiiiiiiiiiiiee e 3.10.2-1
3.10.3 Upper Support RiNg to Outer CYNNAEr..........cooiiiiiiiiie e 3.10.3-1
3.10.4 Lower Support Ring to Outer Cylinder Bolted Interface...........ccccccceeeeiviiciiieennenennn. 3.10.4-1
3.104.1 Lower Support Ring to Outer CyliNAer..........cooviiiiieiiiiiee e, 3.10.4.1-1
3.104.2 Lower Support Ring to Outer Cylinder - .3125" ..o, 3.10.4.2-1

3.10.5 Clevis Plate to Upper SUPPOIt RING ......cooiuiiiiiiiiieaiiiiieieee e 3.10.5-1
3.10.6 Upper Interface Plate to VACUUM CASE ........cciiiiiiiiiiiiiiiiiaaae et eiiieeee e 3.10.6-1
3.10.7 Lower Interface Plate to Vacuum Case Bolted Interface..........cccccevvvveiniieeennnnnnn. 3.10.7-1
3.10.7.1 Lower Interface Plate to Vacuum Case - .375".......cccccevviiveeeiiiieneniinenn, 3.10.7.1-1
3.10.7.2 Lower Interface Plate to Vacuum Case - .500"..........ccccevvvvveeiiiieeesnnnnnn. 3.10.7.2-1

4.0 Strength Assessment of Payload Attach System ASSEMDBIY..........cooiiiiiiiiiiiie e 4.0-1
4.1 VEIMEX BraCKEL ... it st 4.1-1
4.2 F ST = 1] ] TR 4.2-1
4.3 PAS Platform ASSEMDIY ......oooiiiii e 4.3-1
4.4 GUIAE PINS .. 4.4-1
4.5 BCS AVIONICS BraCKET.....ccciiiiiiiieiii ettt e e e e ee s 45-1
4.6 PAS Bridge BraCKel......cccoiiiiiiiiiiiie ettt e e e e e e e e aaeaa e 4.6-1
4.7 Bridge FIat BEAING ... ..eeiiiieiiiiiiiiiie ettt e ettt e e e e e e e s bbb e e e e e e e e e snbneeaaeeas 4.7-1
4.8 =TT [0 TSN o SRR 4.8-1
4.9 Bridge ASSEMDIY ......ouiiiiiiii e e e 4.9-1
o O T = 1= Vg To [ (o £ o SRR 4.10-1
411 Capture Bar ASSEMDIY ... ... i e e e e e e 4.11-1
I O R %= o1 (| (= = T 1 RS 411.1-1
A.11.2 HANAIE BASE.......eeiieiiiiiie ettt ettt s 4.11.2-1
4.11.3 Handle EXtension ASSEMDIY .........oviiiiiiiiiii e 4.11.3-1
O R o oV T | USSR 4.11.4-1
412 PAS BOIANAIYSIS .. .eeiiiiiiiiiee e e s 4.12-1
4.12.1 Handle Assembly Bolted INterfaces ... 4.12.1-1
4.12.2 PAS Handle to PAS Handle EXIENSION .......ccuuiiiiiiiieeiiiiieeee e 4.12.2-1
4.12.3 Handle Extension to HaNdIe BaSe .........cooiiiiiiiiiiiiiiiieeeee e 4.12.3-1
4.12.4 Handle Base t0 Capture Bar.........cccvviiiieeiiiiiiiiiieece ettt e e e e staree e e e e e e snaneees 4.12.4-1
4.12.5 PAS Guide Pin Bolted INterface.........cccvviiiiiiieiiiiii e 4.12.5-1
41251 PAS Guide Pin t0 PAS BaSE........ueiiiiiiiiiiiiieee et 4125.1-1

4.12.6 Vertex Bracket to PAS Platform Bolted Interface .........cccoocoeeeiviiiee i, 4.12.6-1
4.12.6.1  Vertex Bracket to PAS Platform..........ccccoviiieiiiiiii e 4.12.6.1-1
4.12.6.2  Vertex Bracket to PAS Platform Shear Bolt Analysis ..........cccocccviennneen. 4.12.6.2-1

4.12.7 Aft Brackets to PAS Platform Bolted Interface...........coccvvvieveieeiiiiiiciie e, 4,12.7-1
4.12.7.1 Aft Brackets to PAS Platform...........ccco 4,12.7.1-1
4.12.7.2  Aft Brackets to PAS Platform Shear Bolt Analysis..........cccccccviiiiiiiiennn.n. 4.12.7.2-1

4.12.8 BCS Avionics Bracket to PAS Platform Bolt Analysis.........cccccoiiiiiiiiiiiiiiiiiieee. 4.12.8-1
4.12.9 Vertex Bracket to Lower USS-02 Bolted Interface...........ccccceeiiiiiiiiiiei i, 4.12.9-1
4.12.9.1  Vertex Bracket to Lower USS-02 Assembly ..........cccooeciiiieeieeeiiiiiinnnn. 4.12.9.1-1
4.12.10 Aft Bracket to Lower USS-02 Bolted Interface...........ccccveeeiiveeeiiiiiiee i 4.12.10-1
4,12.10.1 Aft Brackets to Lower USS-02 ASSEMDBIY .......ccvvveeiiiiiiiiiiieeee e, 4.12.10.1-1

413  PAS NONSITUCLUIAI ITEMIS ...eiiiiiiiiiiiiiiee ettt e e s e e s saeeeee s 4.13-1
5.0 Strength Assessment of AMS-02 STS and ISS Integration Hardware .............cccccvveveeeeee i, 5.0-1
5.1 0 2] =Tl (= SO PRSP 5.1-1
5.2 PVGE BraCKet.....ccooo o, 5.2-1
5.3 Intentionally Left BIANK ........cuuiiiiiiii e 5.3-1
54 FRGEF BraCKet ..o, 5.4-1
5.5 ROEU ASSEMDIY ...ttt ettt e e et e e e e st ae e e e et e e e e antbeaeeatbeaeeansbeeeennees 5.5-1
5.5.1 ROEU Clevis Assembly Bending ANAIYSIS .......ccoiiiiiiiiiiiiiaaiiiiiieeeee e 55.11

5.6 Intentionally Left BIANK ..........ooeiiiiiiiiiiiieec e s s e e e e e e e s e nanre e e e e e e eannes 5.6-1
5.7 Intentionally Left BIANK ..........ueiiiiiiiiiiiieic e s e e e e e e e e s e e e e e e e eaanes 5.7-1
5.8 SCUTF PIALE ettt e ettt e e e sttt e e e et b e e e s tbe e e e e nnbaeeennraeeaeaa 5.8-1

vii ESCG-4005-05-AMS-0039



5.9 EVA Connector Panel ASSEMDBIY ........coiiiiiiiieiie e 5.9-1

5.10  Debris ShIield ANGIYSIS ......uuiiiiiiiiiiciiiiie e e e e e e e s s e e e e e s s nnre e e e e e eeeaanns 5.10-1
5.10.1 Port Debris Shield ASSEMDIY .......cooiiiiiiii e 5.10.1-1
5.10.1.1 Port Debris Shield Assembly Bolt Analysis.........cccccevriiiieiiiiiiee e 5.10.1.1-1

5.10.2 Starboard Debris Shield ASSEMDIY .........ooooiiiii e 5.10.2-1
5.10.2.1  Starboard Debris Shield Assembly Bolt Analysis .........cccccceiiiiiiiieennannnn. 5.10.2.1-1

5.10.3 TRD Gas Ballistic Cover Assembly and Bolt Analysis...........cccoccceieeiiiiiiiiiiecieeenn. 5.10.3-1
5.11 STS and ISS Integration Hardware Bolt ANAIYSIS .........c..uviiiiiiiiiiiiiiee e 5.11-1
5.11.1 Intentionally Left BIanK..........cccuuuiiiiii i 5.11.1-1
5.11.2 PVGF t0 PVGEF BIACKEL ......ccuvieiiiiiiiiie ittt 5.11.2-1
5.11.3 PVGF Bracket to Upper Trunnion Bridge Beam .........cccccccovviiiiiiiiiee s, 5.11.3-1
5.11.4 FRGF t0 FRGF BIaCKEL .......ceeiiiiiiiiiie ittt 5.11.4-1
5.11.5 FRGF Bracket to Upper Trunnion Bridge Beam .........cccccceevvviiciiiieieeeee e, 5.11.5-1
5.11.6 ROEU FaSteNer ANAIYSIS .....ccciiuiiiiiiiiiee ittt 5.11.6-1
5.116.1 ROEU Arm Flange to Sill JOIN.........cc.ueiiiiiiieiiiieee e 5.11.6.1-1
5.11.6.2 ROEU Bearing Failure AnalysiS.........ccccoviiiieiiiiiie e 5.11.6.2-1
5.11.6.3 ROEU PDA Bracket, Pin, and Lug Analysis ..........cccccoceirniinnieinnieeeien. 5.11.6.3-1
5.11.6.4 ROEU Assembly Harness Bracket and Bolt Analysis............cccccvvieeeeenn. 5.11.6.4-1

5.11.7 Intentionally Left BIANnK ... 5.11.7-1
5.11.8 Intentionally Left BIanK...........ccuuiiiiiie i 5.11.8-1
5.11.9 Scuff Plate to Sill Joint BOIt ANAIYSIS........ccuuviiiieiei e 5.11.9-1
5.11.10 Intentionally Left BIanK...........ccuuviiiiii e 5.11.10-1
5.11.11 Interface Panel A to USS-02 Trunnion Bridge Beam..........cccccvveeveeeieiicciiieneneeennn, 5.11.11-1
512  HANAIE BraCKelS ......oiiiiiiiiiiiitiee ettt 5.12-1
5.12.1 HANAIE BraCKetS......oouuiiiiiiiiiie ettt 5.12.1-1
5.12.2 Handle Bracket BOIt ANAIYSIS........cooiiiiiiiiiiiei e 5.12.2-1
5.13  INterface PAn@l A ...t a e ee e e e s e 5.13-1
6.0 MiISCEIIANEOUS ANGIYSIS ...cee ittt ittt et e e e s st e e s e e e e e e b e e e e eene 6.0-1
6.1 Vacuum Case Cable BraCKets.........oouuiieiiiiiee et 6.1-1

viii ESCG-4005-05-AMS-0039



0.3 Minimum Margins of Safety

TABLE 0.3.1-1 USS-02 Minimum Margin of Safety Summary

Part/ Material & Minimum
Dwg number Part Name / Description Critical Load Condition Failure Mode Margin o Reference Page Comments
b / ipti H itical Load diti il d in of fi
eat Treatment Safety
Upper VC Joints . AL ALY . 0.035 )
SDG39135727 Upper VC Joints 7050-T7451 Launch Tension ) 2.1.1-10
Upper Trunnion Upper Trunnion Bridae AL ALY ) Buckling Combined 1.64 Max Stress
Bridge Beam PP Beam g 7075-T73511 Abort Landing Tension, Bending, ) 2.1.2-9 Ratio of ends
SDG39135728 Shear A&B
Upper Trunnion Upper Trunnion Bridge AL ALY . Combined Tension 2.27 Sill Side;
Bridge Beam Beam 7075-T73511 Abort Landing Bending, Shear (u) 2.1.2-15 Moment
SDG39135728 about Y axis
Upper Trunnion Upper Trunnion Bridge AL ALY . Combined Tension 3.33 Sill Side:
Bridge Beam Beam 7075-T73511 Abort Landing Bending, Shear (u) 2.1.2-21 Moment
SDG39135728 about Z axis
Upper Trunnion Upper Trunnion Bridge AL ALY . Combined Tension 1.28 Upper Vac.
Bridge Beam Beam 7075-T73511 Abort Landing Bending, Shear (u) 2.1.2-28 Case Side,
SDG39135728 My
Upper Trunnion Upper Trunnion Bridge | ALALY  7075- Combined Tension 3.89 Upper Vac.
Bridge Beam Beam 7075-T73511 Launch Bending, Shear (u) 2.1.2-34 Case Side,
SDG39135728 Mz
USS-02 Sill Joint o AL ALY . . 0.55 Stresses in
SDG39135730 USS-02 Sill Joint 2050-T7451 Abort Landing Ultimate 5 2.1.3-10 slohd hetx
elements
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Part/ Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
USS-02 Sill Joint . . AL ALY . . 4,724 Sill Joint
SDG39135730 USS-02 Sill Joint 2050-T7451 Abort Landing Bearing ) 2.1.3-17 Bearing
USS-02 Sill Pin R Custom 455 Steel 0.51
SDG39135731 USS-02 Sill Pin H1000 condition Launch Shear ) 2.1.4-4
USS-02 Sill Trunnion . . Custom 455 Steel Combined Tension, | 1.08
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.1.5-8
AMS5617
USS-02 Sill Trunnion . . Custom 455 Steel Combined Tension, | 1.26
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.15-9
AMS5617
USS-02 Sill Trunnion . . Custom 455 Steel Combined Tension, | 1.12
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.1.5-10
AMS5617
USS-02 Sill Trunnion - - Custom 455 Steel Combined Tension, | 0.949 Case 1 Max
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.15-14 Bending at
AMS5617 Y=88.075
USS-02 Sill Trunnion : - Custom 455 Steel Combined Tension, | 1.33 Case 2 Max
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.1.5-16 Shear at
AMS5617 Y=85.288

ESCG-4005-05-AMS-0039




Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
USS-02 Sill Trunnion : - Custom 455 Steel Combined Tension, | 1.3 Case 3 edge
SDG39135732 USS-02 Sill Trunnion H1000 condition Launch Bending, Shear ) 2.15-17 of socket
AMS5617 Y=89.0
USS-02 Sill Trunnion , : Custom 455 Steel , Combined Tension, | 1.15
SDG39135732 USS-02 Sill Trunnion H1000 condition Abort Landing Bending, Shear ) 2.1.5-21
AMS5617
USS-02 Sill Trunnion : : Custom 455 Steel : Combined Tension, | 1.2 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Abort Landing Bending, Shear ) 2.1.5-23 check at
AMS5617 Y=91.5
USS-02 Sill Trunnion : : Custom 455 Steel : Combined Tension, | 1.017 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Abort Landing Bending, Shear ) 2.1.5-28 check at
AMS5617 Y=88.075
USS-02 Sill Trunnion : - Custom 455 Steel : Combined Tension, | 1.41 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Abort Landing Bending, Shear ) 2.1.5-30 check at
AMS5617 Y=85.288
USS-02 Sill Trunnion - - Custom 455 Steel , Combined Tension, | 1.38 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Abort Landing Bending, Shear ) 2.15-31 check at
AMS5617 Y=89.0
USS-02 Sill Trunnion . . Custom 455 Steel . . Combined Tension, | 0.71
SDG39135732 USS-02 Sill Trunnion H1000 condition Nominal Landing Bending, Shear ) 2.1.5-35

AMS5617

Xi
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Part /

. Minimum
Dwg number Part Name / Description HegﬂtatTerrelgltn?ent Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
USS-02 Sill Trunnion : : Custom 455 Steel . . Combined Tension, | 0.74 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Nominal Landing Bending, Shear ) 2.1.5-37 check at
AMS5617 Y=91.5
USS-02 Sill Trunnion - : Custom 455 Steel . . Combined Tension, | 0.599 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Nominal Landing Bending, Shear ) 2.1.5-42 check at
AMS5617 Y=88.075
USS-02 Sill Trunnion : . Custom 455 Steel . . Combined Tension, | 0.92 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Nominal Landing Bending, Shear ) 2.1.5-44 check at
AMS5617 Y=85.288
USS-02 Sill Trunnion : , Custom 455 Steel : . Combined 0.89 Section
SDG39135732 USS-02 Sill Trunnion H1000 condition Nominal Landing Bending, Shear ) 2.1.5-45 check at
AMS5617 Y=89.0
Bridge Beam Elbow, Bridge Beam Elbow,
Lower Trunnion (in Lower Trunnion (in AL ALY Abort 197
between Sill Joint & between Sill Joint & 7050-T7451 Case 2015 Tension (-u) 2.1.7-22
Lower Trunnion) Lower Trunnion)
SDG39135734
USS-02 Lower . .
Trunnion Bridge USS-02 Lower Trunnion AL ALY . . Buckling Comb'”ed 1.42
. Nominal Landing compression, 2.1.8-9
Beam Bridge Beam 7075-T73511 : (u)
SDG39135735 Bending, Shear
USS-02 Lower
Trunnion Bridge USS-02 Lower Trunnion AL ALY Nominal Landin Combined Tension, 1.87 21815 Moment
Beam Bridge Beam 7075-T73511 9 Bending, Shear (u) - about Y axis
SDG39135735
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Part/ Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
USS-02 Lower
Trunnion Bridge USS-02 Lower Trunnion AL ALY . . Combined Tension, 3.14 i Moment
Beam Bridge Beam 7075-T73511 Nominal Landing Bending, Shear (u) 21821 about Z axis
SDG39135735
USS-02 Lower
Trunnion Bridge USS-02 Lower Trunnion AL ALY Nominal Landin Combined Tension, 2.15 21828 Moment
Beam Bridge Beam 7075-T73511 9 Bending, Shear (u) - about Y axis
SDG39135735
USS-02 Lower
Trunnion Bridge USS-02 Lower Trunnion AL ALY . . Combined Tension, 2.13 i Moment
Beam Bridge Beam 7075-T73511 Nominal Landing Bending, Shear (u) 2.1.8-34 about Z axis
SDG39135735
Interface Joint Interface Joint
Assfomv\?gﬁgg’_%rzvc’ Assembly, Lower VC, AL ALY Nominal Landin Max Principal 0.06 v 1013
Assembly Lower USS-02 7050-T7451 9 Stress (u) -
SDG39135737 Assembly
Silll :Brafcket g_ﬁuTnt::g Sill Bracket mounting AL ALY 0.40
plate ( rom oifl fube plate (from Sill Tube to Combined Tension, ; 2.1.10-8
to Sill Joint) Sill Joint) 7050-T7451 Launch Bending, Shear ()
SDG39135738 g
Sill Bracket Tube Sill Bracket Tube AL ALY Combined Tension, | 1.16 2.1.10-10
SDG39135739 7050-T7451 Launch Bending, Shear (u)
Sill Tube , AL ALY Buckling Combined | 4.267
SDG39135739-301 Sill Tube 7075-T73511 Launch compression, (u) 21417

Bending, Shear

Xiii
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Part/

Material &

Minimum

Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
Diagonal Sill Bracket : . AL ALY Lug axial and 0.411 )
SDG39135740 Diagonal Sill Bracket 7050-T7451 Launch transverse loads ) 2.1.12-13
Diagonal Sill Bracket . . AL ALY Shear Pull-Thru at 3.493
SDG39135740 Diagonal Sill Bracket 7050-T7451 Launch bolt hole (u) 2.1.12-16
Diagonal Strut Tube , AL ALY . 0.58
SDG39135742 Diagonal Strut Tube 6061-T6511 Launch Compression ) 2.1.13.1-5
D|agona}l _Strut End Diagonal Strut End AL ALY 0.58
Fitting Fittin 7075-T73511 Launch Thread Shear ) 2.1.13.2-5
SDG39135743 g
Clevis Pin for Clevis Pin for Diagonal Custom 455 , . 0.262
Diagonal Sill Bracket il Bracket H1000, AMS5617 Launch Combined Bending | =) 2.1.14.1-5
SDG39135744 & Shear
Clevis Pin for Clevis Pin for Vacuum Custom 455 . . 0.832
Vacuum Case Side Case Side H1000, AMS5617 Launch Combined Bending | =) 2.1.14.2-6
SDG39135744-003 ’ & Shear
Diagonal Strut Rod- Diagonal Strut Rod-End CRES 15-5PH 0.406
End Bearing Bearing Stainless Steel, Launch Bearing ) 2.1.13.3-4
SDG39135745 1025 condition
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Part /

Material &

Minimum

Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
WIF Adapter Plate AL ALY . . 0.447
SDG39135747 WIF Adapter Plate 6061-T6511 On-Orbit Tension ) 2.1.15-10
Lower Center Body Lower Center Bod AL ALY : . 0.185
Assembly Assombly y 05017451 Abort Landing Tension W 2.2.1-14
SDG39135759
EMC Box Tube AL ALY Buckling Combined | 1 7g
SDG39135761 EMC Box Tube 7075-T3511 Launch compression : (U) 2.2.3-9
shear and bending
Lower USS-0210 | | e USS-02 to Upper AL ALY Max Principal 1.15
Upper USS-02 USS-02 7050-T7451 Launch Stress ) 2.2.4-16
SDG39135762
Lower USS-02 to -
Upper USS-02 Lower USSSS(?(Z);O Upper 70’2'6_#';151 Abort Landing Max Principal 1.38(u) 2.2.4-19
SDG39135762 Stress
Lower USS-02 to
Upper USS-02 plate | Lower USS-02 to Upper AL ALY Launch 3.2 22423
section USS-02 plate section 7050-T7451 Tension ultimate (u) o
SDG39135762
Lower USS-02 to
Upper USS-02 plate | Lower USS-02 to Upper AL ALY . 3.52 )
section USS-02 plate section 7050-T7451 Abort Landing Tension ultimate (u) 22.4-26
SDG39135762

XV
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Part/ Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
RICH Bracket AL ALY . . Max Principal 0.90
SDG39135762 RICH Bracket 2050-T7451 Nominal Landing Stress ) 2.2.5-13
Lower Angle Beam AL ALY . . Buckling Combined | 5 59
SDG39135764 Lower Angle Beam 7075-T3511 Nominal Landing compression, shear ) 2.2.6-9
and Bending
PAS-RICH Brackets AL ALY . Max Principal 0.12
SDG39135766 PAS-RICH Brackets 2050-T7451 On-Orbit Stress 5 2.2.7-13
Lower Angle Beam Lower Angle Beam AL ALY . Max Principal 0.185
Flange Flange 2050-T7451 Abort Landing Stress ) 2.2.8-3
SDG39135767 9
Keel Angle Joint Keel Angle Joint 70’2'6_#';151 Abort Landing Max Principal 1'(?39 2.3.1-4
SDG39135769 Stress
Keel Block AL ALY o 0.63
SDG39135770 Keel Block 7050-T7451 Launch Max Principal ) 2.3.2-13
Stress
XVi ESCG-4005-05-AMS-0039




Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
Keel Tube Keel Tube AL ALY Worst Launch Case | Buckling Combined | 1 g3 9337
SDG39135771 7075-T3511 From Sort compression, (u) "~
Shear and bending
Keel Trunnion : Custom 455 Steel, Combined Tension, | 0.51
SDG39135772 Keel Trunnion H1000 bar Launch Bending, Shear ) 2.3.4-12
AMS5617
Keel Retainer . o 1.261
SDG39135772 Keel Retainer 15-5PH (H1025) Launch Principal stress B 2.3.5-11
Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u = ultimate, y = yield
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TABLE 0.3.1-2 Upper USS-02 Fasteners Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
SDG39135892-805 Bolts from Upper Abort Landin o 0.033
NAS1958C15 Vacuum Case Interface A286 LC2035 9 Total Tension Yield (y) 2.4.1.1-11
Plate to USS
SDG39135892-811 Bolts from Lower Abort Landin . 0.046
NAS1958C17 Vacuum Case Interface A286 LC2031 9 Total Tension Yield (y) 2.4.1.2-11
Plate to USS
Bolts from Upper ) ) 0.095
NAS1958C24 Vacuum Case Joint to A286 Launch Total Tension Yield .(y) 2.4.1.3-13
TRD Corner Bracket
SDG39135892-815 Bolts from Sill Bracket . . 0.065
NAS1958C13 to Sill Joint A286 Launch Total Tension Yield ) 2.4.1.4-11
Fatigue
analysis
Bolts from Diagonal Sill . . shows that at
EWB 0420-8-16 Bracket to Sill Joint A286 Launch Joint Separation -0.157 2.4.15-11 929 of loads
M.S. is
positive
3 out of 12
bolts are
NAS1953C6 Bolts fEOT e ﬁd;‘pter A286 On-Orbit Joint Separation | -0.269 | 2.4.1.6.1-7 negative.
ate to sill Tube Acceptable
since loads
are non cyclic
Bolts from WIF Adapter ) ) 0.003
NAS1954C6 Plate to side mounted A286 Launch Total Tension Yield .(y) 2.4.1.6.2-7

WIF
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Part /

Dwg number Part Name / Description Heg/ltatTerreizzltn?ent Critical Load Condition Failure Mode Mg;%g;yof Reference Page Comments
Bolts from Bushing _ _ 0.196
NA81352N02'6 P|ate to Vacuum Case A286 40 g TOtal TenSIOH Y|e|d (y) 2417'6
Joint
NAS1102E04-6 Bolts from Sill Plate to A286 40 g Total Tension Yield | 0162 2.4.1.8-6
Sill Joint )
Bolts from Lower USS- . . . . 0.033
NAS1958C15 02 to Upper USS-02 A286 Nominal Landing Total Tension Yield V) 24.2.1-11
Bolts from Lower Angle ) ) ) 0.055
EWB 0420-8-13 Beam Flange to A286 Abort Landing Total Tension Yield .(y) 2.4.2.2-11
Centerbody Box Joint
Bolts from Keel Angle
EWB 0420-8 Joint to Lower USS-02 A286 Nominal Landing | '°% Lﬂirr?]ﬁes“ear 0'8/()58 2.43.1-11
Assembly
Bolts from Keel ) ) ) ) 0.076
NAS8103PU8 Retainer to Keel A286 Nominal Landing Total Tension Yield .(y) 2.4.3.2-7
Trunnion
HTH1978-3-3 Bolts from Keel A286 Nominal Landing | Total Tension Yield | %131 | 2.4.32.16
Retainer to Keel Block )
Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u = ultimate, y = yield
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TABLE 0.3.1-3 Upper USS-02 Rivets Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
NAS1398 typeM Upper VC to Upper . . 0.171
0.25" blind Trunnion bridge rivets Monel Nominal Landing Total Shear 25.1.1-14
(u)
Lower Trunnion Bridge
NAg'lzi%),Sblti);%e M Beam Elbow to Sill Joint Monel Abort Landing Total Shear 0'855 25.1.2-14
Rivets
Total Shear
NASISOS YPED | sill Bracket to Sill Tube AL 2017 Launch 1'533 2.5.1.3-14
: ; Total Shear
NAS1398 type D Diagonal Sill Bracket to 2.75 )
0.25" blind Sill Tube Rivet Analysis AL 2017 Launch () 2:5.1.4-14
NAS1398 tvpe M Diagonal Strut Tube to Launch Total Shear 0.37
0.25" b"ﬁﬂ Diagonal Strut End Monel ) 2.51.5-4
fitting
NAS1398 tvpe M Upper Trunnion Bridge Nominal Landing Total Shear 0.275
0.25" bliﬁ)j Beam to Sill Joint Rivet Monel 25.1.6-14
Analysis ()
Lower Trunnion Bridge Total Shear
NAS1398 type M Beam to Lower Monel Nominal Landing 0.213 2.5.1.7-14
0.25” blind Trunnion Bridge Beam (u)
Elbow Rivets
NAS1398 tvype M Lower Trunnion Bridge _ _ Total Shear 0.137
0.25" in);]F:j Beam to Lower Vacuum Monel Nominal Landing 2.5.1.8-14
Case Joint ()
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Part/ Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments

Safety

NAS1398 tvpe D Lower Angle Beam to Nominal Landing Total Shear 0.972
0.95" bli):w% Lower to Upper USS-02 AL 2017 ) 25.2.1-14

Joint

Lower Angle Beam to Nominal Landing 0.421

NAg_lzis,’,sbltme D Lower Angle Beam AL 2017 Total Shear 2.5.2.2-14
Flange Rivets (u)

NAS1398M8 EMC Box Tube to 0.146
0.25" blind Centerbody Joint Rivet Monel Launch Total Shear ) 2.5.2.3-16
N%8215%9§il\:3-9 RICH Bracket Rivets Monel Nominal Landing Total Shear 3('3)6 2.5.2.4-13
N%8215%9;3”l\r/]|3-9 PAS RIIQ?VZtEraCket Monel On-Orbit Total Shear 0('5)7 2.5.2.5-14
NASIIO8pe D | Keel Angle Joint fo Keel AL 2017 Launch Total Shear 0('5)6 2.5.3.1-14
NAS1398DFCg-9 | @€l Block o Keel Tube Al 2017 Launch Total Shear O'(ig)’?’ 2.5.3.2-13

Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u=ultimate, y = yield
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TABLE 0.3.1-4 Vacuum Case Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
Vacuum Case - Vacuum Case - )
Conical F|ange Conical F|ange Stabmty AL ALY 2219-T62 Launch Yield 0.14 3.1.1-14
SEG39135778 Assessment
Vacuum Case - Vacuum Case - Pressure Case 0.8 .
Conical F|ange Conical Flange AL ALY 2219-T62 atm (1176 pSl) BUCkIlng 0.05 3.1.2-8
SEG39135778
Vacuum Case Outer Vacuum Case Outer AL ALY 7050- ) )
Cylinder Cylinder T7451 Rolled Ring Abort Landing Ultimate 1.321 3.2.1-14
SDG39135779 Forging
Vacuum Case Outer Vacuum Case Outer AL ALY 7050- ] )
Cylinder Cylinder Stability T7451 Rolled Ring Abort Landing Buckling 0.11 3.2.2-8
SDG39135779 Assessment Forging
Max. principal No buckling
Vacuugn ﬁ:na:jsgr Outer Vacuum Case Outer | Abort Landin stress -26373psi | | atFS =2.0
<DGIolass7g | Cylinder SDG39135779 9 FS = 2.0 Closes RID
AMS-CDR-1-
13
Vacuum Case Inner | yacyum Case Inner | AL ALY 2219 T852 . 0.311
Cylinder Cylinder Hand Forged Launch LC1045 Ultimate 5 3.3.1-17
SDG39135781
Vacuum Case Inner | yacyum Case Inner | AL ALY 2219 T852 : 0.116
Cy”nder close out Cylinder Hand Forged Launch LC1045 Ultimate (U) 3.3.1-20
weld SDG39135781
Vacuum Case Inner Vacuum Case Inner | AL ALY 2219 T852 Hydrostatic . 0.194
Cylinder Cylinder Hand Forged Compression 0.8 Buckling ) 3.3.2-8
SDG39135781 atm.(11.76 psi)
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Part / Material & Minimum
Dwg number Part Name / Description Critical Load Condition Failure Mode Reference Page Comments
Heat Treatment Margin of
Safety
Upper Support Ring . AL ALY 7050- . 0.035 )
SDG39135786 Upper Support Ring T7451 Launch LC1007 Yield V) 3.4-26
Analysis is
Lower Support Ring . AL ALY 7050- . 0.035 i Enveloped by
SDG39135785 Lower Support Ring T7451 Launch LC1007 Yield V) 3.5-2 Upper
Support Ring
Upper Interface Plate |  ypper Interface Plate AL ALY 7050- . . 0.96
Assembly Assembly T7451 Abort Landing Ultimate ) 3.6-5
SDG39135788
Lower Interface Plate | | ower Interface Plate AL ALY 7050- . . 2.36
Assembly Assembly T7451 Abort Landing Ultimate ) 3.7-5
SDG39135789
Vacuum Case Clevis i
Plate Vacuum Case Clevis A286 Launch LC1032 Yield 1.49 (y) 3.8-8
SDG39135790
VC Feed-thru-port VC Feed-thru-port Launch/ Landing Plus : 25.9
Cover Plate Covor Plate. AL ALY 6061-T651 Broasure Tension o 3.9-39
SDG39135791
Notes:
1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u = ultimate, y = yield
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TABLE 0.3.1-5 Vacuum Case Fastener Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
Bolts from Vacuum
NAS1351N3H16 Case Feed-thru-port A286 Launch/Landing | roq Tension Yield | O:13? 3.9-14
Cover Plate to Vacuum Plus Pressure )
Case Support Ring
Bolts from Conical . ) ) 0.079
EWB 0420-4H-9 Flange to Upper A286 Landing LC2003 Total Tension Yield .(y) 3.10.1-6
Support Ring
Bolts from Conical _ ) ) 0.077
EWB 0420-4H-9 Flange to Lower A286 Landing LC2027 Total Tension Yield .(y) 3.10.2-6
Support Ring
Bolts from Outer . ) ) 0.078
EWB 0420-4H-13 Cylinder to Upper A286 Landing LC2038 Total Tension Yield .(y) 3.10.3-7
Support Ring
Bolts from Outer ) ) ) 0.067
EWB 0420-4H-7 Cylinder to Upper A286 Landing LC2057 Total Tension Yield .(y) 3.10.3-15
Support Ring
Bolts from Outer . ) ) 0.071
EWB 0420-4H-7 Cylinder to Lower A286 Landing LC2053 Total Tension Yield .(y) 3.10.4.1-7
Support Ring
Bolts from Outer ) ) ] 0.075
EWB 0420-4H-13 Cylinder to Lower A286 Landing LC2054 Total Tension Yield .(y) 3.10.4.1-15
Support Ring
Bolts Outer Cylinder to . ] ) 0.090
EWB 0420-5H-7 from Lower Support A286 Landing LC2031 Total Tension Yield .(y) 3.10.4.2-7

Ring
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Part/

Dwg number Part Name / Description Hegﬂtat;zrgzltrfent Critical Load Condition Failure Mode Mggz;’f Reference Page Comments
NAS1958C9 Bolts from Clevis Plate A286 Launch LC1032 | Total Tension Yield | 0970 3.10.5-8
to Upper Support Ring )
Bolts from Upper . ) ) 0.082
NAS1956C10 Interface Plate to Upper A286 Landing LC2038 Total Tension Yield .(y) 3.10.6-11
Support Ring
Bolts from Lower _ ) ) 0.106
NAS1956C8 Interface Plate to Lower A286 Landing LC2049 Total Tension Yield .(y) 3.10.7.1-11
Support Ring
Bolts from Lower . ) ) 0.103
NAS1958C9 Interface Plate to Lower A286 Landing LC2049 Total Tension Yield .(y) 3.10.7.2-11
Support Ring
Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u=ultimate, y = yield
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TABLE 0.3.1-6 Payload Attach System Minimum Margin of Safety Summary
Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
PAS Vertex Bracket AL ALY Consistent On-Orbit Min Principal 0.02 Static Test to
SDG39135813 PAS Vertex Bracket 7050-T7451 Load Factor Stress ) 4.1-13 FS=15
Seenote 1
PAS Vertex Bracket AL ALY Consistent On-Orbit Min Principal 0.01
SDG39135813 PAS Vertex Bracket 7050-T7451 Load Factor Stress ) 4.2-13
PAS Platform i _Orbi
Assembly PAS Platform Assembly 70’2'6_#';151 Conigs;znéi?o?rblt Tension ultimate 0('5)7 4.3-7
SDG39135817
Guide Pins, PAS . AL ALY Consistent On-Orbit . 17.67
Base Assembly Guide Pins 2050-T7451 Load Eactor Shear ultimate ) 4.4-10
SDG39135818
PAS Bridge . AL ALY On Orbit Inertia . 0.04
SDG39135838 PAS Bridge 7050-T7451 Steady State Ultimate ) 4.6-16
Bridge Pin . : . . 34.36
SDG39135826 Bridge Pin A286 Landing Shear ultimate % 4.8-8
Bearing Housing . . i Resultant Preload . . 0.20 )
SEG39135845 Bearing Housing CRES 15-5PH Compmed.On- Tensile ultimate B 4.10-14
Orbit/Mating
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Part / Material & Minimum
D Part Name / Description Critical Load Condition Failure Mode Margin of Reference Page Comments
wg number Heat Treatment Safety
Capture Bar . . . 0.01
SDG39135850 Capture Bar A286 On-Orbit Tensile ultimate ) 4.11.1-7
Handle Extension : Max. principal 4.38
SDG39135853 Handle Extension AL ALY 6061-T651 Handle Load stress ultimate ) 4.11.3-4
Handle Max. principal 1.803
SDG39135854 Handle AL ALY 6061-T651 Handle Load stress ultimate 5 4.11.4-7
Notes:
The

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield. For tested hardware, use Factors of Safety of 1.5 for Ultimate and 1.1 for Yield.

tested hardware factors of safety were applied to the Vertex Bracket analysis.
2. u=ultimate, y = yield
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TABLE 0.3.1-7 Payload Attach System Fastener Minimum Margin of Safety Summar
Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
Bolts from PAS Handle i
NAS1351N4-8 to PAS Handle A286 Handle Load TOtaLiTe?QS'O” 0'831 4.12.2-5
Extension
Bolts from PAS Handle i
NAS1351N-16 Extension to handle A286 Handle Load TOtaLEQS'O” 063 41235
Base
SDG39135850 Bolts from PAS Handle A286 Handle Load Total '_I'enS|on 0.09 4.12.4-6
Base to Capture Bar Yield )
Bolts from PAS Guide . . . 0.03
NAS1351N6-28 Pin to PAS Platform A286 On-Orbit Total Tension Yield ) 4.12.5.1-16
Bolts from PAS Vertex . . .
NAS1956C30 Bracket to PAS Platform A286 On-Orbit LC5031 Joint Separation 0.01 4.12.6.1-9
PAS Vertex Bracket to ) ) ) 0.01
NAS1160-6-30 PAS Platform Shear A286 On-Orbit LC5031 Total Tension Yield (y) 4.12.6.2-5

Bolt
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Minimum

D Part/ Part Name / Description Material & Critical Load Condition Failure Mode Margin of Reference Page Comments
wg number Heat Treatment Safety
Bolts from PAS Aft . . .
EWB0420-6-30 Bracket to PAS Platform A286 On-Orbit LC5056 Total Tension Yield | 0.05 (y) 4.12.7.1-9
PAS Aft Bracket to PAS ) _ )
NAS1160-6-30 Platform Shear Bolt A286 On-Orbit Total Tension Yield | 0.01 (y) 4.12.7.2-5
Bolts from BCS ] ) ) 0.124
NAS1351N4-10 Avionics Bracket to PAS A286 Launch/Landing Total Tension Yield .(y) 4.12.8-6
Platform
Bolts from PAS Vertex ) ) ) 0.071
NAS1956C76H Bracket to Lower USS- A286 On-Orbit LC5006 Total Tension Yield .(y) 4.12.9.1-12
02
Bolts from PAS Aft ) ) ) 0.10
NAS1956C14 Bracket to Lower USS- A286 On-Orbit LC5014 Total Tension Yield (y) 4.12.10.1-9
02
Notes:

1. Factors of Safety are 2.0 for Ultimate and 1.25 for Yield.
2. u=ultimate, y = yield
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TABLE 0.3.1-8 Integration Hardware Minimum Margin of Safety Summary
Part / Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
PVGF Bracket AL ALY SSRMS Interface Max Principal 0.082
SDG39135860 PVGF Bracket 7075-T7351 Loads Stress ) 52-13
FRGF Bracket AL ALY SSRMS Induced Max Principal 0.498
SDG39135861 FRGF Bracket 7075-T7351 Loads Stress (u) 5.4-12
ROEU Clevis
Assembly ROEU Clevis Assembly | LAY Lf;:;ﬁ;‘é;soét Ultimate Shear 6('5)4 5.5.1-35
SEG39137677
Scuff Plate, USS-02 | seyff plate, USS-02 AL ALY Imoact brincinal Stress | 0-449 £ 810
Assembly Assembly 7050T7451 P P (u) '
SDG39135867
ROEU/USS AL ALY Bearing Failure 38.828
SEG39137677 ROEU/USS 2050-T7451 Launch & Abort Analysis ) 5.11.6.2-5
Landing Case
ROEU PDA Bracket
Lug SEG39137676 & ROEU PIPA Bracket AL ALY Launch & Abort Combined Ultimate 6.394 5.11.6.3-14
ug 7050-T7451 : (u)
78 Landing Case
ROEU Harness
Bracket ROEU Harness Bracket 70@5_%151 Lf;ﬁé’iﬁ;‘é\;’s"f Bearing Ultimate 9'(?531 5.11.6.4-3
SDG39135865

XXX
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Minimum

Dwgpﬁ[}r;ber Part Name / Description He'z\aﬂtatTerreithn?ent Critical Load Condition Failure Mode Mg;%iert]ym Reference Page Comments
SDG39135878 Hﬁgﬁ?oirféiee;ﬁ?f’ G&Llﬁ% . L%"’i‘ghct:gi% 1 Principal Stress 0('8)4 5.12.1-19
shear | 009 | siznc2
SEG39137684 Interface Panel A 7'3'%5A|T‘\7(3 Kick Load Ultimate O.(t?G 5.13-19
Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u = ultimate, y = yield
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TABLE 0.3.1-9 Integration Hardware Fastener Minimum Margin of Safety Summary
Part/ Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
Bolts from PVGF Combined Shear 0.03
EWB0420-6-17 Bracket to PVGE A286 Launc'h & Abort Tension Bending ) 5.11.2-11
Landing Case Ultimate
Bolts from PVGF ) ] 0.008
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Total Tension Yield .(y) 5.11.3-6
Trunnion Bridge Beam Landing Case
Bolts from PVGF ) ] 0.04
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Total Tension Yield (-y) 5.11.3-11
Trunnion Bridge Beam Landing Case
Bolts from PVGF ) ] 0.043
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Total Tension Yield .(y) 5.11.3-17
Trunnion Bridge Beam Landing Case
Bolts from FRGF ) ] 0.02
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Total Tension Yield (-y) 5.11.5-6
Trunnion Bridge Beam Landing Case
Bolts from FRGF ) ] 0.02
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Total Tension Yield (y) 5.11.5-11
Trunnion Bridge Beam Landing Case
Bolts from FGGF ) ] 0.07
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Total Tension Yield (-y) 5.11.5-17

Trunnion Bridge Beam

Landing Case
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Minimum

D Part/ Part Name / Description Material & Critical Load Condition Failure Mode Margin of Reference Page Comments
wg number Heat Treatment Safety
Bolts Attaching ROEU . . 0.199
NAS1351N420 Arm Flange to Sill Joint A286 Launc_h & Abort Total Tension Yield V) 5.11.6.1-13
Landing Case
Bolts from ROEU ] ] 0.19
NAS1351N3 Harness Bracket to A286 Launch & Abort Total Tension Yield (-y) 5.11.6.4-7
PDA Mounting Bracket Landing Case
Bolts - Shared
NAS1004-8A Fasteners Connecting A286 Launch & Abort | Total Tension Yield | %1% 511.11-13
Lower Edge of IPA to Landing Case ) T
Trunnion Beam 9
0.25" Bolts - Shared
NAS1004-6A Fasteners Connecting A286 Launch & Abort Total Tension Yield | 916 5.11.11-19
Lower Edge of IPA to Landing Case v)
Trunnion Beam
Bolts from Handle Load Case 1 Combined shear, 0.154
NAS1954C6 Bracket -303 to Bridge A286 Right End tension and 5.12.2-7
Beam Elbow bending ult (u)
Bolts from Handle
NAS1351N3 Bracket -303 1o 1SS A286 L%"’i‘ghfgfﬁjl Total Tension Yield | 0.033 5.12.2-17
Handrail
XXXili ESCG-4005-05-AMS-0039




Part /

Material &

Minimum

Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Mg;%(i_)r:yof Reference Page Comments
Bolts from Handle
NAS1954C4 Bracket -305 to Lower A286 Lofgftcé‘rfg 8 Total Tension Yield | 0.181 5.12.2-28
Angle Beam
Bolts from Handle
NAS1351N3 Bracket -305 to 1SS A286 Lof:ftcé‘rfg 8 Total Tension Yield | 0.038 | 5.12.2-38
Handrail
Fasteners Connecting Combined Shear 0.07
NAS1153E36 Front Sub-Panel to A286 . Tension Bending ' 5.13-42
Standoff to Rear Sub- 40 g Vertical Ultimate ()
Panel
Bolts from Base Panel ] ] 0.33
NAS1133E4 Ato Base Panel A286 40 g Vertical Total Tension Yield ) 5.13-48
Stiffener
Bolts from Angle ] ] 0.32
NAS1133E4 Bracket to C-Channel A A286 40 g Vertical Total Tension Yield V) 5.13-54
Assembly
Notes:

1. Factors of Safety are 2.0 for Ultimate and 1.25 for Yield.
2. u=ultimate, y = yield
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TABLE 0.3.1-10 Miscellaneous Hardware Minimum Margin of Safety Summary

Part / Material & Minimum
Part Name / Description Critical Load Condition Failure Mode Margin of Reference Page Comments
Dwg number Heat Treatment Safety
Vacuum Case Cable Vacuum Case Cable Small Secondary . 5.264
Bracket Bracket Al ALY 6061-T651 Structures Loads Ultimate ) 6.1-10
SDG39135877
Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
2. u = ultimate, y = yield

TABLE 0.3.1-11 Miscellaneous Hardware Fastener Minimum Margin of Safety Summary

Part/ Material & Minimum
Part Name / Description Critical Load Condition Failure Mode Margin of Reference Page Comments
Dwg number Heat Treatment Safety
Bolts from Lower
NAS1351N3-24 Support Ring/Outer A286 Small Secondary | 0 Tension vield | %20 6.1-15
Cylinder to Vacuum Structures Loads )
Case Cable Bracket

Notes:

1. Factors of Safety are 2.0 for Ultimate and 1.25 for Yield.
2. u=ultimate, y = yield
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0.4 Fail-Safe Minimum Margins of Safety

TABLE 0.4.1-1 Upper USS-02 Fastener Fail-Safe Minimum Mar

in of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
SDG39135892-805 Bolts from Upper Shear Pin Failure Combined Shear 0.411
NAS1958C15 Vacuum Case Interface A286 Abort Landing Tension Bending ) 2.4.1.1-13
Plate to USS LC2035 Ultimate
SDG39135892-805 Bolts from Upper 286 Abort Landing Combined Shear | ¢ 404 5 9
NAS1958C15 Vacuum Case Interface A LC2038 Tension Bending ) 4.1.1-1
Plate to USS Ultimate
SDG39135892-811 Bolts from Lower Shear Pin Failure Combined Shear 0.422
NAS1958C17 Vacuum Case Interface A286 Abort Landing Tension Bending ) 2.4.1.2-13
Plate to USS LC2011 Ultimate
SDG39135892-811 Bolts from Lower 286 Abort Landing Combined Shear | 418 041919
NAS1958C17 Vacuum Case Interface A LC2031 Tension Bending ) 4.1.2-1
Plate to USS Ultimate
NAS1958C24 Bolts from Upp_er 7286 Shear Pin Failure Comk_)ined Sh(_ear 0.116 0 41315
Vacuum Case Joint to Launch LC1019 Ten3|or_1 Bending () AL
TRD Corner Bracket Ultimate
Bolts from Upper Combined Shear 0.086
NAS1958C24 Vacuum Case Joint to A286 Launch LC1032 Tension Bending (U) 2.4.1.3-21
TRD Corner Bracket Ultimate
SDG39135892-815 | Bolts from Sill Bracket Combined Shear | g 444
NAS1958C13 to Sill Joint A286 Launch LC1004 Tension Bending ) 2.4.1.4-17

Ultimate

XXXVI
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Part/ Material & Marain of
Dwg number Part Name / Description Critical Load Condition Failure Mode g;gfér:yo Reference Page Comments
Heat Treatment
Combined Sh Joint
. ombine ear i
SDG39135892-813 Bolts from Sill Bracket ) . 0.115 Separation
EWEB 0420-8-16 to Sill Joint A286 Launch LC1032 Tensulm Bending o 2.4.1.5-18 -0.156
Ultimate acceptable
for Fail safe
Joint
Bolts from WIF Adapter . Total Thread Shear | 0.049 Separation
NAS1953C6 Plate to Sill Tube A286 On-Orbit Ultimate ) 2.4.1.6.1-9 -0.209
acceptable
for fail safe
. Joint
Bolts from.WIF Adapter Combmed Shgar 0333 Separation
NAS1954C6 Plate to Side Mounted A286 Launch LC1001 Tension Bending 5 2.4.1.6.2-8 027
WIF Ultimate acceptable
for fail safe
Bolts from Bushing Combined Shear 0.59
NAS1352N02-6 Plate to Vacuum Case A286 409 Tension Bending ) 24.1.7-7
Joint Ultimate
Bolts from Sill Plate to Combined Shear 0.55
Ultimate
Bolts from Lower USS- Shear Pin Failure . . 0.278
NAS1958C15 02 to Upper USS-02 A286 Landing LC4015 Joint Separation ) 2.4.2.1-13
Bolts from Lower USS- . . . 0.237
NAS1958C15 02 to Upper USS-02 A286 Landing LC4028 Joint Separation ) 2.4.2.1-19

XXXVii
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Material &

Part / Part Name / Description Critical Load Condition Failure Mode Mg;%ier:yof Reference Page Comments
Dwg number Heat Treatment
Bolts from Lower Angle Abort Landing Total Thread shear | 0.088
Centerbody Box Joint
Bolts from Keel Angle
EWB 0420-8 Joint to Lower USS-02 A286 Landing L4015 | 'O@ mirsgesmar O'(?S’7 2.4.3.1-17
Assembly
Bolts from Keel Combined Shear 0.435
NAS8103PU8 Retainer to Keel A286 Landing Tension Bending .(u) 2.4.3.2-8
Trunnion Ultimate
HTH1978-3-3 Bolts from Keel A286 Landing Joint Separation | 0.249 | 2.4.3.2-17
Retainer to Keel Block ' B
Notes:

1. Factors of Safety are 1.0 for Ultimate and 1.0 for Yield for Fail-Safe analysis.
2. u=ultimate, y = yield
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TABLE 0.4.1-2 Vacuum Case Fastener Fail-Safe Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
Bolts from Vacuum . Combined Shear
NAS1351N3H16 Case Feed-thru-port A286 Launcr;ile_g\;(jligg Plus Tension Bending 0.509 3.9-22
Cover Plate to Vacuum Ultimate (u) )
Case Support Ring
Bolts from Conical Combined Shear 0186
EWB 0420-4H-9 Flange to Upper A286 Landing LC2003 Tension Bending .(u) 3.10.1-8
Support Ring Ultimate
Bolts from Conical . Combined Shear 0.169
EWB 0420-4H-9 Fiange to Lower A286 Land|ng LC2027 Tension Bending (U) 3.10.2-8
Support Ring Ultimate
Bolts from Upper . Combined Shear 0.192
EWB 0420-4H-13 Support Ring to Outer A286 Landlng LC2038 Tension Bending (U) 3.10.3-9
Cylinder Ultimate
Bolts from Upper . Combined Shear 0.186
EWB 0420-4H-7 Support Ring to Outer A286 Land|ng LC2057 Tension Bending (U) 3.10.3-17

Cylinder

Ultimate

XXXIX
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Part/

Dwg number Part Name / Description Hegﬂtat;zrgzltrfent Critical Load Condition Failure Mode Mggz;’f Reference Page Comments
Bolts from Outer _ Combined Shear 0.184
EWB 0420-4H-7 Cy"nder to Lower A286 Landlng LC2053 Tension Bending (U) 3.10.4.1-9
Support Ring Ultimate
Bolts from Outer . Combined Shear 0.188
EWB 0420-4H-13 Cy]inder to Lower A286 Landlng LC2054 Tension Bending (U) 3.10.4.1-17
Support Ring Ultimate
Bolts from Outer _ Combined Shear 0.203
EWB 0420-5H-7 Cy"nder to Lower A286 Landlng LC2031 Tension Bending (U) 3.10.4.2-9
Support Ring Ultimate
Bolts from Clevis Plate Combined Shear 0.285
NAS1958C9 to Upper Support Rlng A286 Launch LC1032 Tension Bend|ng (U) 3.10.5-9

Ultimate

Xl
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Part/

Material &

Margin of

Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Safety Reference Page Comments
NAS1956C10 pols o Lpper A286 Shear Pin Failure Joint Separati 0.386 3.10.6-13
Interface Plate to Upper Landing LC2038 oint separation : -10.6-
Support Ring
Bolts from Upper . ) )
NAS1956C10 Interface Plate to Upper A286 Landing LC2038 Joint Separation 0.176 3.10.6-19
Support Ring
Bolts from Upper Shear Pin Failure Combined Shear 0.485
NAS1956C8 Interface Plate to Lower A286 Landing LC2011 Tension Bending ) 3.10.7.1-13
Support Ring Ultimate
Bolts from Lower . Combined Shear 0.505
NAS1956C8 Interface Plate to Lower A286 Landing LC2038 Tension Bending ) 3.10.7.1-19
Support Ring Ultimate
Bolts from Lower Shear Pin Failure | Total Thread Shear | 0.486
NAS1958C9 Interface Plate t-o Lower A286 Landing LC2049 Ultimate (U) 3.10.7.2-13
Support Ring
Bolts from Lower
NAS1958C9 Interface Plate to Lower A286 Landing LC2038 | TO@ mir;ﬁfhear O'(‘lfz 3.10.7.2-19
Support Ring
Notes:

1. Factors of Safety are 1.0 for Ultimate and 1.0 for Yield for Fail-Safe analysis.
2. u=ultimate, y = yield
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TABLE 0.4.1-3 Payload Attach System Fastener Fail-Safe Minimum Margin of Safety Summary

Part / Material & Minimum
Dwg number Part Name / Description Heat Treatment Critical Load Condition Failure Mode Margin of Reference Page Comments
Safety
Bolts from PAS Guide . . . Acceptable
NAS1351N6-28 Pin to PAS Platform A286 On-Orbit LC5032 Joint Separation -0.33 4.12.5.1-30 for Fail-Safe
Bolts from PAS Vertex . . . Acceptable
NAS1956C30 Bracket to PAS Platform A286 On-Orbit LC5031 Joint Separation -0.40 4.12.6.1-15 for Fail-Safe
PAS Vertex Bracket to Combined Shear
NAS1160-6-30 PAS Platform Shear A286 Launch LC1007 Tension Bend|ng 0.55 4.12.6.2-7
Bolt Ultimate
Bolts from PAS Aft . . .
EWB0420-6-30 Bracket to PAS Platform A286 On-Orbit LC5056 Joint Separation 0.01 4.12.7.1-15
PAS Aft Bracket to PAS , Combined Shear
NAS1160-6-30 Platform Shear Bolt A286 On-Orbit Tensl,ﬁp Betndmg 0.57 4.12.7.2-7
imate
Bolts from PAS Vertex ) Combined Shear 0.46
NAS1956C76H Bracket to Lower USS- A286 On-Orbit LC5031 Tension Bending (U) 4.12.9.1-19
02 Ultimate
Bolts from PAS Aft
NAS1956C14 Bracket to Lower USS- A286 On-Orbit LC5016 Joint Separation 0.07 4.12.10.1-14
02
Notes:

1. Factors of Safety are 1.0 for Ultimate and 1.0 for Yield for Fail-Safe analysis.
2. u = ultimate, y = yield
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TABLE 0.4.1-4 Integration Hardware Fastener Fail-Safe Minimum Margin of Safety Summary
Part / Material & Minimum
Dwg number Part Name / Description H Critical Load Condition Failure Mode Margin of Reference Page Comments
eat Treatment Safety
Bolts from PVGF Combined Shear | 041
EWB0420-6-17 Bracket to PVGE A286 Launch & Abort Tension Bending ) 5.11.2-18
Landing Case Ultimate
Bolts from PVGF ) ) Non-cyclic
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Joint Separation -0.20 5.11.3-7 load
Trunnion Bridge Beam Landing Case
Bolts from PVGF Combined Shear 0.12
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Tension Bending T 5.11.3-12
Trunnion Bridge Beam Landing Case Ultimate
Bolts from PVGF Combined Shear 0.37
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Tension Bending (U) 5.11.3-18
Trunnion Bridge Beam Landing Case Ultimate
Bolts from FRGF Combined Shear
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Tension Bending | 0.1 (u) 5.11.5-7
Trunnion Bridge Beam Landing Case Ultimate
Bolts from FRGF Combined Shear 011
NAS1351N4H14 Bracket to Upper A286 Launch & Abort Tension Bending (U) 5.11.5-12
Trunnion Bridge Beam Landing Case Ultimate
Bolts from FRGF Combined Shear 0.42
NAS1351N4H16 Bracket to Upper A286 Launch & Abort Tension Bending ('u) 5.11.5-18

Trunnion Bridge Beam

Landing Case

Ultimate

xliii
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Minimum

D Part/ Part Name / Description Material & Critical Load Condition Failure Mode Margin of Reference Page Comments
wg number Heat Treatment Safety
Bolts Attaching ROEU Combined Shear | (297
NAS1351N420 Arm Flange to Sill Joint A286 LaUnC-h & Abort Tens|on Bend|ng (y) 5.11.6.1-20
Landing Case Ultimate
Bolts - Shared
3 Fasteners Connecting Total Thread Shear | 0.56 i
NAS1004-8A Lower Edge of IPA to A286 Launc_h & Abort Ultimate ) 5.11.11-14
. Landing Case
Trunnion Beam
Bolts - Shared Combined Shear 0.55
NAS1004-6A Fasteners Connecting A286 Launch & Abort Tension Bending ) 5.11.11-20
Lower Edge of IPA to Landing Case Ultimate
Trunnion Beam
Bolts from Handle Load Case 1 Combined Shear
NAS1954C6 Bracket -303 to Bridge A286 Right End Tension Bending 0.16 5.12.2-8
Beam Elbow Bottom Ultimate
Bolts from Handle
NAS1351N3 Bracket 303 t0 1SS A286 L%"’i‘gh?gfﬁjl Joint Separation | 0.243 |  5.12.2-23
Handrail
Bolts from Handle Load Case 8 Total Thread Shear
NAS1954C4 Bracket -305 to Lower A286 Left End Ultimate 0.485 5.12.2-29

Angle Beam

xliv
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Part/

Material &

Minimum

Part Name / Description Critical Load Condition Failure Mode Margin of Reference Page Comments
D
wg number Heat Treatment Safety
Bolts from Handle
NAS1351N3 Bracket -305 o 1SS A286 Lofgftcé‘rfg 8 Joint Separation | 0351 | 5.12.2-44
Handrail
Fasteners connecting .
Combined Shear
NAS1153E36 Front sub-Panel to A286 . Tension Bending | %%/ 5.13-43
Standoff to Rear Sub- 40 g Vertical Ultimate (u)
Panel
Bolts from Base Panel Total Thread Shear | 0.41
NAS1133E4 Ato B_ase Panel A286 40 g Vertical Ultimate (u) 5.13-49
Stiffener
Bolts from Angle Total Thread Shear
NAS1133E4 Bracket to C-Channel A A286 40 9 Vertical Ultimate 0.39 (y) 5.13-55
Assembly
Notes:

1. Factors of Safety are 1.0 for Ultimate and 1.0 for Yield for Fail-Safe analysis.
2. u = ultimate, y = yield
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TABLE 0.4.1-5 Miscellaneous Hardware Fastener Fail-Safe Minimum Margin of Safety Summary
Part/ Material & Minimum
Part Name / Description Critical Load Condition Failure Mode Margin of Reference Page Comments
Dwg number Heat Treatment Safety
Bolts from Lower
NAS1351N3-24 Support Ring/Outer A286 Small Secondary Joint Separation | 0.19 6.1-16

Cylinder to Vacuum
Case Cable Bracket

Structures Loads

Notes:

1. Factors of Safety are 1.0 for Ultimate and 1.0 for Yield for Fail-Safe analysis.
2. u = ultimate, y = yield
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0.7 Acronyms

ACC
AMS
AMS-02
BOSOR
CAB
CAS
CDR
CERN
CG
CMR
DCLA
DP
ECAL
EMC
EMI
ETH
EVA
EVR
FRGF
FS

g
GMAW
GTAW
ICD
IHEP
INFN
ISS

JS
JSC
KSC
LESC
LM
LMATC
LMMSS
LMSO
MDP
MEFL
MIT
MMOD
MS
MSFC
MWL
n/a

Anti-Coincidence Counter

Alpha Magnetic Spectrometer

Alpha Magnetic Spectrometer — 02 (ISS Mission)
Buckling of Shells of Revolution
Cryomagnet Avionics Box

Common Attach System

Critical Design Review

Centre Européen de Recherche Nucléaire
Center of Gravity

Cold-Mass Replica

Design Cycle Coupled Loads Analysis
Design Pressure

Electromagnetic Calorimeter
Electro-magnetic Compatibility
Electro-magnetic Interference
Eidgenossische Technische Hochschule (Zurich)
Extravehicular Activity

Extravehicular Robotics

Flight Releasable Grapple Fixture

factor of safety

gravity

Gas Metal Arc Welding

Gas Tungsten Arc Welding

Interface Control Document

Institute of High Energy Physics

Instituto Nazionale di Fisica Nucleare (Italy)
International Space Station

Jacobs Sverdrup

Johnson Space Center

Kennedy Space Center

Lockheed Engineering and Sciences Company (Now LMSO)
Lockheed Matrtin

Lockheed Martin Advanced Technology Center
Lockheed Martin Michoud Space Systems
Lockheed Martin Space Operations
Maximum Design Pressure

Maximum Expected Flight Level
Massachusetts Institute of Technology
Micro-Meteoroid and Orbital Debris

Margin of Safety

Marshall Space Flight Center

Minimum Workmanship Level

not applicable
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NASTRAN National Aeronautics and Space Administration Structural Analysis
Computer Program

NBL Neutral Buoyancy Laboratory

NSTS National Space Transportation System
PAS Payload Attach System

PAW Plasma Arc Welding

PCU Plasma Contactor Unit

PDR Preliminary Design Review

PEDS Passive Electrical Disconnect System
PVGF Power Video Grapple Fixture

RICH Ring Imaging Cherenkov Counter
ROEU Remotely Operated Electrical Umbilical
SED Structural Engineering Division

SFHe Superfluid Helium
SHOOT  Superfluid Helium On-Orbit Transfer
SRMS Shuttle Remote Manipulator System

SSP Space Station Program

SSRMS  Space Station Remote Manipulator System
STA Structural Test Article

STE Special Test Equipment

STS Space Transportation System

SWG Structures Working Group

TBD To Be Determined

TCS Thermal Control System

TOF Time of Flight

TRD Transition Radiation Detector

UF Uncertainty Factor

UF-4.1 Space Station Utilization Flight #4.1
UMA Umbilical Mechanism Assembly
USS Unique Support Structure

USS-02 Unique Support Structure — 02

VC Vacuum Case

VLA Verification Loads Analysis
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1.0 Introduction

The NASA project management for the AMS-02 comes from the Office of the Director
(code EAl) of the Engineering Directorate at JSC. Jacobs Engineering Sciences
Contract Group (ESCG) is contracted by NASA to provide integration of the AMS-02
payload to the Space Shuttle and the ISS. Jacobs ESCG is responsible for designing,
analyzing, and fabricating the Unique Support Structure-02 (USS-02) with an integral
cryogenic magnet Vacuum Case for the AMS-02.

The science objectives of the AMS-02 experiment are to conduct astrophysical research
and to search for dark matter and antimatter. To acquire this scientific data, the AMS-
02 will employ a very large cryogenic superfluid helium electro-magnet, a Transition
Radiation Detector (TRD), two Time of Flight (TOF) detectors, a tracker composed of
eight layers of silicon wafer detectors, an Anti-Coincidence Counter (ACC), a Ring
Imaging Cherenkov Counter (RICH), an Electromagnetic Calorimeter (ECAL), as well as
numerous electronics and other avionics devices.

The AMS-02 will remain on ISS through the lifetime of the station. It consists of a
cryogenic superconducting magnet, cooled by superfluid helium, and a USS to support
the experiment on the Shuttle.

The Vacuum Case of the magnet is an integral part of the USS-02, and will be built and
certified by Jacobs ESCG. There will be two (2) Vacuum Cases built: a Structural Test
Article (STA) and a flight article. The STA will be used to demonstrate fabrication and
assembly techniques and for structural verification testing. The STA will be built as a
flight spare, and is therefore identical to the flight article.

The experiment’s electronics, scintillators, and detectors shall be designed and built at
multiple institutes in Europe and Asia. Final assembly will occur at the Centre Européen
de Recherche Nucléaire (CERN) in Geneva.

The liftoff and landing configurations of AMS-02 are shown in Figures 1.0-1 through 1.0-
4.
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Figure 0.1-1: Alpha Magnetic Spectrometer — 02 Configuration - Launch, Landing, and On-Orbit

1.0-2 ESCG-4005-05-AMS-0039



AMS-02 EXPERIMENT

RADIATORS/ -
DEBRIS :
SHIELDS ., \ ) USS-02
_ = ASSEMBLY
iy PAYLOAD
POWER VIDEO U ———  ATTACH SYSTEM
GRAPPLE FIXTURE (PAS PASSIVF HAI R

(PVGF)
Figure 1.0-2: Alpha Magnetic Spectrometer — 02 Configuration - Launch, Landing, and On-Orbit

1.0-3 ESCG-4005-05-AMS-0039



Figure 1.0-3: Alpha Magnetic Spectrometer — 02 Configuration - Launch, Landing, and On-Orbit
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The AMS-02 experiment consists of a large cryogenic superconducting magnet, cooled
by superfluid helium and supported by the USS-02. The Cryomagnet Vacuum Case is
constructed of Aluminum 2219 and Aluminum 7050-T7451. The toroidal Vacuum Case
has a 2679.8-millimeter (mm) outer diameter, an 1115-mm inner diameter, an 858-mm
Inner Cylinder height, and a 1464-mm Outer Cylinder height (Figure 4). The outer skin
of the Cryomagnet Vacuum Case is a ring-stiffened cylinder made of Aluminum 7050-
T7451. There are two large support rings on the top and bottom of the Outer Cylinder.
These support rings are made of Aluminum 7050-T7451 and mate to the Conical
Flanges and the Outer Cylinder through bolted/double O-ring interfaces. The Inner
Cylinder is a monocoque design made of Aluminum 2219-T852. The top and bottom
Conical Flanges will be made of one plate of Aluminum 2219-T62 that is spun and
machined to their final rib-stiffened conical shape. The Conical Flanges and Inner
Cylinder are welded together to make the final closeout structural weld.

Suspended inside the Cryomagnet Vacuum Case is the magnet, a large annular
superfluid helium tank, and 200 layers of super-insulation and four vapor cooled shields.
All of this ‘cold-mass’ is supported at eight locations that interface to the USS-02 using
sixteen non-linear support straps. The use of the pre-tensioned non-linear composite
straps is necessary in order to reduce the heat leak from the Cryomagnet Vacuum Case
to the cold mass. Although linear straps do not present the same dynamic
characteristics, the design approach, strap materials, arrangement, and assembly
techniques are similar for non-linear straps.

Several secondary structural components are mounted to the outside of the
Cryomagnet Vacuum Case. These components include the Tracker, the Anti-
Coincidence Counter (ACC), and parts of the cryogenic pumps. The Tracker and ACC
are very similar, if not identical to the STS-91 version of AMS.

The USS-02 primary members consist of extruded aluminum tubing with a minimum
wall thickness of 0.25-inch made from 7075-T73511. Most USS-02 joints are made of
7050-T7451 6-inch thick plate and are machined. The USS-02 attaches to the Space
Shuttle Orbiter with four (4) longeron trunnions and one (1) keel trunnion. The degrees
of freedom at the Orbiter interface are X and Z for the two (2) primary longeron
trunnions, Z for the two (2) stabilizer longeron trunnions, and Y for the keel trunnion.
The STS interfaces will meet the requirements defined in NSTS-21000-IDD-ISS [15].
The AMS-02 payload attaches to the ISS via the Payload Attach System (PAS). The
PAS hardware on the AMS-02 consists of three guide pins and a capture bar. The PAS
design will meet the requirements defined in SSP-57003 [9] and SSP-57004 [10]. The
design will be documented in SSP-57213, AMS-02 to ISS Hardware ICD [35].

Several secondary structural components are mounted to the USS-02. These
components include the Electromagnetic Calorimeter (ECAL), the Transition Radiation
Detector (TRD), the TRD gas supply system, the Ring Imaging Cherenkov Counter
(RICH), various electronics crates, various components of the Thermal Control System
(TCS), and the Meteoroid and Orbital Debris (MMOD) shields. Most of these systems
have been added to the AMS-02 when compared to the STS-91 version.
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Figure 1.0-5: View of Alpha Magnetic Spectrometer — 02
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Bottom View Top View

Figure 1.0-6: Bottom and Top View of Alpha Magnetic Spectrometer — 02
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Back View Front View

Figure 1.0-7: Back and Front View of Alpha Magnetic Spectrometer — 02

1.0-9 ESCG-4005-05-AMS-0039



Left View Right View

Figure 1.0-8: Left and Right View of Alpha Magnetic Spectrometer — 02
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1.1 MODEL DESCRIPTION

This report documents the stress analysis for a subset of the AMS-02 components that
includes the Unique Support Structure, the Vacuum Case, the Payload Attach System,
and the payload integration hardware. These components were included in a finite
element model of the full AMS-02 payload.

The finite element model of the AMS-02 payload was initially developed during the
design phase of the payload. The math model was prepared for use with the NASA
Structural Analysis (NASTRAN) computer program. Since the initial version of the math
model, updates have been made to account for changes to the payload components
and increase the model fidelity. The 2-06 version of the math model (released in
February 2006) was used as the “loads model” for the stress analysis documented in
this report.

The loads model represents the payload components with varying levels of modeling
fidelity. The primary structure and the secondary components that have a significant
effect on the overall payload response are modeled at a relatively high level of fidelity.
Smaller components and items that do not have a significant effect on the global
payload response are represented by concentrated mass elements and rigid elements.

For areas of the structure that are highly loaded or that have lower structural margins, a
more detailed model of the component was typically used in a separate static analysis
to produce the data required for the stress analysis. The responses from the loads
model would then be used as the input force in this detailed stand-alone analysis of the
component.

The payload components are all represented as linear, elastic structure with the
exception of the cryogenic magnet support system. The magnet support system straps
are modeled using tension-only elements with nonlinear, elastic stress-strain
characteristics.

1.1.1 Unique Support Structure (USS) Component Model

The unique support structure model is comprised primarily of beam elements. The
cross sectional properties for the elements were formulated in FEMAP using the CAD
model for the individual beams. For locations where USS members intersect, the beam
elements use the combined inner and outer most profiles to define the total cross
section at that location. The main joints (i.e. the upper and lower vacuum case joints
and the lower center body joints) are modeled with plate elements. The trunnion sill
joints are modeled using RBE2 elements that connect all of the intersecting beam
elements at that joint. The mass of the individual components is tuned to match the
actual hardware by adjusting the mass density of that components material entry. Other
USS components such as the fasteners and shims are represented by concentrated
mass elements at each bolted connection. The mass of the rivets in the major joints is
accounted for by adding non-structural mass entries to the beam elements at the riveted
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joints. Electronic components that are relatively stiff compared to the USS beams are
represented with concentrated mass elements.

1.1.2 Vacuum Case (VC) Component Model

The vacuum case component model consists primarily of plate elements. Beam
elements with offsets are used to model the ribs of the conical flanges, the ribs of the
outer cylinder, and portions of the support rings. Solid elements are used to model the
interface plates. Fasteners joining the conical flanges to the support ring and the outer
cylinder to the support ring are modeled with CBUSH elements which include stiffness
for the axial and shear directions. Instead of representing all of the fasteners around the
perimeter of the support rings with individual CBUSH elements, the combined stiffness
of several adjacent fasteners is represented by a CBUSH with the equivalent stiffness
for the group of fasteners.

Various experiment components are located on the perimeter of the support rings. This
hardware has been represented with concentrated mass and rigid elements.

1.1.3 Payload Attach System (PAS) Component Model

The PAS hardware in the loads model is represented mostly by beam elements.
Structure with more complex geometry is represented by plate elements. Concentrated
mass elements are used to represent nonstructural components. The bolted joints are
represented by CBUSH elements.

1.14 Shuttle and ISS Integration Hardware Component Models

The integration hardware generally consists of brackets with complex shapes, so plate
elements are used for these components. Nonstructural items are represented by
concentrated mass and rigid elements. Bolted joints are represented by CBUSH
elements.
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1.2 LOADING CONDITIONS

For the majority of the payload components documented in this report, the critical
loading conditions occur during the liftoff or landing phase of the Shuttle flight. These
components include the Unique Support Structure (USS), Vacuum Case (VC), and most
of the STS and ISS integration hardware. The liftoff and landing loads were represented
by load factors that are applied as inertial loads to the full payload math model in a
nonlinear static analysis. The liftoff and landing load factors were obtained from a
Design Coupled Loads Analysis which consisted of a nonlinear, dynamic analysis.
These load factors are documented in “AMS-02 Structural Verification Plan for the
Space Transportation System and International Space Station”, JSC-28792.

The nonlinear aspects of the payload require that loading conditions prior to liftoff and
landing be accounted for. These preflight conditions include the following:
(2) mechanical preload for the support straps;
(2) loads due to differential pressure on the vacuum case (an internal vacuum
and external atmospheric pressure);
(3) loads due to gravity;
4) loads due large thermal gradients on the interior of the vacuum case; and
(5) preloads in the trunnions due to misalignment with the Orbiter payload
retention latch assembly.
The loads due these preflight conditions are applied to the payload as preloads to the
appropriate payload structure.

The Payload Attach System (PAS) was assessed for Shuttle liftoff and landing loads,
but the most significant loading condition for the PAS is when the payload is berthed to
the ISS and the Common Attach System (CAS) capture claw is fully engaged with the
PAS capture bar. These onorbit loads were obtained from an analysis performed by
Boeing as part of the International Space Station Design Analysis Cycle 8 (D684-10019-
02-01-02 Rev E). The interface loads for AMS-02 are also documented in JSC-28792
and further described in Section 4.06 of this report.

The significant loading condition for the Flight Releasable Grapple Fixture (FRGF) and
the Power Video Grapple Fixture (PVGF) occur during on-orbit operations when the
payload is grappled by the Shuttle Remote Manipulator (SRMS) System or the Space
Station Remote Manipulator System (SSRMS). These load are documented in JSC-
28792.

The significant loading condition for the scuff plates is defined as an impact load using
the payload mass and an impact velocity of 0.11 feet per second. This loading condition
is documented in NSTS-21000-IDD-ISS.

All components that are within 24 inches of an EVA translation path or EVA worksite
have been analyzed for crew kick loads in addition to any other applicable loading
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conditions. EVA kick loads are defined as a quasi-static concentrated force applied over
a 0.5 inch diameter circular area. The requirements for this loading condition are
documented in Table 3.1.1.2.6-1 of SSP-57003.
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1.3 FACTORS OF SAFETY

Various factors of safety will be used on different hardware depending on its intended
use, level of complexity, and level of testing. The minimum primary and secondary
structure factors of safety are detailed in Appendix A of the AMS-02 Structural
Verification Plan, JSC-28792. All of the factors of safety shown in Appendix A of
document JSC-28792 have been approved by the SWG and NASA/EM2 [26].

The minimum factors of safety (FS) for structural component design of the AMS-02
experiment and integration hardware for flight environments are also listed in Appendix
A of document JSC-28792. If the component is not specifically mentioned in Appendix
A of document JSC-28792, assume a factor of safety of 2.0 (ultimate) and 1.25 (yield)
with no structural testing. For all joints that do not have the matched drilled or reamed
holes, a fitting factor of 1.15 shall be used for all modes of failure associated with
structural joints, including bolts and bearing surfaces.

The Unique Support Structure-02 and Vacuum Case are analyzed with an ultimate
factor of safety of 1.4 and a yield factor of safety of 1.1 against limit loads. The Payload
Attach System and Payload Integration Hardware are analyzed with an ultimate factor
of safety of 2.0 and a yield factor of safety of 1.25 against limit loads.

For tested hardware, a factor of safety of 1.5 for ultimate and a factor of safety of 1.1 for
yield were applied. These factors of safety were applied in the Vertex Bracket analysis.

In the fastener fail-safe analysis, an ultimate factor of safety of 1.0 was applied. A factor
of safety of 1.0 is applied for joint separation.
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1.4 MATERIALS AND TEMPERATURE

All material used are verified in accordance with applicable requirements in the AMS-02
SVP and in the Safety Policy and Requirements Document for Payloads Using the
International Space Station (NSTS 1700.7, ISS Addendum).

Material Properties
Material properties of metallic materials meet those called out in the Military Handbook:
Metallic Materials and Elements for Aerospace Vehicle Structures (MIL-HDBK-5,

Revision H or J). Material properties were also obtained from Metallic Material
Properties Development and Standardization (MMPDS-01 and 03).

Temperature Effects

The temperature specified in Appendix C2 shall be used for the structural analysis, and
the material properties shall be degraded accordingly.
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1.5 Fracture Assessment

A fatigue and fracture assessment was performed for the AMS-02 components that
includes the Unique Support Structure, the Vacuum Case, the Payload Attach System,
and the Payload Integration Hardware. For details of this assessment, refer to
document ESCG-4450-08-STAN-DOC-0115, Fatigue and Fracture Assessment of the
Alpha Magnetic Spectrometer-02 (AMS-02) Unique Support Structure (USS-02),
Vacuum Case, and Payload Attach System (PAS) and document ESCG-4450-09-
STAN-DOC-0032, Fracture Control Summary of the Alpha Magnetic Spectrometer-02
(AMS-02).
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2.0 Strength and Stability Assessment for USS-02
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2.1 Upper USS-02 Assembly

2.1-1 ESCG-4005-05-AMS-0039



2.1.1 Upper Vacuum Case Interface Joint
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Table 2.1.1-1 Minimum Margin of Safety Summary

Part / Part Name / Material & Critical Load Failure Margin of Reference Comments
Dwg Number Description Heat Treatment Condition Mode Safety Page
SDG39135727 Upper VC 7050-T7451 Launch Tension 0.035 2.1.1-10
Joints Al Aly.

Notes:  Factor of Safety is 1.4 for Ultimate and 1.1 for Yield
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The Stress Analysis of the Upper VC Joints

1. Introduction of the Upper VC Joints

Four Upper VC Joints are used to connect the USS-02 to the four locations of the Upper Support
Ring, which is one component of the Vacuum Case. The pictures of Figure 2.1.1-1 show how

the Upper VC Joints interface with the Vacuum Case and USS-02. One side of the Upper VC Joint
is connected to the Upper Trunnion Bridge Beam. Other side of the Upper VC Joint is connected to
the Interface Plate and the TRD Corner Brackets.

Upper VC
Joints x4

Connectedto TRD
Comer BV"’
~ w_'//‘—f\~
o] o\ o)
©
o o] O
(2] B8 8
8 8 S
(2) ’lr’f_/
8 o] 8
L O o] O ) Connectedto
Interface Plate

Figure 2.1.1-1 Upper VC Joints With Vacuum Case and USS-02
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Stress Analysis of Upper VC Joints-AMS-02

The pictures of Figure 2.1.1-2 show that one of the Upper VC Joints interfaces with the
TRDGAS Assembly. The TRDGAS Assembly has two interface connections with the USS-02 structure.
One is the upper USS interface bolting the Box S Support Structure to the upper trunnion bridge

and upper VC joint. The lower USS interface consists of a triangular aluminum bracket on which
a helicoidal stainless steel spring is attached.

Two upper VC joints
shown on AMS02

Upper
VC
joint

USS-02

Interface

tank
Xenon

CO

tank

Lower
USS
Interface

'
i\

View A Details of TRDGAS System Box-S

Figure 2.1.1-2 Upper VC Joint and TRDGAS Assembly
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The Upper VC Joint is machined from 7050-T7451 plate as a single piece. The details of the

Upper VC Joint is shown in Figure 2.1.1-3. Rivets are used to connect the Upper VC Joints

and Upper Trunnion Bridge Beams. Bolts are used to connect the Upper VC Joint with the Interface
Plates and the Corner Bracket of the TRD Assembly.

Figure 2.1.1-3 Details of the Upper VC Joint

2. Method used to Perform the Stress Analysis of the Upper VC Joints

The FEA math models of the Upper VC Joints were made using FEMAP software. The FEA model
of the Upper VC Joint consists of the plate elements (CQUAD4 and CTRIA3) and solid elements
(CHEXA and CPENTA). The picture of Figure 2.1.1-4 below is showing the FEA models of the
Upper VC Joints are embedded into the USS-02 FEA model.

23 Default XY Yiew

File Tools Geometry Model Mesh Modify  List Delete Group  Yiew Help

Upper VC Jomts in
USS-02 Model

Figure 2.1.1-4 Upper VC Joint models embedded into the USS-02 model
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After completion, the models of the Upper VC Joints were integrated with the USS-02 FEA
model. The rivet connections between the Upper VC Joints and Upper Trunnion Bridge Beams
are modeled using rigid elements (RBE2). The bolt connections between the Upper VC Joints
and either the Interface Plates or the TRD Corner Brackets are using rigid elements and CBUSH
elements.

The TRDGAS FEA model was also embedded into the USS-02 FEA model. The connections
Between the TRDGAS and Upper VC Joint were modeled using Rigid Elements (RBE2) and
CBUSH Elements. The connections from TRDGAS model to the Upper and Lower Trunnion
Bridge Beams were modeled using rigid elements (RBE2). Figure 2.1.1-5 is showing the
details of the FEA model between the Upper VC Joint model and TRDGAS.

R 5 o =

e Dok Gomiry fhdel begh Mgl L Coes Grop e b

Figure 2.1.1-5 TRDGAS model connected to the Upper VC Joint model
3. FEA models of the Upper VC Joints and Assumptions
When the FEA models of the Upper VC Joints are put into the USS-02 FEA model, we assume the
USS02 FEA math model is correct. All the boundary conditions including the constraints and loading cases are
also modeled correctly. The stress analysis only focuses on the FEA models of the Upper

VC Joints.

The NASTRAN data file of the Upper VC Joint models is put under the directory:
/hsm/swang/ams02/uppermodel-newel, and named as "uss-upper403.nas"
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4. FEA model check of the Upper VC Joint Models

The model check was performed before embedding the Upper VC Joint models into the USS-02
FEA model. The results of the model check were including the four FEA models of the Upper
VC Joints. The results are listed below.

MASS AXIS SYSTEM (S) MASS
3.900795E-01 -8.355689E-18  1.120670E-15  -7.592238E-05
3.900795E-01 -4.013955E-14  3.821729E-19  -7.592238E-05
3.900795E-01  1.517351E-14  5.607796E-15  -4.473160E-19

X
Y
z

I(S)

*

OUTPUT FROM GRID POINT WEIGHT GENERATOR

X-C.G. Y-C.G. Z-C.G.

8.359843E+02 1.726397E-13 1.198922E-14 *

* 1.726397E-13 6.077592E+02 4.662970E-15 *
* 1.198922E-14 4.662970E-15 1.431934E+03 *

1(Q)
* 8.359843E+02 *
* 6.077592E+02 *
* 1.431934E+03 *

Q
* 1.000000E+00 0.000000E+00 0.000000E+00 *

*

0.000000E+00 1.000000E+00 0.000000E+00 *

* 0.000000E+00 0.000000E+00 1.000000E+00 *

STIFENESS MATRIX KGG (6 X6)

2.9790D-08 -3.0401D-07 -9.6990D-09 -5.6947D-06 4.9090D-06 -9.3070D-06

-2.4704D-07 2.9889D-07 1.7542D-08 5.1111D-06 6.8309D-06 -4.5575D-07

-2.6553D-08 1.8288D-08 -4.6001D-08 -5.3270D-07 -6.7842D-06 1.2011D-06

-6.7275D-06 4.9613D-06 -3.0100D-06 4.6130D-04 -3.0601D-04 -1.9023D-05

3.1480D-06 7.9183D-06 -7.4836D-06 5.3853D-05 2.4789D-04 5.2515D-06

-9.3853D-07 -7.2684D-07 6.7527D-07 -8.4703D-06 -1.2783D-05 1.8258D-03

STIFENESS MATRIX KNN (6X 6)

2.5817D-06 -2.5419D-06 -9.2638D-09 -6.2746D-06 8.0027D-06 -3.2705D-06

-1.2287D-06 1.6137D-06 4.1913D-08 -2.9971D-08 2.9199D-06 -8.1395D-06

1.7211D-09 2.1156D-08 -1.2131D-07 1.6211D-05 -5.4169D-06 2.1370D-06

1.0145D-06 1.5269D-05 1.7247D-06 -2.8296D-04 5.5353D-04 4.4215D-05

-3.6503D-06 6.0443D-06 8.0750D-05 7.2558D-04 -1.5430D-03 5.1354D-05

8.8053D-06 4.3271D-06 1.1676D-06 -5.6183D-05 -2.3531D-05 1.1692D-03
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STIFENESS MATRIX KAA (6 X6)
2.5817D-06 -2.5419D-06 -9.2638D-09 -6.2746D-06 8.0027D-06 -3.2705D-06
-1.2287D-06 1.6137D-06 4.1913D-08 -2.9971D-08 2.9199D-06 -8.1395D-06
1.7211D-09 2.1156D-08 -1.2131D-07 1.6211D-05 -5.4169D-06 2.1370D-06
1.0145D-06 1.5269D-05 1.7247D-06 -2.8296D-04 5.5353D-04 4.4215D-05
-3.6503D-06 6.0443D-06 8.0750D-05 7.2558D-04 -1.5430D-03 5.1354D-05
8.8053D-06 4.3271D-06 1.1676D-06 -5.6183D-05 -2.3531D-05 1.1692D-03
REAL EIGENVALUES
MODE EXTRACTION EIGENVALUE RADIANS CYCLES GENERALIZED GENERALIZED
NO. ORDER MASS STIFFNESS
1 1 -3.178526E-05 5.637842E-03 8.972904E-04 1.000000E+00 -3.178526E-05
2 2 -2.049523E-05 4.527166E-03 7.205207E-04 1.000000E+00 -2.049523E-05
3 3 -1.254220E-05 3.541497E-03 5.636468E-04 1.000000E+00 -1.254220E-05
4 4 -1.098740E-05 3.314725E-03 5.275549E-04 1.000000E+00 -1.098740E-05
5 5 -6.307500E-06 2.511474E-03 3.997135E-04 1.000000E+00 -6.307500E-06
6 6 -1.504228E-06 1.226470E-03 1.951987E-04 1.000000E+00 -1.504228E-06
7 7 -1.204369E-06 1.097438E-03 1.746626E-04 1.000000E+00 -1.204369E-06
8 8 -7.266390E-07 8.524312E-04 1.356686E-04 1.000000E+00 -7.266390E-07
9 9 -5.419115E-07 7.361464E-04 1.171613E-04 1.000000E+00 -5.419115E-07
10 10 9.879459E-07 9.939547E-04 1.581928E-04 1.000000E+00 9.879459E-07
11 11 1.417477E-06 1.190578E-03 1.894864E-04 1.000000E+00 1.417477E-06
12 12 1.422575E-06 1.192718E-03 1.898269E-04 1.000000E+00 1.422575E-06
13 13 2.432524E-06 1.559655E-03 2.482268E-04 1.000000E+00 2.432524E-06
14 14 2.503450E-06 1.582229E-03 2.518196E-04 1.000000E+00 2.503450E-06
15 15 3.726182E-06 1.930332E-03 3.072219E-04 1.000000E+00 3.726182E-06
16 16 4.086505E-06 2.021511E-03 3.217334E-04 1.000000E+00 4.086505E-06
17 17 5.299135E-06 2.301985E-03 3.663723E-04 1.000000E+00 5.299135E-06
18 18 6.568866E-06 2.562980E-03 4.079109E-04 1.000000E+00 6.568866E-06
19 19 7.269671E-06 2.696233E-03 4.291188E-04 1.000000E+00 7.269671E-06
20 20 8.721050E-06 2.953142E-03 4.700072E-04 1.000000E+00 8.721050E-06
21 21 1.098589E-05 3.314497E-03 5.275185E-04 1.000000E+00 1.098589E-05
22 22 1.320027E-05 3.633217E-03 5.782444E-04 1.000000E+00 1.320027E-05
23 23 2.330583E-05 4.827611E-03 7.683382E-04 1.000000E+00 2.330583E-05
24 24 5.049433E-05 7.105936E-03 1.130945E-03 1.000000E+00 5.049433E-05
25 25 4.025298E+07 6.344523E+03 1.009762E+03 1.000000E+00 4.025298E+07

First twenty-four rigid body modes are listed here since the four FEA models of the Upper VC
Joints were put together to run the model check.

The results of the model check show that the FEA models of the Upper VC Joints are correct
because the underlined translation values of each matrix are close to zero. The first twenty-four

modes are also close to zero and transition modes are well separated.

The NASTRAN data file used for the model check is put under the directory:

/hsm/swang/ams02/checkmodel/ckupperussjoint, and named as “uss-upper203-2.f06™

2.1.1-8
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5. Loads and Constraints

The entire AMS-02 FEA model is constrained at the five Trunnion locations after the FEA models
of the Upper VC Joints are connected with the USS-02 FEA models using RBE’s and CBUSH
elements.

A number of load cases under the launch, landing and thermal conditions were investigated in order

to identify the worst load cases. The NASTRAN data files of the load cases are within the directories below.
The Load Factors of the load cases are applied at the C.G. of the entire AMS02 FEA model

when running NASTRAN. The combined Load Factors are taken from Table 4.1 of Page 17 in

AMSO02 Structural Verification Plan for STS and ISS (JSC-28792, Rev.C).

In the directory: /hsm/swang/ams02/nonlin/upperjoint/1000, the data files are for launch
condition named from R1001.dat to R1064.dat.

In the directory: /hsm/swang/ams02/nonlin/upperjoint/2000, the data files are for landing
condition named from R2001.dat to R2064.dat.

In the directory: /hsm/swang/ams02/nonlin/upperjoint/4000, the data files are for thermal
condition named from R4001.dat to R4064.dat.

6. Maximum Stresses and Calculation for the Margins of Safety

The maximum stresses of the elements and the relative worst load cases are listed in Table 2.1.1-2.

The maximum stresses were sorted out from the pch data files of the load cases using the NASPOST.

The sorted-out data files for the load cases are attached in Appendix A11. The 106 files of the load cases
are used to perform the post-processing of the FEA models of the Upper VC Joints. The f06 and pch

files of NASTRAN for the FEA models of the Lower Center Body Assembly are put under directory below.

/hsm/swang/ams02/nonlin/upperjoint/1000/3-03, and on April, 2003.
/hsm/swang/ams02/nonlin/upperjoint/2000/3-03, and on April, 2003.
/hsm/swang/ams02/nonlin/upperjoint/4000/3-03, and on April, 2003.

Table 2.1.1-2 Max. stresses of the Upper VC Joints

Element | Element | Load Max-PRIN Von-MISES | Max-shear Max-PRIN Von-MISES | Max-Shear
ID Type Case (Top) (Top) (Top) (Bot) (Bot) (Bot)

5113635(QUAD4 | 1049] 43810.74| 39373.56] 21905.37] 17338.28] 20956.73] 11644.19

5443007|QUAD4 | 2020] 26072.30] 26995.53] 13916.30] 43216.23] 43158.28 21608.12

5114281QUAD4 | 1016 0.00] 41522.42| 21810.66] 15213.01f 14230.36] 7606.51
5104077|QUAD4 | 2020] 32111.92] 29678.45 16055.96 673.02] 43882.30] 22107.47
5114281|QUAD4 | 1016] -43621.32] 41522.42| 21810.66 0.00] 14230.36] 7606.51
5104077|QUAD4 | 2020 0.00] 29678.45 16055.96| -43541.91] 43882.30] 22107.47
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Based on Table 2.1.1-2, the following maximum stresses will be used to perform the margin
calculation of the stress analysis for the Upper VC Joints.

ot:=43810.74 psi (max. tensile at R1049, Ele 5113635, Max-prin on Page 2.1.1-16)
oy:=43882.3 psi (max. yield at R2020, Ele 5104077, Von-MISES on Page 2.1.1-17)
0s:=22107.47 psi (max. shear at R2020, Ele 5104077, Von-MISES on Page 2.1.1-18)

Upper VC Joints (thickness = 6 - 7 inches), 7050-T7451 Al. Aly. (AMS 4050)

Ftu :=69000psi ultimate tensile strength FSy :=1.1 yield Factor of Safety
Fty :=59000psi tensile yield strength FSu:=14 ultimate Factor of Safety
Fsu :=44000psi shear strength

nult :=0.92 (ultimate thermal factor at 140 F)

nyld :=0.98 (uield thermal factor at 140 F)

Margins of Safety

_nult-Ftu

Ultimate MSu : 1 MSu = 0.035 #
ot-FSu

Yield Msy =WFY ey 20,108 #
oy -FSy
._nult-Fsu

Shear MSs i=— -1 MSs = 0.308 #
1s-FSu

2.1.1-10 ESCG-4005-05-AMS-0039
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7. Locations of the Maximum Stresses in the Upper VC Joints

a. Locations of the Elements with the Maximum Stresses

The Figure 1.2.1.15-6 below shows the FEA models of the Upper VC Joints isolated from the
USS-02 FEA models. The locations of the elements with high stresses are also indicated in Figure 2.1.1-6.

n Default XY View

File Tools Geometry Model Mesh Modify List Delete Group Wiew Help

-

Back-Side

Front-side

Location of Ele.
5113635 (at Back-
side)

Location of
Ele. 5104077

Figure 2.1.1-6 Locations of the Elements with the Max. Stresses
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b. Locations of the Maximum Stresses

&5 Default XY View 5| | | [50|  | | —L= ( <d

File Tools Geometry Model Mesh Modfy List Delete Group Wiew Help

Location of the Max.
tensile stressat Ele 5113635
under Load Cases R1049

Figure 2.1.1-7a. Location of the Max. Tensile Stress on the Plate Element

2+ Default X¥ View | S 0 O = (¢

Fle Tools Geometry Model Mesh Modfy List Delete Group View Help
43882, I
417140,

' Location of Max.
Von Mises at Ele 5104077

under Load Case R2020

Figure 2.1.1-7b Location of the Max. Yield Stress on the Plate Element
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3| 0 5 3 = L5 |

File Tools Geometry Model Mesh Modfy List Delste Group Yiew Help
22107. I
20725, I

12818 I

201,
£910.

5528,

Location of Max. shear 4146,

i stress at Ele 5104077
/L under Load Cases 2765
1383

1607

Figure 2.1.1-7c. Location of the Max. Shear Stress on the Plate Element
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Upper Trunnion Bridge Beam Analysis

Buckling Analysis:

Since part is a slender beam with compressive loads, buckling is critical.

In Finite Element Model of USS-02 version 2-04 shown in Figure 2.1.2-1, Upper Trunnion Bridge Beam includes
Element Ids of 1101-1103, 1104-1106, 1107-1109, and1110-1112. These elements have a Property Id of 1002.

1104 - 1106
"

Figure 2.1.2-1:

1110-1112

Upper Trunnion Bridge Beam shown in 2-04 Loads Model
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Factor of Safety, ultimate FSu:= 1.4 Factor of Safety, yield FSy:= 1.1

Material: AL 7075-T73511

(Ref. MIL-HDBK-5J, Table 3.7.6.0(g,),
Thickness: 0.250-0.499)

Compressive modulus, Ec := 10700000-psi
Ultimate tensile strength, ftu := 68000-psi
Tensile yield strength, fty := 57000-psi
Compression yield strength, fcy := 60000-psi

Ultimate shear strength, fsu := 38000-psi

Temp. correction factor, ult & yield:
(Ref. MIL-HDBK-5J, fig.3.7.6.1.1(c) & (d),
fig.3.7.6.1.4, and Appendix C2)

Maximum Temperature occurs during abort landing

Tmax := 150-deg

Temperature correction factor, ultimate: ctu := 0.94
Temperature correction factor, yield: cty == .96

Temperature correction factor, Ec: cec = .98

Section: 5.062" x 6.312" x 0.3125" Tube (Ref. Dwg# SDG39135728)

"'\\

7

NN

(8.082) 6.312 +.010

////.»:’2>'

— f—2x [.312)

— —4X 250

NN
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_ (Ref. Structural Engineering Handbook, 4th Edition,
Shape Factor, fi=122 Table 7, p.11-15)
Supported length, L := 16.99-in

Lower Trunnion
Bridge Beam Elbow

Sill Joint

Lower Trunnion
Bridge Beam
Upper Trunnion
Bridge Beam

Upper Vacuum Lower Vacuum

Case Joint Case Joint
. Properties of cross-section: Ref. Table 2.1.2-1
Width, Dy := 5.062-in pert ' ( )
. . Area A=06 718-in2
For torsional calculation, use: Dytor := 5.062-in ' T
Depth, Dz := 6.312-in Moment of Inertia, ly = 38.074-in4
For torsional calculation, use: Dztor := 6.312-in Iz = 26.829 in4
Thickness, t:= 0.3125-in 3
First moments, Qy := 7.272-in
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Table 2.1.2-1a: Property about Y-Y axis
Portion| b d Area, A z Az Az"\2 Icy ly'
1 5.0620| 0.3125 1.5819 6.1558] 9.7376 ] 59.942410.0129| 59.9553
2 0.3125] 5.6870 17772 3.1560] 5.6088 | 17.7014|4.7898| 22.4912
3 5.0620] 0.3125 1.5819 0.1563] 0.2472 | 0.0386 [0.0129] 0.0515
4 0.3125] 5.6870 1.7772 3.1560] 5.6088 | 17.7014]|4.7898| 22.4912
Sum A= 6.718 21.2024 104.9892
z_bar= 3.156
lyy=  38.074
Table 2.1.2-1b: Property about Z-Z axis
Portion| b d Area, A y Ay Ay™2 Icz 1z
1 0.3125] 5.0620 1.5819 2.5310] 4.0037 ] 10.1334|3.3778| 13.5112
2 5.6870| 0.3125 17772 4.9058] 8.7184 | 42.7705(0.0145| 42.7849
3 0.3125] 5.0620 1.5819 2.5310] 4.0037 | 10.1334]3.3778] 13.5112
4 5.6870] 0.3125 1.7772 0.1563] 0.2777 | 0.0434 10.0145] 0.0579
Sum A= 6.718 17.0036 69.8653
y_bar= 2.531
lzz= 26.829
. . Z
Table 2.1.2-1c: First Moment about Y-Y axis !
Portion| b d Area, A z Qyy ' 3125
1 5.0620] 0.3125| 1.581875 |2.9998| 4.7452 5',062 *
2 0.3125] 2.8435] 0.88859375]1.4218| 1.2634 !® A
4 0.3125] 2.8435] 0.88859375]1.4218| 1.2634 .
Sum Qyy=| 7.272 ! |
[}
'
'
E
Table 2.1.2-1d: First Moment about Z-Z axis —» |4 .3125 !
- Y ----1 - -------- - r—=1--Y 6.312
Portion| b d Area, A y Qzz ;
1 0.3125] 2.5310| 0.7909375 | 1.2655] 1.0009 @ . @
2 5.6870] 0.3125| 1.7771875 |2.3748| 4.2204 .
3 0.3125] 2.5310] 0.7909375 | 1.2655] 1.0009 '
Sum Qzz=| 6.222 !
1
L}
ref & 1) v
[}
Z
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Section modulus, Sy = by Sy =121 in3
1
—.Dz
2
Sz:= 1'2 Sz=106in°
> y
Torsional constant / distance, ~ JoR := 2-t-(Dztor - t)-(Dytor — t) JoR = 17.8in°
. . ly .
Radii of gyration, ry: = |— ry = 2.4in
A
|
rz:= 2z rz=2in
A
Fixity coefficient, K:=1.22 (Ref. Structural Engineering Handbook, 4th Edition,
(One end fixed, one end Figure 5, p.8-10)
free in translation)
. K-L
Slenderness ratios, SRy .= — SRy = 8.6
ry
SRz := KL SRz = 10.2

rz

Constants depending upon the mechanical properties of the material from Ref. Structural Engineering
Handbook, 4th Edition, Formulas 5a-c, p.11-6:

1
fey-ct 2
Bc:= fey-cty| 1 + # Bc = 66816 psi
2250000-psi
1
2
Dc = E Be Dc = 533 psi
10 \ Ec-cec
Cc:= 0.41-£ Cc=134.2
3-Dc
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Compression allowables:

Fcy .= |Bc— Dc-SRy if SRy <Cc
- 2
Ec-cec:| — otherwise
SRy
Fcz:= [Bc—- Dc-SRz if SRz <Cc
- 2
Ec-cec:| — otherwise
SRz

Ref. Structural Engineering Handbook, 4th Edition, p.11-25, defines:

(Note: FSu is used below for moment magnification due to eccentricities.)

Ultimate shear allowables:

Ultimate torsion allowable:

Axial tensile allowable:

Axial compression allowable:

Ultimate bending allowables:

Combined bending and
axial allowables:

102000000-psi
Fey - 102000000-psi

FSu~SRy2

102 -psi
Foz = 02000000-psi

FSu-SRz2

I1z-b
Vulty := fsu-ctu-z—
Qz

Iy
Qy

Vultz := fsu-ctu-

Tult := fsu-ctu-JoR

Pt := ftu-ctu-A

Pcr:= |Fcz-A if Fey > Fez

Fcy-A otherwise

Multy := Sy-[ftu-ctu + (f — 1)-fty-cty]

Multz := Sz-[ftu-ctu + (f — 1)-fty-cty]

Pey := Fey-A

Pez := Fez-A

2.1.2-7

Fcy = 62248 psi

Fcz = 61375 psi

Fey = 993371 psi

Fez = 699983 psi

Vulty = 96264 Ibf

Vultz = 116887 Ibf

Tult = 636143 in-Ibf

Pt = 429415 Ibf

Pcr = 412315 Ibf

Multy = 916363 in-Ibf

Multz = 805171 in-Ibf

Pey = 6673465 Ibf

Pez = 4702484 Ibf
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Input for NASPOST was taken from 192 punch files in three different folders:
/hsm/bsommer/ams/nonlin/1000/2-04
/hsm/bsommer/ams/nonlin/2000/2-04
/hsm/bsommer/ams/nonlin/4000/2-04
MathCAD will read in all the load data from "utbb.txt" for the calculations below.
load := READPRN("utbb.txt") i:= 1. rows(load)
. (D . 2
Element ID: ID := load Load case number: LC := load

+ At end A of beam element:

Moment:

Shear force:

Axial force:

Total torque:

Warp torque:

+ At end B of beam element:

Moment:

Shear force:

Axial force:

Total torque:

Warp torque:

Mla = Ioad<3>-in~lbf
Vla:= Ioad<5>~lbf

Pa:= Ioad<7>~lbf

Toa:= Ioad<8>~in~lbf
Warpa := Ioad<9>~in-lbf
M1b = load ¥ in.Ibf
Vb = load 2. Ibf

Pb = load 24 Ibf

Tob = load % -in-Ibf
Warpb := Ioad<16>~in-lbf

M2a = Ioad<4>-in~lbf

V2a = Ioad<6>~lbf

M2b = load Y-in-Ibf

V2b = load % 1bf
2.1.2-8
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Modify end torque by subtracting warping torque:
Ta, = |Toai| - |Warpai|
Tb, := |Tobi| - |Warpbi|
|V1ai| |V2ai| Ta,
Shear ratios: RSa. :=
I vulty Vultz  Tult
|V1bi| |V2bi| Tb,
RSb. := + +
' Vulty Vultz Tult
' ' |Pai| |M2ai| |M1ai| _
Tensile ratio RTai = + + if Pai > 0-lbf
|Pai| ||v|2ai| 1 ||v|1ai| 1 _
+ . + . otherwise
Pcr Multy | Pai| Multz | Pai|
1- 1-
Pey Pez
' ' |Pbi| |M2bi| |M1bi|
Tensile ratio RTbi = + + if Pbi > 0-Ibf
|Pbi| |M2bi| 1 |M1bi| 1 _
+ . . otherwise
Pcr Multy |Pbi| Multz |Pbi|
1-— 1-—
Pey Pez
Combined 2 2
Ratios: RATIOa, := J (RTai) + (RSai)
2 2
RATIOb, := J (RTb.) + (RSb.)
| 1 I
RATIO, := if(RATIOai > RATIObi,RATIOai,RATIObi)
Margin of Safety:
1 .
min(MS) = 1.64

S.i=—— -
! RATIOi-FSu

2.1.2-9
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Reference - Buckling Margin of Safety

The worst load case that yielded minimum margin of safety is shown below:

output := augment(ID,LC, MS) sorted := csort(output, 3)

@7
)

(sorted”)” = (1103 4016 1.64)

Based upon the output of SORT function above, it reads:

Element ID = 1103
Load ID =4016

MS =1.64

Beam and Socket Analysis: Sill Joint Side

The following loop stacks element IDs 1101, 1104, 1109, and 1112 so that the data can be used only on the
Sill Joint side of the beam element. The loop below takes the original data from the "loads" database and pulls
out only the data for element IDs 1101, 1104, 1109, and 1112. This includes loads and moments from beam
end A and B, although only end A loads and moments are used for the beam and socket analysis.

rows(load) = 2304 cols(load) = 16

sillside:= |k« 0
for ie 1..rows(load)
if load. , = 1101 v load. , = 1104 v load. , = 1109 v load. , = 1112
i,1 i,1 i,1 i,1l

k—k+1
W
newdalta<k> «— (IoadT)
newdataT

2.1.2-10 ESCG-4005-05-AMS-0039
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Beam and Socket Analysis: Sill Joint Side (Moment about Y)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

b=2a -

5

4222222777777 |
> 7 —
C . - 4?%;; P2 <

| &

\
|

/‘4
Moy
i

o L ———= Wi

S and M are respectively beam L b
shear in Ibf and moment in in-1bf at
end of socket. W is unit loading in
Ibffin.

i:= 1. rows(sillside) rows(sillside) = 768

IDli = siIIsidei 1 Element ID

LC1i = sillsidei » Load case number

Sla; := siIIsidei 5-Ibf S2a; = siIIsidei 6-Ibf Picking End A Shear from data
|

S. = (Slai)2 + (SZai)2 Combined End A Shear

Pi — sillsidei 7~Ibf Picking End A Tension from data Mi = S|IIS|dei,4‘|n-|bf Picking Y Moment from data

Li = 4.981-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
! ! S.L. i i M

[»
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Calculated values are then:

Kli'Mi K2i-Mi
wl, = > if |s|m_ratioi| <1 w2, = > if |s|m_ratioi| <1
L. L.
(1) (1)
K1.S. K2.-S.
11 . 11 .
otherwise otherwise
i i
a.:= Ka.-L.
1 [
(—Ks)i-Mi
Max. shear Smax = if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := [Km.M.  if |s|m_ratioi| <1
Kmi-Si-Li otherwise
Wli - W2i
Now check: Sc. ;= — L.
| 2 1
(—Wl)i + 2-W2i 2
Mc. := —(L)
1 6 1
Si - Sci
Percent error: S_percentdiff ; := S
1
M. — Mc.

M_percentdiffi = !
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 A UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
To view graph with a specific load case, assign j a value j =61
[+
2 \ 10
Ka
1882 Ks 9.412
Km //
O O Kaval
1.765 8.824
O O Ksval ///
1.647H E'ln val 8.235
| Ko 4/8/7
1.529 ——— 7.647
O O K1lval / /
141912 K2val — 7.059
L /
1.294 / - 6.471
1.176 A 5.882
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N
< 1.05 | 5.294 ¢
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g 0941 v 4.706
0.824f= // 4118
O.YOG\J/ 3.529
0.588 o~ 2.941
/ \\
\
N N
0.471/ o 2.353
0.353 1.765
0.235 1.176
0.118 0.588
0 0
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Ratio

Beam and Socket Coefficients

Note if abs(SL/M) <=1, Ratio = SL/M, otherwise Ratio = M/SL.
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By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

For this specific load case,

Sj = 2978 Ibf
Mj = 56189 in- Ibf

Max Shear: Smaxj = —17547 Ibf Shear Check: SCJ. = 2978.4 Ibf

Max moment: Mmaxj = 56193 in-Ibf Moment Check: Mj = 56189 in- Ibf

With percent error
P S_percentdiffj =-0%

M_percentdiffj =0%

— M

Actual Shear and Moment Distribution Inside Socket
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Prepared Name Date File Name
By Brent Dyer 02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(o) = 6988.3 psi
Yy
|Smaxi|
Shear stress TSOC, 1= max(Tsoc) = 3932.5psi
Pi
Axial tension stress 0, = X max(oa) = 5306.49 psi
Stress Ratios
Axial (ult) Ra— Z&FSU
ftu-ctu
Bending (ult) Rb.— FSU-0
ftu-ctu
Shear (ult) Ry — FOUTS0C
fsu-ctu
Axial (yld) y = TSy
fty-cty
Bending (yld) Rby = Fya
fty-cty
Shear(yld) . FSy-Tsac
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS1u = > - -1 min(MS1u) = 2.27
(Ra+ Rb)™ + Rs
Margin of safety yield MS1ly := ! -1 min(MSly) = 2.85

(Ray + Rby)2 + Rsy2
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Reference - Beam and Socket Margin of Safety - Sill Joint Side - Moment Y

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID1,LC1, MS1u) sorted := csort(outputl, 3)

T
)

(sorteolT = (1112 4058 2.27)

Based upon the output of SORT function above, it reads:
Element ID = 1112
Load ID =4058

match(min(MS1u),MS1u) = (744)
MS1u =2.27

See below for the yield minimum margin of safety with element and load case information:

outputl := augment(ID1,LC1, MS1y) sorted := csort(outputl, 3)

T
)

(sorteolT = (1112 4058 2.85)

Based upon the output of SORT function above, it reads:
Element ID = 1112
Load ID =4058

MSly  =2.85
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Prepared Name Date File Name
By Brent Dyer 02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Beam and Socket Analysis: Sill Joint Side (Moment about Z)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

- - L -
5 - b=2a -
4222222777777 |
(uf ) v |
M : / . v
(2, EHEESSSESSST ik
- | ———=] v N .- __,,,;---"":' el N S P |
S and M are respectively beam L X - a -
shear in Ibf and moment in in-Ibf at |

end of socket. W is unit loading in
Ibffin.

i:= 1. rows(sillside) rows(sillside) = 768

ID2i = siIIsidei 1 Element ID

LC2i = siIIsidei ’ Load case number

S3a; := siIIsidei 5-Ibf S4a; = siIIsidei G-Ibf Picking End A Shear from data
|

S = (S3ai)2 + (S4ai)2 Combined End A Shear

Pi — siIIsidei 7-Ibf Picking End A Tension from data Mi o= siIIsidei,3~in-|bf Picking Z Moment from data

Li = 4.981-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
i i S.L I I 'M

[»
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Calculated values are then:
Kli-M. K2.-M.
wl, = ” if |s|m_ratioi| <1 w2, := ” if |s|m_ratioi| <1
L. L.
() ()
K1.-S. K2.-S.
[ . [ .
otherwise otherwise
i i
a. .= Ka.-L.
| [
(—Ks)i-Mi
Max. shear Smax; = if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := |Km.M.  if |s|m_ratioi| <1
Kmi-Si~Li otherwise
Wli - w2i
Now check: Sc.:= — L.
| 2 1
(—Wl)i + 2-w2i 5
Mc, .= ———— (L.
| S
Si - Sci
Percent error: S_percentdiff ; .= S.
I
M. — Mc.

M_percentdiffi = !
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 T UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

To view graph with a specific load case, assign javalue  j:= 744

2 \ 10
— Ka
1.8H— Ks v 9
Km /
1.6*0 O Kaval

00Kl A A

1.4 7
— K1 e
Lol K2 / y, 6
O OKlval / /
i K2 val Y Ve -1
0.8 // 4

o
o
N
()
w

N
AN
N
Q\
%
\
|

-0.2 A -1
~-04 -2
-0.6 -3
-0.8 -4
-1 / -5

—1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.
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By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

For this specific load case,

Sj = 4788 Ibf
Mj = 16629 in- Ibf

Max Shear: Smaxj = —29607 Ibf Shear Check: SCj = 4788.3 Ibf

Max moment: Mmaxj = 18764 in-Ibf Moment Check: Mj = 16629 in- Ibf

With percent error
P S_percentdiffj =0%

M_percentdiffj =0%

[+

— S
— M

Actual Shear and Moment Distribution Inside Socket
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Prepared Name Date File Name
By Brent Dyer 02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(o) = 3554.1 psi
z
|Smaxi|
Shear stress TSOC, 1= max(Tsoc) = 4407.2 psi
Pi
Axial tension stress oa. ;= X max(oa) = 5306.49 psi
Stress Ratios
Axial (ult) Ra.— Z&FSU
ftu-ctu
Bending (ult) Rb.— FSUC
ftu-ctu
Shear (ult) Rg . 1oU-TS0C
fsu-ctu
Axial (yld) Ray = 28T
fty-cty
Bending (yld) Rby = -0
fty-cty
Shear(yld) Rey i Y TSOC
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS2u = - > min(MS2u) = 3.33
\/ (Ra+ Rb)” + Rs
. . 1 .
Margin of safety yield MS2y := -1 min(MS2y) = 3.84

\/(Ray + Rby)2 + Rsy2
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By Brent Dyer 02/15/06 e ol UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Reference - Beam and Socket Margin of Safety - Sill Joint Side - Moment Z

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID2,LC2, MS2u) sorted := csort(outputl, 3)

T
)

(sorted”)” = (1101 1016 333)

Based upon the output of SORT function above, it reads:
Element ID = 1101
Load ID =1016

MS1u =3.33

See below for the yield minimum margin of safety with element and load case information:

outputl := augment(ID2,LC2, MS2y) sorted := csort(outputl, 3)

T
)

(sorted”)” = (1101 1016 3.84)

Based upon the output of SORT function above, it reads:

Element ID = 1101
Load ID =1016

MSly  =3.84

2.1.2-22

ESCG-4005-05-AMS-0039



Prepared Name Date File Name
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Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Beam and Socket Analysis: Upper Vacuum Case Joint Side

The following loop stacks element IDs 1103, 1106, 1107, and 1110 so that the data can be used only on the
Sill Joint side of the beam element. The loop below takes the original data from the "loads" database and pulls
out only the data for element IDs 1103, 1106, 1107, and 1110. This includes loads and moments from beam
end A and B, although only end A loads and moments are used for the beam and socket analysis.

rows(load) = 2304

vcside =

cols(load) = 16

k<« 0

newdataT

k«—k+1

newdata™ <« (

for ie 1..rows(load)

IoadT

)< D

if load. . = 1103 v load. , = 1106 v load. , = 1107 v load. , = 1110
i1 i1 i,1 i,1
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By Brent Dyer  |02/15/06 A UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Beam and Socket Analysis: Upper Vacuum Case Joint Side (Moment about Y)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

b=2a -

5

4222222777777 .
> 7 —~
C . - 4?%;; FRE2 <

| &

\
|

/‘4
Moy
i

o L ———= Wi

S and M are respectively beam L b
shear in Ibf and moment in in-1bf at
end of socket. W is unit loading in
Ibffin.

i:=1..rows(vcside) rows(vcside) = 768

ID3i = vcsidei 1 Element ID

LCSi = vcsidei ) Load case number

SSai = vcsidei 5~Ibf 86ai = vcsidei 6~|bf Picking End A Shear from data
|

S.:= (sesai)2 + (seai)2 Combined End A Shear

P, = veside, _-Ibf Picking End A Tension from data big 2= VCS'dei,4"n’|bf Picking ¥ Moment irom data

Li := 4.860-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
! ! S.-L i i M

[»
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Prepared Name Date File Name
By Brent Dyer 02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Calculated values are then:
Kli-Mi K2i-Mi
wl, = if |s|m_ratio.| <1 W2, = if |s|m_ratio.| <1
1 L 2 1 1 L 2 1
(4 (4
K1.-S. K2.-S.
I 1 . I 1 .
otherwise otherwise
i i
a. = Ka.-L.
| ||
(—Ks)i-Mi
Max. shear Smax; := if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := |Km.-M, if |s|m_rati0i| <1
Kmi-Si~Li otherwise
Wli - W2i
Now check: Sc. .= — L.
i 2 i
(—Wl)i + 2-W2i 9
Mc, := —(L)
i 6 i
S. - Sci
Percent error: S_percentdiff ; := S.
1
M. — Mc.

M_percentdiffi = '
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Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
To view graph with a specific load case, assign j a value j:=61
[¥]
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0.353 1.765
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-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Ratio

Beam and Socket Coefficients

Note if abs(SL/M) <=1, Ratio = SL/M, otherwise Ratio = M/SL.
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Title USS-02 Upper Trunnion Bridge Beam
For this specific load case,
Sj = 2175Ibf
Mj = —84529 in-Ibf
Max Shear: Smaxj = 25219 Ibf Shear Check: SCJ. = 2174.5 Ibf
Max moment: Mmaxj = —84529in-Ibf Moment Check: Mj = —84529 in-Ibf

With percent error

S_percentdiffj =-0%

M_percentdiffj =0%

[

Actual Shear and Moment Distribution Inside Socket
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Prepared Name Date File Name
By Brent Dyer  |02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(c) = 7706.3 psi
y
|Smaxl|
Shear stress TSOC, 1= A max(Tsoc) = 5534.8 psi
F’i
Axial tension stress oa. == A max(ca) = 5186.067 psi
Stress Ratios
Axial (ult) Ra— Z&FSU
ftu-ctu
Bending (ult) Rb := FSu-o
ftu-ctu
Shear (ult) Rs .= FoUTS0C
fsu-ctu
Axial (yld) . oaFSy
fty-cty
Bending (yld) Rby = Fya
fty-cty
Shear(yld) . FSy-Tsac
fty-cty
Margins of safety
. . 1
M f saf I = - }
argin of safety ultimate MS3u : - > min(MS3u) = 1.28
(Ra+ Rb)™ + Rs
. . 1
Margin of safety yield MS3y := -1 min(MS3y) = 1.73

(Ray + Rby)2 + Rsy2
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Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam

Reference - Beam and Socket Margin of Safety - Upper Vacuum Case Joint Side - Moment Y

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID3,LC3, MS3u) sorted := csort(outputl, 3)

T
)

(sortedT = (1103 4016 1.28)

Based upon the output of SORT function above, it reads:
Element ID = 1103
Load ID =4016
MS1u =1.28
See below for the yield minimum margin of safety with element and load case information

outputl := augment(ID3,LC3, MS3y) sorted := csort(outputl, 3)

T
)

(sortedT = (1103 4016 1.73)

Based upon the output of SORT function above, it reads:

Element ID = 1103
Load ID =4016

MSly =173
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Title USS-02 Upper Trunnion Bridge Beam

Beam and Socket Analysis: Upper Vacuum Case Joint Side (Moment about Z)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

b=2a -

5

C M{‘"/ AT, ///?%Z :1 I e M H"--.

o L ———= Wi

| &

5l

/‘4
Moy
i

S and M are respectively beam L b
shear in Ibf and moment in in-1bf at
end of socket. W is unit loading in
Ibffin.

i:= 1. rows(vcside) rows(vcside) = 768

ID4i = vcsidei 1 Element ID

LC4i = vcsidei ’ Load case number

S7a; = vcsidei 5~Ibf S8a; := vcsidei 6~Ibf Picking End A Shear from data

> >

S, = (S?ai)2 + (SSai)2 Combined End A Shear

Pi — vcsidei 7-Ibf Picking End A Tension from data Mi = vc3|dei’3~|n.|bf Picking Z Moment from data

5

Li := 4.860-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
| | S.-L. i 1 M.

[
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Calculated values are then:
Kli'Mi K2i-Mi
wil. = if |s|m_ratio.| <1 W2, = if |s|m_ratio.| <1
| 2 | | L 2 |
L. .
(1) ()
K1.S. K2.-S.
11 . 11 .
otherwise otherwise
i i
a. .= Ka.-L.
1 [
(—Ks)i-Mi
Max. shear Smax := if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax,:= |Km.M, if |s|m_ratioi| <1
Kmi-Si-Li otherwise
Wli - w2i
Now check: Sci = —'Li
2
(—Wl)i + 2-w2i 5
Mc, .= ———— (L.
| S
Si - Sci
Percent error: S_percentdiff ; .= S
I
M. — Mc.

M_percentdiffi = !
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By Brent D ATTIRN UTBB-bklg.mcd
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By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
To view graph with a specific load case, assign j a value j =573
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0 0
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Ratio

Beam and Socket Coefficients

Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.
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Title USS-02 Upper Trunnion Bridge Beam

For this specific load case,

Sj = 1863 Ibf
Mj = —10461 in-Ibf

Max Shear: Smaxj = 2853 Ibf Shear Check: SCJ. = 1862.7 Ibf

Max moment: Mmaxj = —10461 in-Ibf Moment Check: Mj = —10461 in-Ibf

With t
ith percent error s_percentdiffj = 0%

M_percentdiffj =-—0%

Actual Shear and Moment Distribution Inside Socket
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By Brent Dyer 02/15/06 UTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135728
Title USS-02 Upper Trunnion Bridge Beam
Stresses
Total moment
Mmaxi
Bending Tensile stress 0= S max(o) = 2894.4 psi
z
|Smaxi|
Shear stress TSOC; := A max(Tsoc) = 3419.6 psi
F)i
Axial tension stress g, = X max(oa) = 5186.067 psi
Stress Ratios
Axial (ult) Ra — TEFSU
ftu-ctu
Bending (ult) Rb .= T340
ftu-ctu
Shear (ult) Ry — FOUTS0C
fsu-ctu
Axial (yld) y = TSy
fty-cty
Bending (yld) Rby := ~2YC
fty-cty
Shear(yld) _ FSy-Tsoc
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS4u := > > 1 min(MS4u) = 3.89
(Ra+ Rb)™ + Rs
Margin of safety yield MSdy = ! ~1  min(MSdy) = 4.43

(Ray + Rby)2 + Rsy2
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Title USS-02 Upper Trunnion Bridge Beam

Reference - Beam and Socket Margin of Safety - Upper Vacuum Case Joint Side - Moment Z

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID4,LC4, MS4u) sorted := csort(outputl, 3)

T
)

(sorted”)” = (1103 1016 3.89)

Based upon the output of SORT function above, it reads:
Element ID = 1103
Load ID =1016

MS1u =3.89

See below for the yield minimum margin of safety with element and load case information:
outputl := augment(ID4,LC4, MS4y) sorted := csort(outputl, 3)

moy
(sorted ) = (1103 1016 4.43)
Based upon the output of SORT function above, it reads:

Element ID = 1103
Load ID = 1016
MS1y =4.43

Summary of Minimum Margin of Safety:

The ultimate minimum margin of safety is 1.28 and occurs in the beam and socket analysis for the upper vacuum
case side (Moment about Y). See page 2.1.2 - 28.

The yield minimum margin of safety is 1.73 and occurs in the beam and socket analysis for the upper vacuum
case side (Moment about Y). See page 2.1.2 - 28.
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SUMMARY OF CRITICAL MARGINS OF SAFETY
Note: 1) A= Axial, S = Shear, B = Buckling, Bg = Bending
2) In structural analysis, factors of safety are 1.4 ,1.1 and 1.0 for ultimate, yield and fail-safe loads, respectively
3) Margin of Safety that is greater than 5.0 is defined as High M.S.
4) U = Ultimate, Y = Yield, F = Fail-Safe
5) Allowables includes temperature red. factors of 0.92 and 0.98 for ultimate and yield, respectively
Part Information Structural Analysis
M ember DWG. No. Specification Material [Load Type Load or Stress M.S. Ref. Page
Applied [Allowable
Sill Joint SDG39135730| AL 7050-T7451 |BMS7-323C| A,Bg 26689psi | 66000psi 0.55 2.1.3-10
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This picture shows the finite element model of one of the sill joints.
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1. Introduction:
The picture shows the finite element model of the USS
One of
the four
Sill Joints
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2. Method:

a. Four joints are modeled.

b. These joints are meshed as CHEXA, CPENTA, CQUAD4, and CTRIA3 elements in FEMAP V.8.1.
c. Material used is 7050-T7451 AL plate, BMS 7-323C.

d. RSSCON elements are applied in connecting plate to solid elements.

e. The joints are imported into USS-11-02 model.

f. CBUSH and RBE elements are used to connect the joints to USS.

g. The entire AMS-02 model is analyzed by using MSC/NASTRAN V.2001.
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3. Model Information:

a. The NASTRAN data file is at: /hsm/vbulsara/ams2/silljnt

b. The model check of the Sill Joint is performed. The results below show that the FEA math model is correct.

i. For matrix KGG:

RESULTS OF RIGID BODY CHECKS OF MATRIX KGG (G-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL

1 1.325338E-07 PASS
2 2.422667E-09 PASS
3 1.424255E-07 PASS
4 2.664973E-06 PASS
5 3.564759E-06 PASS
6 4.169498E-08 PASS

SOME POSSIBLE REASONS MAY LEAD TO THE FAILURE:
1. CELASI ELEMENTS CONNECTING TO ONLY ONE GRID POINT;
2. CELASI ELEMENTS CONNECTING TO NON-COINCIDENT POINTS;
3. CELASI ELEMENTS CONNECTING TO NON-COLINEAR DOF;
4. IMPROPERLY DEFINED DMIG MATRICES;

ii. For matrix KNN:

RESULTS OF RIGID BODY CHECKS OF MATRIXKNN  (N-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL

1 2.105031E-07 PASS
2 1.213717E-07 PASS
3 3.563264E-07 PASS
4 7.065958E-06 PASS
5 6.315909E-06 PASS
6 7.459586E-07 PASS

SOME POSSIBLE REASONS MAY LEAD TO THE FAILURE:
1. MULTIPOINT CONSTRAINT EQUATIONS WHICH DO NOT SATISFY RIGID-BODY MOTION,;
2. RBE3 ELEMENTS FOR WHICH THE INDEPENDENT DEGREE-OF-FREEDOM CANNOT DESCRIBE
ALL POSSIBLE RIGID-BODY MOTIONS.

iii.For matrix KFF:

RESULTS OF RIGID BODY CHECKS OF MATRIX KFF (F-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL

1 2.105031E-07 PASS
2 1.213717E-07 PASS
3 3.563264E-07 PASS
4 7.065958E-06 PASS
5 6.315909E-06 PASS
6 7.459586E-07 PASS

SOME POSSIBLE REASONS MAY LEAD TO THE FAILURE:
1. CONSTRAINTS WHICH PREVENT RIGID-BODY MOTION.
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3. Model Information: (Cont'd)

iv.Eigenvalue Summary: First six modes are zero; transition modes are well separated.

REAL EIGENVALUES

MODE EXTRACTION EIGENVALUE RADIANS CYCLES GENERALIZED GENERALIZED
NO. ORDER MASS STIFFNESS
1 1 -7.63E-06 2.76E-03 4.40E-04 1.00E+00 -7.63E-06
2 2 -4.62E-06 2.15E-03 3.42E-04 1.00E+00 -4.62E-06
3 3 -2.27E-06 1.51E-03 2.40E-04 1.00E+00 -2.27E-06
4 4 -8.74E-07 9.35E-04 1.49E-04 1.00E+00 -8.74E-07
5 5 7.03E-08 2.65E-04 4.22E-05 1.00E+00 7.03E-08
6 6 4.15E-06 2.04E-03 3.24E-04 1.00E+00 4.15E-06
7 7 1.32E+08 1.15E+04 1.83E+03 1.00E+00 1.32E+08
8 8 1.47E+08 1.21E+04 1.93E+03 1.00E+00 1.47E+08
9 9 2.08E+08 1.44E+04 2.29E+03 1.00E+00 2.08E+08
10 10 2.46E+08 1.57E+04 2.49E+03 1.00E+00 2.46E+08

v. Weight Summary: (Total weight = 386.0886 * MASS = 386.0886x0.2173418= 83.91bf)

OUTPUT FROM WEIGHT CHECK

DEGREES OF FREEDOM SET =G
REFERENCE POINT = 0
MO

* 2.173418E-01 1.058791E-22 -1.323489E-23 -4.502088E-20 8.984087E+01 -1.796666E+01 *
* 1.058791E-22 2.173418E-01 -1.084202E-19 -8.984087E+01 -4.220690E-18 -8.552584E+00 *
*-1.323489E-23 -1.084202E-19 2.173418E-01 1.796666E+01 8.552584E+00 4.265711E-18 *
*-4.502088E-20 -8.984087E+01 1.796666E+01 3.862740E+04 7.069803E+02 3.535327E+03 *
* 8.984087E+01 -4.220690E-18 8.552584E+00 7.069803E+02 3.747626E+04 -7.426416E+03 *
*-1.796666E+01 -8.552584E+00 4.265711E-18 3.535327E+03 -7.426416E+03 1.825805E+03 *

S
* 1.000000E+00 0.000000E+00 0.000000E+00 *
* 0.000000E+00 1.000000E+00 0.000000E+00 *
* 0.000000E+00 0.000000E+00 1.000000E+00 *

DIRECTION
MASS AXIS SYSTEM (S) MASS X-C.G. Y-C.G. Z-C.G.
X 2.173418E-01 -2.071432E-19 8.266544E+01 4.133621E+02
Y 2.173418E-01  -3.935084E+01 -1.941959E-17 4.133621E+02
Z 2.173418E-01  -3.935084E+01 8.266544E+01 1.962674E-17

I(S)
* 5.366632E+00 2.275656E-02 -1.339264E-02 *
* 2.275656E-02 2.895199E+00 -3.193807E-01 *
*-1.339264E-02 -3.193807E-01 4.032175E+00 *

Q)
* 4.115705E+00 *
* 2.811374E+00 *
* 5.366926E+00 *
Q

* 5.750442E-03 9.942004E-03 9.999340E-01 *
*-2.531980E-01 9.673800E-01 -8.162235E-03 *
*-9.673974E-01 -2.531343E-01 8.080158E-03 *

The weight of an individual sill joint from the CAD model is 58.76 Ibf. The weight of an individual sill joint from
the finite element model is 52.88 Ibf. The output from the weight generator above includes extraneous parts with

the sill joint.
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See Appendix C12 for the 6-02 loads model vs.11-02 loads model strap verification.

Load STRAP FORCES (Ibs)

Case | 90001 | 90002 | 90003 [ 90004 | 90005 | 90006 | 90007 | 90008 | 90009 | 90010 | 90011 | 90012 | 90013 | 90014 | 90015 | 90016

2015 | 5346.9 | 44112 | 13829 | 1317.2 | 1593.7 | 122952 | 1545.1 | 7152.1 | 16838.6 | 59612 | 1672.7 | 14438 | 12617.1| 7022.6 | 6956.1 | 31113

2016 | 26715 | 7388.6 | 1298.8 | 14148 | 1722.3 | 9056.2 | 1659.6 | 4167.3 | 19705.6 | 2847.6 | 1773.7 | 1355.6 | 9086.5 | 10205.0 | 3550.1 | 5818.3

1020 | 1062.6 | 1826.3 | 18604 | 7186.6 | 1156.6 | 1389.2 | 4193.3 | 76325 | 111445 | 1908.1 | 15433.4| 4112.2 | 5586.6 | 1767.2 | 12186.2 | 2193.4

1053 | 13078.9| 1890.0 | 13897.7 | 37610 | 4990.7 | 1588.7 | 14756.8 | 2693.6 | 12414 | 18324 | 1825.6 | 15495.8| 146.4 | 1266.3 | 6147.2 | 75313

Table 1. STRAP FORCES FROM LOAD MODEL 6-02

Load STRAP FORCES (Ibs)

Case | 90001 | 90002 | 90003 [ 90004 | 90005 | 90006 | 90007 | 90008 | 90009 | 90010 | 9001 | 90012 | 90013 | 90014 | 90015 | 90016

2055 | 5386.8 | 4264.9 | 1386.3 | 1318.1 | 1607.1 | 12375.3| 15454 | 6975.0 | 167639 5950.6 | 1678.1 | 1446.6 | 12534.6| 7072.4 | 6765.1 | 3004.7

2016 | 27332 | 7733 | 13013 | 14124 | 17285 | 90075 | 1665.7 | 4305.7 | 19776.2| 2874.7 | 1775.1 | 1353.0 | 8878.3 | 10249.3 | 3503.9 | 5809.0

1020 | 1073.7 | 18215 | 18594 | 71346 | 1170.8 | 1390.0 | 4137.9 | 74965 | 11127.2 | 1908.3 | 15423.4| 42017 | 55725 | 1763.2 | 12106.2 | 2122.2

1053 | 13025.7| 18913 | 13759.9 | 3573.5 | 48615 | 1596.7 | 14639.5| 2727.1 | 12417 | 1830.2 | 1823.3 | 15534.3| 1147.7 | 1264.6 | 6223.7 | 7688.2

Table 2. STRAP FORCES FROMSILL JOINT MODEL

Load PERCENT DIFFERENCE OF STRAP FORCES (%)

Case | 90001 | 90002 | 90003 [ 90004 | 90005 | 90006 | 90007 | 90008 | 90009 | 90010 | 90011 | 90012 | 90013 | 90014 | 90015 | 90016
2015 0.7 33 0.2 0.1 08 0.7 0.0 25 04 0.2 03 0.2 0.7 0.7 27 34
2016 23 29 0.2 0.2 04 0.5 04 33 04 10 0.1 0.2 23 04 13 0.2
1020 10 03 0.1 0.3 12 0.1 13 18 0.2 0.0 0.1 22 0.3 0.2 0.7 32
1053 04 0.1 10 5.0 26 05 0.8 12 0.0 0.1 0.1 02 01 01 12 21

Table 3. PERCENT DIFFERENCE OF STRAP FORCES BETWEEN LOAD MODEL AND STRAP-PORT MODEL
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3. Model Information: (Cont'd)

c. Additional model checks are based on the Trunnion loads. These loads in the Sill Joint model for each load
case are closely matched with those in the loads model. Table 1 shows the results of the comparision done
between these loads.

TRUNNION FORCES (Ibs) Differences

D SUBCASE| From Load Model From SILL JOINT MODEL FX FY Fz

FX FY Fz FX | FY FZ (Ibs) (%) (Ibs) (%) (Ibs) (%)
1 2015 -23011.3 0.0 75527.3 | -21875.3 0 74747.6] 1136.1 | 4.9 - - 779.7 1.0
2 2015 -44496.3 0.0 28599.1 | -43450.1 0/ 273825| 1046.2 | 2.4 - - 1216.6 4.3
3 2015 0.0 0.0 -1292.5 0 0 -729.436 - - - - 563.0 43.6
4 2015 0.0 0.0 -5324.2 0 0| -4735.11 - - - - 589.1 111
5 2015 0.0 -30002.7 0.0 0 -30530.6 0 - - 527.8 1.8 - -
1 2016 -37455.2 0.0 74894.6 | -36249.7 0.0 74247.0 | 12055 | 3.2 - - 647.6 0.9
2 2016 -30049.1 0.0 29120.0 | -29119.8 0.0 27812.4 | 929.3 31 - - 1307.6 45
3 2016 0.0 0.0 -720.9 0.0 0.0 -274.5 - - - - 446.4 61.9
4 2016 0.0 0.0 -5789.5 0.0 0.0 -5119.3 - - - - 670.2 11.6
5 2016 0.0 -30000.8 0.0 0.0 -30600.4 0.0 - - 599.6 2.0 - -
1 1020 -56109.3 0.0 -3186.1 | -55087.8 0.0 -3509.1 | 10215 | 1.8 - - 323.0 10.1
2 1020 -29466.6 0.0 10841.8 | -28539.9 0.0 10025.4 | 926.7 31 - - 816.4 7.5
3 1020 0.0 0.0 -58039.5 0.0 0.0 -57321.2 - - - - 718.3 1.2
4 1020 0.0 0.0 -38208.1 0.0 0.0 -36792.3 - - - - 1415.8 3.7
5 1020 0.0 24025.7 0.0 0.0 24154.1 0.0 - - 128.4 0.5 - -
1 1053 49092.9 0.0]-49506.2| 48201.6 0.0 -48282.6] 891.3 | 1.815 - - 1223.54 | 2.471
2 1053 36414.5 0.0 -47209.6 | 35421.9 0.0 -46554.1| 992.6 | 2.726 - - 655.52 | 1.389
3 1053 0.0 0.0 -919.6 0.0 0.0 -1582.9 - - - - ] 663324 72.13
4 1053 0.0 0.0 9127.6 0.0 0.0 8735.4 - - - - 392.198 | 4.297

Table 1: Check of the Trunnion Loads
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4. Load and Constraint:

The entire AMS-02 math model is constrained at five Trunnion locations whose GRID IDs are 1 and 2 with DOF(1

and 3), 3 and 4 with DOF(3), and 5 with DOF(2).

All 128 load cases under the launch and landing situations were investigated in order to indentify the worst result.

5. Result:

Material Properties : 7050-T7451 AL plate, BMS 7-

323C

Fy = 66000-psi (MIL-HDBK-5J, Table 3.7.4.0(b,), t = 6.001"-7.000")

Fiy = 56000-psi

Fgy := 44000-psi
Factor of Safety, FS,:= 1.4 FSy:= 1.1
Temperature Ranges per Appendix C2:
Launch (40F to 120F)

Abort Landing (40F to 150F)

Nominal Landing (-78F to 101F)

Temperature reduction factor at 150°F,

Nu:= 0.88 Yy = 0.95 (Ref. MIL-HDBK-5J, Figure 3.7.4.2.1)

conservatively using ST values

2.1.3-9
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5. Result:

ii. For the Sill Joints:

Maximum Von-Mises, principal, and shear stresses are selected from 128 load cases for the Sill Joints.
NASPOST V.2.1 is used to sort out stresses within the load cases.

The finite element models of the lower vc joints are comprised of 4 different types of elements:
1. Solid, Brick 8

2. Solid, Wedge 6

3. Plate, Quad 4

4. Plate, Tria3

Those elements that had at least one node involved in an RBE or RSSCON connection were not
considered in the margin of safety calculation. Also, unusually high bearing stresses were compared to hand
calculations from a beam in socket analysis. The following maximum stresses were found in the solid hex
elements:

Oyy = 27294.27-psi (Load Case 2016, Element 215327, See Appendix A16-15)
oy = 26689.19-psi (Load Case 2016, Element 215327, See Appendix A16-15)
0ys := 15060.02-psi (Load Case 2016, Element 215327, See Appendix A16-15)

Margins of Safety,

FryY

yield MSy = —— 1 MS, = 0.77
FSy-ouy
Fro-y

ultimate MS, = ——— 1 MS, = 0.55
FSyow
Fsury

shear MSgi= ——— — 1 MS; = 0.84
FSy-ous

2.1.3-10 ESCG-4005-05-AMS-0039
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High concentrated stresses at the RBE and RSSCON elements were ignored. High stresses due to the
Sill trunnion bearing against the Sill Joint socket were also ignored. Therefore, a beam and socket analysis was
performed to compare the bearing stress at the outer Sill face to the minimum principle stress from the Sill Joint

analysis.

Material: 7050-T7451 Al Plate

Fbrua := 107-103-psi

Fbrya := 84-103-psi

Beam and Socket analysis
Vertical load at primary trunnion

Horizontal load at primary trunnion

Max.resultant load

Ultimate Bearing Allowable

Yield Bearing Allowable

Fz := 74247-1bf

Fx := 36249.7-Ibf

Pr:= \' Fz2 + Fx2

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

(T

|bffin.

- -
- b=2a -
A / - |
////// (O N ~ T
" o, s / // . ‘H\K - .4_% -
s 4 e Ebnu
ei———— || —————- Wil T P'l' e ¥ ___,..rl""'r |
et
S and M are respectively beam L4 . - a -
shear in [bf and moment in in-lbf at |
end of socket, W is unit loading in
Resultant shear Load S=Pr S = 82624 Ibf
Moment at edge of sill joint M:=0 M = Qin-Ibf
L:= 6.5in

Length of overlap

slm_ratio :

mls_ratio :

= if(M = 0,1000,S~£j
M

if| s = 0,1000,ﬂ
SL

(Ref. MIL-HDBK-5J, table 3.7.4.0 (b1))

Ref. AMS-02 model 6-02 Load Case 2016

Pr = 82623.59 Ibf

slm_ratio = 1000.000

mls_ratio = 0.000
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1.8 Ks 7
Km / /
1.6*0 O Kaval
O O Ksval v //
1.4H Km val /
— K1 /
1.2H K2 /] /
“1lo O Kival / /
n K2 val A 7 7 |
0.8 b //
0.6 7
E 0.4 / /
| L
g d
Gl 0.2 / //
¥ 2 / ///
0 ‘ 0
-0.2 A
-04
-0.6
-0.8
-1 -5
_ 1.2//
-14
-1 -0.8 - 0.6 -04 -0.2 0 0.2 04 0.6 0.8 1

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.

Coefficients are:

Ka = 0.33 Ks=10.35 Km=0.15
Ki=14 K2=2
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Calculated values are then:

K1-M Ibf
wl:= |—— if |slm_ratio| <1 w1 = 50845.3 —
in
L
K1-S .
—— otherwise
L
K2-M Ibf
w2 := |—— if |slm_ratio| <1 W2 = 25422.6 —
in
L
K2-S .
—— otherwise
L
a:= KaL a=214in
—KsM
Max. shear Smax := if |slm_ratio| <1
—Ks-S otherwise
Max. Bending moment  Mmax := |Km-M if |sIm_ratio| <1
Km-S-L otherwise
Now check: 1-w2
_ %-L Sc = 82623.6 Ibf
MG = M-LZ Mc = 0 in-lbf

- Sc

. S
Percent error: S_percentdiff :=

M-M
M_percentdiff := TC

S_percentdiff = 0%

2.1.3-15

M_percentdiff = 0%

Smax = —28649.1 Ibf

Mmax = 79144.7 in-Ibf
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[

—S
— M

Actual Shear and Moment Distribution Inside Socket
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Sill Joint Bearing Stress Calculation
c=L-a ¢ =4.364in Loaded length along machined hole in Sill Joint (from outer face)
dsmin := 3.2455-in Minimum Diameter of machined hole in Sill Joint
d:= g.c d=2091in Bearing length along machined hole in Sill Joint (from outer face)
3
Abr := d-(dsmin) Abr = 9.443 in2 Area in compression
Pbr = +. |wi|-c Pbr = 110954.4 Ibf Equivalent Compression Load
2
Pbr . .
obr:=— obr = 11749.8 psi Bearing Stress
Abr
Margin of safety
Fbrua-~, i .
MSbrult .= —— -1 MSbrult = 4.724 Margin of safety ultimate
FS,-obr
Fbrya-~y ) )
MSbruyld .= —— -1 MSbruyld = 5.174 Margin of safety yield
FSy-abr
Summary of Sill Joint FEA analysis
Ref. AMS-02 model 6-02 Load Case 2016
ouu = 26689.19-psi Ultimate Stress (Load Case 2016, Element 215327, See p. 2.1.3 - 10)
MS := 0.55 Ultimate Margin of Safety (Ftu used for ultimate allowable, see p. 2.1.3 - 10)

Conclusion

The bearing stress calculation results in a 44% decrease over the ultimate stress picked out of the FEA model.
Notice the margin of safety for the bearing stress calculation uses a higher allowable for bearing.
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Sill Pin Analysis SDG39135731

There are two retaining sill pins, one on each side of the sill block. This prevents the sill trunnion from moving in the
Y direction. The pins are made of custom 455 steel in the H1000 condition. The max. axial load in the Y direction

is the friction load on the pin. Each pin will be in single shear. The Sill Pin analysis is performed three times, once
for each of the following cases; launch, nominal landing, and abort landing.

ﬁ
S

Material Properties:

Material Custom 455, H1000 bar AMS5617 (Ref. MIL-HDBK-5J, table 2.6.4.0 (b))

Ftu := 200000-psi Fty := 185000-psi Temp. correction factor for ultimate:
(Ref. MIL-HDBK-5J, fig.2.6.4.2.1 and Appendix C2)
Fsu := 124000-psi

. Ibf Launch Temperatures (40 to 120 F): = 0.
Et == 28.9-10%-psi 0= 028 P ( )i cltu:=0.98
in
Factor of safety, ultimate ESu = 1.40 Abort Landing Temp. (40 to 150 F): c2tu := 0.97
Factor of safety, yield FSy =110 Nominal Landing Temp. (-78 to 101 F): ¢3tu:= 0.99
Geometry:
Diameter of sill pin D := 0.2470-in
~D2 2
Shear area of each pin As = = As = 0.04792 in
4
Loads :

(Ref. section 2.1.5 - Sill Trunnion and Appendix A2 for NASPOST sort)

Launch Case:

Vertical load at primary trunnion Fzl := 35897.98.Ibf (Ref.AMS-02, loads model 2-04, Load case 1016,
element ID 1, data file: maxtrunnionforces1000.lis)

Horizontal load at primary trunnion Fxl .= 27569.3-Ibf

Max.resultant load Prl := \’ le2 + FxI2 Prl = 45263 Ibf

Friction load (10% of load) Pfl := Prl-0.100 Pfl = 4526.3 Ibf

214-2 ESCG-4005-05-AMS-0039
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Abort Landing Case:

Vertical load at primary trunnion Fza := 42137.67-1bf

(Ref.AMS-02, loads model 2-04, Load case 2016,
element ID 1, data file: maxtrunnionforces2000.lis)

Horizontal load at primary trunnion Fxa := 9960.34-1bf
Max.resultant load Pra:= \' an2 + an2 Pra = 43299 Ibf
Friction load (10% of load) Pfa:= Pra-0.100 Pfa = 4329.9 Ibf

Nominal Landing Case:

Vertical load at primary trunnion Fzn := 53777-1bf (Ref.AMS-02, loads model 2-04, Load case 4016,
element ID 1, data file: maxtrunnionforces4000.lis)

Horizontal load at primary trunnion Fxn := 14600-Ibf

Max.resultant load Prn := \' an2 + Fxn2 Prn = 55724 Ibf

Friction load (10% of load) Pfn := Prn-0.100 Pfn = 5572.4 Ibf

Shear Stress and Margin of Safety Calculations:

Launch Case:

Max. load in the Y direction Pfl = 4526 Ibf
. . Pfl . o

Shear stress in each pin Tli= — 7l = 47231 psi ( Note that the load is divided

2-As by 2 since there are 2 pins.
each pin is in single shear)
. Fsu-cltu
Margin of safet = —
g y MSI: T1-FSu MSI = 0.84

Abort Landing Case:

Max. load in the Y direction Pfa = 4330 Ibf
Shear stress in each pin Ta:= _Pfa Ta = 45182 psi ( Note that the load is divided
2:-As by 2 since there are 2 pins.
each pin is in single shear)
. Fsu-c2tu
Margin of safet = —
g y MSa:= ——or 1 MSa = 0.90
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Nominal Landing Case:
Max. load in the Y direction Pfn = 5572 Ibf
Shear stress in each pin = _Pin. Tn = 58147 psi  ( Note that the load is divided
2-As by 2 since there are 2 pins.
each pin is in single shear)
. Fsu-c3tu
Margin of safet = —
g y MSn = ey 1 MSn = 0.51

214-4
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USS-02 Sill Trunnion Analysis

The objective of this analysis is to demonstrate the structural strength of the Sill Trunnion (SDG39135732).

This analysis covers the primary and secondary trunnions, both are the same geometry except for the loads in
the secondary trunnions are smaller than the primary trunnions. The difference in minimum temperature (for
launch, abort landing, and nominal landing) can change the friction coefficient and therefore affects the axial load
in the trunnion. The Sill Trunnion analysis is performed three times, once for each of the following cases; launch,
nominal landing, and abort landing.

Y,=89.0
Edge of sill

| Y,=94.0 | | Y,=91.5 | joint Y,=88.07 || Y,=85.288

5.00 6.50
1.00 FULL THREAD DEPT — ] — @ 2.812 P2
L e o 7 // /

g 2.620 @ 1.800

- A 7

sEoTion A=A

3. 245 & 3.2e13F—
¢ 3.244'?—-"" ENE T =

wu

Rl

W

in)

[

. ¥
—
—4

14.020

14.010

E‘::.'«*- DIMENSION OF BASE MATERIAL PRIOR TO SHOT PEEN AND CHROME PLATING.

E::Z- DIMEMSION APPLIES AFTER CHROME PLATING.

USS-02 Sill Trunnion - SDG39135732
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Material Properties:
Material Custom 455, H1000 bar AMS5617 (Ref. MIL-HDBK-5J, table 2.6.4.0 (b))
Ftu := 200«103-psi Fty := 185«103-psi Temp. correction factor, ult & yield:

3 (Ref. MIL-HDBK-5J, fig.2.6.4.2.1 and Appendix C2)
Fsu := 124-10"-psi

Fbru — 409.103-psi Fbry 343-103-psi Launch Temperatures (40t0 120 F):  cltu:= 0.98 clty:= .98

Et = 28.9-106-psi 8= 0.23.% Abort Landing Temp. (40to 150 F):  c2tu:= 0.97 c2ty:= .97
in

Factor of safety, ultimate FSu := 1.40 Nominal Landing Temp. (-78 to 101 F): c3tu:= 0.99 c3ty:= .99

Factor of safety, yield FSy:= 1.10

Geometry:

Section at edge of trunnion joint Y=89.0

Max. outer dia. of trunnion dtmax := 3.2413-in (Ref. drawing SDG39135732)

Min.outer diameter of trunnion  dto := 3.2395-in

Inner diameter of trunnion at y=89.0 dt89 := 1.90-in + 0.005-in dt89 = 1.905-in
2 2
Area of cross-section As = M As = 5.392«in2
4 .
4 4
Moment of inertia Is = M Is = 4.76-in”
64
Section at Y=91.5
Inner diameter of trunnion at y=91.5 dti := 2.62-in + 0.005-in dti = 2.625-in  (Ref. drawing SDG39135732)
2 2
Area of cross-section Asl = M Asl = 2.83in°
4
4 4
Moment of inertia Isl == M Isl = 3.075-in"

64
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Loads:

The following NASPOST results were sorted for maximum forces in the x and z-directions for all trunnions. The
sill trunnions have element IDs 1, 2, 3, and 4 in loads model 2-04 (Ref. Appendix A2 for NASPOST sort):

+++ MAX MAG X AND Z LAUNCH TRUNNION FORCES +++

ID SUBCASE FX FY FZ
1 1016 -2.756930E+04 0.000000E+00 3.589798E+04
2 1005 -3.181006E+04 0.000000E+00 -1.396226E+04
3 1019 0.000000E+00 0.000000E+00 -2.870820E+04
4 1057 0.000000E+00 0.000000E+00 1.901807E+04

+++ MAX MAG X AND Z ABORT LANDING TRUNNION FORCES +++

ID SUBCASE FX FY FZ
1 2016 -9.960342E+03 0.000000E+00 4.213767E+04
4 2057 0.000000E+00 0.000000E+00 3.674517E+04
2 2027 -1.024253E+04 0.000000E+00 2.806803E+04
3 2019 0.000000E+00 0.000000E+00 -2.549099E+04

+++ MAX MAG Y

ID SUBCASE
1 4016
4 4057
2 4027
3 4046

Launch Case:

Vertical load at primary trunnion

Horizontal load at primary trunnion

Max.resultant load

AND Z NOMLANDING

FX

-1.460043E+04 O.

0.000000E+00 O.

-1.484633E+04 0.

0.000000E+00 0.

TRUNNION FORCES +++

FY

000000E+00

000000E+00

000000E+00

000000E+00

Fz := 35897.98-1bf

Fx = 27569.3-1bf

Pr:= \’ Fz2 + sz

2.1.5-4

(Ref.AMS-02, loads model 2-04, Load case 1016,
element ID 1, data file: maxtrunnionforces1000.lis)

FZ

.377654E+04

.746577TE+04

.003153E+04

.591928E+04

Pr = 45263-1bf
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The tolerances between the sill trunnion and the sill joint are tight. Due to this tight tolerance, any side load
transferred through the sill trunnion is reacted by the sill joint.

Moment arm from load to edge of sill plate d2 := (94.0:in — 89.0-in) + 0.5-in d2 =5.5in
(Ref. Appendix C6 for the 0.5" dynamic excursion)

F
=
=2

Max.bending moment at edge of sill plate Mb := Pr-d2 ! F
dtmax I k H
_ : A e oo K.
Mb = 248946-in-1bf I " ¥
¥ ! N
. o Pt —rt !
Friction coefficient is assessed based . : 1}
on Figure 4.1.1.1-1 of NSTS-21000-IDD-ISS, Ref. Appendix C7. ‘ da "i
i
P:=Pr P =452631bf Pr ’ Rrl
T := 40-deg (It is conservative to use the minimum temperature (Ref. Appendix C2) )
[*]
0.27 T T T T T T I
—— 121 kibs
L —— 85klbs ||
0.25 50 klbs
—— 32 klbs
0.23 —— 10klbs ||
\ 1 klbs
g 0.21 SO0 friction [
5
= 0.19 7]
]
g
8 0.17 n
b=
g
“ oask y
0.13[ n
0.11F N
o
0.09 1 1 1 1 1 1 1
=240 — 200 — 160 - 120 - 80 —-40 0 40 80

Trunnion Temperature (deg F)
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Rr?
x = m

Pr|

Friction coefficient

Friction load (10% of load)

Friction moment

Total moment

Applied limit stress in shaft

-I—I-J:
H

=0.100
Pf := Pr-
MF = Pf. dtmax
M = Mb + Mf

dtmax
=l:=| M-
2:Is

Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)

Section factor

Outer radius 1o == dio
2

. . dt89

Inner radius = —=
2

Area of semicircular segment

Distance of neutral axis from center line

First moment of area

ro =1.62-in

ri =0.953-in

%-(ro2 - ri2) Ase = 2.696oin2

4 ro3 - ri3
ybar i= —| ——
3-u 2 .
ro —ri
.3
Q = Ase-ybar Q=12.257in

2.1.5-6

Pf =4526.3-1bf

Mf = 7335.5-in-1bf

M = 256281.6-in-1bf

=1 = 87264.2-psi

ybar = 0.837-in

ESCG-4005-05-AMS-0039
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Distance of extreme fiber from centerline of shaft c= dtmax ¢=1.621-in
2
Section factor K= 2QcC K =1.537
Is
Allowable bending modulus of rupture ult. =p := 301000-psi (Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)
Allowable bending modulus of rupture yld. =y := 210000-psi
Check
1r00(r03 - ri3)
Section factor K:=1.698 —m7—~ K =1.5364 (Ref. Formulas for Stress, Strain, and
ot Structural Matrices, Table 2-2, Case 6)
fmu := 200000 psi fou := 192000-psi (Ref. Bruhn, table C3.2 page C3.11)
fmy := 176000 psi foy := 65000-psi

Fbu := fmu + fou- (K - 1) Fbu = 302996 psi

Fby := fmy + foy- (K- 1) Fby = 210868.4-psi

Axial tension stress =3 = Pr
As
Shear stress y = Pr
As
Stress ratios, Ultimate
Stress ratio in axial, ultimate Rau := =2FSu
Ftu-cltu
Stress ratio in bending, ultimate Rbu = _=l-FSu
Fbu-cltu
Stress ratio in shear, ultimate Reu = YU
Fsu-cltu

1

Margin of safety ultimate MSu :=

(Ref. Bruhn page C3.3, equation 3)

(These numbers match the op and oy closely)

=a = 839-psi

y = 8394-psi

Rau = 0.006

Rbu = 0.411

Rsu =0.097

-1 MSu =1.33

\/(Rau + Rbu)2 +

2
Rsu
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Stress ratios, Yield
. . . =a-FSy
Stress ratio in axial, yield Ray = —— Ray = 0.005
Fty-clty
. . . =1-FSy
Stress ratio in bending, yield Rby = ——— Rby = 0.465
Fby-clty
L . y-FSy
Stress ratio in shear, yield Rsy = ———— Rsy =0.102
0.5Fty-clty
. 1
Margin of safety, yield = -
J " M3y ! MSy = 1.08

\/(Ray + Rby)2 + Rsy2

Check section at Y=91.5

Total Moment at Y=91.5 M1 = Pr-(94.0-in — 91.5-in + 0.5-in) + Mf
(Ref. Appendix C6 for the 0.5" dynamic excursion)

Applied limit stress in shaft 1= (Ml' dtmaxj
2-Isl

Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)

Section factor

M1 = 143124.3-in-1bf

=11 = 754233 psi

Outer radius ro ;= @ ro = 1.62-in
2
Inner radius = dd ri =1.313-in .
2
Area of semicircular segment Ase = E-(ro2 - riz) Ase = 1.415«in2
2
4 ro3 — ri3
Distance of neutral axis from center line ybar == — | ———— ybar = 0.937-in
3u ro2 —ri
First moment of area Q := Ase-ybar Q= 1.326-in3
Distance of extreme fiber from centerline of shaft c= dtmax ¢ =1.62in
2

2.1.5-8
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Section factor K:= 2'IQ1‘C K = 1.3972
S

Allowable bending modulus of rupture ult.

Allowable bending modulus of rupture yld. =y1 := 200000 psi

Check

(3 .3)
“\ro —11

Section factor K= 1.698 2

4
ro —ri

fmu := 200000-psi
fmy = 176000 psi

fou := 192000-psi
foy := 65000-psi

Fbul = fmu + fou- (K- 1) Fbul =276176.9-psi

Fbyl := fmy + foy- (K- 1) Fbyl =201789.1-psi

Axial tension stress —al = Pf
Asl
Shear stress vl = Pr
Asl
Stress ratios, Ultimate
Stress ratio in axial, ultimate Raul == TS0
Ftu-cltu
Stress ratio in bending, ultimate Rbul := _=IFSu
Fbul-cltu
Stress ratio in shear, ultimate Reul = Y1 FSu
Fsu-cltu

1
MSu =

=pl := 274000 psi

K =1.3968

(Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)

(Ref. Formulas for Stress, Strain, and
Structural Matrices, Table 2-2, Case 6)

(Ref. Bruhn, table C3.2 page C3.11)

(Ref. Bruhn page C3.3, equation 3)

(These numbers match the op1 and cy1 closely)

=al = 1599.2-psi

y1 =15992-psi

Rau = 0.006

Rbu = 0.411

Rsu =0.097

-1 MSu=126

Margin of safety ultimate

(Raul + Rbul)® + Rsul?

2.1.5-9
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Stress ratios, Yield
Stress ratio in axial, yield Rayl := =2l FSy Rayl = 0.01
Fty-clty
Stress ratio in bending, yield Rbyl := =ILESy Rbyl = 0.42
Fbyl-clty
Stress ratio in shear, yield Rsyl := _YIFSy Rsyl =0.194
0.5-Fty-clty
Margin of safety yield MSy = ! -1 MSy=1.12

\/(Rayl + Rbyl) + Rsyl’

Beam and Socket analysis - Launch Case

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

(T

5

A\

7

N

7
_

_

|-

[
777
-

L ——=

S and M are respectively beam

shear in [bf and moment in in-1bf at

end of socket, W is unit loading in

[bffin.

Resultant shear Load

Moment at edge of sill joint

Length of overlap

slm_ratio := if(M =0,1000, Sﬁj

mls_ratio := if| S =0, 1000,£
S-L

S:=Pr S =45263-1bf
M := Mb + Mf M = 256282-in-1bf
L:=6.5in

slm_ratio = 1.148

mls_ratio = 0.871

2.1.5-10
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2| \ 10
Ka
1.8 Ks e
HHO O Kaval
1.6
O O Ksval v //
1.4H Km val /
— K1 e
1.2 K2 /1 /
| K2 val A / e
0.8 //
0.6 7
E 0.4 / / S
i" 0 / //
© Yy A
0 ya ‘ 0
-0.2 A
-04
—-0.6
-0.8
—1 -5
— 1.1//
-14
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Ratio

Coefficients are:

Ka=0.43
K1 =9.23

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.

Ks =1.64 Km =0.95
K2 =7.23

2.1.5-11
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Calculated values are then:

wl :

w2 :

Max. shear

K1-M
— if |s1m_rati0| <1
L2
K1-S .
—— otherwise
L
K2-M
— if |s1m_rati0| <1
L2
K2- .
otherwise
L
a:= Ka-L

Smax :=

a=2.79in

1bf
wl = 64249.1-—
in

1bf
w2 =50322.1-—
in

if |slm_ratio| <1

—Ks-S otherwise

Max. Bending moment  Mmax := |Km-M if |slm_ratio| <1

Now check:

Km-S-L otherwise

wl — w2
S¢:= — L
2
-wl +2-w2 2
Mc = T«L

Sc =45262.9-1bf

Mc = 256281.6-in-1bf

Percent error:

S
S_percentdiff :=

M —
M_percentdiff := ———
M

- Sc

2.1.5-12

S_percentdiff = 0-%

M_percentdiff = —0-%

Smax = —74174.3-1bf

Mmax = 280254.5-in-1bf
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[

— M

N .

Actual Shear and Moment Distribution Inside Socket

Case 1: Max. bending moment at Y=88.075 - Launch Case

Max. moment occurs at b=2a from b:=2-a b =5.575-in (Y=88.075)
inner end
Shear S := 0-1bf Max. Bending moment Mmax = 280254.5-in-1bf

Section properties at 5.575 in from inner end y=88.075

Inner diameter of trunnion at y=88.075 dt8807 := 1.9-in + 0.005-in dt8807 = 1.905-in

) u{dto? - aigso?)

Area of cross-section at 88.075 As = As = 5.392«in2
4

B u{dto* — arsso7)

Moment of inertia at 88.075 Is = Is = 4.76-in”
64
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Is .3
Section modulus 51 = dtmax S1=293T1n
2

Total moment

Combined Tensile stress

Shear stress

Stress Ratios

Margin of safety

Axial (ult)

Bending(ult)

Shear(ult)

Axial (yld)

Bending(yld)

Shear(yld)

Margin of safety ultimate

Margin of safety yield

M8807 := Mmax

M8807 = 280254.5-in-1bf

M8807
=8807 := 880 =8807 = 95427-psi
S1
y8807 := — y8807 = 0-psi
S
-F
Ray = —F5U Rau = 0.006
Ftu-cltu
FSu-=8807
Rby = 1ou=8807 Rbu = 0.450
Fbu-cltu
FSu- 7
Rsu := M Rsu = 0.000
Fsu-cltu
=a-FS
Ray:= —— Ray = 0.005
Fty-clty
FSy-=8807
Rby = —Y -1 Rby = 0.508
Fby-clty
FSy-y8807
Rsy = —20°0 0 Rsy = 0.000
0.50Fty-clty
1
MSu = -1 MSu=1.19
\/(Rau + Rbu)2 + Rsu2
1
MSy = -1 MSy = 0.949

\/(Ray + Rby)2 + Rsy2

2.1.5-14
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Case 2 Max.shear at Y=85.288 - Launch Case

When shear is maximum the bending moment is 0.41 of Mmax

Max.shear

Bending moment

Smax = —74174-1bf

Ms := 0.41-Mmax M

Max. shear occurs at a from inner end a=2788in

s = 114904.3-in-1bf

(Y=85.288)

Section properties at 2.788 in from inner end y=85.288 Max.shear location

inner diameter at Y=85.288 dt8528 := 1.9-in + 0.03-in

Wall thickness at y=85.288

Area of cross-section at 85.288 As =

Moment of inertia at 85.288

Section modulus

Total moment

Tensile stress

Shear stress

W858 = dto — dt8528

) udto? - aigs28?)

dt8528 = 1.93-in

wt8528 = 0.655-in

As = 5.317-in”

4

e wato? - aissos?)
T 64

Is

dtmax

S1:

MR8528 .= Ms

M8528
S1

=8528 =

| Smax|
8528 = | ——
yasas= (122

S

Is = 4.725.in"

S1=2915in"

M8528 = 114904.3-in-1bf

=8528 = 39411.7-psi

y8528 = 13951.1-psi

2.1.5-15
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Stress Ratios Axial (ult) Ray = —T5U Rau = 0.006
Ftu-cltu
. -=852
Bending(ult) Rbu:= FSu =8528 Rbu =0.186
Fbu-cltu
. 2
Shear(ult) Rsu = FSu'y8528 Rsu=0.161
Fsu-cltu
. =a-F
Axial (yld) Ray = =Sy Ray = 0.005
Fty-clty
. -=852
Bending(yld) Rby:= FSy =8528 Rby = 0.21
Fby-clty
FSy- 2
Shear(yld) Rsy == FSyy8528 Rsy = 0.169
0.50Fty-clty
Margin of safety
Margin of safety ultimate MSu = ! -1 MSu =3
\/(Rau + Rbu)2 + Rsu2
Margin of safety yield MSy = ! -1 MSy = 2.66
\/(Ray + Rby)2 + Rsy2
Case 3 At edge of socket Y=89.0 - Launch Case
Moment MS890 := 0.82-Mmax MS890 = 229808.7-in-1bf
Shear S890 := 0.75-Smax S890 = —55630.7-1bf
Section properties at y=89.0
2 2
Area of cross-section As = M As = 5.392«in2

4
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4 4
Moment of inertia Is = M Is = 4.76-in"
64
. Is .3
Section modulus S1:= S1=2.937-in
dtmax
2
Combined bending stress =890 := % =890 = 78250.2-psi
Shear stress y890 = @ v890 = 10317.2-psi
S
Stress Ratios
. -F
Axial (ult) Rau = — Su Rau = 0.006
Ftu-cltu
. FSu-=
Bending(ult) Rbu:= FSu =890 Rbu = 0.369
Fbu-cltu
Shear(ul)y R = Lou¥890 Rs = 0.119
Fsu-cltu
. =a-FS
Axial (yld)  Ray:= —— Ray = 0.005
Fty-clty
Bending(yld) Rby := Lo¥ =20 Rby = 0.417
Fby-clty
FSvy-
Shear(yld) Rsy = _FSyy8%0 Rsy =0.125
0.50Fty-clty
. 1
Margin of safety MSult ;= — -1 MSult = 1.58
Rbu2 + Rs2
1
MSyld = —— 1 MSyld = 1.3

\’ Rby2 + Rsy2
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Abort Landing Case:

Vertical load at primary trunnion Fz:= 42137.671bf  pot AMS-02, loads model 2-04, Load case 2016

Horizontal load at primary trunnion Fx = 9960.34-Ibf element ID 1, data file: maxtrunnionforces2000.lis)

Max.resultant load Pri= \ Fz* + Fx Pr = 43299.1bf

The tolerances between the sill trunnion and the sill joint are tight. Due to this tight tolerance, any side load
transferred through the sill trunnion is reacted by the sill joint.

Moment arm from load to edge of sill plate d2 := (94.0:in — 89.0-in) + 0.5-in d2 =5.5in
(Ref. Appendix C6 for the 0.5" dynamic excursion)

F
=
=2

=

Max.bending moment at edge of sill plate = Pr. I s
g g p Mb := Pr-d2 o : #ﬂﬁ_
. T, [ — _h__
Mb = 238143 8-in-Ibf T Rk " i)
¥ ! ;

. o PP — . T
Friction coefficient is assessed based . : 1]
on Figure 4.1.1.1-1 of NSTS-21000-IDD-ISS, Ref. Appendix C7. ‘ da "':

i
P:=Pr P=432991bf Pr 5 Rrl
T := 40-deg (It is conservative to use the minimum temperature (Ref. Appendix C2) )

[
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0.27 T T T T T T I
—— 121 klbs
L —— 85klbs | |
0.25 50 klbs
—— 32 klbs
0.23 —— 10klbs ]
1 klbs
g 021 660 friction M
g
= 0.19 _
]
5
g 0.17 _
£
g
“ 0.15[ i
0.13[ T
0.11] i
o
0.09 1 1 1 1 1 1 1
"=240 —200 — 160 - 120 - 80 —-40 0 40 80
Trunnion Temperature (deg F)
RrZ
-
I aY
_____________ | | S—
: 1 E t ditriax
PP —» ! _IH 2
L d2 —I-i !
|
Pr ‘ : Rrl
Friction coefficient = 0.100
Friction load (10% of load) Pf := Pr- Pf =4329.9-1bf
Friction moment Mf = pr. Jmax Mf = 7017.2-in-Ibf
Total moment M = Mb + Mf M =245161-in-1bf
Applied limit stress in shaft == (M. d“na") =1 = 83477.6-psi
2:Is
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Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)

Section factor

Outer radius ro == dio ro =1.62-in

2
Inner radius = 489 ri = 0.953-in

2
Area of semicircular segment Ase = E-(ro2 - riz) Ase = 2.696«in2

2
4 ro3 - ri3
Distance of neutral axis from center line ybar == — | ——— ybar = 0.837-in
3-u ro2 —ri
First moment of area Q = Ase-ybar Q= 2257-in°
Distance of extreme fiber from centerline of shaft o . dtmax ¢ =1.621in
2
Section factor K= 2Qc K =1.537
Is
Allowable bending modulus of rupture ult. =p := 301000-psi (Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)
Allowable bending modulus of rupture yld. =y := 210000-psi
Check
1r00(r03 - ri3)

Section factor K:=1698 —m7—~ K =1.5364 (Ref. Formulas for Stress, Strain, and

ot ot Structural Matrices, Table 2-2, Case 6)

fmu := 200000 psi fou := 192000-psi (Ref. Bruhn, table C3.2 page C3.11)
fmy = 176000 psi foy := 65000-psi
Fbu := fmu + fou-(K — 1) Fbu = 302996-psi (Ref. Bruhn page C3.3, equation 3)
These numbers match the op and oy closel

Fby := fmy + foy-(K — 1) Fby 210868 4-psi | ) op and oy y)
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. . Pf .
Axial tension stress =a:= — =a = 803-psi
As
Pr .
Shear stress yi=— y = 8030-psi
As
Stress ratios, Ultimate
. . . =a-FSu
Stress ratio in axial, ultimate Rau := Rau = 0.006
Ftu-c2tu
. . . =1-FSu
Stress ratio in bending, ultimate Rbu:= —— Rbu = 0.398
Fbu-c2tu
. . y-FSu
Stress ratio in shear, ultimate Rsu := Rsu = 0.093
Fsu-c2tu
Margin of safety ultimate MSu = ! -1 MSu = 141
\/(Rau + Rbu)2 + Rsu2
Stress ratios, Yield
. . . =a-FSy
Stress ratio in axial, yield Ray = ——— Ray = 0.005
Fty-c2ty
. . . =1-FSy
Stress ratio in bending, yield Rby = ———— Rby = 0.449
Fby-c2ty
L . y-FSy
Stress ratio in shear, yield Rsy = ——— Rsy = 0.098
0.5Fty-c2ty
1
. ol — B
Margin of safety, yield MSy: : : 1 MSy = 1.15
\/(Ray + Rby)™ + Rsy
Check section at Y=91.5
Total Moment at Y=91.5 M1 := Pr-(94.0-in — 91.5-in + 0.5-in) + Mf M1 = 136913.8-in-1bf
(Ref. Appendix C6 for the 0.5" dynamic excursion)
Applied limit stress in shaft -1 = (Ml- ‘;tmalxj =11 = 72150.5-psi
-Is
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Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)

Section factor

Outer radius ro == dio ro =1.62-in
2
Inner radius = dd ri =1.313:in -
2
Area of semicircular segment Ase = E-(ro2 - riz) Ase = 1.415«in2
2
4 ro3 - ri3
Distance of neutral axis from center line ybar == — | ——— ybar = 0.937-in
3-u ro2 —ri
First moment of area Q = Ase-ybar Q= 1326in°
Distance of extreme fiber from centerline of shaft ¢ . dtmax ¢ =1.62-in
2
Section factor K= 2Qc K =1.3972
Isl
Allowable bending modulus of rupture ult. =p1 := 274000 psi (Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)
Allowable bending modulus of rupture yld. =y1 := 200000 psi
Check
1r00(r03 - ri3)
Section factor K:=1.698 —m7—~ K =1.3968 (Ref. Formulas for Stress, Strain, and
ot ot Structural Matrices, Table 2-2, Case 6)
fmu := 200000 psi fou := 192000-psi (Ref. Bruhn, table C3.2 page C3.11)
fmy = 176000 psi foy := 65000-psi
Fbul := fmu + fou-(K — 1) Fbul = 276176.9-psi (Ref. Bruhn page C3.3, equation 3)
These numbers match the op1 and oy1 closel
Fbyl := fmy + foy-(K — 1) Fbyl = 201789.1.psi | ! op oy y)
. . Pf .
Axial tension stress =al .= — =al = 1529.8-psi
Asl
Pr .
Shear stress yl = — y1 =15298-psi
Asl
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Stress ratios, Ultimate

Stress ratio in axial, ultimate Raul := Zal'FSu Rau = 0.006
Ftu-c2tu
Stress ratio in bending, ultimate Rbul := I FSu Rbu = 0.398
Fbul-c2tu
Stress ratio in shear, ultimate Rsul := RANE Rsu = 0.093
Fsu-c2tu
Margin of safety ultimate MSu = ! -1 MSu=1.34

\/(Raul + Rbul)” + Rsul’

Stress ratios, Yield

Stress ratio in axial, yield Rayl := =L TSy Rayl = 0.009
Fty-c2ty
Stress ratio in bending, yield Rbyl := SISy Rbyl = 0.405
Fbyl-c2ty
Stress ratio in shear, yield Rsyl = _YLESy Rsyl =0.188
0.5-Fty-c2ty
Margin of safety yield MSy = ! -1 MSy=12

(Rayl + Rbyl)” + Rsyl”
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Beam and Socket analysis - Abort Landing Case
Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

0777222222277/
e 7
C {HV 7 /?///

- L ———=

S and M are respectively beam
shear in Ibf and moment in in-1bf at
end of socket, W is unit loading in

i,
Resultant shear Load S:=Pr § = 43299-Ibf
Moment at edge of sill joint M := Mb + Mf M =245161-in-Ibf
Length of overlap L:= 6.5in
. . L .
slm_ratio := if (M =0,1000, Sﬁj slm_ratio = 1.148
. . M .
mls_ratio := if (S =0, 1000, Hj mls_ratio = 0.871

[
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2] \ 10
Ka
1.8 Ks e
HHO O Kaval
1.6
O O Ksval v //
1.4H Km val /
— K1 e
1.2 K2 /1 /
o o ki va / /
H K2 val s v Zap
0.8 //
0.6 7
5 0.4 / /
i" 0 / //
© Yy A
0 ya ‘ 0
-0.2 A
-04
—-0.6
-0.8
—1 -5
— 1.1//

1.4
-1

-0.8

Coefficients are:

Ka=0.43
K1 =9.23

-0.6 -04 -02 0 0.2 04 0.6 0.8

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.

Ks =1.64 Km =0.95
K2 =7.23
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Calculated values are then:

K1-M 1bf
wl = if |slm_ratio| <1 wl = 61461.2-—
2 in
L
K1-S .
otherwise
K2-M 1bf
w2 = if |slm_ratio| <1 w2 = 48138.5-—
2 in
L
K2-S .
otherwise
a:= Ka-L a=2.79in
Max. shear Smax := > i | slm_ratio| <1 Smax = —70955.8-1bf
—Ks-S otherwise
Max. Bending moment Mmax := |Km-M if |slm_ratio| <1 Mmax = 268093.7-in-1bf
Km-S-L otherwise
Now check: 1-w2
Sc = %«L Sc = 43298.9-1bf
-wl + 2-w2
Mc := %«Lz Mc = 245161-in-Ibf
S diff = S5 S diff = —0-%
Percent error: _percentdiff := S _percentdiff =—-0-%

M —
M_percentdiff := ———
M

M_percentdiff = 0-%
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— M

N .

Actual Shear and Moment Distribution Inside Socket

Case 1: Max. bending moment at Y=88.075 - Abort Landing Case

Max. moment occurs at b=2a from b:=2-a b =5.575-in (Y=88.075)
inner end
Shear S := 0-1bf Max. Bending moment Mmax = 268093.7-in-1bf

Section properties at 5.575 in from inner end y=88.075

Inner diameter of trunnion at y=88.075 dt8807 := 1.9-in + 0.005-in dt8807 = 1.905-in

) u{dto? - aigso?)

Area of cross-section at 88.075 As = As = 5.392«in2
4

B u{dto* — arsso7)

Moment of inertia at 88.075 Is = Is = 4.76-in”
64
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Is .3
Section modulus 51 = dtmax S1=293T1n
2

Total moment

Combined Tensile stress

Shear stress

Stress Ratios

Margin of safety

Axial (ult)

Bending(ult) Rbu :

Shear(ult)

Axial (yld)

Bending(yld) Rby :

Shear(yld)

Margin of safety ultimate

Margin of safety yield

M8807 := Mmax

M8807
S1

=8807 :=

_ FSu-=8807
Fbu-c2tu

_ FSu-y8807
Fsu-c2tu

Rs:

=a-FS
Ray := =y
Fty-c2ty

_ FSy-=8807
Fby-c2ty

Rs

1
MSu =

_ FSy-y8807
v 0.50Fty-c2ty

(Rau + Rbu)2 + Rsu2

1

MSy =

(Ray + Rby)2 + Rsy2

2.1.5-28

M8807 = 268093.7-in-1bf

=8807 = 91286.3-psi

y8807 = 0-psi

Rau = 0.006

Rbu = 0.435

Rs=0

Ray = 0.005

Rby = 0.491

Rsy = 0.000

-1 MSu = 1.22

-1 MSy = 1.017
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Case 2 Max.shear at Y=85.288 - Abort Landing Case

When shear is maximum the bending moment is 0.41 of Mmax

Max.shear

Bending moment

Smax = —70956-1bf

Ms := 0.41-Mmax

Max. shear occurs at a from inner end a=2788in

Ms = 109918.4-in-1bf

(Y=85.288)

Section properties at 2.788 in from inner end y=85.288 Max.shear location

inner diameter at Y=85.288

Wall thickness at y=85.288

Area of cross-section at 85.288

Moment of inertia at 85.288

Section modulus

Total moment

Tensile stress

Shear stress

dt8528 := 1.9-in + 0.03-in

W858 = dto — dt8528

e wlato? - arss2?)
o 4

e wato? - aissos?)
T 64

Is

dtmax

S1:

MR8528 := Ms

M8528
S1

y8528 := (—l Smax')

=8528 =

As

2.1.5-29

dt8528 = 1.93-in

wt8528 = 0.655-in

As = 5.317-in”

Is = 4.725.in"

S1=2915in"

M8528 = 109918.4-in-1bf

=8528 = 37701.5-psi

y8528 = 13345 8-psi

ESCG-4005-05-AMS-0039



Prepared Name Date File Name
B & . )
Yy Brent Dyer 02/13/06 e sill_trunnion.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135732
Title USS-02 Sill Trunnion
Rati . -F
Stress Ratios Axial (Ul)  Rau:= —1U Rau = 0.006
Ftu-c2tu
. FSu-=852
Bending(ult) Rbu:= FSu =8528 Rbu =0.18
Fbu-c2tu
FSu- 2
Shear(ult) Rsu := Fuy8528 Rsu = 0.155
Fsu-c2tu
. =a-F
Axial (yld) Ray = =Sy Ray = 0.005
Fty-c2ty
. FSy-=852
Bending(yld) Rby:= FSy =8528 Rby = 0.203
Fby-c2ty
FSy- 2
Shear(yld) Rsy == FSyy8528 Rsy = 0.164
0.50Fty-c2ty
Margin of safety
Margin of safety ultimate MSu = ! -1 MSu = 3.13
(Rau + Rbu)2 + Rsu2
Margin of safety yield MSy = ! -1 MSy = 2.78
(Ray + Rby)2 + Rsy2
Case 3 At edge of socket Y=89.0 - Abort Landing Case
Moment MS890 := 0.82-Mmax MS890 = 219836.8-in-1bf
Shear $890 := 0.75-Smax S890 = —53216.8-1bf
Section properties at y=89.0
2 2
Area of cross-section As = M As = 5.392«in2

4
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w-{dto® - drso?) 4
Moment of inertia Is=—mm Is = 4.76:in
64
. Is .3
Section modulus S1:= S1=2.937-in
dtmax
2
Combined bending stress =890 := M890 =890 = 74854.7 psi
S1
S890
Shear stress y890 = | | v890 = 9869.5-psi
S
Stress Ratios Axial (U)  Rau:= —1U Rau = 0.006
Ftu-c2tu
. FSu-=
Bending(ult) Rbu:= FSu =890 Rbu = 0.357
Fbu:-c2tu
FSu-
Shear(ul)y  Rs = Lou¥890 Rs = 0.115
Fsu-c2tu
. =a-FS
Axial (yld) ~ Ray:= —— Ray = 0.005
Fty-c2ty
. FSy-=
Bending(yld) Rby := Lo¥ =20 Rby = 0.403
Fby-c2ty
FSvy-
Shear(yld) ~ Rsy:= —oy¥82%0_ Rsy = 0.121
0.50Fty-c2ty
. 1
Margin of safety MSult :== — -1 MSult = 1.67
Rbu2 + Rs2
1
MSyld = — -1 MSyld = 1.38

\’ Rby2 + Rsy2
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Nominal Landing Case:
Vertical load at primary trunnion Fz := 53776.54-1bf

(Ref.AMS-02, loads model 2-04, Load case 4016,

. . . element ID 1, data file: maxtrunnionforces4000.lis)
Horizontal load at primary trunnion Fx := 14600.43-1bf

Max.resultant load Pri= \ Fz* + Fx Pr = 55723-1bf

The tolerances between the sill trunnion and the sill joint are tight. Due to this tight tolerance, any side load
transferred through the sill trunnion is reacted by the sill joint.

Moment arm from load to edge of sill plate d2 := (94.0:in — 89.0-in) + 0.5-in d2 =5.5in
(Ref. Appendix C6 for the 0.5" dynamic excursion)

F
=
=2

=

Max.bendi ent at edge of sill plate = Pr- i 7 \
ax.bending mom g illp Mb := Pr-d2 _— ! *ﬂﬁ_
. e TP, [ — _h__
Mb = 306478.3-in-1bf Iy " |
¥ ! J—_ .
M — .
Friction coefficient is assessed based . I 1]
on Figure 4.1.1.1-1 of NSTS-21000-IDD-ISS, Ref. Appendix C7. ‘ da "':
i
P=Pr P=557231bf Pr ’ Rrl

T := —56-deg (It is conservative to use the minimum temperature (Ref. Appendix C2) )

[
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0.27 T T T T T T I
—— 121 klbs
L —— 85klbs ||
0.25 50 klbs
—— 32klbs
0.23 —— 10klbs ||
1 klbs
g 0.211 SO0 friction [
k&
= 0.19r _
]
g
g 0.17 _
&
g
“ 0.15 _
0.13[ T
0.11 _
0.09 | | | | | | |
"=240 —200 — 160 - 120 - 80 —-40 0 40 80
Trunnion Temperature (deg F)
RrZ
-
I aY
_____________ (. N (—
: _Irll. E t ditriax
P —» : _IH 2
L d2 —I-i !
|
Pr ‘ ' Rrl
Friction coefficient = 0.100
Friction load (10% of load) Pf := Pr- Pf =5572.3-1bf
Friction moment Mf = pr. 30X MF = 9030.8-in-Ibf
Total moment M = Mb + Mf M = 315509.1-in-1bf
Applied limit stress in shaft == (M. dtmax) =1 = 1074313 psi
2:Is
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Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)
Section factor
Outer radius 10 ;= dio ro = 1.62-in
2
Inner radius = 489 ri = 0.953-in
Area of semicircular segment Ase = E-(ro2 - riz) Ase = 2.696«in2
2
4 ro3 - ri3
Distance of neutral axis from center line ybar == — | ——— ybar = 0.837-in
3-u ro2 —ri
First moment of area Q = Ase-ybar Q= 2257-in°
Distance of extreme fiber from centerline of shaft ¢ . dtmax ¢ =1.621in
2
Section factor K= 2Qc K =1.537
Is
Allowable bending modulus of rupture ult. =p := 301000-psi (Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)
Allowable bending modulus of rupture yld. =y := 210000-psi
Check
1r00(r03 - ri3)
Section factor K:=1.698 —m7—~ K =1.5364 (Ref. Formulas for Stress, Strain, and
r04 . Structural Matrices, Table 2-2, Case 6)
fmu := 200000 psi fou := 192000-psi (Ref. Bruhn, table C3.2 page C3.11)
fmy = 176000 psi foy := 65000-psi
Fbu := fmu + fou-(K — 1) Fbu = 302996-psi (Ref. Bruhn page C3.3, equation 3)

Fby := fmy + foy- (K - 1)

Th h th losel
Fby = 210868 4-psi (These numbers match the op and oy closely)
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. . Pf .
Axial tension stress =a:= — =a = 1033-psi
As
Pr .
Shear stress yi=— y = 10334-psi
As
Stress ratios, Ultimate
. . . =a-FSu
Stress ratio in axial, ultimate Rau := Rau = 0.007
Ftu-c3tu
. . . =1-FSu
Stress ratio in bending, ultimate Rbu:= —— Rbu = 0.501
Fbu-c3tu
. . y-FSu
Stress ratio in shear, ultimate Rsuy:= —— Rsu=0.118
Fsu-c3tu
Margin of safety ultimate MSu = ! -1 MSu = 0.92
(Rau + Rbu)2 + Rsu2
Stress ratios, Yield
. . . =a-FSy
Stress ratio in axial, yield Ray := Ray = 0.006
Fty-c3ty
. . . =1-FSy
Stress ratio in bending, yield Rby = ———— Rby = 0.566
Fby-c3ty
L . y-FSy
Stress ratio in shear, yield Rsy = ——— Rsy =0.124
0.5Fty-c3ty
. 1
Margin of saf | = _
argin of safety, yield MSy : 1 MSy = 0.71

Check section at Y=91.5

Total Moment at Y=91.5

M1 := Pr-(94.0-in — 91.5-in + 0.5-in) + Mf

(Ray + Rby)2 + Rsy2

M1 = 176200.8-in-1bf

(Ref. Appendix C6 for the 0.5" dynamic excursion)

Applied limit stress in shaft

dt
1= [ ML 11 = 92853.9-psi
2-Is1
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Plastic bending allowable (Ref.NASA TM X-73305,sect B.4.5)

Section factor

Outer radius ro == dio ro =1.62-in
2
Inner radius = dd ri =1.313:in -
2
Area of semicircular segment Ase = E-(ro2 - riz) Ase = 1.415.in”
2
4 ro3 —ri
Distance of neutral axis from center line ybar == — | ——— ybar = 0.937-in
3-u ro2 —ri
First moment of area Q = Ase-ybar Q= 1326in°
Distance of extreme fiber from centerline of shaft ¢ . dtmax ¢ =1.62-in
2
Section factor K= 2Qc K =1.3972
Isl
Allowable bending modulus of rupture ult. =p1 := 274000 psi (Ref.NASA TM X-73305,sect B.4.5
fig. B4.5.5.2-7)
Allowable bending modulus of rupture yld. =y1 := 200000 psi
Check
1r00(r03 - ri3)
Section factor K:=1.698 —m7—~ K =1.3968 (Ref. Formulas for Stress, Strain, and
r04 i Structural Matrices, Table 2-2, Case 6)
fmu := 200000 psi fou := 192000-psi (Ref. Bruhn, table C3.2 page C3.11)
fmy = 176000 psi foy := 65000-psi
Fbul := fmu + fou-(K — 1) Fbul = 276176.9-psi (Ref. Bruhn page C3.3, equation 3)
These numbers match the op1 and oy1 closel
Fbyl := fmy + foy-(K — 1) Fbyl = 201789.1.psi | ! op oy y)
. . Pf .
Axial tension stress =al .= — =al = 1968.8-psi
Asl
Pr .
Shear stress yl = — y1 = 19688-psi
Asl
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Stress ratios, Ultimate

Stress ratio in axial, ultimate

Stress ratio in bending, ultimate

Stress ratio in shear, ultimate

Margin of safety ultimate

Stress ratios, Yield

Stress ratio in axial, yield

Stress ratio in bending, yield

Stress ratio in shear, yield

Margin of safety yield

MSu =

MSy =

=al-FSu
Raul = —— Raul =0.014
Ftu-c3tu
=11-F
Rbul = — LT Rbul = 0.475
Fbul-c3tu
1I-F
Rsul = YL Rsul = 0.225
Fsu-c3tu
1
-1 MSu=0.86

(Raul + Rbul)® + Rsul?

=al-FSy
Rayl := Rayl = 0.012
Fty-c3ty
=I1-FS
Rbyl = Y Rbyl =0.511
Fbyl-c3ty
1-FS
Rsyl = —Y—>Y  Rgyl =0.236
0.5-Fty-c3ty
1
-1 MSy=074

\/(Rayl + Rbyl) + Rsyl’

2.1.5-37
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Beam and Socket analysis - Nominal Landing Case

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

5

\7777777777
C M{HV e /,_,. /é?%%/

- L ———=

S and M are respectively beam
shear in Ibf and moment in in-1bf at
end of socket, W is unit loading in

i,
Resultant shear Load S:=Pr § = 55723 Ibf
Moment at edge of sill joint M:= Mb + Mf M = 315509-in-1bf
Length of overlap L:= 6.5in
. . L .
slm_ratio := if (M =0,1000, Sﬁj slm_ratio = 1.148
. . M .
mls_ratio := if (S =0, 1000, Hj mls_ratio = 0.871
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2] \ 10
Ka
1.8 Ks e
HHO O Kaval
1.6
O O Ksval v //
1.4H Km val /
— K1 e
1.2 K2 /1 /
H K2 val A / e
0.8 //
0.6 7
5 0.4 / /
i" 0 / //
© Yy A
0 ya ‘ 0
-0.2 A
-04
—-0.6
-0.8
—1 -5
— 1.1//

-14
-1

-0.8

Coefficients are:

Ka=0.43
K1 =9.23

-0.6 -04 -02 0 0.2 04 0.6 0.8

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.

Ks =1.64 Km =0.95
K2 =7.23

2.1.5-39
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Calculated values are then:

wl :

w2 :

Max. shear

Max. Bending moment  Mmax := |Km-M if |slm_ratio| <1

Now check:

Percent error:

K1-M
— if |s1m_rati0| <1
L2
K1-S .
—— otherwise
L
K2-M
— if |s1m_rati0| <1
L2
K2- .
otherwise
L
a:= Ka-L

Smax :=

a=2.79in

if |slm_ratio| <1

1bf
wl =79097.3-—
in

1bf
w2 =61951.7-—
in

—Ks-S otherwise

Km-S-L otherwise

wl — w2
S¢:= — L
2
-wl +2-w2 2
Mc = T«L

S
S_percentdiff :=

M —
M_percentdiff := ———
M

- Sc

Sc =55723.3-1bf

Mc = 315509.1-in-1bf

S_percentdiff = 0-%

M_percentdiff = —0-%

2.1.5-40

Smax = -91316.3-1bf

Mmax = 345022.3-in-1bf
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[

— M

N .

Actual Shear and Moment Distribution Inside Socket

Case 1: Max. bending moment at Y=88.075 - Nominal Landing Case

Max. moment occurs at b=2a from b:=2-a b =5.575-in (Y=88.075)
inner end
Shear S := 0-1bf Max. Bending moment Mmax = 345022.3-in-1bf

Section properties at 5.575 in from inner end y=88.075

Inner diameter of trunnion at y=88.075 dt8807 := 1.9-in + 0.005-in dt8807 = 1.905-in

) u{dto? - aigso?)

Area of cross-section at 88.075 As = As = 5.392«in2
4

B u{dto* — arsso7)

Moment of inertia at 88.075 Is = Is = 4.76-in”
64
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Is .3
Section modulus 51 = dtmax S1=293T1n
2

Total moment

Combined Tensile stress

Shear stress

Stress Ratios

Margin of safety

M8807 := Mmax

Margin of safety ultimate

M8807
=8807 :=
S1
y8807 = —
s

Axial (ult) Ray = 25U

Ftu-c3tu
Bending(ult) Rbu = £5u-=8807

Fbu-c3tu

Shear(ult) Rsu = —ow Y8807

Fsu-c3tu
Axial (yld) Ray = =FSY

Fty-c3ty
Bending(yld) ~ Rby = —X =00

Fby-c3ty

Shear(yld) Rsy = _FSy-y8807_

0.50Fty-c3ty

1
MSu =
2 2
\/ (Rau + Rbu)” + Rsu
1

Margin of safety yield

\/(Ray + Rby)2 + Rsy2

2.1.5-42

M8807 = 345022.3-in-1bf

=8807 = 117480.5-psi

y8807 = 0-psi

Rau = 0.007

Rbu = 0.548

Rsu=0

Ray = 0.006

Rby = 0.619

Rsy = 0.000

-1 MSu =0.8

-1 MSy = 0.599
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Case 2 Max.shear at Y=85.288 - Nominal Landing Case

When shear is maximum the bending moment is 0.41 of Mmax

Max.shear

Bending moment

Smax = -91316-1bf

Ms := 0.41-Mmax M

Max. shear occurs at a from inner end a=2788in

s = 141459.1-in-1bf

(Y=85.288)

Section properties at 2.788 in from inner end y=85.288 Max.shear location

inner diameter at Y=85.288 dt8528 := 1.9-in + 0.03-in

Wall thickness at y=85.288

Area of cross-section at 85.288 As =

Moment of inertia at 85.288

Section modulus

Total moment

Tensile stress

Shear stress

W858 = dto — dt8528

) udto? - aigs28?)

dt8528 = 1.93-in

wt8528 = 0.655-in

As = 5.317-in”

4

e wato? - aissos?)
T 64

Is

dtmax

S1:

MR8528 .= Ms

M8528
S1

=8528 =

| Smax|
8528 = | ——
yasas= (122

S

Is = 4.725.in"

S1=2915in"

M8528 = 141459.1-in-1bf

=8528 = 48519.8-psi

y8528 = 17175.3-psi

2.1.5-43
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Stress Ratios Axial (ult) Ray = —T5U Rau = 0.007
Ftu-c3tu
. -=852
Bending(ult) Rbu:= FSu =8528 Rbu = 0.226
Fbu-c3tu
FSu- 2
Shear(ul)  Rsu:= Lou¥8528 Rsu = 0.196
Fsu-c3tu
. =a-F
Axial (yld) Ray = =Sy Ray = 0.006
Fty-c3ty
. FSy-=852
Bending(yld) Rby:= FSy =8528 Rby = 0.256
Fby-c3ty
FSy- 2
Shear(yld) Rsy == FSyy8528 Rsy = 0.206
0.50Fty-c3ty
Margin of safety
Margin of safety ultimate MSu = ! -1 MSu = 2.28
\/(Rau + Rbu)2 + Rsu2
Margin of safety yield MSy = ! -1 MSy =2
\/(Ray + Rby)2 + Rsy2
Case 3 At edge of socket Y=89.0 - Nominal Landing Case
Moment MS890 := 0.82-Mmax MS890 = 282918.3-in-1bf
Shear $890 := 0.75-Smax S890 = —68487.2-1bf
Section properties at y=89.0
2 2
Area of cross-section As = M As = 5.392«in2

4

2.1.5-44
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w-{dto® - drso?) 4
Moment of inertia Isi=—mmMm Is = 4.76:in
64
. Is .3
Section modulus S1:= S1=2.937-in
dtmax
2
Combined bending stress =890 := % =890 = 96334-psi
Shear stress ¥890 = @ 890 = 12701.6-psi
S
Stress Ratios
Axial (ult) Ray = —T5U Rau = 0.007
Ftu-c3tu
. FSu-=
Bending(ult) Rb = LOw=890 Rb = 0.450
Fbu-c3tu
FSu-
Shear(ult) Rs = £o0y890 Rs = 0.145
Fsu-c3tu
. =a-F
Axial (yld) Ray = —55Y Ray = 0.006
Fty-c3ty
Bending(yld) Rby := 15¥=890 Rby = 0.508
Fby-c3ty
Shear(yld) Rsy = —oy¥890 Rsy = 0.153
0.50Fty-c3ty
. 1
Margin of safety MSult := — -1 MSult = 1.12
\’ Rb2 + Rs2
1
MSyld := ——— — | MSyld = 0.89
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Sill Plate SDG39135733

The Sill Plate is classified as a non-structural component. The material of the Sill Plate is Al Alloy 6061-T651.

216-2
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Margins of Safety
Table 2.1.7-1 Minimum Margin of Safety Summary
Material & Critical . Margin
Dw Pl?lﬁr;ber Part Name / Description Heat Load F&'(I)lé;e of Re;earegce
g Treatment Case Safety g
Bridge Beam Elbow,
. AL
Lower Trunnion ALY 197
SDG39135734 | (in-between Sill Joint 2050 2015 Tension (u) 2.1.7-22
and Lower Trunnion T7451
Bridge Beam)
Notes:

Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.
Boundary conditions are at five Trunnion locations.

128 load cases of launch and off-nominal landing are applied.
u = ultimate, y = yield

PONE
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Factors of Safety

The hardware is designed with a factor of safety of 1.1 and 1.4 for yield and ultimate,
respectively. This is for both launch and landing load conditions.

Description of Structure

Figure 2.1.7-1 below shows the locations of four Bridge Beam Elbow Joints in AMS-02. The
joints were machined out of 7050-T7451 Aluminum Alloy block. All four joints are identical.
The upper part of each Joint is riveted to the Sill Joints. The lower part of the elbow is riveted to
the Lower Trunnion Bridge Beam.

The model was then constrained with DOF’s 1&3 at Trunnion 1&2 (see Figure 2.1.7-1), with
DOF’s 3 at Trunnion 3&4, and with DOF’s 2 at Trunnion 5.

Trunnion 1

Bridge Beam Eibow Joints

Trunnion 2
Trunnion 3

i

Bridge Beam Elbow Joinis

Trunnion 4

Ly Trunnion 5

Figure 2.1.7-1 Location of the Bridge Beam Elbow Joints in AMS-02

* Note that in the above figure the Vacuum Case is not shown for clarity. With respect to the XY
plane, Trunnion 3, 1, 2, and 4 are located in 1%, 2" 3" and 4" quadrants, respectively. Elbow
joint numbering / referencing in this report are identical to the Trunnion numbers.
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Title

AMS-02 BRIDGE BEAM ELBOW, LOWER TRUNNION

Description of Model

A FEM model was built of the Bridge Beam Elbow Joint using FEMAP. For each of the four

Joints:

1. 5340

Nodes, 4560 Elements (including the CBEAM and RBE2 elements that are

technically not part of the Elbow Joint but used to model the Sill Joint and Bridge Beam
interfaces).

2. Elbow joint modeled using 2618 CHEXA, 348 CPENTA, and 8 CTETRA solid elements
along with 1558 CQUAD4, 14 CTRIAS plate elements (4546 elements total).

a.

b.

C.

Solid-to-shell connections are established using RSSCON elements that were
manually created.

For the purpose of lowering the strain energy in the harmonic model checks,
some RSSCON elements were replaced with equally weighted RBE3 elements at
the grid point location that produced failure. These locations showed high
ground check forces when RSSCON elements were used.

Properties for the upper and lower elbow joint plate elements are identical yet
have different IDs for no other reason than model organization.

3. The Sill Joint Interface (representative rivets and sheath):

a.

Elbow Joint is connected to Sill Joint sheath’s 4 CBEAM elements using 4
RBE2s whose independent node is at the properly located CBEAM element and
whose dependent nodes are at the appropriate rivet locations.

DOF 123 is transferred to the dependent nodes.

4 RBE2s representing 5 rows of rivets, for a total of 96 rivets at this connection
location.

The Sill Joint sheath is part of the Elbow Joint model imported into the detailed
loads model with the interface being a single node. Technically speaking the Sill
Joint sheath is not part of the Bridge Beam Elbow Joint; hence, it is not analyzed
in this section.

The material property for the Sill Joint sheath CBEAM elements has zero density
because the mass was properly accounted for / adjusted in the loads model. The
material and property was taken from the loads model with no changes to the ID.

4. The Bridge Beam Interface (representative rivets and insert):

a.

Elbow Joint is connected to Bridge Beam insert’s 3 CBEAM elements using 3
RBE2s whose independent node is at the properly located CBEAM element and
whose dependent nodes are at the appropriate rivet locations.

DOF 123 is transferred to the dependent nodes.

3 RBE2s representing 3 rows of rivets (staggered), for a total of 60 rivets at this
connection location.

The Bridge Beam insert is part of the Elbow Joint model imported into the
detailed loads model with the interface being a single node. Technically
speaking the Bridge Beam insert is not part of the Bridge Beam Elbow Joint;
hence, it is not analyzed in this section.

The material property for the Bridge Beam insert CBEAM elements has a density
that was properly adjusted in the loads model. The material and property was
taken from the loads model with no changes to the ID.
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Table 2.1.7-2 shows the numbering scheme used for the Bridge Beam Elbow Joint. Node and

element numbers include beam elements previously discussed.

Table 2.1.7-2 FEM Numbering Scheme for the Bridge Beam Elbow Joint

Joint 2
3" quadrant

13,000,001 - 13,001,120
13,001,123 - 13,005,340
1208 (top interface)

1574 (bottom interface)

13,000,001 - 13,004,560

Joint 3
1* quadrant

13,010,001 - 13,011,120
13,011,123 - 13,015,340
1215 (top interface)

1575 (bottom interface)

13,010,001 - 13,014,560

Joint 4
4" quadrant

13,030,001 - 13,031,120
13,031,123 - 13,035,340
1222 (top interface)

1224 (bottom interface)

13,030,001 - 13,034,560

beams (insert
portion only)

1015 Upper
beams (sheath
portion only)

13,000,001 Lower
plate elements

13,000,002 Upper
plate elements

13,000,005 Solid
elements

DESCRIPTION NODE # ELEM # PROP MAT'L
13,020,001 - 13,021,120
Joint 1 13,021,123 - 13,025,340
2™ quadrant 13,020,001 - 13,024,560
1201 (top interface)
1573 (bottom interface)
1010 Lower

1 Upper, zero
density beams

1005 Lower,
adjusted density
beams

13,000,001
7050-T7451 Alum

2.1.7-5
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Table 2.1.7-3 FEM Numbering Scheme for the Bridge Beam Elbow Joint Solid-to-Plate Element
Connections

DESCRIPTION ELEM #

upper RSSCON

13,520,001 — 13,520,062, without” 5,6,7,15,16,32,33,34,46,47

lower RSSCON

13,620,001 — 13,620,054, without” 11,12,13,14,15

Joint 1 lower RSSCON (ribs outer elbow)

2" quadrant 13,720,001 - 13,720,016, no exclusions

lower RSSCON (ribs inner elbow)

13,820,001 — 13,820,012, without” 5,6

RBE3 elements located at previously discussed”" appropriate grid point
13,920,001 - 13,920,011

upper RSSCON
13,500,001 — 13,500,062, without” 46,47,61,62
13,500,047 and 13,500,061 are RBE3 elements at appropriate grid point™
lower RSSCON
13,600,001 — 13,600,054, no exclusions
lower RSSCON (ribs outer elbow)
13,700,001 - 13,700,016, no exclusions
lower RSSCON (ribs inner elbow)
13,800,001 - 13,800,012, no exclusions

Joint 2
3" quadrant

upper RSSCON

13,510,001 — 13,510,062, without” 5,6,7,15,16,32,33,34,46,47

lower RSSCON

13,610,001 — 13,610,054, without™ 11,12,13,14,15

Joint 3 lower RSSCON (ribs outer elbow)

1* quadrant 13,710,001 - 13,710,016, no exclusions

lower RSSCON (ribs inner elbow)

13,810,001 — 13,810,012, without 5,6

RBE3 elements located at previously discussed™ appropriate grid point
13,910,001 - 13,910,011

upper RSSCON
13,530,001 — 13,530,062, without™ 46,47,61,62
13,530,047 and 13,530,061 are RBE3 elements at appropriate grid point™
lower RSSCON
13,630,001 — 13,630,054, no exclusions
lower RSSCON (ribs outer elbow)
13,730,001 — 13,730,016, no exclusions
lower RSSCON (ribs inner elbow)
13,830,001 - 13,830,012, no exclusions

Joint 4
4" quadrant

* The shorthand nomenclature is such that 5 will imply 13,520,005 for joint 1. The shorthand number exists in the
range given to the left of the set of shorthand numbers.

** See beginning of section entitled Description of Model.

Note the 10,000 offset from quadrant to quadrant. The 3 quadrant was created first then copied (translation and/or
rotation) to the other locations. The fact that more fixes were needed for the 1% and 2" quadrant was eventually linked
to precision and/or rounding using the Modify, Rotate By, Element command in FEMAP®.
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Figure 2.1.7-2 shows the FE model of one of the Bridge Beam Elbow joints. All four joints in the
model are identical. The component consists of an upper insert and lower sheath as well as a
middle solid section of aluminum. The upper portion is inserted into the sill joint and the
connection is made with rivets. The lower portion covers a portion of the lower trunnion bridge
beam and the connection is also made with rivets. The rivets are represented in the model using
RBE2 elements as shown in the lower left depiction of the joint in the figure. The independent
node of said RBE2 elements is also on beam elements whose cross section is from the appropriate
region of the sill joint and lower trunnion bridge beam. The solid to shell connections are made
primarily with RSSCON elements shown in the lower right depiction in the figure with the
exception of a few RBE3 replacements.

Sl Joint

CAD

Sill Joint Sheath
X section

RBEZs for n'vefeL
connactions L

RESCON elements
far joining solid and
shell mesh. Some
connections ate
RBES elzments.

Bridge Beam insert
X section

Trunwion 2 location shown in all views

Figure 2.1.7-2 FE Model of the Bridge Beam Elbow Joint
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Model Checks

The weight of a single joint in the FEM model is 16.25lbs calculated using FEMAP®, while the
more detailed CAD weight is 16.25Ibs. This is the only model check performed solely on the
bridge beam elbow joint.

For the entire USS model check see section 2.2.4.

The comparison of the strap loads in the load model and the detailed model was performed using
randomly picked loads. Loads in both models closely matched. This information can be found in
Appendix A17 — 2-06 Trunnion and Strap Force NASPOST Results (see Section 2.2.4 and 2.1.7).

Material and Temperature

The Bridge Beam Elbow joints are 7050-T7451 Aluminum Alloy. The material properties are
taken from MMPDS-01. Temperature limits at the Bridge Beam Elbow Joints are provided by
the Thermal Analysis Group. For launch conditions, the temperature range is between 40°F and
120°F. For nominal landing conditions, the temperature range is from -78°F to 101°F. For abort
landing conditions, the temperature range is from 40°F to 150°F.

2.1.7-8 ESCG-4005-05-AMS-0039
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Analysis

MSC/NASTRAN v.2005 was used as a solver for analyzing the complete math model of AMS-02
version 2-06.

A total of 128 load cases were applied for launch and abort landing.

Loads across the top and bottom portion of the elbow joints were extracted from the FE model.
These loads are used in calculations to find the critical stresses for the Bridge Beam Elbow Joints’
beam cross sections (top and bottom). The computed stresses are compared to the ultimate and
yield strength of 7050-T7451 Aluminum Alloy while taking into account temperature degradation
effects. All margins of safety are positive. Since the beam cross sections show positive margins,
the solid center section will also have positive margins.

Material Properties : 7050-T7451 AL ALY, BMS 7-323C
or AMS 4050
Fyy :=66000psi (MMPDS-01, Table 3.7.4.0(b, ) for thickness of

: 5.001"-6.000"
Fyy = 57000psi )

Fg, = 43000psi

Factors of Safety, FS, =14 Fsy =11

Temperature reduction factors,  (Ref. MMPDS-01, Figure 3.7.4.2.1)

+ At 120°F for Launch condition: + At 150°F for Abort Landing condition:
- Ultimate: y1 = 0.95 Yy2 =091
- Yield: '\/yl -=0.99 '\/y2 =0.97

Allowable stresses:

Launch: Abort landing condition:

Frul.a =Yu1Fu Ftu1.a = 62700psi Fiuz.a = Yu2 Fu Ftu2.a = 60060psi
FyLa=ryrFty  Fryr.a =56430psi Fiy2.a =1y2Fty Fy2.a = 55290psi
Fsuta=Yu1Fsu  Fsul.a =40850psi Fsu2.a = Yu2'Fsu Fsu2.a = 39130psi
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Goemetry: 5.938X5.938X.25 Tube (top-symmetric cross section

. _ _ T
bTop :=5.938in  dTop :=5.938in  tTop := .250in cTop = b%

ATop :=bTop-dTop — (bTop — 2-tTop)-(dTop — 2:tTop) ATop = 5.69in2

_ bTop~dTop3 — (bTop — 2-tTop)-(dTop — 2-tTop)3
12

IntTop : IntTop = 30.73in4

Top cantilever distance to solid chunk of aluminum:

dCantT =6.0-in

Goemetry: 5.5X5.5X.25 Tube ( bottom-symmetric cross section if flanges ignored - conservativg

bBot :=5.5in dBot :=5.5in tBot :=.250in cBot := %
ABot = bBot-dBot — (bBot — 2-tBot)-(dBot — 2-tBot) ABot = 5.25in°

bBot-dBot° — (bBot — 2-tBot)-(dBot — 2-tBot)°
12

IntBot := IntBot = 24.17in4

Bottom cantilever distance to solid chunk of aluminum:

dCantB :=5.31349in

2.1.7-10 ESCG-4005-05-AMS-0039
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Stresses for Launch (lower beam forces):

load := READPRN"beamLoads.Bot.1k.txt") i:=1..rows(load)

. v : @
Element ID: ID := load Load case number: LC:= load

+ At end A of beam element:

Moment: M1a := load

Shear force:

@

Axial force: Pa := load
Total Bending:

My, := |—|v|2ai - V2a|-dCant5|
Mz, := ||v|1ai + Vlal-dCantB|

Axial Stress:

Stresses on cross section:

@ i 1ot

Via:— load - Ibf

M2a = load® in-Ibf

v2a:— load ® . Ibf

Total torque: Toa := |oad<8>

-in-Ibf

maxMy) = 23673in-Ibf

maxMz) = 17376

Normal is direct axial plus bending: (Conservative)

Tension:
Pai
otj:= max ot) = 7888psi
T ABot >( ) p
Bending:
Myi-cBot Mzi-cBot
obj = ma>(cb) = 3453psi
IntBot IntBot

Tension plus bending:

oj := otj + obj

maxc) = 10085psi

2.1.7-11
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Shear Stress:

Shear due to transverse loading:

Shear due to torsion (conservative):

Combined shear:

Principal Stresses:

Maximum principal stress is:

Von-Mises Stress:

Maximum shear:

Vla.I 2 V2aI 2
WVj = +
ABot ABot

|Toai|

ttj =
' 2.tBot-(bBot — tBot)-(dBot — tBot)

ma>(rv) = 407psi

ma>(rt) = 1039psi

tt from Roark’s 6th, p352, Table 20, Case 16, Avg.

Shear stress

Tj:=wj+ tj

N |-

2
=2 |(2) +

N |-

opi, 2 :=§ - _(%)2 + (Ti)Z_

|omi, | if |opi 1| = |opi 2|

|cpi, 2| otherwise

omay =

ovm ::J(opi,1)2 + (opi 2)° = opi, 1-0pi.2

21.7-12 ESCG-4005-05-AMS-0039

ma>(r) = 1318psi

ma>(c5p) =10188psi

min(op) =—-4131psi

ma>(cvm) = 10240psi
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Margins of safety:

MSu. :=

Ultimate [ Fiula
1

—1 if omax = O-psi min(MSu) = 3.4
FS-omax

10000 otherwise

Minimum margin occurs on element 1221, for load case 1016

Ol
Pa Vla V2a Toa My Mz jst

info :=| csort| augment| ID,LC,MSu, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1-in-lbf 1-in-lbf  1-in-1bf

info = (1221 1016 3.4 40763.95 —-1097.19 —74.01 11231.41 3227.53 17168.57)

MSsu. =

Ultimate, shear [ Fsul.a
|

—— | =1 if mmax = 0-psi min(MSsu) = 4.67
FSy-tmax

10000 otherwise

Minimum margin occurs on element 1221, for load case 1016

(T

Pa Vla V2a Toa My Mz jszj

info :=| csort| augment| ID,LC,MSsu, , , ,— ,— ,—
1-lbf  1-Ibf  1-1bf 1-in-Ibf  1-in-Ibf ~ 1-in-lbf

info = (1221 1016 4.67 40763.95 —1097.19 —74.01 11231.41 3227.53 17168.57)

Yield ) Ftyl.a
(using von-Mises) VoY= FSy-ovm;

10000 otherwise

j -1 if ovm;j = O-psi min(MSy) = 4.01

Minimum margin occurs on element 1221, for load case 1016

Oy
Pa Vla V2a Toa My Mz jsjj

info :=| csort| augment| ID,LC,MSy, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1.in-lbf 1-in-lbf  1-in-1bf

info = (1221 1016 4.01 40763.95 —1097.19 —74.01 11231.41 3227.53 17168.57)
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Stresses for Launch (upper beam forces):
load := READPRN"beamLoads.Top.1k.txt" ) i:=1..rows(load)
Node ID: ID:= Ioad<1> Load case number: LC:= Ioad<2>
+ MPC forces acting on the joint:
Moment: Mxmpc := Ioad<6>-in~lbf Mympc := Ioad<7>~in-lbf
Shear force:  vx: load > - Ibf Vy = load ™ Ibf
Axial f : ® Total . ® .
Xial torce: Pz:=load ™ -Ibf otal torque:  Tz:=load "~ -in-Ibf
Total Bending:
Mx = |MxmpcI - Vyi-dCantT| max(Mx) = 61694in. Ibf

My, := |Mympci + Vx|~dCant-|-|

Axial Stress:

Stresses on cross section:

Normal is direct axial plus bending: (Conservative)

Tension:

otj:

Bending:

Tension plus bending:

Oj

maxMy) = 21524in-Ibf

Pzi
= max ot) = 5279psi
ATop a>( ) P
Mx.-cTop My ..cTop
= : ' max(ob) = 7898psi
IntTop IntTop
= otj + obj ma>(c) = 11427psi
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Shear Stress:

V. 2 V 2
Shear due to transverse loading: ( X j ( Yi j
Wi = +

Shear due to torsion (conservative): 1t; -

Combined shear:

Principal Stresses:

ma>(rv) = 5025psi

ATop ATop

|Tzi|
ma>(rt) = 967psi

' 2.tTop-(bTop — tTop)-(dTop — tTop)

tt from Roark’s 6th, p352, Table 20, Case 16, Avg.
Shear stress

Tj =V + i ma>(r) = 5610psi
1
Oj | Oj 2 I’
opj,1:= ?I + (?Ij + (ri)z ma>(c5p) = 12830psi
1
Oj | Oj 2 I’
opj,2 = ?I - (?Ij + (ri)z min(op) = —2657psi

Maximum principal stress is:

Von-Mises Stress:

Maximum shear:

omax := |opi 1 if |opi 1| > |opi 2

opj,2 otherwise

ovm; 5:\/(0Pi, 1)2 + (GIOi,z)2 — oPj,1-0Pj, 2 max(ovm) = 13586psi

may = %(ci)z + (ri) ma>(rmax) = 7276psi
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Margins of safety:
Ultimate Ftul.a . . .
MSu. .= || ——— | = 1 if omay = O-psi min(MSu) = 2.49
! FS,,-oma

10000 otherwise

Minimum margin occurs on node 1215, for load case 1019

Ol
Pz Vx Vy Tz Mx My jst

info :=| csort| augment| ID,LC,MSu, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1.in-lbf 1-in-lbf  1-in-1bf

info = (1215 1019 2.49 -22360.58 —1385.22 —22666.66 —4043.62 56924.24 20662.32)

Ultimate, shear Fsul.a
MSsu P = [—

-1 if tmax = 0-psi min(MSsu) = 3.01
FSy-tmax

10000 otherwise

Minimum margin occurs on node 1201, for load case 1015

O
info :=| csort| augment| ID,LC,MSsu, Pz , VX, Vy’ _TZ , _MX , My ,3
1-lbf  1-Ibf  1-1bf  1-in-Ibf  1-in-Ibf ~ 1-in-lbf

info = (1201 1015 3.01 30026.48 —1038.87 28565.73 8828.72 35295.12 6935.2)

Yield sy |[_yia
(using von-Mises) V=Y = FSy-ovm;

10000 otherwise

j -1 if ovm;j = O-psi min(MSy) = 2.78

Minimum margin occurs on node 1215, for load case 1019

Ol
Pz Vx Vy Tz Mx My jst

info :=| csort| augment| ID,LC,MSy, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1-in-lbf 1-in-lbf  1-in-1bf

info = (1215 1019 2.78 —22360.58 —1385.22 —22666.66 —4043.62 56924.24 20662.32)
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Stresses for Abort (lower beam forces):

load := READPRN"beamLoads.Bot.2k.txt") i:=1..rows(load)
. e . )
Element ID: ID := load Load case number: LC:= load
+ At end A of beam element:
Moment: Mia = load > -inIbf M2a = load ™ .inIbf
Shear force:  via:= |oao|<5> Ibf V2a:= |oao|<6> -Ibf
Axial force: Pa - load"” - Ibf Total torque:  Toa - load ' -in-Ibf

Total Bending:
My, := |—M2ai - V2a|~dCantB|

Mz, := |M1a. + V1a~dCantB|
1 1 1

Axial Stress:

Stresses on cross section:

Normal is direct axial plus bending: (Conservative)

Tension:
Pai
tj =
ABot
Bending:
Myi-cBot Mzi~cBot
obj =
IntBot IntBot

Tension plus bending:

oj = otj + obj

2.1.7-17

maxMy) = 23413in-Ibf

maxMz) = 16697in-1bf

ma>(c5t) = 5279psi

ma>(c5b) = 7898psi

maxs) = 11427.21psi
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Shear Stress:

ma>(rv) = 298psi

2 2
Shear due to transverse loading: Vlai Vzal
Wi = +
' ABot ABot

Shear due to torsion (conservative): |Toai|

ma>(rt) = 480psi

' 2.tBot. (bBot — tBot)-(dBot — tBot)

tt from Roark’s 6th, p352, Table 20, Case 16, Avg.
Shear stress

Combined shear: Tj =i + max(t) = 674psi
1
2
Principal Stresses: oi - 2 )
GPi,11=? + (?j + (Ti) maxop) = 11390psi
1
’ 2
e [ 2 4 (@)
oPiz=— || 5 ) T min(op) = —3024psi
Maximum principal stress is:
oma = | |opi 1| i |opi, 1| = |opi 2]

|cpi, 2| otherwise

Von-Mises Stress:

ovm; 5:\/(0Pi, 1)2 + (GIOi,z)2 — oDj, 1-0Pj, 2 max(ovm) = 11401psi

Maximum shear:

may == %(ci)z + (ri) ma>(rmax) = 5706psi
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Margins of safety:
Ultimate
Ftuz.a . . .
MSu. := || ——— | = 1 if omay = 0-psi min(MSu) = 2.77
! FS,,-oma
10000 otherwise
Minimum margin occurs on element 1221, for load case 2016
@7

Pa Via V2a Toa My Mz j jTJ

info :=| csort| augment| ID,LC,MSu, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1-in-lbf 1-in-lbf  1-in-1bf

info = (1221 2016 2.77 47589.96 —723.31 617.85 4485.55 10244.24 9993.11)

Ultimate, shear Feuo.a
MSsu; = [ -

—— | =1 if mmaxy = 0-psi min(MSsu) = 3.9
FSy-tmax

10000 otherwise

Minimum margin occurs on element 1221, for load case 2016

(T

Pa Vla V2a Toa My Mz T
11bf " L1bf* 1-Ibf” L-in-Ibf” L-in-Ibf * L-in-Ibf )’

info := [csort(augment(lD, LC,MSsu,

info = (1221 2016 3.9 47589.96 —723.31 617.85 4485.55 10244.24 9993.11)

Yield sy |[_y2a
(using von-Mises) Yi= FSy-ovm;

10000 otherwise

j -1 if ovm;j= O-psi min(MSy) = 3.41

Minimum margin occurs on element 1221, for load case 2016

@7

Pa Via V2a Toa My Mz jszj

info :=| csort| augment| ID,LC,MSy, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1.in-lbf 1-in-lbf  1-in-1bf

info = (1221 2016 3.41 47589.96 —723.31 617.85 4485.55 10244.24 9993.11)
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Stresses for Abort (upper beam forces):

load := READPRN"beamLoads.Top.2k.txt" ) i:=1..rows(load)
Node ID: Load case number:
ID := Ioad<1> LC:= Ioad<2>
+ MPC forces acting on the joint:
Moment:
Mxmpc := Ioad<6>-in~lbf Mympc := Ioad<7>~in-lbf
Shear force:
V= load ¥ -Ibf Vy = load ™ Ibf
Axial force: Pz .= Ioad<5> -1bf Total torque: Tz:= |0ad<8>.in.|bf
Total Bending:
Mx = |MxmpcI - Vyi-dCantT| max(Mx) = 60233in- Ibf
My, := |Mympci + Vx|~dCant-|-| max(My) = 16873in: Ibf

Axial Stress:

Stresses on cross section:

Normal is direct axial plus bending: (Conservative)

Tension:
Pzi
otj:= maxX ot) = 6067psi
i ATop a)( ) p
Bending:
Mx.-cTop My ..cTop
= ! ' max(oh) = 6704psi
IntTop IntTop
Tension plus bending:
oj := otj + obj ma>(c) = 11908psi
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Shear Stress:

ma>(rv) = 5937psi

V 2 V 2
Shear due to transverse loading: X Yi
Wi = +
' ATop ATop

Tz
Shear due to torsion (conservative): «t; := | '| max(tt) = 572psi
2-tTop-(bTop —tTop)-(dTop — tTop)

tt from Roark’s 6th, p352, Table 20, Case 16, Avg.
Shear stress

Combined shear: T =i + max(t) = 6111psi
1
— 2 —_ 2
Principal Stresses: Cj oj
g opj, 1= ?I + (?Ij + (ri)z ma>(c5p) = 14423psi
1
— 2 —_ 2
Oj Oj
opj, 2 = ?I - (?Ij + (ri)z min(op) = —2604psi

Maximum principal stress is:
opi,1 if |opi,1| > |opi 2

opj,2 otherwise

omay, =

Von-Mises Stress: ovm; 5:\/(0Pi, )+ (GIOi,z)2 ~ oPj, 1:0Pi, 2 max(ovm) = 15832psi

2

Maximum shear:  ma := %-(oi)z + (i) maxtmax) = 8474psi
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Margins of safety:
Ultimate
Ftuz.a . . .
MSu. := || ——— | = 1 if omay = O-psi min(MSu) = 1.97
! FS,,-omax

10000 otherwise

Minimum margin occurs on element 1201, for load case 2015

Ol
Pz Vx Vy Tz Mx My jst

info :=| csort| augment| ID,LC,MSu, , , ,— ,— ,—
Lbf 1-Ibf " 1-Ibf 1.in-lbf 1-in-lbf  1-in-1bf

info = (1201 2015 1.97 34510.16 —560.21 33767.12 1393.29 56594.78 3859.31)

Ultimate, shear Feuo.a
MSsu; = [ -

—— | =1 if mmaxy = O0-psi min(MSsu) = 2.3
FSy-tmax

10000 otherwise

Minimum margin occurs on node 1201, for load case 2016

T

T
info :=| csort| augment| ID,LC,MSsu, Pz , VX, Vy’ _TZ , _MX , My ,3
1-lbf  1-Ibf  1-1bf  1-in-Ibf  1-in-Ibf ~ 1-in-lbf

info = (1201 2016 2.3 34114.51 -767.79 33316.2 4087.13 56333.2 3103.02)

Yield .
(using von-Mises) MSy. := _v2a | g ovmj # 0-psi min(MSy) = 2.17
! FSy-vai

10000 otherwise

Minimum margin occurs on node 1201, for load case 2015

@7

T
info :=| csort| augment| ID,LC,MSy, Pz , VX, Vy’ _TZ , _MX , My ,3
LIbf 1.Ibf 1.Ibf 1.in-Ibf  1.in-Ibf " 1.in-Ibf

info = (1201 2015 2.17 34510.16 —560.21 33767.12 1393.29 56594.78 3859.31)
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2.1.8 Lower Trunnion Bridge Beam Assembly
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Lower Trunnion Bridge Beam

Buckling Analysis:

Since part is a slender beam with compressive loads, buckling is critical.

In Finite Element Model of USS-02 version 2-04 shown in Figure 2.1.8-1, Lower Trunnion Bridge Beam includes
Element Ids of 1201-1203, 1204-1206, 1207-1209, and1210-1212. These elements has Property Id of 1007.

1204 - 1206

Figure 2.1.8-1: Lower Trunnion Bridge Beam shown in 2-04 Loads Model
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Factor of Safety,ultimate: FSu:= 1.4 Factor of Safety,yield: FSy:= 1.1

Material: AL 7075-T73511
(Ref. MIL-HDBK-5J, Table 3.7.6.0(g,),
Thickness: 0.250-0.499)

Compressive modulus, Ec := 10700000-psi

Ultimate tensile strength, ftu := 68000-psi
Tensile yield strength, fty := 57000-psi
Compression yield strength, fcy := 60000-psi

Ultimate shear strength, fsu := 38000-psi

Temp. correction factor, ult & yield:
(Ref. MIL-HDBK-5J, fig.3.7.6.1.1(c) & (d),
fig.3.7.6.1.4, and Appendix C2)

Maximum Temperature occurs during abort landing

Tmax := 150-deg

Temperature correction factor, ultimate: ctu := 0.94
Temperature correction factor, yield: cty == .96

Temperature correction factor, Ec: cec = .98

Section:  4.938" x 4.938" x 0.3125" Tube (Ref. Dwg# SDG39135735)

20 ,’

LY

4,838 +.010———=

4,838 =.010

(6.888)

:’/f’?_///ff/////h%b

|
—=lf—ax [.312]

—H %X 230

NN

LA N NN N S
=
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Ref. Structural Engineering Handbook, 4th Edition,
Shape Factor, f=122 ( Table 7, p 11_%5) 9
Supported length, L := 40.50-in

Lower Trunnion
Bridge Beam Elbow

Sill Joint

Lower Trunnion
Bridge Beam
Upper Trunnion
Bridge Beam

Upper Vacuum Lower Vacuum

Case Joint Case Joint
Properties of cross-section: (Ref. Table 2.1.8-1)
Width, Dy := 4.938-in Area, A= 5.782-in2
For torsional calculation, use: Dytor := 4.938-in Moment of Inertia, ly = 20.712-in4
Depth, Dz := 4.938-in 4
1z := 20.712-in
For torsional calculation, use: Dztor := 4.938-in
First moments, Qy := 5.022-in3
Thickness, t:= 0.3125-in 3
Qz:=5.022-in
Define: b:=2t

2.1.8-4 ESCG-4005-05-AMS-0039
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Table 2.1.8-1a: Property about Y-Y axis
Portion| b d Area, A z Az Az"\2 Icy ly'
1 |4.9380|0.3125| 15431 |4.7818] 7.3788 |35.2838|0.0126| 35.2963
2 ]0.3125(4.3130| 1.3478 |2.4690| 3.3277 | 8.2162 | 2.0893| 10.3055
3 4.9380( 0.3125 1.5431 0.1563] 0.2411 | 0.0377 1 0.0126] 0.0502
4 0.3125] 4.3130 1.3478 2.4690] 3.3277 | 8.2162 |2.0893] 10.3055
Sum A= 5.782 14.2754 55.9576
z_bar= 2.469
lyy=  20.712
Table 2.1.8-1b: Property about Z-Z axis
Portion| b d Area, A y Ay Ay™2 Icz 1z
1 ]0.3125/4.9380| 1.5431 |2.4690| 3.8100 | 9.4068 |3.1356| 12.5424
2 |4.3130{ 0.3125| 1.3478 |4.7818] 6.4449 | 30.8179]0.0110| 30.8289
3 0.3125] 4.9380 1.5431 2.4690] 3.8100 | 9.4068 | 3.1356]| 12.5424
4 4.3130] 0.3125 1.3478 0.1563] 0.2106 | 0.0329 [ 0.0110] 0.0439
Sum A= 5.782 14.2754 55.9576
y_bar= 2.469
lzz= 20.712
Table 2.1.8-1c: First Moment about Y-Y axis |Z
Portion| b d Area, A z Qyy : 3175
1 14.9380] 0.3125] 1.543125 |2.3128| 3.5689 . {735 i |
2 0.3125] 2.1565] 0.67390625 ] 1.0783] 0.7266 !
4 0.3125] 2.1565] 0.67390625 | 1.0783] 0.7266 : 1 4
Sum Qyy=| 5.022 i f
1
i
!
Table 2.1.8-1d: First Moment about Z-Z axis :
Portion| b d Area, A y Qzz Yy _____.:.__'_‘:_'21.2.5__;. ________ L-d=- 4,820
1 |0.3125] 2.4690| 0.7715625 |1.2345] 0.9525 @ i @
2 4.3130] 0.3125| 1.3478125 |2.3128] 3.1172 i
3 0.3125] 2.4690| 0.7715625 |1.2345] 0.9525 !
Sum Qzz=| 5.022 :
i
1
ro & 1G) v
1
Z
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Section modulus,

Torsional constant / distance,

Radii of gyration,

Fixity coefficient,
(One end fixed, one end
free in translation)

Slenderness ratios,

Sy = 1'—y Sy = 8.389in°
—.Dz

Sz= 1'2 Sz - 8.389in°
> y

JoR := 2-t-(Dztor — t)-(Dytor — t) JoR = 13.372 in3
ly .

ry = |—= ry = 1.893in

y A y

rz:= E rz=1.893in
A

K:=1.22 (Ref. Structural Engineering Handbook, 4th Edition,
Figure 5, p.8-10)

SRy = KL SRy = 25.678
ry
SRz := & SRz = 25.678

rz

Constants depending upon the mechanical properties of the material from Ref. Structural Engineering
Handbook, 4th Edition, Formulas 5a-c, p.11-6:

1
fey-ct 2
Bc:= fey-cty| 1 + # Bc = 66816 psi
2250000-psi
1
2
Dc = E Be Dc = 533 psi
10 \ Ec-cec
Cc:= 0.41-£ Cc = 34.242
3-Dc

2.1.8-6 ESCG-4005-05-AMS-0039
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Compression allowables:

Fcy .= |Bc - Dc-SRy if SRy <Cc
- 2
Ec-cec:| — otherwise
SRy
Fcz:= [Bc—- Dc-SRz if SRz <Cc
- 2
Ec-cec:| — otherwise
SRz

Ref. Structural Engineering Handbook, 4th Edition, p.11-25, defines:

(Note: FSu is used below for moment magnification due to eccentricities.)

Ultimate shear allowables:

Ultimate torsion allowable:

Axial tensile allowable:

Axial compression allowable:

Ultimate bending allowables:

Combined bending and
axial allowables:

102000000-psi
Fey - 102000000-psi

FSu~SRy2

102 -psi
Foz = 02000000-psi

FSu-SRz2

I1z-b
Vulty := fsu-ctu-z—
Qz

ly-b
Vultz := fsu-ctu-y—

Qy

Tult := fsu-ctu-JoR
Pt := ftu-ctu-A

Pcr:= |Fcz-A if Fey > Fez

Fcy-A otherwise
Multy := Sy-[ftu-ctu + (f — 1)-fty-cty]

Multz := Sz-[ftu-ctu + (f — 1)-fty-cty]

Pey := Fey-A

Pez := Fez-A

2.1.8-7

Fcy = 53120 psi

Fcz = 53120 psi

Fey = 110495 psi

Fez = 110495 psi

Vulty = 92074 Ibf

Vultz = 92074 Ibf

Tult = 477649 in-Ibf

Pt = 369585 Ibf

Pcr = 307142 Ibf

Multy = 637201 in-Ibf

Multz = 637201 in-Ibf

Pey = 638883 Ibf

Pez = 638883 Ibf

ESCG-4005-05-AMS-0039
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Input for NASPOST was taken from 192 punch files in three different folders:
/hsm/bsommer/ams/nonlin/1000/2-04
/hsm/bsommer/ams/nonlin/2000/2-04
/hsm/bsommer/ams/nonlin/4000/2-04
MathCAD will read in all the load data from "ltbb.txt" for the calculations below.
load := READPRN("ltbb.txt") i:= 1. rows(load)
. (D . 2
Element ID: ID := load Load case number: LC := load

+ At end A of beam element:

Moment:

Shear force:

Axial force:

Total torque:

Warp torque:

(3

+ At end B of beam element:

Moment:

Shear force:

Axial force:

Total torque:

Warp torque:

M1la := load™ -in-Ibf
Vla:= Ioad<5>~lbf

Pa:= Ioad<7>~lbf

Toa:= Ioad<8>~in~lbf
Warpa := Ioad<9>~in-lbf
M1b = load ¥ in.Ibf
Vb = load 2. Ibf

Pb = load 24 Ibf

Tob = load % -in-Ibf
Warpb := Ioad<16>~in-lbf

M2a = Ioad<4>-in~lbf
V2a = Ioad<6>~lbf
M2b = load Y-in-Ibf
V2b = load % 1bf

2.1.8-8
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Modify end torque by subtracting warping torque:
Ta, = |Toai| - |Warpai|
Tb, := |Tobi| - |Warpbi|
Vlai| |V2ai| Ta,
Shear ratios: RSa. := +
I vulty Vultz  Tult
Vlbi| |V2bi| Tb,
RSh. :=
Vulty Vultz Tult
_ . |Pai| |M2ai| |M1ai|
Tensile ratio RTai = + + if Pai > 0-Ibf
|Pai| ||v|2ai| 1 ||v|1ai| 1 _
+ . + . otherwise
Pcr Multy | Pai| Multz | Pai|
1-— 1-—
Pey Pez
. . |Pbi| |M2bi| |M1bi|
Tensile ratio RTbi = + + if Pbi > 0-1bf
|Pbi| |M2bi| 1 |M1bi| 1 _
+ . . otherwise
Pcr Multy |Pbi| Multz |Pbi|
1-— 1-—
Pey Pez
Combined 2 2
Ratios: RATIOa, := J (RTai) + (RSai)
2 2
RATIOb. := J (RTb.) + (RSb.)
I | |
RATIO, := if(RATIOai > RATIObi,RATIOai,RATIObi)
Margin of Safety:
1 .
= — min(MS) = 1.42
! RATIOi-FSu
2.1.8-9 ESCG-4005-05-AMS-0039
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Reference - Buckling Margin of Safety

The worst load case that yielded minimum margin of safety is shown below:

output := augment(ID,LC, MS) sorted := csort(output, 3)

@7
)

(sorted”)” = (1203 4016 1.42)

Based upon the output of SORT function above, it reads:

Element ID = 1203
Load ID =4016
MS =1.42

Beam and Socket Analysis: Lower Trunnion Bridge Beam Elbow Side

The following loop stacks element IDs 1201, 1204, 1207, and 1210 so that the data can be used only on the
Elbow side of the beam element. The loop below takes the original data from the "loads" database and pulls
out only the data for element IDs 1201, 1204, 1207, and 1210. This includes loads and moments from beam
end A and B, although only end A loads and moments are used for the beam and socket analysis.

rows(load) = 2304 cols(load) = 16
elbowside := |k « 0

for ie 1..rows(load)

if load. , = 1201 v load. , = 1204 v load. , = 1207 v load. , = 1210
i,1 i,1 i,1 i,1l

ke—k+1
W
newdalta<k> «— (IoadT)
newdata’

2.1.8-10 ESCG-4005-05-AMS-0039
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Beam and Socket Analysis: Lower Trunnion Bridge Beam Elbow Side (Moment about Y)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

5

\p 77722227
o

-

[~

/ #

,4/

N\
\

N\

- | ———

S and M are respectively bearm

shear in Ibf and mameant in in-kf at
end of socket. W is unit loading in

|baffin.

i .= 1..rows(elbowside)

- L
- b=2a -
|
. L e _¥
1 o \h“h.. % "‘"'h..,_h____ _.--"'"'ﬂl W
[ n
'y e [
T 1 i fe T |
W1 Y —
]
y X *} 2 -

rows(elbowside) = 768

IDli = erowsidei 1 Element ID

LC1i = elbowsidei » Load case number

Slai = elbowsidei 5-Ibf
5= (51ai)2 + (szai)2

Pi = elbowsidei 7.|bf Picking End A Tension from data

>

Li := 4.465-in

5

S2a. := elbowside. .-Ibf
i i,6

Combined End A Shear

M.

mls_ratio. := if| S. = 0,1000,—I
- ! ! S..L.

Length of beam inside socket

L.
slm_ratio. := if| M. = O,lOOO,S.~—I
— i i i M.

Picking End A Shear from data

Mi = elbowsidei 4.in.lbf Picking Y Moment from data

5

[

2.18-11
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Calculated values are then:

Kli'Mi K2i'M‘
wl, = > if |s|m_ratioi| <1 w2, = > if |s|m_ratioi| <1
L. L.
(1) (1)
K1.S. K2.-S.
11 . 11 .
otherwise otherwise
i i
a.:= Ka.-L.
1 [
(—Ks)i-Mi
Max. shear Smax = if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := [Km.-M.  if |s|m_ratioi| <1
Kmi-Si-Li otherwise
Wli - W2i
Now check: Sc..= ———L.
| 2 1
(—Wl)i + 2-W2i 2
Mc. := —(L)
1 6 1
Si - Sci
Percent error: S_percentdiff; := S
1
M. — Mc.

M_percentdiffi = !

2.1.8-12 ESCG-4005-05-AMS-0039
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To view graph with a specific load case, assign j a value j :== 569
[+
2 \ 10
Ka
1882 Ks 9.412
Km //
O O Kaval
1.765 8.824
O O Ksval ///
1.647H E'ln val 8.235
| K2 4/7
1.529 e 7.647
O O Klval / /
| | K2 val —
1.412 // / 7.059
,/ /
1.294 /o 6.471
1.176 A 5.882
g 059 / 29
N
< 1.05 | 5.294 ¢
: )
g 0941 v 4.706
0.824f= // 4118
0.706\5// 3.529
0.588 o~ 2.941
\\
0.471 E— 2353
0.353 1.765
0.235 1.176
0.118 0.588
0 0
-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1
Ratio

Beam and Socket Coefficients

Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.

2.1.8-13
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For this specific load case,
SJ. = 965 Ibf
Mj = 41177 in-1bf
Max Shear: Smaxj = —13960 Ibf Shear Check: Scj = 965.1 Ibf
Max moment: Mmaxj = 41177 in-Ibf Moment Check: Mj = 41177 in-Ibf

With t
ith percent error S_percentdiff, = ~0%

M_percentdiffj =0%

[

— S
— M

Actual Shear and Moment Distribution Inside Socket
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Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(o) = 5993.6 psi
Yy
|Smaxi|
Shear stress TSOC, 1= max(Tsoc) = 2959.5 psi
F)i
Axial tension stress 0, = X max(oa) = 10287.8 psi
Stress Ratios
Axial (ult) Ra = &P
ftu-ctu
Bending (ult) Rb.— FSU-0
ftu-ctu
Shear (ult) Ry — FOUTS0C
fsu-ctu
Axial (yld) y = TSy
fty-cty
Bending (yld) Rby = Fya
fty-cty
Shear(yld) . FSy-Tsoc
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS1u = > - -1 min(MS1u) = 1.87
(Ra+ Rb)™ + Rs
Margin of safety yield MS1ly := ! -1 min(MSly) = 2.22

(Ray + Rby)2 + Rsy2

2.1.8-15 ESCG-4005-05-AMS-0039
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Reference - Beam and Socket Margin of Safety - Lower Trunnion Bridge Beam Elbow Side - Moment Y

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID1,LC1, MS1u) sorted := csort(outputl, 3)

ol
)

(sorted”)” = (1201 4016 187)

Based upon the output of SORT function above, it reads:

Element ID = 1201

Load ID =4016

MS1u =1.87
See below for the yield minimum margin of safety with element and load case information:
outputl := augment(ID1,LC1, MS1y) sorted := csort(outputl, 3)

T)@T

(sorted = (1201 4016 2.22)

Based upon the output of SORT function above, it reads:
Element ID = 1201
Load ID =4016

MSly  =2.22

2.1.8-16 ESCG-4005-05-AMS-0039
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Beam and Socket Analysis: Lower Trunnion Bridge Beam Elbow Side (Moment about Z)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

- - L -
5 - b=2a -
4222222777777 |
(uf ) v |
M : / . v
(2, EHEESSSESSST ik
- | ———=] v N .- __,,,;---"":' el N S P |
S and M are respectively beam L X - a -
shear in Ibf and moment in in-Ibf at |

end of socket. W is unit loading in
Ibffin.

i .= 1..rows(elbowside) rows(elbowside) = 768

ID2i = elbowsidei 1 Element ID

LC2i = elbowsidei ’ Load case number
S3ati = elbowsidei,5~lbf S4ati = elbowsidei,6~lbf Picking End A Shear from data

.= (S3ai)2 + (S4ai)2 Combined End A Shear

Pi — elbowsidei 7-Ibf Picking End A Tension from data Mi o= elbowsidei,3~in-|bf Picking Z Moment from data

Li := 4.465-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
i i S.L I I 'M

2.1.8-17 ESCG-4005-05-AMS-0039
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Calculated values are then:
Kli-Mi K2i-Mi
wl, = ” if |s|m_ratioi| <1 w2, := if |s|m_ratioi| <1
L. L.
() ()
K1.-S. K2.-S.
[ . [ .
otherwise otherwise
i i
a.:= Ka.-L.
| ||
(—Ks)i-Mi
Max. shear Smax; = if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := |Km.M.  if |s|m_ratioi| <1
Kmi-Si~Li otherwise
Wli - w2i
Now check: S¢c..= — L.
| 2 1
(—Wl)i + 2-w2i 5
Mc, .= ——— (L.
i )
Si - Sci
Percent error: S_percentdiff ; .= S.
1
M. — Mc.

M_percentdiffi = !

2.1.8-18
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To view graph with a specific load case, assign javalue  j:= 573

2 \ 10
— Ka
18— Ks

K // ?
m
1.6HO O Kaval //
O O Ksval
Km val / /

1.4[7 7
— K1 /
12H K2 / y, .
O OKilval / /
1H K2 val A Ve P
0.8 // 4

\
N\

N
A\
R
Q\
%
\
|

0 / o :

-0.2 A -1
~-04 -2
—06 -3
-0.8 —4
-1 / -5

—1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8 1

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.
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For this specific load case,

Sj = 1143 Ibf

Mj = —1923in-Ibf
Max Shear: Smaxj = 298 Ibf Shear Check: SCj = 1143.3 Ibf
Max moment: |\/|maxj = 0in-Ibf Moment Check: Mj = -1923in-Ibf

With percent error
mp S_percentdiffj =0%

M_percentdiffj =-—0%

[+

Actual Shear and Moment Distribution Inside Socket
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Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(o) = 1775.1 psi
z
|Smaxi|
Shear stress TSOC, 1= max(Tsoc) = 1978.2 psi
Pi
Axial tension stress oa. ;= X max(ca) = 10287.8 psi
Stress Ratios
Axial (ult) Ra.— Z&FSU
ftu-ctu
Bending (ult) Rb.— FSUC
ftu-ctu
Shear (ult) Rs := FSu-Tsoc
fsu-ctu
Axial (yld) Ray = Z2FSY
fty-cty
Bending (yld) Rby := FSy-o
fty-cty
Shear(yld) Rsy := FSy-msoc
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS2u = - > -1 min(MS2u) = 3.14
\/ (Ra+ Rb)™ + Rs
Margin of safety yield MS2y := ! min(MS2y) = 3.52

(Ray + Rby)2 + Rsy2
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Reference - Beam and Socket Margin of Safety - Lower Trunnion Bridge Beam Elbow Side - Moment Z

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID2,LC2, MS2u) sorted := csort(outputl, 3)

@7
)

(sorted”) = (1201 4015 3.14)

Based upon the output of SORT function above, it reads:
Element ID = 1201
Load ID =4015

MS1u =3.14

See below for the yield minimum margin of safety with element and load case information:

outputl := augment(ID2,LC2, MS2y) sorted := csort(outputl, 3)

@7
)

(sorted”) = (1201 4015 352)

Based upon the output of SORT function above, it reads:
Element ID = 1201
Load ID =4015

MSly  =3.52
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Beam and Socket Analysis: Lower Vacuum Case Joint Side

The following loop stacks element IDs 1203, 1206, 1209, and 1212 so that the data can be used only on the
Vacuum Case side of the beam element. The loop below takes the original data from the "loads" database and
pulls out only the data for element IDs 1203, 1206, 1209, and 1212. This includes loads and moments from
beam end A and B, although only end A loads and moments are used for the beam and socket analysis.

rows(load) = 2304 cols(load) = 16

Ivcside := |k «~ 0O
for ie 1..rows(load)

if load. , = 1203 v load. , = 1206 v load. , = 1209 v load. , = 1212
i1 i,1 i,1 i,1

ke—k+1

newdata<k> “— (IoadT

><i>

newdataT
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Beam and Socket Analysis: Lower Vacuum Case Joint Side (Moment about Y)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

b=2a -

| &

5

4222222777777 .
> 7 —~
C . - 4?%;; FRE2 <

\
|

/‘4
Moy
i

o L ———= Wi

S and M are respectively beam L b
shear in Ibf and moment in in-1bf at
end of socket. W is unit loading in

Ibffin.
i:= 1. rows(lvcside) rows(lvcside) = 768
ID3i = Ivcsidei Element ID

1

LCSi = Ivcsidei ’ Load case number

>

S99 = IVCSidei,S'lbf S6a, = IVCSidei,G'lbf Picking End A Shear from data

S (sesai)2 + (seai)2 Combined End A Shear

P.:= Ivcsidei 7.Ibf Picking End A Tension from data by = IVCS'dei,4'm'Ibf Picking Y Moment from data

Li = 4.465-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S.-—
! ! S.-L i i M

[»

2.1.8-24 ESCG-4005-05-AMS-0039



Prepared Name Date File Name
By Brent Dyer 02/22/06 LTBB-bklg.mcd
Checked Engineering and Science Contract Group Draw ing No.
By C. Bala Structural Analysis Section SDG39135735
Title USS-02 Lower Trunnion Bridge Beam
Calculated values are then:
Kli-M. K2i-Mi
wl, = if |s|m_ratio.| <1 W2, = if |s|m_ratio.| <1
i L 2 i i L i
(4 (4
K1.-S. K2.-S.
I 1 . I 1 .
otherwise otherwise
i i
a. = Ka.-L.
| ||
(—Ks)i-Mi
Max. shear Smax; = | ——— if |s|m_ratioi| <1
—K2i-Si otherwise
Max. Bending moment  Mmax, := |Km.M, if |s|m_rati0i| <1
Kmi-Si~Li otherwise
Wli - W2i
Now check: Sc. .= — L.
i 2 i
(—Wl)i + 2-W2i 9
Mc, := —(L)
i 6 i
S. - Sci
Percent error: S_percentdiff ; := S.
1
M. — Mc.

M_percentdiffi = !
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To view graph with a specific load case, assign j a value j == 740

2 \ 10
— Ka
1.882H—— Ks 9.412
Km //
1.7650C O Kaval 8.824
O O Ksval / —
1.64711 ET val L 8.235
| K2 4/7
1.529 _— 7.647
O O Klval — /
1.412H K2 val - 7 v 7.059
. .
1.294 / 6.471
1.176 ~ 5.882
= | /
¥ 1.059 5204 o
1 \ X
g / Q_
g 0941 Ve 4.706
0.824{= /,e’ 4.118
0.706\ S// 3.529
0.588 > \\e- 2.941
/ —_—
0.471 — 2.353
/
0.353 1.765
0.235 1.176
0.118 0.588
0 0
~1 ~08 -06 -04 -02 0 0.2 0.4 06 08 1

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.
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For this specific load case,
SJ. = 3726 Ibf
Mj = —37400 in-Ibf
Max Shear: Smaxj = 11558 Ibf Shear Check: SCJ. = 3725.9 Ibf
Max moment: |\/|maxj = —37400 in-Ibf Moment Check: Mj = —37400 in-Ibf

With percent error
P S_percentdiffj =0%

M_percentdiffj =0%

Actual Shear and Moment Distribution Inside Socket
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Stresses
Total moment
Mmaxi
Bending Tensile stress 0, = S max(o) = 6234.4 psi
y
|Smaxi|
Shear stress TSOC, 1= max(Tsoc) = 3211.7 psi
FJi
Axial tension stress 08, = A max(ca) = 9771.2 psi
Stress Ratios
Axial (ult) Ra:= oaFSy
ftu-ctu
Bending (ult) Rb := FSu-o
ftu-ctu
Shear (ult) Rs - FoU-TS0C
fsu-ctu
Axial (yld) Ray = 28
fty-cty
Bending (yld) Rby = Fya
fty-cty
Shear(yld) Rey 1= Y TS0C
fty-cty
Margins of safety
. . 1
M f saf I = - }
argin of safety ultimate MS3u : > > 1 min(MS3u) = 2.15
\/ (Ra+ Rb)™ + Rs
. . 1
Margin of safety yield MS3y := -1 min(MS3y) = 2.64

(Ray + Rby)2 + Rsy2
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Reference - Beam and Socket Margin of Safety - Lower Vacuum Case Joint Side - Moment Y

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID3,LC3, MS3u) sorted := csort(outputl, 3)

T)<1>T

(sorted = (1203 4031 2.15)

Based upon the output of SORT function above, it reads:
Element ID = 1203
Load ID =4031

MS1u =2.15

See below for the yield minimum margin of safety with element and load case information:

outputl := augment(ID3,LC3, MS3y) sorted := csort(outputl, 3)

ol
)

(sorted”) = (1203 4031 2.64)

Based upon the output of SORT function above, it reads:
Element ID = 1203
Load ID =4031

MSly  =2.64
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Beam and Socket Analysis: Lower Vacuum Case Joint Side (Moment about Z)

Treating the connection as a Beam in a Socket, as per SMM, Memo 41a

- - L L
5 - b=2a -
4222222777777 |
C i . %?z// v <1t t= "
g : / L T K.. T - 4—,&, —
- L ———] wi r _,,;.—-"" Vo |yl !
S and M are respectively beam L X - a =
shear in Ibf and moment in in-Ibf at |

end of socket. W is unit loading in
Ibffin.

i:=1..rows(lvcside) rows(lvcside) = 768

ID4i = Ivcsidei 1 Element ID

5

LC4i = Ivcsidei ’ Load case number
SiEy= IVCSidei,s’lbf S8a; = IVCSidei,e’Ibf Picking End A Shear from data
5= (57ai)2 + (SSai)Z Combined End A Shear

P.= Ivcsidei 7-Ibf Picking End A Tension from data M, = Ivcsidei,s-in'lbf Picking Z Moment from data

>

Li := 4.465-in Length of beam inside socket
Mi Li
mls_ratio. := if| S. = 0,1000, — slm_ratio. := if| M. = 0,1000,S..-—
| | S.-L. i 1 M.

[»
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Calculated values are then:
Kli-M. K2i-Mi
wil. = if |s|m_ratio.| <1 W2, = if |s|m_ratio.| <1
| 2 | | L 2 |
L. .
(1) (1)
K1.S. K2.-S.
1 . 11 .
otherwise otherwise
i i
a. .= Ka.-L.
| [
(—Ks)i-Mi
Max. shear Smax; := | ——— |if |s|m_ratioi| <1
L
—K2i-Si otherwise
Max. Bending moment  Mmax,:= |Km.M, if |s|m_ratioi| <1
Kmi-Si-Li otherwise
Wli - w2i
Now check: Sci = —'Li
2
(—Wl)i + 2-w2i 5
M, := T-(l_i)
S. — Sci
Percent error: S_percentdiff ;.= S
1
M. — Mc.

M_percentdiffi = !
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To view graph with a specific load case, assign j a value j =633

2 T 10
Ka
1.882H—— Ks 9.412
Km //
O O Kaval
1.765 8.824
O O Ksval ///
1.64711 E'ln val ~ 8.235
i K2 ‘/7
1.529 —— < 7.647
O O Kival — /
| ] K2 val _—
1.412 e v 7.059
1.294 / 6.471
1.176 ~ 5.882
g 109 | / 5.294
N
o ' | / ' X
< g
g 0941 / 4.706
0.824[— / 4.118
0.706\ /, 3.529
0.588 o~ 2.941
0.471 L e 2.353
0.353 1.765
0.235 1.176
0.118 0.588
0 0
~1 -08 - 06 ~- 04 -02 0 0.2 0.4 0.6 0.8 1

Ratio

Beam and Socket Coefficients
Note if abs(SL/M) <= 1, Ratio = SL/M, otherwise Ratio = M/SL.
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For this specific load case,
SJ. = 4161 Ibf
Mj = —40202 in-Ibf
Max Shear: Smaxj = 12404 Ibf Shear Check: SCJ. = 4161.4 Ibf
Max moment: Mmaxj = —40202 in-Ibf Moment Check: Mj = —40202 in-Ibf

With t
ith percent error S_percentdiffj =0%

M_percentdiffj =-—0%

Actual Shear and Moment Distribution Inside Socket
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Stresses
Total moment
Mmaxi
Bending Tensile stress 0= S max(c) = 5394.4 psi
z
|Smaxi|
Shear stress TSOC; := max(Tsoc) = 2959.8 psi
Pi
Axial tension stress oa, = N max(ca) = 9771.2 psi
Stress Ratios
Axial (ult) Ra — TEFSU
ftu-ctu
Bending (ult) Rb = FSu-o
ftu-ctu
Shear (ult) Rs := FSu-Tsoc
fsu-ctu
Axial (yld) - 9&FSy
fty-cty
Bending (yld) Rby := ~2YC
fty-cty
Shear(yld) Rey i Y180
fty-cty
Margins of safety
. . 1
Margin of safety ultimate MS4u := > > min(MS4u) = 2.13
(Ra+ Rb)™ + Rs
Margin of safety yield MS4y := ! -1 min(MS4y) = 2.55

\/(Ray + Rby)2 + Rsy2
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Reference - Beam and Socket Margin of Safety - Lower Vacuum Case Joint Side - Moment Z

See below for the ultimate minimum margin of safety with element and load case information:

outputl := augment(ID4,LC4, MS4u) sorted := csort(outputl, 3)

A@7
(sorted ) = (1212 4057 2.13)

Based upon the output of SORT function above, it reads:
Element ID = 1212
Load ID  =4057

MS1u =2.13

See below for the yield minimum margin of safety with element and load case information:

outputl := augment(ID4,LC4, MS4y) sorted := csort(outputl, 3)

@7
)

(sorted”) = (1212 4057 255)

Based upon the output of SORT function above, it reads:
Element ID = 1212
Load ID  =4057

MSly =255

Summary of Minimum Margin of Safety:

The ultimate minimum margin of safety is 1.42 and occurs in the buckling analysis. See page 2.1.8 - 9.

The yield minimum margin of safety is 2.22 and occurs in the beam and socket analysis for the lower trunnion
bridge beam elbow side (Moment about Y). See page 2.1.8 - 15.
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Margins of Safety
Table 2.1.9-1: Minimum Margin of Safety Summary
Material & Critical . .
D Part/ Part Name / Description Heat Load Failure Margin of Reference Page
wg Number Treatment Condition Mode Safety
Interface Joint
Assembly, Lower VC, AL ALY . Max Prin. 0.06
SDG39135737 Lower USS-02 7050-T7451 | -anding Stress 0
Assembly

Notes:

1. Factors of Safety are 1.4 for Ultimate and 1.1 for Yield.

2. Boundary condition is at five Trunnion locations.

3. Al 192 load cases of Launch and Landing are applied.

4. u=ultimate, y = yield

2.19-2
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Factors of Safety

The hardware is designed with a yield factor of 1.1 and an ultimate factor of 1.4 against limit
loads for Launch and Landing.

Description of Structure

Figure 2.1.9-2 below shows the locations of four Lower VC Joints in AMS-02. The Joints were
machined out of 7050-T7451 Aluminum Alloy plate. One part of a Joint was riveted to Lower
Trunnion Bridge. One was bolted to Lower Angle Tube. One was bolted to Lower TOF Strut.
And one was bolted to Interface Plate in Vacuum Case.

Trunnion 1

_ Trunnion 3

T

Trunnion 2
Trunnion4 —

N\

Lower VVC Joints

Trunnion 5

Figure 2.1.9-2 : Location of Lower VC Joints in AMS-02

* Note that the above figure does not show Vacuum Case for clarity.
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Description of Model
A FEM model was built of the Lower VVC Joint hardware using FEMAP.

1. Parts were mainly modeled as CHEXA and CPENTA solid elements.
2. Atthe bolt holes, RBE2 rigid elements with DOF’s 1, 2 & 3 are represented.
3. The interface between Lower Trunnion Bridge and the Tube Section are represented by

RBEZ2 rigid elements with DOF’s 1, 2 & 3.
4. The interfaces of Vacuum Case, Lower Angle Beam, and Lower TOF to the Lower VC
Joints are represented by RBE2 rigid elements with DOF’s 1.

Lower Trunnion Bridge

Tube Section

Interface
Plate

Figure 2.1.9-3 : View 1 - FEMAP Model of Lower VC Joint
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Vacuum Case
Interface

Lower TOF
Interface

=)

Figure 2.1.9-4 : View 2- FEMAP Model of Lower VC Joint

The model was then constrained with DOF’s 1&3 at Trunnion 1&2 (see Figure 2.1.9-2), with
DOF’s 3 at Trunnion 3&4, and with DOF’s 2 at Trunnion 5.

All 192 load cases for Launch and Landing were applied.
MSC/NASTRAN v.2005 was used as a solver for analyzing the complete math model of AMS-02

version 2-04.

Solid stresses were recovered and sorted to find the maximum of Principal, Von-Mises, and Shear
in all four Lower VC Joints.

Table below shows detail of model inputs.

Table 2.1.9-2 — Inputs of Finite Element Model of Lower VC Joints

DESCRIPTION NODE # ELEM # PROP MAT'L
Joint 1 500,001 - 515,504 | 500,001 - 511,332 200001 - solid | 200001 - 7050-T7451
Joint 2 200,001 - 215,504 | 200,001 - 211,332
Joint 3 300,001 - 315,504 | 300,001 - 311,332
Joint 4 600,001 - 615,504 | 600,001 - 611,332
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Model Checks

Rigid body checks were performed using MSC/NASTRAN. Results are shown below. The
KGG, KNN and KFF matrices all pass with low strain energies.

*** USER INFORMATION MESSAGE 7570 (GPWG1D)

RESULTS OF RIGID BODY CHECKS OF MATRIX KGG

(G-SET) FOLLOW:

PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-02

DIRECTION STRAIN ENERGY
1 1.103060E-08 PASS
2 2.298996E-08 PASS
3 4.454561E-07 PASS
4 4.764726E-06 PASS
5 3.137545E-08 PASS
6 2.111139E-06 PASS

PASS/FAIL

*** USER INFORMATION MESSAGE 7570 (GPWG1D)

RESULTS OF RIGID BODY CHECKS OF MATRIX KNN

(N-SET) FOLLOW:

PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-02

DIRECTION STRAIN ENERGY
1 1.103060E-08 PASS
2 2.298996E-08 PASS
3 4.454561E-07 PASS
4 4.764726E-06 PASS
5 3.137545E-08 PASS
6 2.111139E-06 PASS

PASS/FAIL

*** USER INFORMATION MESSAGE 7570 (GPWG1D)
RESULTS OF RIGID BODY CHECKS OF MATRIX KNN+AUTO (N+AUTOSPC-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-02

DIRECTION STRAIN ENERGY
1 1.103060E-08 PASS
2 2.298996E-08 PASS
3 4.454561E-07 PASS
4 4.764726E-06 PASS
5 3.137545E-08 PASS
6 2.111139E-06 PASS

PASS/FAIL
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*** USER INFORMATION MESSAGE 7570 (GPWG1D)

RESULTS OF RIGID BODY CHECKS OF MATRIX KFF

(F-SET) FOLLOW:

PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-02

DIRECTION STRAIN ENERGY
1 1.103060E-08 PASS
2 2.298996E-08 PASS
3 4.454561E-07 PASS
4 4.764726E-06 PASS
5 3.137545E-08 PASS
6 2.111139E-06 PASS

PASS/FAIL

A further check is that of rigid body modes. The first 10 unconstrained modes are shown below.
There are six rigid body modes (~ 0.0), and then good separation with the first non-rigid body

mode.
Table 2.1.9-3 : Eigenvalue Summary of Lower VC Joint Model
REAL EIGENVALUES
MODE | EXTRACTION | EIGENVALUE | RADIANS | CYCLES | GENERALIZED | GENERALIZED

NO. ORDER MASS STIFFNESS
1 1 -1.08E-05 3.29E-03 | 5.23E-04 1.00E+00 -1.08E-05
2 2 -5.16E-06 2.27E-03 | 3.62E-04 1.00E+00 -5.16E-06
3 3 4.63E-07 6.80E-04 | 1.08E-04 1.00E+00 4.63E-07
4 4 2.99E-06 1.73E-03 | 2.75E-04 1.00E+00 2.99E-06
5 5 5.30E-06 2.30E-03 | 3.67E-04 1.00E+00 5.30E-06
6 6 7.86E-06 2.80E-03 | 4.46E-04 1.00E+00 7.86E-06
7 7 1.84E+07 4.29E+03 | 6.83E+02 1.00E+00 1.84E+07
8 8 4.61E+07 6.79E+03 | 1.08E+03 1.00E+00 4.61E+07
9 9 6.05E+07 7.78E+03 | 1.24E+03 1.00E+00 6.05E+07
10 10 6.21E+07 7.88E+03 | 1.25E+03 1.00E+00 6.21E+07

Additional check is comparision of the strap loads between the load model and the detail model.
The loads are picked randomly. Loads in both models are closely matched.
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Table 2.1.9-4 : Strap Loads (Ibf) in Load Model 2-04

Load LOAD MODEL 2-04 : STRAP LOADS (LBF)
Case 90001 | 90002 | 90003 | 90004 90005 90006 | 90007 | 90008 | 90009 90010 90011 90012 | 90013 | 90014 90015 90016
1001 || 1186.6 | 16153 | 14954 | 21284 | 12413 | 3808.0 | 13825 | 53312 | 5259.6 | 1683.6 10097.9 | 2054.3 | 7952.9 | 3314.8 | 9044.1 | 3929.6
1023 || 11713 | 22456 | 1605.7 | 6899.0 | 1013.3 | 1511.8 | 1670.6 | 3157.0 | 7264.3 | 4582.4 6207.3 | 3965.4 | 6681.8 | 1678.2 | 10078.1 | 19143
2031 | 3923.0 | 6907.2 | 1444.7 | 15559 | 29755 | 6887.1 | 1389.8 | 1621.2 | 6181.0 | 87878 1481.6 | 1652.1 | 75129 | 52652 | 1564.0 | 1500.3
2040 || 21195 | 1696.3 | 5485.8 | 2655.9 | 2756.3 | 2103.0 | 7067.2 | 37343 | 14950 | 15865 1980.6 | 2141.0 | 14335 | 2698.7 | 16213 | 49523
4050 || 1896.4 | 2100.0 | 30245 | 39059 | 51164 | 1178.1 | 6429.4 | 12818 | 8827 1133.1 27744 | 66182 | 6820 | 1087.4 | 16129 | 2519.9
4064 || 7657.7 | 3755.7 | 1663.0 | 1556.5 | 10633.2 | 1494.6 | 2604.4 | 1236.1 | 5487.6 | 10488.8 593.2 852.8 | 2100.1 | 7849.4 479.6 947.1
Table 2.1.9-5 : Strap Loads (Ibf) in Lower VC Joint
Load LOWER-VC-JOINT MODEL : STRAP LOADS (LBF)
Case 90001 | 90002 | 90003 | 90004 90005 90006 | 90007 | 90008 | 90009 90010 90011 90012 | 90013 | 90014 90015 90016
1001 1186.8 | 1614.0 | 1494.6 | 2124.1 1242.4 | 3847.7 | 1383.3 | 5346.9 | 5280.4 1678.5 | 10092.2 | 2047.7 | 79328 | 3377.9 9034.2 | 4009.2
1023 1170.9 | 22448 | 1608.2 | 6889.6 1013.6 | 1512.3 | 1670.0 | 3156.0 | 7264.6 4579.2 6204.2 | 3981.2 | 6685.4 | 1679.0 | 10069.0 | 1914.1
2031 | 39445 | 6884.6 | 1446.6 | 15552 | 29855 | 6884.2 | 1392.3 | 1625.0 | 6151.3 | 8787.0 1478.3 | 1649.2 | 74268 | 5286.4 | 15618 | 15016
2040 2119.1 | 1696.1 | 5491.1 | 2655.3 27476 | 2102.4 | 70685 | 3751.2 | 14952 1587.2 1980.3 | 2140.9 | 1433.7 | 2695.0 1624.3 | 4964.2
4050 1897.2 | 2099.3 | 3023.8 | 3885.4 5119.4 | 1179.4 | 63649 | 1281.8 | 8846 1135.1 2762.0 | 6587.1 | 684.9 | 1089.0 1611.3 | 2492.2
4064 7654.6 | 3757.0 | 1663.2 | 1556.4 | 10633.6 | 1494.4 | 2604.7 | 1237.0 | 5486.9 | 10491.6 592.2 | 8529 | 2097.6 | 78516 479.1 | 9474
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Table 2.1.9-6 : Load Differences (Ibf) between Two Models
Load LOAD DIFFERENCES BETWEEN TWO MODELS
Case 90001 90002 90003 90004 90005 90006 90007 90008 90009 90010 90011 90012 90013 90014 90015 90016
1001 0.2 1.3 0.8 4.4 -1.1 -39.6 -0.7 -15.7 -20.8 5.2 5.7 6.5 20.1 -63.1 10.0 -79.6
1023 0.4 0.8 2.5 9.4 -0.3 -0.5 0.6 1.0 -0.2 3.2 3.1 -15.8 -3.6 -0.8 9.0 0.2
2031 214 225 -1.9 0.7 -10.0 2.9 2.5 -3.8 29.7 0.9 33 2.9 86.1 212 2.3 -1.4
2040 0.4 0.2 5.3 0.6 8.7 0.6 -1.3 -17.0 0.3 0.8 0.2 0.2 0.2 3.7 3.0 -11.9
4050 0.7 0.7 0.7 20.5 -3.0 -1.3 64.4 0.0 -1.9 2.0 12.4 31.1 2.9 -1.6 1.7 276
4064 3.1 -1.3 -0.2 0.1 -0.4 0.2 -0.3 -0.9 0.7 -2.8 0.9 0.0 2.6 -2.3 0.5 -0.3
Note: 1. Negative sign in Table 2.1.9-6 means load in Detail model greater than in Load model.
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Material and Temperature

The Lower VC Joints are 7050-T7451 Aluminum Alloy. Material properties of 7050-T7451 are
taken from Boeing Material Specification of BMS 7-323C, and MIL-HDBK-5H. Temperature
limits at the interface of Lower USS to Upper USS are provided by the Thermal Analysis Group .
For Launch condition, the temperature of 120°F is applied. For Landing condition, the
temperature of 161°F is applied.

Analysis

The critical stresses for Lower VC Joints are compared to the ultimate and yield strength of 7050-
T7451 Aluminum Alloy. All margins of safety are positive.
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CHECK OF LOWER VACUUM CASE JOINTS

Material Properties : 7050-T7451 AL ALY, BMS 7-323C
or AMS 4050

Fy := 67000psi

Fiy := 57000psi

Fqu = 43000psi

Factors of Safety,

FSy:= 1.4

Temperature reduction factors,

+ At 120°F for Launch condition:

- Ultimate:

- Yield:

Allowable stresses:

~u1:= 0.95

~y1:= 0.99

+ For Launch condition:

Frut.a:=YurFu

Fuia = 63650 psi

Ftyl.a =y Fty

Fiypa = 56430 psi

Fsut.a == Yur-Fsu

Foura = 40850 psi

FSy:= 1.1

(Ref. MIL-HDBK-5H, Figure 3.7.3.2.1)

(Boeing Material Specification, BMS 7-323C, Table 1
& MIL-HDBK-5H, Table 3.7.3.0(b;)

for thickness of 5.001"-6.000")

+ At 161°F for Landing condition:

2= 0.90

y2:= 0.96

+ For Landing condition:

Fru2.a = Yu2'Fu

Fuz.a = 60300 psi

FtyZ.a =y Fty

Fiyo.a = 54720 psi

Fsu2.a = Yu2'Fsu

Fouz.a = 38700 psi

2.19-11

ESCG-4005-05-AMS-0039



Prepared Name Date - S File Name
By Peter Hoang | 06/06/05 '- Ivcj.med

Checked Engineering and Science Contract Group Draw ing No.
By John Krejci 06/21/05 Structural Analysis Section SDG39135737
Title AMS-02 LOWER VACUUM CASE INTERFACE JOINT

Maximum Von-Mises, principal, and shear stresses of solid elements are selected from 192 load cases for
Launch and Landing. NASPOST V.2.1 is used to sort out the maximum stresses within the load cases.

+ For Launch condition:

+ For Landing condition:

Ouyl.max *

Ouulmax .= 27441-psi

Oust.max = 15199-psi

Oyuz.max = 40690-psi

Ouy2.max = 42302-psi

Ous2.max = 24295-psi

= 27865-psi

(Stress contour plot shown in Figure 2.1.9-5)

LC# 1016, ELEM# 506475 (see p.A6-3)
LC# 1016, ELEM# 506474 (see p.A6-3)
(LC# 1016; ELEM# 505774)  (see p.A6-4)

(Stress contour plot shown in Figure 2.1.9-6)

LC# 4016; ELEM# 506475  (see p.A6-8)
LC# 4016; ELEM# 505774  (see p.A6-8)
LC# 4016; ELEM# 505774 (see p.A6-9)
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Margins of Safety,

+ For Launch condition:

Fru1.
MSyj = —————— — 1
FSy ouut.max

Fy1.
MSyy = ———— 1
I:Sy'o'uyl.max
Fsut
MSy = ————— —1
FSy 0ust.max

+ For Landing condition:

)
MSyp = — 2 1
FSy ouu2.max
Fy2
MSyp = ——2 — 1
I:Sy'c"uyz.max
Feuz
MSg = ———— — 1

FSy Ous2.max

MS,; = 0.66

MS 0.84

yl1 =

MSg; = 0.92

MS,, = 0.06

MS,, = 0.18

MS, = 0.14

2.1.9-13
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INTRODUCTION:

The Sill Tube is fabricated from 4" x 4" x 0.25" thick 7075-T73511 aluminum square tubing. Two Sill Tubes are
located on the USS-02 assembly, one on the port side, and one on the starboard side. The tubes are riveted to the

Sill Bracket on the forward end, and to the Diagonal Sill Bracket on the aft end as shown in Figure 1.

LOADS:

Applied loads to the Sill Tube have been calculated using the 2-04 loads model. The Sill Tube is represented by
four CBEAM elements in the loads model: elements 1701 and 1702 on the -y side of the assembly and elements
1703 and 1704 on the +y side. Using NASPOST, three forces and three moments were calculated at each end of
the beam elements and output to the file "silltube.lis”. For analysis, the NASGRO output file was stripped of all

headers and the reformatted file "SillTube.txt" is imported into MathCAD for analysis.

FACTORS OF SAFETY
A factor of safety of 1.4 is used on ultimate and 1.1 on yield.

Diagonal Sill
Brack

==

Figure 2.1.11-1: Upper USS-02 Assembly

2.1.11-2
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Bracket (2x)



Name

Prepared Date File Name
Tk .
By J.Edgecombe | 01/25/06 FOA Sill Tube.xmcd
Checked C. Bala Engineering and Science Contract Group Draw ing No.
By ' Structural Analysis Section SDG39135739
Title Stress Analysis for Sill Tube

PART: Sill Tube, SDG39135739-301

ANALYSIS: Combined Tension/Compression, Bending and Shear Analysis (Includes Buckling)

FACTORS OF SAFETY:

SF,:=14 SFy:=11 (Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 7075-T73511 Aluminum, 0.250"-0.499 Thick Extrusion @150F per MMPDS-01

Thermal properties have been derated relative to the maximum temperature of 150F taken from Appendix C2

E. := 0.98-10700-ksi E. = 10486 ksi (Compressive Modulus of Elasticity)
Fyy := 0.93-68-ksi Fyy = 63.24 ksi (Ultimate Tensile Strength)
Fiy := 0.95-57-ksi Fiy = 54.15 ksi (Tensile Yield Strength)
Fey = 0.96-60-ksi Fey = 57.6ksi (Compressive Yield Strength)
Fsy := 0.99-38-ksi Fsy = 37.62 ksi (Ultimate Shear Strength)
PART GEOMETRY:
L := 52.3-in (Tube Length)
Dy := 4-in (Tube Height)
. . ~—(4.00) —
D, := 4-in (Tube Width)
t:= 0.25-in (Wall Thickness)
—= = (.25)
A= (Dy-D,) - [(Dy - 2t)-(D, - 2t]] - ALL AROUND
A= 375in’ (Cross Sectional Area)
1 3 1 3 S y
ly:= E-Dy-DZ - E-(Dy - 2t)-(D, - 2t) :
l, = 8.828 in4 (Moment of Inertia about Y)
=1y (Moment of Inertia about Z) Iz

Q = 2.641in°

Q = 2.641in°

(First Moment of Area at Y-Y)

(First Moment of Area at Z-Z)
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I
S, 1= —> S, = 4414in° (Section Modulus about Y-Y)
5-D.
z
|
S, = z S, = 4.414 in3 (Section Modulus about Z-Z)
5-Dy
3= 2t(D, - t):(Dy - t) J,=7.031 in> (Torsional Constant, Ref Roark, 7th Edition,
Table 10.1, Case 16)
|
Ry= |~ R, = 1.534in (Radius of Gyration about Y)
A
|
R,:= |— R, = 1.534in (Radius of Gyration about Z)
A
K:=1.0 (Effective Length Factor for Column, assuming a pin ended beam. Ref Structural

Engineering Handbook, 4th Edition, Figure 5, pg. 8-10)

SRy = KL SRy = 34.087 (Slenderness Ratio, Y)
Ry
K-L :
SR, := ? SR, = 34.087 (Slenderness Ratio, Z)
z

CALCULATE ALLOWABLE LOADS:

The following constants are calculated per the Structural Engineering Handbook, 4th Edition, Formulas 5a-c, pg. 11-6 in
order to calculate the allowable compressive stresses for the beam.

I:cy .
By Fcy‘(l N mj B, = 66.816 ksi
B, [B
IR D, = 0.533 ksi
10 | E,
2.8
o= 0.41. D° Ce=34.242
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The allowable compressive loads are calculated using the above constants to approximate the tangent-modulus column
formula if the slenderness ratio is less than the constant C.. Otherwise, the allowable is calculated using the Euler

column formula.

Fey:= |Bc— DeSRy if SRy <Cq Fey = 48.636ksi (Allowable Compressive Stress Based on
5 Slenderness Ratio about Y)
E. I otherwise
SRy
Fe;:= |Bc— D¢SR, if SR, <C; F.; = 48.636 ksi (Allowable Compressive Stress Based on
5 Slenderness Ratio about Z)
E. | otherwise
SR,
Per = min(FCZ-A,FCy-A) Per = 182384.22 Ibf (Allowable Compressive Axial Load)
Pi = FyrA P; = 237150 Ibf (Allowable Tensile Load)

The allowable shear load is calculated per Roarks Formulas for Stress and Strain, Seventh Edition, Eq 8.1-2:

V-A-dy
T =

. where: b:=2t and A.dy=Q ,the first moment of area of the section
|-

Therefore, the maximum allowable shear load is:

Iz'b .
Vi = Fsu.? V,y = 62885.503 Ibf (Allowable Shear Load in Y)
z
Iy-b
Vy; = Fsu-y— V,; = 62885.503 Ibf (Allowable Shear Load in Z)

z

The allowable torsional load is calculated per Roarks Formulas for Stress and Strain, Seventh Edition, Table 10.1, Case 16
T

2t-(Dy - t)-(D, - 1)

Tavg = where  J,  has previously been defined as  J:= 2.t-(D, - t)-(D, - t)

Therefore, the maximum allowable torsional load is:

Ty = Fed; T, = 264515.625 in- Ibf (Allowable Torsion Load)
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Allowable bending loads are calculated using the shape factor (f) which is defined for various cross sections in Structural
Engineering Handbook, 4th Edition, Table 7, pg.11-15:

f.=1.22 (Shape Factor for Hollow Rectangular Tube)
Myy := Sy Fu + (f = 1)-Fy| M,y = 331730.039 in-Ibf (Allowable Bending Moment about Y)
My == Sz Fuu + (F = 1)-Fy ] M, = 331730.039 in-Ibf (Allowable Bending Moment about Z)

In order to calculate a combined Bending and Axial margin of safety, the following factors are calculated per the Structural
Engineering Handbook, 4th Edition, pg.11-25.

102000-ksi .
ey = —2 Fey = 62.706 ksi
SF,'SRy
102000-ksi
ez = —— Fe; = 62.706 Ksi
2
SF,SR,
Pey = Fey' A Pey = 235145.803 Ibf
Pe; == Fezr A Po, = 235145.803 Ibf

IMPORT LOADS:

NASPOST was used to output all element loads for the Sill Tube into a file named "silltube.lis". This file is located at
/hsm/bsommer/ams/naspost/uss/2-04/. The file "SillTube.txt" was generated from the NASPOST output with the headers
and formatting removed.

load := READPRN("SillTube.txt") i :=1..rows(load)

ID := Ioad<1> (Element ID) LC = Ioad<2> (Load Case Number)

My, = Ioad<3>-in~lbf My = Ioad<9>-in.|bf (Moment About Element Z Axis at Ends A and B)

Mo, = Ioad<4>-in~lbf Moy, = Ioad<10>.in-|bf (Moment About Element Y Axis at Ends A and B)
V= Ioad<5>-lbf Vi = Ioad<11>-|bf (Shear Force in Element Y Direction at Ends A and B)
Vg, = Ioad<6>-lbf Vyp, = Ioad<12>-|bf (Shear Force in Element Z Direction at Ends A and B)
P, = load " -Ibf P, = load % Ibf (Axial Load at Ends A and B)

T = load®-in-Ibf (Total Torque)
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CALCULATE COMBINED MARGINS OF SAFETY:

RS, := |\\//1a‘ + |\\//2ai +; (Shear Ratio at End A)
uy uz u
RS = |\\fbi| + |\\//i'| 4 (Shear Ratio at End B)
uy uz u
IDai |M2a |M1ai
RTa1i = . + Moy + Mo, if Pai > 0-Ibf
Pai + |M2ai . L + |Mlai . L otherwise
PCT Muy | Pa|| MUZ | Pai|
", F e,
RT, := T if P, > 0-lbf
i Py ’ Muy ’ M, | w0
|Pbi| + |M2b'| L + |Mlbi|. 1 otherwise
Pcr Muy |Pbl| Muz |Pbl|
1 Pey 1 PEZ

RATIO, := J (RTai)Z + (RSai)Z

2 2
RATIOp, = J(RTbi) + (RSbi)
RATIO, = if(RATIOa_ > RATIOb_,RATIOa_,RATIOb_)
1 [} 1 1

1
= — -1
! RATIOi-SFu

[min(MS) = 4.267 |

DETERMINE WORST LOAD CASE AND ELEMENT:
cases := augment(ID,LC, MS)

W 1703 (Element ID)
(sorted_cases ) = 1032 (Load Case)
4.267

(Margin of Safety)

2.1.11-7
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COMPONENT: USS-02 Diagonal Sill Bracket, SDG39135740
MINIMUM MARGINS OF SAFETY:
PART Material Elem 1D Subcase MSu Page
Diag. Sill Bracket Al 7050-T7451 | 1721 1032 0.411 2.1.12-13

INTRODUCTION:

The Diagonal Sill Bracket is connected to the Sill Tube and Diagonal Strut at one end and to the Sill Joint
at the other end. Figure 1 highlights these components which are on the Upper USS-02 Assembly. The
diagonal sill bracket, which is manufactured from Al Aly 7050-T7451 6" plate, is riveted to the Sill Tube
and bolted to the Sill Joint. There is an integrally machined clevis on the diagonal sill joint to attach the
diagonal strut by a clevis pin.

LOADS:

Loads to the Diagonal Sill Bracket have been taken from the NASPOST output from the 2-04 loads model.
The original NASPOST results (located at /hsm/bsommer/ams/naspost/uss/2-04/diagsillbracket.lis) have been
re-formatted to remove headers and create a reformatted file (diagsillbracket_mc.txt) for import into MathCAD.

ANALYSIS METHOD:
The loads obtained from the Loads Model are applied to the diagonal sill bracket using classical hand

calculation methods. The bracket will be checked at two cross sections.

FACTORS OF SAFETY
A factor of safety of 1.4 is used on ultimate and 1.1 on yield. The temperature reduction factor at
140 def F is 0.92 for ultimate and 0.97 for yield.

Figure 1: Diagonal Sill Bracket
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Figure 2. Upper USS-02 Assembly
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PART: Diagonal Sill Bracket, at Section A-A

ANALYSIS: Shear & Bending, Launch/ Landing Loads

FACTORS OF SAFETY:

SF,=14 SFy:=11

(Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 7050-T7451 Aluminum, 5"-6" Thick Plate @150F per MMPDS-01

(Ultimate and Yield Thermal Degradation Factors)

TD, := 92% TDy = 97%

Fiy := TD-66-ksi Fiy = 60.72 ksi (Ultimate Tensile Strength)
Fiy := TDy-57-ksi Fiy = 55.29 ksi (Tensile Yield Strength)
Fgy := TDy-43-ksi Fsy = 39.56 ksi (Ultimate Shear Strength)

PART GEOMETRY: (At Section A-A)

b := 4.562-in (Section Width)
by = 3:in (Tube Bore Width)
h:= 4.562-in (Section Height)
hy := 3.25-in (Tube Bore Height)

Aaa = b-h - bl'hl

Aus = 11.062in°

1 ( 3 3)
— |b-h®=Dbsh
12 11

|aa_y =

laa y = 27.512 in*
N at Section A-A)

1 ( 3 3)
la z:= —-(h-b” = hy-b
aa_z 12 1"M1

la , = 28.782in"
- at Section A-A)

(Cross Sectional Area at A-A)

(Moment of Inertia about Y <

(Moment of Inertia about Z

2.1.12-4
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LOADS

Loads to the Diagonal Sill Bracket at section A-A are taken from the NASPOST output found in
/hsm/bsommer/ams/naspost/uss/2-04/diagsillbracket.lis. This output has been reformatted for import into MathCAD
in the file diagsilloracket_mc.txt. Section A-A of the bracket corresponds to side A of beam elements 1721 and 1722
as shown below.

Diagonal Sill Bracket (+y side)

Diagonal Sill Bracket (-y side)

Load := READPRN("diagsillbracket_mc.txt")

Sorted_Loads := csort(Load, 1) (Sort Loads by Element ID)
ncases := 192 (Number of Load Cases)
nelem := 8 (Number of Elements in Matrix)
ry := 6-ncases + 1 (First Row of Data for Element 1721)
r, := nelem-ncases (Last Row of Data for Element 1722)
Load,, := submatrix(Sorted_Loads,ry,ry, 1, cols(Load)) i == 1..rows(Load,,)
. &% . ©)
ID := Load,, (Element ID) LC := Load,, (Load Case)
My, = Loadaa<3>~in-lbf (Moment about Z axis at end A) My, = Loadaa<4>~in-lbf (Moment about Y axis at end A)
Vi = Loadaa<5>-lbf (Shear in Y direction at end A) V= Loadaa<6>-lbf (Shear in Z direction at end A)
P,:= Loadaa<7>-lbf (Tensile Load) Ta:= Loadaa<8>-in-lbf (Torsional Load)

2.1.12-5
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STRESS AND MARGINS OF SAFETY AT SECTION A-A

P, My |-h  [Mg|-b
L=y [ + 1 max(o,) = 24844.959 psi
! Aaa 2'Iaa_y 2'|aa_z
[ ()
Tag, = ' ' max(,;) = 1873.409 psi

max(T2) = 126.407 psi

max(T,) = 1990.279 psi

max(Gmax_p) = 25003.386 psi

min(oin_p) = —158.783 psi

max(oyy) = 25552.356 psi

max(Tinax) = 12580.906 psi

F
MS,, = ———— — 1 [min(MS,) = 0.735 |
! SFy Tmax p
Ms, = — Y g [min(Ms,) = 0.967 |
Yi SFy om, L
MS, = — [min(MS,) = 1.246 |
K SI:u""maxi .

DETERMINE WORST LOAD CASE AND ELEMENT:

(Maximum Tensile Stress)

(Maximum Shear Stress due to
Transverse Load)

(Maximum Shear Stress due to Torsional Load,
Ref. Roark, 7th Edition, Table 10.1, Case 16)

(Combined Shear Stress)

(Maximum Principal Stress)

(Minimum Principal Stress)

(Maximum Von Mises Stress, Ref. Bruhn,
Section C1.17, Eq 32)

(Maximum Shear Stress)

... Minimum Ultimate Margin of Safety

... Minimum Yield Margin of Safety

... Minimum Shear Margin of Safety

cases := augment(ID, LC, MSU) sorted_cases := csort(cases, 3)
1721 (Element ID)
2@
(sorted_cases ) = 1032 (Load Case)
0.735 (Margin of Safety)
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PART: Diagonal Sill Bracket, at Section B-B 5 N
ANALYSIS: Shear & Bending, Launch/ Landing Loads !
B4 A
FACTORS OF SAFETY:
SF,:=14 SFy:=11 (Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 7050-T7451 Aluminum, 5"-6" Thick Plate @150F per MMPDS-01

TD, = 92% TDy = 97% (Ultimate and Yield Thermal Degradation Factors)
Fiy := TD-66-ksi Fiy = 60.72 ksi (Ultimate Tensile Strength)

Fiy := TDy-57-ksi Fiy = 55.29 ksi (Tensile Yield Strength)

Fgy := TDy-43-ksi Fsy = 39.56 ksi (Ultimate Shear Strength)

PART GEOMETRY: (At Section B-B)

b := 4.562-in (Flange Width)
d:= 3-in (Web Height) z
t,, = .812-in (Web Thickness) |
G 1 Lo Yy
t:= w (Flange Thickness) Y
2
_ . Ly
h =4562in (Beam Height)
Abb =2-b-t+ twd
App = 9.562 in’ (Cross Sectional Area at B-B)
d
| bg't tWS'd < PP t
by = — + e >
6 12 h
I,y = 12.492 in’ (Moment of Inertia about Y
- at Section B-B)
3
N CE 203 (b - ty)d
bz 12 12
lyp , = 27.657 in’ (Moment of Inertia about Z
- at Section B-B)
1
= —-(b-t3 bt d-tw3)
3
J=1984 in4 (Torsional Constant at Section B-B, Ref Bruhn, A6-6)

2.1.12-7
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LOADS

Loads to the Diagonal Sill Bracket at section B-B are taken from the NASPOST output found in
/hsm/bsommer/ams/naspost/uss/2-04/diagsillbracket.lis. This output has been reformatted for import into MathCAD
in the file diagsilloracket_mc.txt. Section B-B of the bracket corresponds to side B of beam elements 1721 and 1722
as shown below.

Diagonal Sill Bracket (+y side)

Diagonal Sill Bracket (-y side)

Load := READPRN("diagsillbracket_mc.txt")

Sorted_Loads := csort(Load, 1) (Sort Loads by Element ID)
ncases := 192 (Number of Load Cases)
nelem := 8 (Number of Elements in Matrix)
ry := 6-ncases + 1 (First Row of Data for Element 1721)
r, := nelem-ncases (Last Row of Data for Element 1722)
Loadyy, := submatrix(Sorted_Loads, ry, 1,1, cols(Load)) i == 1..rows(Loadyp)
. % . ©)
ID := Loady, (Element ID) LC := Loady, (Load Case)
My = Loadbb<9>-in~lbf (Moment about Z axis at end B) My, = Loadbb<10>~in-lbf (Moment about Y axis at end B)
Vip = Loadbb<11>.|bf (Shear in Y direction at end B) Vyp = Loadbb<12>.|bf (Shear in Z direction at end B)
Pp = Loadbb<13>'|bf (Tensile Load) Tp = Loadbb<14>-in-lbf (Torsional Load)

2.1.12-8
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STRESS AND MARGINS OF SAFETY AT SECTION B-B
|Pbi| |M2bi|'b |Mlbi|'h , -
= + + max(o'b) = 23963.424 psi (Maximum Tensile Stress)
b App 2:lpp y 2-lpy 5
2 2
) v
Tpy = max(Ty;) = 2167.298 psi (Maximum Shear Stress due to
' Apb Transverse Load)

3 |Tbi| -max(t,tw) (Maximum Shear Stress due to Torsional Load,

Ref. Bruhn, Section A6.6)

Top, = ; max(Tyz) = 1985.173 psi

Tp = To1, + Th, max(Ty) = 4002.692 psi (Combined Shear Stress)
max(crmax_p) = 24614.328 psi (Maximum Principal Stress)

min(cmin_p) = —684.656 psi (Minimum Principal Stress)

(Maximum Von Mises Stress, Ref. Bruhn,

max(oyr) = 26803.724 psi Section C1.17, Eq 32)

Tmax, = maX(Tmax) = 12632.616 psi (Maximum Shear Stress)
F
MS, = ———— 1 |min(MSu) = 0.762 | ... Minimum Ultimate Margin of Safety
: SFy Tmax p
Fiy . . : .
MS, = ——— -1 |m|n(MSy) = 0.875 | ... Minimum Yield Margin of Safety
i SFy-U\,mi
F
MSg = ——— — 1 |min(MSs) = 1.237 | ... Minimum Shear Margin of Safety
: SFy Trmax,
1

DETERMINE WORST LOAD CASE AND ELEMENT:

cases := augment(ID, LC, MSU) sorted_cases := csort(cases, 3)
1721 (Element ID)
2@
(sorted_cases ) = 1032 (Load Case)
0.762 (Margin of Safety)
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PART: Diagonal Sill Bracket, at Diagonal Strut Clevis

ANALYSIS: Lug Analysis,

FACTORS OF SAFETY:
SF,:=14

Launch/ Landing Loads

SFy =11

=2

(Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 7050-T7451 Aluminum, 5"-6" Thick Plate @150F per MMPDS-01

TD, := 92%
Fi := TD,-66-ksi
Fiy := TD, 57 ksi
Fou := TDy-43-ksi

PART GEOMETRY:
D := 1.005-in

D, := 97%
F = 60.72 ksi
Fiy = 55.29 ksi
Fou = 39.56 ksi

(Diameter of Hole)

e := 5.56-in — 4.026-in e =1.534in

t:=1in
W := 2.1.75-in

Shape Ratios:

% - 1526

Ay = Dt

A= (W — D)-t

o= 69.69-deg
LOADS:

(Thickness of Lug)

(Ultimate and Yield Thermal Degradation Factors)

(Ultimate Tensile Strength)
(Tensile Yield Strength)
(Ultimate Shear Strength)

(Edge Distance)

W/2
> Axial
¢ Load
o
Transverse obli
Load Lo'gé’ €

W = 3.5in (width of Lug)
D w
= = 1.005 W _ 3483
t D |
A, = 1.005in°  (Bearing Area) t ¢

A = 2495in°>  (Tensile Area)

(Angle of Applied Force)

Typical Lug Dimensions and Loading

Loads to the diagonal strut clevis are taken from the 2-04 loads model. The Diagonal Struts are represented by two
CBEAM elements in the loads model: elements 1801 and 1803. Since the strut includes rod end bearings at each
end, loads to the strut act in the axial direction only. Using NASPOST, the finite element results were sorted to
determine the maximum axial load in the struts which was found to be 34052.7 Ibf. NASPOST output files are located
in the files "diagstrutlaunch.lis", "diagstrutlanding.lis”, and "diagstrutabortlanding.lis" in the folder
/hsm/bsommer/ams/naspost/uss/2-04/.

(Total Applied Load to Joint)

P := 34052.7-Ibf

p
Paxial := E -cos(a)

P .
Piransverse = E'Sm(a)

Paxial = 5909.835 Ibf

Ptransverse = 15967.794 Ibf

2.1.12-10
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(Transverse Load per lug)
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CALCULATE ALLOWABLE LOADS (Axial Load Component):
From Astronautics Structures Manual, Figure B.2.1.0-3, using: £ = 1.526 E = 1.005
D t
Kpr := 1.45
Poru == Kor Fru-Apr Ppry = 88484.22 Ibf (Ultimate Bearing Load)
From Astronautics Structures Manual, Figure B.2.1.0-4, Curve 4, using: w = 3.483
D
Ki:= 0.77
P = KeFr At P, = 116652.228 Ibf (Ultimate Tensile Load)
From Astronautics Structures Manual, Figure B.2.1.0-5, using: £ 1.526
D
Kpry := 1.53
Pory = Kpry-Apr-Fry Ppry = 85016.668 Ibf (Yield Bearing Load)
COMPUTE ULTIMATE & YIELD LOAD RATIOS (actual/allowable)
. . . SFu-Paxial .
using smaller of Ptu and Pbru for ultimate : Ropu:= |——— if Py < Ppny Rpry = 0.094
tu
SFu'Paxial .
—— otherwise
bru
] SF\-Payial
for yield: Rpy = ——— Ryry = 0.076
Pbry

2.1.12-11
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CALCULATE ALLOWABLE LOADS (Transverse Load Component):

3 := 45-deg
Calculate lug section areas:
— D-si A3 least of an
A = tw A = 1395 in2 radial set:tiony
1 2 1
25° |
|
A=tV -D A, = 1.247 in°
2 2 2
D .2
A3 = t-(e - Ej A3 =1.032in A2
A= W - Drsin(B) A, = 1395in’ Areas of Lug for Calculating Shape Parameter
2
Calculate the weighted average area: Aavg = 0 Aavg = 1.293 in2
3 1 1 1
—t— + — + —
A1 A2 A3 A 4
From above, the bearing area is: Ay, = 1.005 in’
. Aavg
The shape parameter is: = 1.287
Abr
AN _ 1 287
From Astronautics Structures Manual, Figure B.2.2.0-4, curve 8, using: Ay -
Kipry == 0.53
Pibru == Kioru Fru-Aor Pipry = 32342.508 Ibf (Ultimate Transverse Bearing Load)
AN _ 1 287
From Astronautics Structures Manual, Figure B.2.2.0-4, using: Ay -
Kipry := 1.26
Piory = Kiory FyApr Ptpry = 70013.727 Ibf (Yield Transverse Bearing Load)
COMPUTE ULTIMATE & YIELD LOAD RATIOS (actual/allowable)
SF,-P
ultimate: Ripru = U lransverse Ripry = 0.691
I:’tbru
SF,-P
yleld Rth = w Rth = 0251

I:’tbry

2.1.12-12
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CALCULATE COMBINED MARGINS OF SAFETY: Ref Astronautics Structures Manual, section B2.3.0:
-0.625

MS, = (Rbml'6 + Rtb,ul'e) -1 MS, = 0.411 ... Margin of Safety on Combined Ultimate

1.6

16 —0.625
MSy = (Rbry T+ Rtbry ' )

-1 MS, = 2.654 ... Margin of Safety on Combined Yield
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CALCULATE STRESS AND MARGIN OF SAFETY AT SECTION A-A

J

L

. [ el Cte |
¥ V < v V
A “Ik A
dl
2.kl:)transverse: pin_transverse
2*PaxialzPpin_axial
PART GEOMETRY:
tlug = 2-t tlug =2in
w:= 8-in (Section Width)
t W2
lug’ .
i S = 21.333in°
6
.2
A= tygw A=16in
4.562 .
dy =1.745in

dq = 4.026-in — ——-in
2

LOADS, STRESSES, AND MARGINS OF SAFETY:

Ppin_axial = 2-Payial

Ppin_transverse = 2-Pyransverse

M := Ppin_transverse -dy

o=

MS,:

MSy:

MSs :

M IDpin_axial
+ ———

S A

I:)pi n_transverse

Ppin_axial = 11820 Ibf

Ppin_transverse = 31936 Ibf

M = 55728 in-Ibf
o = 3351psi
T = 1996 psi

MS, = 11.943
MS, = 14
MS; = 13.157

2.1.12-14

(Thickness of Section A-A, Two Lugs)

(Section Modulus)
(Cross Sectional Area)

(Distance From Load to Section A-A)

(Axial Load at Section A-A)
(Transverse Load at Section A-A)

(Bending Moment)

(Normal Stress, Bending + Axial)

(Shear Stress)

. Ultimate Margin of Safety at Section A-A

... Yield Margin of Safety at Section A-A

... Shear Margin of Safety at Section A-A
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PART: Diagonal Sill Bracket, SDG39135740
ANALYSIS: Diagonal Sill Bracket to Sill Joint Fastener Hole
FACTORS OF SAFETY:
SF,:=14 SFy:=11 (Ultimate and Yield Factors of Safety)

FF:= 115 (Fitting Factor)

MATERIAL PROPERTIES: 7050-T7451 Aluminum, 6" Thick Plate per MMPDS-01

TD,:= 0.92 TDy = 0.97 (Temperature Degradation Factors, Ultimate and Yield @140 F)
Foy = TDy-44-ksi Fq, = 40.48 ksi (Ultimate Shear Strength)

Fory := TDy-103-ksi Foru = 94.76 ksi (Ultimate Bearing Strength, e/D=1.5)

Fory := TDy-83-ksi Fory = 80.51 ksi (Bearing Yield Strength, e/D=1.5)

LOADS: Worst case shear and tensile loads are taken from the fastener analysis in Section 2.4.1.5.

file := "output_forces_diagsillbrack_r2_launch.txt"
data := READPRN(file)

Tensile loads are contained in the third column of the matrix and shear loads are contained in the fourth.

P:= max(data<3>)- Ibf V= max(data<4>>- Ibf

P = 1242859 Ibf (Maximum Fastener Tensile Load) V = 2111.781 Ibf (Maximum Fastener Shear Load)

PART GEOMETRY
t:= 1.0-in (Flange Thickness)
e := 0.5in (Min Edge Distance)
D := 0.539-in (Hole Diameter)
e
— =0.928
D
Dy := 0.875-in (Washer OD)
D .
Ao = 2-t-(e - E) Ay, = 0.461 in’
(Shear Tear-Out Area)

Aprg = t-D Aprg = 0539 in” (Bearing Area)

D + Dy, 2
Agpt = T-wt Agpt = 2.2211in (Shear Pull-Thru Area)
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STRESS ANALYSIS:

The Sill Bracket will be checked for bearing strength, shear pull-thru, and shear tear-thru.

o

\Y
Tsto ==
Asto
p
Tspt *=
As
pt
\Y/
Obrg = A
g

Since the ratio of e/D is less than 1.5, adjust bearing strength allowables:

e
Foru = Fbru'(B - )
e

MSqio =

MSspt =

MSpy :=

MSbry =

FSU

Tsto'SFy:

FSU

Tspt'SFu'

l:bru

Gbrg'SFu

I:bry

Gbrg'SFy

O haole

Shear Tear-Out

Toto = 4.581 ksi

Tept = 5.596 ksi

Oprg = 3.918 ksi

Fory = 40.524 ksi

Fory = 34.43 ksi

Bearing

(Shear Tear-Out Stress)

(Shear Pull-Thru Stress)

(Bearing Stress)

2.1.12-16

[ 3
W

=

Shear Pull-Thru

(Ultimate Bearing Strength, e/D=1.5)

(Bearing Yield Strength, e/D=1.5)

..Margin of Safety on Shear Tear-Out

..Margin of Safety on Shear Pull-Thru

..Margin of Safety on Ultimate Bearing Strength

(Margin of Safety on Shear Tear-Out)
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COMPONENT: USS-02 Diagonal Strut Tube, SDG39135742
MARGIN OF SAFETY SUMMARY:
Part Part Number Material Element ID | Subcase MS | Failure Mode | Page #
Diagonal Strut Tube | SDG39135742-001| 6061-T6511 1803 1032 0.58 Buckling 2.1.13.1-5

**Refer to Appendix D1 for assessment of DR 2A0530218
INTRODUCTION:

The Diagonal Strut Tube is one component in the Diagonal Strut Assembly (SEG39135741-301). The assembly is
made up of the Diagonal Strut Tube (SDG39135742-001), two Endfittings (SDG39135743-001/-003) which are riveted
to the strut tube, and two Rod End Bearings (SDG39135745-801/-803) which thread into the Endfittings. The
Diagonal Strut Tube is fabricated from 4" OD x 3.5" ID 6061-T6511 aluminum round tubing. Two Diagonal Struts are
incorporated in the USS-02 assembly, one each on the port and starboard sides.

LOADS:

Applied loads to the Diagonal Strut Tube have been calculated using the 2-04 loads model. The Diagonal Struts are
represented by two CBEAM elements in the loads model: elements 1801 and 1803. Since the strut includes rod
end bearings at each end, loads to the strut act in the axial direction only. Using NASPOST, the finite element
results were sorted to determine the maximum axial load in the struts which was found to be 34052.7 Ibf.

NASPOST output files are located in the files "diagstrutlaunch.lis”, "diagstrutlanding.lis", and
"diagstrutabortlanding.lis" in the folder /hsm/bsommer/ams/naspost/uss/2-04/.

FACTORS OF SAFETY
A factor of safety of 1.4 is used on ultimate and 1.1 on yield.

Diagonal Sill
Bracket (2x)

Diagonal
Strut Tube

Diagonal
Strut Tube

Figure 2.1.13.1-1: Upper USS-02 Assembly

2.1.13.1-2
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PART: Diagonal Strut Tube, SDG39135742-001

ANALYSIS: Tension/Compression Analysis (Includes Buckling)

FACTORS OF SAFETY:
SF,:=14 SFy:=11 (Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 6061-T6511 Aluminum, 0.250"-0.499 Thick Extrusion @150F per MMPDS-01

Thermal properties have been derated relative to the maximum temperature of 150F taken from Appendix C2

E. := 99%-10100-ksi E. = 9999 ksi (Compressive Modulus of Elasticity)
Fiy := 94%:-37-ksi Fr, = 34.78 ksi (Ultimate Tensile Strength)
Fey = 95%-34-ksi Fey = 32.3ksi (Compressive Yield Strength)
PART GEOMETRY:
L := 31.43-in (Tube Length)
D, := 3.944-in (Minimum Tube OD)
D; := 3.53-in (Maximum Tube ID)
t:= 05(D, - D)) (Minimum Wall Thickness)
A= 3.(D02 - Diz)
4

A=243 in2 (Cross Sectional Area)
= 1-<Do4 - Df‘)

64

I =4.255 in4 (Moment of Inertia)
R:= jI R =1.323in (Radius of Gyration)

A

K:=1.0 (Effective Length Factor for Column, assuming a pin ended beam. Ref Structural

Engineering Handbook, 4th Edition, Figure 5, pg. 8-10)

SR = 23.752 (Slenderness Ratio)

2.1.13.1-3
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CALCULATE ALLOWABLE LOADS:

The following constants are calculated per the Structural Engineering Handbook, 4th Edition, Formulas 5a-c, pg. 11-6 in
order to calculate the allowable compressive stresses for the beam.

B.:= For| 1+ _Foy B. = 36.17 ksi
oY 2250-ksi c T
B. [B
Doi= — [— D = 0.218 ksi
10 | E,
2B,
Coi= 041 C. = 45.446
D,

The allowable compressive loads are calculated using the above constants to approximate the tangent-modulus column
formula if the slenderness ratio is less than the constant C.. Otherwise, the allowable is calculated using the Euler

column formula.

F.:= |B.— D¢SR if SR<C, F. = 31.003 ksi (Allowable Compressive Stress Based on
5 Slenderness Ratio)
E L1 otherwise
SR
Pe = FA Pe = 75343.54 Ibf (Allowable Compressive Axial Load)
P == FyrA P; = 84522.61 Ibf (Allowable Tensile Load)

LOADS:

NASPOST was used to output worst case element loads for the Diagonal Strut Tube during launch, landing and abort
landing. Three files were generated: "diagstrutlaunch.lis", "diagstrutlanding.lis”, and "diagstrutabortlanding.lis" and are
located in the folder /hsm/bsommer/ams/naspost/uss/2-04/. Analysis will be performed using the maximum axial load
found in any load case.

Prax launch = |34052.77| -1bf (Worst Case Axial Load in Strut, Launch Cases,
- Element ID 1803, Subcase 1032)

Prmax_landing := |—-22696.79] -Ibf ~ (Worst Case Axial Load in Strut, Landing Cases,
- Element ID 1803, Subcase 4045)

Prax abort = |—14987.22] -Ibf (Worst Case Axial Load in Strut, Abort Landing Cases,
- Element ID 1803, Subcase 2045)

Pa = maX(Pmax_Iaunch: F)max_landinga Pmax_abort) Pa = 34052.77 Ibf (Maximum Axial Load)

2.1.13.1-4
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MARGINS OF SAFETY:

The part will be checked assuming the maximum axial load acts in both the tensile and compressive directions in order to
determine the minimum margin of safety

P,
MSiens = P StF -1 MSiens = 0.773
a2 u
Per
Mscomp = W - Mscomp =0.58
a hu

MS := min(MSens, MScomp) MS = 0.58 ...Margin of Safety

2.1.13.1-5
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COMPONENT: USS-02 Diagonal Strut Endfitting, SDG39135743-001,-003

MARGIN OF SAFETY SUMMARY:

Part Part Number Material MS | Failure Mode | Page #
Diagonal Strut Endfitting [ SDG39135743-001,-003| 7075-T7351 0.58 | Thread Shear |2.1.13.2-5

INTRODUCTION:

The Diagonal Strut Endfitting is one component in the Diagonal Strut Assembly (SEG39135741-301). The assembly
is made up of the Diagonal Strut Tube (SDG39135742-001), two Endfittings (SDG39135743-001/-003) which are
riveted to the strut tube, and two Rod End Bearings (SDG39135745-801/-803) which thread into the Endfittings. The
Diagonal Strut Tube is fabricated from 4" OD x 3.5" ID 6061-T6511 aluminum round tubing. Two Diagonal Struts are
incorporated in the USS-02 assembly, one each on the port and starboard sides. This analysis will address the
thread shear at the interface with the Rod End Bearings. Analysis of the rivet holes and tension across the net
section is addressed in the rivet analysis in Section 2.5.1.5.

LOADS:

Applied loads to the Diagonal Strut Endfitting have been calculated using the 2-04 loads model. The Diagonal
Struts are represented by two CBEAM elements in the loads model: elements 1801 and 1803. Since the strut
includes rod end bearings at each end, loads to the strut act in the axial direction only. Using NASPOST, the finite
element results were sorted to determine the maximum axial load in the struts which was found to be 34052.7 Ibf.
NASPOST output files are located in the files "diagstrutlaunch.lis”, "diagstrutlanding.lis", and
"diagstrutabortlanding.lis" in the folder /Thsm/bsommer/ams/naspost/uss/2-04/.

TEMPERATURE:
Temperatures of the diagonal strut are taken from Appendix C, Table C2-2 for Launch (120F), Landing (101F), and

Abort Landing (150F). Margins of safety for each flight event are calculated using appropriate material thermal
degradation.

FACTORS OF SAFETY

A factor of safety of 1.4 is used on ultimate and 1.1 on yield. Diagonal Sill
Bracket (2x)

Diagonal
Strut Tube

Diagonal
Strut Tube

E
Figure 2.1.13.2-1: Upper USS-02 Assembly
2.1.13.2-2
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Title Stress Analysis for Diagonal Strut Endfitting

PART: Diagonal Strut Endfitting, SDG39135743-001,-003

ANALYSIS: Thread Shear

FACTORS OF SAFETY:

SF,:=14

SFy =11

(Ultimate and Yield Factors of Safety)

MATERIAL PROPERTIES: 7075-T73511 Aluminum Bar, per MMPDS-01, Table 3.7.6.0(9)

Thermal degradation factors for launch, landing and abort landing are applied to the margin of safety calculations

TDIaunch = 96.5%
TDIanding = 98%
TDaport := 94%

Fy == 58-ksi
Fg = 37-ksi
PART GEOMETRY:

(Temperature Degradation @120F - Launch)
(Temperature Degradation @101F - Landing)

(Temperature Degradation @150F - Abort Landing)

FtU = 58 kSI
Fo = 37ksi

dp == 1.1959-in (Pitch Diameter of

(Ultimate Tensile Strength)

(Ultimate Shear Strength)

@ 3,000 +.002

It max -— 25|n
1.25-12UNJF Thread) -
7.14 £.01
——2X 1.00
——4.64 +.01 —
| e B
| 1N
A
=B
—1.50 +.01
~—(2.50) —
4.77

Y

CHAMFER

R .25
ALL AROUND“\\\Lzﬁii\
. 125 X 45° ~/// R

.25

//;{/////f.IZS X 45°

(Thread Depth in
Endfitting)

e

1.250-12UNJF-38
(

RIGHT HAND THREAD!
-001 ONLY
1.250- 1 2UNJF -38-LH
(LEFT HAND THREAD![Z >
-003 ONLY

MINOR DIAMETER

Figure 2.1.13.2-2: Diagonal Strut Endfitting
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2X 2.94 + 0.06 —p]
(Ref. SEG39135726) —

oo ooy

4
I8

R

o O 0 O

(35.88)

(42.55

Figure 2.1.13.2-3: Diagonal Strut Assembly, SEG39135741 / Rod End Bearing, SDG39135745

Calculate Thread Engagement of Rod End Bearing

I, = 5.51-in
d; == 2.78-in
lj ;= 2.94-in
tol := 0.06-in

d,
Lthread = | - 2 —| - tol

T I-thread'dp

Aing =
thd 2

(Length of Rod End Bearing)
(Outer Diameter of Rod End Race)
(Length from Center of Rod End to Endfitting)

(Tolerance on Thread Engagement)

Linreaq = 1.121in (Minimum Thread Engagement Length)

Apg = 2.104 in’ (Thread Shear Area)

2.1.13.2-4
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LOADS:

NASPOST was used to output worst case element loads for the Diagonal Strut Tube during launch, landing and abort
landing. Three files were generated: "diagstrutlaunch.lis", "diagstrutlanding.lis”, and "diagstrutabortlanding.lis" and are

located in the folder /hsm/bsommer/ams/naspost/uss/2-04/. Analysis will be performed using the maximum axial load
found in any load case.

Prmax_launch = |34052.77| - Ibf

Pmax_landing ‘= | -22696.79| - Ibf

Pmax_abort = |-14987.22| - Ibf

(Worst Case Axial Load in Strut, Launch Cases,

Element ID 1803, Subcase

1032)

(Worst Case Axial Load in Strut, Landing Cases,

Element ID 1803, Subcase

4045)

(Worst Case Axial Load in Strut, Abort Landing Cases,

Element ID 1803, Subcase

STRESS AND MARGIN OF SAFETY:

I:)max_launch
Tlaunch =
Atnd
Pmax_l:;\nding
Tlanding ‘=
Athd
Pmax_abort
Tabort ‘=
Athd
l:su'TDIaunch
MS =— -1
launch
Tiaunch SFy
I:su'-I—DIanding
MSjanding = —————— — 1
landing
Tlanding'SFu
Fsu'TDabort
MSaport = -
Tabort SFy

Tlaunch = 16185.26 psl
Tlanding = 10787.77 psi

Tabort = 7123.416 psi

MS)aunch = 0.58

Mslanding =14

MSaport = 2.49

MS := min(MSIauncha I\/lslandinga MSabort)

2.1.13.2-5

2045)

(Thread Shear Stress, Launch)

(Thread Shear Stress, Landing)

(Thread Shear Stress, Abort Landing)

...Margin of Safety on Thread Shear, Launch

...Margin of Safety on Thread Shear, Landing

...Margin of Safety on Thread Shear, Abort Landing

...Minimum Margin of Safety
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Analysis of diagonal strut rod-end bearing:

Clevis Pin
-

Rod-End Bearing

Diagonal Strut Assembly

Diagonal Strut Assembly (View shown on
diagonal sill bracket side) - SEG39135741

. o S
r'/ £ H“‘“—
o = -
. , K o N\,
Diagonal Strut ¢ . Clevis Pin

Assembly },"

‘\“\
hi

|
|

Diagonal Strut Assembly (View shown on
vacuum case side) - SEG39135741

2.1.13.3-2

Rod-End Body

i
f V) ¥

1' |{ (i
XK
\\\ = Rod-End Ball

Rod-End Race o

Rod End Bearing - SDG39135745

Vacuum Case
Clevis Plate

Rod-End Bearing

ESCG-4005-05-AMS-0039
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Description of Rod End Bearing:

Thread Size: 1.2500-12UNJF-3A

Threads per Inch

1

N:= 12—

Rod-End Bearing Part No. SWRKMLH-16-516 (Left Hand Thread),

SWRKM-16-516 (Right Hand Thread)

Altered Item Part No. SDG39135745-801 (Right Hand Thread)
SDG39135745-803 (Left Hand Thread)

dt = 1.1959-in pitch diameter of threads

oo oo

o S 5 S

(36.68)

[

- 5
4 3]
\4=.33)

Diagonal Strut Assembly SEG39135741

Note: Referenced dimension of 42.55" in drawing SEG39135741 equals a

n

(Ref. Southwest Products Co. Spec)

@ [2.78)

¢ (1.00)

thread engagement of 1.185". Analysis will allow for .50" of linear adjustment

in addition to the length of 42.55" See below. (See section 2.1.13.2 for the

endfitting analysis.)

Referenced thread engagement length:

length of rod end

Outer diameter of rod-end race

length from endfitting to endfitting

length between the center of rod-end to rod-end

Lr e (Ir— ﬂj CIrc—le
2

Referenced thread engagement length

Ir:= 5.51-in
dr:= 2.78-in
le := 36.68-in
Irc := 42.55-in

2.1.13.3 -

2

3

Lr=1.185in

Rod-End Bearing
SDG39135745

ESCG-4005-05-AMS-0039
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Adjusted thread engagement length:
- . . . la
Additional linear adjustment la:= .50-in NUMber of turmns T =6
N
L:=Lr-la L =0.685in length of thread engagement inside of endfitting
L .2
A= 7Tdt~E Ag=1.287in Area of thread shear

Material Properties:

Rod-End Body - CRES 15-5PH Stainless Steel, 1025 cond. (Ref. Mil-HDBK-5J, table 2.6.7.0 (b))
Fiy := 155000-psi Fsy = 97000-psi

Rod-End Ball - 13-8Mo (AMS5629) (Ref. Mil-HDBK-5J, table 2.6.6.0 (b))

Puit := 803001bf (Ultimate Static Load Allowable from MIL-B-81935/1B or SAE-AS81935/1)

Factors of Safety:

FSu:= 1.4 Ultimate Factor of Safety FSy:= 1.1 Yield Factor of Safety

FF:= 1.15  Fitting Factor of Safety

Temperature Input:

Maximum Temperature temp_max := 150-deg (Abort Landing Temperature,
Ref. Appendix C2)

Temperature Correction Factor c:= .96 (For CRES 15-5PH and 13-8Mo)

Load Input:

Rmaxaxial == 34052.77-Ibf (max axial load from load case 1032 of USS-02,

loads model 2-04, element ID 1803, Ref. Appendix 12).

Rod-End Body Margin of Safety:

Puec

Margin of Safety MSult = Zr Feur
. u-

-1 MS,;|t = 0.406
maxaxial

2.1.13.3-4 ESCG-4005-05-AMS-0039
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Rod-End Ball Margin of Safety:
Margin of Safety MS Put © 1
bru = - -
FF-FSU-R maxaxial MSy,, = 0.406
Rod-End Threads Margin of Safety:
R .
Shear Stress of pulled-out threads T:= _maxaxial T = 26463.491 psi
A
Fsu'C
Margin of Safet -
g y MS: FF.-FSu-T ! MS = 1.186

2.1.13.3-5
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Title Clevis Pin on Upper USS-02 Assembly

Clevis Pin, SDG39135744

The Clevis Pin analysis is performed in the following report sections. The analysis covers the Clevis Pin for the
Diagonal Sill Bracket on the Upper USS-02 Assembly and the Clevis Pin for the Clevis Plate on the Upper
USS-02 Assembly.

21141

Clevis Pin (Sil Tube Side)

21142

Clevis Pin(Vacuum Case Side)

21.14-2

ESCG-4005-05-AMS-0039



2.1.14.1 Clevis Pin (Sill Tube Side)
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Title Clevis Pin for Diagonal Sill Bracket

Check USS clevis pin stresses:

This analysis covers the clevis pin for the diagonal sill bracket on the upper USS-02 assembly. Reference
drawing SDG39135744 for pin details.

Reference section 2.1.12 Diagonal Sill Bracket for the lug analysis.

(5.40)

LS00 4,895

1375 220
- - 000
LBETE FULL THREAD

] - /

.08 [+] [==1.000- 12080 - 38— \ .

. R - : JOB ¥ 45
R .Cﬁ—”} .04 @ onss[A

ALL  ARDLMD ALL AROUND

=001

Temperature Input:

Maximum Temperature: Temp_max:= 150 deg (Abort Landing Temperature, Ref. Appendix C2)

Material Properties of Pin: Custom 455 H1000, AMS5617 (Ref. MIL-HDBK-5J, table 2.6.4.0 (b) and
figure 2.6.4.2.1)

Temperature Correction Factor: cp:=.97

Tensile allowable, ultimate: Ftu_pin := 200000-cp-psi Shear allowable Fsu_pin := 124000cp-psi

Ftu_pin = 194000psi Fsu_pin = 120280psi

Tensile allowable, yield: Fty_pin := 185000-cp-psi
Fty_pin = 179450psi

Material Properties of Lug: 7050-T7451, BMS 7 323-C, 5.75in thick  (Ref. MIL-HDBK-5J, table 3.7.4.0 (b1)
and figure 3.7.4.2.1)

Temperature Correction Factor: cl:=.92
Tensile allowable, ultimate Ftu_lug := 66000cl-psi Ftu_lug = 60720psi
Shear allowable Fsu_lug := 43000cl-psi Fsu_lug = 39560psi

Factor of Safety:

Ultimate Factor of Safety: FSu:=1.4 (Since the stress check is on combined bending and
shear, there is no yield check.)

21.141-2 ESCG-4005-05-AMS-0039
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Load Inputs:

Applied force: P := 34052.77-Ibf This load is the max axial load from AMS 2-04 model, load case 1032

Geometry:

Distance from centerline to outside of lug:

Diameter of pin

Outer Radius of lug:

Bearing area (Lug hole):

Tensile area (Lug):

Ref Appendix A12.

e = (5.56 — 4.026)-in

Dp := .9976-in  Thickness of one lug: t

W := 3.5in
Abr := D-t
At:= (W - D)t
e

W/2

Transverse
Load

Oblique
Load

|
LS
f

Typical Lug Dimensions and Loading

Check Pin Bending Stress:

Thickness of rod-end ball:

(For t2 reference SAE-AS81935, Table 1)

Depth of two lugs:

Gap is:

Calculate ratios:

£
D

= 1.526

dlug := 3.46-in
_dlug-2t-12
' 2
g =0.0425in
b = 1.005 w
t D

t2 := 1.375-in

e=1534in

.= 1.0.in Diameter of lug hole: D := 1.005-in

Abr = 1.005 in2

At = 2495 in2

= 3.483

2.1.141-3

1.00-12UNJF-3A b

1

Hex Bolt | |
NN

il

T

E} —p A

T

L

Single Lug -~

=4

ESCG-4005-05-AMS-0039
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Ultimate Allowable Loads:

From AERONAUTICS STRUCTURES MANUAL, FIG B.2.1.0-3 Kbr := 1.49

Ultimate load for shear bearing is therefore: Pbru := Kbr-Ftu_lug-Abr Pbru = 90925 Ibf
From AERONAUTICS STRUCTURES MANUAL, FIG B.2.1.0-4, CURVE 4 Kt:= 0.77
Ultimate load for tension is therefore: Ptu:= Kt-Ftu_lug-At Ptu = 116652 Ibf

From AERONAUTICS STRUCTURES MANUAL, B2.1.0-6

A r=0.75
D) 2]t

= E;uru ifo::r;i: . Pumin = 90925 Ibf —Ab';‘;:ji‘lug = 1.49
From AERONAUTICS STRUCTURES MANUAL, Figure B 2.1.0-6 N =74
Calculate the moment arm "b" b:= % +0+ y(;—zj b =0.797in
Maximum pin bending moment is: Mmax := P% Mmax = 13568 in-Ibf
Maximum Shear on the pin is: P = 34052.77 Ibf

Section Properties:
Cross section of the pin (bolt) is a circle.

Diameter: d:=Dp d = 0.9976in

Area is: Area ;= (%)(dz)

Area = 0.782 in2

y

21.141-4 ESCG-4005-05-AMS-0039



Prepared Name Date R File Name
s . . . .
By Brent Dyer 07/12/05 T, diagsill_clevispin.mcd
Checked . Engineering and Science Contract Group Draw ing No.
John Krejci ) )
By Structural Analysis Section SDG39135744
Title Clevis Pin for Diagonal Sill Bracket
. . d .
Distance from centroid to 72C = — zc = 0.499in
outer fiber: 2
Cz:=zC cz =0.499in
N .- T 4 4
Moments of inertia about centroid: ly=|—|\d ly = 0.049in
64

Stresses on cross section:

Bending stress is: Mmax| -cz .

g = | | o = 139201 psi
ly
- P .
Shear stress is: Ti=— T = 43566 psi
Area

Find Modulus of Rupture of pin to check bending (Ref.Bruhn, C4.16, figure C4.11)

Assume D/t=2 for solid pin.

Frup := 330000-cp-psi

Margins of safety:

Stress ratios

Bending

Shear

Margins of safety: MSu :

Rb:

Rs:

Frup = 320100 psi

o-FSu

= Rb = 0.609
Frup

_ TFsu Rs = 0.507
Fsu_pin

MSu = 0.262
\/ Rb2 + R52

2.1.141-5
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Check VC clevis pin stresses:

This analysis covers the clevis pin for the Clevis Plate on the upper USS-02 assembly. Reference drawing
SDG39135744-003 for pin details.

Reference section 3.8 Clevis Plate for the lug analysis.

(4.40)
."_IEU E' -EQE
+.020
g -9980 e
- 8978 FULL THREAD
-""-T -------------------------
i
i -
|
IR ) v
N A
R .o6—" \LH .08 [=1.000-12UNJF -3A—/
ALL AROUND .04 & | @ .005M A
ALL AROUMND
Temperature Input:
Maximum Temperature: Temp_max:= 150 deg (Abort Landing Temperature, Ref. Appendix C2)

Material Properties of Pin: Custom 455 H1000, AMS5617

Temperature Correction Factor:

Tensile allowable, ultimate: Ftu_pin := 200000-cp-psi

Shear allowable Fsu_pin := 124000-cp-psi

Tensile allowable, yield: Fty_pin := 185000-cp-psi

cp

figure 2.6.4.1.1)

= .97

21.142-2

Ftu_pin = 1.94 x 105 psi

Fsu_pin = 1.203 x 105 psi

Fty_pin = 1.795 x 105 psi

(Ref. MIL-HDBK-5J, table 2.6.4.0 (b) and

ESCG-4005-05-AMS-0039
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Factor of Safety:
Ultimate Factor of Safety: FSu:= 1.4 (Since the stress check is on combined bending and
shear, there is no yield check.)
Load Inputs:
Angle of applied force: o := 54.0-deg (Ref. CAD Model)

Applied force: P := 34052.77-Ibf This load is the max axial load from AMS 2-04 model, load case 1032.

S0G391357 44-003 o

UZ=-02 Azzembly

Tk s HE ] 1
36.0° 7
36.0°
Applied forc E i
F "
Diagonal Strut
Az=zembly
3 & d
—] B i
Ohligue Load angle = 5. 0" —‘/ - L 54, 0"
Iy

Yacuum Caze Assembly

S0G3I9135744-003
clevis pin o
# d{\\-,_\_

21.142-3 ESCG-4005-05-AMS-0039
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-—E::l I
@ m |
i M m M
o
n
Rod-End Bearing “
/\§ § \\g\\%"" (205391357 45)
- .'_ -
2 l\. o N
!
4 |
—(1.38)— - Clevis Plate

(SDG 39135790)

Check Pin Bending Stress:

o Clevis Plate .
Pin Diameter: D := .9976-in (SDG 39135790) P2
Thickness of clevis plate tl:= 0.5-in \< \

SDE39135744-003 | 5
. _ clevis pin | |
Thickness of Rod-End Bearing: t2:= 1.38-in l d |
(SDG39135745) — I ;
—e T
==
Depth of lug is: dlug := 2.455-in l - i
2
f,F"
— 2.1 — ]
Gap is: = dlug-2t1-t2 Rod-End Bearing =~ [— —
2 (=D39135745) r'g —elti o
P
= duy ———
g = 0.0375in

21.142-4 ESCG-4005-05-AMS-0039
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From AERONAUTICS STRUCTURES MANUAL, Figure B 2.1.0-6

Calculate the moment arm "b"

Applied force:

Maximum pin bending moment is:

Shear on the pin is:

Section Properties:

Cross section of the pin (bolt) is a circle.

Diameter: d:=D

Area: A= (3)-(d2)

A=0.782 in2

Distance to centroid is:

Distance from centroid to
outer fiber:

Moments of inertia about centroid:

P = 3.405 x 10” Ibf

~v:=10

(conservative )

t2
+0+ f\{-(—) b =0.633in

Mmax := P% Mmax = 10769 in-Ibf
P
F2:= 2 Fz = 17026 Ibf
-y
d .
yC = E yc = 0.4991in
d .
ZC = — zc = 0.4991in
2
cy :=Yyc cy = 0.499in
Cz:=zC cz =0.499in
0y 4 .4
ly:=|—|\d ly = 0.049in
- (2t y
.4
lz:=1ly 1z=0.049in

2.1.142-5
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Stresses on cross section:

Bending stress is: Mmax| -cz .
g o o AMmax|-cz o = 110488 psi
ly
. Fz .
Shear stress is: Ti=— T = 21783 psi
A

Find Modulus of Rupture of pin to check bending
From Bruhn, C4.16, for D/t=2 (solid pin), figure C4.11 Frup := 330000-cp-psi
Frup = 320100 psi

Margins of safety:

Stress ratios

. -FS
Bending Rb := o-rou Rb = 0.483
Frup
-FS
Shear Rs = — u Rs = 0.254
Fsu_pin
Margins of safety: MSu = _r 1
: > > MSu = 0.832
Rb™ + Rs
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WIF ADAPTER PLATE STRENGTH ANALYSIS
Drawings no.: SDG39135747

Units used

2 in, Ibf

The objective of this analysis is to demonstrate the structural strength of the WIF ADAPTER PLATE.
The WIF adapter plate is mounted on the sill tube to support the WIF socket.

WIIF Adapter Flate

a). WIF adapter plate

WIF adapter plate  sill tukie

b). Location of WIF adapter plate

Figure 2.1.15-1 WIIF Adapter Plate

2.1.15-2 ESCG-4005-05-AMS-0039



Prepared Name Date File Name
By KC San 06/22/05 i, WIF adapter plate
Checked Engineering and Science Contract Group Draw ing No.
By J. Krejci Structural Analysis Section SDG39135747
Title WIF Adapter Plate
Load

Per CARD JSC-33499, WIF Socket is subjected to 4200in-Ibf (bending moment), 4200 in-Ibf (torsional
moment), 274 (shear force), and 274 |bf (axial force).

$ P
4—%& 1@ L
-

A
"K}"’J

Load case 1
Fx := 2741bf
Fy := 274-1bf

Mx := 4200-in-Ibf
Mz := 4200-in-Ibf

WWF adapter plate

Figure 2.1.15-2 WIF Socket and WIIF Adapter Plate

Axial force
Shear force
Torsion moment

Bending moment

Load case 2

Fx := 274Ibf
Fz := 274-Ibf
Mx := 4200-in-Ibf
My := 4200-in-Ibf

2.1.15-3

Axial force
Shear force
Torsion moment

Bending moment
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The finite element model (FEM) of the WIIF adapter plate and sill tube is created using I-DEAS (file name:
WIF-adapter-plate.dat). In the finite element model, shell elements are used. The SPC restraints in all degrees
of freedom are applied to the attachment locations where the sill tube is fixed. The bolts connecting the plate to
the sill tube are modeled as bush elements. The center of the WIF Socket is modeled as a nodal point and
connected to the WIIF adapter plate with a rigid element. Forces and moments are applied to the center of the
WIF Socket .The analysis was performed using NASTRAN. An overview of the FEM is shown in Figure
2.1.15-3.

DETAIL A

sill tube

center of the "WIF adapter

WIF adapter plate

DETAIL A

Figure 2.1.15-3 Finite Element Model
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The Free-Free normal modes analysis was performed. The finite element model obtains six rigid body modes.
Results showed that the finite element model passes the stiffness energy check.

RESULTS OF RIGID BODY CHECKS OF MATRIX KGG (G-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL
1 1.327280E-07 PASS
2 8.003553E-10 PASS
3 2.095476E-09 PASS
4 5.859583E-07 PASS
5 2.740852E-06 PASS
6 1.775559E-07 PASS
RESULTS OF RIGID BODY CHECKS OF MATRIX KNN (N-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL
1 1.180597E-07 PASS
2 1.461012E-08 PASS
3 1.600711E-09 PASS
4 2.781626E-07 PASS
5 2.788014E-06 PASS
6 1.577424E-07 PASS
RESULTS OF RIGID BODY CHECKS OF MATRIX KFF (F-SET) FOLLOW:
PRINT RESULTS IN ALL SIX DIRECTIONS AGAINST THE LIMIT OF 1.000000E-03
DIRECTION STRAIN ENERGY PASS/FAIL
1 1.180597E-07 PASS
2 1.461012E-08 PASS
3 1.600711E-09 PASS
4 2.781626E-07 PASS
5 2.788014E-06 PASS
6 1.577424E-07 PASS

The first 10 frequencies obtained from the Free-Free normal modes analysis are listed as below:
1 3.62E-04
4.87E-04
6.88E-04
8.15E-04
1.06E-03
2.12E-03
7.49E+02
1.51E+03
1.64E+03
2.28E+03

© 00 NOoO O wN

[y
o
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The finite element static analysis results show that maximum principal stress for the load case 1 is 13.8ksi as shown in
Figure 2.1.15-4 (a) and that for the load case 2 is 8.55ksi as shown in Figure 2.1.15-4(b).

FESLILTE:
ETRESES
FESLILTE:
O SPLAZEMEMNT -

F-B.C.

L-B.C.

FRAWE OF FREF: PART

A TER Ot ~B0WE

SESULTE:
STRE ==
SESULTE:
A EPLACERNEMNT -
TRANVE OF FEF:

4-B.=Z. 0O
hA2 PRI T
Z-B.Z. 0O

A TERA Ot ABDE

O, LoeD 1,
Mt PRI M Lt -=, ZEE+OZ hast 4. ZSE+04
Dl SPLACEMNEMNT_S

1.320E- 0% M 2. S1E- O2

O, LoeD 4,
(R Y

I - = ZEE+OZ=

F
LOowD 2

(X ™)
PART
1 - Z.E4E+O=

L= == : ELEMEMT STFRESSES
SETRESE_7

a) Load Case 1

oes . ELEMEMT =TFESSES
Z, =STRESS_4
L EAE+OZ MW B, SSE+OZ
, Dl SPLACE VEMT_Z

1. 441E-0= M 7. ZFE O=

b) Load Case 2

WALLE CPTI Ot ACT LAl
SHELL SUFRFACE: BOT TOhA

WALLE COPTI O ACTLAL
SHELL SURFACE: BOT 7O

. SSD-+0Z=,

7. 13D+02

- 3. 930D+02

Fig. 2.1.15-4 Maximum principal stress contours
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The finite element static analysis results show that Von mises stress for the load case 1 is 12.5ksi as shown in Figure
2.1.15-5 (a) and that for the load case 2 is 7.74ksi as shown in Figure 2.1.15-5(b).

oE=A : ELEMEMT =STRESSES
FESILTS: 7-B.C. O,LowD 1, STRESE=_T
STREE= - O M EES MM = £4E+02 MAL 1. ZEE+04
FESILTS: £-B.C. 0O0,LSwD 1, Dl SPLACEMEMNT_E
O =PLACEMEMNT - M MM 41.530E-0= ML 2. E1E 0O2 WALLE OPTI O ACT UAL
FRAWE OF REF: PART SHELL =SJRFACE: BOT TOM
R TERA Ot ABDWE : E. E4E+0Z2

1. ZED+049

1. Z=EE+04 &, 440+0%

a) Load Case 1

L= == : ELEMEMT STFRESSES
FESILTS: 4-B.C. O,LOQx0 2, STRESE_ 3
ETFRESS - WO M SES MM Z.77E+01 ML 7. 74E-0=
FESILTS: Z-B.C. 0,00 2, DI SPLACEMNENT_Z
O =PLAZERMEMNT - RS MM 1. 441E-0Z M2 7. Z7E O WALLE CPTI Ot ACT LAl
FRAWE OF FREF: PART SHELL SUFRFACE: BOT TOhA
A TER Ot ~B0WE : 2. F7E+0O1

b) Load Case 2

Fig. 2.1.15-5 Von Mises stress contours
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The finite element static analysis results show that maximum shear stress for the load case 1 is 6.97ksi as shown in Figure
2.1.15-6 (a) and that for the load case 2 is 4.27ksi as shown in Figure 2.1.15-6(b).

OE=A . ELENMEMNT STRESSEES
FESULT=: ¥-B.C. O,LOxD 1, STRES=_T
STRESE - MAY SHEAR MM 1. 33E+02 ML & S7TEHOZ
FESULTS: £-B.C. O,L0»D 1, Dl SPLACEMEMNT_ES

O =PLACENMENT - MO MM 1. 30E-0= ML 2. S4B O2 WAL LE COPTI Ok ACT AL
FR~WE OF REF: PART S, SHELL =S RFACE: TOP
CHA TER Ot ~BOWE : 1.33E+02

s, 2vE+O=

a) Load Case 1

L= =3 . ELEMNEMT STFRESSES
FESULTS: 4-B.C. O,LoxD Z, STRES=_9
STRFESS - M SHEAR MM 1. S1E+01 M=T 4. ZVE-O0=
FESULTS: Z-B.C. O,LOxD Z, DOl SPLACEMNEMNT_Z
O SPLACENMEMNT - MO MM 1. 41E-0= MT 7. Z7TE O WALLE OPTI O ACT UAL
FR~WE ©OF FEF: PART SHELL =SURFACE: BOT 7o
oA TERA O ~BOWE 1. 51 E+0O1
4. Z¥D+0=

b) Load Case 2

Fig. 2.1.15-6 Maximum shear stress contours
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The finite element static analysis results show that minimum principal stress for the load case 1 is -13.9ksi as shown in
Figure 2.1.15-7 (a) and that for the load case 2 is -8.40ksi as shown in Figure 2.1.15-7(b).

FESILTS: 7-B.C
STRE== - MM PR
FESILTS: £-B.C

O =PLACENEMNT -

FRAWE OF REF:
CHA TER Ot ~BOWE

PART
:-1.z3E+04

oE=A : ELEMEMT =STRESSES
LoAO 1, STRES=_F
rE -1, Z3E+04 ML = 4EEHZ
LoAO 1, DI SPLACEMNENT_S
M MM 1.30E-0Z M 2. E1E 02 wWALLE COPTI Ok ACT UAL

SHELL = RFACE: TOP

-1.>Z3E+04

a) Load Case 1

CESA . ELEWEMT STRESSES
,LowD 2, STRESS 4
M M-S, A0E+OZ sl Z. 4SE+OS
,LowD Z, DOl SPLACEMEMNT_Z
MG M R 1. 41E- OF M 7. I7TE- OF WALLE OPTI O ASTILAL
SHELL SURFACE: TOP
- &, 4O0E+O=
-&.40E+O0=

b) Load Case 2

Fig. 2.1.15-7 Minimum principal stress contours
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The following max. stresses were retrieved from the NASPOST-processing of FE model data (see
2.1.15-11& 2.1.15-12):

S1:= 13771-psi (Max. Principal stress)
Teq = 12581-psi (Von Mises stress)
Tmax := 6967-psi (Max shear)

S3:= -13933-psi (Min. Principal stress)

Material mechanical properties

Material: 6061-T651 AL ALY (SAE-AMS-QQ-A-250/11). From MIL -HDBK-5J page 3-265, Table
3.6.2.0(b2) ( .6 thickness):

Tensile strength, ultimate: Fy, :== 42000-psi
Tensile strength, yield: Fiy := 35000-psi
Compressive strength, yield: Fey := 35000-psi
Shear strength, ultimate: Fsy == 27000-psi

Factors of Safety and Design Factors:
FSy:=1.25 Yield factor of safety
FS,:=20 Ultimate factor of safety

The Expected temperature range is -50 to +140F (Ref. Appendix C2). 96% temperature
de-rating is applied for on-orbit operation.

Margin of safety against yield failure:

Fry-.96
MS, := -1 MS, = 1.137
FSy 0Oeq
Margin of safety against ultimate failure:
Fiy--96
y=———— -1 MS, = 0.447
FS,-|S3|
Margin of safety against ultimate failure (shear):
Feyr-96
MSyg:=——mm+ -1 MS,; = 0.86
FSu: |Tmax|
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2.2 Lower USS-02 Assembly
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2.2.1 Primary Centerbody Box Joint
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STRESS ANALYSIS OF LOWER CENTERBODY Assembly - Alpha Magnetic Spectrometer (AMS)-02

Table 1 Minimum Margin of Safety Summary

Part/ Part Name / Material & Critical Load Failure Margin of Reference Comments
Dwg Number Description Heat Treatment Condition Mode Safety Page
Lower Center
SDG39135759 | Body Assembly 703\?'1\7;51 Landing Tension |  0.18 (UlY) 221-14
Notes:  Factor of Safety is 1.4 for Ultimate and 1.1 for Yield
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The Stress Analysis of the Lower Center Body Assembly

1. Introduction of the Lower Center Body Assemblies

The four Lower Center Body Assemblies are the major structural joints in the lower USS-02. They are connected to
4x4x0.25 tubes to form the Lower Center Body Assemblies. The Lower Center Body Assemblies provide
attachment to the Electromagnetic Calorimeter (ECAL), Ring Imaging Chernokov Counter (RICH) and the Struts
for the Lower Time of Flight (LTOF).

The Keel Assembly is bolted to two of the Lower Center Body Assemblies because it is offset to the minus X-axis

side of AMS-02. The Payload Attach System (PAS) is also attached to the Lower Center Body Assemblies