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l. INTRODUCTION

Thetraditional approach dhe U.S. military to weaponsystems developmehts
oftenbeenmarkedby long developmentycles,high costs,andan emphasis on cutting-
edge technology [1While this hasresultedn someof theworld’s mostadvancednilitary
systemsijt also poseschallengesn addressingasymmetricthreats.Thesethreatsoften
comefrom nonstateactorsor smallerstatesthat use unconventiondhctics andeadily

available technology texploit vulnerabilitiesn advancedystems [2].

A. THE ASYMMETRIC THREAT

The United Statesandits allies facean evermore contestednilitary environment
asadversarialgovernments anchalign actorsgain accesso more capableCommercial
Off-The-Shelf (COTS)technologiesCOTS equipmentnablegheseadversarieso build
effectiveweaponryat reducedcostwhencomparedo U.S. acquisitions program3.hese
low-costweapongresenta significantthreat,which friendly forceshaveno choice buto
counterwith expensiveadvancedveaporsystemsThis costmismatchs demonstrateah
a series otases outlined below.

1. Peoplés Republic of China Surveillance Balloon

At leastfour unmanned aircraftereinterceptedoy U.S.andCanadiarfighter jets
overNorth Americain 2023 [3]-[6]. Amongheseaircraftwasasurveillance balloofrom
the People’s Republic of ChinRBRC)which flew over most of théJnited States before
being shot down bwn F-22 off thecoastof South CarolinaFrom the Department of
Defense:

TheF-22firedthe Sidewindeatthe balloorfrom analtitudeof 58,000feet.
The balloonat thetime wasbetweer0,000 and 65,000 feet.

F-15 Eaglesflying from BarnesAir NationalGuardBase,Massachusetts,
supportedhe F-22,as did tankerérom multiple states including Oregon,
Montana,SouthCarolina, andNorth Carolina.Canadiarforcesalsohelped
trackthe overflight ofthe balloon.

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EI



The Navy has deployed thdestroyetUSS Oscar Austin the cruiserUSS
Philippine Sea andthe USS Carter Hall, an amphibious landinghip in
support ofthe effort. [6]

The costsassociatedvith this operationweresubstantialOneflight hourin anF-
22 costs around $40,000 [1h additionto the costof operatingall of the supporgircraft
for this mission.The AIM-9X Sidewindermissile usedto bring down the balloomost
upwards of $450,000 [8].

The otherthreeaircraftwerenotidentified butwerealsoshot down using\IM -9X
missiles[9]. One of the missilesmissedat first and asecondone was requiredto be
launched, doubling theostof ordnance expendetdhe AIM -9X is anadvancedir-To-
Air missile andis notideally equippedto intercepta slow-moving target.The AIM -9X
advancedeekemand warheadreunnecessarior softtargetssuchas these.

This highlightsthe needfor adaptablecosteffective solutionsfor engagingsoft,
slow-movingaerialthreats Using expensive aite-air missiles for sucltargetss not only

disproportionate bualsoeconomicallyinefficient.

2. Shahed 136 and Geras2 SuicideDrone Strikes in Ukraine

The Geran2 suicidedroneis a Russianmadecopy of thelranianShahed 13610].
Both of thesedronegparticipatedn largescaleattacks oriJkrainian powerinfrastructure
in October 2022 [12]These dronearemanufacturedisingCOTScomponents ansimple
fiberglassairframeq11]. Theyareeasilyinterceptedy advancedir defensesystemsbut
in doing so they consume valuablair defensemissile stockpilesat greatcost to the
defender. Th&uardian reported ahis costmismatch:

The costto Ukraineof downing the kamikazé dronesbeingfired at its

citiesvastlyexceeds the sums pdgl Russiain sourcing and launchirthe
cheaplranianmade technology, analysis suggests.

A total of 161 Shahed-136 drones, dasger Shahed-129 and fowven
larger unmannedttackvehicles knowrasMohajer6s havebeenshotdown
by Ukrainianair defensesn [Septembef022].

With the price of the Iranianmade Shahed-136s standiag€20,000to
€50,000 foreachvehicle,thetotal costto Russiaof thefailed droneattacks
unleashedn Ukrainein recentweeksis estimatedoy military analystsat

2
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the [non-governmental organizatioMlolfar to be between $11.66m
(£10.36m) ancb17.9m (£15.9m).

Ukraine has deployed a host of weapory bring down the drones,
including MiG-29 jets, C-300 cruise missiles, Nasams groundiefence
systems andmallarmsfire.

The estimatedcost to Ukraine standsat more than $28.14m (£25m),
accordingo theanalysiswhichis basedn opersourcesThedata includes
drones launched betweé&B8 Septembesind 17 October. [13]

Oneproblemwith this articleis thatit is overly focusedon the financiahspecbf
this mismatch.Thisis a usefulcomparisorbutdoesnottell the whole story.Not only are
advancedir defensesystemamore expensivehanCOTSdrones, theywrealsofar more
challengingto obtain. Air defensesystemscan be procured onlyfrom countrieswith
advancednilitary industrialcapabilities andstockpilesof theseweaponsaketime to build
up. On theotherhand,COTSdronescanbe quicklymanufacturedaindfielded to replace
those losin combat operations.

Theseexamples highlight the highBsymmetric naturef combatoperationsvhich
use advanced technologiaapabilitiesto combatsimple COTSweaponsin additionto
the significantcostdifferencebetweenheadvancecandCOTSsystemsthe procurement
cyclefor the COTSsystemss shorterandsimpler, allowing this type of weaponto have
an outsizedeconomicand stockpilelevel impacton U.S.andallied forces.The low-cost
COTS missile approach thats modular and adaptabl® varying adversarieshas the
potentialto save moneymaintaineffectivenessand conserve valuable stockpiles of high-

end weapons.

B. PROPOSEDCOMMERCIAL- OFF-THE-SHELF MISSILE SYSTEMS

A ground-launche€€OTSsystemcould bedesignedandfieldedto engagesimple
types oftargetsat amuchlower unit cost,withoutrequiringexpensivdaunchvehicledike
fighter jets. These loweostsystems, engineer&dth increasedlexibility , canhost awide
range of payloadsnaking themcompatiblewith varied missionsetsand operablewith
minimal training and equipment.For instance,high-altitude loitering payloadscan be

rapidly deployed forreconnaissancesommunicationsor electronic warfare missions.

3
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They canalsobe equippeadvith loitering payloads for delayeprecisionstrikes on high-

value targets.

1. Amateur Rocketry Applications to Commercial-Off-The-Shelf Missile
Development

A COTStacticalmissilewould likely besimilarin designand constructiorto an
amateurhigh-power rocket. The amateurhigh-powerrocketry hobbyistcommunity is
supportedoy many vendors providing higipality components. Vendors providisglid
rocket motors for high-power rocketsare of particularinterest,as theserocketshave
dimensions and performance comparaioiehe motors usedin smallerscaletactical
weaponssuchas theHydra70 rockef14] andAGM-114 Hellfire missile[15]. Cesaroni
Technologies, IncETI) motorssuchas the N5800, 03400 [16], and O8000 [a@proach
the performancecharacteristic®f thesetactical weaponsvhile usingsimpler, andlower
cost,solid rocket propellanformulations.CTl motorscomein awide range ofsizes and
are modular,so an appropriatelysized rocket can be fitted with a different motor in
minutes,which could be advantageout® a modular,COT Stacticalsystem.Thesemotors
and airframesare integratedinto many collegiateundergraduatefforts to design high-
power rocketsvith advancedapabilitiescomparablen somerespectso those otactical

missilesystems.

2. Collegiate Amateur Rocketry

Collegiateamateurocketryteamssuchas thosérom theUniversity of California,
Los Angeles UCLA) andSanDiego StateUniversity (SDSU), havesuccessfullydesigned
andtestedcomplexamateurocket systemsjncluding regenerative coolingystems and
bi-propellant engines. UCLA’'s rocket engineering program, foexample, used
computationafluid dynamics andinite elementanalysido design andalidatetheirrocket
engine componentd8]. This level of technicalsophistication provides studemnsth a
deepunderstanding othe engineeringchallenges involvetdh rocketry, bridginghe gap
betweeracademic theory angalworld application Furthermoretheseteams contribute
to the broadercommunity of amateur rocketry, often collaborating with industry
professionals andvenreceivingmentorshipandresourcegrom them[19]. This not only
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addscredibility to their projectsbut also providesa platform for networking anccareer

development.

Theseteamsfaceseverakhallengeshatlimit their capabilities Funding isoftena
significantconstraintasseenwith SDSUs RocketProject,wherestudentsometimesad
to contributefinancially to keeptheprojectafloat. Technicaketbacksreanothelissuedue
to thecomplexityof rocketsystemsincluding propulsion and guidanaghich oftenleads
to delaysandrevisionsin projecttimelines.The transientnatureof student involvement,
dueto academiccommitmentsor graduationcanalsoleadto inconsistent progress and
loss of institutional knowledge. Moreovéhgseteamsarebound bythe rulessetforth by
amateurrocketry organizationslike the Tripoli RocketryAssociation(TRA) and the
NationalAssociationof Rocketry NAR), which arein turn derivedfrom 14 CFRPart101
Subpart C [18][19]. Theserulescanlimit the scope otheir projects,including the types
of propellantsused, the maximuraltitude reachedand theimplementationof advanced

guidance systems.

3. Naval Postgraduate SchooRdvantages

Theexistinglimitationswith manyamateurocketryassociationallowsNPSto be
uniquely positionedto push the boundaries @mateurrocketry. Affiliated with the
Departmenibf Defense NPS hasaccesgo a wealth of military expertise particularlyin
areadike guidancesystemsunmanned technologies, aastronautical engineeringhis
expertiseis further augmentedy the possibility ofinter-servicecollaboration,allowing
for amultidisciplinaryapproactto rocketryresearchFinancially, NPShas the advantage

of potentiallylarger budgets, enabliregnbitiousprojects

What setsNPS apatrtis its ability to operate outside the organizatiohalitations
that bindcivilian amateurocketryteams becausé&PScanconductaunches independent
of TRA andNAR. This freedomallows NP Sto exploreadvancedocket technologiesith
directmilitary applicationsForinstanceNPScandeveloprocketsequippedvith advanced
guidancesystemdor precision targetingr unmanned rocketystems fosurveillance and

reconnaissancéhis regulatorylatitude accelerates thpaceof innovation,as NPS can
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movefrom desigrto testingphasesnorequickly, without theneedfor extensive approvals

from amateurocketryassociations.

NPSis locatedwithin 5 driving hours of the Friends éimateurRocketry FAR)
launchsite in RandsburgCA. This makesit possible forlNPSto conductmultiple test
launcheseveryyear,creatingthe opportunityfor arapid paceof innovation andteration
Also, as aDepartment of Defens®(QD) entity, NPScouldrequestheuseof military test
facilitiesif increasedangedistance or low launch angles aeguired.

While collegiateamateurrocketryteams have made commendasiedesin the
field, they operate under aetof constraintsthat limit their ability to fully explore the
potential of rocketscience.NPS, with its unique advantagas expertise,funding, test
facility access, anteducedegulation is well-positionedto advancehefield into realms

that havedirectmilitary applicationsand broadeimplicationsfor thefuture of rocketry.

4, Naval Postgraduate SchooHigh-Power Rocketry DesignCapabilities

An academictactical missile design course (ME4704) anéxperimentalflight
testingprogramat NPS support rocketesearchactivities. The ME4704 Missile Design
courseis an opportunity for student® collaborate on anissiledesign projecthatmeets
technical requirementsset by the instructor, acting as asimulated customer.These
requirements varfrom yearto year;in somecasestheywerewrittento leadstudentsnto
a COTShigh-powerrocketrydesign.Theflight testingprogramis aniterativedesign and
testprogram that has produced numermeddiumandhigh-poweramateurocketdesigns
supportingthesisresearctor over adecadeBoth of theseefforts havemergedsuchthat
the paperdesigrenvisionedoy the ME4704&lassis thenbuiltinto aflight testvehicle. The
testresultsfrom this vehicleareusedto inform futureacademic anéxperimentablesign

efforts.

TheFiscalYear2023 £Y23) ME4704 design repairt particulardescribedatwo-
stageCOTSmissileusingamateurocketrycomponente atacticalapplication[20]. This
effort wasfocusedon engaging a highkitudetargetwith limited maneuverabilitysuch
as asurveillance balloon or dron€he Concept of Operation€0ONOPS for this missile

and the missil@self areshown inFigure 1 and Figure 2.
6
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Figure 1. FY23ME4704 Project A CONOP&ource: [20]
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Sustainer Weight (no moter): 18.1 kg
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Booster Motor Weight: 32.7 kg

Figure 2. FY23ME4704 Project A Missile Overvievigource: [20].
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The previous desigrefforts andflight testingat NPS representuilding blocks
toward a COTS tactical weaponsuch as this. Previousresearchwas not necessarily
conductedwith this goal in mind, but the components, construction techniques, and
softwarepioneeredoy researchhieamsover the coursef thesenumerougesearctefforts

contributedo this design.

C. OBJECTIVES

The previous NPS flight vehicle designshave historically dealt with rigidity
concerndetweerthedifferentseparableectionsparticularlyas the rockets grow size
and complexity. The increaseduse of additive manufacturingchniquesrequireseach
developed componernb be testedunder flight conditionsto ensure theigidity and
operability of therocket especiallywith active Guidance, Navigation and Contr@NC).
Separatiorsystemseedo bereliable,simple and redundanb thegreatesextent possible

to ensure vehicland onboard dat@covery

Successfuldesign andesting of thesesystemswill enableNPS to build and
demonstrate thatility of a COTS missile similar to FY23 ME4704 ProjectA. The

objectives otthiswork areas follows:

1. CanCOTScomponents be effectivelgtegratedo provide aversatile
missiledesignwith adaptable guidance and controbiiveran effective
low-costtactical vehiclevith wide missionapplication?

2. How canadditivemanufacturing techniques be appliechewdesigns to
improverigidity, structuralintegrity, and recovery systeoperation fora

high-performance payloadkliverysystem?
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Il. BACKGROUND AND DESIGN CHALLENGES

Amateurrocketryis well-establisheds a hobbyn the United Statesandassuch
there are commercially available rocketryparts and awealth of “best practices”for
assemblingand operatinghem.Theresearctandacademi@ctivitiesat NPShave adopted
many of thesepracticesbut also extendedthem to test the limits of COTS rocketry
capability. Outlined below are theCOTS components available,faw of the challenges
inherentin the design oftraditionalamateurrockets designetb fly ballistic (unguided)
trajectories and a description of previous NPS rockets thathave pursued the

implementatiorof stability control andguidance.

A. HIGH -POWER AMATEUR ROCKET TECHNOLOGY

There are many vendors producing components fmateurrocketry hobbyists.
Most serve the low and mediupswer rocketry hobbyist, but soméuild professional

grade part$or high-power rockets.

Readymade airframes are available, manufacturedfrom cardboard, phenolic
tubing, fiberglasswrappedphenolic tubing, and carbdiber [21]. All areavailablein a
wide range ofkizes ufo 11.4”in diameterfrom PublicMissiles,Ltd. Theseairframescan
be precisely slotted for fixed-fin installation by the manufacturer before delivery.
Nosecones madkeom plastic,fiberglass, and carbditber can be sourcedaswell, with
conical or ogive crossections available othe-shelf.

Advancedrecoveryelectronics includingelemetryand GlobaPositioningSystem
(GP9S are available;theseare further discussedn Chapter Il. Parachutedor vehicle
recoverycomein alargerangeof sizes andghapesfrom simplenylon streamerso 144"
diameter canopies.Both Fruity Chutes [22] andGiant Leap Rocketry [23] produce

professional-grade parachutes fockets, drones, and other unmanned systems.

Vendors providingsolid rocket motors fohigh-powerrocketsare of particular
interestastheserocketshave dimensions and performamoenparabldo themotorsused
in smallerscaletacticalweaponssuchas theHydra70rocket[14] andAGM-114Hellfire

missile[15]. CTI motorssuchas the N5800, 03400 [16], and O8000 [17] approach the
9
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performancecharacteristics othesetactical weaponswhile using simpler solid rocket
propellantformulations.CTI motorscomein a widerangeof sizesand are modulagoan
appropriatelysizedrocketcanbefitted with a different motorin minutes,which could be

advantageous ta modular, COT $acticalsystem.

Launchfacilities for mostCOTSrocketsaresimple,requiring only a&commercially
availablelaunchrail madefrom 80/20 aluminunframing extrusionswith stiffenersanda

source of batterpower for ignitors.

A fewtechnicaltems/capabilitiesare inherentlyomittedfrom theamateurocketry
supply chainthat could take aimple ballistic rocket andurn it into a tacticalweapon
Items such as seekers6NC assembliescontrollablefin assemblies, andophisticated
stagingsystemsare included on thdist. All of theserepresenopportunities foNPSto fill

the gap betweeamatedw/commercialand extendguchsystems towardilitary capability.

The variety, availability, andquality of amateurrocketry components providmn
intriguing opportunityfor the DOD. Low-costrocketscan be constructedn daysusing
COTScomponents anchotors.A tactical systentould be procured amaroduced using a
stable, existing supplychain and beeasily tailored to fit specific missions. Advanced
construction techniques andhaterials are often not required. Amateur rocketry
components have the potentafacelow-cost,low-capabilitythreatswvith anappropriate,
proportional weaporsystemrequiring minimal additional equipment anttaining to
operatef suchasystemwere properly designedNPS hasexperience buildingockets of

widely varying missios using theseomponents.

B. PAST WORK

NPShas demonstratgaoficiencyin the development artdstingof COTSrockets

with advanced capabilitietn chronological order:

X FletcherRydalch developed a singitage modular, reusable rocket using
a RC/104-basedGNC systenand controllable finsThisrocket was
recoveredandre-launchedwithin 90 mirutes demonstrating the
reusabilityanddurability of the systeriR4].
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Kai Grohe built a singlstage rockethat made considerable gainghe
improvement of couplers betweairframesections and implemented
moreadvancedirduino-basedGNC systenwith canardvicetail control
[25].

Dillon Pierceand MatthewBustadeveloped multstagerockets capable of
lifting payloadgo nearspace altitudeand establishethe frameworkor
NPShigh-power rocketry tegirogram [26], [27]. CamroBrandt
continuedhis work, applying optimal control theoty the previously-
designednulti-stage rocket tbuild a digital simulatiorplatform for

further vehicle researcind development [28].

Kyle Deckerand AllisonAdamos investigatefilirtherimprovementgo
these rockesystems witha focus on counter-Unmanned Aei®istems
(UAS) swarmapplicationsTheir rocketsweretail-controlledtwo-stage
rockets withinert upperstagesDeckerimplementeda Raspberry Rand
MATLA B/Simulink control systenaswell as a novel coupler design [29]
Adamos investigatethe survivabilityof the vehicle and characterized
launch transientand their effecon a modular avionics package [30].
Deckerand Adamos numberéleir rocketq0 through 5) inthe order that
they werebuilt, and thisnumberingsystemis continued withRocket 6 and

beyond for subsequent NP&kets apart ofthisresearch

NathanStuffle modified and teste@ twostage rocket using a modified
commerciahigh-powersolid rocketmotor witha sealeanotor plug and a
headendignition systemfor the second stagsimilar totechniques used

in tactical systems [31].

Alexandra Sherenc32] continuedhe development o& countetJAS
bomblet first designetly Keith Lobo [33]. Sherencalsodetaibdthe
development of a grifin assistedecovery concept for the sustairda

two-stagerocket.
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The challengesdentified in theserocketdesignsaresummarizedn the following

sections.

C. STAGE SEPARATION

Amateur rocket designs requiresefarable sectionsn the airframeto split the
booster angustainestagesapartandto deployparachutesr other payloadBecause of
this gapin the airframe, the structuralrigidity of the rocketis negativelyaffected.As
rocketsgrow andbecomemore complex, the numbesf sections and maximum bending
momentincreasesandthe problem ofstructuralrigidity is exacerbatedBoth traditional
amateurrocketry couplers and improved coupler designs hlagena researchfocusat

NPS These effortgredescribedelow.

1. Traditional

Traditional couplingof rocket fuselage sections asidgeseparatiorapproachor
amateurrocketry is conductedusing the outerairframe which is a fiberglasscovered
phenolictube andan inner airframe component knowms the “coupler tutiewhichis a
plain phenolictube without anyfiberglasswound aroundt. Thesetwo tubesfit inside of
eachotherrelativelytightly suchthatthe outer fiberglassube surrounds the inner coupler

tube. Thisarrangement ishown inFigure 3.

CO: Cylinder Black Powder Nylon Shear Pins  Vent Plywood Bulkhead

| Charge / \ /
m—

e U-Bolt

Shock Cord
Connecting U-Bolt to
Parachute

o If I— Ll
/ [
CO: Expansion / \ \
Volume Airframe Airframe Seam  Epoxy Phenolic Coupler Tube

Figure 3. Traditional Coupler. Adapted frof29].
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This type of coupleris usedfor both parachute bays asthgeseparationin the
case ofstageseparation, théberglassairframewill be connectedo the upperstage and
the phenolic coupler will be protruding from tlesver stage.

Thesetwo sectionswill be held togetherwith nylon shearpins. Generally for
rockets ofthe 190mm (7.5in) diametersize four shear pinare usedeachwith ashear
strengthof 111 N (25 Ibf)[29]. The shearpins are #2-56Unified Coarse(UNC) nylon
screwsinsertedinto anappropriatelydrilled thru hole (#50drill bit) andareimplemented

to prevent drageparation

The force to shearthe pins and separatdhese sectionsf the rocketis typically
achievedoy generating pressurizedjaswithin thecavity formedby thetwo sectionsThe
simplestmethod ointroducingthis gasis to deflagrateasmallblack powder chargelhese
are constructedy filling a small vial or capsulewith a few gramsof black powder and
providing an Electric Match (E-match to startcombustionat the appropriatetime. The
burning powdegeneratetargeamounts ofjas,raisingthe internabressure othe cavity
until the shearpinsgive way. This resultsin the separatiorof thetwo sections forither
staging the rocket or deploying a parachiités methodis effectivebut risks singeing or
burning theparachuteslt alsofouls theairframewith black powder residuemakingthe
tightly fitting sectiongmoredifficult to fit backtogetherfor subsequertights. Dueto the
externaloxygenrequirecto support combustioaf theblackpowder this methods limited
to lower altitudeflights.

A commonalternativeto blackpowder charges & blackpowderinitiated Carbon
Dioxide (CQy) releasalevice. Insidehe cavity, aCOz cylinderis oftenconnectedo afully
containedblack powder pyrotechnic systesuchthatwhenthe COz cylinderis punctured
it ventsinto the cavity. This createsa large increasein pressurenside of that cavity
independent of thdélight altitude shearingthe pins andorcing thesetwo sectionsto
separateThe two types ofCOz systens usedon NPSflight vehiclesare shownin Figure
4. Both systemsanuse amyriad of differentsizes ofCOz cylindersto tailor the volume
of gas tathe expectegressueforceneededo separatehe coupler.
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Tinder Rocketry

RAPTOR Rouse-Tech CD3

Figure 4. COz EjectionSystems. Source: [3435].

Thereareseveraddrawbackgo the traditionatype of coupler.Thefour nylonshear
pins have amalldiameterand lowshearstrengthwhichis relieduponto ensureseparation
from the pressure changéoneinsideof thecavity. Onrocketswithout activecontrol and
fixed fins, this is acceptable.On rockets with control inputs andtherefore higher
aerodynamic-inducefbrces andyreaterweight, the shearpins alonanay be insufficient
to prevent rotational motion abothe centralaxis andshearprematurely Experiments
have shown thaheserockets tendo have inadequate longitudifexial strengthwhich
becomes aignificantconcernas thesize and weight ahese rocketscreasesThis type

of failure wasobserved omne of theNPSrockets and isapturedn Figure5.
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Figure 5. Rocket 2 Airframd-ailurein Flight. Source: [29]

Another concernasthe size and weight ofhe rocketsincreaseis the premature
separatiorof thetraditional coupler. Thi®ccurredseveraltimesnearapogeeo several
NPS rockets [29],[30]. The upperstagemain parachutebay would separateupon the
deployment of th@rogueparachute due the sudderdeceleratiorforcesor justsimply
from aerodynamicstresses induced by thgravity turn at apogee.These premature
separationssignificantly impactedthe expectedflight behavior of theserockets and
precludedmissionaccomplishmenin severalcaseq29]. It wasimportantto seekoutand

develop a newoupling systemwith improved reliabilityandstructural characteristics.

2. Previous Designs

Two of the manypreviousattemptsto developanimproved coupleare outlined

below. Thesewerenotnecessarilthe focus ofthesisefforts butrather anecessarglesign
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stepto build a rockethatwould besuitablefor thatthesisresearchThis thesisis unique

in thatthe efficacyof various coupler designsagprimaryfocusof study.

a. Double WallCoupler

Thefirst and most obvious departdrem thetraditional couplingystems theuse
of a reinforcedtraditional coupler.Two pieces of coupler tubare requiredand the
additionalpieceis cutlengthwisewith asmallsectionremovedsuchthatit canbe epoxied
inside of the other coupler tubeThis effectively doublesthe wall thicknessthere and
improvestheultimatestrength and rigiditymakingthe rocketmorerobust and survivable
in termsof hard landingdrom partial parachute deployment§he issueswith the shear
pin strength are not inherently corrected with the doublewall coupler. Decker
experimentallydeterminedhatsix is the maximum gasible number afhearmpins for a 406
mm (16 in)mainparachute bay for a 19@m (7.5in) diameterrocket,butthis approach
canreducethe CO; systens ability to reliably overcomethe shearpins to separate the
coupler[29]. Thelength ofthis bay plays aole aswell as thediameteraswith increased
lengthcomesarequiredincreasan volumeof CO; dischargedo achieve the 667 N (150

Ibf) required tosheanall six pins.

b. SledHousedActivation and Release Device

Decker[29] designeda new couplesystemthatusedtwo servoswith aplanetary
gearsystemand aotatinglatchthatwouldrotateasetof pins througtslotsin theairframe
allowing the rocketto separateoncethis rotation had beenachieved This devicerelied
directly on amechanicalouplinglatch andwas known as Sled HousedActivation and
Release DeviceSHARD), depictedn Figure 6.
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Figure 6. SHARD Exploded ViewSource: [29].

SHARD significantlyimproved thestructuralrigidity of the rocket anthe coupler
wasshownto withstandatleast1112 N (250 Ibf) ofensileload andstill provide areliable
release [29]. Thisvas a significantimprovement over the traditionahearpin coupler
designwhich canwithstand amaxload of 444 N (100 Ibflaxially beforeseparatingThe
SHARD systemhadseveraldrawbacks though, thigst being thetriggering systemfor
this planetarygearcoupler hado be triggeredfrom a RaspberryPi running a deployed
Simulink softwarepackage. Thé&aspberryPi required aSensr Hardware Atachedon
Top (SenseHAT) or othersensorsuite which increasedhecomplexityof theelectronics

package fothe rocketandrequired twoadditional dedicatedervos.

The othedrawbackof the Smulink systemwasthatthe deployment and operation
of this systemwasusuallybasedon time after launch coupledith analtitudethreshold
Thiswasessentiato overcomesomeof theinconsistencies readingoarometrigpressure
andto try to reduce theisk of prematureseparatiorof the uppestagewithoutresortingto
sophisticatedKalmanfiltering systemgor thebarometrigpressuresensof36]. Finally, this

systemwasrelatively bulky and wasnflexible. A parachute gpayload deployment could
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occur onlyfrom oneside of the separateghartsbecause the othéalf would require the
servos antheplanetarygearsystemo be mountedprecuding any objeabtherthansmall
sections ofvire from passinghroughthe bulkheads tthe remaindeof the airframe

The systemwas also not redundant; aingle failure of the RaspberryPi or the
binding of a singleservowould preventhis systemfrom actuatingoroperly andresultin

the loss othevehicle.

C. Marman Clamp

Another type of couplerused especiallyin spaceflight is the Marman clamp
Design specifications forthis device come from National Aeronautics andSpace
Administration (NASA) GuidelineNo. GD-ED-2214.This documentprovidesthe basis
for the designof Marmanclampsin spaceflightapplicationg37]. GD-ED-2214 contains
two un-dimensionedigures showing therelative shapesand assemblyof the Marman
clamp which are reproduceds Figure 7 andrigure 8.Figure 7showsthe method of
tensioningandinstalling the band around tharmanclamp using a frangibldasteney
and Figure &lepicts théoad path through the clamgnd Vsegments.

Spherical
Washer

Outer Ring
'# (Upper Stage) Strap

V-Segment

Inner Ring
(Lower Stage)

Section B-B

Figure 7. Typical MarmanClampSystem Source{37].
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ruqne. Load P
Condition

:I?

Figure 8. MarmanClampDetail Source: [37].

The Marman clamp coupling system consists oftwo flanges andseveral V-
segmentsnstalledon astrapor band The band ignstalledcircumferentiallyaroundthese
two flanges holdingthose flanges togethertightly using the wedgection of the V-
segments. Arangiblebolt or threadedcoupleris installedto separateéhat band andallow
it to fall freely awayfrom thevehicle allowing the two flangedsectionso separateThe
Marmanclampincreases thstructuralrigidity of the rocket and coupler by havihgo
machinedflanges heldtightly togethersuch that they act nearly as one unit before

separation.

D. MOVEABLE CONTROL SURFACES (FINS)

Very few high-poweramateurrocketry enthusiasts usenoveable finsin their
designs,largely due to limitations within the regulatory framework promulgatedby
nationallyrecognizedocketryorganization§TRA andNAR). Those that dprimarily use
themfor roll cancellatioronly. Mostamateurockets havéixed fins and thosareusually
made from plywood, polycarbonates, or some other typeplaistic. Fins madefrom

aluminumor other lightweightmetalsaretypically usedfor high flight Machnumbers and
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high-altituderockets.Theaddition of movabléins or other contrahechanismgs required

to bridge the gap betweamateumandtacticalsystems.

1. Fixed FinsFin Can

The fixed fins on high flightMach numbersystemsare usually mounted through
slotscutin theairframe Thefins are therfastenedo aninnercentraltube,oftenthe motor
mount tube, for additional strength using epoxyn@chanicalbracing The fins then
protrude out through thaforementionedlotsandafillet of epoxyis usedto support the

fin root atthis junction.An example of thigprocess iseenin Figure 9.

Figure 9. TraditionalFin Mounting. Adapted fronj38].

An exhaustivesearchof commerciallyavailablekits for building amateurockets

revealedho options foibuilding contradlablefins; all fins werefixed.
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2. Fin Can with Worm Gear Gearbox Design

Thefin canusing worm geargearboxego connect the servds the movabldins
was a legacy designalready utilized at NPS. A weakness of the gearbox desigyas
eventuallyidentifiedin the amountof backlashn the movemenof the controlfins aftera
singleflight with dynamicpressureexceedingl5 kPa (314 Ibf/ft?), typically nearMach
0.5.Postflight,theworm geargearboxallowedeachfin to rotateapproximately2 degrees
in either direction evenwith the servocommandedo the ‘zero” setting This was an
unacceptable conditiomsthesesmall rotationswill generate aignificantforce on the
airframeand cause significant errarsthe controlystemof the rocket, espaally at high
flight velocities.The gearboxdesignincluded aworm pinion gearand drivenspurgear
inside, allowing the servoto be mounted perpendiculém the geardrive output.The
backlashin these gears wascceptable off-thehelfbut would increase to/- 2 degres at
thedriven endfollowing a high velocityflight whichwasnotacceptable fothis rocketas
sufficient control authority can be demonstrateavith deflectionsassmall as oneto two
degreesTheexactcause othis phenomenois not known, buthe aerodynamid¢oadson
thefins likely impartsufficientstrainon theinternalcomponents of the gearboesulting
in unacceptable position control of thies. Because¢hese gearboxewe sealedinits,this
conditionwasnotrepairable An additionaldrawbackof the gearboxiesignis the weight.
Eachgearbox weigh8§60g (19.7502), so for four controllablefins, this is atotal weight
of 2240 g (79 o0z)The implementationof the gearboxiesignis shownin Figure 10and
Figure 11.
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Futaba A702
Servo

Gearbox

Thrust Ring Frame
Dia. 190.5 mm (7.5 in) Housing

Figure 10. Worm GearGearbox FirCanAssembly
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Gearbox

Keyed Shaft

Figure 11. Gearbox Mounted tBearingSupport

Another drawback othe gearboxdesignwas the limited number ofgearratios
available Only thoseratiosalreadyavailablefrom themanufacturecould beémplemented

limiting thelevel of customizatiorof seno response thatould be produced.

E. RECOVERY SYSTEMS

Largeamateurocketryrecoverysystemsconsistof aflight computer, some type
of parachute deploymentechanismand theyarachuteshemselvesTraditionalrecovery

servedas abaselinadesignfrom whichmoreadvanced recovery concepisredeveloped.
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Parachute deploymenis amateurrocketry are generallyinitiated by a wide range of
availableflight computeravhich canignite ablack powder charg# deploy the parachute

at a preprogrammedltitude or statein flight. A numberof thesedevicesusedat NPSare
shown inFigure 12.

leleMegal

~TeleMetrum
GPS Payload

-5, & Strato” ogger

o x|

RAVEN 4 PerfectFlite
Figure 12. Various Flight Computers. Adapted frd@80]—[41].

These flight computers have varyifeaturesand capabilities briefly outlinedin
Tablel.
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Table 1. Flight Computer Capabilities

Name Dual No.Aux | Data GPSand | Battery | Separate
Deploy | Channels | Logging | Telemetry Pyro
Battery
EasyMegp | Yes 4 Yes No 1cLiPo | 16V max
TeleMega | Yes 4 Yes Yes 1cLiPo | 16V max
RRC3 Yes 1 Yes No 3.510V | No
TeleMetrum| Yes 0 Yes Yes 1cLiPo | 16V max
Raven4 Yes 2 Yes No 3.816V | No
PerfectFlite | Yes 0 Yes No 4-16V No

Adaptedfrom [36], [42], [43]. Lithium Polymer(LiPo) battefesareidentified by numberof cells,
alkaline/dry cell batteriesareidentified by nominalvoltage.

The mostcapable (and mosxpensive)units are the TeleMega andasyMega.
Thesediffer only in thatthe TeleMega has&sPSandtelemetrycapabilityin additionto all
of thefeatures on thEasyMegaThe RocketRecoveryController 3 RRC3, Raven4, and
PerfectFliteunits sacrifice someof thesecapabilitiesin exchange folas muchas 70%
smallerfootprint and dower price point. Simplesingle-baydualdeployment rocketsften
usethesecheapealtimeters but complexmulti-stagerocketswith multiple and redundant

pyrotechnidnitiation events requirenorecapable controllers

A single parachutas often usedfor smallerrockets,but for multi-stage andarge
rocketseachsectionof the rocketwill typically have a drogug@arachute and enain
parachuten separate parachute bays tbabbe opened through the use of treitional
sliding shearmin couplergliscussedn this chapter An E-matchand asmallblack powder
chargearetypically usedto provide the pressumecessaryo opentheseparachute bays.
A simpleamateurocketwith a drogue and maichute isdepictedn Figurel13.
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Dual Deployment Configuration

A

/

Main Chute

Electronics Bay

Drogue Chute

Figure 13. Basic Drogue and MaiRaraclite Arrangement. Source: [44]

Recoverysystemsare essentiaffor amateurrockety andfor this researchsince

much ofthehardwards expensivdor aminimally fundedresearcteffort andit is strongly

desiredto recoverit unharmedRecoverysystems would not besedon atacticalsystem

as the entirsystemwould be expendable.
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.  DEVELOPMENT

Sevenrockets werduilt and testethroughouthis researchEachsought tceither
testor improve uporsomeaspectof the systemsdescribedn the pursuitof a two-stage
GNC-equipped rocketvaling atacticalsystemusingCOTScomponentsTherocketsare
numberedn the order that thewere built andtestedfollowing the numberingscheme

establishedby Deckerf29], continuing here witliRocket 6.

A. SERVO CONTROL AND TORQUE TRANSFER

The developmenbdbf a new servogearingsystemwas essentiato controllingthe
rocket,astheold systemhad unacceptablargebacklashresultingin poor angulacontrol

of the fins.Excessive weight waalsoa concern.

1. Spur Gear V1
a. Design

As much oftheoriginaldesignof thefin canas possiblevasutilizedto reducecost
Theframehousing, bearing support atidustring structuresof thefin canassemblywvere

alreadyflight-proven and available through the NR@&chine shop.

The gearboxesvere removed and a&ervo holder bracketwvas designedto be
installedin the samelocation, which would hold theservoin a vertical vice horizontal
orientation A slottedhole provision inthis bracketallowedthe position of the servio be
adjustedafter installation such that the clearancesbetweenthe spurgears ould be
minimized Theseslottedholeswere madeto fit aroundwhatwereoriginally the gearbox
mounting holesnd this design idepictedn Figurel4.
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Thrust
Ring
Futaba A702
Servo

GoBilda
25 Tooth

Spur Gear 3D Printed

Servo
Adapter

Actobotics e .
120 Tooth = Ef ; g . Modified

Spur Gear = [ % Keyed Shaft

Housing

Figure 14. ServoMounted toBearingSupport

The new gearsinstalled were brassand aluminum spugearsavailable from
ActoboticsandGoBilda both hobby robotics vendorBhesegearsareavailablein alarge
range of sizesfor both thebrasspinion and aluminum drivgearsallowing greater
flexibility in gearratios,from 10:1andlower. Actobotics providegearsin imperialsizes
(32 pitch) while GoBildagearsarein metric(MOD 0.8).Thesawo gearingstandards have
less than 4% pitch differenceandarefully interoperableatthis scale/45]. Toachievethe
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samel0:1gearratio astheoriginal gearboxnit, a 12toothbrassservopiniongear(MOD
0.8 GoBilda was selectedalong with a 120-tooth aluminum drivegear (32 pitch
Actobotics).This 120+ooth gearwasthelargestthat could be accommodatedn all four
fins atonce using the existing fcanhardware.

Mounting the pinion gearto the servowastrivial dueto the myriad of 25-spline
gearsavailable but mountinghe large spur gearto the fin shaft provedto be more
challengingThegearbox desigutilized a keyedshaftto connecthefin to the drivergear
Thenewspurgearrequiredtwo adapterso reduce theenterdiameterof thegearto match
the 7.94mm (0.3125 in)shaft No keyed hubsvere available,so a setscrewhub was
choseninstead The shaftwas modified with a 4.75mm (0.1875 in)Jdeephole matching
the outediameter of the #10-32nified Fine(UNF) setscrewfrom thehub. Thisis shown
in Figure 17 (b). The set screwwas exchanged for a longer ore allow maximum

engagemennto this hole, effectivelylockingthe driven geawonto theshaft

The spurgearassemblyfor eachfin weighsjust 86 g (3.00z), for afour-fin total
weight of344 g (12.10z), resultingin aweight reductionof 1896 g (66.9 0z), anearly
85% whencomparedo thegearbox assembly.

The complete spur geafl fin canassemblys shown inFigure 15.

Thrust Ring
Dia. 190.5 mm (7.5 in)

Futaba A702
Servo

Spur Gear

Frame
Assembly

Housing

Figure 15. Spur GeaW1 Assembly
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b. Testing

The spur gear contradssemblywith servowasmountedn a visewith thefin free
to moveasneededPowerwasappliedto the servousing aservotestingdevicesuchthat
PulseWidth Modulation PWM) controlsignals could bsimulated The pinion and driven
gearswere adjustedto minimize backlash The currentdraw of the servowas measured
using amultimeter. Alargewrenchwasplacedon thefin and pusheduchthat theservo
would resistits motion, and nadiscerniblerotationwasobserved before theervocurrent

draw exceedelimits.

The simple but effective test demonstratedhat the spur gear design was a
substantial improvement over the gearbesign dueto the observetbacklashbehavior

being reducedo effectively0 degrees.

C. Implementation

The spurgearV1 assemblywasfirst implementecontwo opposite controlins on
Rocket 6.This designwasalsousedon rockets 7—10 fawo fins only while theothertwo
remainedfixed. This wasto mitigate the risk and cost of testingnew GNC systemsand

wasnot representative @ny issuesvith thefin control methodtself.

2. Spur Gear V2, Fin Shaft, and Fin Root Assembly

An improved spugeardesignwas developedo eliminatetwo root causes of the

failure observed on Rocket 10 @&itical mountinginterfaces

a. Design

New fin shaftswere designedhat couldfit in the same bearingas the previous
design, butvith theability to handleincreasedoads.The originalfin shaftdesignhadan
insufficient mountingsurfacefor the fin root to fin shaft mount, so the surfacewas
expandec&ndmadelargerto reducdocal tensileloads on thattachmenscrews Thesize
of the stainlesssteelmountingscrewsusedto secure thdin to this surface vasincreased
from #8-32UNF to #10-32 UNFo handle higher bending momengscomparison of the
old and new firshaftfaces isshownin Figure 16
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(a) 31.75mm (1.25in) Face (b) 19.05mm (0.75in) Face

(a) Improvedfin mountingface.(b) Original fin mountingface.

Figure 16. Comparison of FirshaftMounting Faces

A Teflonwashemwasinstalledbetweenthefin mountingdisc on theshaftandthe
bearingface to precludexcessivdriction betweerthesesurfacesThekeyway on thgear
mountingend of the shaftwas eliminatedin favor of a #10-32UNF threadedhru hole,
allowing thegearto befastenednoresecurelyto this shaftwithout needingo obtainnew

gearmounting hardware. This shownin Figure 17.
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~ Keyed Sh
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f'»tru TNy 'L/ 1IE )
;’M Key Removed, BImd hole -

ST S

(a) 19.05mm (0.75in) face shaftwith keyway.(b) 19.05mm (0.75in) face shaftwith
keyway modified for setscrew(c) 31.75mm (1.25in) face shaftwith #10-32 UNF thru
hole.

Figure 17. Comparison of Shaft Designs

The newfin root hadanenlargedmountingsurfaceto matchthatof the newshatft
design.Like the previoudin root, this onewas producedfrom titanium using Additive
Manufacturing(AM). The new design included a provisitmuse hex nuts angtrewsto
fasten thdin to theroot,ratherthanthepreviousdesignwhichrequireddrilling and tapping
the titanium alloy. Note that the originafin root in Figure 18 has nutsaswell astapped
titanium holes. The fins themselvesvere reusedfrom previousrockets.Therewere no

changes tohethrust ringor bearing housing parts.
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(@) 31.75mm (1.25in) Face

(a) Improvedfin root. (b) Originalfin root.

Figure 18. Comparison of Fh Root Mounting ces

b. Testing

Extensive ground testingasnot conducted on thigesign, othethan a fit check

C. Implementation

This designwasimplementedon Rocket11 andflew successfull despitesevere
aerodynamictresses induced by vehicle breakuflight. Thefin canandfins remained
intact untilimpactwith thegroundatterminal velocity du¢o aparachute deploymeatror.

It wasalsousedon Rocket 12.
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B. MARMAN CLAMP COUPLER

The first coupler design developed this researcheffort was basedon a four-
fastenerfrangible bolt approackwhich was ultimately abandonedThis couplerandits
iterativedesign andestingprocesss describedn detailin Appendix A.Thefrangiblebolt
itself wasusedin MarmanclampMCL1 beforeit too was abandonedn favor of amore
repeatable COT#ne cutterwith reducedailure modes.

1. Initial Design—MC1

The first Marman clamp design(MC1) was installedaround the exterior ahe
airframeto allow thefull crosssectionof therocketto remainopenfor payload or parachute
deployment.This ultimately increasd the overall drag on the systemby expanding the
frontalareaof the rocket andreatedaunchrail clearance challenges. A coupler tutsde
theMarmanclampwasretained similar to thetraditional couplediscussedn Chapterl.
Thislimited theMarmanclampto withstandingnostlyanaxial, tensileload Compressive
loading would beabsorbedby theairframe,and most bendingbsorbedoy the coupler
tube.

a. Design

The design of theNPSMarmanclampwasinspiredby theNASA GuidelineGD-
ED-2214. This document contained un-dimensioned drawings simovahapterll as
Figure 7andFigure 8. Fromthesefigures theNPSMarmanclampdesignwasenvisioned,
utilizing dimensions appropriat®r the scaleof the rocket beingtested The Marman
clamp prototypeswere printedusing PolylacticAcid (PLA) filament,andthefinal flight
versionwas printed from Nylon 12 CarborFiber (N12CH filament on the MakerBot
printer. Because of theize of theMarmanclamp, eachof the upper antbwer sections
was printedin threeseparatgiecesand gluedusinga 2part epoxyto the outsideof the
airframe Oneof theseflangesis shownin Figure 19.

34

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EI



Joint (1 of 3)

Joint (1 of 3) /_,
o N12CF Material
Frangible Bolt
(10f2) - ¢

Figure 19. MC1 MarmanClampFlange

The V-segmerd forthis MarmanclampwerealsoprintedusingN12CFandwere
attachedusingJB Weld epoxyto a 304 stainlesssteelworm clamp bandwhich hadbeen
modifiedfor this application.Thewormgearscrewwascut off and thébandwasassembled
in two halvesas shownn Figure 20. These halvesvere held together bytwo frangible
bolts,oneoneithersideof the band.This stylebandlimited the number ofewitemsbeing
testedand closelymatchedhe NASA guidelines ifrigure 7.
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Modified
Worm Clamp

> » —

ok s

Frangible Bolt Band

-

v Tensioner 2
" (Not FuIIyAssembIed)a
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Figure 20. MC1 MarmanClampwith Band

b. Testing

The desigrin Figure 20wasflown on Rocket Sandfailedto separates intended
becaus®ne ofthefrangibleboltsfailed to initiate. This wasthefirst failure of afrangible
bolt eitherin flight or on the groundDue to the attachmenof the V-segmentdo the
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stainlesssteelband, the @mpdid not separatesemaininglargelyintact untilimpactwith
the ground. Apressure transducérad beeninstalledinside theairframeat the Marman

clampto monitor separatiopressure.

A 4 g (61.73 grplackpowder chargavasintendedo explosivelyseparate thivo
partsshould theMarmanclampbind up for any reasofthis black powder chargeesulted
in thedisplacemetifailure of the bulkhea@t one end of thparachute bay anglasunable
to separatethe Marman clamp under this pressure.From the internal pressure
measuremenit waslearnedthatthis Marmanclampcould withstandtleast3114 N (700
Ibf) of axialforce,asthiswastheforcecorrespondingp thepressuratwhichthebulkhead

vented under the axildad ventinggases out athe airframe

C. Implementation

This designwasimplementednly onRocket 9.

2. Improved Design-MC2

The externally mountedMarman clamp interferedwith the launchlugs on the
rocket body anevasa significansource ofirag Combinedvith thefailure of thefrangible
bolt V-segmendesignanimprovedMarmanclamp(MC2) wasdesigned tde withinthe

diameter ofthe outerairframeand notintroduce anyaunch luginterference

a. MC2 Design

Thebottom portion othe MC2 Marmanclampwasmodifiedto be a flat platand
fastenedo asolid bulkhead This bottomplatehadsets ofthreegrooves cuinto it at four
evenly spacedlocations along theim. This allowed the passageof gasesfrom the
separatiorbackupCO: cylinderto force the V-segments off thielarmanclampflangeat
separationnitiation. The otherhalf had acircularmatingflangeto matchthefirst half, but
this flange was attachedto a large truncatedcone,allowing the parachutéor possibly
payload)o come out througthis portionof theMarmanclampfollowing separationThis
wassimilar to the designof thefirst frangiblebolt couplerwhich flew on Rocket 6. The
MC2 Marmanclampwasbuilt using ToughPLA. Thismaterialprovided adequate strength

overstandardPLA without beingas expensivanddifficult to printasnylon. The N12CF
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material was not an option as the only printer capable of producingthis material

(MakerBot) did not have a prindrealarge enoughto accommodat¢he diameter of the
Marmanclamp,evenafterits reductionto fit inside theairframe It wasdesirableto print

this Marman clamp in one piece, as this new design would beequiredto undergo
compressive andensile loading. The coupler tube inside thélarman clamp was

eliminated,sotheclampflanges themselves neededntithstand any bending momeras
well. TheMC2 design isshown inFigure 21.

Sustainer

Parachute Bay Gas Ventlng

Channels

Sustainer
Motor Bay

Parachute and N
Shock Cord

Mako Linecutter - e .
Install Location s -
- :
- ;.R,o'
- ¥ -

(a) UpperMarmanclampflange.(b) Lower Marmanclampflange.

Figure 21. MC2 MarmanClamp

The V-segments andlampingmechanismwere extensivelyredesignedThe V-
segmentsvere sizedto accommodate aip tie as a fasteningmechanisnratherthanthe
modifiedworm clamp Thefrangibleboltswerediscardedn favor oftwo Tinder Rocketry
Mako linecuttersthatcould cut thezip tie whentriggeredby the flight computerallowing
the Vsegmertd to fall free from the flange and the flangde separateThe V-segmerg
wereno longemluedto their fasteningband butvereratherheld on through compression
by thezip tie around theircumference of thelamp This arrangemenis shown inFigure

22.
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Reduced Resolution
Due to Enlargement

Mako
Linecutter
(1of2)

Marman
Clamp Upper
Flange

Zip Tie

Marman Clamp

Lower Flange V-segment

(1of4)
B

Figure 22. MC2 with V-Segments andip Tie CompressiorBand

b. MC2 Testing

The MC2 designwas groundtestd using amock-up of a parachute bayith the
Marmanclampat oneend The parachute bayemainedempty throughout theéest This
simulatel a conservativiémiting condition forseparatiorsincethegaseseededo expand
to the maximum extemossible, thereby resulting the lowestfeasiblechamber pressure

for separation

Uponinitiation of theline cutters,the Marmanclampseparate@sexpectedThe
zip tiesflew off andall four V-segmentsvereforcedoutward by thdlastfrom theventing
of thelinecuttersinside theairframe The CO; cylinderwasdischarged but naintil the
MarmanclamphadalreadyseparatedThis showsthatthe exhausfrom thelinecuttersis
likely sufficientto separatéhe Marmanclampwithout the backuOz cylinder. Aseries
of still photosfrom this testarereproducedn Figure23.
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Figure 23. MC2 MarmanClampGround Test
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C. Implementation

The MC2 Marmanclampwasfirst flown on thesustaineparachutéayof Rocket
10 andwith adifferent Vsegmenandtensioning configurationyasusedagainon Rocket
11.1t wasintended fouseon Rocket 12swell, butMakolinecutterscould not be obtained

in time for theflight test.

3. Improved Design-MC2-SS

The FY23 ME4704Missile Designcourse ProjectA) explored the development
of a Marmanclampspecifically designedo be usedas astageseparatiordevice dudo
improvedreliability andsimplerimplementationover frangible bolts. The designwas a
modificationof theMC2 Marmanclampandwasanalyzedandupdatedo handlencreased

bending loacand provide increasesliffness

a. MC2-SS Design

Thelack of redundancy dut potentialfrangiblebolt initiation failure, aswell as
the difficulties experiencedn developing a redundant ignitidrangible bolt, led to the
selectiorof theMarmanclampseparatiorsystenfor ProjectA, whichrequiredatwo-stage
rocket. The MarmanClamp 2 —StageSeparatiofMC2-SS)clampwould belocatedat a
crucial pointin the airframesubjectto high bendingmomentsduringthe boost phase of
flight and needetb support the wight of the uppestageunder a 15 @GccelerationAfter

reviewingvarious alloysp061T6 aluminum waselectedas the materiadf choice.

The truncated conén the upperportion of the MC1 designwas removed and
replacedby a cylindewith aflangeon top.Thetop flangewasdesignedo bolt updirectly
to the frame housing of theexistingfin candesign usingight 1/4”-20 UNC bolts. The
heightof this cylinderallowsthelargestpossible nozzlef a 98mm &yrain XL CTI motor

to fit without interferingwith the Makolinecuttersand isshownin Figure 24.
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Height 78.8 mm (3.1in)

Inside
Diameter

127 mm

Mako / (5.0in)

Linecutter
Install Location

Figure 24. Aluminum MC2-SS MarmarClampUpper Flange

The mating half of the MC2-SS Marman clampwas modified from theMC2 flat
portion by adding éat plateinsteadof the wooden bulkhead that thEC2 Marmanclamp
was attachedo. This flat platewasdrilled suchthatit could be fastenedo aninverted
thrustring gluedinto the upper portion of thenterstagecoupler.This would provide
additionalrigid engagement of therframeto the Marmanclamp Fourl/4”-20 UNC studs

wereusedto connecthis plateto the thrust ring. The assembg/depictedn Figure 25
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Figure 25. Aluminum MC2-SS MarmarClampLower Flange withThrust
Ring

The thrustring usedin this designwas identicalto thethrustring usedin thefin
canassemblyto simplify machiningandassembly Somemodificationswere performed
on the grooves thatllow the passage of highressure gat force the V-segmerd away
fromtheclampflange.TheAM version of the Mananclamphadthese grooveascircular
holes drilled from the outside of the Brman clamp flange towards the&enter axis
perpendicularto this axis Machining of aluminumis a subtractiveprocessratherthan
additivesoit wasmuchsimplerto changethesedrilled holesinto U-shapedyroovesthat
could bemilled from thetop. In addition, the countersunk holes for tlarmanclampto
befastenedo the wooden bulkheadereremovedas theywereno longemeededecause
of theintegralplate A small flangewas addedon the inside of thévlarman clampring
suchthatasmallwooden bulkhead could astenechereto provide a mountingpcation
for ablack powderchargeas a backugeparatiorsystem or possibly provide a mounting
location fora U bolt forparachute mount or sona¢her type of payloadtachment
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b. V-segmeniTensionerDesign

The V-segmerd of theMarmanclampwere alsoredesigned, abandoning thig
tie tensioningn favor of a 14AmericanWire Gauge AWG) or 12 AWG solid, uninsulated
coppemwire. 12AWG coppemwire is the strongesnaterialthataMako cutteris advertised
to be abldo cut [46]. The use ofwire as a Marmanclampfasteningmechanisnmeantthat
a specifiedandrepeatable tensionirigad could be appliethsteadof just pulling the zip
tie astight aspossibleby hand. Amodified V-segmentvasdeveloped thatseda 1/47-20
UNC nut and bolto tightenthe coppewire around the Mrmanclampin asimilar fashion

to thefrangiblebolt Marmanclampband. Thigleviceis depictedn Figure 26.

Modified
V-segment : Outside
Tensioner Diameter

= Assembly e N . YY) 190.5 mm
e S (7.5in)

Mako 1/4”-20 UNC
Linecutter Tensioning Bolt

Install Location
14 AWG
Copper Wire ',,,, - 4 y
Gas Venting |
£ Channels | 5,

Figure 26. MC2 MarmanClampCopper WireTensioner

C. Additive Manufacturing Alternative Clamp Design

The aluminumMarmanclampwas not completedin time to be availablefor the
launch of Rocket 11This forced alastminute design and printing ofsamilar Marman

clamp from PolyethyleneTerephthalate GlycoPolylactic (PETG. Nylon was also
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consideredas amaterial for this clamp, but ultimately PETG was selectedbasedon
availability in the shorttime frame allowed. Also consideredwere the results ofthe
ME4704material study [20]which indicatedthat PETG was a suitablematerialfor this
structuralapplication Due to PETGs lower strengthwhencomparedo aluminum, the
walls of the upper portionof the Marman clamp were expandedto their maximum
practicable thicknesandassembledn two partsto facilitate simple AM with the useof
minimal supporimaterial. This two-partclampis seenin Figure 27.Thetwo portions of
the PETG upperMarmanclamp were assembledising epoxy ana@lampeduntil dry to

maintainuniform alignment.

Relief for Fin
Support Bolts

Outside
Diameter
190.5 mm

(7.51in)
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\
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. e .

Linecutter D(?utsu:e
Install Location 1I§;nrl:1:1r

- (6.0 In)

Figure 27. PETGUpper MC2SS MarmarClamp

Thelower portion of theMarmanclampwasreinforcedandredesignedo utilize
the motor mountring screwholesin a spareframe housing unitThis assemblycould be
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tightenedonto the invertedthrustring in the interstagecoupler usingour 1/4”-20 UNC
studs anduts.The lower portionof the Marmanclampwith theinvertedthrustring and
framehousing assemblg shown inFigure 28.

Gas Venting

Mako Channels

Linecutter
Install Location

Frame
Housing
(Aluminum)

Inverted
Thrust Ring
(Aluminum)

=
«Q
«~
£
£
—
M~
-
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.oo
7]
i
©
Q
fo]
£
()
(%)
w)
<

Outside
Diameter
190.5 mm

(7.5in)

Stud Hole

Figure 28. PETGLower MC2-SS MarmarClamp

d. Testing

Both the aluminum Maman clamp MC2-SS andits PETG version were
functionallyidenticalto MarmanclampMC2, sono additional grountestingwasintended
to beconductedalthough ¢stingwas conductedo verify thatthe Mako cutterscould cut
14 AWG and 12 AWG copper wifas advertised
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e. Implementation

The PETG versionof MarmanclampMC2-SSflew on Rocket11. Theimproved
tensioning systemwith copper wirevasusedfor both thestageseparatioMarmanclamp

and sustaingparachute bay Marmastamp

C. RECOVERY SYSTEMS

The major developmenin the useof recoverysystemson theserocketswas the
selectionof a particulartype offlight computerandthe changefrom separate drogue and
main parachutebaysto a single bay containing both the drogue and tin@in parachutes,
known as single-bay dudkployment.

On rockets 6—9rid fins were usedduring theinitial descentof the sustainerto
stabilizeand slow down thgehicleratherthanusingadrogueparachutén anattemptto
provide amorecontrolleddeceleratiorwith little to noroll dueto oneapplicationwhich
required improvedoptical imaging for target acquisition. The use of gridfins for
deceleratiowasabandonedsthefocusof vehicledesignshiftedto arocketresemblinga
tactical missile. The grid fin designeffort and experimentalresults are describedin

Appendix B.

1. Single-Bay Dual DeploymentDesign

Singlebay dual deploymenivas first explored forthese rocketgollowing an
attemptat recovering a booster usiogly amainparachute witno drogueThe recovery
wasasuccessbutit wasa bigrisk to takesincethe shock of thenain parachute opening
at high velocitiescanbetoolarge possiblyresultingin the parachuteseparanhg from the
booster causintipeboosteto crashlt maybedesirabldo assumehisrisk becauséimiting
the number ofeparablgointsin the rocket helpt ensureigidity andstructuralintegrity.
This mustbe balancedwith the knowledgehat a robustandreliable recoverysystemis
essentiato recovering usable dafeom the rocketsavionics andGNC systems.

Singlebaydual deploymentepresents aompromisebetweernthesetwo concerns
allowing the use of a drogue parachutéor initial decelerationwhile eliminating a

separationoint in theairframe.This approachrequiresboththe drogugarachute and the
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main parachutdo beinstalledtogether inside a singfgarachute baywhenthe Marman
clampor other coupleseparateghe drogue parachutis immediatelydeployedwith the
mainparachuteemaininginside theuselageBoth portions of the rocketreconnectedy
a shockcord to this drogue parachute.The shock cord is also attachedto the main
parachuteput this portion of theshockcordis restrainednside the parachute bapy a
Tinder Rocketry Tendddescendelf D-2. Thisis a pyrotechnic deviciat wheninitiated,
allowsthe drogudo pull therestof the shock cord out of thearachute bagnd deploy the

main parachute. Th&enderDescendeis picturedin Figure 29.

Figure 29. Tinder RocketryTenderDescendel D-2

a. Selectionof Flight Computer

Appendix Clists all thedifferenttypesof flight computersisedonall rockets that
wereflight tested All of thesecontrollersare depictedin Figure 12 andheir respective

capabilitiesare outlinedn Tablel.

Through the course dherocketflight testingprogramjt becameclearthatit was
advantageou® selecta single,capabletype of flight computerandto useit exclusively
rather tharto mix andmatchcontrollerson asinglerocket orevenbetweerdaunchesSome
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of theless capable antheapercontrollerslack someof the advancedeatures requiretb
make complicatedsequences of pyrotechnic evemd example ofthis is the Raven4
controller. It doesnot have theability for the userto createauxiliary eventsthat are
referencedo a preceding event.deheventmustbe basedon altitude only, which limits

the useto customizedevent sequences.

Ultimately the TeleMega andEasyMega flight computersere selectedto be
utilized for all current andfuture flight systems.These computers have advanced
capabilities,and the onhdifferencebetweenthe unitsis thatthe TeleMega hassPSard
reattime telemetryviaradiolink andtheEasyMega does nothe use oftwo independent
units for eacheventis advantageouso introduceredundancy. Theiser can therefore
monitor thestate ofall pyrotechnics and motagnition on the pad before launch and during

the flight,aswell as obtainGPScoordinates forecovery

b. Flight Computers

Flight computes wereusedoftenfor ground testingf the pyrotechnic devices.

2. Single-Bay Dual Deployment Testing

Idealtestingof a singlebaydual deploymergystemis very challengingo perform
on the groundecausdlight loads andvind speeds cannot temulated.The TD-2 was
testedon the groundto ensurethat it separatedeliably and the manufactureprovided
numerous verificatiomnddemonstratioests of thisystemas well[47].

3. Implementation

Rockets 9, 1011 and 12 alusedsingle-bay dualdeployment.

Rockets 10, 11 and l@sedthe TeleMegaEasyMega redundant avionics bay

model.

49



THIS PAGE INTENTIONALLY LEFT BLANK

50



IV. FLIGHT TESTING AND RESULTS

Flight testingof sevenrocketswas conductedor this researcteffort. Eachrocket
is anincrementalkstepin the developmentf thefin control, couplers, recovergystems,
and other componentsquiredto develop & OT Stacticalflight systemRockets 0 through
5 are documented bipecker [29], and the numberingystemfor NPS rocketswas

continuedfor this study startingvith Rocket 6.

A. ROCKET 6-29 APRIL 2022
1. Development

Rocket 6 (see Table 2) was a completely new design from previous vehicles and
was intended to test new grid fins on the upper stage and a novel frangible bolt stage
separation system. Several complicated components from previous iterations of the rocket
were revisited, namely the elimination of the SHARD upper stage separation system, and
the controllable fins were moved from the booster to the aft end of the sustainer. This
resulted in a smaller, simpler rocket with a hybrid control system that would initially use
wing control during the boost phase and then shift to tail control after booster separation.

Rocket 6 is seen just before launch in Figure 30.

Table 2. Rocket 6 Overview

Description
LengthOverall 4.24m (167in)
Weight (without motoxs)) 35.83kg (791b)
Weight(with motor(s)) 43.95kg (96.88Ib)
LaunchGoals

Testtruncatedconefrangiblebolt coupler
Obtainflight datafrom Simulink-basedGNC system
Testgrid fin system
Firstflight with canardcontrol configuration vicéail control
TestspurgearV1 fin control
Motors
Booster CTI M3400

Sustainer None
Recovery
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Booster Dual deployfrom separatdays
. Grid fins, droguefrom motorcasingmain
Sustainer
from parachutday
Couplers
Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer FrangibleBolt Cone
SustaineParachutday Traditional

GNC

Inertial Measuremernitnit (IMU)

Adafruit 9-Degreeof Freedom(DOF)
Absolute OrientatiodMU Fusion
Breakout- BNOO55

Computer RaspberryPi 4B 8GB
GNC Software MATLA B/Simulink
ControlScheme 2-fin roll control
Fin Control SpurGearV1
Flight Statistics
Max Altitude 1749.3m (5739ft)
Max Velocity 215.2m/s (706fps) Mach0.6

Max Acceleration

100.1m/s* (328ft/s?) 10.21G
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Figure 30. Rocket 6 on Launchpad

a. Frangible Bolt Separation System

The frangible bolt separationsystem marked the beginning of theeffort to
significantly increasethe rigidity of the rocket structure Previous rocketterations
experiencedcatastrophicstructuralfailures in flight at high velocity using highotal
impulse motors To build arocket capableof achievinghigh altitudeswhilst carrying
significant payloads, theirframe must be sufficiently strongto allow for the required
guidanceand control, but also maintainthe ability to separatdor stagingandrecovery
purposes.
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Previous designselied on the traditional shear pin coupler design and the
drawbacks othis designwere documentedn Chapterll. The frangible bolt separation
systemwasdesignedo provide areliablealternativesystemallow for preciseseparation
timing, and provide additionastructuralintegrity by resistingboth bending anéuxial
torqueforces This factorwasespeciallycrucialas the goalvasto designarocketcapable
of control inputs obothpitch androll, whichincreases thimadon theairframewell above

those of unguided rockets.

Figure 31showstheinstalledfrangiblebolt couplembeforeit wasmountednto the
interstagecoupler.Note the four leadscoming from theinstalledand torquedrangible

bolts.

Figure 31. Rocket 6 Control Filkssemblyandinterstage Coupler

The frangible bolt separatiorsystemwas mostly assembledisingAM PLA and
plywoodparts A plywoodring with four 3/8”-18 UNC tee nutssetat equalintervalswas
connectedo the bottom othefin canframe This provided thefour threadedholesinto
which the frangible blts would bethreadedThe frangible bolts fasteneda large plastic
coneto the base ofthe fin can,aroundwhich the airframeof theinterstagecouplerwas
connectedusing screws.The coneallowed a drogueparachuteo be deployedfrom the

interstagecoupler followingstagimg/separation
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Eachfrangiblebolt wasan AM nylon boltwith an enlarged hexagonakadand a
hollow body. Back powderwasthen pouredinto the cavity andsealedwith an E-match

and epoxy. Thiprocess islescribedn detailin Appendix A.

b. Controllable Fin Assembly

Thereweretwo majorchangeso thecontrollablefin assemblyTheentireassembly
was movedto thetail of thesustaineratherthan thetail of the booster, and thgearing
systemwaschangedirastically The controlfin assemblyvason thesustainerplacing the
fins in a positionto performwing controlfor the rocket during the boosteakcent After

the booster anthterstagecoupler separatéhe upper stage baue a tail control rocket.

The control approach moved servisem the boosteto the sustaineto eliminate
the requirementfor two sets of control servos artd begin working towards a rocket
capable ofwo stage operatiorAdditionally, moving the contrdiins simplified thedesign
of the rocket shiftedthe Centerof Gravity (CG) forward, and allowed nearlyall of the
GNC and deployment electronittsbe locatedn the nose of the rocket

SpurgearasemblyV1 wasfirst flown onthis rocket.The newassemblyreduced
the playin thefins to essentiallyzera No play wasdiscernablén thesefins whenmoving

them by hanar with a tool.

C. GNC

TheGNC systemfrom the previous rocketa/asre-usedwith no modificationsThe
new locationof thefins implies that amodificationof the GNC algorithmis requiredfor
the sustainemportion ofthe flight. One controlschemewasrequired for the rockethen
the boosters attachedandanothemafterstage separatio@nly roll controlwasattempted
for this flight and nogain schedulingvasattemptedThis wasnotedasanitem of future

concern.

2. Results

The rocket wasrecoveredntact following laund andrevealedthat the grid fins

failed to deployas intendedThe frangible bolt coupler provideduccessfuseparatiorof
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the booster andsustainer,and the booster and interstage coupler were recovered
successfully Figure 32 shows thiatact sustainemwith the grid fins still stowedand the
cardboard retainer ovéne drogue parachute the modified motor tube still intact.

Figure 32. Rocket 6 8staineras Found During Recovery

a. Grid Fins

The upperstage of Rocket ailed to fire thecharges deploying thgrid fins and
the drogueparachute.This was dueto the use of dJniversal Serial BusA (USB-A)
bulkhead connectars a quickdisconnecbetweenthe parachute bagndthe nosecone,
wherethe flight computersvere housed.This quick disconnecis essentiato allow the
parachutdayto opencleanlyand deploy the parachufehe USB plugpresentedoogreat
a resistance for thging circuitto deliversufficient currenfor the Ematchto ignite.
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b. Frangible Bolt Coupler

Thefrangiblebolt couplerbetweentheinterstage couplesindthe sustainewasa
successThis couplerseparatedas expectedand did not have a negatiedfect on the
stability of the sustainerThis wasan adequate proadf-conceptthat paved theway for
further development ahis system A closeexaminationof Figure 32 shows some burn
markson the plywooding atthebase of théins, andtheremainingportions of thesheared
frangiblebolts The greenconefrom Figure 31andthefrangiblebolt headsemainwith

the interstageoupler andooster.

Figure 33 contains seriesof framesshowing the booster andterstagecoupler
separatingfrom the sustainer Theseimageswere obtained bythe externally mounted

GoProcamera on the sustainer
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Figure 33. Rocket 6 Booster Separati@vent

C. Controllable Fin Assembly

The spurgearV1 controllablefin assemblysuccessfullymaintainedzerodegrees
of ddlectionthroughoutheflight andwerenotsignificantlyloosenedradversehaffected

by ground impacattheend of the flight.
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d. GNC

The GNC systemfailed to operate properly durintpis launch It wasdiscovered
after reviewing thdlight data that erroneouascceleratiorreadingsfrom the BNO-055to
the RaspberryPi causedhe GNC systernto detecta flight condition many minutes before
launch resultingin a “no data and “no contrdl conditionfor the GNC systemthroughout
theflight. Fortunately, theservoswerestill powered during theflight andheld the control
fins at zerofor the durationof the flight. This exposed &ey vulnerability of the GNC
systemwhere the MATLAB and Simulink-basedGNC systemrequireda timer to be
triggeredupon launch. Thisrasdone by configuring theystento detecta 2Gacceleration
in the vertical axis andinterpretthis as the beginning of thiéight. Theresultis that the
entireflight sequencevasbasedon a countdowtimer thatstarts when a 2@cceleration
is detectedandendswhencommandedy the program. Apecific endstatewasdesirable
suchthatthe data filesndthe RaspberryPi would have complete ardosedoutheaders,
evenif the flight vehiclecrashedand theRaspberryPi rebooted or otherwise shut down.
This hadresultedin data loss on a previous flight atids time shutdown proceduneas

implementedby Decke29].

B. ROCKET 7-28 JULY 2022
1. Development

Rocket7 (see Table 3) sougtaimprove upon Rockedin two keyareasThefirst
was an improvementin the constructionand operation of th&angible bolt separation
systemandthe secondwasan improvemenin the construction of the uppetage of the
rocketallowing the grid fins to deployas designedrhis rocketflew with an upperstage
derived from thesizeandweight of theNPS AnttUAV bomblet deploymengystemand
allowed the vehicle weight and dimensions of the bomblet deployment system to be
evaluated with a powerful booster stage. The bomblet deployment system itself was not
flown on this rocket to reduce the risk of losing this unique assembly in a csadtinge
from the testing of other new components. The Rocket 7 configuration before launch is

shown in Figure 34.
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Table 3. Rocket 7 Overview

Description
LengthOverall 4.50m (177in)
Weight(without motor(s)) 35.83kg (791b)
Weight(with motor(s)) 47.11kg (103.88lb)
LaunchGoals

Testimprovedretainingring frangiblebolt coupler
Obtainflight datafrom Simulink-basedGNC system

Testgrid fin systemwith improvedwiring

Firstflight with simulatedoomblet deployment payload

Testsingleparachutéoosterecovery

Motors
Booster CTI N5600
Sustainer None
Recovery
Booster Main only
: Grid fins, droguefrom motorcasingmain
Sustainer
from parachutday
Couplers
Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer FrangibleBolt
SustaineParachutday Traditional
GNC
IMU Adafruit 9-IZ_)OF AbsoluteOrientation
IMU FusionBreakout— BNOQ055
Computer RaspberryPi 4B 8GB
GNC Software MATLA B/Simulink
ControlScheme 2-fin roll control
Fin Control SpurGearV1
Flight Statistics
Max Altitude 1711.1m (5614ft)
Max Velocity 218.9m/s (718fps) Mach0.6

Max Acceleration

104.3m/$ (342ft/S) 10.63G
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Figure 34. Rocket 7 on the Launchpad

a. Frangible Bolt Coupler

The frangible coupler, shownin Figure 35,was redesignedto simplify the
construction of thenterstagecoupler an@lsoto simplify theassemblyof therocketbefore
launch.The new coupler desigreducedthe overall lengthof therocket,specifically the
interstagecoupler, by 3 inchedt alsoeliminatedthe separatdrogue parachute bay fihe
interstage coupler, instead opting to recover therelatively lightweight booster and
interstagecoupler using a main parachuteonly. This was a calculatedrisk, but the
eliminationof the drogugarachutesavedengthand weight on theocketas a whole and
reducedecovery time
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Figure 35. Rocket 7 FinCanAssemblywith FrangibleBolt Coupler

Another improvemento the desigrwasthe addition of four taperpins installed
vertically betweerthematingfacesof thefrangiblebolt couplerThesepinsaddedigidity
to the coupler anavere ableto restrainthe mating surfacefrom rotating aboutthe main

axis of theocketwithoutrelying onthenylonfrangibleboltsthemselve$o withstandthese

forces.

Thewooden bulkheathto which thetee nuts on the original desigrereinserted
wasreplacedby anAM PLA bulkhead,allowing more precisedimensional control and
additionalrigidity. A spacemwasalsoaddedto this configuration to preverthe frangible

bolts frombottoming outbefore reachingheir maximum torque values.
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b. Wiring Improvements andsNC Package Location

Dueto theUSB-A bulkhead connectdailure on Rocket 6, Rocket 7 improvéus
design by moving thentireGNC packagéo the body othesustainerimmediatelyabove
the fin can This placedthe crucial electronicsascloseas possibld¢o the servos and the
pyrotechniccharges that theyerecontrolling,eliminatingtheneedfor problematioquick
disconnects andltimately movedthe BNO-055IMU closerto the CG of the uppestage.
The GNC programwas not altered becausethe goal remainedonly to demonstrate

successfutoll control.

2. Results
a. Frangible boltcoupler

The frangible bolt couplerseparateds expectedout suffereda seriousstructural
deficiencythatnearlyresultedin the loss of the vehicl&hisis seenclearlyin Figure 36.
Theforceof the uppestageon the coupler during launeltceleratiorshearedr displaced
all of the 8 screwssecuringthe blue couplerto the airframe aroundit. The interstage

couplercame down witlthe mainchutefor the booster along witthe boosteitself.
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(a) The displacemenbf the frangible bolt coupler Before launchthe blue couplerwas
flush with thetop of the airframe (b) Theblue couplerpressinglown on the RaptorCO,
systenmshearedhe epoxyandscrewjoints of thebulkheadon theothersideof theavionics
bayin theinterstagecoupler.

Figure 36. Displacemenbf Rocket 7 FrangiblBolt Coupler

The boosterhecametangledin the main chute shock corth suchaway thatthe
remaininghot combustion products entering the nozzlettemendof the booster burned
throughthe Kevlar material of the shock cord, causitige boosterto separatdrom the
main chuteat around500 feet above groundevel. The boostersustainedsomedamage
following impactwith theground. Figure 3ghowsthe damaged boosterthe foreground.
Theremainingportion of thefrangibleboltscanbeseenon theaft end of the movablén

can,still installedin the new AMtee nut retainer bulkhead.
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Figure 37. Recoveredsections of Rocket 7

b. Grid Fins

Thegrid fins deployedsuccessfullyonthis launch,aswell as the droguparachute
on the sustaineAlthough the drogue parachute deployed as expected, thefstiocthe
drogue deployment and thgid fins at such high velocity causedthe sustainermain
parachutebay to openprematurely,shearingthe shearpins on thetraditional coupler
holdingit together.The main parachute deployment rippéuk aviorics bayfrom thefin
section,as the bulkhead holding the avionics bay togetresinadequatelgecuredo the

fin cansection

Thedrogueparachuteemainedattachedo this sectionassuringa smooth landing,
albeitin two separat@iecegatherthanone.Themainchuteshock cord should have bound
thesesections togethell theway to the ground. Figure 38ndFigure 39 show thén can
with the missing avionics bay and theemainsof the upper portiorof the sustainer
respectively The sustainersuffered somedamage dudo the shockcord of the main
parachute ashown inthe*“zipper’ tearin the airframen Figure37.
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Figure 38. Rocket 7 Sustaindfin Can

Figure 39. Rocket 7 SustaindRecovery

C. GNC system

No flight datacould berecoveredrom the GNC systemonthis laund andit was
later found that th&sNC systemagain erroneouslysensd flight commencemeniong
before theactualflight occurred, causing th@NC programto time out before launch and
shut down thé&raspberryPi GNC system
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d. Video Capture

A notablefailure from this launchis thelack of videofootagecaptured The GoPro
cameravasintendedo capture the movemeaf thecontrolfins overheated on the launch
pad, and the nosecosameraalsofailed to capture footagérom the flight. The lack of
video footagewas determinedo belikely dueto the overheating@f the cameras duéo

launch delay®n the pad and high ambidgetnperatures.

C. ROCKET 8-20 SEPTEMBER 2022
1. Development

Rocket 8 (see Table 4) was designed with the intent to obtain stable images from
the noseconenounted camera, assisted by the deployed grid fins on the upper stage
following stage separation. The structural deficiencies in the frangible bolt coupler
attachment to the airframe were corrected and another attempt was made to obtain GNC
data from the flight of the rocket. Figure #0a picture of Rocket 8 on the launchpad and
shows the two external camera housings, intended to provide some redundancy in the

acquisition of flight footage. A nosecone tip camera was also installed.

Table 4. Rocket 8 Overview

Description
LengthOverall 440m (173in)
Weight(without motor(s)) 39.78 kg (87.691b)
Weight(with motor(s)) 54.03kg (119.13lb)
LaunchGoals

Testfrangiblebolt couplerwith improvedmounting
Obtainflight datafrom Simulink-basedGNC system
Testgrid fin systemgetvideo footageof deployment
Obtaingrid fin stabilizednoseconeamera footage
Testsinglebaydualdeploymenfor boosterecovery

Motors
Booster CTI N3800
Sustainer None
Recovery
Booster Singlebaydualdeploy
: Grid fins, droguefrom motor casingmain
Sustainer
from parachutday
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Couplers

Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer FrangibleBolt
SustaineParachutday Traditional

GNC
IMU Adafruit 9-IZ_)OF AbsoluteOrientation
IMU FusionBreakout— BNOQ055
Computer RaspberryPi 4B 8GB
GNC Software MATLA B/Simulink
ControlScheme 2-fin roll control
Fin Control SpurGearV1
Flight Statistics
Max Altitude 1558.1m (5112ft)
Max Velocity 230.1m/s (755fps) Mach0.7

Max Acceleration

80.5m/s (2641t ) 8.21G
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Figure 40. Rocket 8 on the Launchpad

a. Nosecone Camera

Improvingthe stability of theimagesfrom the noseconeamerarequiredensuring
that the uppestagewould remainintact following grid fin deploymentafter apogee and
utilize the grid fins for decelerationwhile the controlfins would cancelany induced
rotation This requiredan improvementto the structural stability and strengthof the
avionics baymmediatelyabove thdin canandgrid fin assemblyA 3/8”-16 UNC threaded
rodwasusedto bind the avionics bagnd uppestageparachute anchoring bulkhetxthe
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fin canandgrid fin assemblysuchthatthe shockrom the deploymerf thegrid fins and/
or drogueparachutewould not separatehe fincanfrom the avionicsbay and therestof
the upperstageof the rocketThis madeassemblyof the uppeistagemore challenging
before flight butgreatlyimprovedthe chancesof maintainingthe integrity of the upper
stage.Therewasno changeo the deploymentechanisnof thegrid fins and the drogue
parachuten the motorcasinginstalledin thefin canremainedas a backupl'he parachute
bayabove the avionicsdy and below the noseconetainedatraditionalshearpin coupler
style.

b. Frangible Bolt Coupler $ructure

The frangible bolt coupler moved downwards under fioece of the launch on
Rocket 7which nearlyresultedin the lossof the vehicle.The couplerwasimprovedby
securingthe blueplastic coupler througtwhich the frangible bolts werethreadedonto a
permanentvooden bulkheath theinterstagecoupler.This providedsomeassurance that
the frangible bolt couplerwas sitting squarelyin the airframe and did not createan
unacceptable angleetweenthe uppesstageandlower stage of the rocket. This bulkhead
was securedo the airframe aroundit by eight circumferentialscrewsand also sat atop
threelong 1/4”-20UNC boltswhichtransmitted¢heloadfrom the bulkhead below. These
bolts provideda means of adjusting the bulkhetxlensurehatit wassitting squarelyin
the airframe.The blueplastic couplewasagainscrewedo the outsideof theinterstage
couplerairframe suchthat it would not tendto rotate or slip out of this position. This
simplified the assemblyof the upperstageto the lower stagebecauset allowed for

indexingmarksto beusedand for thesectiongo beeasilydry fitted before inal assembly.

Figure 41 shows the RocketsBstainerduring final assembly.The blue plastic
frangiblebolt couplerring is visible in the foreground and the fotrangibleboltscanbe
seento havebeeninstalledand torquedin the backgrounaf Figure 41is theinterstage
coupler and the opeand facing the camerais where the frangible bolt couplerwas
eventually mountedlhevisible bulkheads thereinforcedbulkheaddiscussegbreviously.
The backupCO; separatiorsystemhasbeenrelocatedo the centerof this bulkheadsoas

not tointerferewith the proper seatingf the bluefrangiblebolt retainingring.
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Figure 41. Rocket 8 SustaineandinterstageCoupler

Ultimately, it was determinedthat recoveringhe boosterand interstagecoupler
with only onemain parachute ando droguewasnotworth the risk dueto the unknowns
aboutwhat flight velocity the singleparachutewould be deployedt This led to the
development of a single-bay dual deploymehboth themain chuteand drogue chute
from thesameparachute bay areliminatedtherequiremento havethe drogue parachute
deploy throughthe centerof the frangiblebolt coupler.It allowed for the more robust

coupler desigro be incorporated anesultedn a lengthreductionaswell.

C. GNC Improvements

The causesof previousGNC failures were investigated,and as aresult the
thresholdfor launchdetectionwasraisedto 3G. Lights were addedto the outsideof the
rocketthat show thatthe GNC systemis “Ready”and whether or nahe RaspberryPi

indicated‘Launch Detected
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2. Results

The grid fins were successfullydeployed on the uppetage ofthis rocket. The
frangiblebolt couplerdesignperformedas intended ansuccessfullyseparatedhe booster
from the upperstageof the rocket.The traditional coupler used for the upper stage

parachute bageparategrematurelyunder the shocéf the gridfin deployment.

a. Recovery
Despite the prematuredeployment of themain parachute,the sustainerwas

recoveredundamagedbr the first time,as seeimn Figure 42.

Figure 42. Rocket 8 SustaindRecovery

The interstagecouplerand boosterfailed to separate foan unknownreasonand
resultedin the boosterandinterstagecouplerimpactingthe groundat terminal velocity,
destroyingboth sectionsNo datawererecoveredrom the flight computers containéul
theinterstage couplesndno causewasdeterminedor this failure. Only the boostefins

could berecoveredandre-used Figure 43 shows thextert of the destructionto the
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booster.Theflight computersn theinterstagecoupler hado be dugout of the desertand
couldprovideno flightdataof anykind. Themostprobablescenarias that theRaptorCOz
cylinderthat shouldhavefired to openthe parachute bayifed to operateproperly.The
reasonfor this is unknown, butt is mostlikely anissuewith the hardware for the&CO;
systemitself, as theflight computerdnitiated the frangiblebolt separatiorcorrectly. The
potentiallyfaulty CO. systemwasnotrecoveredand wouldikely havebeendamagedn

the impactoo severelyto provide usefuinformation

(a) Interstagecoupleravionicsandparachutegb) The interstageouplerremains(c) The
boosteremainsshowingimpactdamage(d) Boosterasfoundduringrecovery.

Figure 43. Rocket 8 Booster Remains

b. Frangible Bolt Coupler

The frangible bolt couplemperformedas designed and thmlts separatealeanly
and reliably A close-upgmageof the fincanassemblyn Figure44 reveals the remaird

thefrangibleboltsin thetee nutsThereis clearevidence thaall four of the boltsfired as

expectedgiventhe blackpowder residue lefvehind.
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Figure 44. Rocket 8 Frangible Bolt Coupler

C. Video Capture

The GoProcamera mountetb theinterstage couplavasdestroyed and théoPro

mountedo the sustaineoverheated,esultingin no video footage being recovered

d. GNC

No GNC datavererecoveredDespite theéightsbeingaddedo the rocket, th6&NC
systemerroneouslyetectedaunchbeforetheactuallaunch,andthus thdime-basedlight
profile was completedelectronicallyand RaspberryPi shut down beforeactual motor

ignition occurred.
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D. ROCKET 9-09 DECEMBER 2022
1. Development

Rocket 9 (see Table 5) was developed to test the first iteration of the Marman clamp
separation concept. This Marman clamp was installed only on the upper stage to test its
functionality while reducing risk by not testing the clamp at thenghortant stge
separation between the interstage coupler and the fin can. The clamp and its fairing are
represented by the green and blue parts visible in Figure 45. The stage separation was

accomplished by the use of the frangible bolt coupler used on Rocket 8.

Table 5. Rocket 9 Overview

Description
LengthOverall 4.30m (169in)
Weight(without motor(s)) 39.78kg (87.691b)
Weight(with motor(s)) 53.95kg (118.941b)
LaunchGoals

TestMarmanclampMC1
Obtainflight data fromSimulink-basedGNC system
Testgrid fin systemgetvideofootageof deployment
Obtaingrid fin stabilizednoseconeamerdootage

Motors
Booster CTI N2900
Sustainer None
Recovery
Booster Singlebaydualdeploy
: Grid fins, droguefrom motorcasing,main
Sustainer
from parachutday
Couplers
Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer FrangibleBolt
SustaineParachutday MarmanclampMC1
GNC
IMU Adafruit 9-I_DOF AbsoluteOrientationlMU
FusionBreakout—= BNOO055
Computer RaspbernPi 4B 8GB
GNC Software MATLA B/Simulink
ControlScheme 2-fin roll control
Fin Control SpurGearV1
Flight Statistics
Max Altitude 1993.4m (6540ft)
Max Velocity 238.3m/s (782fps) Mach0.7
Max Acceleration 88.3m/s? (290ft/ $%) 9.00G
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Figure 45. Rocket 9 on the Launchpad

This was also the final rocket to test the deployable grid fins and nose camera, as
well as the Simulindbbased GNC system. The upper stage was also designed to simulate

the weight and dimensions of the NPS bomblet deployment system [33].
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a. Marman Clamp

The first Marman clamp was designedto be installed entirely outside of the
airframetubingto allow maximum roomnsidefor parachuteleployment antb allow the
axialloadin theairframeto continueto betransmittedhrough thdiberglassairframeand
notdirectly through theMarmanclampitself. Theresultingdesignprotrudednearlyl inch
beyond the outetircumference othe airframe The negativeperformancesffectscaused
by this dragsurfaceweremitigated(or reduced)y theinstallationof AM plasticfairings

fore andaft of the Marmarclampflange.

To learnmoreaboutthis systemtheparachutdayaboutwhich theMarmanclamp
wasinstalledwasfitted with a pressurdransduceto monitor the buildup opressuren

this chambembefore separation

An unfortunateresult of usingMarman clamp MC1 was that thestandardrail
buttonsfaunchlugsusedto secureherocketto the launchrail would no longework. This
problem should havikeenanticipatedoeforelaunchday,butit wasnot. Figure 4&hows
thelargegapbetweerthe launchrail and therocketbody. Atall, modified launchlug can
be seenunder thefront of the orange booster section, dhd MarmanClampfairing is

shown tothe leftrestingon the launchail.

Figure 46. Rocket 9 Modified Launchugs/Rail Buttons
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b. GNC

The RaspberryPi and Simulink-basedGNC systemwas retainedfor this rocket.
GNC statudights wereinstalledto monitor thestatusof the GNC systemon thepad i.e.,
“Ready” and'LaunchDetected’ The “LaunchDetected” thresholavassetto 2 G.

2. Results
a. Booster SingleBay Dual DeploymentRecovery

The booster single-bay dual deploymeystemworkedas designed for thigrst
time. The boosterwas recoveredintact The drogue andnain parachutesieployedin

sequencérom the samday.

b. Frangible Bolt Coupler

The frangible bolt coupler operateds designed, contributing the successful
recovery of the boostandinterstagecoupler. Duringseparationthe boosteis not visible
from the externalGoProasit wason Rocket 6sothe nature ofhis separatiorcannot be

further analyze@xceptto saythattherecoveregartsshow operation wass expected

C. Marman Clamp

TheMarmanclampfailedto separate properlyandthesustainecrashedvith only
the drogueparachute deployedré¢m the modified motor case).Only one ofthe two
frangible bolts holding the Marman clamp band and Vsegmerg onto thevehicle
successfullyseparatedThe other frangiblebolt did notfire. This markedthefirst failure
of anyfrangiblebolt. This lent urgencyto the objective of building &angible bolt with
redundanignition and/or adifferent, redundantMarmanclampinitiation system Figure
47 shows thesustaineasit wasrecoveredThetangled orange drogymarachutes visible
in the bush on thdar right. No video footageof the crashis availablebecause¢hevideo

recordingstopped just seconds befangpact.
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Figure 47. Rocket 9 SustaindRecovery

Therewas a Peregrin€CO; systeminstalledin the parachute basecuredby the
Marmanclamp This cylinderdid fire as intendedfterthe Marmanclampfailedto release
and hisresultedin apressureof 113kPa(16.4 psig)nsidetheairframeasmonitoredby
theinstalledpressure transducerhe pressureexertedan axial force of over 3114 N (700
Ibf) on theMarmanclamp,whichit withstood, butlsoresultedin the wooden bulkheads
becomingdisplacedat oneend ofthe parachute bay and ruptusétheairframe While the
Marman clamp separatiorsystemwas unreliable,the strength inherenh the Marman

clampsystemwasdefinitively demonstrated

Figure 48showstheMarmanclampatrecovery Notethat theMarmanclampband
canstill beseerremainingon thelower portion of theclampwith anunfiredfrangiblebolt
holdingit together.The opposite frangible bolvasfired andseparatedleanly. Themain
parachutas still insidethe parachute bay, providingrther supporto the theorythatthe
Marmanclampdid notbreakuntil impactwith the groundNote thedisplacedoulkheacon
the opposite side of thwehite parachute bayl he bulkheadvastornfreefromits mounting
screws and thairframe split in this area,dueto the pressurefrom the PeregrineCOz

system Thissystencanalsobe seern the opeffiace ofthe Marmanclampbulkhead.
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Figure 48. Rocket 9 MarmaiClampafter Crash

d. GNC

The GNC systemagainfailed to provide usablelataandappearedo havebeen
triggerederroneouslyseveraktimeson the launchpad amndaseventuallydisabledfor the
duration of thdlight.

e. Grid Fins

Video footage of thegrid fin deploymentwas obtained for thdirst time from
Rocket 9Thegridfins did not lockopenin theslipstreanas intendedl hegrid fins flapped
in and oubf their stowage positioandthesustainespunwildly until it wassloweddown
by the deployment athe drogueparachuteFigure 49showsa seriesof stills from the
deployment of theyrid fins during the flight. Not all the grid fins deployedat the same
time, and they flapped around wildly during thedescent,likely contributingto the

instability of the sustaineduring descent

Further application ofrid fins for deceleratiorpurposewill likely requiresome

method oflatchingthemin the deployegosition if theyareto be usedor futureflights.
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Figure 49. Rocket 9 Gridrin Deploymenin Flight

f. Video Footage

Video footagewasrecoveredrom this rocket, providing valuable insigirito the
operation of theyrid fins that wouldotherwisebe very difficult to discern The external
GoProonthesustainerecordeduntil justaseconcdrtwo beforeimpact Thevideo footage

from the nosecone GoPoould not be recoveretlie tomemorycarddamage.

E. ROCKET 10-18 MARCH 2023
1. Development

Rocket 10 (see Table 6) was a significant redesign from Rocket 9. The Rocket 9
sustainer was destroyed, so an opportunity existed to build a new upper stage configuration

designed to contain a CTIl 6 grain XL motor, along with a redesigned Marman clamp
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separation system for the upper stage parachute bay. The booster was retained as well as
the interstage coupler. The deployable grid fins were eliminated along with the nosecone
camera, as the new upper stage configuration was designed for a two stagiétbagh

payload delivery instead of carrying the NPS bomblet payload. A new Plgdsmt GNC

system was also developed and implemented for this rocket.

Rocket 10 is shown in Figure 50 immediately before launch.

Table 6. Rocket 10 Overview

Description
LengthOverall 4.80m (189in)
Weight(without motor(s)) 45.98kg (101.38lb)
Weight(with motor(s)) 60.81kg (134.06lb)
LaunchGoals

TestMarmanclampMC2
TestPythonbasedGNC system
Testsinglebay dual deployment recovery of sustainer
Ignite simulatedsecondstagemotor

Motors
Booster CTI N5800
Sustainer CTI1 N5800(Inert)
Recovery
Booster Singlebaydualdeploy
Sustainer Singlebaydualdeploy
Couplers
Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer FrangibleBolt
SustaineParachutday MarmanclampMC2
GNC
IMU Adafruit 9—DOF AbsoluteOrientation
IMU FusionBreakout- BNO055
Computer RaspberryPi 4B 8GB
GNC Software Python
ControlScheme 2-fin roll control
Fin Control SpurGearV1
Flight Statistics
Max Altitude 2028.0m (6654+t)
Max Velocity 281.9m/s (925fps) Mach0.8
Max Acceleration 150.4m/s? (493ft/ s%) 15.33G
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Figure 50. Rocket 10 orthe Launchpad

a. Upper Stage Motor Bay

The new upperstage requed a significant length increase as this rocket was
intendedo serveas a precursdp anoperationatestof atwo stagesystemFor thelaunch
of Rocket10, this motor baywasoccupied byaninert motor of thesamesizeand weight
as aCTI N5800 motor(the samemotor usedfor the boostestage) The design ofthefin

can,servomounts fin mounts, andjearsremainedthe samefrom Rockets 6, 7, 8&nd?9.
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Thenew,longer uppestagedesigrforcedthe avionics bato berelocatedo the nosecone,
andanadditional,smalleravionics bay for motor ignitiodevices onlywvasinstalledatthe
headend of themotorbay. This wasplannedor theeventualuse of théheadendignition
systemusedby Stuffle[31]. Forthislaunch, the upper stage motor ignitiwassimulated
by using that channel dieflight computetto ignite adummymotor(asmallblackpowder
charge).This wasdonesuchthatthe recoveredocketcould beinspectedo verify thata
motor would have beegnited had iteeninstalled.

b. Marman Clamp

The upperstageparachute bailarmanclampMC2 wasredesignedo fit entirely
within thecircumferenceof theairframe,eliminatingthe drag and laundiail interference
issues founth the previous generation tifis separatiorsystem The drogue parachute for
the uppestagewasrelocatedo theparachute bagather tharthe modified motor housing,
asthis locationwasnowto be occupied by the uppstage motorThis requited adapting
the dual deployment design for parachutes previousgdon theinterstage coupler of
Rockets 8 an@.

The newMarmanclampMC2 utilized line cutters andtircumferentialzip tiesto
hold the V-segment® placeratherthan the previous frangible balesign This greatly
simplified the design an@ssemblyof theMarmanclampandeliminateda possibleingle
point failure with the frangiblebolts, as only one line cutter must operateproperly to
separate the rockdt. hasalargeconeon the top portion of theclamp,which allowsthe

drogue andanain parachute tdeejectedfrom the parachute bay.

TheMarmanclampMC2 is shown duringassemblyn Figure 51 Theblue portion
is on theflat bulkheadust belowthe noseconendcontains théviako linecuttersandthe
backupCOz system Thequick disconnect pluger theservopowerandPWM commands
are visibleaswell. Theredtruncatedcone typeMarmanclampsectionis installedin the

sustaineparachute bay othe riglt andthe TD2 is danglingfrom this bay:.
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Figure 51. Rocket 10MarmanClampbeforeFlight

(o} Nosecone andsrid Fins

Becausehis rocketwasno longer intendetb testa bomblet deploymersystem
therewasnoneedto include a nosecone-mounteamera or thgrid fins. The purpose of
the grid fins wasto providestability for this imagingsystemwhich would now no longer
be requiredinsteadof the grid fins attachedo thefin cana modified sectionof airframe
wasusedinsteadto improve the aerodynamaesignastherewasfar lessopenspace and
fewerdiscontinuitiesalongtheairframenearthe control finsTheremoval of the nosecone
camerasimplified the constructiornof the nosecone aradlowedtheoriginal sharpetip to

be retained.This also improvedthe aerodynamicpropertiesof the rocket The quick
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disconnectswere requiredto bring the servo power and command signalsom the

nosecondasedavionics bay tahe controllable fins.

d. Python-based GNC

The new PythorbasedGNC systemstill utilized the samecomponentsas the
previous Simulink-based system. The difference was strictly in software and
interconnectiorbetweenthe BNO-055IMU and theRaspberryPi. The RaspberryPi and
the IMU wererelocatedo the nosecone amwnnectedo the servos via the cabling running
in raceways along the outside of #ieframe.Therewasa quick disconnectn this cable
at the Marmanclampsuchthat the cables would nointerferewith the separatiorof the
parachute bagnd the deployment of tiparachutesThis designalsoplaced the powefor
the servosand the PWM signal for the servosas far apartas practicableto limit the
possibility ofelectricalinterferenceAn additional benefit othese quick disconnecigs
that upon parachute deployment aetlirnto the ground the signal apdwerto the servos
is disconnectedeliminating theneedto install arelay or atiming featurein the GNC
programto disconnecpowerto the servodeforelanding.If the serves remainpowered
during the recovery procetiis canleadto damage or binding of treervomechanisndue

to overheating or mechanicdamageonce on thground.

The PythonbasedGNC softwarewasdeveloped byillon Pierce andepresents a
significantimprovement andapability of the GNC systemusedfor theserockets.Rather
than using thesoftwarebased|2C communicationprotocol as demonstratedn Kyle
Deckets thesis [29],the BNO-055 was programmedo use a Universal Asynchronous
Receiver/ TransmittefUART) protocol insteadTl his greatlyimprovedthe stability of the
data comingrom thelMU to the RaspberryPi andeliminatedthe needfor problematic
clock stretching. The Pythonbased program also has significantadvantagesn the
deployment andhitiation of that program on the launchpddhe previousiterationbased
in Simulink required that th&aspberryPi be accesseand a calibratiofile writtento the
IMU manuallyand the guidance prograstartedmanuallyimmediatelybeforetheflight.
This led to manyGNC datafailures on previous rockets he new Pythorbasedsystem

startedautomaticallyas soonas theRaspberryPi was powered on andaited only for a
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sufficient G loadto startthe guidance prograrif. the programwereto be interruptedfor
any reasonduring theflight it would immediately restart Because of thedJART
communication protocol, the erroneous G loadsarting the guidance programs
prematurelywaseliminated Finally, the Python program isimpler tocontrol andmodify
whencompared tahe Simulinkbasedprogram ashe Simulinkbasedprogram required a
HardwareDescriptionLanguage (BL) coderto write and deploy the prograno the
RaspberryPi afterwhich the program could no longer be accesseedited.

2. Results

Rocket 10sufferedacritical failure thatresultedn thevehiclebeing aotalloss. A
designflaw in the controffin retentionsystemresultedin the lossof a controlfin during

the boost phase of flight leadibganunstable system

a. Control Fin Failure

The GNC programfor this flight was intendedto performroll control only and
would not engage untiftertheboost phase of flight. During the boost phasefitisavere
to remainat asettingof zerodeflection.A controlfin rotatedsignificantlyawayfrom zero
during the boost, inducingn aerodynamidoad sufficient to break the frangible bolt
couplerbetweertheinterstage coupler and tlseistaineandbreakoff thefin in question.
This sequence otventsis shownin the stills taken from the externalGoPro video,
reproduced herasFigure52.The numbetin the bottoneft of eachphotographiepresents

the elapsedight time in seconds.
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Figure 52. Rocket 10 FirLossin Flight

Picturel shows bothisiblefins atzera By 1.6 secondmto theflight in picture2,
the uppefin has beguro rotate The lower fin is heldat zero,asonly two of the control
fins werein use.Pictures3 and 4 show aignificantrotationof thefin. Reconstructiorof
the camera angle anfin deflection shows thatthis rotation is about 6degrees.The
asymmetric aerodynamic lo@dusedy this singlefin deflectionis sufficientto breakthe
frangible bolts in the interstagecoupler,separatingthe booster and thsustainer The
resultingfailure is shownin picture5 atjustover2.7 second#to the flight. Thefin breaks

off before2.9seconds anthe booster continues iy downrange.

The over+otationof thefin wasattributedto the design othe setscrewclamping
assemblyvhich heldthe drivengearonto thefin shaft Contributingto this failure wasthe
relatively weakfin to fin shaftmountingsystemwhich useda smallcircular surface and

only two #6 screwsto retainthefin root tothe shaft To moresecurelyretainthefin to the
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shaft,the originalsetscrewthatcamewith the setscrewhubwasreplacedwith a longer
screw,and a holevasdrilled in the shaftto accommodat¢his screw This allowedmore
positiveengagemendf the setscrewinto theshaftto preventslipping Thethreads orthe
setscrewbecamedamagedover time, reducingthe effective diameterof the setscrew
relativeto the holedrilled in the shaft. This allowed somerotation of the setscrewhub
underseverdoad,further compressing therestsof the threads and makinkis diameter
differencelarger.Thiswasnot noticed before the failuras tightening theetscrewif the
fin wasfoundto be loose woulanasktheissue securingthehubto the shaftand exposing

a newsectionof threadto wearanddamageFigure53 shows theamagdo this setscrew.

Experimentsafter the flight showed thathe damageto the set screw was
sufficiently seriousto allow +/- 8 degree®f rotationfrom zerofor thefin relativeto the

hub and corroborated the sequencewantsn Figure 52.

(a) Threaddamageis visible in the setscrewhub, causedby the forced removalof this
damagedcrew.(b) Thesetscrewhasdamagedhreadsandthe crestsof thethreadshave
beenflattened reducingthe diameterof the screw

Figure 53. Rocket 10 DamagefetScrewand Hub
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b. Frangible Bolt Coupler

The frangible bolt couplerfailed in flight for the first time. This was dueto the
couplerexceedingdesign loadingThe couplerwasdesignedo withstandsignificantaxial
and torsionaloads, but thefin overrotationimparteda large lateralload to this design
loading conditionThe damagedoltsarevisible in Figure 54 Three of the boltsheared
off, and the bottom bolt pullesut of thetee nut, leavingonly small amounts athreaded
nylon material behind. Theght side of the orangdacein Figure 54 shows &aint blue
line, impartedby theblue plasticof thefrangiblebolt retainingring asthe rocket brokén
half.

Figure 54. Rocket 10 Failedrrangible BoltCoupler
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C. Booster Recovery

Following the separatiorof the sustainerandthe booster, the booster continued
poweredflight bothvertically andlaterally to an unknown apogeel he lateraltrajectory
was theresultof asymmetricforceson the booster durinthe breakup and the booster’s
blunt-nosed shap®llowing thelossof the aerodynaminose At apogeetheinterstage
couplerseparatedrom the boosteras designedThe vertical velocity wasnearzero, but
the horizontal velocity componentmainedsignificant The drogue parachutevas
immediatelytornfreefrom the booster anidterstagecoupler upon deployment, damaging
theinterstagecouplerandelectronicsard putting the boostento freefall. Theremainsof
theinterstage coupldtoatedawayunderthenow-alsodeployedmain parachute and could
not berecoveredThe boosterflew about amile beforecrashinginto the desert,andthe
recoverechardwaras shownin Figure 55 Thefins and thebackhalf of theairframecould

be salvaged.

Figure 55. Rocket 10 Booster Recovery
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d. Sustainerand Marman Clamp

The sustainenoseconeectiontore free from the Marmanclamparoundthe same
time that the fin broke off dueto the excessive aerodynamic loads perpendictdahe
design load axisThe flat bulkheadsectionof the Marmanclampstayedconnectedo the
otherhalf of theclamp,andthe bulkheadtself tore out of theairframe Unfortunately, the
electronicsthat fire the linecutter E-natchesto release thévlarmanclampwerein the
nosecon&s well,sothesdinecutterscould notfunctionand theMarmanclampremained

attacheduntil impactwith the ground.

Figure 56 shows thsustainerasit was found followingthe crash The Marman
clampstayedntactto the very endasall four V-segmerg andpartsof the Marmanclamp
flangewerefoundat the crashsite, andthe zip tie is still visible in oneof thelinecutters
Thewooden bulkheath the foregrounds the one thatvastorn out of the noseconghen
the Marmanclamprefusedto separatainderthe excessive aerodynamic loathe crash
wassufficiently violentthattheremainingthreefins werebroken off uponmpactbutwere

locatednearthe impacsite
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Figure 56. Rocket 10 SustaindRecovery

The noseconavasfound about 46 m (50 ydjom the sustainemotor bay. It was
damagedut theelectronicsnsidesurvived thecrash.Thefin that broke offin flight was

found lesgshan137 m (50yd) from the launchail asshown inFigure 57
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Figure 57. Rocket 10 Control FiiRelative toLaunch Rail

e. GNC

The breakup of therocket early in the flight precludedthe recovery of any

meaningfulGNC data.

94



f. Video Footage

Video footagefrom theexternalGoProand theGoPromounted insid¢he dummy

motor tubewererecoveredand proved essenti@ reconstructinghe flight.

F. ROCKET 11-08 SEPTEMBER 2023
1. Development

Rocket 11 (see Table 7) was developed primarily from ME4704 Project A, and
differed only in ways that allowed the rocket to function effectively as a recoverable test
vehicle rather than a weapon system. These design changes included the addition of
parachutes and their associated deployment gear and the removal of the warhead and seeker
subsystems. Improvements from Rocket 10 include a large number of newly designed
machined and AM metal parts. The upper stage and lower stage were now joined by a
Marman clamp rather than the previous frangible bolt design to improve reliability in the
separation system while providing increased rigidity. Improved fin shafts and roots were

an additional design feature to preclude the failure that destroyed Rocket 10.

Table 7. Rocket 11 Overview

Description
LengthOverall 4.90 m (193in)
Weight (without motor(s)) 32.21kg (711b)
Weight(with motor(s)) 52.34kg (115.38Ib)
LaunchGoals

TestMarmanclampMC2-SS
TestMarmanclampMC2
TestPythonbasedGNC system
Ignite secondstagemotor

TestspurgearV2
Motors
Booster CTI N5800
Sustainer CTI M1400
Recovery
Booster Singlebaydualdeploy
Sustainer Singlebaydualdeploy
Couplers
Boosterto InterstageCoupler Traditional
InterstageCouplerto Sustainer MarmanclampMC2-SS
SustaineParachutday MarmanclampMC2
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GNC

Adafruit 9-DOF AbsoluteOrientationiMU

MU FusionBreakout- BNOO055
Computer RaspbernPi 4B 8GB
GNC Software Python
ControlScheme 2-fin roll control
Fin Control SpurGearV2
Flight Statistics
Max Altitude 1526.9m (5009ft)
Max Velocity 257.4m/s (845fps) Mach0.8

Max Acceleration

142.7m/$ (4681t &) 14.55G
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Sheetof paperareusedto shieldthe heatsensitiveRunCamcameradrom thesun These
sheetsvereremovedmmediatelybeforelaunch.

Figure 58. Rocket 11 orthe Launchpad

a. Marman ClampStage Separation System
(1)  StageSeparatiorClampDesign

The aluminumMarmanclampMC2-SSwasnot availablein time to beintegrated
onto Rocket 11, sa PETGversion of the same clanggometry wasstalledin its place

Thedevelopment othis clampis discussedn detailin Chapter IIl.
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Thedesigrnandinstallationof the Marmanclampas astageseparatiorsystem(vice
a parachutedeployment method onlyequiredan extensive redesign of thaterstage
coupler portion of the rocket dietheassociatethcreasedendingnoment.This coupler
wasre-designedo accommodatan extended mountinglatformin the front end of the
coupkr, onto which the stageseparationMarman clamp would beinstalled The other
portion ofthe Marmanclampwasboltedto the existingfame housingassemblyof thefin
can TheseMarmanclamppartswere derivedfrom the previouslytestedplasticMarman
clampwhich hadbeenflown onrockets 9 and 10. Amvertedthrustring was usedto
provide asecure mounting point for thewer portion of the Marmanclamp Thisinverted
thrustring is shownin Figure 59.The upper portions bolteddirectly to thefin canframe
housing without interferingvith a hypothetical nozzle dhe maximum possible sizer a
CTI 6 grainXL upper stage motor.

Figure 59. Rocket 11 mterstageCoupler withinverted ThrusRing

In additionto theMarmanclampusedfor stageseparation, anothdarmanclamp
wasusedfor the uppestageparachute baylhis clampwasof asimilar designto the one
usedon Rocket 10 fothesame purposd.hisclampwasmodifiedfrom thepreviousdesign

98



to allow the passagef the PWM andpowersignalsto thefin control servos via raceways
insidethe airframevice outside.lt wasalsomodifiedto be printed inwo partsto reduce
weight without sacrificingstructuralintegrity andspeedup theprinting process.

(2) Improved Tensioning System

The V-segmerg of both Marman clamps were re-designedfrom the previous
rocketsto usea 14AWG coppemwire insteadof thezip tie and a builtin tensioningsystem

to tightenthem.Thisimproved tensioning systemmdiscussedn Chapter III.

b. Deviationfrom FY23 ME4704 ProjectA

TheFY23 ME4704ProjectA soughtto improve upon thelesignandconstruction
of the thenrecentlydestroyed Rocket 1@rojectA wasdesigneds a weaporystem and
assuch no partswere expectedo bereturnedsafelyto the groundfollowing launch.To
support theesearclgoals of Rocket 11, tHeroject A design hatb bemodifiedto include

recovery systems.

Theboosterstage recovergystemwasa dual deplogystemsimilarto thatusedon
rockets 8, 9, and 10, amdas housedn theinterstage couplelhe ProjectA aluminum
Marmanclamporiginally designedo go on the top of the boosteasrelocatedo the top
of theinterstagecouplersuchthatit could continudo serveits purposes astageseparation

device.

The upperstagerecoverysystemconsistedof a parachutebay andan additional
Marman clamp addedbetweenthe noseconeand the upperstagemotor headend. The
warheadwas not installed and was insteadreplacedby an instrumentationand data
collectionpackagelesignedo testa new Movdh IMU as a candidat® replacetheBosch
BNO-055.

Project A,as designedwas 3.33 m (131in) long and weighed 72 kg (15®)
including motors. Modifications$o this design added 137 cm (54 it9 the length but
reducedhemass by 19.6 kg (431B). Thesechargesarearesultof addingparachuteand

reducing the size of thmotorsto increase the likelihood abcketrecovery.
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C. Fin Mounting Improvements

Rocket 10failed dueto the loosening and oveotationof one of the controlfins.
This forceda redesign ofhe finshaftand associateparts discussedh Chaptetll .

Only two of the four movablefins were usedto reducerisk, while the othertwo
fins remainedixed at zera Thefinal assemblyshown without thdins mountedjs seen
in Figure 60 The newlargerfin root mount on theshaftis visible, aswell asthe white

Teflon washerelow it

Figure 60. Rocket 11 Spur Geaf2 Assembly

2. Results

Rocket 11failed catastrophically\2.5 secondsnto the flight. Video footagefrom
onboard the rocketid not survive,but groundbasedvideo capture and inspection of the
recovereddebris point to a structuralfailure of the fiberglass noseconas the rocket
approached 800/6ec. The sequence oéventsis detailedin the sequence dtill frames

from that video, shown here kigure61.
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a. Crash Sequencef EvensMarman ClampPerformance

The sequence okventsis describedin the list below with the list numbers

corresponding téhe picturesn Figure61.

Figure 61. Rocket 11 Breakup

1. Thetip of the nosecone eitharollapsedr broke off but dichotdo so
cleanly.It peeledbackin the slipstreamtearinga largeopening inthe
front of the rocket. Thisesultedin aninrush ofair into the opemosecone,

causingthe fiberglass structute disintegrateandinducing anasymmetric
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load on the rocket. Thaightmisalignmenfrom the damagedosecone

wasvisible at thefront of the rocket.

This asymmetridoadtore open the airframan the middle of the sustainer
parachute bay. ThRlarmanclampthatheldthis bay together was
sufficiently strong tocause the airframi® tearratherthan separate
prematurelyThedamagedosecone laperpendicular tohe rocket with
half of the parachute bay still attachedt.

The mainparachute trailebehind thealling nosecone and parachute bay,

remainingattachedo boththe nosecone and tkastainer.

Thenosecone moved below the booster, pullingpdwachutdehind it,
and could be observed beginningdisintegrate.

Theshock cordbetweerthe mainparachute and the sustaipedledtaut,
and the sustainestartedto breakawayfrom the booster under tlextreme
asymmetric loading. Thetage separatiddarmanclampbrokebetween
the flange andhe bottom of thsustainefin assemblySimilarto the
upper stagparachute bajarmanclamp,thestageseparatiorMarman
clampgs V-segments and clampirigces held sufficientlygausingthe

narrow AM Marmanclampsupportto fail instead.

Thesustainecanbe seero breakfree from the booster andterstage

coupler.

The uppe stage parachutes deployfedm the nowopen parachute bay
and toreawayin the airflow,whichwasmany orders of magnitude greater

than their allowable deployment velocity.

The sustainewasin freefall, with pieces of the disintegratingsecone

rainingdown.

Thebooster and interstag@upler continued stable ballistic flight

trajectoryto a crashsiteabout a mildrom the launch site.
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Thebooster could not beecoveredespitean extensivesearchMost components

of the uppestage landed withia82 m (200 yd) of the launch rail

Upon inspectionthis noseconeappearedo be significantly thinner andweaker
than those¢hathadbeenprovided bythis vendorin thepast The older nosecones had four
layersof fiberglassmattingin themoldedresin,andthis example had onlwo in thepieces

that wererecovered

The noseconeemnantgecoveredvere comparedo old noseconenaterialfrom
previous rocketsaswell asnew, intactnoseconefrom thesamebatchas theRocket11
noseconeT heolderstyle nosecone hadeenflown atvelocitiesin excess oMach1.5 and
wasusedon rockets 6—9The newerstyle noseconés only just overhalf the thickness of
the oldertype.Thetwo nosecongypesarecomparedn Figure 62 Thechangen nosecone
guality and constructiopresents another design challetiggmust beverified andcleared

on subsequent rocket constructefforts.

Figure 62. Old and New (Rocket 11) Nosecone Comparison
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b. ImprovedFin Control

Despite theextremeaerodynamic loading inheremt the destructivedisassembly

of a rocketthenewfin desigrkeptthefins attachedandintactuntilimpactwith the ground.

C. GNC

No data wereecoveredrom the Raspberry Pi.

d. Upper Stage HeadEnd Ignition

Thetumblingactionof the sustainefollowing the breakup of the rocket prevented
upperstage ignition du¢o ignition prerequisitesiot beingmet (the sustainemwasgreater
than 30degreesfrom vertical) The unfired motor was recovered,disassembledand

destroyed.

e. Video

The externalcameraandinternal camera orthe boostercould not berecovered
The sustaineexternalcameraoverheatecindshutdownbeforelaunch,no footageof the

flight exists. Onlygroundbasedvideos werebtained.

G. ROCKET 12-17 NOVEMBER 2023
1. Development

Rocket 12 (see Table 8) was intended to be a single stagesloflight to ensure
adequate control authority from the spur gear V2 fin control and that GNC data would be
recovered to further the development of the GNC settings for faloflight systers. The
nosecone was internally reinforced with fiberglass resin and fibers to reduce the likelihood
of a nosecone failure in flight like Rocket 11. Rocket 12 was designed to perform a final
test of Marman clamp MC2 but additional Mako linecutters couldaatbtained before
the flight test, so the Marman clamp MC2 was replaced by a temporary traditional coupler

that may be removed and replaced by Marman clamp MC2 for future flights.
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Table 8. Rocket 12 Overview

Description
LengthOverall 2.95m (116in)
Weight(without motor(s)) 17.26kg (381b)
Weight(with motor(s)) 23.5kg (51.88lb)
LaunchGoals

TestPythorbasedGNC system
TestimprovedNosecone

Motors
Booster N/A
Sustainer CTI M2505
Recovery
Booster N/A
Sustainer Singlebaydualdeploy
Couplers
Boosterto InterstageCoupler N/A
InterstageCouplerto Sustainer N/A
SustaineParachutday TraditionalCoupler
GNC
IMU Adafruit 9-IZ_)OF AbsoluteOrientation
IMU FusionBreakout- BNO055
Computer RaspberryPi 4B 8GB
GNC Software Python
ControlScheme 2-fin roll control
Fin Control SpurGearV?2
Flight Statistics
Max Altitude 2224.5m (7298ft)
Max Velocity 241.8m/s (793fps) Mach0.7

Max Acceleration

73.1m/S (2401t ) 7.45G
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Figure 63. Rocket 12 orthe Launchpad

a. GNC

GNC datahad not beenobtainedfor any rocketdrom 6 to 12 dueto software
malfunctions and vehicle breakufhis lack of datawasasetbacko the development of a
robustGNC programfor rocketsof this scaleat NPS. Launching asimpler,single stage
rocketreducedherisk of not obtaininghesedata.Unlike previous rocketshe Rocket12
GNC programstartedcontrolling the fins immediatelyupon launchratherthanwaiting
towards the end of the bogstase This reducedaccumulateckrrorin the controller and
allowedfor amorestableflight immediatelyafter leaving the launchnail. For this flight,
the GNC systermvasdesigned taninimizeroll rateand conduct no other maneuvers.
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ThespurgearV2 systemdesignusedon Rocket 1ivasusedagainand onlyfins 1

and 3 werecontrolled, fins2 and 4 werdeldatzero.

b. ReinforcedNosecone

A declinein quality of thecommerciallyavailable nosecone®ceivedin FY23
resultedin the requirement forthese thinner noseconés be reinforcedto prevent
disintegrationin flight. The noseconevascompletelycoatedon the inside withadditional
fiberglassresin mixed with shortstrand glassfiller. This increasedthe mass of the
nosecondrom 1247 g(44 oz)to 1871 g (660z). Oncethe additionatesincured, a 15.24
cm (6 in) diameterphenolic tubevassecurednsidethe nosecone using expandiogm,
epoxy andcan AM retainingring. This increasedhe strength andigidity of the nosecone
and provided darge, cylindrical bay for flight computers andsNC. The reinforced

nosecone ishown inFigure 64.
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Figure 64. Rocket 12 Reinforcetlosecone

2. Results

Rocket 1%lew successfullyandwasrecoveredntactand theGNC systemoperated
as intendedThesinglebaydual deployrecoverysystemsuccessfullydeployed the drogue
parachutdut themainparachutevaspreventedrom leavingthe parachute bay diethe
shockcord lengthusedto attachto the forward bulkheadfrom thetenderdescenderThe
result was that the systemdescendeall the way to the ground using onlyhe drogue

parachute resultingp minor damageo the aftendof the rocket
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a. GNC

TheGNC systemandspurgearV2 fin controlsystemworkedas designedhespur
gearsprovidedadequate contr@uthorityand anearzeroroll ratewasachievedafter the

rocketachievedstable flightfollowing launch. Thidow roll rateis shown inFigure 65.

Figure 65. Rocket 12 Flight Footage
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In thisfigure, the apparent angle tife cameran relationto the ground changeis
sucha way that thecameraappeardo be rolling slowly with the rocket, buthis is an
artifact ofthe activeimagestabilizationfeatureof the GoPro. Observation of thesible
controlfin andits relationto the building on the ground Figure 65reveals thatherocket
had veryminimal roll ratefrom 5to 19 seconds dfight. TherecoveredsNC data show
thattheroll ratewasconstrainedo within +/- 10 degreg/secondduringthis period.Before
5 secondgduringthemotor burn) the rockdtasa maximunroll rateof about 200 degreé
second]ikely dueto someinitial guidance commandshenleaving theail, inherentroll
induced byimperfecttolerancesn the construction of the rocket, and the initiaiv flight
velocity which limits the effectiveness of théns. After 19 seconds the rocket begias
perform a gravityurn before thelrogueparachuteleploysat apogeeRoll ratecontrolcan
be seenin Figure 66 approximately 5 seconugo flight once the vehiclexperiences

sufficientdynamic pressure and establishes control authority

Figure 66. Rocket 12 RolRatevs.Fin Demand

b. Single-Bay Dual DeploymentRecovery

The flight computers, both Rapto€O. systems, andhe TD-2 did function
properly, but the main parachute did not deplasuccessfully This resultedin therocket
descendingvith only thedrogue parachutgeployed and the recovery conditiegseenn

Figure 67.
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Figure 67. Rocket 12 Recovery

Postflight inspection of the rocketvealedhatthemainparachute diciot deploy
because of inadequate packingtloé parachute anthsufficient shockcord length.The
shock cordvassupposedb pull themainparachutérom the rockeafterthe TD-2 released
but wasinstalledwith too short of lengthsuchthat just themain parachute shroulines
werepulled out of the parachute bagavingthe canopy otthe main parachuteavithin the
parachute bay. Theesultof the shorshock cord ishown inFigure 68.
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Figure 68. Rocket 12Main Parachute Deployment Failure

A main parachute deploymeifuilure suchasthis canbe mitigatedby increasing
the length of the shock cord and packing the paracugatethatpulling on the shroulines
forces the canopy be removedrom the parachute bayeforethe shroudinescanbecome

unfurled.If thishadbeendone, thenainparachutdikely would have deployeais designed.

C. ReinforcedNosecone

The rocket assemblylanded noseconfirst with only the drogue parachute
reduce thalescentate.Despite thaapid descentthe noseconasnotdamagedy the
impact with the ground.This demonstrates that thesinforcementof the fiberglass

nosecone witlthe additional resiandphenolic tube wasuccessful.

112



V. CONCLUSIONS

Launchingseverrockets providednple opportunitiego gather experimentalata
about theeffectiveness of the variolBOTS systemstestedand allowed time to make
incrementaladjustments and improvementsot all test flights were successfuland
utilizing lessondearnedfrom previousflight campaigns helpespeedip the evolutionary
design procesd heseefforts represent substantiaimprovemenfrom betweenthe low-
performanceexperimentalvehicles of previoud\PStheses and the inclusion ofitical

subsystems tproduce dailorabletacticalsystem.

A. COUPLER, FIN CONTROL, AND RECOVERY IMPROVEMENTS

Thedesignand testingof a new couplefor the fuselag&ascrucialto thecontinued
succes®f the NPS high-powerrocketry programwhen applyingadvancedyuidance and
control strategiesBoth the frangible bolt coupler and variouserationsof the Marman
clampcoupler weresuccessfutlesigns that increasestiffnessof the rocketallowing it to
withstandthegreatebendingnomentsassociateavith activefin control.No frangiblebolt
couplerfailed during flight testsunderexpectedload conditions and could hesedon
future flights, thoughthe designlacks redundancyf single E-matchfrangiblebolts are
used.The Marmanclamp MC2 wasthe strongesttoupler design developed antllized.
The designwas simple, robust, capable,and had builin redundancy throughwo
independenseparatiordevices. hie aluminumandplasticMarmanclampdesigns should
continueto beused with the aluminum desigutilized in the higherstress regions of the
vehicle,suchas theinterstagecouplerlocation The use of coppewire for the tensioning
systemwasfoundto resultin a predictableand uniformassemblymethodfor the clamp
design, andhe entireassemblycould easilybe adaptetb otherairframesizes as needed.

The spurgearV2 fin controlsystemhasbeenshownto possesgxcellentstiffness
and strength omnultiple flights, proving its durability and modularity. The excessive
backlashn theprevioudin assemblyvassolvedand theveakpointin thegearattachment

methodto the shafteliminated
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Although atacticalsystemwould not employ recoverydevices theyarevital for
the continueduccess of eesearclprogramReliablerecovery oflight dataandhardware
provided thenformationnecessarjo improveexistingdesignsTheuse of singldaydual
deployment reduced the overall length anthplexityof the rocket anchade asuccessful
recoverymorelikely. The Tinder RocketryTD-2 was determinedo be thebestrelease
deviceto enablethis recoveryapproachAltus Metrum TeleMega andasyMega flight
computersvere provento be extremelyreliableandpossess greatamount offlexibility

neededo be usefuin almostanyconceivable testocket.

Through the use o£OTS components anah-housefabricationcapabilities,the
final coupler,fin mounts,servogear connections, and recovegapproachewill allow
increasedeliability and desigrchoices for future loweostrocket-poweredehicleswith

tacticalapplications.

B. FUTURE WORK
1. Camera Overheat

A solutionto the problem of thexternalcameras overheating on the launch pad
must badentified dueto the requiremenb operatan hightemperatureonditions. Afew
solutions havéeenconceivedsuchas covering theamerasvith sheets of papemtil just
before launchfilling a coolemwith dryice and using anand a hos# blow coolair from
this cooler over thecameras.The inability to reliably recordflight footage hasheen
detrimentako theNPStestprogram and must be improvagallow testingthroughout the

year

2. Successfullwo-Stage HighPower Flight

A two-stageflight with a pitch androll controlled uppestageis the nextstepin
thisresearctprogram. Constructing a rocket capablepératingwo stages consisting of
N5800 orlarger motorswould demonstratéhe feasibility of a COTS tactical system
Likely, arocketwith an aluminumMarmanclampstagingsystem plasticMarmanclamp

upper stagseparationanda reinforcechosecone would be successful.
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3. Telemetry Code Implementation

NPS has beenworking with an outsideparty to develop a bespok&lemetry
receivingprogramcompatiblewith Altus MetrumTeleMegaThis codeneeddo betested,

adjusted andimplemented

4. Improved Frangible Bolt

A working frangible bolt design usingwo E-matches osomeotherassurance of
redundancy would be a usefdévice. The frangible bolt conceptis worth significant
further investigationand developmentasit has numerousapplicationsboth within and

outside ofrocketry

5. RecoveryDrone

Finding rocket componentster parachute landings arashess challenging and
time consuminglt requiresthe NPSteamto hike throughthe Mojave Desertlooking for
any sign ofthe rocket. Numerous rocket componewnisre neitherlocatednor recovered,
resultingin theloss of valuabléestdataandhardware. A possiblgolutionto this problem
is the development anautomatedJAV searchdevice.ThisUAV could beprogrammed
tofly overlikely landingsitesaftertouchdown, usingnageprocessingoftwareto discern
mantmade orange anahite objectsfrom thesagebruskand rocks on thdeserfloor. The
UAV could thensendthese coordinateto the operatorand narrow the searcharea
significantly. The TeleMega units on theockettransmitaradio beacon, buthis signalis
often not detectedafter landing dueo terrain androcketswith parachutes deployaeday
travelsignificantlyafterlandingin windy conditionsAs theNPSbuilds highermperforming

rocketsthatfly higherandgofarther,aUAV tool to assisin recovery would be invaluable.
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APPENDIX A. FRANGIBLE BOLT COUPLER

A. FRANGIBLE BOLT COUPLER DEVELOPMENT

The Apogee Rockets:ewsletterarticle in Issue 266 [48]servedas the initial
inspirationto develop a robust coupler design udirangiblebolts. After reproducing and
testingsomefrangible bolts from the “toilet seatbolt’” design, itwas determinedhat it
would be advantageotsdevelop aeliableandrepeatabl@rocesdor producing aimilar
bolt usingAM thatcould be modifiedto bettermeetthe needs oNPS This designeffort

waseventually abandoned favor of the Marmarclampdesign.

1. Frangible Bolt Designinception

Designinganimprovemento existingcoupler designs involvegvisitingthe types
of couplersthatareusedtraditionallyin the space industry ancticalapplicationsOne
of theitemsthatis usedoften for separationsf all types,in both spacecrafandsatellite
operations,is frangible fasteners.This inspired some amateurrocketry enthusiastgo
develop a frangible bolt by adapting a nylon bolthaftype usedto hold downtoilet seats.
Onedesign forthis type ofamateurocketryfrangiblefastenemwaspublishedn Issue 266
of the Apogee Components Pe#ldlight newsletter:

In short, the bolt consists of a standard nytlmlet seatbolt thatis drilled

outto makeaninternalcavity for black powder andgcoredwith ahacksaw

at the pointwhereyou wantit to breakapart. The cavity is filled with a

small amount ofblack powder, and a standaf@uestQ2G2 igniter ... is

inserted.A plug of plumbefs epoxy puttyis insertedinto the hole and a

small pin is insertedto retainthat epoxy plug.When currentis appliedto

theigniter, it ignites theblack powder andheboltis split apartby theforce
of the smalblast.[48]

A photo and cross sectiaf thisdesignarein Figure 69.
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Figure 69. Apogee Components Frangible B@burce: [48]

2. Original Single E-Match Version
a. Frangible Bolt Design

Nylonwasselectechisamaterial dudo its relativestrengthamongplasticsavailable
for AM printers Nylonis a challengingnaterialto print effectively, so PLA prototypes
were madeinitially and fit-checkedbefore switching to the nylon filament. The first
iterationof theseAM nylon bolts vasdevelopedn SolidWorks by reproducing a 3/8”-16
UNC bolt and expanding thieeadto be 15.88mm (5/8 in) acrossthe flats. This gave
enoughroomin the top of thdolt headto include dargecircularcavity, intendedo work
as a plugreplacingtheretainingwire shownin Figure 69(the originalmodifiedtoilet seat
bolt design). Acrosssectionof this new desigrns shownin Figure 70.The use ofAM to
producethese bolts provided the flexibility neededto create abolt that had interior
openingsthat could not be produced by machining or modifying an otherwisesolid

objectsuchas an injectionmolded nylon bolt.
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(a) Trimetricview of frangiblebolt. (b) Crosssectionview of frangiblebolt.

Figure 70. CrossSectionof FrangibleBolt

After developing thenitial designfor thefrangible bolt andprinting severalPLA
and then nylon prototypes, thextchallengavasto find anappropriate epoxy that would
bind with the nylon. Nylon and otheplasticscanbe notorioushydifficult to bond using
traditional epoxies anddhesive$49]. After attemptingto use some traditionavo-part
and quickset epoxies it was found thatJB Weld company produces tavo-part epoxy
plastic bonderThis adhesive hadnacceptablyow viscosityto fill cavitiesinside of the
AM bolt andit alsoadheredo the plasticinsidethe bolt, sealingthe cavity suchthatthe
pressurdrom the ignition of theblack powder inside oft would causethe shank of the
bolt to separate.

b. Initial Coupler Design

The frangible bolt couplerwas designedio overcomesome of the challenges
associateavith the SHARD coupler desigrwhich did not operate properly during thest
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flight of Rocket5 [29] andrevealedmultiple failure modesthat neededo be eliminated
Thefrangible bolt coupler desigmasintendedto be simpler andnorerobust andallow
for agreatervariancen installationlocations on the rockesuchas being a coupldor a
parachute bagr being a coupldretweernthe 1st and 2nstagesAn additionaladvantage
of the frangible bolt desigis the limited axial engagementequiredto makethe coupler
robust.Eliminatingtheneedto have concentric cylindesdiding within eachother reduces
the risk of the coupler binding up durindight and increases the odds ofsaiccessful

separation.

Thefirst coupler desigmvasintendedo have goarachutgpassthroughthe coupler
once the bolts hadeparatedrom the baseplate. The sectionthat held the boltsvas
designedas alarge truncatedconethatfits inside the airframeof the interstagecoupler.
This cone isdepictedin Figure 71.

Figure 71. Frangible BoltCoupler Cone
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The bolts wereassembledhroughthis coneusingthru holesandthreadedonto a
plywoodring with tee nutdnstalledin it, which would bein turn screwedonto theframe
housing portion othefin can.This required the bolt explosiaim be controlledfrom the

avionics bayin the middle of thenterstagecoupler.

3. Testing
a. Determining Powder Charge

Theveryfirst testingof the frangible boltsvasdone bysimply drilling a thru hole
in two piecesof plywood,threadinga frangible bolt throughit, and putting a nut on the
otherside This processasrepeatedeverakimesusingboltswith variousblack powder
chargegso determinghatthe 0.125 2 gr) black powder chargevassufficientto separate

the bolt reliably.

b. Torsion Limit Testing

Thetorsionlimit testwas developedo guidethe pre-flight assemblyprocesgor
the couplerto deliver the maximum retentionforce during assemblywhile precluding
torsionalfailure of thebolts. A series oftestboltswere printedandassembledEachbolt
was grippedin a vice holding justthe threadedportion of the bolt, preventingit from
rotating.A torquewrenchwasplacedon theheadof the boltandrotateduntil theboltfailed
in shear.The applied torqueat the onset ofleformationand at the point offailure was
recorded Deformationwasdefinedas avisible twisting of the line paintedlengthwise on
the bolt. Theexperimensetupis depictedn Figure 72. Results are shownTable9.
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Figure 72. Frangible BoltTorque TesExperiment Setup

Table 9. Single E-MatchFrangible BoltTorsion Limit Test

Bolt Number | DeformationTorqueN-m (in-lbf) FailureTorqueN-m (in-Ibf)
1 4.52(40) 5.65(50)
2 4.52(40) 5.65(50)
3 4.52(40) 5.65(50)
5 5.08(45) 5.08(45)
6 3.95(35) 3.95(35)
7 3.95(35) 5.08(45)
8 3.95(35) 4.52(40)

Note:Bolt number4 washeldincorrectlyin thevice, invalidatingthetest. Thetestwasperformed
at an ambienttemperatureof 20 deg C (68 deg F). All bolts were printed on an Ultimaker 3
ExtendedAM printerusingUItimakerBlack Nylon filamentandthe settingsin Table11.

Thesetestsdeterminedhat the bolts should be tightenéa 3.39 N-m (30in-Ibf)
using atorquewrenchwhenassemblinghe couplerThis maximizesthe pre-load on the

fasteners whilensuring that they wilhot fail whentightening.
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C. CompleteCoupler Tes{Unloaded)

A prototype couplewas built as describedin the initial couplerdesignsection
above. This prototype couplewas assembledn a shortpiece of airframe tubing. A
plywood circle with four tee nutsfor the frangible boltsto threadinto wasattachedo an
upright pallet. The frangible bolts were installed and for the first time, a controlled
explosion ofall four ofthese boltsvasattemptedusing a 9V alkalindatteryas hadeen
done previouslwith the single boltslt wasfound that the 9\batterycould not produce
sufficientcurrentto detonate four Eratchesall atonce. Alithium polymerbatterywith a
higherdischargeatewasdeterminedo berequiredto activatethe couplerThisledto the
design of asolid-staterelaysystenthatcould beactivatedby aflight computerto explode

these boltseliably. Thissystems shownin Figure 73.

Figure 73. Frangible BoltTriggerRelaySystem
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Therelay systemusesa flight computerlike thoseusedin flight, but ratherthan
using the outputo trigger the Ematch,the outputis usedto trigger asolid-staterelay
instead.The outputof thisrelayis connectedo thefour frangibleboltsand awo-cell LiPo
battery capableof high current outputThe solid-staterelay is essentialbecauset is

resistanto beingtriggeredaccidentallyin flight underextremeacceleratioror maneuvers.

Thecouplerseparationvastestedusingthis new triggerelaysystemA high-speed
cameravassetup looking dowrinto the open endf theairframeawayfrom the coupler.
This allowedthe camerato see the heads all four of thefrangible boltsin the coupler
suchthattheir relative detonatiortimes could be determinedStills from thatcameraare

shown inFigure 74.

Figure 74. Frangible BoltCouplerTest

124



Lessthan4 mselapsedrom thefirst frangiblebolt initiation to the fourthin image
3 of Figure 74 Thecouplerhalvesfell cleanlyapartas soorasall 4 bolts hageparatedas

seenin image6. Therewasno damage tthe coupler, airframer mounting surface.

d. CompleteCoupler Tes{SimulatedBending Moment)

A testof the coupler under aimulatedoadwasconductedafterthefrangiblebolt

coupler waseento separateleanly.

The testfastenedhe coupletto onepiece of 1.22 m (4tf long airfframeand the
plywood basewith thetee nutswasinstalledonto a palletwhich washeld vertically by a
simpleframeas showrin Figure 75. The coupler aradrframewerethenheld about 1 m
(3.3ft) off the ground,andlevel with the groundsuchthata weightcould be hungrrom
the end ofthe airframeat the opposite enffom the coupler.This would simulatethe
expectebending moment on trarframein flight andtesttherigidity andstrengthof this

coupler design.

Figure 75. Loaded Frangibl®olt Coupler Test
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A 14.15 kg (31.2 Ib}teelflange anadchainwerehungfrom the endof theairframe,
and no gapetweerthesurfacesf the couplerwasobservedThis correspondso atensile
load of 1112 N (25@bf) on themostlimiting bolt anddemonstratethatthis designwill

be ableo hold anairframerigid under expecteflight loads.

Two loadedrangiblebolt couplertestswereperformedlin theseests thefrangible
bolts all initiated separationwithin 4ms and 1ms respectivelythis demonstrated
consistencyfor multiple bolts and that they could belied uponto separatewhen

commandedy the flight computer.

4, Implementation

The truncatedcone frangible bolt coupldtew on Rocket 6 After Rocket 6the
interstagecouplerwasmodifiedto a single-baydual deployment parachute configuration
(discussedn detailin Chapter Il1).This eliminatedthe needfor thetruncatedconein the
frangible bolt coupler,as a parachutewas no longerrequiredto passthroughit. The
truncatedconewasreplacedby aflatter, morerobustretainingring. This retainingring is

shown inFigure 76.

Figure 76. Frangible BoltCouplerRetainingRing
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Theother design adjustment maddateriterationswaschanging the plywoode
nutring to anAM version, and the addition tdperpinsto absorb anyotationalload on
the couplerThese changes are seeimenthe twoversionsarecomparedn Figure 77

(a) Plywoodteenut ring. (b) AM teenutring.
Figure 77. Frangible BoltCoupler e Nut RingComparison

5. Improved Frangible Bolt Design
a. New BoltCross section

A bolt with two cavitiesfor E-natcheswas developedn an attemptto build a
frangibleboltwith redundaninitiation. Thismeanthatthebolt crosssectionwasno longer
axially symmetric Two designsvereexplored: oneavith two parallelchambersn the bolt
going downto acommonblack powderwell in the bottomnearthethreadsand a second
with a pair of channelsat anangleto eachotherin a veeshapeterminatingtogetherin a
commonblack powder chambeagainin the threadedportion of the bolt.Thesecross
sectiors areshown inFigure 78 andFigure 79.
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(a) Trimetric view of parallelimprovedfrangiblebolt. (b) Crosssectionview of parallel
improvedfrangiblebolt.

Figure 78. ParallelimprovedFrangibleBolt CrossSection

(a) Trimetric view of vee shapeimprovedfrangible bolt. (b) Crosssectionview of vee
shapdmprovedfrangiblebolt.

Figure 79. Vee Shape Improved Frangible Bolt Cr&stion
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The diameterof the boltwasexpandedrom 9.53mm (0.375in) to 12.7mm (0.5
in) to accommodatéwo cylindrical channel®f sufficientdiameterto permitan E-match
to beplacedinside. A newthreadsize of1/2"-13 UNC wasused, andhe coupler would
haveto be modifiedto fit this bolt aswell. Both new boltcrosssectionsvereassembled

and testedo determinevhich mightbe the moseffective.

b. Material Selectionand Printing

An AM printer capableof printing a carbonfiber impregnatednylon filament
(N12CH washypothesizedo providean effectivealternativeto pure nylon thatight be
easierto print. This materialwas advertisedas stronger andess hygroscopithan pure
nylon filament[50]. In the end,boththe veechannelandparallelchannebolts (bothcross
sections)wvereprintedon an Ultimaker 3 Extended printdrom pure nylon only and on a
MakerBot METHOD X printer using N12CF filament. The MakerBot printer had the
additionalfeatureof annaling N12CF prints after completion. Thideaturewasusedon

some of the prototypes.

C. Torsion Limit Testing

A torsionlimit testidenticalto the testdoneon the originalfrangible bolts was
conductecandtheresultsarepresentedn Table10. The bolts using the ¥eshapedcross
sectionweremarginallystrongethanthe boltsusingtheparallelcrosssection TheN12CF
combinationrwasnot stronger than thgure nylonfrom the Utimaker printer.Overall,the
new boltswereslightly strongeiin thetorsionlimit testcomparedo the previousingleE-

matchboltsbut did possess increadedttlenesupon failure.

129



Table 10. Improved Frangible Bolt Torsion Limit Test

Bolt . : DS o FailureTorque
Number Material CrossSection Tor_que N-m N-m (in-bf)
(in-1bf)
1 N12CF Vee 4.52 (40) 5.65 (50)
2 N12CF Vee 4.52 (40) 5.08 (45)
3 N12CF (Annealed) Vee 5.65 (50) 6.21 (55)
4 N12CF(Annealed) Vee 5.08 (45) 6.21 (55)
5 N12CF(Annealed) Vee 5.08 (45) 6.21 (55)
6 Nylon Vee 4.52 (40) 5.65 (50)
7 Nylon Vee 6.21 (55) 7.9 (70)
8 Nylon Vee 4.52 (40) 5.65 (50)
9 N12CF Parallel 3.95 (35) 4.52 (40)
10 N12CF Parallel 3.95 (35) 4.52 (40)
11 N12CF(Annealed) Parallel 4.52 (40) 5.65 (50)
12 N12CF(Annealed) Parallel 4.52 (40) 5.08 (45)
13 N12CF(Annealed) Parallel 5.08 (45) 5.65 (50)
14 Nylon Parallel 5.08 (45) 6.21 (55)
15 Nylon Parallel 5.08 (45) 6.78 (60)
16 Nylon Parallel 4.52 (40) 5.65 (50)

Note: Thetestwas performedat an ambienttemperaturef 18.3deg C (65 degF). N12CFbolts
wereprintedon aMakerBotMethodAM printerfrom MakerBotN12CFfilamentusingthesettings
in Table12. Nylon bolts were printed on an Ultimaker 3 ExtendedAM printer from Ultimaker
Black Nylon filamentusingthe settingsin Table11.

Thenylon boltsfailed atthe intended angrescribedreakpoint,whichis the point

of the smallestdiameter(stressconcentrationjand thushe maximumshearstress.The

N12CF bolts, bothannealedand not,failed in torsionin a characteristidrittle fashion
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along a 45degreeplane.Additionally, theN12CFmaterial tendedo havethetwo halves
fail to separatecompletely,whereashe brittle failure moderesultedin some amount of
connectiorremainingbetweernthetwo parts.The separationsverenotcleanandtherefore

undesirable fotheir intendedise.Thedifferencein thesefailuresis depictedn Figure 80.

Figure 80. Torsion Limit TestFailureModes

d. Functional Testing

Functionaltestingof the redundanbolt designrevealedafatal flaw in this design.
BothN12CFand pure nylon boltwereassembledising thesameprocedures theoriginal
frangiblebolts. Two E-matchesvereinstalledin eachbolt and the 0.125 2 gr) powder
chargewasretainedfrom the previous desighis decisionwasinformedby theminimal

change irthe shear torque tesalues.

All of theboltsto betestedwereplacedthrough a bulkhead and a nuasput on
thethreads on the backside edichbolt. The boltswereall explodedn sequenc®ne by

one todeterminewhichtype of bolthad the mosattractive separatiocharacteristics.
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During this test it wasfound thathese boltswhenproduced usingM, suffered
from layer adhesiorproblems Ratherthan breakingleanlyat the stressconcentration on
the shaftwhendetonatedthey wouldsimply crackbetweerthe layersof theAM material
nearthe boltheadandventthe gasedrom the black powder. None othe boltsseparated
cleanly as expectedThese boltsvere not usable for arangible bolt coupler.This was
attemptedagain this time varying the powder charge eachbolt from 0.125 g(2 gr) up
to 0.5 g (7.7 gr) and thissuewith the layer adhesiorseparationgersistedlt is theorized
thatthis wasdueto theprinting of these bolts on argerscale than previous, and the loss

of axial symmetrydue tothe double Enatchdesign.

Following this observation, the improvddangible bolt designwasnot pursuedn
favor of building a moreobust and effectivarman clampdesign.

The frangible bolts themselveswere a simple, effective design that had great
potential. The nylon AM materialappeardo be ideal. The single Ematchfrangible bolt
design should beonsideredor anyapplicationwherea remotelyoperated oautomatic
separatiorof two itemsis neededvhereafailure of one bolt would notesultin thelossof
a vehicle,or thatlossis acceptableAn example useasewould beretainingumbilical
cords ofsometypeto the rocketuntil just beforelaunch, orevenoutside ofrocketryas a

munitions deployment device on a drone operated by ihdguttry.

B. FRANGIBLE BOLT ASSEMBLY PROCEDURE

1. Setup Ultimaker3 Extended printer usingltimaker BlackNylon
filament, or the MakerBot METHOIX printerwith MakerBotNylon or
N12CFE Ensure thathefilament hadeenin a heatedilament dryer forat
least24 hours beforerinting.

2. Upload the frangibldolt STL file into the Ultimaker Curgor MakerBot)
software Arrange eaclolt on thebuildplate ashown inFigure 81. One
of the boltheadfaces withthe weephole musbe flushwith the
buildplate.
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Figure 81. Frangible BoltBuildplate Arrangement

3. Load print settings fronTable11 orTable12 as applicable.

Table 11. Ultimaker 3 Extended Frangible Bolt AMrinterSettings

Quality
LayerHeight | 0.06mm
Walls
Wall Thickness 0.8mm
Wall Line Count 3
HorizontalExpansion -0.006mm
Top/Bottom
Top/Bottom Thickness 1.2mm
Top Thickness 1.2mm
TopLayers 20
Bottom Thickness 1.2mm
BottomLayers 20
Infill
Infill Density 100.0%
Infill Pattern Lines
Material
Printing Temperature 240.0degC
Build PlateTemperature 75.0degC
Speed
Print Speed | 70.0mm/s
Travel
EnableRetraction | False
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Cooling

EnablePrint Cooling | False
Support
Generaté&Support True
SupportExtruder Extruderl
SupportPlacement TouchingBuildplate
SupportOverhangAngle 60.0deg
Build PlateAdhesion
EnablePrimeBlob True
Build PlateAdhesionType Brim
Build PlateAdhesionExtruder Extruderl
Brim Line Count 18
Dual Extrusion
EnablePrimeTower | False

Table 12. MakerBotMETHOD X FrangibleBolt AM Printer Settings

Quick Settings
BaselLayer Raft
LayerHeight 0.2mm
Infill Density 95%
Numberof Shells 2 Shells
SupportType None
Printer
ChambemHeaterTemperature 80degC
PurgeEarly End True
PurgeTower True
TravelSpeed 250mm/s
Extruder
Model ExtruderToggleDelay 5s
Extruderl Idle Temperature 180degC
Extruderl RetractionDistance 0.5mm
Extruderl Temperature 245degC
SupportExtruderToggleDelay 5s
Extruder2 Idle Temperature 180degC
Extruder2 RetractionDistance 0.5mm
Extruder2 Temperature 245degC
Roofs
Extruderl FilamentCoolingFanSpeedRoof
. 0%
SurfaceFill
Extruderl Print SpeedRoof SurfaceFill 55 mm/s
Extruder2 FilamentCooling FanSpeedRoof
. 0%
SurfaceFill
Extruder2 Print SpeedRoof SurfaceFill 80 mm/s
Roof Solid Thickness 0.6096mm
Roof SurfaceThickness 0.4064mm

1
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Shells

Fixed Shell Start True
Do SmartZipper False
Extruderl FilamentCoolingFanSpeed: 0%
Insets
Extruderl Print Speedinsets 35mm/s
Extruderl Fllament_Coollng FanSpeed: 100 %
Ouitlines
Extruderl Print SpeedOutlines 25mm/s
Extruder2 FilamentCooling FanSpeed: 0%
Insets
Extruder2 Print Speedinsets 43 mm/s
Extruder2 Fllament_Coollng FanSpeed: 100 %
Outlines
Extruder2 Print SpeedOutlines 41 mm/s
Shell StartingDirection 215deg
LayerHeight 0.2mm
Numberof Shells 2 Shells
Infill
Extruderl FilamentCooling FanSpeedSolid 0%
Extruderl Print SpeedSolid 52 mm/s
Extruderl FilamentCooling FanSpeed:
0%
Sparse
Extruderl Print SpeedSparse 100mm/s
Extruder2 FilamentCooling FanSpeedSolid 0%
Extruder2 Print SpeedSolid 53 mm/s
Extruder2 FilamentCooling FanSpeed: 0%
Sparse
Extruder2 Print SpeedSparse 51 mm/s
Infill Density 95%
Infill Pattern ThatchFill
Floors
Extruderl FilamentCooling FanSpeedfloor 0 %
0
Surface
Extruderl Print SpeedFloor Surface 51 mm/s
Extruder2 FilamentCoolingFanSpeed¥floor 0 %
0
Surface
Extruder2 Print SpeedFloor Surface 110mm/s
Floor Solid Thickness 0.41mm
Floor SurfaceThickness 0.41mm
Supportst Bridging
SupportUnderBridges False
SupportAngle 40deg
SupportGeneratiorOutset 0.5mm
SupportDensity 20%
Supportto Model Spacing 0.4mm
SupportType None
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BaselLayer
Baselayer Raft
Brims Model Offset 0Omm
FilamentCooling FanSpeedFirst Model 0%
Layer
Print SpeedFirst Model Layer 10mm/s
Extruderl BaselLayer SurfaceTemperature 245degC
Extruderl FilamentCooling FanSpeedRaft 0%
Base
Print SpeedRaft Base 10 mm/s
Extruderl BaselLayer SurfaceTemperature 245degC
Numberof ExternalBrims 5
Numberof InternalBrims 5
Raftto Model Shell Vertical Offset 0mm
Raftto Model Vertical Offset 0mm
Raft BaselLayerOutset 2mm

4, Print thefrangible bolts.

5. Remove frangible boltsom the buildplate. Therwill be support material

and strayfilamentonthebolt. Sed~igure 82.

Figure 82. Frangible BoltAfter Printing

6. Remove the support materisingsharpdiagonal cuttersThebolt should

look like the one irFigure83.
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Figure 83. CleanedBolt and Diagonal Cutters

7. Place theboltin a vise, gripping theheadwith the shaftvertical.

8. Usea flat file as shown ifFigure 84to remove burrdrom the threaded
portion and smooth thehank.
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9.

Figure 84. FlatFile and Frangible Bolt

Use a needle filavith a 68degree triangular crosection like the one in
Figure 85, taenoveanyremainingmaterial fromthethreads.
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10.

Figure 85. Cleaning Frangible Bolt witfiriangular File

Usea 3/87-18 UNC die tochase théhreads on thbolt. It is helpfulto
clearchipsfrom thedie four timedor everyhalf turn forward This
reduces clogging of thdie and subsequent threddmage. Figure 86
shows the frangible bodfter chasinghe threads.

139



11.

12.

13.

Figure 86. Bolt Threads Ater Chasing

Invert the boltin the vise grippingthe shank jusbelow the bolhead.

Measure 0.125 g (@r) of 4F blackpowder and pour thisharge intdhe

hole inthe centepf the bolt.

Remove theed plasticcovering fromthe headf the Ematch Thecover
does not havéo be removeall theway, just pushed bac&sshown in
Figure 87. Verifythatthe resistance across thenatchleadsis
approximately 2 ohms. THe-matchdepictedis anMJG Firewire Initiator

with a standardhroud.
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Figure 87. Exposed E-MtchHeadand FrangibléBolt Top

14.  Place theE-matchheadfirst into the hole inthe bolt, being surthatthe
bolt heads in contact withthe blackpowder. Bendhe wiredown across
the bolt heads shown irFigure 88.

Figure 88. E-Matchinsertednto Frangible Bolt
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15. Mix a smallamount ofJB Weld PlasticBonder picturedin Figure 89) or

similar epoxy.

Figure 89. Monoject 412Syringe andlB Weld Plastic Bonder

16. Usea tongue depressu fill a 12cc curved tiprrigation syringe
(Monoject 412or similar)with epoxy. Onlya small amount iseeded,

evenfor multiple bolts.Referto Figure90.
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Figure 90. Epoxy Loaded irSyringe

17.  Place theplunger intathe syringe, holdhe syringeverticalwith thetip up,
and slowlydepress the plunger temoveany airfrom thetip. A small
amount ofair remainingis acceptablesee Figure 91.
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18.

Figure 91. Syringe withPrimedTip

Usethe syringe tanjectepoxy intothe hole inthe frangiblebolt wherethe
E-matchis. Continue injectinggpoxy until epoxy cabe seertomingfrom
the weepholes on eitheside of the frangible botteadas shownn Figure
92.
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Figure 92. Frangible BoltFilled with Epoxy

19.  Place théolt verticallywith the headup ina secure locatioto dry. The

epoxy will befully curedin 24 hours.

Boltsassembleth this mannercanbestoredfor atleastoneyear,theblackpowder
insideis completeandthe E-matchare bothshieldedfrom the atmospheresotheydo not
absorbwateror deterioratesignificantly.No bolts older thamneyearwerestoredor tested
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APPENDIX B. GRID FIN DEVELOPMENT AND TESTING

Thegridfin designwvasinspired bythegrid fins usedto stabilizetheverticallanding
of the SpaceXFalcon9 reusable rocketystem.Unlike theFalcon9, thesegrid fins were
intendedto stabilize the descentof the upperstageafter reachingapogee allowing the

upper stage tbe useds a stable camera or communications platform.

Thegrid finsweredesignedo fit in the existinggapsbetweerthe bearing supports
of the controllablein canassemblyandbecame theracticaldriving factor behind the
dimensions ofthese fins vice any aerodynamicanalyses.The sizing of the grid
checkerboaravasbasedn theminimumviableshelllayerthicknesghatcould bereliably
produced usingM attherocketlabwith PLA asthefin material. Thesefins wereattached
to thefin canusingstandardsl mm (2 in) T hingeswhich werere-drilled to matchthe
existing threaded holes thefin canframesupport. Ahardstopattachedo theairframe
below thefin hingewasinstalledto prevent thdin from movingpast90 degreesandwas
installedfor threeof thefins, but noton the fourthbecausé interferedwith therail buttons
required for launchThefins werealsorestrainedrom openingpast90degrees by a 1.59
mm (0.0625 inkteelcablewith swagedoops oreither endbetweerthetop of thegrid fin
and the top of thén can;again,this usedexistingthreadedholes,this time an eyebolt
threadednto thethrustring assemblyWhenthefins weredeployedthis wire waspulled
taut,forming a strong supporThefin canassemblywith the grid fins installedis shown
in Figure 93
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Figure 93. Fin CanAssemblyShowing GridFins.Source{32].

Thefin deploymentwasaccomplishedy using acircumferentialsteelcablethat
heldthefins closeto the body of the rockeintil releasedThisrequireda new pyrotechnic
device to be sourced,tested and installed. The Tinder Rocketry Piranhautter was
identifiedfor thisapplication.Two Piranhacutterswereinstalledin parallelin a gap below
one of thefins. Thesecutterswould cut azip tie that heldthis circumferentialcabletaut.
Oncereleasedthegrid fins sprung outwardhto theflow boundarylayer surrounding the

sustainerforcing themto fully deploy.Thisretainingwire is shown inFigure 94.
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Figure 94. Grid Fin Retaining Wire Adapted from [32].

The grid fin deploymentmechanismwvastestedmultiple times on the ground by
restrainingthe grid fins to thefin canusing thesteelcablefastenedvith azip tie through
the loopsandthencuttingthatzip tie and observing that thgid fins fell opensufficiently
thatthey would be grabbed by th&ipstreamaround theocketif it weremoving and be

forcedopento their full 90 degrees.

Limited flow modelingwasconducted othesegrid fins using computationdluid
dynamicssoftwaresuchasFluentto demonstrate that theyould be effectivein slowing
down the vehicleThis testingis describedoy Sherencd32]. Wind tunnekestingwasnot

available andvasoutside the scope of thigsearch.
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APPENDIX C. FLIGHT COMPUTER PROGRAMMING

A. ROCKET 6
Nosecone 2x TeleMega

x Drogue channel Gridfins — Apogee +3econds
X Main channel — SLEDmainchute— 1250 feet
x Channel A — SLEDrogue — 2000 feet

Booster 2xMissileWorks RRC3

x Drogue channel — Pyrbolts — Apogee
X Main channel — Boostanain chute— 1200 feet
X Auxchannel — Booster drogue chute — Apogee + 3 seconds

B. ROCKET 7
SLED 2x TeleMega(Antenna DOWN)

x Drogue channel Gridfins — Apogee +3econds
X Main channel — SLEDmainchute— 1250 feet
x Channel A — SLEDrogue — 2000 feet

Booster 2xMissileWorks RRC3

x Drogue channel — Pyrbolts and booster separatiG®2charge — Apogee
X Main channel — Boostanain chute— 2000 feet
X Auxchannel — Boostenain chutebackup — 1 second afterain channel

C. ROCKET 8
SLED: 2x TeleMega- (Antenna DOWN)

x Drogue channel- Gridfins — Apogee +3econds
X Main channel—- SLED mainchute— 1250 feet
X Channel A — SLEDDrogue — 2000 feet

Booster: 1xTeleMega (Antenna UP)Lx TeleMetrum(Antenna UP)1x EasyMini,1x
PerfectFlite
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x Drogue channel- Pyrobolts — Apogee (TelemegégleMetrum)

x Drogue channel(PerfectFlite) / ChannelA (TeleMega)- Interstage Coupler and

SLED separatiorbackup — Apogee +2econds (TeleMeg®erfectflite)

X Main channel- Boostemain chute(TD-2) — 1500 feefTeleMega,TeleMetrum)

Note: alsoprogrammedn EasyMini,Perfectflite

x Drogue channel(PerfectFlite) / ChanneB (TeleMega)- Booster Drogue Chute

(CO2Charge) — Apogee + 4 seconds

Flight TeleMe@/TeleMetrum Monitoring Channels:
SLED: 1 (434.650 MHz)0 (434.550 MHz)
Booster: 3 (434.850 MHz} (435.150 MHz)

D. ROCKET 9

SLED: 2x TeleMega- (Antenna DOWN)

Drogue channel- Gridfins — Apogee +3econds

Main channel— SLEDmainchutebackup CO2- 1250 feet

Channel A — SLEDDrogue — 2000 feet

Channel B — SLED MarmanClamp— 1500 feet

Channel C— SLEDmainchute backup BlacRowder — Mairchute CO2+2
seconds

X X X X X

Booster: 2xTeleMega (Antenna UP)
x Drogue channel- Pyrobolts — Apogee
x Channel A — Interstage Coupler and SLERparatiorbackup — Apogee +2
seconds
x Main channel— Boostemain chute(TD-2) — 1500 feet
x Channel B (TeleMega)- Booster Drogue Chute (C@zharge) — Apogee + 4
seconds

Flight TeleMe@/TeleMetrum Monitoring Channels:
SLED: 1 (434.650 MHz)0 (434.550 MHz)
Booster: 3 (434.850 MHz} (435.150 MHz)

E. ROCKET 10

SLED Nosecone: 1x TeleMegax EasyMega- (AntennaRBeeperUP)
x Drogue channel- SLEDMarmanClamp(Drogue Release) Apogee
x ChannelA - SLEDCO2Backup Systerr Apogee +Xeconds

SLED Motor Bay:1x TeleMegalx EasyMega- (AntennaR/BeeperDOWN)
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x Channel A — Second stagignition — Burnout +7/Seconds
X Main channel— SLEDmainchute(TD-2) — 2000 feet
x Channel B — SLEDMain Chute BlackPowder Backup System1500 feet

Booster: 1xTeleMega,1x EasyMega(Antenna W/BeepeDOWN)
x Channel A — Pyrobolts — Burnout +Seconds
x Channel B — Interstage Coupler and SLE@paratiorbackup CO2- Burnout +7
seconds
x Drogue channel- Booster Drogue Chute (C@harge) — Apogee
X Main channel- BoosteiMain chute(TD-2) — 1500 feet

Flight TeleMegavonitoring Channels:
SLED Nosecone: 1 (434.650 MHz)
SLED Motor Bay:2 (434.750 MHz)
Booster: 3 (434.850 MHz)

F. ROCKET 11

SLED Nosecone: 1x TeleMegax EasyMega- (AntennaRBeeperDOWN)
X Main channel— SLEDmainchute(TD-2) — 2000 feet
x Channel B — SLEDMain Chute CO2Backup Systen 1500 feet

SLED Motor Bay:1x TeleMegalx EasyMega- (AntennaR/BeeperUP)
x Channel C — Second stagignition — Burnout +4Seconds
x Drogue channelSLED MarmanClamp(Line Cutters) (Drogue release)
Apogee
x Channel A — SLEDMarmanClampSeparatiorBackup — Apogee +8econds

Booster: 1xTeleMega,1x EasyMega(AntennaDOWN/BeeperUP)
x Channel A — MarmanClamp(Line Cutters) — Burnout +3econds
x Drogue channel- Booster Drogue Chute (C@harge) — Apogee
X Main channel- BoosteiMain chute(TD-2) — 1500 feet

Flight TeleMegaVonitoring Channels:
SLED Nosecone: 1 (434.650 MHz)
SLED Motor Bay:2 (434.750 MHz)
Booster: 3 (434.850 MHz)

Note: Burnout settings called”After Motor Numberl” in Altus Metrumsoftware.

G. ROCKET 12

SLED Nosecone: 1x TeleMegax EasyMega- (AntennaRBeeperDOWN)
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x Main channel— SLEDmainchute(TD-2) — 2000 feet
x Drogue channel- SLEDDrogue Chute CO3ystem- Apogee
x Channel A — SLEDDrogue Chute Backup CC&ystem- Apogee +1 second

Flight TeleMegaVonitoring Channels:
SLED Nosecone: 0 (434.550 MHz)
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APPENDIX D. ROCKET ASSEMBLY PROCEDURE (SAMPLE)

April 2022 RocketAssemblyProcedure[51]

1) Assemble Pyrotechnic Charges (Perforeoncurrent withBooster Assembly)
a) SLED
i) 2x Edmatches and 1x largeO2 canisterfor mainparachute.
(1) Assemble COZzanisterand powder chargato SLED coupling bulkhead,
routing Ematchwiresforwardthrough bulkhead.
(2) Short thesdeads together and tapamporarilyinsideairframe.
i) 2x Edmatches and 2x lineutter assemblies f@rid fins.
(1) Assembldine cutterstAW manual.
(2) Connect Ematchleadsto 4 pin Amphenol on canakction.
(3) Verify resistance of Eratchleads isapproximately 1 ohmmeasuredt
canardsectionUSB port.
iii) 2x E/matches and 1x smallO2 canisterfor drogue parachute.
(1) Assemble gridin retainingwire.

NOTE: retainingwire should be placedtthe bottom othegrid fins, pulledtaught and
securedwith zip tie.

(2) Assemble COzanisterand powder chargato modified 1 grainmotor
casing,routing Ematchleads forward.

(3) Twist E-matchleadsto pigtail in canardsection, tape connections.

(4) Verify resistance of Eratchleads isapproximately 1 ohm.

(5) Connect drogue parachuteggebolt inmodified motorcasing

(6) Insertparachute int@asing.

(7) Slide modifieddrogue parachute motor casingp canardsection, cover
end withcardboard circland securéghtly with motorretainingring.

iv) Install USB shorting plugsto canardsection

DANGER: This safetyplug reduces the rissf accidentatlischarge othepyrotechnics
and must beemoved befordight.

V) 4x Frangible nylon bolts and coupkssembly.
(1) Assemblethe 4 frangiblenylon boltswith appropriatavashers through
plywood retaininging.
(2) Handtightenfrangibleboltsinto canardsection.

CAUTION: Takecare noto twist leadswhile tightening, breakage of wi@nductor
may result.

(3) Torque allfrangible boltsevenlyto 30in-Ib using torque wrenctvith 5/8”
flare nut socket

NOTE: ensure wood plates aflash; stoppersnay needto be backedip and rescrewed
to ensure plateareflush.
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(4) Threade-matchleads through plasticone.
(5) Short allE-matchleads together.
(6) Assemble plasticone oveffrangiblebolts, observing indexing marks
Tighten 8x screws inside conehold it securelyto the canardection.
b) Interstage Coupler
i) 2x Edmatches and 1x largéO2 canisterfor drogue parachute.
(1) Assemble COzanisterand powder chargato removable interstage
coupling bulkhead, routing Eratchwires forwardthrough bulkhead.
(2) Verify resistance of Eratchleads isapproximately 1 ohm.
(3) Connect Ematchleadsto RRC3AUX screwterminals.
i) 2x E4matches and 1x largeO2 canisterfor mainparachute.
(1) Assemble COZanisterand powder chargato permaneninterstage
coupling bulkhead, routing Eratchwires aft through bulkhead.
(2) Verify resistance of Eratchleads isapproximately 1 ohm.
(3) Connect EMatchleadsto RRC3PyrocontrollerMAIN screwterminals.

2) Assemble BoostefPerformconcurrent withPyrotechnic Charges Assembly)
a) Verify booster motor bumpdénstalled.
b) Slidecompletednotor assemblinto booster.
c) Tighten motormounting ring.

3) Assemble Interstage CouplefMustfollow Interstage Coupler Pyrotechnic charge
assembly)
a) Attach2x 9volt alkaline batterieso pyro controllersSecurewith zip-ties.

DANGER: Carefullyobserve 9¢0lt batterypolarity. Reversegolarity maydestroy pyro
controller.

b) Attach1x 2cell LiPo batteryto frangiblebolt relay.Secure wittzip ties.
c) Route frangiblébolt E-matchleadthrough permanent bulkhead.
d) Connect 2x key switchonnectorso RRC3pyro controllers.

DANGER: Verify key switches argn the OFHred) position before making connections
to precludeprematurearmingof theflight computes.

e) Testkey switchesEnsure that audible signalhgard.

f) Slideremovable bulkhead intaterstage coupler, ensuring wirgs not become
pinched and that alignment makeobserved.

g) Insertsafetypin intolnterstage coupler safesyvitch.

h) Secure removable bulkheadgermanent bulkhead using 2x 1/4”-20 nuts.

i) Secure removable bulkheaditterstagecoupler airframeising 4x external
screws.

J) Main Parachute
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i) Temporarilytape frangibléolt E-matchleadto outside ofairframeto
facilitate parachutenstall.

i) Connect mairparachuteo interstagecouplerforward bulkhead U-bolt.
Perform 2 partyerificationof this step.

iii) Slide parachute intdorwardinterstagecoupler bay, takingareto ensure
frangiblebolt leadremainsaccessible.

k) Drogue Parachute

i) Connect drogue parachuteitterstagecoupler aftoulkhead U-bolt. Perform
2 partyverificationof this step.

i) Loaddrogue parachute intaterstagecoupler aft bay. Ensure booster end of
shock cord remains accessible.

4) Connectlnterstage Couplerto canard section
a) Align InterstageCoupler and canargkctionreference marks.
b) Slideplasticcone intdforwardend of interstageoupler.

CAUTION: Do not allowmainparachute tde pinched or otherwiseccluded by the
plastic cone. Thisnayhinder parachute deployment.

i) Observe thathe frangiblebolt E-matchleadconduit isaligned withthe slot
on the cone and that theratchleadfrom the interstageoupler remains
accessible.

c) Beforeconeis fully insertediwist andsecurelytapethe Ematchleadfrom the
interstagecouplerto the 4 frangibleébolt E-matchleads.

DANGER: All BLUE leads are grounds; ensure thesenared togetherThis preserves
the integrityof the grounding circuit.

CAUTION: Ensure thathe leadsaretapedto preclude shortashich may preventfiring
of the charges.

d) Fully slidethecone intathe Interstag€oupler, ensuring the wirdsr the
frangiblebolt E-matchleads aranot pinched or shorted.

e) Secure thérangible boltcouplerto theinterstagecouplerairframeusing 8x
screws.

5) Assemble Sled
a) Ensure datalogger and dataloggeutective shields securelymountedo the
removablebulkhead.
b) Ensure pressurgansducer isecurelyscrewednto theremovablebulkhead.
c) Mount and ziptie Lipo 3celland 9V batterieto removable bulkhead.
d) Connect Lipdbatteryto pressure transducer.
e) Connect 9V batteryo datalogger.
f) Connect 9V batteryo key switchonairframe.
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NOTE: ensure key switcfor 9V batteryis in the off position. Datalogger will
automaticallybegin recordingvhenswitchedon.

i) Testkey switchesEnsure audible sign& heard.

i) Slidebulkhead intgosition; ensure talign properlyfor PVC pipes.
Bulkhead should be pushed forwandough tdeflush with mounted stoppers
insideairframe.

iii) Secure removable bulkheaddledairframeusing8x externakcrews.

6) Calibrate BNO-055

a)

Make allGNC electricabnd dataconnections froomosecone t&LED airframe.

i) Connect Raspberry B batterypack.

i) Mount 2cellLipo batteryfor Servo.

iii) Plugin Servobattery.

iv) Connect EtherneCablefrom nosecone t8LED airframebulkhead connector.
v) Connect Servpower fromNosecone t&LED airframe.(2 pin Amphenol)

vi) Connect Servpositionfrom Nosecone t&LED airframe.(USB)

CAUTION: Installretainingwire to prevent uncoupling iflight.

b)

d)

e)

vii) Connect Raspberry R laptop using Ethernet Cable.

Make allGNC electricabnd dataconnections fronSLED airframeto canard
section.

i) Connect ServpositionUSB from SLEDairframeto canardsection.

i) Connect Servpower barrelplug from SLED airframeto canardsection.
Prepare laptop for BNO-055 calibration.

i) OpenVNC viewer,connecto RaspbernPi. (user: pi— password: ROCKET)
i) OpenMATLAB, connect tdRaspberry PResource Monitor.

iii) OpenBNO-055 CalibratiomrApp.

RunBNO-055 calibratiorapp usinghese settings:

i) CalibrationType: Calibrate

i) Heading Type: Relative

iii) ADC StatusDisabled

Verify fins move satisfactorilascommandedby the calibratiorapp.

7) Perform Fin Zeroing Procedure

a)

Levelthecanardsectionand interstageoupler assemblgn a stand, witlins 1
and 3 horizontal.

DANGER: Ensure thdérangiblebolt couplingis well supported sucthatthe bolts are
not stresseddamage tdhe bolts and mishandlingf blackpowder mayresult.

b)

C)
d)

OpenFin Zeroing appn Simulink.
RunFin Zeroing app using the “Monitor and Turfanction.
Find baseline fireerovalues, record.
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e) StopFin Zeroing app on Simulink.

f) OpenGNC Program on Simulink.

g) Update GNC programwith new finzerovalues, presssave”
h) DisconnectEthernet cable from SLEBnd Laptop.

i) DisconnectServobattery.

J) Shut down Raspberryi.

k) DisconnecRaspberryPifrom batterypack.

[) Perform “GNC Parameters Check’

8) Booster and Interstage CouplerFinal Assembly(Performconcurrentwith SLED
Assembly)
a) Carrycompletedooosterassemblyoutto rail.
b) DisconnectServoposition USB and servpower barreplug from canardgection.

DANGER: Do not removehe USB shorting plugatthistime.

c) Carrycompletednterstagecoupler andcanardsectionassemblyto therail.

DANGER: Ensure thdérangiblebolt couplingis well supported sucthatthe bolts are
not stresseddamage tdahe bolts and mishandlingf blackpowder mayresult.

d) Slideinterstage coupler and canaskemblyontorail.

e) Connect grounding wirts safetypin.

f) Connect drogue parachute shock dardooster U-bolt. Perforr@ party
verification of thisstep.

g) Slideinterstage coupler onto booster, ingetinylon sheapins.

9) Final Assemblyof SLED and Nosecone (Performmoncurrent withBooster and

Interstage Coupler FinaAssembly)

a) Prepare SLEDnainparachute and conndctSLED airframebulkhead U-bolt.

b) Insertmainparachute intday, ensuring th&8x USB plugs, 1 barrel plug and the
other end othe mainparachute shockord areaccessible.

c) Screwon nosecone camenaount tothe forwardend of the nosecongjn power
cord through nosecone.

d) Verify RaspberryPiand Servdatteries ar@lugged inand secure.

e) Mount 2x LiPobatteriedor pyro controllergo drawer Noteserialnumbers of
GPS transmittingunits.

DANGER: Carefullyobserve LiP@olarity. Polarityreversaimay destroy Pyro
controller.

f) Twist SLED Main parachute Enatchleadsto nosecone 4 pin Amphenpigtail
connector. Tapsecurely.
g) Connect 4 pirAmphenol for Pyraontrollerswitches.
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DANGER: Ensure key switches amethe OFHred) position before making connection
to prevent prematurarmingof thepyrotechnic circuits.

h) Verify thefollowing connections areeadyfor flight:
i) Servopower 2-pin Amphenol.
i) Servoposition USB.(Checkretainingwire is secure)
iii) Drogue and Brak@yro10-pin Amphenol.
iv) RaspberrnyPi Ethernet.
i) InsertGoProinto housing on SLEirframe Startrecording Secure GoPro
Housing.
J) Plugnosecone Camenato batterysource

WARNING: Thecamera does not haaekey switchlt is the lastitemto be plugged in
as it will automaticallyturn on and begimecording. Rocket datrelimited to storage
space of nosecone camera.

k) Connect nosecone the S ED airframeusing 8x screws.

10)Final Assembly
a) Carrythe SLEDout totherail.
b) Slide SLED onto rail.
c) Connect SLEDmainparachute shockord tocanardsectionU-bolt. Perform?2
party verification of this step.
d) Remove théJSB shorting plugs fronthe pyro connections on the canaettion.
e) Make the following connections betwetlie SLEDand the canardection:
i) Servopower barrel plug.
i) Servoposition USB plug.
iii) Grid fin PyroUSB.
iv) SLED Drogue PyrdJSB.

CAUTION: It is critical to observdabelingand color coding of the pyrotechnic USB
connectors tereventerraticoperationof the SLEDrecoverysystems.

f) Slidethe SLED assemblyonto the canardection Secure withix sheapins.

11)Raisethe Rail to Launch Position
a) Support rocket body whileisingrail to vertical.
b) Insertretainingpin to maintainlaunch railvertical orientation.

12)Initiate GNC system
a) Connect Laptop t&LED using Ethernet Cable.
b) OpenMATLAB on Laptop, open Raspberry Riesource Monitor.
c) Connect tdRaspberryPiover VNC.
d) RunBNO-055 calibratiorapp usinghese settings:
i) CalibrationType: Write Cal
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WARNING : Do not startprogram with* Calibraté selectedvice “Write Cal”
Disassemblyof the nosecone will be requiréalrecalibrateBNO-055.

i) Heading Type: Relative
iii) ADC StatusDisabled
e) Build, Deploy and StaGNC Program.
f) OpenVNC on laptop.
g) Use*“top” commando find name ofdeployed GNC process.
h) Update StopDepMatython scriptwith nameof deployed GNC process. Save.
i) RunStopDepMat python script.
j) Disconnecethernetable from Sled.

13)Arm Flight Computers.

a) Turn2x Nosecone Pyrcontroller keyswitchego ON (green).
i) Verify audiblesignalfrom each

b) Turn2x Interstage&Coupler Pyracontroller key switchet ON (green).
i) Verify audiblesignalfrom each.

c) Turn 1x Datalogger controller key switch&sON (green).
i) Verify audiblesignalfrom each.

d) Remove Safetfrinfrom Interstage Coupler

DANGER: Ensure the LEDBsafetylight is noton.

14)Prepare Booster Motorfor Launch
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