NASA/CR-20250004304

Composite Overwrapped Pressure Vessel
(COPV) Energetic Rupture and Intentional Burst
Test Series

David W. Huebner

US Army Combat Capabilities Development Command (DEVCOM)
Aviation and Missile Center (AvMC)

Technical Development Directorate (TDD)

Weapon Analysis and Evaluation Division, Explosives Test Branch
Redstone Arsenal, Huntsville, AL

May 2025



NASA STI Program . . . in Profile

Since its founding, NASA has been dedicated to the
advancement of aeronautics and space science. The
NASA scientific and technical information (STT)
program plays a key part in helping NASA maintain
this important role.

The NASA STI program operates under the auspices
of the Agency Chief Information Officer. It collects,
organizes, provides for archiving, and disseminates
NASA’s STI. The NASA STI program provides access
to the NTRS Registered and its public interface, the
NASA Technical Reports Server, thus providing one
of the largest collections of aeronautical and space
science STI in the world. Results are published in both
non-NASA channels and by NASA in the NASA STI
Report Series, which includes the following report

types:

e TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase of
research that present the results of NASA
Programs and include extensive data or theoretical
analysis. Includes compilations of significant
scientific and technical data and information
deemed to be of continuing reference value.
NASA counter-part of peer-reviewed formal
professional papers but has less stringent
limitations on manuscript length and extent of
graphic presentations.

e TECHNICAL MEMORANDUM.
Scientific and technical findings that are
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain minimal
annotation. Does not contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

e CONFERENCE PUBLICATION.
Collected papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or
co-sponsored by NASA.

e SPECIAL PUBLICATION. Scientific,
technical, or historical information from NASA
programs, projects, and missions, often
concerned with subjects having substantial
public interest.

e TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services also include organizing

and publishing research results, distributing

specialized research announcements and feeds,

providing information desk and personal search

support, and enabling data exchange services.

For more information about the NASA STI program,

see the following:

e  Access the NASA STI program home page at
http://www.sti.nasa.gov




NASA/CR-20250004304

Composite Overwrapped Pressure Vessel
(COPV) Energetic Rupture and Intentional Burst
Test Series

David W. Huebner

US Army Combat Capabilities Development Command (DEVCOM)
Aviation and Missile Center (AvMC)

Technical Development Directorate (TDD)

Weapon Analysis and Evaluation Division, Explosives Test Branch
Redstone Arsenal, Huntsville, AL

National Aeronautics and
Space Administration

Marshall Space Flight Center
Huntsville, AL

May 2025



The use of trademarks or names of manufacturers in this report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers by the
National Aeronautics and Space Administration.

Available from:

NASA STI Program / Mail Stop 050
NASA Langley Research Center
Hampton, VA 23681-2199




UNCLASSIFIED

May 2025

U.S.ARMY

Final Report for

Composite Overwrapped Pressure Vessel (COPV)
Energetic Rupture and Intentional Burst Test Series

Produced by

Mr. David W. Huebner

US Army Combat Capabilities Development Command (DEVCOM) DEVEDM
Aviation and Missile Center (AvyMC) Aviarions
Technical Development Directorate (TDD)
Weapon Analysis and Evaluation Division, Explosives Test Branch

Produced for
Mr. Clifton Arnold

National Aeronautics and Space Administration (NASA)
Office of Safety and Mission Assurance for Pressure Systems

DISTRIBUTION STATEMENT F. FURTHER DISSEMINATION ONLY AS DIRECTED BY THE NATIONAL
AERONAUTICS AND SPACE ADMINISTRATION (NASA) MARSHALL SPACE FLIGHT CENTER (MSFC),
HUNTSVILLE, AL 35812 [REASON FOR RESTRICTION: TEST AND EVALUATION (APRIL 2025)]. OTHER
REQUESTS FOR THIS DOCUMENT SHALL BE REFERRED TO NASA.

THE USE OF A TRADE NAME OR THE NAME OF THE MANUFACTURER OR A CONTRACTOR IN THIS
REPORT DOES NOT CONSTITUE AN OFFICIAL ENDORSEMENT OF THE USE OF SUCH COMMERCIAL
HARDWARE, SOFTWARE, OR SERVICE. THE REPORT MAY NOT BE CITED FOR PURPOSES OF
ADVERTISEMENT.

UNCLASSIFIED



UNCLASSIFIED

ACKNOWLEDGEMENTS

The author would like to formerly acknowledge Patrick Hammond (DEVCOM AvMC, Test Engineer)
for his invaluable assistance in planning and executing this test series. | would also like to thank
Scott Kramer (NASA MSFC) for his assistance in planning and executing the test series and
providing COPV expertise. Additionally, | would like to thank Jeremiah Davidson, Michael Akins, and
Jon Cross (DEVCOM AvMC, Test Technicians) for their help in test execution.

UNCLASSIFIED



UNCLASSIFIED

Table of Contents

1.0 INTrOTUCTION euiiniiiiiiii ettt et e et s e e e eaeaaneens
2.0 Traditional Fragmentation Test MethodologY ....c.vveiniiiiniiiiiiiii e eeaas
3.0 NASA COPV Rupture Test MethodOLlOZY ...uvuiiiiiiiiiiiiiiiiii e e e e
4.0 TeST SETUP SUMIMIAIY 11ttt e ettt e et e aaeaeteaetnenesesenasasasaseresasnsnsnsnns
i I E =TS Y (= T= T IR )Y 16 | RN
4.2 NoFilling & Heat Mitigation ...cui it e e e e e e e e e anas
4.3 DAQ and ProteCtion BUNKET ....uieiiiiii et neeaeneans
4.4 Energetic RUPTUre MEeChaNiSM ... . e e e e e
4.5 Phantom® High-Speed Cameras . ...cciuiieiiiiiiiiieeec e ee et e e e s e e eanas 11
4.6 Blast OVErpreSSUIE SENSOIS tuiuiuieiieiiiiiiteeeenetittreteeetereresasnsnenssnsnsnsseenenensnenenenns 14
4.7 Overwatch Camera Locations and Meteorology StationS......c.ccevvvvviiiiiinininenenene. 16
5.0 OVErall TESTMatriX ... cuuiuuiiuiiniiiiiii ittt e e e e e eae e 17
5.1 COPV DETAILS cuiniiiiiiiiii ettt e e e e 17
5.2 Test MatriXx and DeSCIiPtION w.uiiiiiiiiiii et e e e e e e eaaaaaas 20
6.0 General Dynamics Type [l TEST RESUIES ..uiuiuieiiiiiiiiiieieeeiie e eeeeeeeeeeans 22
6.1 Test 1 —Det Cord RUPTUIre @ DOME TAP el i eeeeieeeeeeeeeeeeeieeeeneaeaans 24
6.2 Test 2—-Det Cord Rupture @ Dome TranSitioN ...ccciiiiiiiiieeee e aees 26
6.3 Test 3— Det Cord Rupture @ Dome TranSitioN ...ccviiieiiiiiiiieieieeeeeeeeieeeeeeaeaeanans 27
6.4 Test 4 —Det Cord Rupture @ Dome TranSitioN ...cceviiiiiiiieeeeeeeeeeerei e eeaeaeaans 29
6.5 Test 5—Det Cord RUPTUIE @ BOSS .iuiuiuiniiiiiiiiiiiiiieieieie et e e eneaeasaeaeaeaeaaanananns 32
6.6 Test 6 — Conical Shaped Charge Jet RUpture @ BOSS.....ccveviiiiiiiiiiiiiiiiiiiiiiienenanans 34
6.7 Test 7 —Flex Linear RUPTUIE @ BOSS...iuiuiiiiiiiiiieieieieeeeeeeeieeeeeeeeeaeaeeeee e eeeaeaans 36
6.8 Test 17 —Det Cord RUptUre @ DoOmMeE TaPer e iiiiiiiieeeeeieieeeeeeeeeene e eeaeaaaans 39
7.0 XperioN TYPe IV TeSt RESUIS ..uiuiiiii it e e e e e e e aeae e aaaans 41
7.1 Test 8 —Flex Linear RUpture @ TOP BOSS...iiiiiiiiiiiiiiiii et e e 42
7.2 Test 9—Flex Linear Rupture @ Bottom BOSS . .uuiiiiiiiiiieieeicieieeeeeeeeeeeeeeeeaeaans 44
7.3 Test 10— Flex Linear Rupture @ BottOm BOSS ..cuiuiiiiiiiiiiiiecccececene e eeeaeaees 46

UNCLASSIFIED



UNCLASSIFIED

7.4 Test 11 —Flex Linear Rupture @ BottoOm BOSS ..cuiuininiiiiiiiiieeeecec e eeeaeaens 48
7.5 Test 12— Flex Linear RUptUure @ MidliNg ...cuveneieiiiiiiiiii e eeeeeeeeeeeeee e eeeaeaans 51
7.6 Test 13 —Flex Linear RUptUure @ MidliNg ...cuveieeiiiiiiiiii e eeeeeeeeeeeeie e eaeaans 53
7.7 Test 24 —Pressurize Until BUrSt ..o 55
7.8 Test 25 —Pressurize Until BUrSt .......ouiiiiiiiiiiiiiii e 57
7.9 Test 26 — Pressurize Until Burst .........cooiviiiiiiiiiiiiiiiiicc e 58
8.0 Infinite Composites Small Type IV TeST RESUIS c.uiuiniiiiiiiieeccec s 60
8.1 Test 14 —Flex Linear RUPtUre @ TOP BOSS ..iiiiiiiiiiiiiiiiiiieieeteeeee e ee e eaeaaaans 61
8.2 Test 15— Flex Linear RUPTUre @ TOP BOSS ..uuiuiiiiiiiiiiiiieieeieieieeeeeeeeeeneneeeeneneaans 63
8.3 Test 16 — Flex Linear RUpture @ MidliNg ...cuveneiieiiiiiiiie e eieeeeeeeeeeeer e e aeaans 65
9.0 CIimMarroN TYPE V TESt RESUILS .euiuiniiiiii it e e e e e e e ae e s aaaans 67
9.1 Test 18 — Pressurize Until Burst .........ccoovieiiiiiiiiiiiiiiiiicc e 68
9.2 Test 21 —SteppPed UNtil BUIST c.unenieeee e e e e aes 69
10.0 HyPerComp Type V TEST RESUILS .uvuiiiiiiiiiiiiii et e e e e e e aas 71
10.1 Test 19 —Pressurize Until BUrSt .......coiiiiiiiiiiiiiiii e 71
10.2 Test 22 — Stepped UNTiL BUIST ....uiiiiiiiiiieieii et e e e e e e eneaeaes 73
11.0 Infinite Composites Large Type IV TeSt RESULLS c.cviviviiiiiiiiiiiiiiiiiececececee e 74
11.1 Test 20— Pressurize Until BUrSt .......ooieiiiiiiiiiiiii e 75
11.2 Test 23 — SteppPed UNTiL BUIST ....uiiiiiiiiiiieii et e e e r e e e neaeans 76
12.0 Standalone ENErgetiCS TESTS tuiiiuiiiiiiiii it ee ettt ee e e e e e e eeaeneaeenanaanan 78
12.1 Test A—4” Halo Of FLeX LiN@ar.....cvuiuiuiiiiiiiiiiiiiiiii e 79
12.2 Test B—10.5” Halo of Flex Linear.........ccceuiviiiiiiiiiiiiiiiiiiiiii e 80
12.3 Test C—6.57 Halo Of Det COrd .....ccuviuuiiuiiniiiiiiiiiiiiiiii e 80
13.0 Full Test Series Data SUMIMIAIY ..t e e e e e e e e eenanaaas 81
13,1 VeloCity Data SUMMAIY ..ottt e e e e e te e e e e esaeaeaaaaesnenanenns 81
13.2 Pressure Data SUMMAIY ..o i iieeeeteee e e eeteteeeee s s e saeneaasesasasassnananas 84
T4.0 CONCLUSION cetiitiiiiiiii ettt et st e e b et et an et saeaeaenanes 86
15.0 Lessons Learned / Future Work ConsiderationS.........cceeeveiuiiiiiiiiniiiiiniininiinnenninnenn, 87

UNCLASSIFIED



UNCLASSIFIED

Appendix A - 3-Dimensional Fragment Derivation Methodology ........cccveveviiiiiiiiinininennn.. 91
Appendix B—COPV Tank Pressurization CUIVES .....c.ccviiiiiiiiieieieeeeieieieieieieeeaeeeaeaeeenas 100
Appendix C - Pencil Gauge Blast Overpressure CUIVES ....c.vvveieeiieiiniiieieeeeeeeneeenaenens 114
ApPEeNdiX D — LiSt Of ACTONYMIS 1.iuiniiiiiiiiiiii e e et et e e eaere e enenenenananannes 118

List of Figures

Figure 1: JTCG/ME Standard Horizontal Arena TeSt ... iiiii it ee e 2
Figure 2: lllustration of AXi-Symmetry in AreNa TeST...cuiiiiiiiiiiiiiii e 3
Figure 3: COPV TeST Area LayOUT...u.iuiuiiiiiiiiiiie et e e e et e ee e e e e e e e eananans 5
Figure 4: Schematic of COPV Nz Fill SySTemM c..vniniiiiiii e e 5
Figure 5: Pressure Distribution Panel (PDP) ....cuiviiiiiiiiiiiii et e e e e 6
Figure 6: Heat Mitigation System for COPV ... . e e aas 7
Figure 7: FilLCoNtrol and VENTVAIVES .....cuiniiiiii ettt et e e e e e e e 7
Figure 8: Equipment Protection Bunker, Outside & INSide ....ccceviiiiiiiiiiiiiiicccececeeene, 8
Figure 9: 50 gr/ft Det Cord ON SPOOL .uinininiiiiiiiice et ee e e re e e e e e e aanas 9
Figure 10: RP-81 Detonator SChematiC ..ouveiiii ittt e e e e 9
Figure 11: Det Cord Installation Schematic and Implementation .........cccceeveviieiineninnnen. 10
Figure 12: Flex Linear Shaped Charge Cross Section and Implementation for Test............ 11
Figure 13: Phantom Camera LayOut Map . ..o it ee e e ee e e e 11
Figure 14: Phantom Camera Protection & Resultant Image.......ccccevevieiiiiiiiiiiiciieineeeenen, 12
Figure 15: Calibration Tool and Example SNapShOot......ceciiiiiiiiiiiiiiirrrecccecee e, 13
Figure 16: MIOPS Acoustic Trigger System and Implementation.........ccceveveviiiiiiinininnnn... 13
Figure 17: Black Box Biometrics Inc's Blast Gauge System (BOP Sensor) .....ccceeevvvnennnen.n. 14
Figure 18: BOP Sensor Implementation MethodsS......ccviviiiiiiiiiiiiiiirrrccceeeeea, 14
Figure 19: Pencil Gauge Mounting Hardware & SENSOr Array ...ccecveveiiiiiiiinieeninineieneneenennn. 15
Figure 20: Side-On vs Front-On Measurement & Pencil/BOP Combo Mount..................... 16
Figure 21: Camera Tower Location Map & Orion Weather Station ........cccceveveiiniiinininnnen. 17
Figure 22: General DynamicsS Type I COPV .. ..viiiiiii et aea 18
Figure 23: Xperion TYPE IV COPVS ....uiiii ettt re e e e e e e e as 18
Figure 24: Infinite Composites SmMallType IV COPV . ..., 19
Figure 25: CimarroN TYPE V COPV ...u e e e e e e e e e e 19
Figure 26: HyPerComp TYPE V COPV ... et e et te e e ea e e e e e e 20
Figure 27: Infinite Composites Large Type IV COPV ...t 20
Figure 28: Test 1 General Dynamics Tank Post-Test and During Separation....................... 24
Figure 29: Test 1 High-Speed Frag Footage and Recovered Frags........cocveviviviiiiiiinininennnne. 25

UNCLASSIFIED



Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:

UNCLASSIFIED

Test 1 Blast Overpressure RESULLS c.ouvuiiiiiiiiie e e 25
Test 2 General Dynamics Tank Post-Test and During Separation.............cccceeue... 26
Test 2 High-Speed Frag Footage and Recovered Frags......ccoovveeiiiininiininennnennnns 27
Test 2 Blast Overpressure RESULLS c.cuiuiiiiiiii it e e 27
Test 3 General Dynamics Tank Post-Test and During Separation....................... 28
Test 3 High-Speed Frag Footage and Recovered Frags.......covveviiininiinineninnennnns 29
Test 3 Blast Overpressure RESULLS c.iuiuiiiiiiiiiie e e 29
Test 4 General Dynamics Tank Post-Test and During Separation....................... 30
Test 4 High-Speed Frag Footage and Recovered Frags......ccoovveveiviriiiininiennennnns 31
Test 4 Blast Overpressure RESULLS c.vuiniiiniiiiii et eeeae e ens 31
Test 5 General Dynamics Tank Pre-Test and During Detonation Event............... 32
Test 5 Remote-Controlled Rifle System and Resulting Post-Impact Fragments .33
Test 5 Blast Overpressure RESULLS c.vuiniiiiiiiiieeeee et e e e 33
Test 5 Det Cord Impression on COPY DOME ...iuiiiiiiiiiiiiiiiiiiiincecececece e, 34
Test 6 Conical Shaped Charge Setup and Standalone Picture...........ccccceueee... 34
Test 6 General Dynamics Tank During Penetration and Post-Test...........cccce..... 35
Test 6 High-Speed Frag Footage and Recovered Frag .......c.coveviiiviiiiininininennnnn. 35
Test 6 Blast Overpressure RESULLS c.iuiuiniiiiiiiiie e e 36
Test 7 General Dynamics Tank Pre-Test, During Test, and Post-Test................... 37
Test 7 High-Speed Frag Footage and Recovered Frags.......coeveeiiiniiiininiennennnns 38
Test 7 Blast Overpressure RESULLS c.ouiuiiniiiiiiiiee e e e 38
Test 17 COPV Orientation and Overhead SchematiC......ccccveviiiiiiiiiiniiniennenne. 39
Test 17 General Dynamics Tank Pre-Test and Post-TeSt.......cccvvveieieieiiieieninennnnn. 40
Test 17 High-Speed Frag Footage and Recovered Frags .......ocvveveviiiiiienininennnnn. 41
Test 8 Xperion Tank Pre-Test, Mid-Test, and Post-Test .........cccoviviiiiiiiieninininnnnn. 43
Test 8 High-Speed Frag FOOTage ....iuiviniiiiii i e ea e 43
Test 8 Blast Overpressure RESULLS c.iuiuiiiiiiiiiee e e 44
Test 9 Xperion Tank Pre-Test, Mid-Test, and Post-Test .........cccoviviiiiiiiiinininennnnn. 45
Test 9 High-Speed Frag FOOTage ...uiuiviniiiiiiieiee et ea e 45
Test 9 Blast Overpressure RESULLS c.euvuiniiiiiiiei et eae e e e 46
Test 10 Xperion Tank Pre-Test, Mid-Test, POSt-TeSt ...cccoiviiiiiiiiiiiiiiiiceeeene, 47
Test 10 High-Speed Frag FOOTage . ..ivviniiiiiiieiieee e e e e 47
Test 10 Blast Overpressure RESULLS.....cuvuviiiiiiiiiiiiiiiiic e 48
Test 11 Xperion Tank Pre-Test, Mid-Test, and Post-Test........cocvviiiviiiiiiinininnnnnn.. 49
Test 11 High-Speed FOOTAZE ..uuviiiiiiiiiii e e e 50
Test 11 Blast Overpressure RESUILS.....i.vvviiiiiiiiiiiiiiiii e 50
Test 12 Xperion Tank Pre-Test, Mid-Test, and Post-Test........ccccvviviviiiiiiininininnnnn. 51
Test 12 High-Speed Frag Footage and Recovered Frag........cccvvveviviiiiiiinininennnnn. 52

UNCLASSIFIED



UNCLASSIFIED

Figure 68: Test 12 Blast Overpressure RESULLS. ... .cuveiiiiiiiiiiiii e 52
Figure 69: Test 13 Xperion Tank Pre-Test, Mid-Test, and Post-Test......cc.cccvivviviiiniiinininnnen. 53
Figure 70: Test 13 High-Speed Frag Footage and Recovered Frag........ccccovveviiiniiinininnnnen. 54
Figure 71: Test 13 Blast Overpressure RESULLS. ... .c.vuviiiiiiiiiiiiii e 54
Figure 72: N2 Supply Truck with Pressure INtensifier .....ccveveviiiiiiiiiiiiiiiirccccceceeen, 55
Figure 73: Test 24 Pressurization-Until-Burst FillCUIVe......cccouviiiiiiiiiiire e, 55
Figure 74: Test 24 Xperion Tank Pre-Test, Mid-Test, and Post-Test........cccveviviiiiiiiiinininnnnnn.. 56
Figure 75: Test 24 High-Speed Frag Footage and Recovered Frags ........cocveveviiiiiiiininnnnnn.. 56
Figure 76: Test 25 Pressurization-Until-Burst FillCUIVe......cccovvviiiiiiiiii e, 57
Figure 77: Test 25 Xperion Tank Pre-Test and Post-TeSt.......cccciviiiiiiiiiiiiiiiieiicecee e, 57
Figure 78: Test 25 High-Speed Frag Footage and Recovered Frags........covvveviviiiiinininennnn.. 58
Figure 79: Test 26 Pressurization-Until-Burst FillCUIrVe......cccoovviiiiiiiiiiiie e, 59
Figure 80: Test 26 Xperion Tank Pre-Test and PoSt-TeST.......cccciuviiiiiiiiiiiiiiiieei e, 59
Figure 81: Test 26 High-Speed Frag Footage and Recovered Frags........cocveveviviiiiiininennnn.. 60
Figure 82: Test 14 Infinite Composites Small Tank Pre-Test and Post-Test.......cccccevivinnnne... 61
Figure 83: Test 14 High-Speed Frag FOOTage ....ccuvviniiiiiiiei ittt 62
Figure 84: Test 14 Blast Overpressure RESULLS.....c.vuveiiiiiiiiiiii e 63
Figure 85: Test 15 Infinite Composites Small Tank Pre-Test and Post-Test.......cccccevivinnnne... 63
Figure 86: Test 15 High-Speed Frag FOOtage ....ccuvviniiiiiiieii et 64
Figure 87: Test 15 Blast Overpressure RESULES.....iviuiiiiiiiiiiiiie e e eeee 65
Figure 88: Test 16 Infinite Composites Small Tank Pre-Test and Post-Test......ccccccevivinnenen.. 66
Figure 89: Test 16 High-Speed Frag FOOTage ....ccuvviniiiiiiiiii et 66
Figure 90: Test 16 Blast Overpressure RESULES.....iuiuiiiiiiiiiiiiie et eeen 67
Figure 91: Test 18 Pressurization-Until-Burst Fill CUIVe......cccoviiiiiiiiiiiiiiiiccccceceeeeee, 69
Figure 92: Test 18 Cimarron Tank Pre-Test and Post-Test Stress Cracks .......ccccevvvinininnnnnn.. 69
Figure 93: Test 21 Stepped-Pressurization-Until-Burst FillCurve .........cccooviviiiiiiiiniinnen.n. 70
Figure 94: Test 21 Cimarron Tank Pre-Test and Post-Test Stress Cracks .......cccceveinininnnnen.. 70
Figure 95: Test 19 Pressurization-Until-Burst Fill CUIVe......ccceviiiiiiiiiiiiiiiicccccceceeeee, 72
Figure 96: Test 19 HyPerComp Tank Pre-Test and Post-Test Stress Cracks ........ccccvveenennen.n. 72
Figure 97: Test 22 Stepped-Pressurization-Until-Burst FillCurve .........cccooviviiiiiiiinininnen.n. 73
Figure 98: Test 22 HyPerComp Tank Pre-Test and Post-Test Stress Cracks ........c..ccccevvueenen.. 73
Figure 99: Test 20 Pressurize-Until-BurST CUIVE .....ciuiiiiiiiiiii et ee 75
Figure 100: Test 20 Infinite Composites Large Tank Pre-Test and Post-Test ........ccceeeunenen.e. 75
Figure 101: Test 20 High-Speed Footage and Recovered Frags .......cocvoviviviviiiiiniiinenenennnnn. 76
Figure 102: Test 23 Stepped-Increase-Until-Burst CUIVe ......cccoeviiiiiiiiiiiiiiiiiccececeeene, 77
Figure 103: Test 23 Infinite Composites Large Tank Pre-Test and Post-Test ........ccceeeueenen.n. 77
Figure 104: Test 23 High-Speed Frag Footage and Recovered Frags .......ccoveviviiiiinininnnnnn.. 78
Figure 105: Test A Blast Overpressure RESULLS ...iuiviiiiiiiiiiiiiiiiii e e e 79

UNCLASSIFIED



UNCLASSIFIED

Figure 106: Test B Blast Overpressure RESULLS ....ovivieiiiiiiiiiiiiiiiiiier e e 80
Figure 107: Test C Blast Overpressure RESULES ..c.iviiiiii it 81
Figure 108: General Dynamics Type lll COPV Fragment Velocity Summary........cccceeuvenen.n. 82
Figure 109: Xperion Type IV COPV Fragment Velocity Summary .......cccvviviviiiiiiiiinenenennnn.. 82
Figure 110: Infinite Composites Small Type IV COPV Fragment Velocity Summary ........... 83
Figure 111: Infinite Composites Large Type IV COPV Fragment Velocity Summary............ 83
Figure 112: Blast Overpressure Comparisons of 4" Halo of Flex Linear .......c.ccccccevevinnnne... 84
Figure 113: Blast Overpressure Comparisons of 10.5" Halo of Flex Linear........................ 85
Figure 114: Blast Overpressure Comparisons of 6.5" Halo of Det Cord .......cccceeevveninnnnen.n. 86
Figure 115: Proposed 360 Degree High-Speed Camera Coverage Schematic................... 88
Figure 116: Test 12 Pressure Expansion Relative to Pencil Gauges........cocveveviviiiiinininnnnnn.. 88
Figure 117: COPV Frag Velocity GEOMEtriC SPaACe ..c.iuiniuiiiiiiiiiiiieeiieeieeieeee e eeanens 91
Figure 118: Simple Velocity Derivation - Vertical Frag .....cccoovvviiiiiiiiiiiiiieiiecee e, 92
Figure 119: Complex Velocity Derivation - Test 4, Frag 1 ..ccoeveviiiiiiiiiiiiiiiicccccececeeeae, 93
Figure 120: Camera 1 (X-Z Plane) Frag TraCk .....cuveiiiiiiiiiiiiiii i e e e e e 93
Figure 121: Camera 3 (Y-Z Plane) Frag TracCkK ....ccuvuiiiieiiiieeiie et ee e e e e e 94
Figure 122: Visual of Reverse Extrapolation ProCeSS....cuciviiiiiiiiiiiiiiiiiiieecciccececeeeeea, 95
Figure 123: Cartesian Coordinate Derivation of Frag Position...........coovviviviiiiiiiiiiininennn.. 96
Figure 124: Determination of Z-Component for 3-Dimensional Position ...........ccccccuune.e. 96
Figure 125: Final Calculation of Velocity and Polar Angle Example ......ccccoveveviiniiinininnnen. 97
Figure 126: Example of High-Speed Screenshots with Labelled Frags.......c.cccceveviininnanen.. 98
List of Tables

Table 1: List of Cameras and Settings Used for TeSting ....oveeeiiiiiiiiiiiiiiiiineiieecee e, 11

Table 2:

COPV Test Series Matrix (Sorted by Manufacturer) .....ccevviviiiieiiiiiiiiiiiciineeeens 21

Table 3: COPV Test Series Matrix (Sorted by TESTH) vveiiiiiiiiiiiiiii e, 21
Table 4: General Dynamics COPV TEST MatliX ..uvuveiiiiiiiiiiiiiiiiiii e ee e e, 23
Table 5: Test 1 Fragment VeloCity SUMMAry ....cuiuiiiiiieieec et ee e e e e 24
Table 6: Test 2 Fragment VeloCity SUMMArY ....iuviiiiiieei e e e e e 26
Table 7: Test 3 Fragment VeloCity SUMMAIY ....e. ittt e e s e e aaees 28
Table 8: Test 4 Fragment VeloCity SUMMAIY ....iviiiiiiiiieeecc e e e e e e 30
Table 9: Test 6 Fragment VeloCity SUMMArY ....iuvuiiiiiieiecc e e e e 35
Table 10: Test 7 Fragment VElOCity SUMMAIY ..o.iuiiiiiiiiieie e ece et ee e e e e e e 37
Table 11: Test 17 Fragment VeloCity SUMMArY ..ot a e 40
Table 12: Xperion COPV TESTMaATliX .ouiuininiiiiiiiiiiieie e ete e re e e e e e e e an s 41
Table 13: Test 8 Fragment VEloCity SUMMAIY ..o.iuiiiiiiiiiei et ee e e e e e 43
Table 14: Test 9 Fragment VEloCity SUMMAIY ..o.iuiiiiiiiiieiei et ee e e e e e e 45

UNCLASSIFIED



Table 15:
Table 16:
Table 17:
Table 18:
Table 19:
Table 20:
Table 21:
Table 22:
Table 23:
Table 24:
Table 25:
Table 26:
Table 27:
Table 28:
Table 29:
Table 30:
Table 31:

UNCLASSIFIED

Test 10 Fragment VeloCity SUMMATIY ..uviiiiiiiiiiecce e e e 47
Test 11 Fragment VElOCItY SUMMAIY .ouvniniiiiiiiieiieee et e e e eaeanenas 49
Test 12 Fragment VElOCIty SUMMAIY .ouvniniiiiiiiieiiiee et eee e e e eaeanenas 51
Test 13 Fragment VeloCity SUMMAIY ... e 53
Test 24 Fragment VeloCity SUMMAIY ..uiiiiiiiiiiieeecee e e aes 56
Test 25 Fragment VElOCIty SUMMAIY .ouvniniiiiiiiieiee et ee e e e eaeanenas 58
Test 26 Fragment VeloCity SUMMAIY ... e 60
Infinite Composites SMall TESt MatriX .ouvuviiieiiiiiiiiiiccr e aes 60
Test 14 Fragment VElOCITY SUMMAIY .ouvniniiiiiiieiieiee e e e e e eaeanenas 62
Test 15 Fragment VElOCIty SUMMAIY .ouvniniiiiiiiieeieee et eeee e e e eaeanenas 64
Test 16 Fragment VeloCity SUMMAIY ...viiiiiiiiiiecre e e 66
Cimarron Type V COPY TeSt MaAtliX.ueueu i i iieeeiiiiieieeeeeieeeeieieieieieeeeeaeeeeeaeeaenenas 67
HyPerComp Type V COPV TeST MatliX...uuuiiiieiieiiiiiiiiiei e eeeeeeeeeeeeeeenee e aeaans 71
Infinite Composites Large COPV TeSt MatriX..ccoeoiiiiiiiiiiiiiccc i ccceeeans 74
Test 20 Fragment VeloCity SUMMAIY ..o ae e aes 76
Test 23 Fragment VElOCItY SUMMAIY .ouvninieiiiiieeieee et eee e e eaeaenas 78
COPV Test Series Matrix (Sorted by Manufacturer) ......oooviiiviiiiiiiiiiiiiiieceenenn, 87

UNCLASSIFIED



UNCLASSIFIED

1.0 Introduction

The National Aeronautics and Space Administration’s (NASA’s) Office of Safety and Mission
Assurance for Pressure Systems has a requirement to develop, maintain, and reuse lightweight
pressure vessels for ongoing and future space missions. These tanks are called Composite
Overwrapped Pressure Vessels (COPVs) and are lightweight pressure vessels capable of storing
a large variety of pressurized gases in different volumes. However, the lightweight requirement
comes at an increased risk of tank rupture due to the materials used in manufacturing. These
include carbon fiber, fiberglass, plastic, and/or aluminum.

To mitigate and analyze this risk, NASA has developed a fragmentation software package to
predict fragmentation effects from a COPV rupture event. As with all software simulation
packages, real-world data is required to refine the results, making the simulation more
representative of the rupture event. Therefore, NASA partnered with the US Army’s Combat
Capabilities Development Command (DEVCOM) Aviation and Missile Center (AvMC) at
Redstone Arsenal, AL to perform intentional rupture and burst testing to help feed the software
program with real-world data to further refine the fragmentation parameters. This testing was
conducted at the AvMC Intentional Detonation Facility (also known as the “Snake Pit”) from 8-
22 AUG 2024.

The overall objective of the test series was to execute a twenty-six (26) shot test matrix on (6)
different COPVs, where the tanks would produce fragments via an intentional rupture event or a
natural burst event. The tanks would be remotely filled with pressurized gaseous nitrogen (N,) at
a controlled fill rate to ensure that the COPVs would not exceed the individual temperature
thresholds due to gas compression. High speed cameras placed around the test area would
record the fragmentation events to obtain velocity magnitudes and vectors. Additionally, blast
overpressure sensors were placed near the tanks for majority of the shots to obtain blast
overpressure curves of each event.

This test report will go into further detail of this overarching test series, including test setup
descriptions, test methodology and data analysis techniques, as well as a reporting of the final
data recorded by each test event.

2.0 Traditional Fragmentation Test Methodology

For purposes of Department of Defense (DoD) fragmentation (frag) analysis, the standards that
instruct the test execution are published in a document called the “Test and Data Reduction
Procedures for Munitions” and was developed by an inter-agency (Army, Marine Corps, Navy, Air
Force) group called the Joint Technical Coordinating Group for Munitions Effectiveness
(JTCG/ME).
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The test type in these series of tests is more commonly known as fragmentation arena testing. It
centers around the fragmenting asset (typically warhead) being broken up into polar zones
(relative to its central axis) and physically capturing the actual fragments, as well as their
velocities. The data captured is then used to build a virtual model of the fragmentation, also
known as a ZDATA file. The fragments are physically captured within large stacks of fiberboard
material, called frag bundles. The velocities are recorded using what are called velocity panels
in conjunction with high-speed video cameras. The velocity panels are thin (~16 gauge) panels
of metal (steel or aluminum) placed at accurately measured positions around the fragmenting
charge and are recorded with cameras. The cameras will record an initial flash (when the
munition is initially detonated) and will record each fragment hit on the panels, which results in
a duration of flight. Based on the location of the frag hit, the distance travelled can be derived
and combined with the duration of flight to provide an average velocity. See Figure 1 below for a
schematic of a standard horizontal arena test.

/ \ Frag Collection Bundles

___— (oather frag location, mass,
size, distribution data)

Fragmenting Munition
(located in exact center of
Arena)

Velocity Panels (w/

High-Speed Cameras, — ' ———
not-shown)
(gather velocity data)

Ricochet Barrier
- (prevents un-wanted frags

/ from contaminating sample)
——

Figure 1: JTCG/ME Standard Horizontal Arena Test

One of the most important assumptions that is made when conducting arena testing is that the
fragmenting round is axi-symmetric, meaning it breaks up identically in zones relative to its
central axis. Another way of describing this is that, if the nose is polar 0° and the tail is polar
180° and we caught a frag (of unique size/shape) in a bundle at 82°, there would be another
identical frag of same properties striking the velocity panel at 82° on the other side of the arena.
Below, in Figure 2, is an illustration of this assumption. Relative to the image, effectively, all of
the same type (size/shape/quantity) of frags that are caught in the green frag bundle are
assumed to also impact the blue velocity panel.
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Figure 2: lllustration of Axi-Symmetry in Arena Test

This assumption of axi-symmetry is a decent assumption in the field of warheads, as the case
breaks up similarly each time due to the fast-moving detonation wave and fracture mechanics
of fragmenting warheads.

3.0 NASA COPV Rupture Test Methodology

In the case of COPV fragmentation, the axi-symmetric assumption is no longer valid. The high-
pressure Nitrogen inside will force the case to open, but the fragments that emanate will not be
the same in the various polar zones around them. Therefore, the NASA and DEVCOM AvMC
team had to collaborate on the best way to attempt to capture similar data for the COPV
fragmentation study. It was decided that the most important data to capture from these tests
was fragment velocity and direction. Therefore, the baseline fragment capture method was to
orient each of the COPVs vertically (so that the vertical axis was polar angle 0°) and to film each
burst event with various vantage points of high-speed cameras. Each high-speed camera view
would be distance calibrated and synced so that velocity and angle for each fragment could be
derived from the aggregate of the data.

Blast overpressure effects were also of interest to the NASA team, so the AvMC team
instrumented a number of the tests with different types of sensors to measure these effects.

After each test, the test area was canvassed to attempt to recover fragments that had been
scattered, to obtain their mass and physical dimensions. Due to the high number of tests that
were conducted in such a short time, the team focused mainly on larger frags, as smaller ones
were much harder to track which test they belonged to.

Based on the different types of COPV tanks that were requested for testing, the NASA and AvMC
team came up with two main test styles that were to be executed.

The first test type that was conducted was called the intentional rupture test. During this type of
test, AYMC test personnel would install an explosive cutting charge to the outside of the COPV
at a NASA designated location. The COPV would then be remotely pressurized to a NASA
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designated filling level and then sealed inside with ball valve. The AvMC team would then
remove the filling hose, wire in the initiator’s firing leads, and retreat to the control room. Once
at the control room, the AvMC team would begin the firing sequence, which would
simultaneously trigger the Phantom® high-speed cameras and the blast overpressure data
acquisition system with the initiation of the explosive cutting charge. The result was that the
COPV would rupture, its fragments would fly away, and all the high-speed videos and blast
overpressure data would be recorded and saved.

The second test type that was conducted was called the pressurize-until-burst test. During this
type of test, no energetics were used. The high-speed cameras would be set up with a special
type of acoustic trigger that sends the requisite camera trigger pulse based off a loud noise
event. The AYMC team would hook up the COPV to the filling tubing and would remotely
pressurize the tank until it burst, or until leaks formed that prevented it from being filled further.
If the COPV burst, the resulting fragments would fly away and the loud noise event would trigger
the high-speed video to record the event. Due to the uncertainty of the burst time, no blast
overpressure sensors were used for these tests.

Those are the two main types of tests that were conducted during this test series. As the test
series was being conducted, the recovered data consequently encouraged various minor
changes to increase the fidelity of the data capture. These minor changes from test-to-test are
described in more detail in the remainder of this report.

4.0 Test Setup Summary

As this test series was quite involved, it will help to understand the layout of the test area, as
well as the details surrounding various sub-systems utilized to conduct it. The following
sections detail each of these setups and subsystem details.

4.1 TestArea Layout

The location that each of the burst or rupture tests took place was in the center of a 60ft x 60ft
square concrete pad in the lower area of the test area. At the center of the concrete pad is a 10ft
diameter pit of sand to prevent excess fragmentation from damaging the concrete surface. This
pad is typically used by the AyMC test team to conduct JTCG/ME compliant fragmentation
arena testing. It was also chosen as the ideal spot for this COPV rupture testing because it has
the largest area of flat undisturbed ground at the test site. As described in the previous section,
each COPV would be filled with N, while at its designated rupture location and would
subsequently be oriented vertically for each test. A combination of sand and plywood was used
to provide a stable platform for the tanks to rest on until tested. See below in Figure 3 fora
picture of the concrete pad and some of the more important test setup features.
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Live Overwatch

Camera Tower Phantom amera 2 Phantom f_Camera 1

B0'x60" Concrete  Bjast Overpressure Vertically

Pad (BOP) Sensors ~ Oriented COPV Contains DAQ/SEQ &
Pressure Distro Panel

Figure 3: COPV Test Area Layout

4.2 N2 Filling & Heat Mitigation

A significantly hazardous operation of this test series was the remote filling process of the
gaseous nitrogen into the COPVs. Due to the hazardous nature of handling these COPVs once
pressurized, it was decided that the COPVs would be filled at their desired rupture location. To
accomplish this, the AvMC team decided to park the NASA-loaned nitrogen supply truck near
the Snake Pit’s control room and proceed to run %” stainless steel pressure tubing from the
supply truck all the way down to the rupture location down-range. This distance was
approximately 600ft and was routed in such a way to minimize any range vehicles from
accidentally rolling over it. See below in Figure 4 for a schematic of this overall pressure filling
system.

- DAQ/PDP

Test Tank

% S5 Tube
(~600 ft)

Control Room

Tube Trailer _
(P Supply)

Figure 4: Schematic of COPV Nz Fill System
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As seen in the above figure, once the pressure fill tubing reaches the test area, it initially goes to
a designated protected area that contains an AvMC-built pressure distribution panel (PDP). The
PDP is comprised of a remote-actuated ball valve and a pressure transducer. The remote-
actuated ball valve allows the AvMC test team to quickly start or stop the flow of pressure into
the COPV tank as desired. The pressure transducer was installed down-range from the ball
valve and was intended to be the digital means of determining how much pressure the COPV
has stored in it in real time. This pressure transducer was a Honeywell Sensotec Model Z bridge
transducer with a max range of 10,000 psi and it was calibrated at AvMC the week prior to
testing. If the pressure transducer had been placed closer to the COPV, there was a greater
chance that it would have been destroyed in the pressurize-until-burst tests, hence why it was
installed at the PDP. See Figure 5 below for a picture of the pressure distribution panel (PDP).

Pressure Qut
(To COPV Tank)

Pressure Transducer
(to read real-time
in-tank pressure)

Remote Actuated

Ball Valve
(Qn/Off controlled from
control room)

Pressure In
(From Supply Truck)

Figure 5: Pressure Distribution Panel (PDP)

Due to the various materials and construction of the COPV tanks, each one came with a not-to-
exceed surface temperature. One of the major contributors to the COPV surface temperature
heating is from gas compression during the pressurization process. To mitigate this factor,
AvMC installed a flow-rate control needle valve at the outlet of the nitrogen supply truck and
used it to maintain a controlled pressure-rise rate during the filling process. The desired
pressure rise rate to minimize potential for excessive heating was deemed to be around 100psi
per minute. During each tankfill, this needle valve would need slight adjustment to maintain
this desired fill rate, which is why it was positioned at the tank truck next to the control room.
Next to the needle valve, the AvMC team also installed a ball valve to allow for venting of the
pressure line. This vent valve was utilized to bleed out the remaining nitrogen in the fill lines
after the COPVs would be sealed off. This ensured that the AvMC team members removing the
fill lines from the COPV would be protected from a high-pressure purge event. See Figure 6
below for an image of the fill control and vent valves.
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Pressure Out
(To Down-Range)

Fill Control __
Needle Valve

Vent Ball Valve

Pressure In
(From Supply Truck)

Figure 7: Fill Control and Vent Valves
Apart from the COPV pressurization causing the surface to heat, the other factor that had to be

addressed was that of environmental inputs and direct sunlight. The lowest “not-to-exceed”
surface temperature among all of the tank types was approximately 120°F. Unfortunately, this
testing was conducted outside during unfavorable conditions; the humid, hot month of August
in Huntsville, AL. Ambient outside temperature through the weeks of testing was between 80° to
90°F. To mitigate the tanks from heating close to the critical surface temperature, an EZ-Up tent
was placed over the COPVs and a hi-volume fan was positioned to blow air across the tank
during the pressurization phase. This kept direct sunlight from radiatively heating the tanks and
actively cooled the tanks via convective cooling. See Figure 7 below for a picture of this heat
mitigation system as installed.

Hi-Volume (2) K-Type EZ-Up Tent
Blower Fan Thermocouples
Affixed to Bosses

Figure 6: Heat Mitigation System for COPV
In order to continuously monitor the surface temperature during the filling process, two K-type
thermocouples were installed on the outside of the COPV and were able to be read real-time
during the fill process. If the data readout on these thermocouples began to approach the
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critical temperature, mitigations were made to either lower the fill rate or stop the fill process
altogether until safer temperatures were met.

4.3 DAQ and Protection Bunker

The AvMC team utilized their custom-built data acquisition (DAQ) system for gathering and
recording all data (thermocouples, pressure transducers, etc.), remotely actuating the on/off fill
valve, as well as sending the precise triggers to the detonator (on the rupture tests) and the
Phantom high-speed cameras. The main DAQ chassis is a National Instruments cRIO-9049 and
there were various cards added to it to allow for the various data and control channels to
function properly. Effectively, it was the central hub of this entire test series. Physically, it was
all packaged into a large Pelican® case and, for the duration of the test series, was required to
physically reside near the rupture location. Test personnel could communicate and control all
subsystems from it via local network.

Due to the nature of this test series, fragments from the COPVs could be launched vertically
and, on descent, impact this critical piece of equipment. Therefore, a protective bunker was
erected using concrete ecology blocks and a thick steel plate roof to house and protect these
critical components. Apart from the DAQ system, this protective bunker also housed the
pressure distribution panel (PDP), a network switch, as well as other needed tools and supplies
for conducting the test series. See below in Figure 8 for pictures of the outside and inside of this
protection bunker.

Figure 8: Equipment Protection Bunker, Outside (L), Inside (R)

4.4 Energetic Rupture Mechanism

In lieu of any sort of mechanical rupture mechanism, the team was instructed to utilize an
explosive-based system to initiate the cuts in the COPVs. Prior to the test series, the NASA
personnel responsible for delivering the COPVs pre-marked each one with a desired rupture
line that were decided upon based on various design considerations. The goal of the energetics
was to instantaneously cut the tank open at the desired line and allow the expanding gasses to
fragment the tanks and propel the fragments away. The desire was to choose an energetic that
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wasn’t too powerful that it would absolutely destroy the tanks but powerful enough to penetrate
the composite overwrap and rip the tanks open. The AvMC team utilized one of two different
energetics for most of these tests.

The first type of rupturing energetics used was a loop of 50 grain/foot (3.24 gram/ft) detonating
cord surrounding the COPV. This energetic is typically used in mining or demolition applications
for carrying detonation waves between mining holes or demo charges. The det cord was
purchased from Ensign-Bickford Aerospace & Defense (EBAD)® and the tradename for the
productis PRIMACORD® 10. The cord has a flexible textile outer jacket with a core of the high
explosive pentaerythritol tetranitrate (PETN). See Figure 9 below for an image of det cord.

Figure 9: 50 gr/ft Det Cord on Spool
The initiator that was used to start the detonation event within the det cord is called an RP-81

and is an Exploding Bridgewire (EBW) detonator manufactured by Teledyne RISI®. These
detonators contain approximately 450mg of HMX and have an equivalent output of a standard
#8 blasting cap. They require a high voltage electrical pulse of around 3,500 volts in order to fire,
which makes them inherently safe to operate around. The firing system used to fire the RP-81s
is called an FS-43 firing system and it’s also manufactured by Teledyne RISI®. See Figure 10
below for a schematic of an RP-81 detonator.

RP-81 Explosive Train

BRIDGED HEADER
SLEEVE |
INITIATING EXPLOSIVE

80 mg PETN

CUP
......................... 0.007" ALUMINUM

——— e
F 10-117 -— 1.07 4‘
(approx.)

Figure 10: RP-81 Detonator Schematic

OUTPUT EXPLOSIVE
450 mg HMX WITH BINDER
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For this test series, the det cord was wound in a loop around the COPVs and the two ends of the
cord were taped together in the same axial direction. This loop was taped to the COPV at the
desired location, as designated by paint from the NASA customer. At the joined end of the det
cord, the RP-81 detonator was affixed such that the detonation wave from the end of the
detonator would transition into the axially oriented energetics inside the det cord. This
detonation wave would travel down both ends of the cord, ultimately running around each side
of the COPV and meeting on the very back side of the loop, completing the detonation process.
The explosive energy released by the detonation, in most cases, was sufficient enough to cut
through the COPV tank. See Figure 11 below for a schematic and picture of how this det cord
was installed on each tank.

Cross Section View
(shown to scale)

COPV Liper (red) _,
0.091" Thick

30" 50gr/ft Det Cord
(green)

Figure 11: Det Cord Installation Schematic (L), and Implementation (R)

The other type of energetic rupture mechanism used is called flexible linear shaped charge,
also referred to in this report as flex linear or FLSC. Flex linear is a specifically designed cutting
charge, most commonly used in building demolition or explosive ordinance disposal (EOD)
operations. The cross section of flex linear is a 90 degree V-shape of extruded RDX-based
explosive surrounded by a dense malleable metal sheath, typically copper or lead. The shape of
the V is created so that, upon detonation of the core material, the inner apex of metal inside the
V forms a cutting jet shaped charge that cuts through whatever is underneath it. Depending on
the core loading, this jet has the potential to penetrate multiple inches of steel. For this test
series, 125 grain/ft (8.1 gram/ft) flex linear was implemented, which was the smallest that the
AvMC team had available. The flex linear was installed in a similar manner to the det cord,
wrapped around the COPV at the desired cut line and taped in place. In order to start the
detonation process, the AvMC team used a small ball of C-2 plastic sheet explosives and
pressed the RP-81 into that. Similar to the detonation train in the det cord, the RP-81 would
transfer the detonation wave into the ball of C-2, which would then transfer into each side of the
loop of flex linear, subsequently wrapping around both sides of the COPV and completing on
the back side of the tank. See Figure 12 below for a schematic of flex linear shaped charge and
an example of how it was installed on the COPVs for this test series.
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Figure 12: Flex Linear Shaped Charge Cross Section (L) and Implementation for Test (C) (R)

4.5 Phantom® High-Speed Cameras

In order to capture the burst or rupture events and obtain fragment velocities, the AYMC team
placed four (4) Phantom® high-speed cameras around the test pad and synced the trigger with
the burst event. Three (3) of the four (4) cameras were placed near the same level as the tank at
0°, 45°, and 90° around the tank. The fourth camera was placed on a hill and provided a wider-
angle isometric view of the burst events. See Figure 13 below for a map layout of where each of
the cameras (colored blue) were placed around the test area.

60'x60° Concrete &
Pad

Pressure
Distribution
Panel

DAQISEQ _
Box i

N2 Line

Data Cables

Camera 1
0 Phantom View

Camera 4
/'(OVBWEEW" Phanfom View

Vertically
——Oriented COPV

Camera 3
90° Phanfom View

= Camera 2
45°Phantom View

Figure 13: Phantom Camera Layout Map

Referencing the camera locations and nomenclature from the above image, below in Table 1 is
a detailed list of cameras and settings used throughout the test series.

Table 1: List of Cameras and Settings Used for Testing

Camera # Camera Model Color Qutput | Resolution Framerate Lens
1 Phantom®V2512 | Monochrome 512 x 800 25,722 fps Nikon® 24-85mm
2 Phantom® VEO410 Color 448 x 800 12,000 fps Nikon® 24-85mm
3 Phantom®VEO710 | Monochrome 448 x 800 17,000 fps | Sigma® 24-70mm
4 Phantom® V2640 Color 2048 x 1952 6,600 fps Nikon® 80-200mm
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Each camera was set up behind a barricade wall (to protect them from fragmentation) and the
view angle was bounced around the wall using a mirror. See below in Figure 14 for an example
of this barricade and mirror system, as well as the resulting camera image.

A special test method was used to calibrate each of the phantom cameras to allow for post-test
distance and velocity measurements. A calibration tool was fabricated to allow the team to
calibrate distance measurements in both horizontal and vertical directions for each camera
view. Two (2) wooden 2x4s were screwed together at 90° and a strip of black Gorilla Tape® was
applied at precise locations on each board such that the outside edges of the tape were exactly
72 inches apart. This tape distance was true in both horizontal and vertical planes. At the
beginning of each test day, after the phantom cameras were setup and views were dialed in,
one of the test team members would hold the calibration tool at the center of the test pad and a
snapshot would be taken on the camera software for each camera view. Once these snapshots
were taken, the camera and lens settings for each view would remain untouched for the
remainder of the day, to ensure that the calibration values would remain valid. The team would
then proceed to test throughout that day and then repeat the calibration process at the
beginning of the next day. The calibration snapshots would be saved but not touched until post-
test data reduction efforts. Within the Phantom® video software, there is a feature that allows
the user to select between two known points and input the distance. This results in a value of
inches/pixel for that specific video. This value is then applied to all views of that camera from
that day. This will then allow the user to determine distance and velocity from objects moving in
each camera view. See Figure 15 below for an image of this calibration tool and an example
snapshot.

12
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Figure 15: Calibration Tool and Example Snapshot
Depending on the type of test, one of two different camera triggering systems were used. For
the intentional rupture testing, the digital trigger sequencer that’s built into the Data Acquisition
System (DAQ) was used to simultaneously trigger the cameras, the data recorder, and the
detonator initiation system. For the pressurize-until-burst testing, the team had no idea when
the tank would eventually burst so a passive camera trigger system was used for these tests.
The MIOPS® camera trigger system is a commercially available product that has various built-in
features to allow for different external inputs to tell a camera to trigger. In this case, the test
team used its acoustic trigger feature that will sense a loud noise event and subsequently send
the trigger pulse to the cameras. Within the acoustic trigger feature, a sensitivity level is set
based on how loud the event is expecting to be. In order to properly dial this ideal sensitivity
levelin, the system was studied during the intentional rupture testing to get the sensitivity level
dialed in to a reliable zone. This acoustic trigger feature ended up successfully triggering
cameras for each of the pressurize-until-burst tests, resulting in full data capture throughout
the whole test series. See below in Figure 16 for a picture of the MIOPS® acoustic trigger system
and how it was implemented with the high-speed cameras.

Figure 16: MIOPS Acoustic Trigger System (L), and Implementation (R)
See Appendix A for techniques used in conjunction with the high-speed video footage to
calculate 3-dimensional velocity magnitude and direction.
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4.6 Blast Overpressure Sensors

Since these COPVs would be rupturing and quickly purging the entire tank of pressurized
nitrogen, blast overpressure measurements were taken for majority of the tests. Two different
methods of blast overpressure measurement were utilized.

The first type of measurement device used is the commercially available Black Box Biometrics
Inc’s Blast Gauge System®. The AvMC test team refers to these devices as BOP sensors. These
BOP sensors were developed for soldiers to wear during combat operations to passively collect
data on blast overpressure events for tracking traumatic brain injury trends. As such, BOPs are
incredibly rugged, battery powered, and store all blast overpressure event data using an
onboard storage system. The sensors are programmed to automatically and passively record
the pressure waveform when they experience a pressure event greater than 0.5 psi. One
downside of this system is that they are factory calibrated so it’s hard to verify that the data that
they’ve recorded is accurate. These devices were used for COPV tests 1-16. For some of the
tests, the BOP sensors were tied to sandbags (to limit movement from blast wave) and placed
at ground level in three (3) different arrays of three (3) sensors at differing distances from the
tank. For some of the later tests, when additional blast overpressure measurement devices
were used, they were mounted to a 3 ft tall post at similar distances from the tank. See below in
Figures 17 and 18 for images of the BOP sensor features as well as how they were implemented
for this test series.

Micro-USB Port
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The second type of blast overpressure measurement used is the PCB Inc’s piezoelectric pencil
gauge system. The AvMC team refers to these as pencil gauges. Effectively, it’s a long aluminum
rod with a pointed tip and a piezoelectric pressure sensor mounted on a machined flattened
surface of the rod that runs the length. When a blast wave passes down the length of the gauge,
any disruptions caused by wrapping around the shaft are dissipated by the point on the front
and the resultant pressure wave recorded by the sensor is a true representation of pressure
versus time. These gauges are the industry standard for measuring free field blast overpressure
events. These pencil gauges were AvMC calibrated to NIST standards within 1 calendar year of
their use. The gauges utilize a PCB signal conditioner system to provide excitation voltage to the
sensor and the resultant data is recorded on AyMC’s National Instruments Data Acquisition
(DAQ) chassis at 1 million samples/second. These sensors were used for tests 10-16 of this
COPV test series. Each pencil gauge was mounted to a 4ft tall pole with an adjustable ball joint
arm and, as recommended, each of the pencils were aimed directly at the source of the
overpressure event (the COPV tank). Six (6) pencil gauges were utilized for each test, in two (2)
arrays of three (3) sensors each. See Figure 19 below for an image of the mounting setup and
sensor array for these pencil gauges used in this test series.

-~ -

Figure 19: Pencil Gauge Mounting Hardware (L), Sensor Array (R)

Itis significant to note the difference in how each of these blast overpressure measurement
devices capture data. The concept is most easily described as either “front-on” measurement
verses “side-on” measurement and it directly has to do with how the sensor is oriented relative
to the pressure wave. “Side-on” measurement implies that the sensing surface is parallel with
the direction that the pressure wave is travelling. Pencil gauges directly measure in “side-on”
configuration because the sensing surface is on the side of the shaft and the pressure wave
passes by the sensor un-interrupted as it expands. “Front-on” measurement implies that the
sensing surface is perpendicular to the direction the pressure wave is travelling. When this
happens, the pressure wave is interrupted by the flat surface and results in higher-than-normal
pressure readings. This phenomenon is known as compression stacking. This is worth
mentioning because some of the tests had the BOP sensors oriented in this front-on
configuration. All of the tests that had BOP sensors attached to sandbags were technically in
side-on configuration and should have negligible compression stacking effects. However, on
the tests where the pencil gauges were also used, the AvMC team improperly mounted the BOP
sensors to the same mounting arm such that the sensing surface was directly facing the
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pressure source. For these tests, it is highly likely that compression stacking occurred on the
BOP sensors and the resulting BOP pressure data will read higher values than the data recorded
on the nearby pencil gauge. See Figure 20 below for a visual schematic showing the difference
between front-on and side-on configuration, as well as a picture of this BOP/pencil mounting
method.

Side-On Measurement Pressure
Front-On Measurement

Figure 20: Side-On vs Front-On Measurement (L), Pencil/BOP Combo Mount (R)
One additional point to mention about the pressure data recorded in this test series is that the
software that configures the BOP sensors before use was improperly configured and resulted in
a lack of data capture for a number of the COPV tests. When the lead test engineer configured
and powered on the BOP sensors prior to the test series, the BOPs were set in a mode called
“personnel-mode”. Post test series, the team leaned the BOPs should have been set in a mode
called “structure-mode.” Between the two modes, there is no difference in how the data is
collected. However, personnel-mode has a sleep feature that is used to conserve battery life on
each sensor. When in personnel-mode, if the sensor hasn’t detected any movement within 30
minutes, it will “go to sleep” and it will then “wake up” when movement is detected. Thus, if the
sensor was in sleep mode when the pressure wave passed by, it will not record it. This was the
case for a large number of the tests that were conducted in this test series. If the BOP sensors
had been moved or adjusted prior to the shot (such as adjusted position, etc.), they
successfully recorded data. As the test series continued, the test team stopped adjusting the
BOPs for each test, as they were staying in their desired position from shot-to-shot. In those
cases, the BOP sensors failed to record. Conversely, had the sensors been configured in
structure-mode, the BOPs would have not gone to sleep and the team would have recorded
data successfully for every test. Therefore, in the final data reporting for each test, this explains
why there are many tests with no BOP sensor data reported.

4.7 Overwatch Camera Locations and Meteorology Stations

In addition to all of the data acquisition sensors and phantom cameras, the test area utilized
four (4) overwatch cameras placed at different vantage points around the test site. Each camera
tower is approximately 30ft tall and has a networked Speco Pan-Tilt-Zoom (model O4P30X)
camera mounted at the top. These cameras all network back to a Network Video Recorder
(NVR) system that is in the control room. Additionally, the Pan-Tilt-Zoom features can all be
controlled from the control room for ease of scanning the test area and adjusting the view for
each shot.
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To obtain accurate weather conditions during each test shot, the test team utilized a dual-
meteorology station setup that was mounted to one of the camera towers. The weather stations
were Columbia Weather Systems Inc’s Orion Weather Stations®. Two of these weather stations
were mounted to the same camera tower at different heights. One was mounted near the
bottom of the tower at around 5ft above ground level (AGL) and the other was mounted near the
top at around 30ft AGL to gather both current weather conditions and also differences in ground
level versus tree-top level conditions for each test. These weather stations were networked
back to a control station in the control room and were recording 1 sample/second data during
the entire test series. While each weather station records a large variety of meteorological data,
the data that the team was most concerned about for each test was temperature, relative
humidity, and 3-second-rolling-average wind speed and direction. See below in Figure 21 for a
map of where each tower was located around the test area, as well as a picture of one of the
weather stations.

PTZ Camera
7 Towers x3

Test Tank

PTZ Camera

Tower wi 2-Level
Weather Stations

Figure 21: Camera Tower Location Map (L), Orion Weather Station (R)

5.0 Overall Test Matrix

5.1 COPV Details

In all, six (6) different Composite Overwrapped Pressure Vessels (COPVs) were tested in this
test series. The first one tested was manufactured by General Dynamics and was considered a
Type Il COPV (contains an aluminum liner with a carbon fiber composite overwrap). The
volume of this General Dynamics tank is 8.2L (2.16 Gal), has a rated working pressure of 4,300
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psi and a design burst pressure of 6,450 psi. See Figure 22 below for an image of this General
Dynamics COPV.

Figure 22: General Dynamics Type Il COPV
The next type of COPV tested was manufactured by Xperion and was considered a Type IV
COPV (contains a plastic liner with a fiberglass and carbon fiber composite overwrap). The
volume of this Xperion tank is 46L (12.15 Gal), has a rated working pressure of 2,900 psiand a
design burst pressure of 6,525 psi. See Figure 23 below for an image of these Xperion COPVs.

Figure 23: Xperion Type IV COPVs

The next type of COPV tested was manufactured by Infinite Composites and was considered a
Type IV COPV (contains plastic liner with a carbon fiber composite overwrap). The volume of
this Infinite Composites tank is 1.9L (0.5 Gal) and is the smaller variant of the Infinite
Composites tanks tested in this series. Since there is another model of Infinite Composites
tanks being tested, this variant will be referred to as Infinite Composites Small COPV. This tank
has a working pressure of 4,496 psi and a design burst pressure of 8,992 psi. See Figure 24
below for an image of this Infinite Composites Small COPV.
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Figure 24: Infinite Composites Small Type IV COPV

The next type of tank tested was manufactured by Cimarron and was considered a Type V COPV
(contains no inner liner, except for metallic bosses, and is purely a carbon fiber composite
overwrap). The volume of this Cimarron tank is 113.6L (30 Gal), has a rated working pressure of

500 psi and a design burst pressure of 1,000 psi. See Figure 25 below for an image of this
Cimarron COPV.

Figure 25: Cimarron Type V COPV

The next type of tank tested was manufactured by HyPerComp and was considered a Type V
COPV (contains no inner liner and is purely a carbon fiber composite overwrap). The volume of
this HyPerComp tank is 128.7L (34 Gal), has a rated working pressure of 50 psi and a design
burst pressure of 100 psi. The reason the rated pressure levels are so low is because this
particular model was designed and intended for high cycle usage. By rating the tank at a lower
pressure level, they could get a longer life cycle out of each tank before wear and tear occurs. In

actuality, these tanks can hold higher pressures than this. See Figure 26 below for an image of
this HyPerComp COPV.
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Figure 26: HyPerComp Type V COPV
The final tank tested was manufactured by Infinite Composites and is also a Type IV COPV
(plastic inner liner with carbon fiber composite overwrap). The volume of this tank is 113.6L (30
Gal) and will be referred to as the Infinite Composites Large COPV for the remainder of this
report. The rated working pressure of this Large COPV is 500 psi and the design burst pressure is
1,000 psi. See Figure 27 below for an image of this Infinite Composites Large COPV.

-

Figure 27: Infinite Composites Large Type IV COPV

5.2 Test Matrix and Description

A limited number of COPV assets of each type/manufacturer were provided for testing by the

customer. See below in Table 2 for a consolidated list of how many tests of each type of tank,
sorted by manufacturer.
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Table 2: COPV Test Series Matrix (Sorted by Manufacturer)

# of # of
Desi % Rated Working Designed Rupture Pressure
esignation Pressure Burst Pressure P Until Burst
Tests
Tests
General Dynamics 1 8.2L (2.16 Gal) 4300 psi 6450 psi 8 0
Xperion A" 46L (12.15 Gal) 2900 psi 6525 psi 6 Eh
Infinite Comp. Small A" 1.9L (0.5 Gal) 4496 psi 8992 psi 3 0
Cimarron V 113.6L (30 Gal) 500 psi 1000 psi 0 2%
HyPerComp A% 128.7L (34 Gal) 50 psi 100 psi 0 2%
Infinite Comp. Large v 113.6L (30 Gal) 500 psi 1000 psi 0 2%
TOTALS 17 9

*(1) shot will be fired horizontally with frag capture bundles

** Will be shot very last and with a modified Pressure Distribution Panel (due to the high pressures required)

***= Will be utilizing (1) “Stepped Increase to Burst” procedure

As seen above, a total of twenty-six (26) tests were executed during this test series. Due to
various factors, the actual order that each test was executed varied. See Table 3 below for the
actual chronological order of tests executed and the details surrounding each one.

Table 3: COPV Test Series Matrix (Sorted by Test #)

Test Rupture
# Tank Mfr Date Mechanism Data Setup
1 8/8/24
2
50 grift Det Burst
3 Test# Tank Mfr Date Data Setu
General 8/13/24 Cord Process P
4 Dynamics .
(8.2L Type I} 18 Cimarron
5 Phantom (113.6L Type V)
6 Conical SC Cameras Only 19 HyperComp Pressure
(128.7L Type V) Rise until
T
8M14/24 Infinite Comp Burst
8 20 Large
9 (113.6L Type IV) 8121124
21 Cimarron
10 Xperion (113.6L Type V) Phantom
46L Type IV,
1 (46L Type IV) Infinite Comp g‘eDDEU Cameras Only
125 grift Flex 23 Large [EilnE
12 8/15/24 Linear (1136L Type IV) Increase
12 Shaped ' until Burst
Charge 22 HyperComp
14 (128.7L Type V)
Infinite Phantom
15 Comp Small Cameras and 24 w —
P \ 3 8/22/24 Intensified
= (1.9L Type IV) Pencil Gauges e Xperion Pressure
(46L Type IV) Rise until
A No Tank 819/24 Burst
(Bare 26
B Energetics for
Pressure
Comparison)
General 2L gZI:dDet Frag Capture
17 Dynamics 8/20/24 Arena w/
(8.2L Type III} Cams
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Ideally, the AvMC team would have organized this test matrix such that each tank type would
have been tested individually before moving to the next manufacturer’s tank. However, there
were many factors that necessitated the seemingly random nature of the executed test matrix.

The first of these factors is the difference between rupture and burst testing. Seventeen (17) of
the twenty-six (26) tests were conducted as intentional rupture tests and the remaining nine (9)
tests were conducted as intentional burst tests. The tank filling procedures for each of those
types of tests were slightly different and the intentional rupture tests required energetics to
initiate, while the burst tests did not. Therefore, it was decided that the team would conduct all
of the energetic rupture tests first before moving to burst tests.

The second of the driving factors was that some of the energetic rupture tests required more
instrumentation or different physical setups relative to others. For example, the early General
Dynamics tank shots had no pencil gauges present, requiring less setup time. Later, the pencil
gauges were added to the test setup, which added to the test complexity and were used
continuously until the next major configuration change. Finally, the entire layout of the test was
changed for a fragment capture-style test in shot seventeen (17). The order of test operations
here was optimized to streamline the test execution style while ensuring that all data was
captured successfully.

The final driving factor within the pressurize-until-burst tests was to minimize damage potential
of the pressure filling system. The lower magnitude pressure burst tests were prioritized first
because there was a lesser probability of fill tubing damage from the burst event, which would
have required replacement, costing extra range time and resources. The higher magnitude
pressure burst tests were prioritized last because there was a high probability of fill tubing
damage and also the installation and usage of a pressure intensifier to boost the tank pressures
beyond the supply truck’s limits.

6.0 General Dynamics Type Ill Test Results

The first set of test results that will be discussed are from the General Dynamics tests. All eight
(8) of the tests conducted on this tank were intentional energetic rupture tests. See Table 4
below for a breakdown of the test matrix executed on this style of COPV.

22
UNCLASSIFIED



UNCLASSIFIED

Table 4: General Dynamics COPV Test Matrix

Desired Fill

Test # Date/Time Energetic Used Rupture Location

Pressure

1 8/8/24 @ 1408 At Dome/Cylinder Taper

2 8/13/24 @1042 At Dome/Cylinder Transition

50gr/ft Det Cord - —

3 8/13/24 @ 1204 At Dome/Cylinder Transition

4 8/M13/24 @ 1320 At Dome/Cylinder Transition
4300 psi

5 813724 @ 1531 50gr/ft Det Cord* At Boss

6 8/14/24 @ 1116 Conical Shaped Charge At Boss

7 814724 @ 1320 125gr/ft Flex Linear Shape Charge At Boss

17 8/20/24 @ 1025 50gr/ft Det Cord At Dome/Cylinder Taper

* Failed to rupture tank. Required emergency demil via remotely fired gun

Test 1 was the first time a COPV was attempted to be filled with the AvMC team’s new remote fill
system. The AvMC team struggled to maintain the proper fill rate, which caused the fill process
to take longer than desired. Though the test ultimately succeeded, the team decided to
reconfigure the remote fill system to allow more control on fill rate for future tests.

Tests 2 through 4 all worked as intended, with the 50 gr/ft det cord working as the cutting
charge.

On Test 5, upon initiation of the detonation train, the det cord functioned properly but failed to
rupture through the thicker material on the head boss of the COPV. This rupture failure caused a
hazardous situation where the COPV was damaged and still contained pressure. Per the risk
assessment of this situation a remotely fired standalone gun system was implemented to safely
impact and vent the tank and eliminate personnel exposure. The damaged tank was impacted
by a 7.62mmx39mm ball round and subsequently vented the contained pressure appropriately.
However, due to this non-ideal setup, no fragment velocity capture was obtained for the test.

For Test 6, through discussions with the NASA customers, the AvMC team opted to shoot a
copper conical shaped charge at the filled tank at the desired rupture location. This munition is
a small pre-cursor shaped charge from an Army missile system. This method proved successful
at punching a very precise hole through the tank and venting the pressure, but the tank didn’t
fragment into pieces. It was then decided that the team would utilize flexible linear shaped
charge for future rupture tests.

Test 7 worked as intended, with the 125 gr/ft flex linear working as the cutting charge.

Finally, Test 17 also worked as intended, with the 50 gr/ft det cord working as the cutting charge.
The fragment arena bundles were indeed successful in capturing the main fragments, allowing
the team to recover the two halves of the COPV that came apart for further analysis.

The following sections detail the data and results gathered from each of the respective tests.
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6.1 Test 1-Det Cord Rupture @ Dome Taper

Test 1 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed at the dome/cylinder taper, the most likely location this
tank would rupture, based on tank design and geometry.

The fill process for test 1 began on 8/8/24 at 1206 CDT and took approximately 1hr and 35mins
to fill to the desired pressure. As described above, the AvMC team was having trouble
maintaining a consistent fill rate during this particular fill. The goal pressure for the tank was
4,300 psi and the final reading before the pressure was sealed was 4,324 psi. The head boss
temperature ended at 103°F.

The energetic rupture test event occurred at 1408 CDT under partly cloudy skies, 86.7°F, 65%
relative humidity, and a wind-speed of 4.2 mph SSE. The det cord successfully ruptured and
separated the tank, as desired. See Figure 28 below for images of the tank during and after test.

Essentially, the top boss separated in-tact and was propelled upwards. The rest of the tank and
valve components were driven down into the sand pit so no velocity calculations were
generated for them. Though the top boss was not recovered, the mass was estimated to be
1,080 grams (based on the pre-test mass subtracted by the remaining post-test frags) and was
estimated to be approximately 6.5” diameter and 7” long. See Table 5 below for a chart of the
test’s frag velocity summary.

Table 5: Test 1 Fragment Velocity Summary

Testl
Cutter: 50 gr/ft Det Cord Pressure: 4324 psi
Location: At Dome/Cylinder Taper
Frag # Description Mass (g): Size(in] ;Speed (ft/s)  Polar Angle (°]
1 Top Boss 1080 P6.5x7 560 2.1

As mentioned above, the bottom boss, broken valve and valve knob were all found in the sand
pit and recovered for post-test evaluation. Sizes and masses were taken of each of these items
but aren’t worth reporting on since no velocity calculation was done on them. See below in
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Figure 29 for freeze-frame images of the high-speed video, as well as a photograph of the
recovered frags.

Cam 1 Cam3

:'.'.'_I R ————

Figure 29: Test 1 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

The BOP sensors all recorded successful pressure curves for this test. Based on the length and
strength of the det cord, the net explosive weight of the energetics was 6.9 grams of PETN and
the COPV tank contained 8.2L of gaseous nitrogen at 4,324 psi. Each of these items (energetics
and stored inert gas) contributed to the resulting blast overpressure readings. See Figure 30
below for a list of the resulting peak pressures and a schematic map of where each sensor was
located, relative to the test area.

HOFID prasl?}P froDri':tg:ﬁteer
I 417
H1 46 10ft
H2 464
12 363
Ji1 3.37 12 5ft
J2 334
13 297
K1 218 15ft
K2 247

Figure 30: Test 1 Blast Overpressure Results
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6.2 Test 2 - Det Cord Rupture @ Dome Transition

Test 2 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed at the dome/cylinder transition, the second most likely
location this tank would rupture, based on tank design and geometry

The fill process for test 2 began on 8/13/24 at 0936 CDT and took approximately 48mins to fill to
the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,285 psi. The head boss temperature ended at 99.4°F.

The energetic rupture test event occurred at 1042 CDT under partly cloudy skies, 84.7°F, 52%
relative humidity, and a wind-speed of 0.3 mph W. The det cord successfully ruptured and
separated the tank, as desired. See Figure 31 below for images of the tank during and after test.

Figure 31: Test 2 General Dynamics Tank Post-Test (L) and During Separation (R)

Upon post-test evaluation, the head boss fragmented into three fragments that were propelled
upwards, while the remaining tank and valve components were driven down into the sand.
These three propelled fragments were successfully recovered in the area after the test so a full
analysis of mass, size, and velocity can be derived. See Table 6 below for a chart of the test’s
frag velocity summary.

Table 6: Test 2 Fragment Velocity Summary

Test2
Cutter: 50 gr/ft Det Cord Pressure: 4285 psi
Location: At Dome/Cylinder Transition
Frag# Description Mass (g} Size(in) :Speed (ft/s):Polar Angle (°)
1 Top Boss Frag 56 3.5x2x.25 650.2 5.8
2 Top Boss Frag 32 3.75x3.25x13 551.9 6.9
3 Top Boss 720 B7x3.75 613.9 5.6

See below in Figure 32 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered frags.
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Figure 32: Test 2 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

All but one of the BOP sensors recorded successful pressure curves for this test. Based on the
length and strength of the det cord, the net explosive weight of the energetics was 6.9 grams of
PETN and the COPV tank contained 8.2L of gaseous nitrogen at 4,285 psi. Each of these items
(energetics and stored inert gas) contributed to the resulting blast overpressure readings. See
Figure 33 below for a list of the resulting peak pressures and a schematic map of where each
sensor was located, relative to the test area.

Zholglll P{epaski}P froDIirftgzﬁteer
1 7.22
H1 8.09 5ft
H2 N/A
12 442
J1 544 7 5ft
J2 435
13 413
K1 352 10ft
K2 413

Figure 33: Test 2 Blast Overpressure Results

6.3 Test 3—- Det Cord Rupture @ Dome Transition

Test 3 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed at the dome/cylinder transition, the second most likely
location this tank would rupture, based on tank design and geometry.
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The fill process for test 3 began on 8/13/24 at 1104 CDT and took approximately 44mins to fill to
the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,309 psi. The head boss temperature ended at 107.5°F.

The energetic rupture test event occurred at 1204 CDT under mostly cloudy skies, 87.8°F, 47%
relative humidity, and a wind-speed of 2 mph NW. The det cord successfully ruptured and
separated the tank, as desired. See Figure 34 below for images of the tank during and after test.

] L | | 3

Figure 34: Test 3 General Dynamics Tank Post-Test (L) and During Separation (R)
Upon post-test evaluation, the head boss fragmented into four separate fragments that were
propelled upwards, while the remaining tank and valve components were driven into the sand.
These four propelled fragments were not recovered after the test, as they had been likely thrown
outside the immediate test area. Therefore, no mass or size can be deduced from the
fragments. See Table 7 below for a chart of the test’s frag velocity summary.

Table 7: Test 3 Fragment Velocity Summary

Test3
Cutter: 50 gr/ft Det Cord Pressure: 4309 psi
Location: At Dome/Cylinder Transition
Frag # Description Mass (g)! Size(in) :Speed (ft/s):Polar Angle (°]

1 Boss Piece 528.5 6.4
2 Boss Piece 603.5 5.7
3 Boss Piece 618.9 7.5
4 Boss Piece 583.2 3.1

See below in Figure 35 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered frags.
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Cam 3

Figure 35: Test 3 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

All but one of the BOP sensors recorded successful pressure curves for this test. Based on the
length and strength of the det cord, the net explosive weight of the energetics was 6.9 grams of
PETN and the COPV tank contained 8.2L of gaseous nitrogen at 4,309 psi. Each of these items
(energetics and stored inert gas) contributed to the resulting blast overpressure readings. See
Figure 36 below for a list of the resulting peak pressures and a schematic map of where each
sensor was located, relative to the test area.

BOEID prasﬁ}P frglir?té:gteer
H 6.42
H1 6.78 5ft
H2 N/A
12 3.81
J1 417 7.5ft
J2 500
13 395
K1 3.84 10ft
K2 402

Figure 36: Test 3 Blast Overpressure Results

6.4 Test4 - Det Cord Rupture @ Dome Transition

Test 4 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed at the dome/cylinder transition, the second most likely
location this tank would rupture, based on tank design and geometry.
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The fill process for test 4 began on 8/13/24 at 1225 CDT and took approximately 39mins to fill to
the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,315 psi. The head boss temperature ended at 110.6°F.

The energetic rupture test event occurred at 1320 CDT under mostly cloudy skies, 86°F, 53%
relative humidity, and a wind-speed of 0.5 mph S. The det cord successfully ruptured and
separated the tank, as desired. See Figure 37 below for images of the tank during and after test.

-

. - —

Figure 37: Test 4 General Dynamics Tank Post-Test (L) and During Separation (R)

Upon post-test evaluation, the head boss fragmented into four fragments that were propelled
upwards, while the remaining tank and valve components were driven down into the sand.
Three of the four fragments were recovered post-test so a full analysis of mass, size, and
velocity can be derived for those. The one frag that was not recovered was assumed to be the
remaining weight left over from the total initial weight minus the recovered frags and size
dimensions were assumed for it as well. See Table 8 below for a chart of the test’s frag velocity

summary.
Table 8: Test 4 Fragment Velocity Summary
Test4
Cutter: 50 gr/ft Det Cord Pressure: 4315 psi
Location: At Dome/Cylinder Transition
Frag# Description Mass (g): Size (in] :Speed (ft/s) Polar Angle (°]
1 Boss Piece 78 5.5x3x.25 397.4 37
2 Boss Piece a0 5x2.75x.25 623 39.1
3 Boss Piece 62 5.25x4x.13 585.6 31.5
4 Remnant Head Boss 814 Bdx3.75 428.4 27.2

See below in Figure 38 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered frags.
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Cam 1 Cam 3

Figure 38: Test 4 High-Speed Frag Footage (L) and Recovered Frags (R)

All but one of the BOP sensors recorded successful pressure curves for this test. Based on the
length and strength of the det cord, the net explosive weight of the energetics was 6.9 grams of
PETN and the COPV tank contained 8.2L of gaseous nitrogen at 4,315 psi. Each of these items
(energetics and stored inert gas) contributed to the resulting blast overpressure readings. See
Figure 39 below for a list of the resulting peak pressures and a schematic map of where each
sensor was located, relative to the test area.

BOFID prasfjp frc?ri:tg:ﬁfer
1 435
H1 6.93 5ft
H2 N/A
2 3.73
J1 544 7 5ft
J2 558
13 3.26
K1 3.92 101t
K2 410

Figure 39: Test 4 Blast Overpressure Results

31
UNCLASSIFIED



UNCLASSIFIED

6.5 Test5- Det Cord Rupture @ Boss

Test 5 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed right around the boss. While this is not the most likely
failure mechanism for this tank, it is the most massive, small fragment that could reasonably be
expected to be liberated in a rupture event.

The fill process for test 5 began on 8/13/24 at 1342 CDT and took approximately 1hr and 32mins
to fill to the desired pressure. The team filling the tank did not fully close the ball valve before
the fill lLines were purged, which resulted in a depressurization of the tank. The fill process was
then restarted and the ultimate pressure being reached and sealed properly. The goal pressure
for the tank was 4,300 psi and the final reading before the pressure was sealed was 4,314 psi.
The head boss temperature ended at 105.3°F.

The energetic rupture test event occurred at 1531 CDT under mostly cloudy skies, 86.5°F, 51%
relative humidity, and a wind-speed of 1 mph S. Upon initiation, the det cord failed to cut
through the tank wall, resulting in a hazardous situation where the COPV was damaged and still
contained pressure. See Figure 40 below for images of the tank before and during the
detonation event.

Figure 40: Test 5 General Dynamics Tank Pre-Test (L) and During Detonation Event (R)

To mitigate the dangerous situation that was presented, AyMC'’s risk assessment solution to the
situation was to setup their remote-fired 7.62mm rifle system to remotely shoot a bullet at the
tank from a safe distance. The intention was that the bullet would easily penetrate the case and
allow it to vent the stored pressure appropriately. This method was successfully employed and
the tank was shot and successfully vented at 1627 CDT. Based on recovered tank frags, it was
derived that the bullet likely struck the tank close to the bottom boss. No video data of this
bullet impact was recorded due to the differing control system so no frag velocities could be
obtained from the event. Ten (10) fragments were recovered from this shot in the area post-test.
See Figure 41 below for images of the remote-controlled rifle used, as well as the resulting
fragments collected.

32
UNCLASSIFIED



UNCLASSIFIED

Figure 41: Test 5 Remote-Controlled Rifle System (L) and Resulting Post-Impact Fragments (R)

Though the detonation event did not result in a tank rupture, some of the BOP sensors recorded
pressure curves from the detonation wave. Based on the length and strength of the det cord,
the net explosive weight of the energetics was 4.8 grams of PETN. See Figure 42 below for a list
of the resulting peak pressures and a schematic map of where each sensor was located,

relative to the test area.

BRI l:’ltl?[:ﬁaski }P froDri:tCaIZﬁteer

"1 N/A

H1 218 5t

H2 N/A

12 N/A

J1 2.39 751

J2 N/A

13 134

K1 152 10ft

K2 N/A

Figure 42: Test 5 Blast Overpressure Results

One of the fragments collected after the bullet impact was the top dome area. The line that the
det cord sat on is still visible and clearly did not make much of a dent in penetrating the
aluminum liner underneath. As the liner approaches the top boss end, the aluminum material
gets progressively thicker. In all of the prior tests, the det cord was placed at locations where
the liner was much thinner and resulted in successful rupture events. See Figure 43 below for
an image of the det cord impression made on the COPV dome.
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Figure 4: Test 5 Det Cord Impression on COPV Dome

6.6 Test 6 — Conical Shaped Charge Jet Rupture @ Boss

Since, in the prior test, the det cord was not successful in penetrating that thicker aluminum
area, the AYMC and NASA teams collectively agreed upon a new plan to change the cutting
charge for the successive test. The team chose to utilize a more traditional conical shaped
charge to guarantee a hole punched through the tank. The AvMC team chose the smallest
conical shaped charge in their inventory, a small precursor munition from an Army missile
system. A conical shaped charge is similar to the mechanism in flex linear, except that the
penetrating charge starts off as an inverted cone of malleable metal (typically copper), with
explosive material packed behind it. Upon detonation of the explosive material, the cone is
rapidly deformed into a linear jet and is propelled forwards at high speed. This style of shaped
charge is commonly used in military applications as armor penetrating warheads for punching
deep holes in heavy armor.

Test 6 was, therefore, an energetic rupture test on the General Dynamics COPV, with a conical
shaped charge being the energetic rupture mechanism aimed right at the boss layer. See Figure
44 below for images of this conical shaped charge and how it was oriented for the test.

3" - * =

Figure 44: Test 6 Conical Shaped Charge Setup (L) and Standalone Picture (R)

The fill process for Test 6 began on 8/14/24 at 1007 CDT and took approximately 44mins to fill to
the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,315 psi. The head boss temperature ended at 102°F.
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The energetic rupture test event occurred at 1116 CDT under cloudy skies, 79.1°F, 77% relative
humidity, and a wind-speed of 0.1 mph NNW. The shaped charge jet successfully penetrated
the tank, leaving entry and exit holes, but did not cause a rupture. See Figure 45 below for

images of the tank during and after test.
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Figure 45: Test 6 General Dynamics Tank During Penetration (L) and Post-Test (R)

As seen in the above Figure, the jet was successful in penetrating straight through the entire
tank at the desired rupture location. However, since it was more of a straight hole-punch
mechanism, the COPV now had two holes (jet entry and exit) from which to quickly purge the
nitrogen gas inside. The purging of nitrogen through these two holes caused a diverging nozzle
effect, which propelled the tank away from the rupture location. Effectively, the tank was first
propelled downward into the sand but, upon impact with the ground, spun around and was
propelled out of the immediate test area. The tank was found about 80 feet away in tall grass
near the perimeter of the test area. The velocity of this secondary propulsion event was indeed
captured and documented below in Table 9.

Table 9: Test 6 Fragment Velocity Summary

Test6
Cutter: 73 gram Conical Shaped Charge  |Pressure: 4315 psi
Location: At Boss
Frag # Description Mass (g} Size (in)] :Speed (ft/s]: Polar Angle (°)
1 Whole Tank 3122 #6.5x22.2 69.6 66.7

See below in Figure 46 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered frag.

Cam 1
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All but one of the BOP sensors recorded successful pressure curves for this test. Based on the
energetic mass inside the conical shaped charge, the net explosive weight of the energetics
was 73.3 grams of PBXN-5 and the COPV tank contained 8.2L of gaseous nitrogen at 4,315 psi.
Each of these items (energetics and stored inert gas) contributed to the resulting blast
overpressure readings. It should be worth noting that the blast overpressure readings for this
test are not uniform around the tank, since the shaped charge detonation was not centrally
located. See Figure 47 below for a list of the resulting peak pressures and a schematic map of
where each sensor was located and how the conical shaped charge was aimed, relative to the

test area.
cpl prasl?}P frgli:tggﬁteer

1 95
H1 1327 bit
H2 20.49
12 464
J1 5.58 50
J2 624
13 402
K1 439 10ft
K2 N/A

Figure 47: Test 6 Blast Overpressure Results

6.7 Test 7 - Flex Linear Rupture @ Boss

Though the hole cutting mechanism utilized in the prior test was effective, it did not yield the
“seam-ripping” effect that was desired in the test series. Therefore, the AVYMC and NASA teams
decided collectively to make the cutting mechanism flex linear shaped charge for these shots
that required a thicker material to penetrate.

Test 7 was an energetic rupture test on the General Dynamics COPV, with flex linear shaped
charge being the energetic rupture mechanism placed right around the boss. While this is not
the most likely failure mechanism for this tank, it is the most massive, small fragment that
could reasonably be expected to be liberated in a rupture event.

The fill process for test 7 began on 8/14/24 at 1218 CDT and took approximately 43mins to fill to
the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,325 psi. The head boss temperature ended at 103°F.

The energetic rupture test event occurred at 1320 CDT under cloudy skies, 81.1°F, 73% relative
humidity, and a wind-speed of 1 mph SSE. The flex linear shaped charge successfully ruptured
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and separated the tank, as desired. See Figure 48 below for images of the tank before, during,
and after test.
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Figure 48: Test 7 General Dynamics Tank Pre-Test (L), During Test (C), and Post-Test (R)

Upon post-test evaluation, the tank fractured into many pieces, throwing frags both upward and
outward. One of these fragments was recovered in the area after the test. For this frag, a full
analysis of mass, size, and velocity was performed. Velocity was obtained on a few of the non-
recovered frags, so size and mass were not obtained. The size and mass of the head boss was
assumed to be similar to the one recovered in test 5, so those measurements were used in the
below table. See Table 10 below for a chart of the test’s frag velocity summary.

Table 10: Test 7 Fragment Velocity Summary

Test7
Cutter: 125gr/ftL5C Pressure: 4325 psi
Location: Af Boss
Frag # Description Mass (g)i Size(in) :Speed (ft/s):Polar Angle (*]
1 Boffom Boss Frag 152 6. 5xdx.25 842.3 103.7
7 Head Boss 814 @3.5x3.5 486.6 33.4
8 Bottom Boss Frag §55.2 113.1
9 Bottom Boss Frag 865 112.6

See below in Figure 49 for freeze-frame images of the high-speed video, as well as a photograph

of the recovered frags.
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Cam 1 Cam 3

Figure 49: Test 7 High-Speed Frag Footage (L) and Recovered Frags (R)

About half of the BOP sensors recorded successful pressure curves for this test. Based on the
length and strength of the flex linear, the net explosive weight of the energetics was 8.5 grams of
RDX and the COPV tank contained 8.2L of gaseous nitrogen at 4,325 psi. Each of these items
(energetics and stored inert gas) contributed to the resulting blast overpressure readings. See
Figure 50 below for a list of the resulting peak pressures and a schematic map of where each
sensor was located, relative to the test area.

BOFID praski}P fron;ftézﬁteer
| N/A
H1 N/A bit
H2 10.77
2 384
J1 6.56 7.5l
J2 N/A
13 377
K1 370 10ft
K2 N/A

Figure 50: Test 7 Blast Overpressure Results
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6.8 Test 17— Det Cord Rupture @ Dome Taper

Test 17 was an energetic rupture test on the General Dynamics COPV, with det cord being the
energetic rupture mechanism placed at the dome/cylinder taper, the most likely location this
tank would rupture, based on tank design and geometry.

This test differed greatly from the previous tests because it was requested by NASA to physically
capture the propelled fragments in standard fragment capture bundles. Therefore, the COPV
was oriented horizontally, such that the central axis of the tank was parallel with the ground.
Fragment capture bundles were placed at a known distance towards the front and back bosses,
as well as directly 90 degrees. To ensure that the tank fragments actually struck the bundles,
the tank was also placed on a table approximately 4ft off the ground. Based on the location of
the rupture seam and previous tests, it was assumed that the COPV would split into two
separate pieces and each would be propelled in opposite directions. A stack of frag collection
bundles was also placed at 90 degrees to catch any frags that may have been thrown radially.
High-speed camera views were adjusted to be able to see and track the fragments in flight
before they impact the bundles. See Figure 51 below for images of the COPV setup and top-
down schematic of the area.

Figure 51: Test 17 COPV Orientation and Overhead Schematic

The fill process for test 17 began on 8/20/24 at 0936 CDT and took approximately 32mins to fill
to the desired pressure. The goal pressure for the tank was 4,300 psi and the final reading before
the pressure was sealed was 4,335 psi. The head boss temperature ended at 102.4°F.

The energetic rupture test event occurred at 1025 CDT under fair skies, 80°F, 56% relative
humidity, and a wind-speed of 0.5 mph ESE. The det cord successfully ruptured and separated
the tank, as desired. As expected, the top and bottom bosses were thrown in opposite
directions, directly into the frag capture bundles. The top boss penetrated the bundle and then
bounced out on to the ground, while the bottom boss penetrated and got stuck in the bundle.
See Figure 52 below for images of the tank before, and after test.
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Head Boss Bottom Boss
G e bt
988 grams 2080 grams

Figure 52: Test 17 General Dynamics Tank Pre-Test (L) and Post-Test (R)

Upon post-test evaluation, indeed the head and bottom bosses were captured physically and
in-flight on the high-speed video, yielding a full velocity profile for each fragment. Additionally,
as seen in other tests, the valve and knob were sheared off and thrown separately but they both
missed the bundle and thus weren’t collected post test. However, since these valve
components were the same ones used in all of the other testing, the sizes and masses were
assumed to be the same. See Table 11 below for a chart of this test’s frag velocity summary.

Table 11: Test 17 Fragment Velocity Summary

Test17
Cutter: 50 gr/ft Det Cord Pressure: 4335 psi
Location: At Dome/Cylinder Taper
Frag # Description Mass (g)! Size (in]) :Speed (ft/s):Polar Angle (°)
1 Bottom Tank w/ Fitting 2060 (76.5x16 716.2 180
2 Top Boss 988 76.5x5.25 609.3 0.7
2 Broken Valve 430 2.5x2.25x1 488.6 156.6
4 Valve Knob 46 @1.6x1.5 451.1 158.7

See below in Figure 53 for freeze-frame images of the high-speed video, as well as a photograph

of the recovered frags.
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Figure 53: Test 17 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

Due to the test setup complexity added by utilizing frag capture bundles, no blast overpressure
sensors were utilized during this test.

7.0 Xperion Type IV Test Results

The next set of test results that will be discussed are from the Xperion COPV tests. (6) of these
tests were intentional energetic rupture tests and (3) of them were pressurize-until-burst tests.
See Table 12 below for a breakdown of the test matrix executed on this style of COPV.

Table 12: Xperion COPV Test Matrix
Desired Fill

Test # Date/Time FressLre Energetic Used Rupture Location
8 8/14/24 @ 1504 To Liberate Top Boss
9 8/14/24 @ 1618 To Liberate Bottom Boss
10 8/15/24 @ 0947 2900 psi 125gr/ft Flex Linear Shape To Liberate Bottom Boss
11 8/15/24 @ 1110 Charge To Liberate Bottom Boss
12 8/15/24 @ 1221 At Midline of Cylinder
13 8/15/24 @ 1354 At Midline of Cylinder
Test # Date/Time Proof Pressure Design Burst Pressure Recorded Burst Pressure
24 8/22/24 @ 1222 4350 psi 6525 psi 7178 psi
25 8/22/24 @ 1346 4350 psi 6525 psi 7614 psi
26 8/22/124 @ 1514 4350 psi 6525 psi 7385 psi

Due to the tank wall thickness of these Xperion tanks, the team utilized the 125gr/ft flex linear
shaped charges as the cutting mechanism for the rupture tests.

Test 8 was executed as a rupture test where the cutting seam was around the boss opposite
from the pressure manifold, also called the top boss. The tank was vertically oriented such that
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the pressure manifold side was towards the ground and the top boss was towards the sky. Upon
detonation event, very few frags were thrown, so it was decided that the tanks would be flipped
for the subsequent shots, in the hopes that more mass, larger fragments would be liberated.

Tests 9 through 11 were executed as rupture tests where the cutting seam was around the boss
with the pressure manifold, sometimes called the bottom boss. The tank was vertically oriented
such that the pressure manifold side was aimed towards the sky and the “top boss” was aimed
towards the ground. For each of these shots, the majority of the tank was thrown straight down
into the ground and the majority of the flyaway frags were from the pressure manifold and
materials immediately surrounding it, as intended.

Tests 12 and 13 were executed as rupture tests where the cutting seam was around the
midplane of the cylinder. For each of these shots, the tank separated into two distinct halves.
The bottom half was thrown straight into the ground and the top half was propelled straight up
into the sky. The top halves for each test had at least a 10+ second flight time before they
impacted the ground nearby.

Finally, tests 24 through 26 were each successfully fired in the pressurize-until-burst test
method. Due to the higher burst pressure required, a pressure intensifier was installed to boost
the fill pressure beyond the nitrogen supply truck’s limits, hence why these were shot lastin the
overall test series. Fragments from these burst events were numerous and varied greatly in
size/shape between shots. The burst pressures for each test were 7,178 psi, 7,614 psi, and
7,385 psirespectively.

7.1 Test 8 — Flex Linear Rupture @ Top Boss

Test 8 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the top boss of the tank. The tank was oriented
such that the pressure manifold was towards the ground and the boss to be cut was pointed
towards the sky. For Type IV pressure vessels, liberation of the metallic boss is the primary
projectile of concern. The boss being liberated in this test is the blind boss, which has a lower
mass than the threaded boss.

The fill process for test 8 began on 8/14/24 at 1349 CDT and took approximately 1 hour and 3
minutes to fill to the desired pressure. The AvMC team failed to open the COPV ball valve before
attempting to fill the tank, so the first time the tank was filled, it just filled the feed lines and not
the tank. Therefore, the fill time was longer than it should have been. Once this was realized,
the team properly opened the ball valve and filled the tank appropriately. The goal pressure for
the tank was 2,900 psi and the final reading before the pressure was sealed was 2,933 psi. The
head boss temperature ended at 114°F.

The energetic rupture test event occurred at 1504 CDT under mostly cloudy skies, 83.1°F, 60%
relative humidity, and a wind-speed of 0.2 mph WNW. The flex linear was successful in cutting
open the tank, as desired. See Figure 54 below for images of the tank before, during, and after
the test.
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Figure 54: Test 8 Xperion Tank Pre-Test (L), Mid-Test (C), and Post-Test (R)

Upon post-test evaluation, the head boss fragmented into a few very small fragments propelled
upwards but most of the tank was driven straight down into the sand. The fragments that were
seen flying upwards were not positively recovered so no size or mass measurements can be
derived. See Table 13 below for a chart of the test’s frag velocity summary.

Table 13: Test 8 Fragment Velocity Summary

Test8
Cutter: 125 gr/ft LSC Pressure: 2833 psi
Location: AfTop Boss
Frag # Description Mass (g] . Size (in) Speed (ft/s] | Polar Angle (®)
1 Fibrous Panel 1058.3 92.8
2 Fibrous Panel 1069.7 14.3
3 Head Boss 800.1 15.9

See Figure 55 below for freeze-frame images of the high-speed video.

Cam 3

Cam1

g

Figure 55: Test 8 High-Speed Frag Footage
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Unfortunately, due to the BOP sensors being improperly configured, only two of them recorded
successful pressure curves for the test. Based on the length and strength of flex linear, the net
explosive weight of the energetics was 8.5 grams of RDX and the COPV tank contained 46L of
gaseous nitrogen at 2,933 psi. Each of these items (energetics and stored inert gas) contributed
to the resulting blast overpressure readings. See Figure 56 below for a list of the resulting peak
pressures and a schematic map of where each sensor was located, relative to the test area.

SaEl praski)P froDI{r?tgzﬁteer

1 N/A
H1 N/A 5ft
H2 N/A

12 N/A

J1 5.11 7 .51

J2 N/A

13 N/A

K1 439 10ft

K2 N/A

Figure 56: Test 8 Blast Overpressure Results

7.2 Test 9- Flex Linear Rupture @ Bottom Boss

Test 9 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the bottom boss of the tank. The tank was
oriented such that the pressure manifold (the boss to be cut) was towards the sky and the head
boss was pointed towards the ground. For Type IV pressure vessels, liberation of the metallic
boss is the primary projectile of concern. The boss being liberated in this test is the threaded
boss, which has a higher mass than the bling boss.

The fill process for test 9 began on 8/14/24 at 1539 CDT and took approximately 24 minutes to
fill to the desired pressure. The goal pressure for the tank was 2,900 psi and the final reading
before the pressure was sealed was 2,920 psi. The head boss temperature ended at 109°F.

The energetic rupture test event occurred at 1618 CDT under mostly cloudy skies, 83.1°F, 63%
relative humidity, and a wind-speed of 0.5 mph S. The flex linear was successful in cutting open
the tank, as desired. See Figure 57 below for images of the tank before, during, and after the

test.
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Figure 57: Test 9 Xperion Tank Pre-Test (L), Mid-Test (C), and Post-Test (R)

Upon post-test evaluation, the manifold boss fragmented into a few small fragments propelled
upwards but most of the tank was driven straight down into the sand. Some of the fragments
seen flying upwards were not positively recovered but they appeared to be the broken ball valve
and knob, as captured in previous tests. Therefore, assumed sizes and masses were applied to
their respective velocities. Additionally, the main boss/manifold was not positively identified in
either camera 1 or 3 because the nitrogen cloud occluded the view. However, it was positively
identified in camera 4 because the view was zoomed out enough to see the whole cloud.
Therefore, 2-dimensional velocity and angle were derived from that view. See Table 14 below
for a chart of the test’s frag velocity summary.

Table 14: Test 9 Fragment Velocity Summary

Test9
Cutter: 125 gr/ft LSC Pressure: 2020 psi
Location: At Bottom Boss
Frag # Description Mass (g): Size (in) :Speed (ft/s]:Polar Angle (°)

1 Valve Knob 46 @1.5x1.25 676.9 20.2
2 Broken Valve 430  :3.5x2.25x1 245.9 17.8
3 Fibrous Panel 604.5 101.3
4 Head Boss 445 4.3

See below in Figure 58 for freeze-frame images of the high-speed video.

Cam4
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Figure 58: Test 9 High-Speed Frag Footage
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Unfortunately, due to the BOP sensors being improperly configured, only one of them recorded
a successful pressure curve for the test. Based on the length and strength of flex linear, the net
explosive weight of the energetics was 8.5 grams of RDX and the COPV tank contained 46L of
gaseous nitrogen at 2,920 psi. Each of these items (energetics and stored inert gas) contributed
to the resulting blast overpressure readings. See Figure 59 below for a list of the resulting peak
pressures and a schematic map of where each sensor was located, relative to the test area.

BRFID Fﬁ{?epashitll:I frgris%:ﬁfer

1 N/A

H1 N/A 5ft

H2 569

12 N/A

J1 N/A 751t

J2 N/A

13 N/A

K1 N/A 10ft

K2 N/A

Figure 59: Test 9 Blast Overpressure Results

7.3 Test 10 - Flex Linear Rupture @ Bottom Boss

Test 10 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the bottom boss of the tank. The tank was
oriented such that the pressure manifold (the boss to be cut) was towards the sky and the head
boss was pointed towards the ground. For Type IV pressure vessels, liberation of the metallic
boss is the primary projectile of concern. The boss being liberated in this test is the threaded
boss, which has a higher mass than the blind boss.

The fill process for test 10 began on 8/15/24 at 0900 CDT and took approximately 28 minutes to
fill to the desired pressure. The goal pressure for the tank was 2,900 psi and the final reading
before the pressure was sealed was 2,891 psi. The head boss temperature ended at 121°F.

The energetic rupture test event occurred at 0947 CDT under partly cloudy skies, 82.6°F, 72%
relative humidity, and a wind-speed of 2.3 mph NW. The flex linear was successful in cutting
open the tank, as desired. See Figure 60 below for images of the tank before, during, and after
the test.
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Figure 60: Test 10 Xperion Tank Pre-Test (L), Mid-Test (C), Post-Test (R)

Upon post-test evaluation, the manifold boss fragmented into a few small fragments propelled
upwards but most of the tank was driven straight down into the sand. Some of the fragments
seen flying upwards were not positively recovered but they appeared to be the broken ball valve
and knob, as captured in previous tests. Therefore, assumed sizes and masses were applied to
their respective velocities. Additionally, some other boss frags were not positively identified in
either camera 1 or 3 because the nitrogen cloud occluded the view. However, they were
positively identified in camera 4 because the view was zoomed out enough to see the whole
cloud. Therefore, 2-dimensional velocity and angle were derived from that view. See Table 15
below for a chart of the test’s frag velocity summary.

Table 15: Test 10 Fragment Velocity Summary

Test 10
Cutter: 125 gr/ftLSC Pressure: 2891 psi
Location: At Bottom Boss
Frag # Description Mass (g): Size (in] iSpeed (ft/s):Polar Angle (°)
1 Broken Valve 484  (2.5x2.25x1 511.3 5.7
2 Fiberglass Boss Ring 40 @5x.25 500 12.6
3 Fibrous Panel 871.6 62.3
4 Bottom Boss w/ Fitting 480.8 13.3

See below in Figure 61 for freeze-frame images of the high-speed video.

Cam 1

Cam 3 Cam 4
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All but one of the BOP sensors recorded successful pressure curves for this test. Additionally,
AvMC installed pencil gauge sensors starting with this test so that concurrent measurements
can be made. All (6) of the fielded pencil gauges successfully recorded pressure curves. The
pencil gauge peak pressures were noticeably less than the collected BOP peak pressures. This
is most likely due to the side-on vs. front-on style of pressure measurement, explained in
Section 4.6. Based on the length and strength of the flex linear, the net explosive weight of the
energetics was 8.5 grams of RDX and the COPV tank contained 46L of gaseous nitrogen at 2,891
psi. Each of these items (energetics and stored inert gas) contributed to the resulting blast
overpressure readings. The pressure curves from the pencil gauges can be found in Appendix C.
See Figure 62 below for a list of the resulting peak pressures and a schematic map of where
each sensor was located, relative to the test area.

Peak P Distance from
BOPiD [{:5)] Center
11 10.3
H1 i i I ~5ft
H2 N/A
12 714
J1 8.01 ~F o
J2 5.77
13 4.39
K1 5.84 ~101t
K2 5.11
2 Peak P Distance from
el D (psi) Center
11829 8.61
5t
11811 6.70
11809 3.94
751
9859 5.07
7418 2.96
101t
11813 3.25

Figure 62: Test 10 Blast Overpressure Results

7.4 Test 11 - Flex Linear Rupture @ Bottom Boss

Test 11 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the bottom boss of the tank. The tank was
oriented such that the pressure manifold (the boss to be cut) was towards the sky and the head
boss was pointed towards the ground. For Type IV pressure vessels, liberation of the metallic
boss is the primary projectile of concern. The boss being liberated in this test is the threaded
boss, which has a higher mass than the blind boss.

The fill process for test 11 began on 8/15/24 at 1025 CDT and took approximately 28 minutes to
fill to the desired pressure. The goal pressure for the tank was 2,900 psi and the final reading
before the pressure was sealed was 2,918 psi. The head boss temperature ended at 133.8°F.
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The energetic rupture test event occurred at 1110 CDT under partly cloudy skies, 87.9°F, 62%
relative humidity, and a wind-speed of 2.2 mph W. The flex linear was successful in cutting open
the tank, as desired. See Figure 63 below for images of the tank before, during, and after the
test.

[ e — ol

Figure 63: Test 11 Xperion Tank Pre-Test (L), Mid-Test (C), and Post-Test (R)

Upon post-test evaluation, the manifold boss fragmented into a few small fragments propelled
upwards but most of the tank was driven straight down into the sand. None of the fragments
from this test were positively recovered. Additionally, some of the frags were not positively
identified in either camera 1 or 3 because the nitrogen cloud occluded the view. However, they
were positively identified in camera 4 because the view was zoomed out enough to see the
whole cloud. Therefore, 2-dimensional velocity and angle were derived from that view. See
Table 16 below for a chart of the test’s frag velocity summary.

Table 16: Test 11 Fragment Velocity Summary

Test11
Cutter: 125 gr/ft LSC Pressure: 2018 psi
Location: Af Boffom Boss
Frag # Description Mass (g]); Size (in) Speed (ft/s):Polar Angle (°)
1 Fibrous Panel 427.8 114.7
2 Fibrous Panel 467.6 106
3 Boftom Boss w/ Fitting 487.9 5.3
4 Half of Fiberglass Ring 467.9 6.6
5 Half of Fiberglass Ring 474.9 4.4

See below in Figure 64 for freeze-frame images of the high-speed video.
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Due to the BOP sensors being configured improperly, none of them recorded pressure curves of
this test event. However, with the pencil gauges now in place, all (6) of them successfully
recorded waveforms. Based on the length and strength of the flex linear, the net explosive
weight of the energetics was 8.5 grams of RDX and the COPV tank contained 46L of gaseous
nitrogen at 2,918 psi. Each of these items (energetics and stored inert gas) contributed to the
resulting blast overpressure readings. The pressure curves from the pencil gauges can be found
in Appendix C. See Figure 65 below for a list of the resulting peak pressures and a schematic
map of where each sensor was located, relative to the test area.

Peak P Distance from
EXIR I (psi) Center
k| N/A
H1 N/A ~oft
H2 N/A
12 N/A
J1 N/A ~751
J2 NIA
13 N/A
K1 N/A ~10ft
K2 N/A
. Peak P Distance from
GENCHIDY [{:13)] Center
11829 9.69
5ft
11811 .31
11809 479
751
9859 4.36
7418 3.63
101t
11813 263

Figure 65: Test 11 Blast Overpressure Results
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7.5 Test 12 - Flex Linear Rupture @ Midline

Test 12 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the midline of the tank. Liner geometry is
consistent throughout the cylindrical portion, so rupture at the midline was chosen to hield a
large, recoverable piece. The tank was oriented such that the pressure manifold (the boss to be
cut) was towards the sky and the head boss was pointed towards the ground.

The fill process for test 12 began on 8/15/24 at 1141 CDT and took approximately 24 minutes to
fill to the desired pressure. The goal pressure for the tank was 2,900 psi and the final reading
before the pressure was sealed was 2,915 psi. The head boss temperature ended at 120°F.

The energetic rupture test event occurred at 1221 CDT under partly cloudy skies, 86.6°F, 64%
relative humidity, and a wind-speed of 0.4 mph SSE. The flex linear was successful in cutting
open the tank, as desired. See Figure 66 below for images of the tank before, during, and after
the test.

Figure 66: Test 12 Xperion Tank Pre-Test (L), Mid-Test, (C), and Post-Test (R)

Upon post-test evaluation, the tank split into two equal halves, with the top half being thrown
upwards into the sky and the bottom pushed into the sand. Both fragments were recovered
post-test. Apart from the velocity calculation from the high-speed videos, the entire flight time
of the top half was captured via the overwatch cameras. The flight time of this top half of the
tank was approximately 17 seconds. The team expected the asset to fly nearly straight up (0
degrees polar), but it was calculated to be slightly off (~6 degrees). Since the cameras were
indeed level for the shot, it’s theorized that the tank could have been leaning a slight bit, which
yielded a launch trajectory that was slightly off angle from vertical. See Table 17 below for a
chart of the test’s frag velocity summary.

Table 17: Test 12 Fragment Velocity Summary

Test12
Cutter: 125 gr/ft LS5C Pressure: 2915 psi
Location: At Cylinder Midline
Frag & Description Mass (g]): Size lin) ;Speed (ft/s);Polar Angle (®)
1 Top Half w/ Fitting 7332 @12x17 605.3 6.1
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See below in Figure 67 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered frag.

Cam 1
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Figure 67: Test 12 High-Speed Frag Footage (L) (C) and Recovered Frag (R)

All pencil gauges and all but two of the BOP sensors successfully recorded pressure curves for
this test. Based on the length and strength of the det cord, the net explosive weight of the
energetics was 22.7 grams of RDX and the COPV tank contained 46L of gaseous nitrogen at
2,915 psi. Each of these items (energetics and stored inert gas) contributed to the resulting
blast overpressure readings. The pressure curves from the pencil gauges can be found in
Appendix C. See Figure 68 below for a list of the resulting peak pressures and a schematic map
of where each sensor was located, relative to the test area.

Peak P Distance from
Bt (psi) Center
ki 12.65
H1 13.27 ~5ft
H2 16.17
12 10.66
J1 10.95 =M
J2 N/A
13 939
K1 10.95 ~101t
K2 N/A
: Peak P Distance from
el [{:13)] Center
11829 8.61
oft
11811 713
11809 5.69
75
9859 5.94
7418 5.46
101t
11813 2.07

Figure 68: Test 12 Blast Overpressure Results
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7.6 Test 13 - Flex Linear Rupture @ Midline

Test 13 was an energetic rupture test on the Xperion COPV, with flex linear shaped charge being
the energetic rupture mechanism placed around the midline of the tank. Liner geometry is
consistent throughout the cylindrical portion, so rupture at the midline was chosen to yield a
large, recoverable piece. The tank was oriented such that the pressure manifold was towards
the ground and the head boss was pointed towards the sky, opposite from the orientation in test
12.

The fill process for test 13 began on 8/15/24 at 1253 CDT and took approximately 24 minutes to
fill to the desired pressure. The goal pressure for the tank was 2,900 psi and the final reading
before the pressure was sealed was 2,953 psi. The head boss temperature ended at 137°F.

The energetic rupture test event occurred at 1354 CDT under partly cloudy skies, 89.9°F, 50%
relative humidity, and a wind-speed of 1 mph SE. The flex linear was successful in cutting open
the tank, as desired. See Figure 69 below for images of the tank before, during, and after the
test.

P

Figure 69: Test 13 Xperion Tank Pre-Test (L), Mid-Test (C), and Post-Test (R)

Upon post-test evaluation, the tank split into two equal halves, with the top half being thrown
upwards into the sky and the bottom pushed into the sand. Both fragments were recovered
post-test. Apart from the velocity calculation from the high-speed videos, the entire flight time
of the top half was captured via the overwatch cameras. The flight time of this top half of the
tank was approximately 18 seconds. The team expected the asset to fly nearly straight up (0
degrees polar), but it was calculated to be slightly off (~3.4 degrees). Since the cameras were
indeed level for the shot, it’s theorized that the tank could have been leaning a slight bit, which
yielded a launch trajectory that was slightly off angle from vertical. See Table 18 below for a
chart of the test’s frag velocity summary.

Table 18: Test 13 Fragment Velocity Summary

Test13
Cutter: 125 gr/ft L5C Pressure: 2353 psi
Location: At Cylinder Midline
Frag# Description Mass (g): Size [in] {Speed (ft/s] Polar Angle (®)
1 Top Half 75918 @12x17 635.1 3.4
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See below in Figure 70 for freeze-frame images of the high-speed video, as well as a photograph

of the recovered frag.

Cam 1

Figure 70: Test 13 High-Speed Frag Footage (L) (C) and Recovered Frag (R)

Due to the BOP sensors being configured improperly, none of them recorded pressure curves of

this test event. However, with the pencil gauges now in place, all (6) of them successfully
recorded waveforms. Based on the length and strength of the flex linear, the net explosive
weight of the energetics was 22.7 grams of RDX and the COPV tank contained 46L of gaseous
nitrogen at 2,953 psi. Each of these items (energetics and stored inert gas) contributed to the

resulting blast overpressure readings. The pressure curves from the pencil gauges can be found

in Appendix C. See Figure 71 below for a list of the resulting peak pressures and a schematic
map of where each sensor was located, relative to the test area.
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Figure 71: Test 13 Blast Overpressure Results
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7.7 Test 24 — Pressurize Until Burst

Test 24 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.
The nitrogen gas supply truck only could output about 4,500 psi and the estimated burst level
for these tanks was 6,500+ psi. Due to the high designed-burst-pressure, the NASA team
provided the AvMC team with a pressure intensifier that takes a lower supplied pressure level
on the input side and compresses it further to provide higher pressure on the output side. This
pressure intensifier was installed near the gas supply truck and the flow-rate control needle
valve was installed on the output side of the intensifier. See Figure 72 below for a picture of this
supply truck with pressure intensifier configuration.

Figure 72: N2 Supply Truck with Pressure Intensifier

The fill process was started on 8/22/24 at 1145 CDT and took 37 minutes to build pressure and
ultimately violently burst. At the time of burst (approximately 1222 CDT), the weather conditions
were partly cloudy skies, 83.3°F, 59% relative humidity, and a wind speed of 0.4 mph W. The
maximum pressure recorded inside the tank at the time of burst was 7178 psi. See Figure 73
below for the pressurization curve, as recorded by the AvMC DAQ system.

COPV Tank - Pressure Until Burst Curve
Test 24 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1145 CDT

4500 Burst Pressure Level
7178 psi

Tank Pressure (psi)

0 5 10 15 20 25 30 35 40
Time (minutes)

Figure 73: Test 24 Pressurization-Until-Burst Fill Curve

55
UNCLASSIFIED



UNCLASSIFIED

See below in Figure 74 for images of the tank before, during, and after test.

The burst event was significantly more violent than the energetic rupture tests. The head boss,
plastic liner and composite layers were positively identified in the video and recovered post-
test. However, many other smaller fragments of liner and composites were thrown in all
directions and were significantly harder to analyze or recover. Three fragments were positively

identified in the high-speed video views and Table 19 below shows a chart of the resulting frag
velocity summary.

Table 19: Test 24 Fragment Velocity Summary

Test 24
Test Type: Intensified Burst Burst Pressure: 7178 psi
Frag# Description Mass (g): Size [in] {Speed (ft/s]:Polar Angle (°)
1 Head Boss w/ Composite; 458 1324 667.5 46
2 Fibrous Panel 888.7 63.7
3 Plastic Liner Frag 1229.1 76,7

See below in Figure 75 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered fragments.

Cam 1

Figure 75: Test 24 High-Speed Frag Footage (L) (C) and Recovered Frags (R)
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As the burst event was to rupture at an unknown time, no blast overpressure sensors were
placed in the test area for test 24.

7.8 Test 25 — Pressurize Until Burst

Test 25 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.
As with the prior test, the pressure intensifier was utilized to boost tank pressures up to the
magnitudes required.

The fill process was started on 8/22/24 at 1307 CDT and took 40 minutes to build pressure and
ultimately violently burst. At the time of burst (approximately 1346 CDT), the weather conditions
were partly cloudy skies, 82.9°F, 58% relative humidity, and a wind speed of 0.6 mph S. The
maximum pressure recorded inside the tank at the time of burst was 7614 psi. See Figure 76
below for the pressurization curve, as recorded by the AvMC DAQ system.

COPV Tank - Pressure to Burst Curve
Test 25 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1307 CDT

Final Burst Pressure
7614 psi

Tank Pressure (psi)

0 5 10 15 20 25 30 35 40 45
Time (minutes)

Figure 76: Test 25 Pressurization-Until-Burst Fill Curve

See below in Figure 77 for images of the tank before and after test.

Figure 77: Test 25 Xperion Tank Pre-Test (L) and Post-Test (R)
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The burst event was significantly more violent than the energetic rupture tests. The head boss,
plastic liner and composite layers were positively identified in the video and recovered post-
test. However, many other smaller fragments of liner and composites were thrown in all
directions and were significantly harder to analyze or recover. Three fragments were positively

identified in the high-speed video views and Table 20 below shows a chart of the resulting frag
velocity summary.

Table 20: Test 25 Fragment Velocity Summary

Test 25
Test Type: Intensified Burst Burst Pressure: 7614 psi
Frag # Description Mass (g): Size (in] {Speed (ft/s)!Polar Angle (°)
1 Head Boss w/ Composite; 392 B13x4 720 38.2
2 Fiberglass Ring 336 @13xd 686 37.4
3 Plastic Liner Frag 607.5 37.8

See below in Figure 78 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered fragments.
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Figure 78: Test 25 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

As the burst event was to rupture at an unknown time, no blast overpressure sensors were
placed in the test area for test 25.

7.9 Test 26 — Pressurize Until Burst

Test 26 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.

As with the prior test, the pressure intensifier was utilized to boost tank pressures up to the
magnitudes required.

The fill process was started on 8/22/24 at 1434 CDT and took 39 minutes to build pressure and

ultimately violently burst. At the time of burst (approximately 1514 CDT), the weather conditions

58
UNCLASSIFIED



UNCLASSIFIED

were partly cloudy skies, 83.4°F, 61% relative humidity, and a wind speed of 1.1 mph S. The
maximum pressure recorded inside the tank at the time of burst was 7385 psi. See Figure 79
below for the pressurization curve, as recorded by the AvMC DAQ system.

COPV Tank - Pressure Until Burst Curve
Test 26 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1434 CDT

Final Burst Pressure
7385 psi

Tank Pressure (psi)

1] 5 10 15 20 25 30 35 40 45
Time (minutes)

Figure 79: Test 26 Pressurization-Until-Burst Fill Curve

See below in Figure 80 for images of the tank before and after test.

Figure 80: Test 26 Xperion Tank Pre-Test (L) and Post-Test (R)

The burst event was significantly more violent than the energetic rupture tests. The head boss,
plastic liner and composite layers were positively identified in the video and recovered post-
test. However, many other smaller fragments of liner and composites were thrown in all
directions and were significantly harder to analyze or recover. Three fragments were positively
identified in the high-speed video views and Table 21 below shows a chart of the resulting frag
velocity summary.
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Table 21: Test 26 Fragment Velocity Summary

Test 26
Test Type: Intensified Burst Burst Pressure: 7385 psi
Frag # Description Mass (g} Size [in) ;Speed (ft/s):Polar Angle (°]
1 Head Boss w/ Composite! 360 D12x5 788.3 44.2
2 Head Boss Plastic Liner 254 @16x.09 671 38.5
3 Fibrous Panel 5812 @13x13 800.2 79.8

See below in Figure 81 for freeze-frame images of the high-speed video, as well as a photograph
of the recovered fragments.

Cam 1
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Figure 81: Test 26 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

As the burst event was to rupture at an unknown time, no blast overpressure sensors were
placed in the test area for test 26.

8.0 Infinite Composites Small Type IV Test Results

The next set of test results that will be discussed are from the Infinite Composites Small COPV
tests. Only three (3) of these tests were conducted and they were all intentional energetic

rupture tests. See Table 22 below for a breakdown of the test matrix executed on this style of
COPV.

Table 22: Infinite Composites Small Test Matrix

Date/Time DEE7EE A Energetic Used Rupture Location
Pressure
14 8/15/24 @ 1520 To Liberate Boss
15 8/15/24 @ 1013 4500 psi 125gr/ft Flex Linear Shape Charge To Liberate Boss
16 8/15/24 @ 1142 At Cylinder Midline
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Due to the tank wall thickness of these Infinite Composites Small tanks, the team utilized the
125gr/ft flex linear shaped charges as the cutting mechanism for the rupture tests.

Tests 14 and 15 were executed as rupture tests where the cutting seam was around the boss
opposite from the pressure manifold, also called the top boss. The tank was vertically oriented
such that the pressure manifold side was towards the ground and the top boss was towards the
sky. Frags that came off were mostly small boss components that separated during the rupture
cut.

Test 16 was executed as a rupture test where the cutting seam was around the midline of the
cylindrical portion of the tank. The tank was oriented the same as the previous test, with
pressure manifold side towards the ground. After the seam rupture, the top half of the tank
broke up into a few smaller fragments, sending them mostly in the vertical direction.

8.1 Test 14— Flex Linear Rupture @ Top Boss

Test 14 was an energetic rupture test on the Infinite Composites Small COPV, with flex linear
shaped charge being the energetic rupture mechanism placed around the top boss of the tank.
The tank was oriented such that the pressure manifold was towards the ground and the boss to
be cut was pointed towards the sky. For Type IV pressure vessels, liberation of the metallic boss
is the primary projectile of concern.

The fill process for test 14 began on 8/15/24 at 1424 CDT and took approximately 41 minutes to
fill to the desired pressure. The goal pressure for the tank was 4,500 psi and the final reading
before the pressure was sealed was 4,530 psi. The head boss temperature ended at 107.6°F.

The energetic rupture test event occurred at 1520 CDT under mostly cloudy skies, 88.9°F, 51%
relative humidity, and a wind-speed of 1 mph SSE. The flex linear was successful in cutting open
the tank, as desired. See Figure 82 below for images of the tank before and after the test.

Figure 82: Test 14 Infinite Composites Small Tank Pre-Test (L) and Post-Test (R)

Upon post-test evaluation, the head boss fragmented into three fragments propelled up and
outwards, while the remaining tank and valve components were driven down into the sand. The
two composite fragments were not positively recovered, therefore, only velocity magnitudes
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and directions were calculated for them. The top boss was recovered on a latter test so the

mass and size for it are substituted into this data set. See Table 23 below for a chart of the test’s
frag velocity summary.

Table 23: Test 14 Fragment Velocity Summary

Test14
Cutter: 125 gr/ft LSC Pressure: 4530 ps=i
Location: AfTop Boss
Frag & Description Mass (g): Size (in) :Speed (ft/s) Polar Angle (°)
1 Top Boss, Metallic 148 2.5x1.5 221 5.1
2 Top Boss Composite 881.7 47.7
3 Top Boss Composite 8925.6 31.4

See Figure 83 below for freeze-frame images of the high-speed video.

Cam 1

Figure 83: Test 14 High-Speed Frag Footage

All but two of the BOP sensors and all of the pencil gauges recorded successful pressure curves
for this test. The raw pencil gauge pressure curves can be seen in Appendix C. Based on the
length and strength of the flex linear, the net explosive weight of the energetics was 7.2 grams of
RDX and the COPV tank contained 1.9L of gaseous nitrogen at 4,530 psi. Each of these items
(energetics and stored inert gas) contributed to the resulting blast overpressure readings. See

Figure 84 below for a list of the resulting peak pressures and a schematic map of where each
sensor was located, relative to the test area.
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Figure 84: Test 14 Blast Overpressure Results

8.2 Test 15 - Flex Linear Rupture @ Top Boss

Test 15 was an energetic rupture test on the Infinite Composites Small COPV, with flex linear
shaped charge being the energetic rupture mechanism placed around the top boss of the tank.
For Type IV pressure vessels, liberation of the metallic boss is the primary projectile of concern.
The tank was oriented such that the pressure manifold was towards the ground and the boss to
be cut was pointed towards the sky.

The fill process for test 15 began on 8/19/24 at 0913 CDT and took approximately 45 minutes to
fill to the desired pressure. The goal pressure for the tank was 4,500 psi and the final reading
before the pressure was sealed was 4,492 psi. The head boss temperature ended at 95°F.

The energetic rupture test event occurred at 1013 CDT under partly cloudy skies, 78.6°F, 69%
relative humidity, and a wind-speed of 2 mph SE. The flex linear was successful in cutting open
the tank, as desired. See Figure 85 below for images of the tank before and after the test.

Figure 85: Test 15 Infinite Composites Small Tank Pre-Test (L) and Post-Test (C) (R)
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Upon post-test evaluation, the head boss fragmented into five fragments propelled up and
outwards, while the remaining tank and valve components were driven down into the sand. The
top metallic portion of the boss was indeed recovered, but the composite portions were not.
The plug that was installed in the top boss was also separated and seen as a frag in the high-
speed video. Though it was not recovered, the pre-test knowledge of the plug allowed the team

to assign a realistic mass for it. See Table 24 below for a chart of the test’s frag velocity
summary.

Table 24: Test 15 Fragment Velocity Summary

Test15
Cutter: 125 gr/ft LSC Pressure: 4492 p=i
Location: AtTop Boss
Frag & Description Mass (g]: Size (in) Speed (ft/s): Polar Angle (®)

1 Top Boss, Metallic 104 @2.5x1.5 208.5 5.6
p Top Boss Plug 44 377.8 8.6
3 Top Boss, Composite 869.3 24.5
4 Top Boss, Composite 688.1 15.3
5 Top Boss, Composite 487.7 15.9

See Figure 86 below for freeze-frame images of the high-speed video.

Cam Cam 3

Figure 86: Test 15 High-Speed Frag Footage

All of the BOP sensors and pencil gauges recorded successful pressure curves for this test. The
raw pencil gauge pressure curves can be seen in Appendix C. Based on the length and strength
of the flex linear, the net explosive weight of the energetics was 7.2 grams of RDX and the COPV
tank contained 1.9L of gaseous nitrogen at 4,492 psi. Each of these items (energetics and
stored inert gas) contributed to the resulting blast overpressure readings. See Figure 87 below
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for a list of the resulting peak pressures and a schematic map of where each sensor was
located, relative to the test area.

Peak P Distance from
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[k 5.15
H1 6.16 ~5ft
H2 8.56
12 3.81
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11809 228
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7418 1.93
101t
11813 177

Figure 87: Test 15 Blast Overpressure Results

8.3 Test 16 — Flex Linear Rupture @ Midline

Test 16 was an energetic rupture test on the Infinite Composites Small COPV, with flex linear
shaped charge being the energetic rupture mechanism placed around the midline of the tank.
Liner geometry is consistent throughout the cylindrical portion, so rupture at the midline was
chosen toyield a large, recoverable piece. The tank was oriented such that the pressure
manifold was towards the ground and the head boss was pointed towards the sky.

The fill process for test 16 began on 8/19/24 at 1046 CDT and took approximately 42 minutes to
fill to the desired pressure. The goal pressure for the tank was 4,500 psi and the final reading
before the pressure was sealed was 4,488 psi. The head boss temperature ended at 105°F.

The energetic rupture test event occurred at 1142 CDT under partly cloudy skies, 81°F, 61%
relative humidity, and a wind-speed of 0.8 mph SSE. The flex linear was successful in cutting
open the tank, as desired. See Figure 88 below for images of the tank before and after the test.
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Figure 88: Test 16 Infinite Composites Small Tank Pre-Test (L) and Post-Test (R)
Upon post-test evaluation, the head boss fragmented into four fragments propelled up and

outwards, while the remaining tank and valve components were driven down into the sand. The

top metallic portion of the boss was not recovered but the size and mass were assumed to be

the same as previous test. Various composite portions were recovered but could not be

positively identified to any of the frags seen in the high-speed videos. See Table 25 below for a

chart of the test’s frag velocity summary.

Table 25: Test 16 Fragment Velocity Summary

Test 16
Cutter: 125 gr/ft LSC Pressure: 4488 psi
Location: Af Cylinder Midline
Frag# Description Mass (g): Size (in) |Speed (ft/s];Polar Angle (°)

1 Top Boss, Metallic 104 | @2.5x1.5 335 5.4
2 Composite Dome Half 864.5 13.6
3 Composite Dome Half 866.9 12
4 Fibrous Material 812.6 20

See Figure 89 below for freeze-frame images of the high-speed video.

Cam1i

Cam 3
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Figure 89: Test 16 High-Speed Frag Footage
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Due to the BOP sensors being configured improperly, only one of them recorded a pressure

curve of this test event. However, all (6) of the pencil gauges successfully recorded waveforms.

Based on the length and strength of the flex linear, the net explosive weight of the energetics
was 11.2 grams of RDX and the COPV tank contained 1.9L of gaseous nitrogen at 4,488 psi.
Each of these items (energetics and stored inert gas) contributed to the resulting blast

overpressure readings. The pressure curves from the pencil gauges can be found in Appendix C.

See Figure 90 below for a list of the resulting peak pressures and a schematic map of where

each sensor was located, relative to the test area.

Peak P Distance from
BORID (psi) Center
1 N/A
H1 NFA ~51t
H2 N/A
12 N/A
J1 A Lol 1572 |
J2 INFA
13 N/A
K1 NA ~101t
K2 482
; Peak P Distance from
Pencil ID (psi) s
11829 43
5ft
11811 293
11809 263
75t
9859 2.25
7418 218
101t
11813 1.96

Figure 90: Test 16 Blast Overpressure Results

9.0 Cimarron Type V Test Results

The next set of test results that will be discussed are from the Cimarron COPV tests. Only (2) of
these tests were conducted and they were both fired in pressurize until burst configurations.

See Table 26 below for a breakdown of the test matrix executed on this style of COPV.

Table 26: Cimarron Type V COPV Test Matrix

Test # Date/Time
18 8/21/24 @ 1052
21 8/21/24 @ 1514

Proof Pressure

750 psi

Design Burst Pressure

1000 psi

Test Result
Developed Leak @ 1152psi

Developed Leak @ 1433psi

Test 18 failed to violently burst due to minor cracks that formed during pressurization that

prevented the tank from fragmenting apart. For this test, the pressurization method was meant

to be a straight pressurize-until-burst type, which meant that the tank pressure was to be

continually increased until it burst apart. When the team began the pressurization process, the
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needle valve (used for flow-rate control) was opened too much and yielded a sharp spike in
pressure up to about 750psi very quickly. The team quickly responded by choking the pressure
flow and bringing it back to a more controlled pressure-rise rate. Once the tank reached about
1,150psi, the pressurization curve flattened out, meaning that, even though more pressure was
being added to the system, it was simultaneously leaking out at the same rate. Therefore, the
team stopped the filling process and, once it had dropped to a safe level, went out and
physically inspected the tank for visual cracks and audible leaking, both of which were
confirmed. Itis not believed amongst the NASA and AvMC teams that the quick spike of
pressure at the beginning of the fill process was the cause of the leaking cracks.

Test 21 also failed to violently burst due to minor cracks formed during pressurization. For this
test, the pressurization method was to be a stepped-increase-until-burst type, which meant
that the tank pressure was to be increased from 0 to 500psi, then decreased back to 0, then
increased to 750psi, then decreased back to 0, then finally increased until burst. The team was
successfulin attaining the desired peak pressures (500, 750, and 1000+ psi) but failed to bring
the tank back down to 0 psi between peaks, instead only dropping to about 300psi. The reason
why 0 could not be obtained was due to how long and small in diameter the fill plumbing
system was. The increasing pressure events were easy to dial in at a desired rise rate because
the pressure on the supply side was considerably higher than the COPV tank side, so it could
overcome the pressure losses over long distances. However, as the team was venting the tank
down, the high pressure inside the tank was only slightly higher than the ambient air that it was
venting to, which caused a pressure choke that made the venting process slow down as it
approached Opsi. It could have taken an hour or two to allow the tank to fully vent to Opsi.
Therefore, the NASA and AvMC team agreed that letting it vent down to 300 psi was acceptable
so that the tests could continue at an attainable pace. Ultimately, after the pressure steps, once
the pressure reached about 1,430 psi, stress cracks formed in the tank and caused the same
type of leaking seen in the previous test that prevented the tank from bursting as desired.

9.1 Test 18 — Pressurize Until Burst

Test 18 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.
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The fill process was started on 8/21/24 at 1034 CDT and took 5 minutes to build pressure to a
high enough level that it could no longer increase further, forming stress cracks and leaks in the
composite that prevented a violent burst event. At the time of fill (approximately 1039 CDT), the
weather conditions were fair skies, 77°F, 56% relative humidity, and a wind speed of 0.3 mph S.
The maximum pressure recorded inside the tank at the time that the leaks formed and could no
longer contain the pressure was 1,152 psi. See Figure 91 below for the pressurization curve, as
recorded by the AvMC DAQ system.

COPV Tank - Pressurization Curve

Test# 18 Cimarron 113.6L (Type V COPV)
Fill Started 8/21/2024 @ 1034 CST

2000

1500

1000

Tank Pressure (psi)

Final Pressure 1152 psi
500

0 5 10 15 19
Time {minutes)

Figure 91: Test 18 Pressurization-Until-Burst Fill Curve

See below in Figure 92 for images of the tank before the test and zoomed-in images of some of
the stress cracks formed during test.

S

Figure 92: Test 18 Cimarron Tank Pre-Test (L) and Post-Test Stress Cracks (R)
9.2 Test 21— Stepped Until Burst

Test 21 was a stepped-pressurize-until-burst style test, therefore no energetics were utilized in
the event. As described previously, the goal was to incrementally fill and purge the tank to
higher and higher pressures, starting at 500psi, then to 750psi, and finally until burst event
occurs.
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The fill process was started on 8/21/24 at 1420 CDT and took 46 minutes to run through the
stepped increase process and then build pressure to a high enough level that it could no longer
increase further, forming stress cracks and leaks in the composite that prevented a violent burst
event. At the time of leaks forming (approximately 1507 CDT), the weather conditions were fair
skies, 80.9°F, 43% relative humidity, and a wind speed of 0.45 mph E. The maximum pressure
recorded inside the tank at the time that the leaks formed and could no longer contain the
pressure was 1,433 psi. See Figure 93 below for the pressurization curve, as recorded by the
AvMC DAQ system.

COPV Tank - Pressurization Curve
Test# 21 Cimarron 113.6L (Type V COPV)
Fill Started 8/21/2024 @ 1420 CST
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Final Pressure 1433 psi
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Tank Pressure (psi)
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0 5 10 15 20 25 30 35 40 45 50 54
Time (minutes)

Figure 93: Test 21 Stepped-Pressurization-Until-Burst Fill Curve

See below in Figure 94 for images of the tank before the test and zoomed-in image of some of
the stress cracks formed during test.

Figure 94: Test 21 Cimarron Tank Pre-Test (L) and Post-Test Stress Cracks (R)
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10.0 HyPerComp Type V Test Results

The next set of test results that will be discussed are from the HyPerComp COPV tests. Only (2)
of these tests were conducted and they were both fired in pressurize until burst configurations.
See Table 27 below for a breakdown of the test matrix executed on this style of COPV.

Table 27: HyPerComp Type V COPV Test Matrix

Date/Time Proof Pressure Design Burst Pressure Test Result
19 8/21/24 @ 1125 . . Developed Leak @ 745psi
75 psi 100 psi ;
22 8/22/24 @ 1027 Developed Leak @ 376psi

Test 19 failed to violently burst due to minor cracks that formed during pressurization that
prevented the tank from fragmenting apart. Pressurization was meant to be the pressurize-until-
burst method, which meant that the tank pressure was to be continually increased until it burst
apart. Once the tank got to about 745 psi, the pressurization curve flattened out, meaning that,
even though more pressure was being added to the system, it was simultaneously leaking out at
the same rate. Therefore, the team stopped the filling process and, once it had dropped to a
safe level, physically went out and inspected the tank for visual cracks and audible leaking,
both of which were confirmed.

Test 22 also failed to burst due to cracks formed during pressurization. For this test, the
pressurization method was to be a stepped-increase-until-burst type, which meant that the
tank pressure was to be increased from 0 to 500psi, then decreased back to 0, then increased
to 750psi, then decreased back to 0, then finally increased until burst. When the first
pressurization rise was started, the peak 500psi was not even reached before the tank formed
cracks and started leaking. The peak pressure that was reached was around 376 psi. Similarly,
the team confirmed visual cracks and audible pressure leaking.

10.1 Test 19 — Pressurize Until Burst

Test 19 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.
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The fill process was started on 8/21/24 at 1121 CDT and took only 1 minute to build pressure to
a high enough level that it could no longer increase further, forming stress cracks and leaks in
the composite that prevented a violent burst event. At the time of fill (approximately 1123 CDT),
the weather conditions were fair skies, 77.5°F, 50% relative humidity, and a wind speed of 1
mph W. The maximum pressure recorded inside the tank at the time that the leaks formed and
could no longer contain the pressure was 745 psi. See Figure 95 below for the pressurization
curve, as recorded by the AvMC DAQ system.

COPYV Tank - Pressurization Curve
Test #19 HyperComp 128.7L (Type V COPV}
Fill Started 8/21/2024 @ 1121 CST
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200

100

0 1 2 3 4
Time (minutes)

Figure 95: Test 19 Pressurization-Until-Burst Fill Curve

See below in Figure 96 for images of the tank before the test and zoomed-in images of some of
the stress cracks formed during test.

Figure 96: Test 19 HyPerComp Tank Pre-Test (L) and Post-Test Stress Cracks (R)

72
UNCLASSIFIED



UNCLASSIFIED

10.2 Test 22 — Stepped Until Burst

Test 22 was a stepped-pressurize-until-burst style test, therefore no energetics were utilized in
the event. As described previously, the goal was to incrementally fill and purge the tank to
higher and higher pressures, starting at 500psi, then to 750psi, and finally until burst event

occurs.

The fill process was started on 8/22/24 at 1017 CDT and took 4 minutes to run through the
stepped increase process and then build pressure to a high enough level that it could no longer
increase further, forming stress cracks and leaks in the composite that prevented a violent burst
event. At the time of leaks forming (approximately 1021 CDT), the weather conditions were fair
skies, 80.7°F, 59% relative humidity, and a wind speed of 0.6 mph NE. The maximum pressure
recorded inside the tank at the time that the leaks formed and could no longer contain the
pressure was 376 psi. See Figure 97 below for the pressurization curve, as recorded by the
AvMC DAQ system.

COPYV Tank - Pressurization Curve

Test# 22 HyperComp 128.7L (Type V COPV)
Fill Started 8/22/2024 @ 1017 CST

500

400

300

200 Final Pressure 376 psi

Tank Pressure (psi)

100

Time {minutes)

Figure 97: Test 22 Stepped-Pressurization-Until-Burst Fill Curve

See below in Figure 98 for images of the tank before the test and zoomed-in image of some of
the stress cracks formed during test.
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11.0 Infinite Composites Large Type IV Test Results

The final set of test results that will be discussed are from the Infinite Composites Large COPV
tests. Only (2) of these tests were conducted and they were both fired in pressurize-until-burst
configurations. See Table 28 below for a breakdown of the test matrix executed on this style of
COPV.

Table 28: Infinite Composites Large COPV Test Matrix

Test # Date/Time Proof Pressure Design Burst Pressure Recorded Burst Pressure
20 | 8/21/24 @ 1159 _ _ 2077 psi
750 psi 1000 psi -
23 8/21/24 @ 1332 2209 psi

Test 20 was a successful burst event. The pressurization method was to be a pressurize until
burst, which meant that the tank pressure was to be continually increased until it burst apart.
When the team began the pressurization process, the needle valve (used for flow-rate control)
was opened too much and yielded a sharp spike in pressure very quickly. The team responded
quickly by choking it down to get it back into a more controlled pressure-rise rate. The rise rate
was held relatively consistent until the tank burst, as intended. The peak pressure recorded at
the time of tank burst was about 2,077 psi. As seen by the high-speed video, some slight
delamination of the carbon fibers on the outside of the tank was seen in the seconds prior to
burst.

Test 23 was also a successful burst event. The pressurization method was to be a stepped-
increase-until-burst type, which meant that the tank pressure was to be increased from 0 to
500psi, then decreased back to 0, then increased to 750psi, then decreased back to 0, then
finally increased until burst. The team was successful in attaining the desired peak pressures
(500, 750, and 1000+ psi) but failed to bring the tank back down to 0 psi in between, instead
only getting to about 300 psi. The reason why 0 could not be obtained was due to how long and
smallin diameter the fill plumbing system was. The increasing pressure events were easy to dial
in at a desired rise rate because the pressure on the supply side was considerably higher than
the COPV tank side, so it could overcome the pressure losses over long distances. However, as
the team was venting the tank down, the high pressure inside the tank was only slightly higher
than the ambient air that it was venting to, which caused a pressure choke that made the
venting process slow down as it approached Opsi. It could have taken an hour or two to allow
the tank to fully vent to Opsi. Therefore, the NASA and AvMC team agreed that letting it vent
down to 300 psi was acceptable so that the tests could continue at an attainable pace. Once all
of the stepped pressure levels were reached, the pressure was opened up to continue to fill
until burst, which occurred around 2,209 psi.
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11.1 Test 20 — Pressurize Until Burst

Test 20 was a pressurize-until-burst style test, therefore no energetics were utilized in the event.

The fill process was started on 8/21/24 at 1150 CDT and took 9 minutes to build pressure and
ultimately violently burst. At the time of burst (approximately 1159 CDT), the weather conditions
were fair skies, 80°F, 48% relative humidity, and a wind speed of 1.4 mph NNW. The maximum
pressure recorded inside the tank at the time of burst was 2,077 psi. See Figure 99 below for the
pressurization curve, as recorded by the AvMC DAQ system.

COPV Tank - Pressurization Curve

Test# 20 Infinity Comp 113.6L (Type V COPV)
Fill Started 8/21/2024 @ 1150 CST

2500

Einal Pressure 2077 psi
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Tank Pressure (psi)
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0 1 2 3 4 5 6 7 3 9 10
Time {minutes)

Figure 99: Test 20 Pressurize-Until-Burst Curve

See below in Figure 100 for images of the tank before and after test.

} - R . S P By
Figure 100: Test 20 Infinite Composites Large Tank Pre-Test (L) and Post-Test (R)

The burst event split the tank into a combination of large and small fragments. The head boss,
plastic liner and larger composite pieces were positively identified in the video and all but one
were recovered post-test. However, many other smaller fragments of liner and composites were
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thrown in all directions and were significantly harder to analyze or recover. Table 29 below
shows a chart of the resulting frag velocity summary.

Table 29: Test 20 Fragment Velocity Summary

Test 20
Test Type: Rise-to-Burst Burst Pressure: 2077 psi
Frag# Description Mass (g); Size [in] :Speed (ft/s]:Polar Angle (°)
1 Top Boss, Metallic 1150 @5.8x2 198.5 2.8
2 Fibrous Panel 10268 : 2Vx11x25 1013.9 71.8
3 Fibrous Panel 338 20x8x.25 1125.8 89.7
4 Fibrous Panel 346 17x11x25 1016.4 66.1
] Fibrous Panel 1050 63.6

See below in Figure 101 for freeze-frame images of the high-speed video, as well as a
photograph of the recovered fragments.

Cam 1

e S . A -

Figure 101: Test 20 High-Speed Footage (L) (C) and Recovered Frags (R)

As the burst event was to rupture at an unknown time, no blast overpressure sensors were
placed in the test area for test 20.

11.2 Test 23 — Stepped Until Burst

Test 23 was a stepped-pressurize-until-burst style test, therefore no energetics were utilized in
the event. As described previously, the goal was to incrementally fill and purge the tank to
higher and higher pressures, starting at 500psi, then to 750psi, and finally until burst event
occurs.

The fill process was started on 8/21/24 at 1244 CDT and took 48 minutes to build pressure and
ultimately violently burst. At the time of burst (approximately 1332 CDT), the weather conditions
were fair skies, 80.9°F, 51% relative humidity, and a wind speed of 0.5 mph SSW. The maximum
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pressure recorded inside the tank at the time of burst was 2,209 psi. See Figure 102 below for
the pressurization curve, as recorded by the AvMC DAQ system.

COPV Tank - Pressurization Curve

Test# 23 Infinity Comp 113.6L (Type V COPV}
Fill Started 8/21/2024
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o 5 10 15 20 25 30 35 40 45 50
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Figure 102: Test 23 Stepped-Increase-Until-Burst Curve

See below in Figure 103 for images of the tank before and after test.

Figure 103: Test 23 Infinite Composites Large Tank Pre-Test (L) and Post-Test (R)

The burst event split the tank into a combination of large and small fragments. The head boss,
plastic liner and larger composite pieces were positively identified in the video and all but one
were recovered post-test. The metallic top-boss was not recovered, but mass and size
estimates were assumed to be the same as recovered in the previous test and were
supplemented accordingly. However, many other smaller fragments of liner and composites
were thrown in all directions and were significantly harder to analyze or recover. Table 30 below
shows a chart of the resulting frag velocity summary.
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Table 30: Test 23 Fragment Velocity Summary

Test 23
Test Type: Stepped Rise-to-Burst Burst Pressure: 2209 psi
Frag# Description Mass (g): Size (in) :Speed (ft/s):Polar Angle (®)
1 Top Boss, Metallic 1150 95,82 206.9 8.9
2 Fibrous Panel 216 115x8.5x.25 1085.9 61.5
3 Fibrous Panel 196 20x6.5x.25 1119.4 90
4 Fibrous Panel 326 14x14x.25 8932.4 77
5 Fibrous Panel 174 19x6.5x.25 697.6 69.1

See below in Figure 104 for freeze-frame images of the high-speed video, as well as a

photograph of the recovered fragments.

3.

Figure 104: Test 23 High-Speed Frag Footage (L) (C) and Recovered Frags (R)

As the burst event was to rupture at an unknown time, no blast overpressure sensors were

placed in the test area for test 23.

12.0 Standalone Energetics Tests

During the energetic rupture tests, blast overpressure was measured but it was unclear how
much the inert gas expansion was adding to the resulting blast overpressure measurements.
Therefore, a small sub-set of tests was devised to isolate bare energetics and compare the

resulting blast overpressure curves to the shots that had COPVs rupturing. The assumption is
that the peak overpressure for the tank rupture tests will be higher than just the bare explosives

because of the added pressure release of the nitrogen gas expansion.

Three different standalone energetics tests were conducted. Test A was a 4” halo of flex linear,
which was comparable to the energetics on tests 7-11 and 14-16. Test B was a 10.5” halo of flex
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linear, which was comparable to the energetics used on tests 12 and 13. Finally, test C was a
6.5” halo of det cord, comparable to the energetics used in tests 1-5.

12.1 Test A—4"Halo of Flex Linear

Test Awas a standalone energetics test used to compare the blast overpressure curves from
the energetic rupture tests. The full suite of (9) BOP sensors and (6) pencil gauges were present
for the test. The energetic configuration was a 4” diameter halo of 125gr/ft flex linear shaped
charge, which is similar in size and configuration to that used in tests 7-11 and 14-16. The halo
of energetics was placed at ground level and initiated on 8/19/24 at 1210 CDT.

The estimated energetics level of this charge was 8.5g of RDX explosive. Due to the improper
configuration of the BOP sensors, none of the (9) BOP sensors recorded pressure curves.
However, all (6) pencil gauges were successful in recording the blast overpressure event. See
Figure 105 below for a list of peak overpressures from this test, as well as a schematic of where
each sensor was located around the test area.

Peak P  Distance from e
el (psi) Center p
" N/A
H1 N/A ~51
H2 N/A
12 N/A
J1 N/A ~75f
J2 N/A
13 N/A
K1 N/A ~10ft
K2 N/A
3 Peak P Distance from
Pencil ID (psi) e
11829 373 = i
51t
11811 427 N 1.13. /§ ’ %\
11809 1.56 b
751
9859 2.33
7418 119
10t
11813 157

Figure 105: Test A Blast Overpressure Results

The pencil gauge curves can be viewed in Appendix C. The comparison of this test to the COPV
rupture test results can be found in the pressure data summary section near the end of this
document.
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12.2 TestB—-10.5” Halo of Flex Linear

Test B was a standalone energetics test used to compare the blast overpressure curves from
the energetic rupture tests. The full suite of (9) BOP sensors and (6) pencil gauges were present
for the test. The energetic configuration was a 10.5” diameter halo of 125gr/ft flex linear shaped
charge, which is similar in size and configuration to that used in tests 12 and 13. The halo of
energetics was placed on a makeshift table approximately 2ft above the ground and initiated on
8/19/24 at 1237 CDT.

The estimated energetics level of this charge was 22.7g of RDX explosive. All (9) BOP sensors
and all (6) pencil gauges were successfulin recording the blast overpressure event. See Figure
106 below for a list of peak overpressures from this test, as well as a schematic of where each
sensor was located around the test area.

Peak P Distance from
EapD (psi) Center
11 714
H1 5.37 ~5ft
H2 5.87
12 3.48
J1 3.26 ~T 5
J2 3.73
13 2.97
K1 2.57 ~10ft
K2 312
. Peak P Distance from
it (psi) Center
11829 441
Sft
11811 421
11809 1.85
751
9859 1.97
7418 1.50
101t
11813 1.36

Figure 106: Test B Blast Overpressure Results

The pencil gauge curves can be viewed in Appendix C. The comparison of this test to the COPV
rupture test results can be found in the pressure data summary section near the end of this
document.

12.3 Test C-6.5”Halo of Det Cord

Test C was a standalone energetics test used to compare the blast overpressure curves from
the energetic rupture tests. The full suite of (9) BOP sensors and (6) pencil gauges were present
for the test. The energetic configuration was a 6.5” diameter halo of 50gr/ft detonating cord,
which is similar in size and configuration to that used in tests 1-5. The halo of energetics was
placed on a makeshift table 2 ft above ground level and initiated on 8/19/24 at 1317 CDT.
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The estimated energetics level of this charge was 6.9g of PETN explosive. Due to the improper
configuration of the BOP sensors, none of the (9) BOP sensors recorded pressure curves.
However, all (6) pencil gauges were successful in recording the blast overpressure event. See
Figure 107 below for a list of peak overpressures from this test, as well as a schematic of where
each sensor was located around the test area.

Peak P Distance from
el (psi) Center
11 N/A
H1 NIA ~oft
H2 N/A
12 N/A
J1 N/A ~T5Hk
J2 N/A
13 N/A
K1 N/A ~10ft
K2 N/A
3 Peak P Distance from
Pencil ID (psi) o
11829 3.04
51t
11811 3.19
11809 1.24
T
9859 173
7418 0.95
10 ft
11813 0.92

Figure 107: Test C Blast Overpressure Results

The pencil gauge curves can be viewed in Appendix C. The comparison of this test to the COPV
rupture test results can be found in the pressure data summary section near the end of this
document.

13.0 Full Test Series Data Summary

Due to the wide variety of variables present in this test series, it’s difficult to compare all of the
results together. Therefore, for the data summary section, tests with similarities will be grouped
together to compare results.

13.1 Velocity Data Summary

The first data set that will be summarized is the fragment velocity data. Since each of the
different COPV tanks were quite different in composition, the summary will group each of the
COPV tanks together for comparison of resulting frag velocities.
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See Figure 108 below for the full summary of fragment velocities for the General Dynamics Type
[l COPV tests.

Test1 Test4
Cutter: 50 gr/ft Det Cord |Pnnm¢: 4324 psi Cutter: 50 gr/ft Det Cord |Prl“un: 4315 psi
Location: Ar Dome/Cylinder Taper | Loeation: A Dome/Cylinder Transition
1 ipt Sizelin) | [Potar Anglo (* fiagh | Desciption  Massly) Sizelin] |Speed (/s) Polar Angle ']
1 Top Boss 1080 | @657 | 50 | 2.1 1| Boss Piece 78 5.5x3x.25 3974 | a7
t Boss Piece L 502, 75025 623 | 381
Test2 | Boss Piece 62 | 5.35slxl3 5856 | 315
Cutter: 50 gr/fi Det Cord _[mgsme: 4285 psi 4 Remnant Head Boss: 814 2475 4284 | 272
Location: Ar Dome/Cylinder Transition |
i Size (in] | | o TestB
1 Top Boss Frag 56 352725 | 6302 | 58 Cutter: 73 gram Conical Shaped Charge | Pressure: 4315 psi
2 Top Bass Frag 92 (57532543 | 55189 | 6.9 Location: AtBoss
3 Top Boss 720 @737 | 6138 | 8.6 _ﬂ'_ 0 s 1 T .
1| Whole Tank J1z2 D6.5x:22.2 696 | 56.7
Test3
Cutter: 50 gr/ft Det Cord Prossure; 4309 psi Test?7
Location: ArDom&-’Cyﬂ.nn‘FrTransmun | — Cutter: 135 gr/ft LSC Prassure: 4325 psi
4 L Haafinl = Lecation: ArBoss
1 Boss Piece | 529.5 6.4 - — —
2 Boss Plece | 8035 | 57 L : Sizeling !
3 Boss Plece T s128 | 75 1 | Bottom Boss Frag 152 6.50dx.25 2.3 | 1037
n Boss Plece | ™ sag2 | a1 71 Head Boss d14 5.5x3.5 4866 | 334
B | Bottom Boss Frag 4552 | 1131
9 Bottom Boss Frag 865 | 1126
Test 17
Cutter: 50 gr/ft Det Cord ]Prenurn: 4335 psl
Location: At Dome/Cylinder Taper
! |_sizelin) | -
1 Bottom Tank w/Fitting | 2060 | 65«16 | 716.2 150
2 Top Boss | 888 | MESE25 | 6003 0.7
E] Braken Valve | 430 | 252350 | 4886 156.6
4 Valve Knob | 46 | @L6ds | 4511 158.7

Yellow denotes assumed mass  Peach denotes frag not recovered

Figure 108: General Dynamics Type Il COPV Fragment Velocity Summary

See Figure 109 below for the full summary of fragment velocities for the Xperion Type IV COPV
tests.

Test8 | Test12
Cutter: 175 g/t LSC Prossure: 2933 psi |Curter: 125 grie 15T Pressure: 2915 psi
Location:  Af Top Boss Location: A Cylinder Midline |
Frags | Description Massig) Size (in] | Speed (fi/s) Polar Angle [*) Frag f Description Mass [gh| Size (in] |Speed (ft/s] Polar Angle [°)
1 Fibrous Panel [ | 10583 52.8 1 Bottom Hall w/ Fiing | 7332 | @12x17 605.3 6.1
| Fibrous Panel | [ 10897 14.3
3 Head Boss | | 8001 159 Test 13
Cutter: 125 grift [SC [Pressure: 2953 psi
Test9 Location: At Cyfinder Midling
Cutter: 125 gnLsC [Pressure: 2920051 [ Fogs | Deseiption  [Mass(g) Size (in) |Speed (iis) Polar Angle (')
Lecatlon: _Ar Bottom Boss | 1 Tap Half 7818 | @12x17 635.1 34
T — Siee (] =
1 Valve Knob 46 | @15425 | 6783 02
2 Broken Valve 430 [35235¢] | 2459 176 Test24
3 Fibrous Panel | | es 1013 Test Type: Intensified Burst Burst Pressure: 7178 psi
4 Head Bass I [ a5 43 | Frag# | Deseription  |\Masslg) Sioelin) Spewd (his) Polar Angle ()
1 Head Boss w/ Composite | 458 213 667.5 46
2 Fibrous Panel 888.7 63.7
Test10 3 Plastic Liner Frag 12291 7.7
Cutter: 125 gn/#1L5C Pressure: 2891 psi
Location: At Somtom Boss
[hogs T Daseripn Sainl - Test25
1 Broken Valve 84 |25225¢ | 5113 5.7 Test Type: Intensified Burst Burst Pressure: 7614 psi
2 | Fiberglass Boss Ring 40 5 25 500 126 Frag § Description Mass(g) Sige(in) Speed(ft/s) Polar Angle (*)
CHE| Fibrous Panel | [ ane 623 1 Head Boss w/ Composite | 392 @13 720 38.2
4 | Bottom Boss w Firting | 480.8 133 2 Fibergiass Ring 336 o3 3 374
3 Plastic Linet Frag 507.5 378
Test11
Cutter. 125 gr/ft LSC Pressure: 2918 psi Test 26
Location: At Baftom Boss | Test Type: Intensified Burst Burst Pressure; 7385 psi
| | | Size lin] | ] Frag i Description Mass (g)Size lin] |Speed (ft/s] Polar Angle ()
1 Fibrous Panel | | 4378 | 1147 1 Head Boss w/ Composite | 360 P25 7883 4.2
2 Fibrous Panel | 4578 | 108 2 Head Boss Plastic Liner 254 1609 &71 385
3 Bottom Boss w Fitting | | 4878 | 5.3 3 Fibrous Panel 5812 213513 800.2 7.8
4 | Half of Fibergiass Ring | | 4678 | 6.6
5| Halfof Fberglass Aing_| ams | as Yellow denotes assumed mass  Peach denotes frag not recovered

Figure 109: Xperion Type IV COPV Fragment Velocity Summary
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See Figure 110 below for the full summary of fragment velocities for the Infinite Composites
Small Type IV COPV tests.

Test14
Cutter: 125 grft LSC Pressure: 4530 psi
Location: At Top Boss
| Description
1 Top Boss, Metallie | 148 | B2.5x1.5 221 5.1
2 | TopBoss Composite | | 8817 477
3 Top Boss Composite | | 923.6 31.4
Test 15
Cutter:  125gr/ftLSC Pressure: 4492 psi
Lecation: At Top Boss
Fragd | Description |Mass(g)| Size(in) ‘Speedifi/s) Polar Angle (')
1 Top Boss, Metallic | 104 | @2.5x1.5 208.5 5.6
2 Top Boss Plug | 44 | 377.8 86
3 | TopBoss, Composite | | 869.3 24.5
4 | TopBoss, Composite | ] 688.1 15.3
5 | Top Bozs, Composite | | JB7.7 15.9
Test 16
Cutter: 125 gt LSC Pressure: 4488 psi
Location: At Cylinder Midline
| Frags | {Mass(g) Sizelinl Speedift/s) Polar Angle °]|
1 Top Bozs, Metallic | Ing | B2.5x1.5 335 5.4
2 | Composite Dome Half | I BB4.5 138
3 | Compasite Dome Half | I BBE.S 12
4 Fibrous Material | | 8126 20

Yellow denotes assumed mass  Peach denotes frag not recovered

Figure 110: Infinite Composites Small Type IV COPV Fragment Velocity Summary

See Figure 111 below for the full summary of fragment velocities for the Infinite Composites
Large Type IV COPV tests.

Test 20 . Sy S oo e 9L 3T
Test Type: Rise-to-Burst Burst Pressure: 2077 psi o G pa New o —
Frag# Description Mass (g): Size (in) :Speed (ft/s) Polar Angle (°)
1 Top Boss, Metallic 1150 @5.8x2 198.5 2.8
2 Fibrous Panel 1028 27x11x.25 1013.9 71.8
3 Fibrous Panel 338 20x8x.25 1125.8 89.7
4 Fibrous Panel 346 17x11x25 1016.4 66.1
3 Fibrous Panel 1050 63.6
Test 23
Test Type: Stepped Rize-to-Burst Burst Pressure: 2209 psi
Frag# Description Mass (g): Size (in) :Speed (ft/s) Polar Angle (°)
1 Top Boss, Metallic 1150 &5.8x2 206.9 8.9
2 Fibrous Panel 216 15x8.5x.25 1085.9 61.5
3 Fibrous Panel 196 : 20x6.5x.25 1119.4 90
4 Fibrous Panel 326 14x14x.25 932.4 77
5 Fibrous Panel 174 19x6.5x.25 697.6 69.1 . T -

] n -
Yellow denotes assumed mass Peach denotes frag not recovered

Figure 111: Infinite Composites Large Type IV COPV Fragment Velocity Summary
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13.2 Pressure Data Summary

The second data set that will be summarized is the blast overpressure data. Since each of the
rupture tests and tanks were quite different in composition, the summary will group each of the
similar energetic components together for comparison of resulting blast overpressures. Overall,
the BOP sensor readings were 3-6 psi higher than the pencil readings at the same locations.
This can be attributed to the difference between front-on and side-on pressure measurement,
as described in previous sections.

The first set of blast overpressure comparisons will be on the 4in halo of Flex Linear Shaped
Charge. For each of these tests, approximately 8.5g of RDX energetic were detonated. Test A
was the bare energetics, test 7 was on a General Dynamics tank, tests 8-11 were on Xperion
tanks, and test 14-16 were on Infinite Composites Small tanks. See Figure 112 below for a chart
comparing the peak overpressure readings at each location for each test.

All below tests conducted with ~4" Halo of LSC (~8.5¢ of RDX) e >

o Test# [ oA [ o2 f e [ 8 | g0 [ u | a4 | 15 [ 16
| TankVolume [ MN/A | 82L | 4L 131
Tank Pressure MiA | 4325 psi | 2933 psi | 2920 psi | 2891 psi | 2918 psi

_ Pencil11829 [ 3.73 T T Tae1 | 969 | 404 | a7l | 43

Pencil 11811 427 6.7 5,31 321 419 | 293 |

Pencil 11813 157

|Peach boxes denate that no data was captured from BOP. |
|Breen boxes denote that no Pencil Gauges were used |

Figure 112: Blast Overpressure Comparisons of 4" Halo of Flex Linear
As seen in the above chart, when comparing each tank test to the baseline energetics test (Test
A), it becomes clear that the rapid expansion of the compressed nitrogen in each tank indeed
contributes to increasing the peak blast overpressure. Additionally, the larger volume tanks
(Xperion, Tests 8-11) have more pressure and volume to vent and therefore increased the peak
pressures more than the smaller volume tanks did.

The second set of blast overpressure comparisons will be on the 10.5in halo of flex linear
shaped charge. For each of these tests, approximately 22.7g of RDX energetic were detonated.
Test B was the bare energetics and tests 12 and 13 were on Xperion tanks. See Figure 113 below
for a chart comparing the peak overpressure readings at each location for each test.
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All below tests conducted with
~10.5" Halo of LSC (~22.7¢ of RDX)

Test # B 2 | 13
Tank Volume MN/A 46 L
Tank Pressure M/A | 2915 psi | 2953 psi
BOP I1 7.14 12.65
BOP H1 5.37 13.27
Sft | _ | BOPH2 | 5687 [ 1617 | |
Pencil 11829 4.41 8.61 8.03
Pencil 11811 4,21 7.13 6.3
Ity
BOP 12 3.48 10.66
BOP J1 3.26 10.95
7.5t _ _ BOPJ2 | 375 | | N
Pencil 11809 1.85 5.69 2.78
Pencil 9859 1.97 5.94 5.67
Ottty
BOP 13 2.97 9.39
BOP K1 2.57 10.95
10ft [ BoPK2 | 312 [ | ]
Pencil 7418 1.5 5.46 5.28
Pencil 11813 1.36 5.07 5.33

Peach boxes denote that no data was captured from BOP

Figure 113: Blast Overpressure Comparisons of 10.5" Halo of Flex Linear

As seen in the above chart, when comparing each tank test to the baseline energetics test (test
B), it becomes clear that the rapid expansion of the compressed nitrogen in each tank indeed
contributes to increasing the peak blast overpressure.

The final set of blast overpressure comparisons will be on the 6.5in halo of 50gr/ft detonating
cord. For each of these tests, approximately 6.9g of PETN energetic were detonated. Test C was
the bare energetics and tests 1 through 5 were on General Dynamics tanks. See Figure 114
below for a chart comparing the peak overpressure readings at each location for each test.
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onducted with ~6.
(~6.9¢ of PETN)
Test# c 1 ] 2 | 3 | & | s

Tank Volume MNIA 8.2L

Tank Pressure N/A | 4324 psi | 4285 psi | 4309 psi | 4315 psi | a4
BOP 11 4.17 7.22 6.42 4,35
. BOPHL A6 BO9 | 678 | 693 | 218
5ft
L |
LooBopz )| 383 | 442 | 381 ) 3TN
BOF J1 3.37 5.44 4,17 5.44 2.39
7.5f|  BopR2 | ] 334 | 435 1 5 [ 588 |
Pencil 11809 1.24
Pencil 9859 1.73
2.97 326 | 13
2.18 3.92 1.52
10 f 2.47 4.1

ST R R B

Peach boxes denote that no data was captured from BOP

Green boxes denote that no Pencil Gauges were used

Purple boxes denote that distances were 5ft further (10ft / 12.5ft / 15ft)
Blue Boxes denote test that failed to rupture tank

Figure 114: Blast Overpressure Comparisons of 6.5" Halo of Det Cord

The rapid release of the nitrogen gas indeed intensified the overpressure wave, causing higher
pressure readings than the test C baseline. Though test C did not have any BOP sensors
successfully record, direct comparisons can be made between tests 1-4 and test 5, as test 5
was the one where just the energetics went off and the tank failed to rupture. Though no direct
comparison can be made, it is assumed that the BOP sensors would have recorded higher
values than the pencil gauges would have.

14.0 Conclusion

In summary, (17) energetic COPV rupture tests, (9) COPV intentional burst tests and (3)
standalone energetic tests were conducted at the AvMC Intentional Detonation “Snake Pit”
Facility, from August 8-22, 2024. Each of the tank pressurization processes were conducted
remotely on-site to minimize the handling of pressurized tanks. High-speed video was captured
on each test to collect data on fragment throw angle and resulting velocity. Additionally, a
variety of blast overpressure sensors were used to collect information on blast overpressure
emanating from the energetic rupture events. See below in Table 31 for the summarized test
matrix of the various tests conducted on each of different COPVs.

86
UNCLASSIFIED



Designation

Table 31: COPV Test Series Matrix (Sorted by Manufacturer)
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Rated Working

Pressure

Designed
Burst Pressure

#of
Rupture
Tests

# of
Pressure
Until Burst
Tests

General Dynamics 1 8.2L (2.16 Gal) 4300 psi 6450 psi 8* 0
Xperion v 46L (12.15 Gal) 2900 psi 6525 psi 6 3=

Infinite Comp. Small [\ 1.9 L (0.5 Gal) 4496 psi 8992 psi 3 0
Cimarron \ 113.6L (30 Gal) 500 psi 1000 psi 0 2%
HyPerComp v 12B.7L (34 Gal) 50 psi 100 psi 0 2%
Infinite Comp. Large v 113.6L (30 Gal) 500 psi 1000 psi 0 2%+

* (1) shot will be fired horizontally with frag capture bundles TOTALS 1? 9

**Will be shot very last and with a modified Pressure Distribution Panel (due to the high pressures required)

== Will be utilizing (1) “Stepped Increase to Burst” procedure

15.0 Lessons Learned / Future Work Considerations

Since the techniques utilized in this test series were so novel, numerous lessons were learned
that should be considered when planning additional future work.

Regarding the energetic rupture test methodology, the primary focus of this was to effectively
rip the COPVs open along a desired cut line. As the test series progressed, two other different
rupture mechanisms were utilized due to evolving test requirements. The tank in test 5 was
ruptured by a 7.62mm bullet impact and the tank in test 6 was ruptured by a conical shaped
charge jet. Each of these unique rupture events caused different fragmentation results. Perhaps
future testing could expand on alternate methods of rupture mechanisms, if so desired by the
customer.

One of the problems in obtaining fragment velocity was the occlusion of some of the frags due
to the white smoke cloud generated by the rapid expansion of pressurized nitrogen gas.
Understandably, nitrogen was used due to its wide availability and inert properties. However, if
available, perhaps Helium would be a more ideal candidate for future testing, as it is also an
inert gas but does not condense into a white cloud during rapid expansion.

Regarding velocity measurement, the 90-degree separation between cameras indeed allowed
3-dimensional velocity vectors to be calculated. However, since only two of the cameras met
this criteria, then any fragments that were thrown in the opposite direction from them and or
were occluded by the expanding gas smoke cloud were not captured. For future testing, a full
set of (4) cameras should be used, each 90 degrees apart, to be able to capture the full picture
around each fragmenting tank. This would allow for full 360-degree coverage of each test event
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to capture velocities of fragments that were otherwise occluded in this test series. See example
schematic below in Figure 115 for proposed camera positions for future tests.

Figure 115: Proposed 360 Degree High-Speed Camera Coverage Schematic

Various important lessons were learned with regards to blast overpressure measurement. For
future use of the standalone BOP sensors, the test team must ensure that they are configured
in “structure-mode” to ensure that they don’t go to “sleep” in between tests. A large number of
pressure curves were missed in this test series due to this issue. Additionally, when the pencil
gauges were added in this test series, the test team mounted the BOP sensors to the same
stand in front-on configuration. As seen in the resulting data, this resulted in the BOP sensors
reading higher pressure magnitudes than the nearby pencil gauges. For future testing, the test
team should ensure that all of the BOP sensors are mounted to their fixtures in side-on
configuration to yield the best comparable results. Finally, the test team should plan to utilize
pencil gauges on more tests, since they are the industry standard for free field blast
overpressure data collection. Additionally, the height of the mounting poles should be
considered in future testing. The pencil gauges were mounted on 4x4 poles about 4ft above
ground level. Typically, this is done to minimize ground reflections in a standard detonation
event. However, in this test series, as seen in the high-speed camera footage, much of the
nitrogen expansion happened lower than the gauges. See below in Figure 116 for an example of
this effect on Test 12.

Figure 116: Test 12 Pressure Expansion Relative to Pencil Gauges
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For this particular test, the energetic rupture line was at the midline of the Xperion tank which is
about 1 ft off the ground. The pencil gauges are circled in red and are about 4ft off the ground.
As can be seen in the time lapse, as the nitrogen gas expands, it doesn’t quite make it to the
height of the pencil gauges, mostly staying about 2-3 feet off the ground. The result of this in the
recorded pressure waveforms is that, likely, the peak overpressure effects were not measured
from this event. Had the pencil gauges been mounted at the same height above the ground as
the rupture event, it is much more likely that the true peak overpressure could have been
measured. This concept should be considered further when planning to measure blast
overpressure in future test series.
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APPENDIX A

3-DIMENSIONAL FRAGMENT VELOCITY DERIVATION
METHODOLOGY
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Appendix A - 3-Dimensional Fragment Derivation Methodology

Since the traditional DoD methods of deriving fragmentation effects could not be used due to
the unique test articles, the AvYMC team had to identify procedures for post test data analysis.
The following sections detail the velocity derivation process for this unique test series.

Camera Layout Considerations

Initially, the thought process as to where the high-speed cameras were placed was to provide a
few differing angles to give different perspectives of the COPV breakup. Each of these views
were, as described in previous sections, calibrated at the beginning of each day to provide
accurate distance and velocity measurements. However, during post-test analysis, it became
clear that it would be best to use only the two most perpendicular views to correlate a final
velocity vector for each frag. As shown above in Figure 13, camera 1 and camera 3 were placed
exactly 90 degrees apart from each other. Therefore, cameras 1 and 3 were used to determine
velocity and polar angle measurements for each fragment and cameras 2 and 4 were used more
for qualitative analysis.

Polar Angle Explanation

To start the velocity derivation process, it’s important to define the geometric space that will be
analyzed. Cameras 1 and 3 were set up to view directly down the relief cracks in the concrete
pad, hence why they are exactly 90 degrees apart. At the center of the pad is the COPV, oriented
vertically, at ground level. For the sake of geometry, camera 1 only has a view of the fragment
travelling in the X-Z planes. Similarly, camera 3 only has a view of the fragment travelling in the
Y-Z planes. The final data that is required for performing the verification and validation of the
simulation software is a 3-dimensional velocity magnitude and a polar angle (relative to the Z-
Axis) for each fragment thrown. See below in Figure 117 for a schematic defining this geometric
space.

Cam 1
(X-Z Axis

Figure 117: COPV Frag Velocity Geometric Space
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Simple Velocity Measurement Example

An example of a simple velocity measurement would be a circumstance when a fragment was
thrown only in the Z-Axis direction (i.e. straight up in the air) with minimal movement in the X or
Y axes. In this case, the velocities calculated from each of the camera views should match very
closely with each other. See below in Figure 118 for an example of this effect from this test
series.

Cam 1 (X-Z Axis) Cam 3 (Y-Z Axis)

Resut: d=40.4537ir(, s= 52,5326 ft/s Result: d=39.460{n; s=559.0210f/s )

= 31_9092de a=35_1141M

Figure 118: Simple Velocity Derivation - Vertical Frag

As seen in the above figure, the derived velocities from each view are 552.5 ft/s and 559 ft/s
respectively, yielding an average velocity of 556 ft/s. Additionally, denoted by the “a=" value, the
angles (relative to horizontal) are calculated as 91.9° and 89.1° respectively, meaning that the
resultant polar angle relative to the Z-Axis is 1-2 degrees. There is some uncertainty added in
exactly which pixels were selected in the videos for each velocity calculation that could explain
the slight difference in values. Regardless, this is an ideal case scenario for deriving velocity.
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Complex Velocity Measurement Example

An example of a complex method of deriving the velocity vector would be a case where the
fragment was thrown at an angle that allows it to travel in all three planes simultaneously. This
is achievable if the (X,Y,Z) position of the frag can be determined at a known time relative to time
zero (initiation). Using the combination of 90° views, this method is achievable. See below in
Figure 119 for a visual representation of this 3-dimensional derivation concept from Test 4-
Fragment 1.

Figure 119: Complex Velocity Derivation - Test 4, Frag 1
Starting with the video captured from camera 1 (viewing the X-Z axis), this fragment can be

found 8.74385ms after “time zero”. See below in Figure 120 for images of the camera 1 frag
track.

Cam 1 (X-Z Axis)

Result: d=41.3976in; s= 394.5405ft/s
a=126.3586 deg; as= 144557232 ¢

Time Zero (0ms) 8.74385 ms

Figure 120: Camera 1 (X-Z Plane) Frag Track
As seen in the above figure, in the 8.74385ms that pass between the two images, the fragment
travels 41.3976 inches at an angle of 126.3986° from horizontal, also read as 36.3986° from
Vertical (Z-Axis).
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Moving to the video captured from camera 3 (viewing the Y-Z axis), due to a large white smoke
cloud occluding the view, this fragment can only first be found 37.88235ms after “time zero”,
which is significantly later in time than the other view. See below in Figure 121 for images of the
camera 3 frag track.

Cam 3 (Y-Z Axis)

Result: d=124.3165in; s= 2734706 ft/s
a=100.0901 deg; as= 2642.1313de
| o
o -
. i E sl

Time Zero (0ms) 37.88235 ms
Figure 121: Camera 3 (Y-Z Plane) Frag Track

As seen in the above figure, in the 37.88235ms that pass between the two images, the fragment
travels 124.3165 inches at an angle of 100.0901° from horizontal, also read as 10.0901° from
the vertical (Z-Axis).

The problem that now exists is that the two positions of that frag are calculated at two very
different time stamps. The fragment in camera 3 could not be positively identified until later
than in camera 1 because of the white smoke cloud obscuration. Likewise, the fragment
tracked in camera 1 completely leaves the field of view by this time. Therefore, in order to
calculate the true 3-dimensional velocity and direction, one of these calculations must be
extrapolated to the same time.

To accomplish this extrapolation, the assumption must be made that frag velocity is constant
over that time period. It is very well understood that this is likely a bad assumption. However,
without detailed data about the presented area, drag characteristics, and tumble rate of each
frag, it is impossible to calculate the deceleration rate over this distance. That being said, since
the distance that this (constant velocity) assumption occurs over is still relatively close to the
COPV, itis plausibly true. If this extrapolation was being made when the fragment was 50+ feet
away from the COPV source, the error would be considerably more because the fragment has
had more time/distance to slow down.
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For this example, it was decided to reverse-extrapolate the frag position in camera 3 from
37.9ms back to 8.7ms. Based off of the assumption of constant velocity and the derived
distance, duration, and angle from the camera 3 frag at 37.9ms, it can be calculated that the
fragment, at 8.74ms, had travelled 28.6942 inches at an angle of 10.09° from vertical. See
below in Figure 122 for a pictorial representation of this reverse extrapolation.

Cam 3 (Y-Z Axis)

Frag Position
@ 37.9ms

Frag Position
@ 8.7ms

Figure 122: Visual of Reverse Extrapolation

Now that the distances and angles are calculated for each camera image over the same time
duration, the individual (X,Y,Z) coordinates can be calculated. For camera 1, the frag had
travelled 41.40 inches at 36.4° from vertical in 8.7ms. Since camera 1 is directly viewing the X
and Z axes, this can be broken out into an X-component distance of 24.57 inches and a Z-
component distance of 33.32 inches. Similarly, for camera 3, the frag had travelled 28.69 inches
at 10.7° from vertical in 8.7ms. Since camera 3 is directly viewing the Y and Z axes, this can be
broken out into a Y-component distance of 5.03 inches and a Z-component distance of 28.25
inches. See Figure 123 below for a visual of this cartesian coordinate derivation.
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Cam 1 (X-Z Axis) Cam 3 (Y-Z Axis)
= Cam1
— Distance = 41 .407
— Angle = 36.4°

— Calculated X Position = 24.57”
— Calculated Z Position = 33.32”

= Cam 3
— Distance = 28 697
— Angle =10.1°
— Calculated Y Position = 5.03”
— Calculated Z Position = 28.25”

Figure 123: Cartesian Coordinate Derivation of Frag Position
The next issue that’s encountered is the fact that there are now two different Z-component

values. Though they are near the same magnitude (only 5 inches difference), one of these must
be selected to be used for the 3-dimensional position calculation. The question becomes
“which of these numbers is more accurate?” See Figure 124 below for a visual that will help
answer this question.

Cam 3
(Y-Z Axis)

I Cam 1
(X-Z Axis)

Figure 124: Determination of Z-Component for 3-Dimensional Position

In the above figure, the perspective shown is from a top-down perspective. The orange dot
represents the frag position in the current example and the dashed lines represent the
calibrated planes for each camera. The thought is that, since the fragment is further away from
the Y-Axis than it is the X-Axis, the depth of field in camera 3 would result in a lower-than-actual
height (Z-component), which would cause the Z-component error from camera 3 to be higher
than the Z-component error from camera 1. Thus, for this example, it was decided that the Z-
component derived from camera 1 would be used for the 3-dimensional position calculation,
since it’s closer to its calibrated plane. There will still be some error from this calculation, but,
between the two camera options presented, it will yield a more accurate result.
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This will not always be the case for each frag studied. Essentially, whichever of the X- or Y-
components is smaller (X- derived from cam 1 and Y- derived from cam 3), the opposite camera
will be used to determine the Z-component.

Now that the X-, Y-, and Z-components for 3-dimensional position are calculated at the same
time, the 3-dimensional distance formula can be applied to calculate the distance that the frag
travelled in that time. Subsequently, this resulting distance can be divided by the time it took to
travel there to calculate resultant velocity. Additionally, basic trigonometry rules can be applied
to also calculate the polar angle that the frag flew relative to the Z-Axis (vertical). See Figure 125
below for the calculations for this example.

Cam 1 (X-Z Axis) Cam 3 (Y-Z Axis)

= Resultant Vector Equation
— R = V(X + X 24+(Y 1+ Y )2 H(Z+ Z,)]
— Where
— (X4,Y41,Z4) = (0,0,0)
— (X3,Y2,75) = (24.577, 5.03”, 33.327)
—R==M41702"==34751t

Frag Position
= Velocity =R /AT =3.475ft/8.74ms

@ -2 V=39741ts
|
]
]
|

= Resultant Polar Angle (Relative to Z Axis)
— 8 =cos[(Z4+Z2)/R]

} o . ~ © = Cos-1[(0+144.36)/180.67]
Eag Position 77 . [ ~ 3 6=36.96°

Figure 125: Final Calculation of Velocity and Polar Angle Example

As seen in the above figure, the final calculation for the example fragment (Test 4, Frag 1) is a
velocity of 397.4 ft/s at a polar angle of 36.96°. This entire velocity derivation process is utilized
in deriving all of the fragment velocity vectors from each test. Itis understood that there is
some uncertainty/error in this calculation, but given the limited raw data collected and unique
test development, it was the best estimation that could be concluded.
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The best way to visualize each of the fragments emanating from a test is to study the videos
individually, but this is impossible to achieve in the setting of a formal report. Therefore, for
each test, a culmination of screenshots from each of the high-speed videos will be displayed,
with each fragment labelled. Some of these fragments don’t show up until much later in time,
relative to the others, so various images were superimposed on the same picture to show each
of these fragments in one image. See Figure 126 below for an example of this display technique
from Test 20.

- = e i, - - w2 =
Figure 126: Example of High-Speed Screenshots with Labelled Frags

It should also be noted that not all of the frags that came from each tank were tracked and given
velocity calculations. Due to the large white cloud that would appear after each rupture event
(likely due to rapid expansion of pressurized nitrogen gas), a large number of fragments were
occluded from view and could not be positively identified in the post-test videos. For some of
the tests, a fragment could be tracked in one view but not the other, which would result in an
incomplete 3-dimensional vector. Without having all three distance components calculated,
it’s impossible to accurately derive velocities for them. This issue could be solved in future tests
by placing four (4) cameras around the test area, each at 90° from each other.
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APPENDIX B

COPV Tank Pressurization Curves
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Appendix B - COPV Tank Pressurization Curves

This appendix will include the raw data curves for each of the tank pressurization events that
occurred during this test series. They will be displayed in the order that the tests were

conducted.
COPV Tank - Pressurization Curve
Test 1 - General Dynamics 8.2L (Type Ill COPV)
Fill Started 8/8/2024 @ 1206 CST
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COPV Tank - Pressurization Curve
Test 2 - General Dynamics 8.2L (Type lll COPY)
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COPV Tank-Pressurization Curve

Test #3 General Dynamics 8.2L (Type lll COPV)
Fill Started 8/13/2024 @ 1104 CST

Final Tank Pressure 4309 psi

5 10 15 20 25 30 35 40 45
Time (minutes)

Tank Pressure (psi)

5000

4500

4000

3500

3000

2500

2000

1500

1000

500
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Test #4 General Dynamics 8.2L (Type lll COPV
Fill Started 8/13/2024 @1225
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Tank Pressure (psi)

COPV Tank - Pressurization Curve
Test #5 General Dynamics 8.2L (Type lll COPV)
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COPV Tank - Pressurization Curve
Test #6 General Dynamic 8.2L (Type Ill COPV)
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Tank Pressure (psi)

COPV Tank - Pressurization Curve

Test #7 General Dynamic 8.2L {Type lll COPV)
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COPV Tank - Pressurization Curve
Test # 8 Xperion 46L (Type IV COPV)
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3000

COPV Tank - Pressurization Curve

Test # 9 Experion 46L (Type IV COPV)
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COPV Tank - Pressurization Curve

Test # 11 Xperion 46 L Type IV
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COPV Tank - Pressurization Curve
Test#13 Xperion 46L (Type IV COPV)
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Test # 14 Infinity Comp 1.9L (Type V COPV)
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Test # 15 Infinity Comp 1.9L (Type V COPV)
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Test # 16 Infinity Comp 1.9L Type (V COPV)
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COPV Tank - Pressurization Curve
Test #17 General Dynamics 8.2L (Type Ill COPV)
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COPV Tank - Pressurization Curve
Test# 19 HyperComp 128.7L (Type V COPV)
Fill Started 8/21/2024 @ 1121 CST
1000
500
800
. o0
@
=
@ §00
=1
% 500
2
=8
2 400
=
|E 300
Final Pressure 745
200
100
0
0 1 2 3 4
Time (minutes)
COPYV Tank - Pressurization Curve
Test # 20 Infinity Comp 113.6L (Type V COPV)
Fill Started 8/21/2024 @ 1150 CST
2500
Final Pressure 2077 psi
2000
E
e ..
@ 1500
=
W
w
z
=8
2« 1000
=
=
500
0
0 1 2 3 4 5 [+ T g 9 10
Time {(minutes)

109
UNCLASSIFIED



UNCLASSIFIED

COPYV Tank - Pressurization Curve
Test # 21 Cimarron 113.6L (Type V COPV)
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Tank Pressure (psi)

COPV Tank - Pressurization Curve

Test # 23 Infinity Comp 113.6L (Type V COPV)
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Tank Pressure (psi)

COPV Tank - Pressure Until Burst Curve

Test 24 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1145 CDT

Burst Pressure Level
T178 psi
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Tank Pressure [psi)

COPV Tank - Pressure to Burst Curve
Test 25 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1307 CDT

Final Burst Pressure
7614 psi
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Tank Pressure (psi)

COPV Tank - Pressure Until Burst Curve
Test 26 - Xperion 46L (Type IV COPV)
Fill Started 8/22/2024 @ 1434 CDT

Final Burst Pressure
7385 psi
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APPENDIX C

Pencil Gauge Blast Overpressure Curves
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Appendix C — Pencil Gauge Blast Overpressure Curves

This appendix will include the raw data curves for each of the pencil gauge blast overpressure
measurements captured during the test series. Pencil Gauges were only utilized on Tests 10-16.

They will be displayed in the order that the tests were conducted.

NASA COPV Test 10
Xperion 46L Tank @ 2891 psi
Cut by 125gr/ft LSC (8.5g of RDX)
Pencil Gauge Data
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NASA COPV Test 11
Xperion 46L Tank @ 2918 psi
Cut by 125grft LSC (8.5g of RDX)
Pencil Gauge Data
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Pressure (psi)
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NASA COPV Test 12
Xperion 46L Tank @ 2915 psi
Cut by 125grift LSC (22.7g of RDX)
Pencil Gauge Data
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11809 - 7.5ft
9859 - 7.5t
— 7418 - 10ft
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14 16
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Pressure (psi)

NASA COPV Test 13
Xperion 46L Tank @ 2953 psi
Cut by 125gr/ft LSC (22.7g RDX)
Pencil Gauge Data
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11813 - 10ft

16
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Pressure (psi)

NASA COPV Test 14
Infinite Comp Small 1.9L Tank @ 4530 psi
Cut by 125gr/ft LSC (7.2g of RDX)
Pencil Gauge Data
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NASA COPV Test 15
Infinite Comp Small 1.9L Tank @ 4492 psi
Cut by 125gr/ft LSC (7.2g of RDX)
Pencil Gauge Data
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Pressure (psi)

NASA COPV Test 16
Infinite Comp Small 1.9L Tank @ 4488psi
Cut by 125gr/ft LSC (11.2g of RDX)
Pencil Gauge Data
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Appendix D - List of Acronyms

AGL
AvMC
BOP
COPV
DAQ

Det Cord
DEVCOM
DoD
EBAD
EBW
EOD
FLSC
Frag
HMX
JTCG/ME
MSFC
NASA
NVR
PDP
PETN

PSI

PTZ

RDX

SCJ

TDD

Above Ground Level

Aviation and Missile Center

Blast Overpressure Sensor

Composite Overwrapped Pressure Vessel
Data Acquisition System

Detonating Cord

Combat Capabilities Development Command
Department of Defense

Ensign-Bickford Aerospace & Defense
Exploding Bridgewire

Explosive Ordinance Disposal

Flexible Linear Shaped Charge (or Flex Linear)
Shorthand designation for Fragment

High Melting Explosive

Joint Technical Coordinating Group for Munitions Effectiveness
Marshall Space Flight Center

National Aeronautics and Space Administration
Network Video Recorder

Pressure Distribution Panel

Pentaerythritol Tetranitrate

Pounds per Square Inch

Pan-Tilt-Zoom

Royal Demolition Explosive

Shaped Charge Jet

Technical Development Directorate
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