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fiSee Yab Later, Alligator! 0 is the University of Florida Swamp Launch Rockda Teamés
project for competition in the 10,000t COTS category in the 2023 Spaceport Americ&up:
Intercollegiate Rocket Engineering Competition. The rocketé mission is to carry a9.2 Ib
payload to an apogee of 10,000 and descend safg under a 36 in drogue and a 96 in main
parachute. The launch vehicle is constucted from SRAD carbon fiber airframe and utilizes4
fiberglass fins mounted through the airframe wall and secured using epoxyThe recovery
systemis a dual-deploy flight computer system using COTS flight computers and éSRAD
CO2 ejection system.The payload,filn a While, Crocodile!o, is an autonomous quadcopter
made from SRAD carbon fiber and flown by a SRAD control system.The payload& mission
is toautonomously detect the different stages of launch, deploy itself from its reteoti system,
autonomously stabilize, and capture images of the launch veléts landing site.Images of the
launch vehicles landing site provide the ground station with the launch vehicle's status,
orientation, and final location. This verification system could be utilized to verify a rover or
other payload system has properly laded on another celestial body.

I. Nomenclature

A = Area

a = spead of sound
AR = Aspectratio

c = Root chord
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II. Introduction

The University of Floridd s S w a m pRodketTieancisha design team within the Department of Mechanical
and Aerospace rigineering(MAE) in the Herbert Wertheim College of Enginiegr. The team incldes members
from many departments across the Collégeuding the Department of Electrical and Computer Engine€EQiE)
andthe Department of Computer ahrdformation Sciene and Engineerin(CISE), in order to form a weltounded
ergineering environn for participation in the Spaceport America Cdjhe team is supported by an academic
advisor within MAE, Dr. SeaniNe mi , wh o o0 v e rjsceaadsprovidesspaceeftaerte@ra to wdk. dhis
year, the team is competing in th@,000ft Commercialoff the Shelf (COTS) category with a launch vehicle project
titledi See Yad Latecaompddrdiigdtboyyr 'ad payl oad project titled

The team is fuded in part by the UF MAE department as well as extepaisors. The MAE depgaent provides
the team with monetary support as welbdslitional travel scholarships. In addition to this, the department provides
the team with two facilitie out of whichthe team can operate and manufactiifee Mechanical Degh Laboratory
and theStudentDesign CentefThe teanis also fundedby four external sponsors: Blue Origin, Aerojet Rocketdyne,
Autodesk and HandsOn Gainesvillewho all provide theeam monetargupport.

The team is structured into four sections: Mgetéal, Vehicle DesignPayload Design, and Manufacturing
Support (Fig 1).

Project Manager/Chi
Engineer:
Megan Wnek

Manufacturing
Support

Structural Design: Mechanical: Manufacturing Lead

Dustin Faulkenber Joseph Pinkston Maya Greene

Avionics and
Recovery:

Nurettin Kaan Aslal

Electronics:
Elizavetta Stetsenk

Flight Dynamics: Software: Jason
Colton Shepard Rosenblum

Fig. 1 Swamp LaunchRocket Team Organizational Chart

The ProjecManagerrole oversees the team by imaining the shedule, setting the budgétlfilling purchases,
interfacing with the compt i ti on organi zer s, i nt erf aci supervigingtheh t he
completon ofrequired documents for competition. The Chief Engineer overseestmda project for the team by
meeting with the technical leadserifying and approvig final designsintegrating designs across all subteaam]
assisting in design choices and manufacturiiing: technical leads for the team are each responsibledardngand
manufacturing their subsystemand each runs a subte of student membemsho assist them in their work.

Manufacturing support leads are responsible for assisting and supervising manufacturing across all subteams as

necessary.
The team opetad on amaster schedule set forth by the Project Manager atahteo$ the 2022023 academic

year, which outlinedthe eamés required progress each month up to

were internal reviews done by the team togheerabody that encourageineliness in completing the compéin

design. In genet, the months of August to December were utilized for design and analysis and the months of January

to May were for manufacturing and testin§he team incorporated planfor when to purchase materials so

3
Experimental Sooding Rocket Assaation

co



manufacturing could begin entimely manner, andlso included backup dates for key milestones like the project test
flight.

Table 1: Team-defined Schedule

August Initial team meeting

Overview ofDocumentation
Initial concepts for project
Technical subteam meetingsgie
First Design Rview: Reliminary Design Review
Competition Entry Form
Second Design Review: Critical Design Review
Materials ordered
Overall designs finalized
First Progress Report
Composites manufacturing/testingdun
Third Design Review: Manufacturing and Testing
Plars
Prototype testing begun
Full scale manufacturing begun
Second Progredgeport
Recovery test flight
Full-scale maufacturing
Full-scale manufacturing and testing
First full-scale launh attempt
Third Progress Report
Backup fullscale launch attempt
Travel organized
Project Technical Report afbdium Materials
Video Conference Review
Desgn corrections and additional testing as requirg
Convpetition attendance

September

October

November

December

January

February

March

April

May

June

With the assistance of the executive board, the team Project Manager also set forth a budget based on team funding
at the bemning of the year to account forall costsandeur e t he t eamds s thecompstdon.and abi
At the start othe year, the team was allocated $9300 for the construction of the launch vehicle and payload. Additional
funding through scholarships and sponsorships was provided to mssigering travetosts The budget was updated
throughouthe year® incorpoatethisadditional funding and account for updates to the project design. A breakdown

of final overall costs was formed in order to establish precedence for future use {Fgle2). The final cost of the
project construction fellvithin theinitial planned budget.

Competition fees = Travel Vehicle Design = Payload Design

Fig. 2 Project budget breakdown
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Table 2: Project cost breakdown

Competition fees $1825
Travel $6398

Vehicle Design $4423

Payload Design $1993
Total $14,638

I.  System Architecture Review

Aft Section
_ . |
Nosecone section Forward Section Avionics Bay
! i N }
t A S N
Main Payload co?2 Drogue
parachute System Parachute

Fig. 3 Project cutaway view.

fiSeeYa Later, Alligator!ois a6.14in diameter 11 ft tall launch velcle thatis propelled by an Aerotech M2500
motor tocarry and deploya 9.2 Ib payl@ad. The launclvehicleascenddo an apogee of 9%ft before descending
undera COTS36 indrogue parachute and@GOTS % in main parachte. The launch vehicle airframes astiden
researctard developed(SRAD) made fromcarbon fiber dagned to be lightweight whilevithstanding the faces of
launch ad recoveryTherecovery systendesign emplgs two COTS flight computersa Strath ogger SL100and a
Strabl oggerCF, along with @ SRAD CO2 ejection systefar the mainparachute and payloadploymentandblack
powder ejections for thdrogueparachuteejection The drogue parachutieploys at apgee slowing therocket to a
deploymentvelocity of 89.3 ft/sfor main parachute and payload deployment, which occurs at 80thé&.launch
vehicle will touch down with a groundit velocity of 19.4 ft/s.Simuations were performedsing OpenRocket
software and SRADflight simulations written in MATLAB. The payload syste fiin a While, Crocodil&, is an
autonomous quadcoptdesigne to capture an imagef ehelaunch vehicleés landing location angafdy touchdown
uponmission completionThe guadcoptestructure ismadefrom SRAD carbonfiber and contrdedby SRAD flight
software The eletronics of the payload are mountedadSRADPCB. The payload is integrated into the launch
vehicle by folding the quadcopter arms in and housirigside a stel shet metal containetetheed to the main
recoveryhamess Throughoutthe ascentf the rake and desent under drogye¢he payload mains retainednside
the forward aiframeon an airframeconcertric retention systemUpan its ejectionthe payloadles@ndsancther 200
ft before deploying from the container under & B parachuteAfter performing system cheksandverifying flight
capabilities,the drone deploys from its parachute at apmximately 400 ft tocomplete its mission, allowing the
parachutdo descend unddrallag weight. The dronethen touches den at a GPS locatio20 ft from the landing
locdion of the laurch vehicle.

A. Propulsion Subsystems
The prgoulsion system of the rocketdentral to the flight of theaunch vehicleA motor neededob be chosen that
propelled thdaunch vehicléo an apogeef 10,000 ftand met the requirements faminimum static margirof 1.5
ard avelocity off therail of 100 ft/s With the® characteristics in mind, a model of the launch vehicle was created in
OperRocketwhich matchedestimates of the parametenf therocket. The malel was updated to employ as built
weights andsizes asmanufacturingorogressed (Figh).
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Fig. 4 As-built OpenRocket model.
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The Aerotech M2500 was the motor thathen simulatedyest met thabove conditionsPlotting the stabilityws.
time, the minimumstatic marginwas foundo be 1.875vhena ballastweight of 2 Its was applid (Fig. 5).
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Fig. 5 As-built simulated stability vs. time plot.
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Additionally, the &itude and elocity off the ral requirements werelso metby an asbuilt simulatedapogee of
9996 ftand arail exit velocity of 104 ft/Fig. 6).

Altitude

10,000

9,000

8,000

7.000

6,000

5,000

4,000

3,000

2,000

1.000

Maotor burnout

t
nt

=}
e

= =
= =
= =
[=) [=)
=N =N
LK) L&)
= =
a [ 4]
o )
i) ]
=l =
= =
) @
= =
o [=)
O O
a i &)
(ua o

20 40 s0 B0 70 20 an 100 110 120 120 140

— Altitude (f)
Fig. 6 As-built simulated altitude vs. time plot.

6
Experimental Sooding Rocket Assadation

150

160



Another requiremerfor the simulation was to confirm that tfies would not experience any flutteAn analysis
was performedisingthe SRAD MATLAB simulator, which wasbased orRef. [3] and employedeg. (1). The fin
flutter velocity took into account thaesignof the fing which are discussed in the Aestructues sectionand was
calculated to b&366 ft/s The asbuilt simulated resultgielded anaximum vebcity of 1010ft/s, thus confirming the
fin design would not experience fluttéFig. 7). The restof the results of the OpenRocket simulati@ane shown in
Appendixl, along withthe M2500 manfacturer specitations.
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Fig. 7 As-built simulated vertical velocity vs. timeplot.
The selected motaequired specificomponents fomotor retention and assembifich were integrated into the
internalstructuraldesign of the launch vehicl&€he majority of motorhamdware was selected to be COd&eto the
complexity of the parts arttier critical nature to the safety asdccess of the flight (Tab®.

Table 3: COTS Motor Hardware

Casing AerolTechRMS-98 9810240 Nsecaluminum motor
case- 9810C
Forwardclosure AerolTechRMS-98 9810240forward clcsure
Aft closure AerolTechRMS-98 9810240aft closure
Forwardseal diskcomes with motocasing AeroTechRMS-98 9810240forward seal disk
Retainer Aero Pack98mmRetainer (Flanged)

B. Aero-structures Subsystems

The primarygoak of the aerestructures subsystemareto retainall other subsystems during vehicle fligind
achieve acceptable aerodynamic performarthging ascentall while remaiimg within saferanges of stress and
loading to prevent mechanicdhilure. This is achieved through these of an SRAD carbon fiber airframe
manufactured by performing a thrply wet layupconsisting ofa layer of 3K biaxiatarbon fiber sleeving, layer of
12K uniaxial carbon fiber sleevingnd finally a second layer of 3K biaxial carbon fiber sleeving. This particular
layup was chosen fdts high strength iraxial compressiomnd moderate flexibility in theadial directon. The former
prevents the airfranfeom failing under the sustaiddoad produced by th@aotoras force is transmitted through the
thrust plate, while the lattenitigates the risk ofnaterial failuredue to pessurization duringjection.The layup was
performed on a 6 in. diameter polybanate mandrelvetting out eale layerwith Soller Composites 820 epoxy
system, which was selectéat its wet-out characteristicdjigh strength, and slow curene. After wetout, the layup
waswrapped hetally with PET flash tapewhich has a siliconbased adhesive atiderefore does not adhere to the
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epoxy (Fig. 8). The function of théape wrap was to force oakcess epoxy from the layup, resulting in a superio
fiber-volume fractionCuring of the layup was conducted over three days using amiedwduring chamber and heat
lamp.An SRADthreeply carbon airframe waskected over a COTS G12 fiberglass airframetduiperior specific
strengthand significant weit savingspffering a 62.5% reduction inveightperinch while incurring only a 12%
reduction ilfmaxmum loadat failure.Despite the reduction in maximum lodlde airframe was found tcomply with

a 2.5 factor of safetyn a compression tesplacing it well within accepable parameters for expected loading
conditions during flightFurthermorethe SRAD carbon airframes wesaccessfully flownon a test fljhtand found

to besuitable for use.

Fig. 8 Layup after tape wrapping on polyc‘arbonate mandrel

It is critical that thestructural components of tih@unch vehicleare not @signed in such a way as to compromise
the integrity or operationof the payload, recovery baystems, or propulsion subsystefier this reason, a COTS
G12 fiberglassnose cone wasetected.A carbon fiber nose cone was not consideded to cost andcomplex
manufacturing Additionally, the G12 nosecorediminatedthe risk of attenuation oé radio signalandallowedthe
GPSto be situated inside A 5:1Von Karmannose cone shape was selectedfatimal aerodynamic performance in
the predicted operationdlight regime of the launch vehicl& metattipped nose awe was selected for superior
strength andn improved stability margifthe nose cone wauccessfullyemployed during test flight and found to
be suitable for use.

To meet the aerodynamic rggements of the launch vehickefourfin design was selectedhich offered a higher
stability margin than a threfin design at minimal adtional weight cost Epoxyglass was chosen as the material of
choice for manufacture of the findue tohigh torsonal stiffnessi mitigating risk of flutteri and low weight.
Epoxyglass was selected over carbon fithée toconsiderably lowematerial cats and marfacturing time. A low
fin span was chosen to further reduce the risk of flutter, ahiigh sweep @s chosen timprove the stbility margin
These mitgating factors resulteth a fin flutter \elocity of 1366 ft/secconsideraly higher han the snulated
maximum velocity of 1010 ft/secThese fins wersuccessfully employed during a test flight andnidto be suitable
for use.

The SRAD thrust pate was manufactured from 6061 aluminum and setwé&cnsmit thrust from the motanto
theairframe of the vehicleThe thrust plate was machined via a camation of cutting on an abrasive water jet and
CNC milling to produce thecomplex geomiey of the componentA %2 in thickness was selectdar the thrust plate
to ensurehigh strength under motor load, andightreducing pockets were included to reduce resulting weight cost.
A center pocket was also inded to improvesase of assembly @ligningthe COTS aluminum motor retainer with
thebody axis of the launch vehicl€he thrust plate was designed to fasten to the motor retainer via 12 stainless steel
buttonhead cap screwBhe SRAD alumnum thrustplate wassuccessfullyemployed during a a teiight and found
to be suitable for use.
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To retain thegropulsion subsystema,fully modularaluminum aft system was design@dg. 9). The goal dthis
design was to allow the removal and replacemefihsfin the event that they were damagerequired modication.
This factor, along with the abilityo reuse components in future projects, were the two major advantages of the
proposed design ev atraditional high powered rocketry (PR) aft secured vieepoxy. The design operates by
replacing exterior epoxy fillets witlexterior SRAD 6061 aluminum bracketsjachined via CNC millingrom bar
stock. Thesebracketsfastened to one another through holes in the fins tHeesean into thecentering ringsia
black oxidealloy steel fastenerghe centering rings wereanufactured uag a canbination of cutting on an abrasive
water jet and manual millingndwere designetb minimize weightWeightreductionwasa keydesigngoal dueto
the high weight cost bdesigning an aluminunfiasystem, especiallgscompared to traditional HPR materials such
aswoodand fiberglassThe centering rings were also designed with pfiestots to accommodate fiabs andallow
for throughthe-wall fin tabs,with the aim of minimizing failure risk of the fins. The aftmostcenteringring was
designed to fasten via four stainless steel fasteners torist platesecuring the thrust plate and motor retainer to
thelarger aft assembly6061 aluminum was selectedr footh the brackets and centering rinfygs its machinabily
andlow weight relative to steel

Fig. 9 The modular aft in itsfully assembkd configuration (airframe and motor casing not showi

During test launchthe aluminum centering rings experiencedtasrophic material failureprimarily consisting
of shearingat thefillet joining the slot to theuter ring.The most probable cause of this failur¢his load produced
by the aerodgamic forces on the fin duringscent, resulting ifailure of theforemost centering ring. Tk in turn
placed a greater load on the remaining centering rireggling the fin toprogressively detach untdeparating
completely from the airframen landing. It is also believe that the introduction of fin slots to the cenegrrings and
airframe compromised the overall integrity of the structure, and ticpkar weakened the centering rings to bending
stressgs.

Due tothisfailure, theinitial modularaft design wasodified toa more traditional epoxgecured aft. Thprimary
goal of the revised design wasraluce manufacturing costsin terms of both finances and manufacturing time
while still maintaining the aerodynamic characteristics of theygous launch vehiclélhe revised design omits the
aluminum centeringings and fin brackets in favor @fepoxyghss centering ringsand epoxy filletschosen for their
lightweight characteristics and easeraufacturing. The aftmost centeringng, danaged during the test flight, was
replaced with &2 in thick woodring to accommodate fastening to the existingish plate.An additional feature
introduced into the revised design is a 4diameter fibertass motor tubewhich provides a point to sece the
centering rings via epoxylthis appoach toconstucting andseairing the aftcomponets of a highpoweredrocket
has been extensively tested throyghviousflights andhas historically proven to behighly effectivemethod of
retaining the fins and propulsion systems.
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C. Avionics and RecoverySubsystem

The Avionics and Recovery subsystem is responsiblahferintegration of a parachute configuratiamd aa
parachute deployment system to track and retrieviatheh vehicle withousustaining damage after the flight. The
recovery mission fothe launch vehicle follows a standard ddaploy configurationin which a drogue and a main
parachute are used teaklerate the vehicl@he chosen COTS&ltimeters record altitude datrilizedto deploy the
drogue parachute at apogee via ignition bfeeck powder charge and the main parachaltsng with the payloadht
800 ftvia punctue of a CO2 cartridgeThe atimeters and their circuitry are stored inside fiberglassavionics bay
coupler which serves as a joint between the forward andritirake.

The avionics bay coupler is sealed from ejectimseson both sides witheluminum bulkheads to protette
altimeters from false pressure readings andjasesThe bulkheads also serveaasount for the SRAD CO2 ejection
system and theyebolts(Fig. 10). Throughout the flight, the locatioof the launch veble is tracked through radio
signals coming from a COTS GPS that is mounted insidadkeore. Theradiosignalis received from the ground
station using a Tele Dongle Antenna that is connectadaptop. The design of the Avioniaad Recovery subsysh
can be broken into four subsections: the recovery layout design, avionics bay structunaledésiges bay electrical
design, and CO2 ejection system design.

Fig. 10 Avionics Bay Assembly without the Coupler

The componets of the recoveryalyout are choseto withstand the deployment forces and decelerate the launch
vehicleds weight to saf ethedafhradiunfgr easyretriedak Thimahdedlogmemhi ni mi z i
methodis chosen as the operation concept to rteeicompetitia requirementsind minimize the drift radius. The
first deployment event takes place at apogd®re a smaller drogue parachute is depldgedecelerate the launch
vehicle for a successful main parachute deployment while minimizhicledrift due towind. The secod event
takes place when the launch vehicle has destHod00 ft. This is when the main parachute and payload are deployed
for thepayload tostart its mission anthelaunch vehicle to decelerate to a safe landing speed. The first catiside
when choosingite parachutes for the mission is determining what safe landing speeds arevesightf the launch
vehicle after burnout. The safe descgmted under the parachutesidined by the comptition as 75150 ft/sec for
thedrogue @rachute and <30 ft/séar themain parachute. The weight of the launch vehadter motor burnoutvas
found to bed8 Ibs. Multiplying the gravitabnal acceleration with mass of the launch vehicle gives the force necessary
for the parachuto bdance outEqudion (2) is used to calculate the descent sp¥da; isolating it from the equation
and filling in air density,” , parachute ared, coefficient of drag of the parachutgy values.A 36 in and a48in
Rocketman StandardePr achut e were evaluated first since they were

® C— 2
@

Table 4: Drogue Parachute Braluation

Parachutes Coefficient of Drag, Cd ParachuteArea, A (ft) | Descent Speedy (ft/sec)
360 Rocketman Standarg 0.98 7.07 79 ft/sec
Parachute
480 Rocketman Standard 0.98 12.57 59 ft/sec
Parachute

The 480 Rocketman Standard Parachutsulted in a dscentspeedhatwas outsidef the design requireens,
so the 360 Rocketman Standard Parachutes chosen as the drogue parachute due to its desidaSleen speed.
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Choosing themain parachutdollowed a similar decisiormaking processHowever, in addtion to the main
parachutés drag forcethedrogue parachutdrag forcealsoneecakdto be accountefibr whenusingEqg. (2) to find the
descehrateunderthe main parachuterhis was doneby addingthe parachuesindividual product ofparachute area

A, and coefficient of dragCqs. The first parachute evaluatéar the main parachute was tBé0o Iris Ultrai Standard
Parachutewhich fit the design requirements for the descemtesifTable 5). Since itwasal r eady i n t he
inventory, itwas chosen athemain parachute.

Table 5: Main Parachute Evaludion

Parachutes Coefficient of Drag, Cq Parachute Area,A (ft?) | Descent Speedy (ft/sec)
96" Iris-ultral Standard 2.2 50.3 20ft/sec
Parachute

The components of the recovery layout are chosen totasittishe highest load expected. This happens before the
forces baknce out instantanesly when the parachute deploys. The drag force from the parachute and the weight of
the launch vehicle act imppositedirectiors. So, the maximum force experienced thgh the recovery hardware can
be found by adding the drag forcedathe weight of the ket Thevelocity, V, is equal to the velocity of the launch
vehicle at deployment

0 go'o "® 40 @3)

Equation(3) results in 156 lb®f load atdrogue parachute deployment and 875dbsoad at main parachute
deployment. The factor of safety of the recovery hardware can bésksn (Table6).

Table 6: Recovery Hardware Safety Ratings

Component Maximum Load Rating (lbs) Factor of Safety
1.0 Kevlar Shock cord 6000 6.85
3/80 Steel Eyebolt 1400 1.6
5/160 Steel BLinks 1000 1.14
Steel Swivels 3000 3.43
Y, Steel Threaded Rods 7370 8.43

The forward recoverparness connects theseconeyeboltto theforwardavionics bay eyebolt. The connectin
between theeacovery harness and eyebolts is done uBiinks to make disconnecting the recovery harness easy.
The parachute protector is tied 28 of the lengthof the recovery harnesstarting from the noseconesyebot
connection The payload reaery harness is tethered to tferward recovery harness 2 fielow the parachute
protector to prevent from wrapping around the protector. The main parachute is connected to the recovery harness
at1/3 of the reoveryh a r nlengtlsstarting fromthe nosecoe connectiorto avoidentanglemenuith the parachute
protectornoseone andforward airfrane The parachute iattachedto the layout by attaching the maiarachutés
swivel to the recovery harnewoughan additional D-link. The aft recoveryharness follows a very similar layout
wheretherecovery harnesattachesheaft avionics bayeyeboltto themotor casingeyeboltusing D-links. Thedrogue
parachute and its swivelre connectedat 1/3 of theaft recovery harness lengttarting from the \@onics bay
connetion using a Dlink. The drogue parachute protector is tied at 2/3 of the length efttrecovery harnedsom
the avionics bay connectido provide distance between the parachute and pangelprotector. The length of the
recoveryharnesss important to prevent sections of the launch vehicle fbooomcing back towards each other after a
powerful separation event. The length of the recovery harness isrctmobe 40 ffor the forward recovery harness
and 40 ft for the aft recoveryamesswhichis approximately 3 times the length of the launch velzois common
rocketry practiceAll the recovery hardware drparachutes were tested during the feght. They were able to
withstand all the forces amtovide a safe landing fdhe launch vehicle.

The avionics bay houses the flight computers responfibleecording flight data andhitiating the parachute
deployment events inside a itBlong fiberglasscoupler, designed to meehe requirementsf coupler lengtidue to
airframe diamder. This coupler also acts as a joint to connect the forward and aft airframes togattén long
carbon fiber switch bandias epoxied halfway along the couplers lengthalfow avionics bay access from outside
while keeping the launch vehiclgtructure continruous The band has 4 pressure port holes dridedundits
circumference that arpositioned 9@egfrom each otherper flight computer manufacturer specificat®mhese
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holes allow air to circulate inside theianics baywhich allowsthealtimeters to collect barometric data during flight.
The coupler can be seémFig. 11 The coupler is sealed from the ejectigasesproduced inside the airframe with

two aluminumbulkheaddocatedon its sides. They alsrve a the mounts fogyeboltsand the CO2jectionsystem.

The bulkheads are fixed in plaaéthe ends of theouplerwith 4 nutsfastened or2 threaded rods that go through
both bulkheads along their diameters. The threaded rods also serve astheestausupport thavionicssled inside
theavionicsbay. The structure of thavionicsbay is designed to withstand the parachute deployment forces as well
as the recovery hardware sinthe recovery harnesses are attached teythigolts mounted on thevionics bay
bulkheals. Tte force is divided between the two threaded rdtie factor of safety for the threaded rods can be seen
in Table6. The ability of the avionick a ystiusture to withstand flightonditionswasprovedduringthe test flight.

Fig. 11 Avionics Bay couger with the Switch band epoxied in place.

Two independent flight computers that are powdrgthdependent batteriegereimplemented into thavionics
bay design to ensure redundamio the systenandto meet competition requirements. Reliabilapd ©stwerethe
prominentfactors that affecied the recoverydesign choicesSo, the flight computersrere chosen based oteam
inventory andtestingwith variousmo d e | s ifity. A €OTIS &ratoLogger SL10 has been used as the primary
altimeter by the tea for more tharfive flights andhas reliably collected flight data and fired ejection charges for all
the flights. Sincét has been reliable in the past amasavailable h thet e a inmv@&reory, it was choseras the primary
flight computer for this degih. The redundant altimeter is chosen based upon similar criteria. However, the redundant
altimeter cannot be identical to the primary altimeter to account for similargfaiaints. So, a diffent altimeter \as
sought afterAn additionalaltimeter thathe team has flowon numepus occasions with reliable performanceais
StratoLogger CF. Sinceeliability andt h e t faralianiy svith the device were the main consideti@ns, the
StratoLogger Chvas choseras the redundarflight computer. Bothhe primary and redundant altimeter are powered
by individual 9V batteries. They are disarmed before flight and armed at the launch pad using-BvmiS8
switches.These switchesra mounted on a 3D printed switenount to cre& a pin plunger arming mecham. The
system is opend{sarmed when the pin is inserted into the mount and closed (armed) when the pin is removed. The
switch mounts are accessible from the outside of then&s baysince they araligned with the pressw port holes
on the switch bnd.The wiring diagram for the altimeters can be séehig. 12.

Front (Main Parachute) ov Aft (Drogue Parachute)

BP
\ Charge

12
Experimental Sooding Rocket Assadation



Fig. 12 The wiring diagram for the Primary (top) and Redundant (bottom) Altimeters.

The altimeters, &tteries and the switch moumgere mouned on a 3D printedwionics sled made from
Polyethylengerephthalatglycol (PETQ. The altimeters are fasted to the threaded inserts placed inside standoffs.
This keeps the altimeters elevated to prevent blocking the pressure decamd belowhem. The 9V batteries are
stored inside &D printed battery housing that fastens on to the avionics Sleglaltimeterwires are managedith
zip ties andprinted wire runawaysincludedas a part of thavionics sleddesign. The fully wired and assemhde
avionics sled can be seanm Fig. 13.The furctionality of the switches and altimeters were proven to reliably work
from the test launch.

Fig. 13 Fully wired Avionics Sled Assembly

The payloads located ingle the foward airframe along with the main parachute. Due to the size limitations fo
the payload container,wtasnot possible to seal thguadcopter.This mearn that thequadctopterwould beexposed to
ejectiongaseghat are produced durirgn ejecton eventA traditional black powder ignition method produces high
temperature gasesoalg with solid residue which would endanger the functionality of the sensitive electronics on the
payload Therefore a cold gas ejection mett was chosen oveltiaditionalblack powder métod for main parachute
and payload deployment event. The CO2 tgjacsystems commercially available were found to be very costly and
outside of the teambs budget . Atenmseadesigringral magnafétung anetve ¢ o mme
systen was found to be feasible. The CO2 ejection system designedseslehe pressure from a CO2 cartridge into
the airframe by puncturing the cartridge seal with a sharp point. The method of puncturing neeteplae with
COTS altimegrs. So, ignition o& small black powder charge with ematchwas found to be theasiest method to
build up pressurandaccelerate a puncture piston towards the CO2 cartridge while keeping system integration easy.
The componets for the designed systecan be seeim Fig. 14

e — L _-_1-@

BP Puncturc Rctum CO"

Spring C anrldgc
mount Cartridge

Fig. 14 Exploded View of the CO2 Ejection System

C ombusllon
Chamber Housing  piston

The CO2 ejection system consistsatombustion chamber assembly that threads irdgar@idgemount and a
CO2 cartridge that threads into thartridge mount. Thecombugion chamberstores theblack powder housing,
puncture pistopandreturn spring. @ings were added around the puncture piston and black powder housing to seal
the pressure. The ejection event ignites the black powder charge irsidadk powder housin This creates pressu
that is sealed inside the combustion chamber betweebiablepowder housing and puncture piston. The pressure
acceleratethe puncture piston to impact and break the CO2 cartridge seal. After the seal is teketyrn spring
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prevents clogging byushingthe puncture piston out of the cartridge to release th2 6@ the airframe through the
venting holes on the cartridge mount. The system is fastened éorteerd avionics bay bulkhead with mounting
holeslocated on the cartrge mount The componets that make up the system are manufactured oGDGi
aluminum because of its low density and cost. Thegre manufactured using manuallathe andmilling machire.
Theashbuilt components can be seierFig. 15.

j WY N o , {0
Fig. 15 Manufactured CO2 Ejection System Corponents

As well asretracting the puncture piston lkaafter puncturing the CO2 cartridge, the return spring jalegents
the puncture piston and black powder housing from moving during flight. A serious concern wilysteém is
premature puncturingfdhe catridge. This can happen due to the spring paFesing under the components weight
with the acceleration during flight. The maximum force that acts on the siptjrig,found to be 0.525 Ibby
multiplying the toal mass of the components with tmaximum &celeration experienced during flight. The@mt
the spring needs to compress for CO2 cartridge to be punctured was found to baesih$0SAD and physical
measurements of the system. The maximum amtberspring will compressY® is calculated usig Eq. @).

Ve @]
w "'Q (4)

To mitigate this mode of failure, a spring withconstant,k, of 0.0536 Ib/in was chosen. The maximum
compression with this spring is 0.0182 during flight which results in adety factorof 7.0. The next system
requirement thawvasaddressewasthe size of the CO2 cartridges. This is determined based upon the forceanecess
for separation and the volume of the airframe. The separation force required is found by multipligneethequired
to break anylon shear pin with the number of shear pins. From there, the desired airframe pressure is found through
relatingthe separationdrce necessary the volumeof the airframe.

The massof CO2 necessary is found usifeg). by isolating massn, from the equation andubstitutingin the
desired airframe pressuf, atmospheric temperaturg, airframe volume¥, andthe gasconstantR.

06 a'Y'Y (5)

The mass of CO2 necesgdor the paachute deploymentas determined to be 32 grams. Ttlesest size that is
commercially available to 32 grams was 34 grahhsls, 34-gram CO2 cartridges were chosen as the main parachute
primary and backupjectionvalues The quantityof black povder required to puncture the canister was determined
through gound testing and was determined to be 0.05 g.

Drogue ejection is performed using traditioffl@ating black powder charge8lack powder quantities were
determined through growd ejection testingndwerefinalized asa primary vale of3.5g andabackupvalue of4.2
g for the test flight.

D. Payload Subsystera

The mission ér the payload is to aerially deploy an autonomous quadcopterilhédke images of the launch
vehicles landing siteThe quadcopteutilizesa SRAD 12-ply carbonfiber reinforcedpolymer (CFRB frame and
motor armdor sufficient strength at a mimum weight A SRAD integrated PCB istilized to power andwire the
sensors and motors utilized throughout flighite quadcoptegichieves its flight stability throughcantrol system that
utilizes six independently tuned PlBontrollers The paylod designis broken up ito four subsection: the
guadcoptels mechanicadesign electrical design, control system design, and retention system dEsgquadcopter
is stowed in the forward dimme of the launch vehicle aitd deployment sequence is outlined inkission Cacept
of Operatiols Overview section.
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1. Quadcopter Mchanical Design

Fig. 16 Quadcopter fully assembled in its flight configuration.

The quadcopterdstwo configuations:ithestowed configuration and the flight configuratidiig. 17). The stowed
configurationis when the quadcopter has itea folded inwards, reducing its width to 4.5atlowing it to be retained
inside of the forward airframe dhe launch velte. The flight configuration is when the quadcopter has its arms
unfoldedand locked into place, allowing tlygiadcopter to perfon flight maneuvers.

Fig. 17 Stowed (eft) and flight configuration (right) of the quadcopter.

Thequadcopteds subassabliesconsistof the frame assembly, the motor arensfolding mecharsims, container
deployment rack and piniassemblies,rad the parachutdeployment rack ahpinion assemblyFig. 18). The frame
assembly consists afSRAD 12ply CFRP top and bottormdme in a dogone shape. The frame assembly pies
the main structural support for the quadcoptertamases the electronics and sensbhe top and bottom frarseare
fastened together via fosteel threaded standoffsdeight6-32 stainless steel $genersThe motorarm assemblies
consistof a SRAD 12-ply CFRP upper and lower motor arai300 KV brushless motormnystE tapered ppeller,
a steel threaded standofindfour 6-32 stainless steel fastenefhe motor arm assemblies provide stectural
support for theéorushless motors thabntol theq u a d c dfljglt. §he 8.@ intapered propellers were clerswith
the 1300 KV motors to provide maximumthrust ofapproximatelyl.81 AThis provides th&.8 Ib quadcopter with
a thrust to wight ratio of1.89utilizing the four motors angropellers.The unfolding mechanisgare the interface
betweerthemotor arms and the frame assemfligey consist of a PETf@ivot housing PETGpivot stop,180-degree
torsion springpin plunger locking mdtanism,one 632 heatset threadeéhsert,and o nylon thrust bearing3.he
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unfolding mechanisms provide tiheeans to fold the motor arms inward while the quadcopter is stowed inside of the
forward airframe during launch, unfoéd deploynent and lockinto the flight configuration when deployethe two
containerdeployment rack and pinioamssembliegonsist ofa 12V DC motowith a 281:1 planetary gearheah
aluminum beam, ateel pinion, an acetal rack PETG motor housing; & heatset threaded serts, and two-82
stainless stedastenerand locknutsThe containerdeployment rack and pinion assemblies are locateaoth ends

of the bottom framgand their purpose is to retain the quadcopter inside of the retention system until deployment. The
parachutedeploymentrack and pinion assembéyethe same athe containedeployment assembly, however it has

a strongemotor housing and a PET@arachute stop théte aluminum beam mates to. The purpose of the parachute
deployment rack and pinion is keep theq u a d ¢ oppracbuteé@tsached to the top framdiluhe quadcopter is

ready to begin its flight operations.

Frame Assembly

Motor Arms

Parachute-deployment

_ Rack and Pinion
Container-deployment

Rack and Pinion
Unfolding Mechanism

Fig. 18 Quadcopter subassemblies in the flight configuration.

The top frame, bottom frame, and motor arms of the quadcagt&RAD 12ply CFRPcut on a waterjelCFRP
was chosen as ¢hmaterial of choice for the core structural components ofjtlecopter as it is lightweight with
enough strength to withstand launch and fliiglatds. To minimize weightandincreaseroom for tie folding of the
motor armsa dogbonestructure wasltilized for the top and bottom frameBhe dogbone shape resulta minor
decreasem lateral strength while maintaining stiffne@®ef. [2]). The bottom frame of the quadcopter features the
largestcutouts fa electronicsthus the higlst stress concentrations when compared ttothfame A stress analysis
using Solidworks FEAvas conducted on the bottom frame, with a desired safety factor of 2.0 or ¢fealer7). A
safey factor of 20 waschoserto account for potentighconsistencies in th6&RAD 12-ply CFRPas the curing process
occursunder 1 atmosphere of pressaseopposetb aubclave that can reach pressures of 7 atmospheres. The lower
curing pressure can lead to more whddefarmitiesthrouglout thefinal materia

A design requirement for the motor arms was to minimize the deflection at the ends of the @rovide better
control authaity for the control systemlhe motor arms are attached to the quadcopter Fasieantever beams
To achieve this, theotor armswent through a series of iterations, with the fidesignderiving from the concept of
an Fbeam The motos at the enaf the motor arms produce an upward thrust for the quadcopter, which results in a
bendingmomenton the motor armd&he tip ddlection of a cantiever bearnis found using the following whete is
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the tip deflection;Ois the thrust load from the motaris the length of the motor arfis the modulus of elasticity,
and'0s the momentfonertia,

]
g0 ©)
To decrease the tip deflection of the motor arms, the moaiénértia was increased. This was done by adding
an fiu p freamdo thre desigas seen in Figl6. The upper and lower motor arms servélasges ofan Fbeam
and the fastener joining the two serves as the web obaarh (Fig. 19). Thematerial properties of the SRAD 48y
CFRPweredeterminecby the team last year through extensive material testisqig Eq. (6), the tip deflection of
themotor amswas found to b@.07 infor the maximum motor thrust 481 AA stress analysis of the lower motor
arm was also conductersing SaldWorksfinite element analysid=EA) with adesired safety factor of 2.0 or greater
(Table7). Again, a desired a&fety factor of 2.0 washoserto compensatéor potentialdeformitiesin the SRAD 12
ply CFRP layup.

HEIGHT

RADIUS

| FLANGE |

Motor Arm Traditional I-Beam

Fig. 19 Motor arm designinspired by a traditional | -beam design.

The pivot housing angivot stopare both 3D printe?ETGcomponentprinted at100% infill thatfacilitate the
folding and unfolding motion of the unfolding mechanism. The faivusinghas an attachment piece that allows two
fasteners to join the upper motor arm to the housing, and a threaded insert to join the lower motthetrousing
(Fig. 20). Through the center of the pivot housiihgre isa threaded standoff, twaylon thrust bearings, and a 180
degree torsion sprind he bearing®n the ends of the pivot housing allow smooth rotation of the housing about the
threaled sanddf, and the 18adegree torsion springllows the arms to be folded in, and passively urdldshen
released from the retention system. fBa top end of the pivot housing, a threaded pin pluisgistened to a hole
in the housing. This pin plger Pllows a track on the pivot stop, which has a conical holée end of the track.
When the mair arms unfold, the pireaches the end of the track on the pivot stop and the pin fully extends into the
conical hole. Thespring remains in compressiondathe pinremains in the hole, keeping the motor arm locked in
place.

17
Experimental Sooding Rocket Assadation



Pivot Stop

Thrust Bearing
74%
Q:M‘;T \ £
A ‘

//

A ]

Pin Plunger Pivot Housing

180-deg Torsion Spring

L

MBMMEWBY
‘//'l“(“‘

Thrust Bearing Image without Section Cut
Fig. 20 Section view anl CAD model of the unfolding mechanism.

The pivot housing transfers the loads from the motor arms térdhee assemblythusa stress analysiwas
conduded(Fig. 21). The motor arm assembly was modeled as a cantilever beam, with its fixed end being thiegunfol
mechanism, thus the loattem the motor arm assembdye directly applied to the unfolding mechaniS$mce the
pivot housings 3D printed from PET(heyield strength and material properties wiglleen from the Prusament data
sheet, which are faan infill of 100% (Ref. [3]). These parameters were used when setting up the Solidworks FEA
with a desired factor of safety of 2.0 or gred@eable7). A safetyfactor 0f2.0 was choseto increase the possibility
of the pivot housing surviving an impdoadfrom landing or deploymenA largerthan expected forosas simulated
to account fowind gustsduring flight The loading on thpivot housing was appliet the attachment piece, where
the motor arms attach to. &lighest stress was concentratédh& location joining the attachent piee and the
center of the pivot housing. This is expectedpatts between two surfas@area common stress concenteati The
resulting factor of safety for the pivot housing was found t8.88, using thegield grength from Prusament for the
z-axis orientation.

von Mises (N/m*2)
9.110e+06
8.19%e+06

. 7.288e+06
_ 6377e+06
_ 5.466e+06

‘,E.+ 45562406

| 3.645e+08

_ 2.734e+06

1.823e+06
9.125e+05
1.674e+03

Fig. 21 FEA of the pivot housing with the top and bottom of the housindixed from the thrust bearings, and
the load applied on the attachment piece where the motor arms attach to.

Both thecortainerdeployment and parachutieploymentrack and pinion assemblies were testedhe ground
usingweights tethered to the aluminum beam. The expected contlpaymentack and pinion load 21 Asince
eachaluminum beam is carrying half ofdtweight of the quadcopter. Thgstemwas tested at different weights until
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the motor stallect a load 08.01 AThis provides a factor of safety of 4.0 five containedeployment rack and
pinion system. The parachuteployment rack and pinion sgsh has an expected load &6f0 1 Acarrying the
guadcopter and thaallast mass on the parachute. The paraetigpdoyment rack and pinion stalledtla¢ sare load
of 8.01 Aproviding a factor of safety df.6(Table7). The safety factor foihie parachuteleployment rack and pinion
being under 2.0s sufficient, as this is ghysicallytested and verifiedafety factor, whereafe othercomponents
wereanalyzd using FEA.

Table 7: Quadcopter Component Stress Ratings

Component Load Factor of Safety
Frame 1001 A 5.45
Motor Arm 2.0l A 12.32
Pivot Housing 801 A 3.33
ContainerdeploymenRack and Pinion 2.01 A 4.0
Parachutadeployment Rek and Pinion 501 A 1.6

2. Retention System Design

The payload retention systescomprsed ofthe 80/20 rail assembly 16 GA steel sheet metal contairz,
printed PETG retention mounis,parachute shiel@d steelrecovery harnesmount,andsix 80/20 linear slidegFig.
22). The 80/20 rail assemblyonsists 6a 3D printed PETG concertrairframe mount with aluminum supportsyo
1-foot long 80/20 Tslotted extrusionsfour 90degcornerbracketsand¥x20 fastenersThe 80/20 rail assembly is
fastened tdhe inside ofthe forward airframe through four-20 fasteners #t attach to the threadeauminum
supports on the concentric airframe modrte 80/20 rail assembly provides tsteucture for thesontainer toslide
onto and remain inside ofetforward airframe. The container is a 16 GA steel sheet metal strtltdtih®uses the
guadcopteiin its stowed configuration during laundmside of the containesire two 3D printed PETG retention
mounts upon which the quadcopsecontaineideploymentack and pinioraluminumbeams attach td.he parachute
shieldis 3D printedPETGattached to onengl d the container and prevents the parachute filepioying prematurely
from the containerThe steel recovery harness mountaistened to the containgrrough two 1624 shoulder bolts
and locknas, as well as welded to the container. The recoveryeBanmount allows theontainer to be tethered to
the main recovery harnedshe six 80/20 linear slides are madeitfa-highmolecular weight polyethylen@ HMW)
and connect to the bottom of the m@iner via M2.5 and *20 fastenersThe linear slides pwide a low friction
interface between the container and theldited extrusions, allowing the container to slide onaththe railseasily
during ejectbn.

16 GA Steel Container

80/20 rail assembly \

Concentric Airframe Mount

Fig. 22 Payload retention systen CAD model.
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Duringlaunch, the quadcopter is insidetloécontainer in its stowed configuration, with the container on the 80/20
rail assembly. The recovery harness masttached to #our-foot section of reovery harness that is connected to
the main recovery harness via allbk. This connectiorhelpspull the container out of the forward airframe during
the main parachute ejectiofhe container and the quadcopter are ejected from the forward airframehevitiain
parachute at 80f@. The conainer and the quadcopter will then be outside of thedotairframe, tethered to the main
recovery harness under the main parachute. Atfg0ie containedeployment rack and pinion systems will be
actuated, anche quadcopter will release from thetention mounts and the contain®nce released, thipiadcoter
will fall out and the arms will unfold due to the 186gtorsion springOnce the quadcopter is outside of the container,
the 36in parachute that is iide of the container under tiparachute shield will come out and op&he quadcopter
will then descend under the B6parachuteand the software will perform system checks to verify the sensors are
functional, within their nominal operating bounds)d will check to ensure the quadcopter is descending at the
expected descent rate. Ifetlsystem passes alhe checks, theat a below an altitude of 40, the parachute
deployment rack and pinion system will be actuated, and the quadcopter will s=defeam the parachute. The
quadcopter will then initiate itstabilization conwl program andegin its autonomous flighbatrol. The parachute
will descend with its GPS and ballast mass to ensure it does ndadaftay.If the system does not patf®e software
checks, then the quadcopter will not release from its parachutgihrmdntinue descendingnder its parachutentil
it lands The deployment sequence is illustrated and outlined in more detail in the MZsmmept of Operations
Overview.

36-inch parachute
folded under the
parachute shield

Rack and pinion beam
engaged with retention
mount

Fig. 23 Assembled quadcopter in its stowed configuration inside of theoatainer ready to be placed inside of
the forward airframe.

The retention system components were analyzed to eauremponents could withstand the launch loading
conditions specifically the maximum load @251 Aluring the main parachute ejit, found usingzq. (3). Initially,
the 80/20 rail assembly wagoing to be mounted to the 3D printed PETG concentric airframe mount without the
aluminum supports. However, stremsalysis showed th&ETG had a potential to fail dag launch and main
parachute ejectigrwhich led the team to adding the aluminum sufgpdhe aluminum supports in th@ncentric
airframe mounfasten the 80/20 rail assembly to the forward airfrémeugh four %20 fastenersThe weight of the
entireretention system rests above the aluminum suppeaitk failure in the aluminum suppsrleading taetention
system failureSolidworks FEA was conducted on the aluminum supports with a desired dasetfety of 2.qFig.
24). A desiredactor of safey of 2.0 was chosems failure in the alumima supportsvould lead to catastrophic failure
of the retention systelifTable8).
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Fig. 24 Aluminum bar support FEA with the bottom face of the bar restained, and theload applied to the
top face

The recovey harness mouriteeps the sheet metal container tethered to the main recovery harness after main
parachute ejectiorThe recovery harness muat is mounted to the contagn through two shoulder bsltas well as
welded. Since failure in the recovery harnesmunt could leadto a dangerousleployment of the payloadhe
redundancy irthe fastening methodo the containewas chosenensuring the recovery harness mount will remain
attached to the coriteer throughout descent @manding.SolidWorks FEA waglore on therecovery harness mount
with a desired factor of safety of 2(Big. 25) A desired factor of safetyf®.0 was chosebecausdailure inthe
recovery harness moumitay lead to atastrophidailurein thedeploymentf thepayload(Table8). A fastener aalysis
was also conducted for the two-2@ shoulder bolts that connect the recovery harness mount to the co(Raiher
[4]). The two joiningmembers were stegsimplifying the analysisThe results showed that fotensile petbolt load
of 112.51 Athe factor of safety i4.3. A load 0f14501 As required tacause failure in the 124 shoulder bolts,
which is12.8 times higher than the expected loading.

wan Mises (psi}
5,654 +03

5,080 +03

L A52e 408

| 3058:+03

| 3303¢+03
| zETesm

L 2263403

L 1.607e+03

1131e+03
5,639 +02
5.666e-01

— Vield strength: 4.714e+04

Fig. 25 Recovery haness mount FEA with the top face restrained and théoad applied to the inner half of
the circular cutout, simulating the area tha the recovery harness will tug on themount.

A fastener analysis on the fasteners used to attach the 80/20 lineatostiteesontainer was also conductébe
fasteners tilized are eight M2.5 and two-20 fasteners. The fasteners connect UHMW camepts to steel sheet
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metal, with locknuts utilized tprevent them from coming undone duriagnch. Locknuts were chosenthey help

dampen the effects of vibration on undofiagtenersSince the joining members were not of the same material, and

one isductile while the other is brittléthe member stiffness iscamplexcombination of the two materialRef. [4]).
The fastaeer analysisesults show that for a pé&olt load 0f28.1251 Athe factor of safety i4.28 with a perbolt
load 0f2501 Aequired to cause fastener failufefactorof safety of 125 was desired, as failuiie the80/20 linear
slides would ocur prior to the fasteners failing. As seernlabe 8, the factor of safety for the alunum supports,
recowery harness mount, amdcovery harness are much higlienthe desired factor of safetyhis is thecase for
the aluminunsupportdbecause their thickness being more than is requirectarry the expected loading. However,
since the holed the alumhum supportsare threadedhe thickness of 0.#h. was needed to ensure a imiom of 5
threads of engagement. For the recovery harness mouinjtthkedesign vas to be manufacted fromaluminum,
which yielded a fadr of sakty of 5.2. However, steel was chosenenable the use dfliG welding between the
recovery harness mount and the steel sheet metal contHireafeviar shock cordvas chosn as theeam did not
have ahinnerrecovery harness material émand. The increasdéctor ofsafetyis allowable for the ecovery harness

as itsweightdoes not harm the payloadd itshigh factor of safety ensures it Wile reliable during launch.

Table 8: Retention System Component $&ss Ratings

Component Load Factor of Safety
Aluminum Supports 2251 A 102.8
Recovery Harngs Mount 2251 A 8.33
Aluminum Parachute Swivel 2251 A 4.44
1/866 Kevl ar Shc 2251 A 13.33

3. Quadcopte Electrical Design

In terms of the gadcopter electrical subsystems,thlt sensors and actuators on the quadcopter are connected
through a printed circuit board (PCB), to ensure witanagemerandsothatno wires would become loose during
the flight(Fig. 26).The PCB is mounted on the toifne inside the bodypf thequadcopter. Connected to thE®
is an HGCSRO04Ultra sonicDistance sensor with a range®8 into 157.4in, which functions to detect landirand
was chosen because of its low ca@stcuracy of @ in, and norcontact detection capabilitidsis mounted externally
on the bottom frame of the quadcopter to ensure line of sight with thedyrdhe microprocessor that was chosen
was the Raspberry Pi Zero 2 W due to its small formdaetnd fast processing rate of 1 GHz. Amlucam IMX219

Raspperry Pi Camera Module is connected directly to thevRich functions tdake pictures of thiaw n ¢ h

vehi

landing siteand is also mounteekternallyon the bottonframe b establish line fosight with theground The MTi-7
GNSS/INS IMUwaschoserbecausef its highaccuracyand sensor fusioperformancelt is connected to both the
Adafruit BMP388- PrecisionBarometricPressure AltimeteandtheuBLOX MAX-M8Q GPSandit sendsheading
position, velocity accelerationand barometer data back to the RIl of these sensor@remounted on the PCB\n
Xbee Pro S3B RF module is wiredternallyto the PCB whiclallowsfor conmunication and data transmissiorttwi

the ground statiorThe XbeePro S3B was selected because it had been previously used succeystd team
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Fig. 26 Altium Schematic showing dectrical connectionsbetween all the components.

A 5V active buzzer is also used to confirm propgeration of all of the electrars and as a method for tracking
the quadcopter after landing. A inenier Mini Razor Pro-4h-1 electronic speed controlleras picked due to its
compactsize and itability to support &ster input signalwith afaster update rate and a lower latersyh as with
the Dshotprotocol. The eletconic speeaontrollerwasused to control 4 brushless FLASH HOBBY D283&D0 KV
motors, which were chosen to provide & thrust to weight ratio to keep the drone stable during fliihtee DC
motors used in the drn erdlease mechanism from its container are also wired to the PCB. A pushbutton that would
be accessed throlig hole in the airframe is used to arm all & éhectronics connected to the PCB, which would be
powered using a Turnigy High Capacity 4000miAiPo Battery.The batterywaschosen to provide thguadcopter
with 5 to 10 minutes of flight time. Testing confirmtthtthe chosetatterywould beableto powerthe quadcopter
for 5 minutes minimunat 75% full throttle.

4. Quadcater Softvare Design

The quadcopter softwarendergoes a series of stages throughout the launch vehéc s (Figl 2v).gMinen the
payload is armed on the launch pallsensors will bénitialized, and data collection beginhe payload will remain
idle on thelaunch pad ntil the IMU detects the acceleration of laun€mce launch is detectetthe payload is idle
until main ejection is detected. This done through a combination ofetlvarometer data and the expected time of
ejection from the OpenRocket sinatibn. Once aitside the airframe, the barometer and GPS will be alieltect
dataon t he quadcdsmg therafiitsde ddfahei quadabpmer will waitintil 600 ft todeploy from the
container.This will allow for time for themain parachutéo deploy befre the payload releases from the container.
After the container releas¢he quadcoptechecks allsensors to ensure that the data is within expected limits
Furthernore, the quadcopter waits for a signainfr the ground statiobefore deploing from its parachuteat a
maximum of 400 ftThis is to guarantee that the quadcopger safelyrelease even if it cannataintain control after
deploymentAfter deployment, th quadcopteavoids the descending paraté and begins its autonomous natign.
Usingt he | aunch vehiclebds GPS coor di n aavigagetoshe launchbehiclea h e
and takes images of the landed vehicle. Ghcemplees taking images, the quadcopter will cksd and landf
during theflight the quadcopér begins tgose a dangdp spectatorsthe ground station can takeanual controto
shut it down, emergency land, or complete simple maneuvers.
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Launch detection Main ejection detection Parachute descent

IMU acceleration +  Barometer +  GPS/barometer +  Sensor status checks
Simulation timing altitude + Ground station command
Wait for altitude

Case: release command received (maximum 400 ft)

Parachute release

Autonomous
control to avoid
parachute

Autonomous control }— Case: no release command

Follow GPS coordinates
communicated by ground

station —-| Descent for landing

GPS/barometer *  Tum off motors
transition to ultrasonic * Activate buzzer
altitude

Manual control

Basic control to avoid
obstacles and force
descent

Fig. 27 Payload software flow chart.

The quadopteris controlled by siXPID loops:roll, pitch, yaw,thrust,and twoworld-conversiorloops(Ref.[5]).
Using thedistance from theesired coordinateand yaw orientatiorthe worldconversioroops one for roll and one
for pitch, find the roll and pitchangles the quadcopter shoultateto reachthe cmrdinates.These loops have
maximum bounds to ensure the drone does not flip wdrgeting far away coordinategheroll and pitch loops take
the roll and pitch targets quit by the worldconversion loopgs inputdo determine the throttle comndsforthe
roll, Rinrote, @nd pitch Peroe. The thrust contrdér takes the altitude determined by the barometer, GPSatfav
altitudesthe ultrasonic senstw determire thethrottle commandTiroie, for lifting the quadcopteThe yaw conwller
takes the yaw orientation of the quadcoped determines the yaw throttMgrote, tO rotate the quadcopter to the
desired yaw targefhese throttles are mixagingEgs.(7)-(10) to determine théhrottle of each motowhereMs,
Mz, M3, andM, are the motor commands for motors 1, 2, 3, and 4, respeciiFaiy28).

O Y Y 0 » @)
o Y Y 0 » (8)
o Y Y 0 » 9)
o Y Y 0 » (10

Fig. 28 Quadcopter motor configuration.
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The motorcommands are sent to the ESC using the Dshot communmigatitocol.Dshot was chosen over
pulse width modulation (PWM) because it was found during early testing that PWM had up to a 40 rimsrdetay
response time while Dshot has less thansadglay. The Dshairotocolconsists ofl6-bit frameswhich include the
motor command, a telemetry request bit, anthecksun{Fig. 29). The first 11 bits consist of the motor command
with 2048 possible values48 values are reserved which results in 2p66siblethrottle valus for each motar
Telemetrydata is notollectedfrom the ESCso the telemetry request is always set at ZEne.checksunallows the
ESC to check for interference in the Dshot command and ignore any scrambled contfaghdsdivdual bit is
determined by a short or lorfggh timein the sigml. A long high timecorresponds tone and a short high time
corresponds taero.

Fig. 29 Labeled Dshot command probed by oscilloscop&he red section is thenotor command, the
turquoise section is the telemetry request bit, and the purple sectiontise checksum

IV. Mission Concept of Operations Overview
The completanissionof the launch vehicle is shown in Fig0 from launch to end of mission for both launch
vehicle and payloadrhe payloadis left in adormant state inde of the forward airframe, with a buttdimat can be
armed on the launch patihe avionics bajas an arming pin that remaiattached and is removed thelaunch pad

to arm thelight computer and altimeters. Theission concept of opations beginsnce the launch vehicle hagen
prepared by the RSO and is ready t@lzeed on the launch rail.

~

A
<

v ,? = _5,‘}.

Fig. 30 Conceptof operation schematic from launch to end of mission.
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Preparation: This phase beginghen the tem receives approvab prepare thdaunch vehicle from the

RSQ The team wilbring the launch vehicle out to the launch pad and load it on the 1515 launch rail provided
by ESRAby slidingonthe two rail buttons lcatedon the aftsectionof the launch véicle. When the launch
vehicle is propeyl canted, the altimeters and the payload will then be armed via the pin on the avionics bay
and the button on the quadcoptafter altimeters finish their start up beeping sequenoatintity will be
confirmed bytherepeatinghree beepsf the primary and backup flight ogputersOncealtimeter continuity

is confirmed dualigniterswill be installedand connected to the launch control system using the provided
alligator clips This phase is concluded with thaytoad altimeters and motorarmed on the launch pad

Liftoff : This phase begins with motor ignitigmitiated by the RS@sing the ESRAaunch controkystem.

The motor accelerates the launch vehicle offlffiEslaunch railwhich helps keephelaund vehicle vertical
throughout the initialstages of motor ignitionThe launch vehicle ascendisr 24 s, with a maximum
acceleration 08254 @ . Thethrustplate carries the load of the motors thrust and transfers it to the airframe
andaft. The fins carry the aerodynamic loads during flight arudrect the launch vehicles flight path into a
stable trajectoryDuring ascent, the quaddeps IMU records the acceleration data and detecttatbe
sustained accelerationhanging the quadcopters softw e st at @ The quadtdptetien bedins
analyzingthe barometer data tootice the main parachute depment andracks the timesince launch to
crossreference with the OpenRocket simulationisTphase is concluded with the launch vehreleEhing

its apogee.

Apogee This phase begins witthe launch vehicle reaching its apogee, beginning its downward descent.

The altimeters irthe avionics bay detect apogee via pressure changes through the pressure port on the
avionics bay coupleiheflight computer sends current to tthengue ejectionttarge located in the aft of the

launch vehicle. The black powder ejection charge ignitessing a sudden, large increase in pressure
between thaft and the avionics bay of the launch vehidlkis increas in pressure separates the launch

vehicle, deplging the36in drogue parachut@he drogue parachute opens afavs the descent rate thie

launch vehicle to79 AQ@ After a 2 second delaythe backup black power ejection charge is fiasda

redundacy The quadcopter remains in the forward section
This phase ends with the laungkhicle descending to an altitude of 800 ft, where the main parachute
deployment occurs.

Main Parachute Deployment This phase begins when the launch vehicle is descending under the drogue
parachute and reaches an altituti®a@® ft. The altimeters detéthe altitude and serwlirrent tablack powder
charges locatethside theCO2 ejectionsysten to break the CO2 cartije seal. The CO2 released from the
cartridge pressurizethe forward airframe very quickly causing the nosecone to separatthenthin
parachutdo eject As the mainparachute i®jectedand deployed, the container with the quadcopter inside
is ejectedrom the forwardairframe The container and quadcopter remain tethered toettwvery harness

that connects thenain parachute to thisrward and descend under the main parachute with unch
vehicle. The barometer on the quadcopter detects therspdeiesure change in the forwactecks the time

of flight to verify it isaproximatelythe OpenRocket simulatidime for main ejection, and swhes thestate

to fieject o nMlde.quadcopteis now outside of the carbon fiber airframe, and thesGPS ad barometer

can receive datdn addition, the Xbee Pro S3B should now have a connection to the ground. §thdon
main parachute slows the desteate of the launch vehicle t® AQ@ This phase ends with the launch
vehicleand quadcopter inside tdie container descending under the main parachute to an altitude of 600 ft,
at which thequadcopter will release fno the container.

Quadcopter Container Deployment This phase begins when the launch vehicle and quadcopter inside of
the containedescendinder the main parachute to an altitudé@®dft, switching the state of the quadcopter

t o fcont a.iThmebarometer dne GPS ervthe quapter detect the altitude, atite microprocessor

send current to the DC motors on the contaideploymentrack and pinion assemblidsr 1.5s. The
aluminum beams on the rack and pinion assemblies disengage from the retention mounts on tiee, contai
allowing the quadcopter to fall from the contairtkre to its weight The quadcoptereleases from the
contaireralong with its 3@n parachute, the motor arms unfold, and the quadcopter begins descending under
its parachute a1 A @ While thequadcopter is descending under its parachut@rifirms that the IMU,

GPS, and barometer measurements are withipested limits This phase ends witlthe quadcopter
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descending under its parachute to an altitude of 400 ft, at whidutdzopter awaitthhe command from
the ground station to release from the parachute.

5. Quadcopter Parachute Release and Flight Operatits. This phase begins withe quacopter descending
under its parachute to an altitude of 400rfite barometer and GPS on the quadcaféect thealtitudeand
are ready to release from the parachute if the software system checks were all passeds& droeh the
parachutethe quadopter must receive@mmand from the ground statiomhich is given if the quadcopter
is in a safe areto release away frorpeople or hazardouerrain. If provided the release commarttie
guadcopt er s wiatcchhuese troe | tedagsrepiqressoradendsirrenttalthe DC motor
on the parachutdeployment rack and pinion assembly for 4. 5he aluminum beam on the rack and pinion
assembly disengages from tparachute stopreleasing the connection betsre the parachute aritie
quadcopterThe quadcopter releases from its parachute al
immediately stabilizes itself and performs a parachute avoidance maneuver. The quadcopter enters a hover
state at a set coordigawaiting for thelaunch vehicle to land and for the ground station to provide the GPS
coordinates of the launch vehicle landirige.sOnce the coordinates have been provided, the quadcopter
autonomouslynavigatesover tothe launch vehicle landing sitend captures an imag@f thelanding site.
During this time, the quadcopters parachute is descending to the ground. The parachailaat mass of
0.5 Iband a GPS for recoveryhis phase ends with the launch vehibbyving landedthe quadcopters
parachutehaving laned and the quadcopter hovering above the landing site of the launch vehicle.

6. QuadcopterLanding: This phase begins withelyuadcoptehovering above the launch vehicledimg site
after performing its mission of capturing an imagfehe landing siteThe quadcopter changes its state to
fi | a nodnd begins to autonomously navigate to the coordinates of the landing siteja@5 ft from the
launch vehicle landing or a given coordinate from the ground stafoce the quadcoptds at the
coordinates to landt begins a slow descgractively checking the ultrasonic sensors gatsichhas a range
of 0.07 ft to13.1 ft.Once theaultrasonicsensor is ngorting that the quadcopter is within 13 ft of the ground,
altitude controlswitches over entirely to the ultrasonic sensor, which is more accurate than GPS data for
small altitude change3he quadcopter continues to dasgeintil it reachean altitude oflL ft, at which the
command to turn off all the motors will be given. The drapter will then falto the groundand switch to
t he @Al an degdadcomesaads the lauiich and flight data, the images of the lawgtthle landing
site, andactivates a buzzer that helps locate the quadcopter. The quadcoptésP@sreboad thatrelays
live data tothe ground station forecovemg the quadcopterThis phaseends with the launch vehicle,
quadcopter, and quadcoptparachutehaving landed and relayingsPS data to the ground station for
recovery.

V. Conclusion

A. Lessons Learnd

1. Managament

Many significant lessons wetearnedby themanagementeam this yeadue tothis being the teaés first year
successfullattendng the Spacepd America Cup competitiarkirstly, the teantearned that the itial plan to reserve
the fall £meste largely for design and the spring semester for manufacturing and testsgot a appropriate
division d time, asthe teands schedule became very tight in the spring semester, catsitimckup launch day to
have to be employed for the tesgfit. This put the team on a very tight schedule to complete all documentation and
prepare for the start of the summerthe future the team will begin testhand analysis during the fall and pdeh
a much earlier launch date for any gmtial testflights.

Additionally, due to the scope ofdtprojects th&Spaceport America Cup allows, the teasoadleterminedhat
additionalleadershipvould have been helpfuln future yeas, the team intends tways enare thee areseparate
individuals sering as the Project Manager a@hief Engineer of the project, and the team will also be adaing
Vehicle Integration Engineer and a Payload Im&ggpn Engineer who are responsible for overseeing the technical
teams Lastly, the team will be adding @omposite lead to the Manufacturinupportteam to assist in further
developing the teams 3® carbon fiber processes andathow the StructuraDesignleadmore space to anag
test, and manufaare features of theehicle designThe team also hopes ébtan astudet member Flyeof Record
to allow eager access to test flights.

Noneof the work done by the team this year would have been possible without external spohgcfessor
cooperation. Thus, the team has learned the value of these thingsesus ito pursueorecorporatesponsorsn the
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future with a focuson material donationss this year thteam was forced to alter some of the original desiliie
SRAD carbon fibefins, due to a shorge of materiabnd funding.

2. Propusion

The desgn for the propulsion system waimple as it wabased oithe objectives from the competition arige
design obgctives from the teanThe team chose a motor based on simulated performance, whidomtihueto be
the case irthe future. This was by farthe strongest motor the team had ever ussfdreanddesigning for its use
provedmore complicated thaexpectedwith the failure of the modular aft sectiaturing the test flight.Further
analysis will need to be done @onjunction with the structuredesignin the futureto ensuresignificant meharical
failure does notecurwhen utilizingmotors as powerful as this one.

3. Structures

The most significant lessons learned regarding the vehicle structures resulted from the design, testing, and
subsequenfailure of the modular aft system. A lack of proper technical analysis, including but not limited to FEA
simulation and load testing, weethe primary causes of failure for the system as a whole. In the future, this will be
remedied through greaxtscrutny and testing of the design in the early stages of the project. Greater reinforcement of
the centering rings will be necessary in futueesions of the design, which can be accomplished through use of thicker
plate stock, a wider outside ringpetintrodiction of an inner ring (adjacent to the motor casing), and the inclusion of
fillets on sharp corners for stress mitigation. The pragsd showed the importance of accurate and-argianized
models in the design stage of the project, as instamciesand lack of model verification led to unforeseen difficulties
during manufacture and assembly of the vehicle. In regard to the actnafatiare of the vehicle components, a
greater reliance upon CNC machining will significantly improve theiyuafl aluminum components, while reducing
the time needed to machine those components. A number of smaller modifications to the modulanadtelessg
being discussed, with the aim of facilitating the somewhat difficult assembly process. Remavalatfrom the
airframe, which potentially compromised the structural integrity of the vehicle body, is also a consideration. The
viability of this solution will need to be extensively verified by testing and FEA analysis but could mitigate some of
the materialfailure the airframe experienced during the test launch. All of the above solutions will be facilitated in
future projects by dividing twork of the current $ructuralDesign leacamongstwo roles: theStructuralDesign
lead and theComposites lead. Thiwill reduce the workload of designing and manufacturingwigicle andwill
allow for a greater emphasis on testing and analysis.

4. Avionics and Recovg

A reliable avionics and recovery system is crucial to the success of the launch vehicle sitiee dniy thing
preventing the whole mission frofailure. So, attention to detail during every phase of the project is required. During
the design phase, things like puncture pistomitigs should be researched not just based on sizéhdiuspecific
application casgsincethe Gring material and shape affects the syg€kebehavior as much as its siZelditionally,
testing the designed system is the omfy of absolutly proving its functionalig, however, ensuring that the system
is reliable require the testing to be domaumerous times and maybe under undesirable conditions to see how the
performance changeBinally, the CO2 ejection system was designed arounejectioncharge because it needed to
integrate intca GOTS altimeterIn thefuture his system can be expanded by develo@RAD flight computerso
be able toemgdoy a morerobust method of releasing the pressurized gas such as uskwe¥ waservo actuated
motors.

5. Payload

The team learmd multiple lessons from the desjgleelopment, ard testing of tle quadcopter and its retem
system.From an assemblyandtestingpoint of view, it was realized how imgrtant a prototype of the quadcopter
would be for the teanT his wasrealized inthe middle of @tober,and the team designed aaskembled arptotype
of the quadopter. This prototypeenabled rany tests to beconductedwith the mosimportant being théuningof the
PID flight controlers. Using the prototype and 80/20 tesstand, the roll and pitcRID controllers were fly tuned,
proving the design could be properly tunethis also prowled insight into how the team ddumprove the tuning
proceduredor the final quadcopter, which hasovedusefulas the team is currently tuning tR& flight controlers
of the quadcoptr.

Similarly, manufacturing theetention system early on in tepring semestallowed foradjustmentso be made
thatled to asuccessfutest flight It was realized quickly thahe 80/20 linear slides imposgts of friction on the
80/20 rail assebily, risking a smooth deployment of the containet guadcopterThis wastested and improved upon
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over a series of ground tesising silion lubricant, andlifferent fastening methods for the lineadsk. The final
assembly for theetentionsysten was easily deployed frorthe 80/20 rail assembly.

Additionally, the layaut of the PCB went through seveitarationsleading to lhe test flightDuring the process of
developing the PCB, problem with theRa s p b e woaltage $p-déws) converte wasenmuntered, which would
occasionallycause ashort circuit betwee 3.3 V and groundThis was believed to be caused bydownstream
componentonnected to the Pi being shortéd.a esult, the importancef a separat8.3 V regulator was realized to
preventovempowering he Pi andavoid the risk of damaging the compontérhis experience highlighted the netx
conduct tlorough testing of the electricalibsystemand to implement proper precautions to avoid damagetical
electrical components$n the fiture,proper measures will haken to prioritize redundancy anthcrease the reliability
of electrical designs.

B. Future applications

SwampLaunch Rockefeam is a undergraduate student organizationral thusis made up ofa diverse group of
memlersatall stages in their udergraduate acdemic career Theleadership team is composeddediatedmembers
who have displayed the knowledge and talenketal asubtea and spans a ide range of academic yeatsoth
uppeclassma and underclassran.The transfeof knowledge on the teamascompished primarily thragh subteam
meetings and documentatioAt subteam meetings, members gieen the opmrtunity to participate in design,
testing,and manufacturing of the project. Swarbpunch does ndiave any requaments forsubteam mmbership
or participation members help as they are able, atetliated members stand out and are given additional
opportunities and projects. In the future, the team will continue to run subteam meetinvgsythigtwill increase
emphasis orencouragingnembers to read documentation on their owretithus giving them the background they
needto be equipped to directly contrikeuto design considerations for the current proj@otumentation is performed
primarily by each subteam ldaSwamp Launciasdeveloped a Handbook of information ovke years that each
individual in leadership adds to at the end of their tedascribingtakeavays and processes from their time in
leadership. This year, tlteam intends to expartldis Handbok even further to inlude more technical documentation
of processespecificallyfor the IREC team, aa lack of good documentatiarausedsubstantial delays to processes
during mamifacturing and testing this year.

Finally, the Swamp Launch IREC teawould like to continue to put a focus on impitog the diversity oteam
membership and leadershifhisyear, the leadership teamas~33% femalewith only 1female subtearead.Swanp
Launchis home to multiple competitioteams andhas seen the benefits afdiverse leadership team improving
team culture, moraJeand succesdt has aso been seen th#e first step in creating a more diverse member
communityis a diverse leadership teairhus,next yeaiSwanp Launchintends to strivéo engage with andncourage
members belonging to minority groupsorder to create a safe, welcoming, and diverse culteteequigped for
success
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Appendix |: System Weights, Measures, and Performance Data

Table 9: Launch Vehicle Irformation

Number of Stages

1

Vehide Lergth

131in.

Airframe Diameter

6.0 in. (innej), 6.14 in. (outer)

Number of Fins 4
Fin SemiSpan 6.5in.
Fin Root Chord 15.0in.
Fin Tip Chord 5.5in.
Fin Thickness 0.192in.
Vehicle Weightino motorsno payload) 38.81b.
Payloadweight 9.2 bb.
Propellant Weight 12.0 Ib.
Liftoff Weight 60.0 |h
Center of Pressure 105 in.
Center of gravity 83.9in.
Table 10: Propulsioninformation
Type COTS
Manufactuer Aerotech
Designation M2500
Motor Total Impulse 10240 Ns
Motor Average Thrust 2500N
Motor Peak Thrust 2891 N
Burn Time 39s
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Table 11: Predicted Flight Data and Profile

Altitude

Launch RailLength 17 ft
Launch Vehicle ThrustVeight Ratio 9.39
Target Apogee 10,000 ft
Predidced Apogee 99% ft
Rail Departure \élocity 104 ft/s
Minimum Static Margin 1.875
Maximum Velocity 1010 ft/s
Fin Flutter Velocity 1366 ft/s
Maximum Acceleration 101G
Time to Apogee 24's
Flight Time 164 s
10000455 = =
= z z ]
= < < - 4,500
8,000 == o o
= = o
= z z r 4,000
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Fig. 31 The simulatedaltitude, vertical velocity, and accelerationof the rocket over time.
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Fig. 32 The simulated flight profile of the rocket.
Table 12: Recovery Information
Primary Altimeter StratoLogger SL100
Seconday Altimeter StratoLogger CF
Drogue Parachute 36in StandardRocketman Parachute
Drogue Parachute Swivel Steel Swivel
Drogue Peachute Deployment Chge (Primary) 3.5g of Black Powder
Drogue Parachute Deployment Charge (Redunda 4.2 g of Black Powder
Drogue Parachute Deployment Altitude Apogee
Drogue ParachutBesceh Rate 80 ft/sec
Aft Recovery Harness Y% inKevlar shockcord (40 ftlong)
Main Parachute 96in Iris ultrai Standard Parachute
Main Parachute Swivel Steel Swel
Main Parachute Deployment Charge (Primary) 34 gof CO2 (0.05g of Black Powder)
Main Parachute Deployment Charge (Redundant 34 g of CO2 (0065 g of Black Powdey
Main Parachute Deployment Altitude 800 ft
Main Parachut®escemn Rate 19 ft/sec
32
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Total Drift Radius 0.4mi
Forward Recovery Harness Y inKevlar shock cord (40 ft long)
Eyebolts 3/8" Steel Eyebolts
D-Links 5/16" Dlinks
33
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Appendix Il: Project Test Reports

A. Recovery System Testing

1. Drogue Parachute Deployment Test

Independent Variabi@lack powder charge size

Dependent VariableDrogueparachutedeployment witheft separation

Materials

=4 =8 =888 _0_0_4_4_4_49-49-°

Nosecone
Forwardrecoveryharnessayout
Paylad

Payloadrail system

Avionics bay

Avionics bayrivets

Aft recovery harness layout
Aft airframe

Aft shear pins

Drogue deployment charge (33b
9V battery

Camera

Teststand

Procedure:

il

The forward recovery harness layout was assembled and jtesidel the 6rward airframe along
with the payload and payload retention system assembly. The nosecawioaias baywere
connected to the forward airframe wiilietsandshear pins. Then thaft recovery harness layout
was assembled and placed indideaft airframealong with the 3.9 of black powder as the
drogue deployment charge.
The aft airfframe was secured on the avionics bay with 4 sheaiTpie&illy assembled launch
vehicle was laid out on an elevatiedt stand,
The drogue ejection chargvas gnitedusing a 9V from a safe distace to observe the separation
of the aft airframe from the avionics bay along witbgueparachute ejection. The test was
recorded with @amera for further visual analysis.

o Note:Ejection testing utilimg flight computers performedidng test flght.

Results:
The aft airframe was separated from the aviob&gand ejeced the drogueparachute successfully.
Thus, the test was deemed successful.

Fig. 33 Instance of separation.
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2. CO2 EjectionSystem Puriare Test

IndependenYariable black powder charge inside the C@@ctionsystemsize

Dependent Variablguncturing of CO2 cartridges

Materials

=A =4 =4 -8 -8 -9

CO2¢jectionsystemassembly

34 g CO2cartridges

Vise

Black powder charge (0.05 and 0.03)5
9V battery

Camera

Procedure

il

The CO2 ejection system was assembled with a §.B&ck powder charge and a 84C0O2
cartridge.

1 The assembly was held lyice to prevent it from moving.

1 The black powder charge was ignitasing thebatteryfrom a safe distance wbseave the CO2
ejection system puncturing tlwartridge.The test was recorded with a camera for further visual
inspection.

1 The test was repeated with 0.0Qyblack powder charge to observe difference in puncturing.

1 Tesswererecorded with &amera fordirther visual analysis

Results:

For 0.05 g of black powderhé CO2cartridgewas punctured, and the return spring successfully
retracted the puncture piston back. This resulted in all the gas being relel@sstham onesecondWhen
the same teéswvas repeated with a 0.0¢bchage, the CO2 cartridge waalso punctured. However, the
release of the gas took considerably longer compared to the previous test.

Fig. 34 The CO2 ejection system is being held biye vise (yellow). The expanding CO2 ga from
the punctured cartridge can be seen awhite gas. This happened in less than one second. The visual

was captured from a slowed down recording of the test.

Discussion:
After further inspection of the systerthe longer gas release time was fountbéodue to the return
springfailing to retract thepuncture piston. Due to the bigger black powder charge, puncture piston was
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pushed past theombustionchamber cylinder. This resultedtime puncture piston gettingtuck outside of
the cylinder and clagjng the punctured hole. It wasncluded thathe black povder chargmeecdto be
weighted carefully to 0.08.
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3. Main Parachute Deployment Test
Independent Variable€0O2 camister size
Dependent Variables: Main parachdaployment

Materials:

Forwad airframe

Nosecone

Forwardrecoveryharness layout
Payloadand reéntion system

Avionics bay

CO2¢jectionsystemwith 34 g CO2 cartridges
Shear ping4, 5)

9V battery

Test stand

=8 =4 =4 -8 -8 -8 _-8_-9_-9

Procedures:

1 The forwad recovery harness layout was assembled and plasiel ithe forward airframe along
with the payload and payload retention system assembly. The nosecone wasterbrio the
forward airframe with 4 shear pins atite avionics bay was connected to the forwaaiframe
with 4 rivets

1 The CO2 ejection systemas firedusing the 9V batteryo observe th@oseconeseparation and
main parachute ejection.

o0 Note:Ejection testing utilimg flight computers performedudng test flght.

I The test was repeated with 5 shear pirs$ciad of 4 shear pins
1 Tesswererecoded with acamera for further visual analysis
Results:

The main parachutdeployment test with 4 shear pins resuli@dhe nosecone separating and main
parachute ejecting successfully. However, the separation faas@act big enough to eject the pagdd
outside of the airframeThe same test was repeated with 5 shear pins ctingeosecone to the forward
airframe. Tls resulted in a much stronger ejection and successfully ejected the main parachbt and
majority of the payload outside of the a#fne which can be seen Fig. 35.

Fig. 35 This image was taken shortly &er the deploymenttest. The nosecone wasjected outside
of the camerads angle. The bl ack parachgrbued pr ot ect
after ejection. The payload container (steel bosticking outside of the forward airframe) came out
almost completely. The rest of the containebeing stuck in the airframe was thought to be due to
the airframe resting on the chair.

Discussion:

The CO2 takes a certain amownitime to fully release &m the cartridge into the airfram®o,when
configured with 4 shear pinthe airframeaeached the pressure to break the shizar lgefore all the CO2
was fully expanded. This resulted in a weaker ejection force than exp@dted. the test was repeated
with 5 shear pins, the airframe hiambre time to build up pressure inside before thaspms broke. This
resulted in a strongejectionforce.
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4. Altimeter FunctionalityGroundTest

Independent VariableStratologger SL10Gtratologger CF

Dependent Variable&:ED light turning on

Materials:

=A =4 =4 -8 -8 -9

Stratologger SL100
Stratologger CF
Stratdoggerdatatransfercable
LED lights

Laptop

PerfectFlite software

Procedure:

il

The Stratologger SL10@as connected to a laptop using thetatrarsfercable. LEDlights are
connected to drogue and main charge terminals.

1 Using the PerfectFlite software,rcent readings for theegsorsvererecorded.
1 Using the PerfectFlite softwarself-tests for the altimetemsererun on the altimeters.
1 Drogue ad main chargaverefired using the software to observe the LED light.
1 The same proceduress repeated with Stratamgger CF
Results:

Both altimeteroutputsensor datéhat was within the manufactr uncertainty. The setésts that
wererun by the PefectFlite software were successfWhen thedrogue and maiejection charges were
triggered, loth LED lightslit up. The tests wersuccessfulso the altimeters were deemed functional
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5.Test Flight
Independent VariabseBlack powder andCO2 gjection system
Dependent Variable®rogue anl main parachutejection

Materials:
i Fully asenbled launch vehicle
9 Fully assembled payload
9 Fully asserbledavionics bay

Pracedures:
i Theavionics bay was fully assemblatbngwith the CO2 system

Two 34g CO2catridgeswere used in theCO2 system, with the primargartridgehavinga 0.05 g black
powderchargeand thebackuphavinga 0.065 g black poger charge.

1 The avionics bay was assembled intolthench vehicle, and the altimeters were armed on the lawatth p

Fig. 36 The rec0\er site shows thelunch vehicle with knt sectloflly sepated. The main parachute
was caught in a power ling however the launch vehicleand payloadwere fully recovered.

Results:The launch vehicle separated at apogeexpsaed, however both the forward and aft section of the vehicle
separated. This caused the launch vehicle and the payload to drift ZRertp the drgue and mairparachute
depbying at apgee.The quadcopter also depled from thecontainer at digher-thanexpectedaltitude due to a
time-syrc error in the sdfvare which partiallyoccurreddue to the main ejection happenirtgapogee.

Discussion: Upon further analysibg altimeter data showed that theglreejectionchargesvere fired at apogead
the CQ system ejetion chageswerefired a 800 ft as panned |t is hypathesizdby the teamthattheforce ofdrogue
giection causedthe payload containerothit the noseone $fioulder, shearing thghear pis anddeployingthe main
parachute at ap@g.It was dso fourd that the CO2 caiitiges were not punctured by thengture pistondeaving the
cartridgesstill full. The black pavder chargewere analyzedandit wasfoundthat they had propbrfired, eliminating
any errors in the altimeterd.was determined thalhere was a mechanical failure in the puncture pjsthich lead
to a failure inbreaking theCO2 cartridgeseal.

39
Experimental Sooding Rocket Assaation



6.Recovery Systebual-Redundancy

Front (Main Parachute) Aft (Drogue Parachute)

BP
\ Charge

BP
\ Charge

Fig. 37 The wiring diagram for th e Primary (top) and Redundant (bottom) Altimeters.

Two independent flight computers that are powdrngthdependent batteriegereimplemented into thavionics
bay design to ensure redundaria the systenandto meet competition requirements. Reliabilityd ©stwerethe
prominentfactors thataffected therecoverydesign choicesSo, the flight computenserechosen based deam
inventory andestingwith variousmo d e | sifity. A @0TE @rdtoLogger SL10 has been used as the primary
altimeter by the taa for more thariive flights andhas reillably collected flight data and fired ejection charges for all
the flights. Sinceét has been reliable in the past amasavailable h thet e a in@rgory, it was choseras the
primary flight computer for this degn. The redundant altimeter is chosesdzhupon similar criteria. However, the
redundant altimeter cannot be identical to the primary altimeter to account for simila failats. So, a diffent
altimeter vas sought afteAn additionalaltimeter thathe team has flowon numeousoccasios with reliable
performance i StratoLogger CF. Sinaeliability andt h e tfandianty with thedevicewerethe main
consideréons,the StratoLogger Chvas choseras the redundaiflight computer. Boththe primary and redundant
altimeter are powed byindividual 9V batteries. They are disarmed before flight and armed at the launch pad using
two SS5 micro switches.These switchesra mounted on a 3D printed switcnount to creata pin plunger arming
mechaism. The system is opedigarmed whenthe pin is inserted into the mount and closed (armed) when the pin
is removed. The switch mounts are accessible from the outside of tmécavaysince they aralignedwith the
pressue port holes on the switctahd.
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B. SRAD Propulsion system testing
THIS PAGE INTENTIONALL Y LEFT BLANK.
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C. SRAD Pressure Vessel Testing
THIS PAGE INTENTIONALLY LEFT BL ANK.
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D. SRAD GPS Testing
1. GPS Cold Start Test

Indepenént Variabes: time uBLOX MAX -M8Q GPSis left unpowered.
Dependent Varibles timeto a satellite fix.

Materials:
1 uBLOX MAX-M8Q GPS
1 Raspberry Pi Zer@ W

Procedure
I TheuBLOX MAX-M8Q GPSwas left unpoweredor 4 hours

1 TheuBLOX MAX-M8Q GPS was coneded to the Raspberry Pi Zero 2 Wit left unpowered
I TheuBLOX MAX-M8Q GPSwas povided power
I A timer meaared the time until a $dlite fix was received

Results:

The GPS took approximatel$0 s to receive a satellite fiunder a cold stariThis matded the GPS
specffications If this occurredduring flight at a descent rate of 21 ftilse quaccopter would descend630
ft. Thisis undesirableand thus a hot start will berequiredfor theflight.
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2. GPSHot StartTest
Indepenént Variabes: time uBLOX MAX -M8Q GPSis left unpowered.
Depandent Varidles timeto a satellite fix.

Materials:
T uBLOX MAX-M8Q GPS
1 Raspberry Pi Zer@ W
T Aluminum foil

Procedure

TheuBLOX MAX -M8Q GPSwasleft unpoweredor 4 hours

TheuBLOX MAX -M8Q GPS was coneded to the RaspberryPi Zero 2 Wbt left unpowered
The uBLOX MAX -M8Q GPSwas povided powemlndgiven time to receiw a satellite fix
TheuBLOX MAX -M8Q GPSwaswrapped in aluminum foil to interrupt satellite fix
TheuBLOX MAX -M8Q GPSwas unwrapped

A timer measured thentie until a satellite fix waseceived

E R N ]

Results:

The GPS tookless than 1s to receive a saliéde fix under ahot start. This matded the GPS
specffications This isideal forthe flight on the laoch vehicle Therefore, the GPS$euld be given time
to receive a satellite fix at the launch site before béoagled into the launch vehicle.
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3. GPSComnunication InterferenceTest
Indepenént Variables: XBee Pro SB anduBLOX MAX -M8Q GPSshieldng.
Depandent Varidles reliability of communicationwith groundstationand satdites.

Materials:

uBLOX MAX-M8Q GPS
Raspberry Pi Zer@ W
Two XBee Pro S3B
Laptop

Quadcopter
Launchvehicle
Container

=A =4 =4 -8 -8 -89

Procedures:
 TheXBee Pro S3EanduBLOX MAX -M8Q GPSwas caneded to theRaspberry Pi Zero 2 \&ind
assembledn the gadcopter
 Thequadcoptewas placed into the container
9 The XBeePro S3BanduBLOX MAX-M8Q GPScommunicatiorreliakility wasmeasured
1 The quadcoptewasplaced inside the forward airframe and launch vehicle is adedmb
I The XBee Pro S3BnduBLOX MAX -M8Q GPScommuncation reliability was measured

Results:

Both the GPS anrhdio had reliable comuamication while placed inside themtainer aloneHowever,
when placed insidéneforward airframehe radio communication wastermittent wherthe ground stdion
receiver was aliged with the launch vehidecenterlineand compledly lost when the redeer was not
aligned with the centéne. The GPSalsohad intermittent satellite fixes while placedidesthe airframe.
This result was not unexpected as tlearbon fiberairframe and steetontainer block the radio
communication This givespractice wih what to expect wheconmunicaing with the payload on the
launchfield.
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4. GPS Range Test
Independent Variables: distance between XBee Pro S3B modules.
Dependent Variables: communication reliability.

Materials:
T Two XBee Pro S3B
1 Raspberry Pi Zero 2 W
1 Laptop

Procedures:
 The XBee radio communicatiomas started while both radioserenext to each other
1 One XBeeradiowasmoved further from the other whimmunicationreliability was observed

1  Whencommunicatiorbecameunrdiable andvas completely ldshe distancéetween the XBee
radios was marked

Results:

Theradios maintained hable communication up to about 1,00Gftd had ureliable communicabin
for another 300 ftThis isa lower range than expecteab a resula 5 Bi gain antenna wasupchasedor
the ground statioradioto provide more reliable commmication between the radios.
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E. PayloadRewvery System Testing
1. Contairer Ejection Test
Independent Variable€02ejection system
Dependent Variable€ontainer deployment

Materials:

Fomwardairframe

Sheet metatontainer
Quadcopter

80/20 rail assembly
CO2ejection system

Main parachute recowghardware
9V battery

Test stand

=A =4 =4 =8 -a_-4_4_9

Procedure:

9 The retention system was fully assembled inside of the forward airframe, wighadeoptein
its stowed configuration inside of the container

The CO2system was fullyassembledvith two 34 g canisters and their associated blaokger
piston puncture charges.

9 The main parachute recovery hardware was packed into the forwfaatnai, and the nosere
was attached, sealing the forward airframe.
9 Ejecion testing of thdorward airframe was conducteding the9 V batery, with a camera
recording to visulize the ejection of the container with the quadcopter stowed inside.
0 Note: Flight computers utilizé during testflight.
Results:

As seen in Fig38, the main parachuteas fully deployed and the container with the qugder can be
seencoming out of the forward airframe. As the forward airframe waswgesn a chair, theontainemwas
not able to @illy come out of the airframe and fell back irsidhis was deemeslccessful, as the container
with the quadcopter wouldetable to fully egct from the forward airframe during flight.

Fig. 38 Ejection testing of the forward airframe with the payload retention system and quadcopter
fully assembked. Thenose cone successfully sheared off, with the main parachute and its recovery
hardwar e fully deployed. The container with the quadcopter insidésilver box sticking out of the

forward airframe) w asfully deployed off the 80/20 rail assembly.

Discussion:

Initial concerns for the deployment of the container was that the ejection natihé powerful enough
to overcome the static friction lveten the 80/2 linear slides and the-3lotted extrusions otne 80/20 rail
assemblyHowever, it was show during multiple ejection tests that tE®©2 system and théorce of the
main parachuteecovery harness pulling on the container was enough tblsebgect thecontainer with
the quadcopter inside.
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2. Rack aad Pinion Actuaton Test
Independent Variable§tatic load applied to the ahinum beam
Dependent Variable®C motor actuation of the rack and pinion.

Materials:
 Containerdeployment and parachueployment rack and pinion assembly

9 Kevlar recovery hrness
1 Standardied COTS weights
I Scale
1 12V Power supply witta power andjround wire
1 Pamachute stop
Procedures:
9 The rack and pinion assembly was fully assembiléth the aluminum €am in the engaged
position.

The Kevlar recovery harness was tiedit®of the aluminum bams at the end where the
loading would be experienced.

1
I A standardizedveight wasweighed andidded to the other end of the Kevlar recovery harness.
9 The 12V power spply was turned on, and tip@sitive wire was connected to the positive
terminal on the Denotor and the negative wire was connected todgative terminal othe DC
motor.
9 The wires were connected long enough to allow the DC motor to drive the rapknand
moving the aluminum beam to the disengaged position.
9 The weightwas increased by.® Ib until the DC motor stalled.

Results:
Table 13: Rack and Pinion Sall Test Results
System Stall Load Expected Load
Container-Deployment System 8.01 A 201 A
Parachute-Deployment System 8.01 A 501 A

As shown in Bble13, thestall load for both systemsvere8.01 Awhich is greater than the esgted
load both systems will experiendehis test proves the system performance durisigtic loading scenario
for the actuation of the rack and pinion systétso, this testproves the functionality of the DC motor rack
ard pinion system, but not thetructural integrity of theomponents involved.

Discussion:

This testing showed thexpected results, which was a similar performance between both rack and
pinion assembliesThis is because the tds to stall the motorwhich is the same for botiessembliesThe
containerdeployment rack and pinion assembly was flown on the test .flifie quadcopter was
successfullyretained throughoutight anddeployed fromhe containesuccessfully. Theack and pinion
system opettad correctly with respect the actuation of the aluminum beam.
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3.

Retention System Test Flight
Independent Variabk:N/A
Dependent VariablesN/A

Materials:
9 Launch vehicle in its final adiguration
9 Payload retention system in its finebnfiguration.
1 Quadcopter in its finaconfiguration.

Procedures:

1 Thequadcopter was fully assembled with of the sensors funtioning to record datand release
the quadcopter from the container.

Theretention syste was fully assembled in the forwaadframe and fasteners were locked
down using Loctite.

1
9 The quadcopter was armed, placed in the container, and stowed in thedfairframe.
1

The quadcopter was flown on the fully assembled launch veliectecompletg its mission up
until parachute release, as the autonomous control sysésmot ready to be flown.

Results:

o

Fig. 39 The quadcopter and its parachuteafterdeploying from the Iunch vehicle and container.

As seen in Fig39, the quadopter ad its parachute were recovergmstlaunch. Thecontainer
deployment retdion system wasuccessfult keeping the quadcopter retainedtil deployment The
containerdeployment rack and pinion assembligeresuccessfult releasing the quadceptfrom the
container however it did sustain strucrral damage on one of the motor housifgee shroudlines of the
parachute cauglain oneof the motor arms, causing the quadcopter to descend at a fasteamag®pkcted.

Discussion:

The retentionsystem and deployment of the quadcopter was largetcessful, except for the
guadcopter tangling in the parachute shroud lines. The roee a#uthis was determined pdatnch, as
the quadcoptereleased from # container in th incorrect orientatiorlhis caused the quadcopter to flip
when the parache opened, tangling one of the motor arms in the shroud linescamhibe remedied by
editing the design of the parachute shield, which aiisure the quadcopterleases from #hcontainer in
the corret orientation. The motor housing of the rack amdgriwas 3D printed at a higher infill to increase
its strength. It could not be determéhié the motor housing broke due to an impact load or during nominal
loadng.
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A persomel hazard analysis was conducted to identify g@khazards to the health and wb#ing of team
members, spectators, and the environment. These hazards may result from manufacturing, testing, and launching the
vehicle in addition to the storagedatransportation of components and chemicals. The aisaly conducted by
identifying hazards, potential causes and likelihood of occurrence, a mitigation approach, and the risk of injury after
mitigation. The subsections for this analysis include: Laudabards, Testing Hazards, Manufacturing Hazards,
Storaye Hazards, Transportation Hazards, Environmental Hazards, and Chemical Hazards. By adopting the mitigation

Appendix Il : Hazard Analysis

approaches listed in the analysis, risk to members, spectators, and the environmentdizcebe re

Table 14: Launch Hazards

Delayeal motor
ignition after failed
launch attempt

responsible for
motor assembly,
sde distance
maintained from

Keep members and
spectators out of
fire-line

rocketduring
launch. This is the
first year this
particular motor has
been used by the
team, which could
cause digher
chance of mishap

Wait at least 60
seconds before
approachingocket
in the case of
delayed ignition

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation
Motor ignites near | Ignition during Medium; Abide minimum Low
person motor loading experienced distancecode
members

mechanical failure

Main/drogue
parachute does not
deploy

such as shock cord,
altimeters, and fin

for frayed portions
to prevent tearing

maerial are verified
as appropriate for
use before launch

Directrocketlaunch
away from memberyg
and spectators

Conduct redundant
altimeter testing
prior to launch

Conduct main and
drogue deployment
testing prior to

launch

Falling debris due tq Recovery system Medium; assembly | Verify correct knots| Low
assembly error fails is verified for and that parachutes
security prior to are secure to
launch, constent prevent untying
Main/drogue chute | method used for e e shroud lines
does not opeafter | Parachute foldingd | 5o ot tangled and
deploying preventtangling, | harachutes have
but little space been folded
could cause chute correctly
lines to becom_e . Directrocketlaunch
tangled when fitting away from members
into the vehicle and spectators ]
Falling debris due tq Shock cord fails Low; components | Inspect shock cord | Low
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Fins are damaged

Ensure fin material
is strong enough to
undergo expected
loads

Ballistic rocket No separation Low; test flight Conduct redundant | Low
events after apogee| completed before | altimeter testing
competition launch | prior to launch
proving appropriate | Conduct#/
stability, rail cartridge puncture
velocity, and testing prior to
parachute launch
deployment for Conduct main and
avading ballistic drogue deployment
event testng prior to
launch
Vehicle Verify acceptable
significantly stability prior to
changes trajectory launch
mid-flight
Rocketlaunches too Verify acceptable
slowly off rail rail velocity prior to
launch
Direct vehicle
launch away from
members and
spectators
Black powder Static electricity Low; experienced | Members handling | Low
ignites near person | ignites black members handle blackpowder
powder black powder. ground themselves
Charges created
ahead of time rathe
than at launch site,
decreases risk of
ignition near
spectators
Electrical Exposed We wire Low; experienced | Component wiring | Low

shock/burns from
component wiring

membes
responsible for
wiring

completed before
attaching power

supply
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Table 15: Testing Hazards

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation
Premature ejection | Black powder Low; black powder | Membershandling | Low

test

ignites during
loading

Altimeter issue
causes premature

handled with care tg
avoid premature

black powder wi
ground themselves

ejection

Maintain safe
distance from any
open flame

Redundant altimete
testing completed

CO2 cartridge
puncture
Components impac|{ Members/speators | Low; members Ensure the line of | Low
person during stand in the lie of | stand on the sides o] ejecton is clear
ejection test ejection the vehicle when before teshg
Members/spectatorg carrying it to be Maintain a safe
stand too close to | ejection tested so | distance from
ejection they are not in the | ejection
Warning is not line of ejection. Warn spectators an
given prior to test | Safe distance members prior to
verified for testby counting
members and down
spectators prior to
testing
Debris impact Members/spectatory Low; safe distance | Maintain a safe Low
person during drop | stand directly verified for distance from drop
teg bereath drogest members and test
Failed drop test spectators prior to
results in broken testing
components that ca
impact
members/spectators
standing too close
Warning is not Warn spectators an
given prior to test members prior to
test
Impact from drone | Members/spectatory Low; test stand Maintain safe Low

flight testing

stand too closely

Warning is not
given prior to test

Flight issues during
testing result in
components
detaching

utilized for
quadcoptetuning,
which should make
test flight less
erratic; net
enclosure ulized
for flight testing

distance from test
enclosure

Warn members and
spectators to exit ng
enclosure prior to
test

Wear proper
protective gear
including safety
glasses in the case
of components
detaching during
flight test
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Table 16: Manufacturing Hazards

Hazard

Possible Causes

Risk of Mishap
and Rationale

Mitigation
Approach

Risk of Injury
After Mitigation

Contact with
bandsaw blade

Placing hands in
blade path

Small workpiece
limits space
between hand and
blade

Wearing gloves
causes fingers to bg
pulled toward the
blade

Low; proper safety
training given to
members using

Keep hands on
opposte sides of th
blade path

bandsaws,
sacrificial pieces
available to push
small workpieces
against blade.
Members that are

Use sacrificial piece
to push mall
workpieces being
cut, preventing
hands from getting
too close to blade

new to machining
are supervised.

Never wear gives
when using
machinery with
rotating saw blades

Low

Contact with
rotating lathe chuck
jaws

Hands/face too
close to rotating
jaws

Long hair or
dangling jewelry
caught by rotating
jaws

Chuck shield is not
utilized while
machining

Low; proper safety
training given to
members using

Maintain at least 6
inches of distance
from chuck

lathes, lathe will not
turn on if chuck
shield is not
engagd. Members

Tie long hair into a
bun and remove
dangling jewelry

thatare new to
machining are
supervised.

Always use chuck
shield

Low

Chuck key ejection
from rotating chuck

Key left in chuck
combined with
faulty chuck shield
sensor

Low; danger of
leaving chuck key
in whenmachining

Be sure all new
users undergo safet
training before use

on lathe emphasize
strongly to all sers.
Safety signs in the
machineshop also
emphakize this
point, so this should
not occur. In the
case that the chuck
key is left in, the
lathe will not turn
on unless the chuck
shield is engaged.
The chuck shield
cannot be pulled
down far enough to
engag if the chuck
key is left in. Fo
ejection to be risk,
the key would have
to be left in and the
chuck shield sensor,
would also have to
fail.

Report any lathes
with a faulty chuck
shield sasor

Low

Contact with
rotating dril

Hands/face too
close to rotating

drill

Low; proper safety
training given to

members using the

Maintain at least 6
inches of distance

from rotating drill

Low
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Long hair @
dangling jewely
caught by rotating
drill

Gloves catch on
drill and cause
fingers to be pulled
to it

drill press omilling
machines. Memberg
that are new to
machining are

Tie long hair into a
bun and remove
dangling jewelry

supervised.

Never wear gloves
when using
machinery with a
rotating tool

Turn machine off
when applyingpil to
workpieceso
contact is avoided

Use safety shield to
help maintain safe
distance when
possible

Workpiece ejection

Workpiece not
properly secured to
undergo forces
while machining

Low; protocols for

securing wokpieces
are taught on each
madine. Maximum
matrial removal of

Follow protocols for
securing workpieces
before machining
and use clamps

when necessary

0.1000 an
maximum drill step
up of 0. 2
place to prevent

dangerous forces of
workpiece

Use gentle
engagement
betweernworkpiece
and tmls to prevent
unnecessary forces
on the workpiece

Follow maximum
material removal
rules to prevent
unnecessary forces
that could loosen
the workpiece

Low

Fiberglass/carbon
fiber debris/fumes
causing skin
irritation and
respiratory hazal

Proper protetive
gear not utilized

Workspace is not
thorowhly cleaned

Fiberglass/carbon
fiber utilized in

Medium; debris can
possibly be missed
during cleanup if
not performed
thoroughly

Wear protective
gear such as closed
toed shoes, long
sleeves, pants,
gloves, and safety
glasses to preve
skin irritation

Wearappropriate
facemask when
cutting
fiberglass/carbon
fiber

Vacuum debris
while cutting to
minimize cleanup
where debris can bq
missed

Work in welk
ventilated area

Vacuum and wipe
workspace when

finished

Low
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improper
environment

Contact with sharp
tools

Incorrect handling

Sudden and
excessively loud
operation

Low; safety training
includes proper
handling of tools by
wrapping sharp
cutting edges with g

Always wrap a rag
around sharp cutting
edges on a tool,
never hold directly
with hand

rag when carrying,
installing, and
removing. Users of
the madine shop
are told to give a
verbal warning
before starting an
operation that will
cause a sudden and
loud noise

Always givea
verbal warning
before staihg a
loud operation so
others are not
startled when using
sharp tools

Low

Spray paint
exposure

Painting occurs in
improper
environment

Low; members
spray paint outside
and maintain safe

Spray paint outside
for increased
ventilation

distance from fumes

Maintain safe
distance while spray
painting to prevent
fume inhalation

Low

Hearing damage Headphones are no| Low; most Always wear Low
worn for loud processes are not | headphones when
manufacturing loud enough to using the waterijet.
processes, such as| impact hearing Otherwise use as
waterjet use other than waterjet | desired

use whee
headphones are
provided.
Headphones are
available for use at
any machine if
desired.
Vision damage Protective gear is | Low; members mus| Always wear a Low

not worn while
welding

Verbal warning is
not given before
starting to weld

Protective curtain is
not closed before
starting to weld

Protective gear is
not worn while

machining

always wear safgt
glasses when

welding mask when
welding

machining and a
welding mask when
welding. Welding
safety training
includes closing the

Close protective
curtain to protect
those outside the
welding bay from
the arc

safety curtain and
giving a verbal
warning to those in
and out of the
welding bay before
beginning to weld.

Give a verbal
warning so thoseni
the welding bay put
on ther masks and
those outside know
not to come into the
welding bay

Always wear safety
glasses when

machining
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Contact with hot
workpiece/tool
causing burns

Cutting oil not used

Too much material
removed at once

Proper protective
gear not worn while
welding

Contact with nelted
solder or hot
solderingiron

Medium; cutting oil
use taught to
members along with

Use aitting ol
when drilling or
making rough cuts

maximum material
removal rules.
Welding safety

Follow maximum
material removal
rules for the shop

training informs
members of proper
protective gear. If a

Wear welding
gloves, jacket, and
mask when welding

soldering iron or
recently welded
piece is left
unattended, a
member could
accidentally get

Inform others of
melted solder and
recently welded
piece and avoid
leaving it
unattended

burnt

Turn off soldering
iron before leaving
it unattended

Low
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Table17: Sorage Hazards

Hazard

Possible Causes

Risk of Mishap
and Rationale

Mit igation
Approach

Risk of Injury
After Mitigation

Black powder ignition

Black powder
residue left in
workspace

Black powder
stored in location
where it will be
near open flame

Medium; small
amounts of residue
can be hard to see

Clean any trace of
black powder in the
workspace with
methods that do no
creae static

Store black powder
far from open
flame in the
workspace and
inform members of

Low

with sharp edges

not deburred befer
placing bak into
storage

heavy
manufacturing
times this step can
be forgotten

workpieces with a
proper file before
storing

Handle stock and
workpieces with

care in case they
were not previously

deburred

its location
Carbon fiber Material stored at | Low; material is Store material Low
decomposition the incorrect stored in a dry, inside in a
temperature can | cool environment | temperature
resultin thermal controlled
decomposition environment
CO2 cartridge rupture | Cartridges exposed Low; cannisters arg Keep cannisters ou Low
to direct sunlight | kept out of direct | of direct sunlight
Cartridges stored a| sunlight in adry, Store cannisters at
higher than temperaure- the correct
recommended controlled temperature and
temperature environment keep from
excessive heat
Lacerations from sharf Tools ae not put Medium; shared Be sure to always | Low
tools awgy correctly workspace with put away tools afte
other student use
groups increases | Be sure not to
risk. During heavy | cover sharp tols in
manufacturing a way that they can
times, tools are accidentally be
used more grabbed, such as
constantly and may with a rag
not always be put | Pick up items such
away as rags carefully in
case the previous
user did not put
away a tool
Lacerations from stock Remaining stock is| Medium; during Debur all stock and Low

Cartbon fiber andCO2 cartridge orage hazards obtained from carbon fiber safety documentation and gas cylinder

safety informatior(Ref. [6], Ref. [7]).
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Table 18: Transportation Hazards

Hazard

Possible Causes

Risk of Mishap
and Rationale

Mitigat ion
Approach

Risk of Injury
After Mitigation

Motor ignition

Motor is jostled
during travel,

resulting in elevated
friction

Motor is dropped
when
loading/unloading

Low; motor is
difficult to ignite
just by movement,
team will obtain
motorat

Obtaning motor at
compettion reduces
the distance the
team must travel
with the motor

competitionto
reduce trael with
motor

Pack motor in such
a way that prevents
movement while
driving

Wait to fully
assemble motor
until after it kas
been transported to
the launchsite

Low

Component damage
can create hazard
during launch if

Components are no
packed gently

Medium; team will
be travelling a long
distance with

Avoid dropping
components while
packing

Low

unnoticed Components are vehicle components Pack components tq
jostled during travel| which can increase | prevent shifting,
the chance of specifically for
components sfting | components that arg
or getting damaged| more likely to be
damaged
Inspect components
prior to assembling
for launch
Bring tools and
redacement parts in
case of damage
Black power Black powder Low; ammo canis | Use ammo canto | Low
ignition charges are jostled | used to protet protect charges

during trawel,
resulting in elevated
friction

Black powde
charges dropped
when
loading/unloading

charges when
traveling charges
handledwith care

Pack in location tha
prevents mogment
while driving
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Table 19: Environmental Hazards

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation
Water mwllution Creation of uncured| High; incinerator is | Minimize epoxy Medium
from epoy resin epoxy resin waste | the best, least resh wade
harmful method of
Incorrect disposal o{ resin disposal but | Cure any resin
epoxy resin waste | the team does not | waste with its
down the drain have access to this.| hardener before
The next best optior disposing
is to cure resin
waste with its
hardener before
disposing
Litter in the event of| Forces sustained Medium; test flight | Ensure materials arf Medium

vehicle
damage/detached
components during
flight

during flight
damage component
or cause them to fal
off

Landing velocity is
too high and can
break components
into pieces

Vehicle and/or
quadcopter lost
entirely and cannot
be found

resulted in a single
fin separating,
though it was
recovered and was
not damaged. It is
likely the fin was
loosened by forces
during flight,
causing it to
separate upon
landing, which is
expeced to be a
nonisse with the
new aftthat should
withstand flight
forces. The risk is
attributed to the
chance of
components
detaching during
flight in a manner
where they are not
able to be found.

strong enough to
undergo expected
flight and landing
forces to prevent
damage/separation
of components

Ensure attachment
methods are strong
enough to undergo
expected flight and
landing forces to
prevent
damage/sepatian
of components

GPS sensors used {
locate the vehicle
and quadcopter

Environmental hazards from epoxy resin obtained from its safety @Ref8]).
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Table 20: Chemical Hazads

Hazard

Possible Causes

Risk of Mishap
and Rationale

Mitigation
Approach

Risk of Injury
After Mitigation

Skin irritation from
contact with epoxy
resin

Proper protective
equipment is not
worn

Proper cleanup
protocol is not
followed

Low; appropriate
nitrile gloves are
worn while
working with
epoxy rein

Wear proper
protective gear
including nitrile
gloves, long
sleeves, and eye
protection

Clean workplace of
any resin to avoid
accidental gposure

Low

Respiratory irritation | Members work in Low; workspaces | Always work with | Low
from inhalation of close proximity are weltventilated | resin in ventilated
resin fumes with resin areas
Inform members to
keep resin a safe
distance from face
to avoid accidental
inhalation
Epoxy Epoxy resin Low; epoxy resin is| Inform members of| Low
reaction/decompositiol exposed to not combined with | dangerous
with otherchemicals | oxidizers, the use of oxidizerg interactions before
specifically use
peroxides
Carbon fiber reaction | Carbon fiber Low; carbon fiber | Inform members of| Low

with other chemicals

exposed to strong
oxidizing agents

is not combined
with the use of
oxidizers

dangerous
interactions before
use

Chemical hazards associated with epoxy resin and carbon fiber are determined from their safgfRefhig}ts

Ref.[8]).
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Appendix IIl : Risk Assessment

Table 21: Propulsion Risk Assessment

Hazard Paossible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation
Incomplete Inconsistencig in Low; motor Store propellahin Low

propelantignition
or propellant

propellant grain

burnout,
unpredictable and
unstabeé flight path
personnel hzerd

Impropergrain
bonding

Improperpropellant
storage

performed as
expected during tes
flight

climateregulaed
room

Perform visial
inspectionof grain
to ersue
inconsstencies a&
not present

Take proper
precautions when
bonding motor grain
and follow correct
procedurs

Damage to motor | Structural defecin | Low; motorcasing | Use motor casing | Low
casingand motor motor casingauses| performedas materialdurable
assemblymotor is | casing to crack expected during tes] enough to sustain
not properly flight expecteddads
A and causes Motor casing Perform visual
an unpredlctat_)le material not durale inspedion of casing
and wstable flght enough to sustai prior to assembly to
pah, personnel propulsion forces ensure no dects
hazard are present
Damage to motor | Structural defecin | Medium; motor Use motor casing | Low
tubeand motor motortubecauses | tubehas not yet materialdurable
assemblymotor is | tubeto crack beentested duriga | enough to sustain
not properly testflight, but expected lods
retained and causeg Motortubematerial | materal is expeatd | Perform visual
an unpredictable not durdole enough | to sustain inspecion of casing
and wnstable flght to sustain propulsive loads prior to assembly to
pah, personnel propulsion forces | from previous ensure no dects
hazard experence are present
Improper epox Follow correct
application causes epoxyprocedureto
tube toshift ensue goxy cures
correctlyand apply
sufficient amount
Forward and aft Structural defect in | Low; forward and | Fasterclosuregdo Low

motor dosures are
damaged, motor
propellant does not

forward and aft
closurescauses
closurego crack

remain properly
retained, motor
damags forward
rocketcomponents

Closuregmproperly
fastenednto aft
ard does ptremain
properly placed

personnel hazard

Failure ofthreads
causeglosuredo
come lmse ad
motor to shift

aft closures
performed
successfly during
test fight

the propetorque

Perform visual
inspectionof
closuresprior to
assembly to ensure
no defects are
presert
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Motor retaineris
damagd, motor
assemblydoes not
remainproperly
retaned maor
damages forward
rocketcompanents,
personnkhazard

Strucural defect in
motor ragainer
causesetainerto
crack

Motor retainer
improperly fastened
onto aftand does
not remain poperly
placed

Failure ofretainer
threadscauses
retainer to come
loose ad motor to
shift

Low; motor regainer
performed
successfuy during
test fight

Fasterretainerto
the propetorque

Performvisual
inspectionof
retainer pior to
assembly to ensure
no defects are
presert

Low
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Table 22: Vehicle Stuctural Hazard Analysis

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation

Airf rameand Cracks in airframe | Medium; SRAD Visually inspect all | Low

coupler become due to airframe and fins, | structural

damagd, internal pressurization limited load testing. | components for

components Improper Single test flight cracksor

improperly retained | transpatation resulted inrsome unintended gaps

and risk faling out
of vehcle,
aerodyamic
interferences,
personnel lazard

causes damage t
structure

Marufacturing
accident cauess
damage to stucture

Structuraldefectin
materialduring

layup

failure of airframe

Follow correct
procedurevhen
creathglayupsand
cutting features

Fin fillets waken Weak epoxy fillets | Medium;fin fillets | Use recommended | Low
and cause undergdimited epoxy for HPR
separation of fins load esting vehicles
fromvehicle, Improper Make epoxy fillets
personnel hzard application sufficiently thick to
mitigatefailure risk
Follow proper
procedires for
applying epoxy to
fins
Centeing ringsfail, | Epoxy failure Medium;duringtest | Inspect laurch Low
disruptingflight flight, alterations to| vehiclebefore and
pah and risks vehicle design since after each launch
unstable descent | Marufaduring test flight introduce | Use recommended
defects additionalvariables. | epoxy for HPR
Single test flight vehicles
resulted in failure of| Follow proper
aluminum cenering | procedires for
rings which have applying epoxy to
been navly certering rings
designed and Inspect corponents
manufactued for for defects
competition immediately after
manufactuing
Bulkheaddalil, Manufacturing Low; bulkheads Inspect componentg Low
vehicle does not defects performedas for defects
adauately expected during tes| immediately after
pressurze, and flight manufactuing and
separéion events testing
fail, rocketbecomes| Bulkhead material
ballistic, internal not durable enough
components to withstand
damagespersonnel | ejedion forces
hazard
Shearpinsdo not Insufficient gjection | Low; ejection Perform ejection Low

shearand rocket
becomes Hastic;
shear pins sheano

chargesize (vehicle
does ot separate)

testing was
performed prior to

test flightthat

teding o veify
correct energetic

amounts
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early, causing
vehicle to separate
disruping rockets
path andisking
unstable descent
rivets do noremain
intact, causing
vehicle toseparate
disruptng rocked s
path andisking
unstable de=ent

Excessivepressure
in theairframe
(vehicle separates
too quickly)

proved sufficient
energetic amounts

Taking pecautions
when packingand
asemblingvehicle
to ensurevehicle is
notoverpressurized

Fins become
damagd, falling
debiis, causes &
unpredictable and
unstablefli ght path,

Fasteners securing
thrust plate
subassembly to
airframe shear
under motor load

personnel hazard

Cracks in airframe
due to
pressurization

Fin material not
durable enough to
withstandmotor and
ejedion forces

Medium; SRAD
airframe and fins,
limited load testing
Single test flight
resulted in failure of

Use highstrength
steel alloy fastenerg
to prevent shearing

airframe

Ventilate airframe
to prewent airframe
failure due to
pressurization

Use highstrength
composite
(epoxyglass) for
fins

Visually inspect all
structural
components for
craclks or
unintended gaps

Launch crew 20Gt
from vehicleat
launch, behind
barrier

Low

Structural
componets fail to
retain propulsion,
payload, or recovery
systems

Thrust plate
separates from
airframe due to
fastener failure or
weak epoxy fillets

Premature
separation of
vehicle sections
from one another
due to airframe
failure at point of
fastening

Medium;while
thrust pate
subassembly

Use highstrength
alloy steel fasteners
to prevent shearing

remained secured
during test flight,
alterations to

Use recommended
epox for HPR
vehicles

vehicle design since
test flight introduce
additional variables.
Single test flight

Ventilate airframe
to prevent airframe
failure due to
pressurization

resulted in failure of
airframe

Visually inspect all
structuré
components for
cracks o
unintended gaps

Launch crew 200t
from vehicle at
launch, behind
barier

Low

Thrust plate Weak epoxy filles | Medium; While Use recommended | Low
separatefrom thrust plag epoxy for HPR
subassembly vehicles
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airframe,causng
personnel hazard

Manufacturing
defects

Fadener failure

remained secured
during test flight,
alterations to

Make epoxy fillets
sufficiently thick to
mitigate failure risk

vehicle design since
test flight introduce
additional variables.

Follow proper
procedires for

applying epoxy

Single test flight
resulted in failire of
airframe

Inspectcomponents
for defects
immediately after
manufactuing

Use highstrength
alloy steel fastners
to prevent shearing

Visually inspect
fasteners before
assembly

Launch crew200ft
from vehicle at
launch, behind
barier
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Table 23: Avionics and Recovery Hazard Analysis

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation
Drogueparachute | Electical Low; the altimeters| Securewires Low

fails to inflate and
detache from
launch vehicle,
causing the launch
vehicle to acderate
towards the ground,
leading to the
catastrophic failure
of the mission ad
launch ehicle
coming in contact
with persomel

connections betwee
the altimeter and its
power supply or the
drogue black
powder charge
loosen

Altimeterfails to
detect apogee and
not fire the ejection
charge

Drogueparachute
and its shroud lines
parachute protectpr
or therecovery
hamessangle

Drogueblack
powder charge fails
to eject the drogue
parachute

Shockcord, Dlinks,
swivel, or eyebolts
suffer mechanical
failure,
disconnecting the
launch vehicle
sections from the
parachte

successfully ignited
the black powde
charge at apoge
and deployed thg
drogue parachutg
during test flight
However the
launch vehicle ha

connecting the
altimeers to the
ejection charges
using zip ties and
wire runways to
keep thenfrom
excesi/ely moving
during flight

gone through
design change
which needs to bg¢
taken into
consderation

Wire aredundant
altimeter
independenyl to a
backupblack
powder charge

Connectparachute
to the shock cord 15
feet away from the
parachute protector
and the parduute is
folded accordig to
the manufacturer
instructions to
prevent tangling

The ejetion of the
drogue parachute
and separation of th
sections with 3.5

of black powder is
tested on the groung
before flight

Ensurerecovery
hardwarecan
withstandthe
expected marmum
loadswith sufficient
factor of safety

Ted altimetersfor
functionality using
the software given
by manufacturer

Wire abackup
(redundant)
altimeter
independently to a
backup ejeddn
charge

The CO2 ejection
system encounters i
mechanical failure,
causing the CO2

cartridge to not be

Connectionbetween
the altimeter and
CO2 sysem black
powder charge

Medium; theuse of
a small pyro charge
to pressurize a
small volume

introduces

Securewires
connectirg the CO2
sysemd black
powder charge to

altimeterswith wire

Low
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punctured leading tc
the failure of
deploying the main
parachute and high
speed crash into the
ground

disconnects or short
circuits

Altimeter fails to
detect the altitude
data

Black powder
chargeis not big
enough to compresg
the return spring an(
puncture the CO2
cartridge

variables such as
volume, the mass
of black powder
and packing

run-aways and zip
ties to prevent
excessivenovement
during flight

tightness that need
to be consistent
every time. The
incongstency
between the
variables may have
caused the failure

Wire aredundant
altimeter
independently to a
redundant CO2
ejection system as ¢
backup to the
primary system

of puncuring the
CO2 cartridges

Testdifferent black
powder amountto
determine the
necesaryamountto
puncture cartridges
reliably

Plae O-rings
aroundcomponents
to minimize
pressure leaking
after combustion

The black powder
housingvolume is
minimized to only
fit the black power
necessary and-E
match to keep the
volumevariable
consistent

The main parachute
fails to deploy,
causing launch
vehicle tocrashinto
the groundbr
spectatorsit high

CO2 cartridges not
big enough t@reate
necessary pressure
inside the airfame
to eject payload and
main parachute

speed

Puncturepiston
clogs the punctured
hole on the ©2
cartridge slowing
down the
pressurization of the
forward airframe

Main parachute and
its shroud lines
getting tangled with
itself, the payload,
parahute protector
or the recovery
harness

Shockcord, Dlinks,

swivd, or eyebolts

Medium;
successful
deployment of the
main parachute
depends on first, a
successful

SizeCO2 cartridges
based ortaunch
vehiclevolumeto
provide 1.5 times of
the neessary
deploynent force

sepaation and
parachute ejection,
second the
parachute unrolling
out of he
parachute ptector
and lastly pulling

Sealairframe
volumewith the
nosecone bulkhead
and avimics bay
bulkhead to prevent
pressure leaks

out the payload
while it is inflating,
so failure at any of
these steps may
result in the failure
of the system

Puncturepiston
utilizesa spring that
retracts it out of the
punctured hole to
prevent clogging.

Connect main

parachute, parachut

Low
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suffer mechanical
failure,
disconnecting the
launch vehicle
sections

protector and
payloadto the
recovery harness
away from each
other to prevent
interfererce

Torquedown
recmvery hardware
to prevent them
from getting
unscrewed. Loctite
is also useavhere
threaded
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Table 24: Payload Hazard Analysis

Hazard Possible Causes Risk of Mishap Mitigation Risk of Injury
and Rationale Approach After Mitigation

Quadopter frame Fastener failure Low; SRAD 12ply | Frame has a factor | Low

suffers structural joining the top and | CFRP with eight | of safety of 5.45

failure, leadingo

bottomframe

catastrophic failure
of the quadcopter,
causing loss dflight
stability and debris
coming into contact
with personnel

Impact load on one
end of the frame,
imposing a large
bending moment

joining fasteners.

Did not sustain
damage duringhie
test launch.

Loctite placed on all
fasteners uset

join the top and
bottom frame

Steé threaded
standoffs to help
carry the stressf@n
impact load

Payload recovery Shoulder bolts and | Low; redundancy | Locknuts on Low
harness mount welds betweerhie | by using both shoulder bolts will
suffers stuctural container and fasteners andields | be properly torqued
failure, causing the | mount fail due to to keep the down prior to
container and higherthan recovery harness | asserbly into the
quadcopter to eject | expected loading mount atached. launch vehicle.
from the launch Recovery harness | Did not sustain any| Proper attahment
vehicle at main snaps due to higherl damage during the| of recovery harness
parachutesjection thanexpected test launch, and to the recovery
loading was successful at | harness mount and
keeping the D-link
container téhered
to the main
recovery harness
Unfolding Shearing of the 3D | Medium; Increased the infill | Low
mechanism printed PETG pivot | complexityof pivot | of the pivot housig
locking/structural housing or prot housng component] from 60% to 100%
failure, resulting in | stop and lightweight
the loss of a motor requirement leda
arm and motor - 3D printing. 3D —— -
causing the Pin p'“’?gef does printed component Add wiren g u i d
quadcoper to lose not achieve Ioc.k are typically to the pivot stqp to
stability due to motor wire |\ eaker ttan metal, | €Nsure they will not
obstruction with the pivot hinder the unfolding
housing having a of the motor arms
Impact load causes| factor of safety of | Conical hde in the
misalignment in the| 333 pivot stop provides &
motor arm better lock fo the
pin in the pin
plunger
PCB becomesbse | M2.5 fasteners Low; thereare four | The M2.5 fasterms | Low

from the top frame
of the quadcopter,
resulting in large
vibrations for the
IMU and other
hardware. This may
lead to instability in
the quadcopter flight
control leading to

become undaoe

injury

Top frame
structurally fails,
resulting in
loosenng of the
PCBattachment

M2.5 fasteners
with locknuts to
prevent the
fasteners from
coming undone.
The PCB wa
flown on the tes
flight and was
properly attached

and locknuts will be
properly torqued
downprior to being
placed inside of the
launch ehicle
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when recovered
after the flight.

Container Damage to the rack Medium;the The infill of the Low
deployment rack ang and pinion retention mounts | retention nounts
pinions fail to assembly, caing on the ontainer are and the motor
release the failure to drive the | 3D printed PETG | housing on the rack
quadcopter fronthe | aluminum beam du| and can experiencg and pinion assembly
container. Failure to| of the retention structural failure was increased from
release from the mounts during a high shock 40% to 80%.
container will not Electrical failure load. Extensive Support was adked
result in any from the PCB that | structural damage | to the retention
personnel injey, as | results in the © would need to mounts and filleting
the quadcopter will | motors not occur to restricthe | was improved on the
remain inside of the | receiving current | motion of the rack and pinion
container throghout | Damaye to the aluminum beams | motor housing
descentPremature | retention mounts on therack and
release from the causing the pinion assemblies.
container will open | aluminum beams to| This was flown on
the quadcopter get stick the test flight ad
parachute, sustained fimor
preventing injuy cracking, but was
successful at
keeping the
guadcopter retaine
and allowing the
guadcopter to
release
Quadcopter 36nch | The parachutgets | Medium;the The parachutehgeld | Low
parachute does not | stuck in the quadcopters releag is being redesigned
open once the container and from the container | to include an
quadcopter is breaks & is difficult to extended piece that
deployed from the | The parachute accurately forces the
containercausing shroud lines tangle | simulate/test on thg quadcopter to fall
thequadcopter to in the quadcopter | ground. A shroud | out of the container
free-fall The parachte- line tangled with in the proper
deployment rack one of the orientation. This
and pinion guadcopter arms o| ensures the
assembly has the test fight, quadcoptewill not
structural failure, causing the flip when the
releasing the quadcopter to parachute opens,
parachute desced quicker preventingshroud
than expected. lines from tangling
Quadcopter rator Electrical power Low; themotors Zip ties will be used| Low
failure resulting in failure to the motorg are reliable to hold wires in
loss of control for through the ESC quadcopter motors| place
the quadcopters Physical damage to| that have strong
flight the motors rotary | wired connections
housing
Battery connection | Poor connection or | Medium, PCB used| Ensure connection | Low
between component loose wiring to minimizethe of all wires using

is temporarily or
permanently lost,
causing one or more
electrial systems to
fail

number ofwired
connections
needed.ThePCB
is exposed to
ejectiongases

during ejection,

it ug andsears
all loose wires using
tape and hot glue.
Strain relef such as
zip tiesand hea

shrinks applied to
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which would resul
in strain on the
wires. The wires
did notcome loose

prevent wire
breakage

andthebattery did
not die duringhe
test launch
One or more electric Impact force at Low; black powder| Make sure the PCB| Low
components on PCB| landingdamages is used akackup | is properly secured
losefunctionality, electronics chagewith CO2 to the bp frame of
preventingaccurate | Black powder being the primary | thedrone
data collection charges interact charge Impact
with electronic forcesupon
componentandfry | landingat test
them launch did not
damageany
electrical
components
Battery overheats or| Overheating of Low; the payload | The quadcopter Low

catches on fire

payload inside
airframe dueo high
external
temperatures

Low battery voltage
or faulty battery

Incorrectwiring

Ignition within
rocket compomises
security of payload

exterior painted
white to mininize
heat absorption.
The LiPo battery
bought is enclosed
in aprotective
case An extensive
ignition would
need to occur
elsewhere in the
rocket to
compromise the
integrity ofthe
payload batter

would be run at
levels that are
acceptable not to
overexerthe
battery. Battery
voltage would be
verified before
connecting to
electronics
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Appendix IV: Assembly, Pre-flight, Launch, and Recovery Checklists
A. Assembly

Avionics Bay:

1. Securely fasten thdtameters and the battery housing on the avionios$ s&ng MB screws.

2. Secure tharogueand mairmparachute charge wiresnnected to thaltimeters terminalby using zip ties and
running them through the designated wire tunnels on the avistads

3. Mount the CO2 ejection system on the forward avionics bay batkheingV3 screws anduts.Screwsealed
CO2 cartridgesn to the CO2 carige mounast he mount wo n 0 tassbnglingheavienkes i bl e af
bay.

4. Connect themaleconnector®n theforward bulkheado thefemale connectorat the end of thehargewires
to cary thecurrentthrough the bulkhead.

5. Align the bulkheads with #havionics bay coupler using the markings to ensure accessibility &orttieg
switches from outside.

6. Fasten the awhics bay bullheads on basidesof the avionics baycouplerby pladng nuts on the threaded
rods connecting the assembly.

7. Place the armi pinfrom outside of the coupléhrough the switches to disarm the systesforepreparing
the ejection charges.

Ejection preparation:

1. Preparethe primary drogue ejection chardey loading the3.5 g of black powdeinside the cardboartibe
andpacktherestof the volume witlcellulose insulatiotio ensuranstartaneous burnig. Close the top of the
cardboard tubgvith tapeto prevent it from spilling during flight.

2. Repeat thesameprocessas the primary drogue alge however,pack theredundant chargeith 4.2 g of
black powder insteath ensuresuccessful eployment.

3. Prepare theCO2 ejection systemytplacingthe ematch insideof the black powder housirgnd running its
wire through the holeehind it.

4. Pak the bottom of thélack powder housing witbellulose insulatiorenough to where only theematch &
exposed.

5. Placethe premeasured 0.@pof black powdeon op of theinsulationinside the black powddrousing and
pack the rest of the volume withore insulation. Tapthe opening on top of the black powder housing to
prevent the contents from dpig.

6. Place tle black powder housingside the CO2jection corbustion chambewire side downFollow that up
by placing the puncture piston attte retun spring Push everthing downwhereblack powder housing
resting on the combustion chamber sheultt the end.

7. Screw the combustion chamber into the CO2 agé&rimounto finalize CO2 ejectiomreparation.

8. Repeat thsame steps tarm the redundar@O2 ejectiorsystem. However, this time paitkvith 0.075g of
black powder instead.

9. Connectboth primary andredundantirogue charges to the charge wires comingifthe altimetes.

10. Conrect both primary and redundant CO2 ejection charges to the chainge wires coming from the
altimeters.

11. Seal around the wire holes using clay to prevent pressake.le

Parachute andRecovery harnesgreparation:

1. Place Dlinks on oth ends of the Recoveryimessfor aft and brward sections.

2. Prepare the forward recovery harnessfilst attaching the payload recovery harnesstlaway from the
forward avionics bayeyebolt Tie the main parachute protectorthe forward recoveryaiess ft afterthe
payload reovery harnessFollow thatup by attachingthe main parachutand the swiveto the recovery
harnesd 1 ft aftertheparachute protectarsing aotherD-Link.

3. Prepare the Aft recovery harnessdtyaching thedrogue paraalite and its swivel6 ft awayfrom the aft
avionics bayeyeboltusing a DLink. Tie thedrogueparachute protectds6 ft away from thedrogue parachute
along the Aft recovery harness.

4. Fold the parachuteseam to searuntil all the seams ar®lded while mé&ing sure the stoud linesar e n 6t
tanglal. Fold theshroud lines on top of the parachatedz-fold the parachuteuntil it is packable inside the
parachute protector.
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Place the folded parachute on the parachute protéatlt the parachute protectarourd the parachutéo
keep itfrom gettingundone during flight and prett it from hot ejectiogases

Connect the forward recovery harnéssheAvionics Bay eyebolt using the fink at its end Connect the
other end of theecovery harness the noseconeyebolt.

Connet the aftrecovery harass to theaft Avionics Bay eyeboltusing the BLink at the end.Connect the
otherend of the recovery harness to the motor meyabolt tocomplete the Recovery layout.

Mounting the GPS

1. Mount heGPS and its LiB battery on the GPS mount that is inside the Nosecone shoulder

Motor:

1. Wearing doves, Flyer of Record follows manufactuiestructionsfor cleaning mototiner and bondinghe
motor grainswith their spacing @ingsusng manufacturer specifieglue.

2. Flyer of Recordunpacksnotor components in safe,clearenvironment.

3. Wearing gloves, Flyer of Record follows manufactunstructionsfor cleaning mototiner and bondinghe
motor grainsvith thdr spacing Gringsusing manufacturer specifiggdue.

4. Per manufacturer instructions, bonded grairesaltowed to sit at least 12 hours before launch.

Payloads

1. Tietherecovery harnesofthe parachuté the rack and pion on top of the quadcopter.

2. Remove theack and piion motor covers for thewo contaner release motors and set asiteave the
motors in thé& mounts.

3. Lift the two motors awsg from therack and position the rackto thefreleased position. Be sur@ot to
drive the motorsvhile this is canpleted. Push the marts back into their mounts ensure they are not lost
andengpge theack and pinion gears.

4. Plug battery intd®CB usimg XT60 conrectors.

5. Attach the Big Red Bee GPS to the parachute ballasg @s3D printed mount that is attached to the
g u a d c opprclute fesovery harness.

6. Fold the parachutes seam to seam until all the seams are folded while making sureuttte shroi n e s
tangled.

7. Fold the shroud lines on top of the parachute afaldztheparachute until it is packable inside the parachute
shield.

8. Fold inthe arms byulling backeach pinplunger The trailing ede propeller is foldedbn top of the frame
first, then thdeadingedgepropeller.

9. Gently lower the quadcopténto the container making sure that thepdler motor wiresare not sitting
beneath the quadcagt Make sure to hold the arms in duringstprocess so they do not unfold.

10. Lift thetwo-containereleasgack and piion motorsawayfrom the rack and pisthe raksinto thecontainer
retention mountsfPush the mimmrsback into the motor mountensurehe rack and pinion gears engaged
reattach the motarovers.

11. Rest the parachutlastin the gap between the parachute shield and quadcopter.

Final Assembly:.

1. Inspectforward ard aft airframe, fins,and nose cone fany cracking or visible damage.

2. AttachD-link to nose coneyebolt and torque down

3. Align the containerslides with the 80/20 rails inside the forwatidrame. Slowly lower the container into
theforward airframe ensuring that the slides align wfith 80/20 rails. Furthermore, the maarachute
recovery harness must run past the gftthe container andot catch on the container or propellers.

4. Insertmainrecoveryassembly andoseconehoulder intdorward airframe. Secure via four nylon shear
pins, inserted through the airframe.

5. Attach Dlink to forwardavionics bay eyebolt and torque down.

6. Insert avionics bay inttorward airframe Secure via four plastic rivetsnsered through the airframe.

7. Attach Dlink to maor casing eyebolt and torquevdo

8. Attach Dilnk to aft avionics bayeyebolt ad torque down

9. Insertdrogue recovery ssembly an@vionics bay into the aft airfram8ecurevia four nylon shear pins.
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B. Pre-Flight

Payload:
1. While the quadcopter is ilde of the launch vehicleground staion connetion will be monitored The
guadcoptewill be inactive util it is armed on the laurcpad.

GPS
1. Connect GPS to battejyst beforegoingout to pad

Motor :

1. While wearing gloves, Flyer of Record follows nufacturer instructions for greasing casingetids, closure
threadsand Grings for final motor assemyl

2. Following ma n u f a cinstactiens, Glyer of Recordhserts liner with bonded grains into casing and
assembles thappropriate @ings with the nazle andforward seal disk.

3. Followingma n u f a dnstuatiens Fyar of Record threads on the aft gsidgged forward closure.

4. When vehicle is fully launch readlflyer of Record slidesasing assembly into motor tube on the aft section
and the threadhe motor retainer securely around.

Final Simulation:

Fully corstructedrocket is weighed.

Location of CP is marked from simulation

True CG is measured using a rope and is marked
True stability margin is meased.

Simulation is updated wittaunch day conditions

aghrwNpE
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C.

Launch

Altimeters:
1. Arm the altimeters by removing tl@mingpin before flight.
2. Listen to thealtimeterstartup beepingsequence.

a. The first number reported througfie number of beeps thecurrently selectegrogram preset.
There should b beeps corresponding the secondProgram preset

b. After a two second pause, the main parachute deployment altvitide the program preses i
reported. There should b& beeps followed withlO beepsand another 10 beepshich
corresponds to main parachute deploynar@00 ft.

c. After a two second paas 5-secondong beep indicates thapogee delaprogrammed. This
should only happen with thedundant altimeterbeeping sequence.

d. After a two second pause, 3-to-6-digit number corresponding tthe lastrecorded flights
altitudeis listened tdrom the number of beeps.

e. After a two second pause, the numbevatagesfromthea | t i nbattery isrépertedwith a
2- or 3-digit number.The number of beeps should indicateolts from the battery.

f. After atwo secondpause,the continuity between the altimeter atite ejection charges is
reported These beeps repeat every 0.8 secohd®peating beep indicates continuity with
drogue charges okay, 2 beeps indicate continuity with magharges are okay, and 3 beeps
indicate both drogue and main charge continuity is okay. The beeps heard fraltinteéers
should be 3 beeps repeating everg secondso indicate both maimnd drogue charges are
ready for flight.

3. If thenumber of beeps indicating the program prasein parachute deployment altitytatteryvoltage or
the continuity between the charges a correctthe launch vehicles disarmedby inserting the arming pin
back in andaken off the launch pa@ased on the reportgmoblemthe altimeterareeitherreprogrammed
to the right settingdatteries areeplacedpr charge wiring idixed.

4. After the altimeters finiskheir startup beeping sequence, if all the reported information is correct, the launch
vehicledbs recovery system is ready for flight.

Payloads

1. Once on the launch gaarm the quadcopter by insertindgoag, thin rod intoa hole in the forward airime
and press the button on top of the drone.

2. The buzzer on the drone wilirn onand remain omntil the softwarebegins. If the buzzeraksnot turn off
after one minute, press the buttagain, wait five seonds and press it again. Repeat this preaetil the
software begins properly.

Motor:

1. Install dual igniters andonnect tdaunch control sysim through providedlligator clips.
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D. Recovery

GPS Tracking:

1. Connect the Tele Dongkntennao the laptop and start tiieanufacturer tracking application.

2. Ensure the same frequency is selected for Tele Dongle and thaNaR$r the antennao find enoudn
satellitesto connect to the GPS.

3. Check thecoordinategransmitted and the battery voltage of @S to ensure data transmitted is cdrrec

Payload GPS tracking:

1. Read GPS coordinateofn Big Red BReand retrieve the quadpters parachute.

2. Readtheq u a d ¢ ocpotdmate§rem the ground stepn and retieve the gadcopter. The quadcopter
buzzer will be beeping

Vehicle Recovery:
1. Uponarriving at the recovery site, immediately assésanyunfired chargs remain.
2. Disarmaltimeters
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Appendix VI: Engineering Drawings
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B. Recovery
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