NC STATE UNIVERSITY

TacholLycos
2020NASAStudentLaunch
PreliminaryDesignReview

HighPoweredRocketryClubat NCStateUniversity
9110valDrive
RaleighNC27695

Novemberl, 2019



NC STATE UNIVERSITY

CommonAbbreviations Nomenclature

AGL
APCP
AV
BP
DR
CG
CP
FAA
FMEA
FN
FRR
HPR
HPRC
L3CC
LCO
LRR
MAE
MSDS
MSFC
NAR
NASA

NCSU
NFPA
PDR
PLAR
PPE
RSO
SL
SLI

SICCU
STEM
TAP
TBD
TDR

TRA
UAV

abovegroundlevel
ammoniumperchloratecompositepropellant
Avionics

blackpowder

CriticalDesignReview

centerof gravity

centerof pressure
FederalAviationAdministration

failure modesand effectsanalysis
foreignnational

FlightReadines®Rkeview
HighPowerRocketry
High-PoweredRocketryClub

Level3 CertificationCommittee(NAR)
LaunchControlOfficer
LaunchReadinesf®eview

Mechanicalk AerospaceEngineerinddepartment
Material SafetyDataSheet
MarshallSpace-lightCenter
NationalAssociatiorof Rocketry

National Aeronauticsand SpaceAdmnistration

North CarolinaStateUniversity
NationalFireProtectionAssociation
PreliminaryDesignReview
PostLaunchAssessmenReview
personalprotectiveequipment
RangeSafetyOfficer

Stucent Launch
StudentLaunchinitiative

Simulatedce Collectionand ContainmentUnit
ScienceTechnologyEngineeringand Mathematics
TechnicaAdvisoryPanel(TRA)

ToBeDetermined

TeamDerivedRequirement

TripoliRocketryAssociation
UnmannedAerialVehicle

2020 NASA Student Launch | Tacho L.



NC STATE UNIVERSITY

Tableof Contents
CommonAbbreviations & NOMENCIATUIE.............euiiiiiiiie e [
TADIE OF CONIENLS......eeiiieeiie ettt e e e e e e e e e e e e s s e e e e e e e e e bn e et e e e e e nnnnnnees ii
TaDIE Of TADIES.....cceeeee e e s iv
TADIE Of FIQUIBS ..o e et e e e e e e e e e e e e e e e aaaaeaeaaaaaees) Vi
1. SUMMArYOf PDR REPOIL.....ccciiiiiiiiiiiiee ettt e e s e e e e 9
1.1 TEAM SUMMEIY....cciiiieiiieiii e e e e e e e e e e e e e e et e e e e e e eaeeeaaeeeeaasssaaassaanaannnnnns 9
1.1.1  Team Name and Mailing AQAreSS........oeuiiiiiiiiiiiiiee e 9
1.1.2  Mentor INTOMELION. ......ccoiiiiieiiiie et e e e e 9
1.2 Launch VENICIE SUMMAIY........ccccciiiiiiiiiiiiiiiiieeeeee e e e e e e e e e e e e e e e e e e e s e e e e e e e nnannes 9
1.2.1  SIZE @NU MASS....eieiiiiiiiiiei it e et e e e e e e 9
1.2.2 Preliminary Motor CROICE.........o.iiiiiiiiiii e 9
1.2.3  Official Target AlITUAE. ........ccooiii e e e e e e e e e e e e e e e e eaanes 9
1.2.4 S Tod 0NV VS Yo = 1 o PSP 9
1.3 Payload SUMMALY........coooiii i ee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e s s e eassasannanns 9
1.3.1  Bilateral Uptake Rover for Belith Ice Transport Operations (BURRITO).................. 9
2. Changes SiNCE PrOPOSAL.........uuiiiiiiiiiiiiiei et e e st r e e e e eaee s 10
YT (o1 (= O ] (=T = D OO PO PP PP PPPPPRPUPRTN 12
3.1  Selection, Design, and Rationale of Launch Vehicle...................cccee e, 12
3.1.1  Launch Vehicle MiSSiON StatemMEIL............ccoiiiiiiiiiieee i 12
3.1.2 Launch Vehicle MiSSion SUCCESS CrILEHAL ... ..uuviiiiiiiiiiieeee et 12
3.1.3 Launch Vehicle Alternative DeSIQNS.........cocuuiiiiieeiiiiiiiieee et 12
3.1.4  Launch Vehicle Leading DESIGIL........uuuuriiiiiiieiiiieiiieeeee e 20
.15 MOLOr ARBINEBIVES. ... .eeeieiieet ettt e e es 26
3.2 RECOVEINY SUDSYSIEIML....coiiiiiiiiiiiiiee ettt e st e e e e e e e e e e e anb e e e e e e e e aanen 29
3.21 Description 0f RECOVEIY EVENLS.......coiiiiiiiiiiieeeiiieiee et 29
3.2.2 Recovery AILErNAtiVe DESIONS . ....cuuuiiiiiriiiiee ettt iee e e et e e e e e s snnnneeeee s 31
3.23 Recovery LeadfIDeSIgN. . .....cu i i 44
3.3 Mission Performance PrediClioNS. .........oociiriiiie e 45
3.3.1 Launch Day Target AlITUAE. ..........coooiriiiiiiiiieeiiiiiie e 4D
3.3.2 Flight Profile SIMUIAtiONS..........ooiiiiiiiii e 45
3.3.3  AltitUde VErICRION .......eeeiieiiiiiei et a7

2020 NASA Student Launch | Tacho Lu



NC STATE UNIVERSITY

3.3.4  Stability Margin SIMuUlation..............coovveiiieiiii e A9
3.3.1  Stability Margin Tolerance StUdy...........c.ccuuuueiiiiiiieiiiiiieiieeeee e 53
3.3.2 Kinetic Energy at Landing..........cooeoiiiiiiieieeeeiiieie e 55
3.3.3 Descent Time CalCUlAtionsS............uuiiiiiiiiiiiieie e 57
3.3.4  WiNd Drift CalCEUONS. ........ovtiiiiiiiieiiiie e 57

O oY (0T Vo IO 11 (=] - VPPN 60
4.1  Payload MiSSION StAtEMENT.........uuiiiiiiiiiiiiiie e e e s e e e e e 60
4.2 Payload SUCCESS ClIBB..........ouiiiiiiiiiiiiiiie ettt e e e e e e e e e e e e e e e nnnnees 60
4.3  Payload AErNAtiVE DESIGIIS. .. .cuiiiiiiiiiiieieeeeeaiiiee e e e e et e e s e e e s s rr e e e e e e enneees 61
43.1 Bilateral Uptake Rover for Regolith Ice Transport Operations (BURRITQ)............ 61

V0 T S - 141 o] [ 0] 1= Tox o o PP 68
4.3.3 Payload INTEGIatioN.............uiiiiiiiiiiie e e e e r e e e e e 73
4.3.4  Payload Leading DESIGI........cuiiiiiiiiiieieee ettt e e e e e 86

T =1 =] |/ PP P PO PPPPPPPPPPRPN 93
Bl SAfELY OffEOr ittt a e e e e e e a3
5.2 RISK ANAIYSIS. ..o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaaaa———— 97
5.3  Personnel Hazard ANAIYSIS.........ccuuuiiiiiiiiiieiiee et 99
5.4  Failure Modes and Effects AnalysisS (FMEA)........cc.uuiiiioiiiieeeee e 102
54.1 S0 0 1Y T 102
5.4.2 SUUCTUIES. ..o e et et e e et e e e e e e e e e e e e e e e e e e e e s e e e s s e e s s 105
5.4.3 o1/ (0 T O OTRUOPP 106
5.4.4  Aerodynamics and PropUISIQN...........oeiiiiiiiiiiiiiiee et e e 110

5.5  Environmental Hazard ANAIYSIS.........ooooiiiiiiiiiiieie e 112
B.  PrOJECE PlAML....cuiieiiiiieeeeeeeee e e e e e aaa e 114
6.1 NASA Requirements Verification MatliX.........couevveiiiiiiiiiiiiiiee e 114
6.2 Team Derived Requirements Verification MatriX.............oeeeeiriiiimiieieeeniiieeee e 137
LR T 0= 4 (o3 T PO PP PP TOPPPPPRP 145
6.3.1 =0 o [0 = PP TSP PPRPT PN 145
6.3.2 FUNAING PIAN......ooe e e e e e e e e e e e e e e e e e e 148

(S A = (o1 od W I 1= T =S 150

2020 NASA Student Launch | Tacho Lm



NC STATE UNIVERSITY

Tableof Tables

Table 21  Launch Vehicle Changes Since Propasal...........c..eevviiiiiiiiiiiiieeiiiiiieeee e 10
Table2-2 Payload Changes SinCe Proposal.........ccccciiiiiieiiiiiiiiiiiiiiieieereeee et e e e e e e e e e e e 11
Table 23  Project Plan Changes SinCe Proposal........cccccuuiviiiiiiiiiiiiiieiieiierieeeeeesieeaene e 11
Table 31 Launch Vehicle Mission SUCCESS CrteHIa .........ccueeeeeeeeeiie e 12
Table 32 Force Calculations for G12 FIberglass.......ccccccvviiiiiiieec e 13
Table 33 Force Calculations for BIUE TUDE..........eiiiiieee e 14
BLIE= Lo (SIC 7 A |V o) (o gl I - | = USRS RRRERRRR 29
Table 35 Altimeter CompariSon Chalt.............uuuiiiiiiiiiiieeieeiiee e 37
Table 36 Drogue Peachute Comparison Charl...........cccccooiiiiiiiieeiiiiiiiiieeee e A0
Table 37 Main Parachute Comparison Chalt............cuuueeiiiiiiiiiiiiiiiieeeeeee e, 41
Table 38 Launch Simulation ParameterS..........ccuuuiiiiiiiiiiiiiiieee e srreeee e e e A7
Table 39 Preliminary Values to Algebraically Solve for APOGEE..........ovvvvieiiiiiiiiieieeeeieeeee 48
Table 310  Apogee Validation TabIe...........coooiiiiiiiii e 48
Table 311  Stability Margin Verification Table..............ooveiiiiiii e 50
Table 312  Maximum DESCENT VEIOCITY.......uuviieiiiiiiiiiie ettt 55
Table 313  Kinetic Energy at Landing...........cccooooiiiiiniiiiiiiiirieeeeer e e e e e e e e e 56
Table 314 RockSinKinetic Energy at Landing............cveeeveeiiiiiieiieeeeeeiiiee e 56
Table 315  Wind Drift and DEeSCENE TIME........uuiiiiieeiiiiiiiiiee e e e e e e e e e neeees 58
Table 316 RockSim Wind Drift and DeSCeNt TN .........uuiiiieiiiiiiiiieeeeeeesiiieeee e e sireree e 58
Table 41  Payload SUCCESS CrLEIIA. ........uvriiiie it e s sinrreeeee e 60
Table 42 Wheel Bas®esign Option Evaluation Tahle...........ccccco i 62
Table 43 Chassis Material Selection Evaluation Table............ccccoiiiiiiiee 64
Table 44  Traction Design Options Evaluation Table...........cceeviiiiie e 65
Table 45 Sample Collection Method Evaluation Table..........cc.cccoooii s 70
Table 46 Sample Collection Material Evaluation Table..............ccoviiiiiiniiiiiiiiieeeee e 71
Table 47 Sample Collection Power Delivery Evaluation Table..........cccovvvvviiiieeieiiiiiiiiiiieeeeeee, 172
Table 48 Power transmission preliminary PartS...........oo e 77
Table 49 Trade Analysis on the power transmission design alternatives................ccoeecceennnnnes 77
Table 410  Trade Analysis on the radio transmission modules...................cceeei i 82
Table 411  Trade Analysis on the radio transmission modules..............ccooeeeeieeie e 82
Table 412  Analysis of Retention Methods..............ooooiiiiiiiii e 85
Table 413 List of Prototype Rover Components By Mass...............oooooeieeeiieiiccciiiniiieeeee e 89
Table 51 Hazard and Likelihood ClassificatiQnS...........cvvvvviiiiiiiieiee e 97
Table 52 Project RiSK ANAIYSIS.....oooi e e e e e e e e e e e 98
Table 53  Personnel Hazard ANAIYSIS.........ooooiiiiiiiiiiiieeiiiieee et 99
Table 54  ReCOVEry FMEA TabDIES ... ..ooiiiiiiiiii it e e 102
Table 55  Structures FMEARGDIES..........uuuiiiiieeeeeie e 105
Table 56  Payload FMEA TabIES........cooo i 106
Table 57 Aerodynamics and Propulsion FMEA Tables.............ouiiiie, 110
Table 61 Field Definition for Requirements Verification MatriX............ccoocooeeiiinmiiiiiiiiiiiiieenee. 114
Table 62 NASA Requirements Verification MatfiX............ccoeeeeiiiiiiei e 114
Table 63 Derived Requirements Field Definition...........ccooooiiiiiieeeeeeee e 137

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Table 64 Derived Requirements Verification MatriX..............ccooooeeiiiiee e 137
Table 65 20192020 CompPeEtition BUAQEL...........ovviiiiiiiiiiiiiie e 145
Table 66 20192020 FUNAING SOUMCES ......ccciciiiiiriiiiiiieerirrreeeere e e e eeeeeaeaaaaaaaeaaaaeeae s s s e e s s aaaaaaanns 149

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Tableof Figures

Figure 31
Figure 32
Figure 33
Figure 34
Figure 35
Figure 36
Figure 37
Figure 38
Figure 39
Figure 310
Figure 311
Figure 312
Figure 313
Figure 314
Figure 315
Figure 316
Figure 317
Figure 318
Figure 319
Figure 320
Figure 321
Figure3-22
Figure 323
Figure 324
Figure 325
Figure3-26
Figure 327
Figure 328
Figure 329
Figure 330
Figure 331
Figure 41
Figure 42
Figure 43
Figure 44
Figure 45
Figure 46
Figure4-7
Figure 48
Figure 49
Figure 410
Figure 411

Removable BUIKN@AM............cooe i a e 15
Nosecone with Removable Bulkhead................ooooiiiiiiiiiiiiiieeeee e 16
CONICAI NOSECONE. ....ciiiiiiiitiiiie ettt e e e e st e e e e s s rreeeeeeeeaans 16
VON KarmMan NOSBOIE........ccooeiiiiieeieiiiiiiree ettt e e e e e e e eae bbb e e e e e e e eeeeaeaneas 17
OGIVE NOSECONE. .....cccc e e e e e e e et e e e e e e e e aaaeaaaaaaaaaeaaeaaaaas 17
MOGUIBE AV BAY...... ettt e e e e e e eaeeean 20
Leading VENICIE LAYOLIL...........ooiiiiiiiiiiieee ettt 20
Leading Vehicle DIMENSIONS..........coooiiiiiiiii et r e e e e e e e e 21
NOSECONE DIMENSIONS......ceiieeii e ittt rre e e e e e e e e e e e eeaaaaaaaaaaaaaeaeeeens 21
Payload DIMEBIONS.........ccciieiicciieirt e e e e e e e e e e e eaaaaaaaeaaaaaaeaeeaseaassaasaaaaans 22
Leading Parachute Bay DIMENSIQNS.........cccccciuuuiiiiiiiiiiiiiiieireeeeereer e e e eeeeeeeeeaeaae s 23
Leading AV Bay DIMENSIONS. ......ccoiiiiiiiiiieei ettt e e 24
Leading Fin Can DIMENSIANS...........ooooiiiiiii e e e e e e e e e e e aaeaas 24
Aerotech L850W ThrUSt CUNE.......coii et e e e e e e e e e e e e e e e e e e e e e e e e s 27
AeroteCh L1390G TRIUSE CULME. .. ...ttt eeeree e e e et e e e aaaaaaeaaaeeeeaaeaeenas 28
AeroteCh L1520T THIUSE CUNVE. ... .uuiiiieeiiiiiiiiiiee ettt a e e e ee e e e s annes 28
Recovery EVENES DIGgraml.......couuiiiiiiiiieeee et s et e s e e e e e 30
BigRedBe BRBOA00 GPS TraCKEr.........ccciiviieieeee e 32
QRP Labs LIghtAPRS GPS TraCKer.......c.couoiiiiiiii e 33
BigRedBee BeeLine 70 CM tranSMILEL.........cooiviiiiiee e 34
arhdaairtsS 22Nl a8 wwl.o..6{.LR2.NIE....L.£.G.A.Y.S 0.5 N5
Entacore AIM USB 3.0 AIIMELEL.......ccooviiieeieeeee e 35
PerfectFlite StratologgerCF ARIMELE.........ooiiiiiieie e 36
AtlusMetrum EasyMini ARIMELEN.........uuuiiiiiiiiieeieeeeeeeeeeeeee e 36
AV Bay Recovery EleCtroniCs DIagraum..........cccouiiiriiieeeeiniiiiiiee e siiieeeea e 38
] ool [ Of0] (o I ] o 1= U1 o Lo RSP 43
FIGNE Profile. ... e e e e e e e e e e e 46
Percentage of Mass Uncertainty VS APOGEE. ......cuuiuiiiuiiiiieeeeeiiiiiee e e e e eniinneeee e e 46
Stability Margin Datal..........cccccuuuiiiiiiiiiiiiiiieieeeeeee e e e e e e e e e e e 51
RawData from ToleranCe StUY...........c.uuveriieiiiiiiiiieee e b4
Polynomial Fits with Optimal Range Identified..............ccccooiiiiiiiiieiieeeeee, 55
Initial design of twescoop collection methad................oocoicciiiieeeeeeee e, 68
Current design of twecoop collection method...........ooevvvviiiiiiiiii 69
Rotating Drum design, SECHON VIBM.........eieiiiiiiiieiiiieieeeeee e e 70
Axial Dimensions of Payload Deployment SyStem............c..uvvveeiiiiiiiieeiee e 13
Radial dimensions of payload deployment SyStem...........cccccoovuvviiieeeiiiiiiiiieeeeenns 74
Three gear power transmisSioN deSIGN...........ooiii i 75
Five gear train power transSmisSION AESIGN.........cooviiiiiiiiiieieiiiiieee e e 76
Gear assembly and Motor Table..............eeu s 79
Model of Pin Connections from Arduino Uno to accelerometer and SD Card .write81
Electronics HOUSING JESIGI........uuiiiiiiiiiiiiiieie et 83
Paylad Retention Mechanism in the Locked State............oeevviiveiiiiiiiiie e 84

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Figure 412
Figure 413
Figure 414
Figure 415
Figure 416
Figure 417
Figure 418
Fgure 51
Figure 52
Figure 53
Figure 61
Figure 62
Figure 63
Figure 64

Payload Retention Mechanism in the Unlocked State.....................co oo, 84
Payload Retention Interface on Forward Rover Wheel................coo oo, 85
Payload Integration System with Radial SUPPOLLS.........c.cooevieiiiii 86
Springloaded caster Wheel StOWed..............ooooii i 87
Springloaded caster wheel deployed............cooiiiiiiiiieiiii e 87
Side View of prototype BURRITO.......cccooviiiiiiiii e 90
Current Leading Sample ColleCtion DESIGN.........cuuveeiiiiiiiiieeeeiiiee e 91
Payload Fault Tree ANAIYSIS.........eeiiiiiiiiiiieee e 94
Recovery Fault Tre@ ANAIYSIS..........uuuiiiiiiiiiiiiiieeieeiieee et eae e e e e e e e e a5
Structural Fault Tree ANAIYSIS.........ouiiiiiiiiiiiee e 96
20192020 Budget Breakdown CharL............euveeiiiiiiiiiiiiiiieiieeeeeeeeeee e, 149
2020 Overall Project TIMeElNE........ccoiiiireeeeee e 150
Example Build SChedule..........ooo i 150
Funding Cycle Gantt Chart.............coooiiiiier e 151

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

1.

1.3

Summaryf PDRReport
1.1 TeamSummary

1.1.1

1.1.2

TeamNameandMailingAddress

Name:High-PoweredRocketryClubat NCState, TachoLycos

Mailing Address911OvalDrive,RaleighNC27695
PrimaryContact:AshbyScriggs(Email:alscrug2@ncsu.ediPhone:(910)9860180)

Mentor Information
Name:Alan Whitmore
Email:acwhit@nc.rr.com
Phone:(919)929-5552
TRACertification:05945Level3
Name:JamegJim)Livingston
Emaillivingston@ear.com
Phone:(910)612-5858
TRACertification:02204Level3

1.2 LaunchvehicleSummary

1.2.1

1.2.2

1.2.3

124

1.3.1

SizeandMass

Thecurrentleadinglaunchvehicledesignis 107.5incheslongwith a diameterof 6 inches.
Themassof the leadinglaunchvehicledesignwith the leadingmotor option is44.7 Ibs.
PreliminaryMotor Choice

Thecurrentleadingmotor option isthe AerotechL15207PS Seesection3.1.5
OfficialTargetAltitude

Theofficialtarget altitude is 4420feet. Seesection3.3.1

Recovensysém

The current leading design uses a dueldeployment recovery system using two
PerfectFliteStratologgerCRltimeters, a Fruity Chutes24 in CompactEllipticaldrogue
parachue deployedat apogee,and a Fruity Chutes120 in Iris Ultra Compactmain
parachue deployedat 500feet altitude.

PayloadSummary

BilateralUptakeRoverfor Regolithce TransportOperationgBURRITO)
ThepayloadhasbeendesignatedBURRITGin acronym that standsfor BilateralUptake
Roverfor Regolithlce TransportOperations.The BURRIT®@over will deploy from the
payloadbayof the launchvehicleon landing.Deploymentwill be completedby meansof
a pusherplate movingalongtwo threaded rods, which will pushthe rover out of the
payloadbay. Therover itself consistsof two paralleldrive wheelspowered by electric
motors and mountedto a plywood chassisaswell asa stabilizationwheelthat deploys
followingremovalfrom the payloadbay.Theroverwill be radio-controlledby anoperator
who will drive it awayfrom the payloadbaytoward a simulatedice recoverysite. There,
BURRIT@iill deployits SICC(Simulatedice Collectionand ContainmentUnit) system,a
setof two scoopghat will pickup a 10 mLsampleof simulatedice. Oncethe samplehas
been scoopedup, the operator will drive the rover away from the recovey site by 10
linearfeet.
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ChangesinceProposal

Table2-1, belowlistsall changesnadeto the full scalelaunchvehiclesinceproposd submission.

Table2-1

LaunchvehicleChange$ince Proposal

Descriptionof Change

Changedhe nosecone
froma5.5:1VonKarman
to a5:10Ogive

' Reasorfor Change

Themainfactor behindthis changewasthe cost. TheVonKarman
fiberglassnoseconeis more than 6 timesasexpensiveasa plasticOgive
for the subscaldaunchvehicleandthe differencebetweenthe
aerodynamic®f the noseconess minimal. Thus,it wasdeterminedthat
the subscalewould usea 5:1 Ogivewhichrequiredthe teamto change
the noseconeon the full scaleaswell.

Primarymotor choice
changedrom the
AeroTech.1390Go the
L1520T

ThelL1520Tmotor lowersthe apogeeof the launchvehicleand allowsthe
recoveryteamto meetthe 90 seconddecenttimeline.

EngineBayAirframewas
extendedby 1 inch

It wasdiscoveredhat the RockSinsoftwareonly includesthe length of
the grainswhenloadingin a motor for launchsimulations.This
misundersandingresultedin a motor tube that was1 inch shorterthan
the actualmotor tube. Fixingthis issuealsorequiredthe airframeto be
extendedby aninch.

Theleadingmain
parachuteis now a 120-
inchlris UltraCompact

Changesn noseconesectionmassrequireda slower descentrate in order
to complywith the kineticenergyat landingrequirements.With an
increasedotal massthe 120-inchlris UltraCompactescenddast
enoughto meetall descentrequirementsat safekineticenergyvalues.

Themainparachuteis
now deployedusinga
pistonejectionsystem

Shieldingof payloadelectronicsfrom blackpowderdetonationsrequired
amorerobustsolution,for whichthe pistonejectionsystemwas
proposed,simultaneouslyshieldingrecoveryequipmentandthe payload.

Seondaryblackpowder
chargesarenow 0.2
gramslargerthanthe
primarycharge

After performingpreliminaryblackpowder sizing,anincreaseof 0.5
gramsfor the secondarnchargewasdeterminedto betoo large,
especiallyfor the droguecharge, asthis would doublethe massof
powderused.

Theleadingtracking
deviceis nowthe QRP
LabsLightAPR&PS
tracker

Theteam desireda more robusttrackingsolution,for whichthe
LightAPR8asbeenselecteddueto its customizabilityandinterface
capabilities.The LightAPR8anprovide GPSandtelemetry data,
comparedio the. S S[ pueSieéionaltracking.
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Table2-2, belowlistsall changesnadeto the payloadsinceproposalsubmission

Table2-2

PayloadChange$nceProposal

' Reasorfor Change

Descriptionof Change

TheSampleCollectionMethod
waschangedrom two drums
rotating in oppositedirectionsto
two hemicylindricakcoopswith
arms.

Thescoopsneededto be changedrom a drum becauseof
concernsaboutleakageand clearance.

Wheeltreadschangedrrom
standard rubbertreadsto
plactiontreads.

Plactiontreadsconfom better to the surfacethey sit on,
generatingmoretraction.

PowerTransmissionThegear
boxhasbeenchangedfrom a
three-gearsystemto afive-gear
system.

Radialupportsfor roverwere deemednecessarywhichwere
not possiblewith the three-gearsystemwhichrequiredthe main
plateto havea circulargeometry.Thethree-gearsystemalsohad
alessthanidealgearratio whichwould drop than transmittable
torgue by afactor of 3.75.Thefive-gearsystemonly dropsthe
torgue output by a factor of 1.5.

Retention:Changedrom
solenoidlatchto gearrack
lockingmechanism

Increasedorcesduringmaindeploymentrequire highrated
lockingmechanisms Highstrengthsolenoidlatchestake up too
muchsurfacearea

Payloadsupports:Addition of
radialsupportsalongwith the aft
centeringring.

Theradialsupportswill helprestrict radialmotion duringflight
andwill keepthe rover centeredto preventanyinterference
duringdeployment

Landingdetectionredundancy:
Eliminationof altimeter asa
third redundancy

Thedeploymentmechanisnwill communicatewith the SLiteam
before deploying,whichalreadyactsasa redundancyfor landing
detection.Keepinghe altimeter asathird redundancywill adds
unnecessarypotential for failure.

Table2-3, below, listsall changesnadeto the projectplansinceproposalsubmission.

Table2-3

ProjectPlanChange$inceProposal

Descriptionof Change
TeamDerivedRequirement/erificationMatrix added. | Reauired per NASAguidelines

Reasorfor Change
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3. VehicleCriteria

3.1 SelectionPesignandRdionaleof Launchvehicle

3.1.1 Laund VehicleMissionStatement
Themissionof the launchvenhicleisto safelyreachthe dechredtargetapogeeandreturn
to the groundin areusablecondition. Themissionof the launchvehicleis alsoto support
the missionof the payloadby deliveing it to the simulatedlunar ice samplecollection
area.

3.1.2 LaunchvehicleMissionSucces€riteria
Missionsuccesss first defined as compliancewith both the NASASLrequirementsin
Table 6-2 and the team derived requirementsin Table6-3. Successs further definedas
followsin Table3-1.

Table3-1 Launchvehide MissionSucces€riteria

Levelof Success Definition

Launchvehiclerecoverable
Nominallaunchvehicletakeoffand descent
CompleteSuccess | Roverisundamagedandfully functionalfollowingthe flight of

the launchvehicle
Launchoperationscanbe repeatedthe sameday
Launchvehiclerepairable
PartialSuccess Successfuhunchvehicle takeoff and descent
Roverisrepairablefollowingthe flight of the launchvehicle
Launchvehiclerepairable
PartialFailure Successfuhunchvehicletakeoff and unsuccessfullescent
Roverisrepairablefollowingthe flight of the laund vehicle
Launchvehicleunrecoverable
Roverunrecoverable

Conplete Failure

3.1.3 LaunchvehicleAlternatve Designs
All potential designsof the launchvehiclewill consistof five modules.Startingfrom the
aft endof the launchvehicle. Thecomponentsarethe fin can,the avionicsbay,the main
chutebay,the payloadbay,andthe nosecone.Additionally,the planned diameterof the
bodytubeis6 inches

3.1.3.1 Material

Choosindhe correctairframematerialis extremelyimportant to ensurethe suacess
of the launchvehicle If the airframewereto fail, then all other aspectof the launch
vehiclewould fail with it. The airframe material not only hasto endure exterior
aerodynamidorces,but alsomust withstand the internal forcesof the motor and
other attached components.From the proposal two main materialsalternatives
werenarroweddown, BlueTube2.0and G12FiberglassThesetwo materialsproved
to havethe most promisingcharacteristics.

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Therearefew simplifiedequationsusedwhenestimatingthe aerodynamidorceson
the launchvehicle.Mainly:

o 2gss
C

Where( isthe dragforce,” isthe densityof the air, Vis the velocityof the launch
vehicle,Gis the coefficientof drag,and A is the frontal areaof the launchvehicle.
TheVand G are pulledfrom RockSinsimuktions.Note that this equationassumes
a 0° angleof attack.

Additionally,non-aerodynamidorcesneedto be accountedfor. Thiscomesin the
form of inertial forces,whichare calculatedasfollows:

0 a6

Where m is the massof the launchvehicle, and aris the peakaccelerationof the
launchvehicle. Thesewo forcescombinedgivethe largestcompressivdorceonthe
launchvehicle:

o 0 0

Thesevalueswill be calculdaed individuallyfor BlueTube2.0andG12FiberglassThis
is becausethe materials have different weights, which then leadsto different
maximumacelerationsand maximumvelocities.

Allvalues alongwith their sourcesare listed below:

Table3-2 Face Calculatiosfor G12Fberglass

\ Value Source

m 44.41bm RockSim
G 0.355 Ro&Sim
A 0.2071t2 RockSim
ar 289.57ft/s? RockSim
V 546.134ft/s RockSim
’ 0.0765lbm/ft® | Constant
[ 26 Ibf Formula
FI 399.28Ibf Formula
Fc 4251bf Formula

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY
Table3-3 ForceCdculationsfor BlueTube

\ Value Source

m 43.21bm RockSim
G 15 RockSim
A 0.207ft? RockSim
aRr 289.56ft/s? RockSim
\Y, 561.9ft/s RockSim
’ .0765ibm/ft3 Constant
55 77.641bf Formula

FI 388.48Ibf Formula

3.1.3.1(a) BlueTube2.0

BlueTubeisanairframematerialproducedby AlwaysReadyRocketry BlueTube
is a vulaanizedcellulosefiber that is a stronger alternativeto cellulosefiber. It

featureshighimpactand shatterresistancecomparedto phenolic.Accordingto

AlwaysReadyRocketrythe ultimate compressivéoadof BlueTubeisabout3000
Ibf. Currentpredictionslandthe maximumin-flight compressivdoadto be 466.12
Ibf. Blue Tubeis more than capableof enduringin-flight loads,aswell ashaving
afactor of safetyof 6.4. With this factor of safety,Blue Tubeis an enticingoption

asit is significantlycheaperand lighter than more duralle alternativessuchas
fiberglass and carbon fiber. However, these advantagesalso come with

drawbacks SinceBlue Tubeis still a paperderivative,it is susceptibleto water

damagewithout propertreatment. Additionally ,the manufacturingof BlueTube
leawesit with windinggroovesthat run down the length of the bodytube. These
will needto be filled and smootheddown to allow for better airflow over the

launchvehicleduringflight.

3.1.3.1(b) G12Fiberglass

G212 fiberglassis a fiber filament wound airframe. The angles at which the
filaments are wound typicallyrange between 30° and 45°. G12fiberglassis an
extremelystrongmaterialthat cantake significantcompressiveorce aswell as
impactforces.Additiondly, it is significantlystrongerthan Blue Tubeand will be
able to easilyhandlethe 425 Ibf of compressivdorces predicted during flight.
Themain drawbackof fiberglasds that it is significantlyheavierthan Blue Tube
andsignificantlymore expensie. G12Fiberglastiasadensityof 1.070z/in* while
Blue Tubehasa densityof 0.7510z/in%, and G12fiberglassbody tubes cost, on
average$2moreperinchthanBlueTubebodytubes.Howeverthere aredistinct
advantagesto utilizing a non-paperbasedbody tube, the most significant of
whichisthe moisture resistanceof G12fiberglassUsingfiberglassvould reduce
the potential for failure when operatingunderhumidor wet conditions asthese
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conditions would not compromise the structural integrity of the material
Additionally,fiberglasswill not fray or unravellike Blue Tubecando, andthusis
more reliablematerialto useduringconstruction.

3.1.3.2 NoseconeBulkhead
3.1.3.2(a) Removale

Thenoseconeiulkheadisrequiredto mountanyrequiredballastto fine-tune the
stabilitymargin Additionally it servesasone of the anchorpointsfor the forward
recoveryharnesswvhichattachesto the main parachue. Theremovablebulkhead
will be constructedout of aircraft-grade birch plywood. A removablebulkhead
configuration consiss of a tightly fitting bulkhead secural to the nosecone
structure by way of bolted connections.Ths allows for the removal of the
bulkheadfor the addition or removalof ballastasneededduringthe designand
testing process.Bolteddesignsdo leadto stressconcentrationsin the airframe
material and are therefore slightlyweakerthan properly filleted epoxiedjoints.
Thisis not consideredto be a significantfactor in the selectionof bulkhead
attachment provided that the joint is designedto minimize the risk of tear-
through during the main parachuteopeningshockand sufficiently strong bolts
areused.

Figure3-1 RemowableBulkhead
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Figure3-2 Noseconewith Removake Bulkhead

3.1.3.2(b) Non-Removabldulkhead

Anon-removablebulkheadis constructedof aircraft-gradebirch plywood,that is
epoxiedinto the noseconeand cannotbe removedwithout cutting or chemical
dissolvingof the epoxymaterial. Thismethod suppliesa strongjoint anddoesnot

require drilling through the airframe of the launch vehicle. The primary
disadvantag®f this approachis the lackof ability to removethe bulkheadin the

eventthat balastadjustmentsneedto be performed.

3.1.3.3 NoseconeSelection

Commercialavdlability of large diameter fiberglassnoseconeds limited. With
this in mind, the launch vehicleis constrainedto three alternative nose cone
designs.

3.1.3.3(a) Conical

Conical noseconesare extremely popular among hobby rocketeers. When
determiningthe noseconefor the full-scalelaunchvehicle the teamoptedto not
selectthe conicalnoseconeasthe flight of the launchvehick would be entirely
subsonier NASA.22.7andthusit would not benefit from a conicalnosecone

Figure3-3 Corical Nosecone
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3.1.3.3(b) VonKarman

TheVonKarmanwasdeterminedto be the idealnoseconefor the launchvehicle.
Thistype of geometryis a specialcaseogivethat is mathematicallyderivedhave
the minimal amount of drag per unit length and diameter. Thisgeometry was
initially selectedto be the noseconeof choicefor the full-scalelaunchvehicle.
Thistype of geometryis difficult to obtain in the commercialmarket, however
sone suppliersoffer it.

Figure3-4 Van KarmanNosecone

3.1.3.3(c) Ogive

Ogive nosecones are another popular choice among hobbyists. The ogive
geometryis a blanketterm asseveraltypesof ogivegeometriesexist however,
most commercialsellerstend to sell tangent ogive nose cones.The ogive was
initially the secondconsiderationfor the full-scalelaunchvehicle.However,due
to budgetinglimitations with the subscaldaunchvehicle the team decidedto
purchase a 5:1 ogive for the subscale. Since the subscale must be an
aerodynamicallsimilar but scaledversionof the full scale the noseconeon the
full-scalelaunchvehiclethus hadto changeto a5:1 ogive.

Figure3-5 OgiveNosecone
3.1.3.4 AnchorSelection
3.1.3.4(a) U-bolt

U-bolts providea secureconnedion betweenbulkheadsand quicklinks. U-bolts
require two points of contactfor a proper mount, which slowsconstructionand
reducestime to uninstall. However this additionaltime isfairly insignificant.The
two points of contact provide two points of failure for the U-bolt. Additionally,
the total force is split evenlybetweenthe points, reducingthe stresson each
point. However,this increasedreliability comeswith an increasedprofile and
weightof the U-Bolt.
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3.1.3.4(b) EyeBolt

Eyebolts provide a quick conrection between bulkheadsand quick links. Eye
bolts only require a singk point of contact to mourt; this allows for easy
installationandeasyremovalis needed Additionally,aneye-bolt hasalow profile
andlow masssoit canbeinstalledto heavierand more compactsectionswvithout
causingmajorinterference.Thedrawbackto eye-boltsisthat they only featurea
single point of contactto the bulkhead.Thistranslatesinto a single point of
failure, soif this singleconnectionfailsthenit leadsto afailure of amajorportion
of the launchvehiclerecoverysystem.

3.1.3.5 FinConfiguration
3.1.3.5(a) ThreeFinConfiguration

Threefin configurationis a popular choiceamonghobby rocketeersfor several
reasonsprimarilysincethree-fin configurationsarelargelya simpler fin designto

manufacture.By havingto cut fewer fin slots, there existsa lower chanceof

makingerrors in the location or sizeof the cuts. Additionally,the fins typically
haverectangularextensionsthat extend from the chord root; this extensia is
securedbetweenthe bodytube and the motor tube of the launchvehicleusing
epoxyfillets. Clearancen this areaof the launchvehiclecanbe fairly tight, which
may makethe assemblyof the fin difficult. With fewer fins comesthe benefit of
usingfewerfillets, whichmakesthe creationof the fin-cansimpler.Additionally,
havingfewer fins resultsin lessweight on the aft end of the launchvehicle.A
lower weightin turn helpsto keepthe center of gravity closerto the tip of the
noseconewhichincreaseghe stability marginof the launchvehicle.

A disadvantageof this designis the non-axisymmeric aerodynamicloading
profile experienceddy the aft end of the launchvehicle.Duringa largecrosswind
gust the angleof attackthat the fin experencescouldvarylargelyfrom what fin

would experienceif freestreamwasthe only flow componentactingon the fin.

Thisgust condition combinedwith the non-axisymmetricloading profile could
resultin the vehiclerolling to an equilibrium state and a change in apogeemay
resultfrom this.

3.1.3.5(b) FourFinConfiguration

Issuesf roll instabilitycanbe remediedby utilizingafour-fin configurationwhich
will implementtwo axesof symmetry.Additionalfins will alsoaid in shiftingthe
centerof pressurefurther aft to increasestability. Whencomparedto three-fins,
the four-fin configurationallowsfor a smallerplanformareato achievethe same
centerof pressureocation.

It mustalsobe notedthat finsthat aretoo smallmay causethe launchvehicleto
weathercockimmediatelyoff the launchrail. A four-fin configuation was used
onthislaunchvehicleandthe staticmarginwasin exces®f 2.0,however, dueto
the small planform area of the fins the launch vehicle experiencedsevere
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weathercockingonce it left the launch rail. Fortunately, the launch vehicle
managedto havea succeshul flight. Becauseof this experience the team this
yearis makingan effort to haverelatively largefinsto ensurethat this ¢ 2 yhe {
anissue.

3.1.3.6 AvionicBay
3.1.3.6(a) Integrated

Theintegrated AVBaydesignconsistsof alengthof bodytube containingthe AV
Bay,drogueparachute,and mainparachute. TheAVbaysled ismountedon two
threadedrods whichrun betweentwo bulkhealsat the endsof the AVbay.One
bulkheadis epoxiedto the airframe,while the other is bolted onto the threaded
rods, allowingit to be removed. Addtionally, a hatchis cut in the side of the
airframe, allowing accessto the AV bay while the AV sled is installed in the
airframe.Thehatchis securedo eachbulkheadat two points,oneat eachcorner
of the hatch. Twoblastcapsare securedto the outside of eachbulkhead,along
with a U-Bolt usedto securethe AV bay to the shockcord of the associated
parachute.

Thisdesignallowsfor easyaccesgo the AVbay evenwhenthe launchvehicleis

fully assembledallowingfor anylastminute adjustmentgto be performedeasily.
However,the gapin the airframe for the hatch causesairflow disruptionsand

load transfer disruptionsin the fiberglass airframe, reducingits strength as
comparedto a solid fiberglassairframe. Additionally loadingblackpowder into

the blastcapsaswell asattachingthe shockcordto the AVbayrequiresreaching
into long sectiors of bodytube. Thisaddsdifficulty to the assemblyprocessand

increaseghe chancedor anerror to be made.

3.1.3.6(b) Modular

Themodular AV Baydesign,shownin Figure3-6, consistsof a length of coupler
cappedby abulkheadon both ends. Theinner layersof eachbulkheadare at the
innerdiameterof the coupler,while the outer layersare at the outer diameterof
the coupler.Thisallowsthe bulkheadgo functionasplugsto isolatethe insideof
the AV bay from the pressureand temperature changescausedby the black
powder charges.A thin section of body tube near the center of the coupler
sectiongivesspacefor pressuresamplingports and accesdo the switchesthat
will arm the altimeters. Twothreadedrodsrun betweenthe two bulkheads,on
whichthe AVsledis mounted. Theoutsideof each bulkheadhastwo blastcaps
securedto it, as well as a U-Bolt usedto connectto the shockcord of the
associategarachute.
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Figure3-6 Modular AVBay

Thisdesignmakesthe blastcapsmuchmore accesiblefor loadingblackpowder

chargesduringthe assemblyprocess Additionally,it allowsfor AVbayassembly
to occurseparatdy from the rest of the launchvehicle. Thisreducesassembly
time by allowing for multiple assemblytasks to be performed in parallel.

However this designmakesthe AVsledinaccessibl®ncethe launchvehiclehas

beenassembled Any adjustmentsto the altimeterswill require disassemblyof

the launchvehicle

3.1.4 LaunchvehcleLeadngDesign

Nosecone Payload Bay Main Parachute Bay ‘ Fin Can

AV Bay

Figure3-7 LeadingvehicleLayout
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Figure3-8 LeadingvehicleDimensions

3.1.4.1 MaterialSelection

3.14.2

Theleadingchoicefor airframe body material is G12fiberglasslt is criticalto have
anairframethatisresistantto moisture,especiallydueto unpredictablelaunchfield
conditionsin North CarolinaWhile Blue Tubecanbe sealedagainstmoisture, this
addstime to the fabrication processand is a fabrication step no membershave
performedbefore. The sealingprocessresultsin a high chancefor errors, whichis
not acceptabldor this part of fabrication.Additionaly, unlike BlueTube,thereisno
risk of material delaminationor fraying during fabrication or flight. Fiberglasss
heavierand more expensivethan Blue Tube, however its increaseddurability is
worth the increasedweight and cost. With fiberglassthe leadingconfigurationhas
a massof 44.7 Ibs, whichwill not causeanyissueswith reachingthe target apogee
or with recoverysystemrequirements.

NoseCone

Thenoseconedesignis shown in Figure3-9 with a bulkheadand U-bolt mounted
in it. Thebulkheadwill be attachedto a shockcord whichwill be routed through
the payloadbayandattachedto the mainparadute. Thebulkheadwill be recessed
2 inchesinto the noseconefrom the edgeof the coupler.

30.00 3.00

Figure3-9 Noseconddimensions

Thisdesignwill makethe fabricationmore difficult asit will require the bulkhead
diameter to sit flushed with the contours of the inner wall of the nose cone.
However the addedbenefitsto payloadaccessibilityare deemedto be worth the
addedmanufacturingime.
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The nose cone geonetry is a 5:1 ogive. This geometry was chosen out of
commercial availability as well as pricing. In addition to this, the large inner
diameterof this noseconeprovidesa largerinterior spacein whichsomepayload
deployment electronicsmay be stored. Current estimateson this deployment
device predict that this void spacewill be utilized onceit is integratedinto the
launchvehicle.

Theestimatedmassof the noseconeis predictedto be 6.08Ibs.

3.1.4.3 NoseConeBulkhead

A removablebulkheaddesignwas selectedin the event of a slightly over/under
stablefinal configuration. Theremovablenature of the connectionis not expected
to compromisethe structural integrity of the vehicleduringlaunchor recovery.This
bulkheadshallbe designedo withstand the openingshockof the parachuteplusa
sufficient factor of safetyto accountfor unexpectedforces. The bulkheadwill be
connectedto the noseconethroughfour L-braclets that will sit equidistantaround
the perimeterof the bulkhead.Holeswill be drilled into the noseconeto matchthe
positionsof the L-brackets.The bulkheadwill then be supportedby bolts inserted
throughthe noseconeandthe L-brackets.

3.1.4.4 Anchoring

3.145

Forall anchoringpoints, a U-Bolt will be used.The additionalweight is well worth
the extra reliability gainedfrom havingtwo points of failure. Additionally,analysis
hasshownthat this extraweight will not haveany major effectson the stability of
the launchvehicle.

PayloaBay

| 199 300 _

D

Figure3-10 Payloaddimensions

Ourchoserpayloadiocationwill be forward asopposedo aft. Byhavingthe payload
be in the forward sectionof the launchvehicle the massof the motor will be offset
keepingthe CGwill forward of the CP,increasinghe stability of the launchvehicle.
Alongwith this, there will be more spaceavailablein the forward sectionof the
launchvehicle allowingfor more flexibility with the payloaddesign.

Additionally, having the payloadforward would separateit from the fin can. The
forward locationis significantasthese are the two heaviestsedions of the launch
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3.1.4.6

vehicle.Thisleadsto the fact that they both havethe highestkinetic energyduring
flight. Duringrecovery it is beneficialto have these sectionssepaated so that a
single parachutedoes not need to compensate for their weight. This separation
leadsto alowerkineticenergyper parachuteandallowsfor afasterdescentvelocity,
asthe descentvelocitiesare restrictedby requirementNASA3.3.

Without the rover, the payloadbayis estimatedto weigh10.61bs.
Main ParachuteBay

12.00

6.00 20.00

Figure3-11 LeadingParachite BayDimensions

Themainparachutewill be locatedbetweenthe payloadbayin the forward secion
andthe AVbayin the midsection.Theparachutebay will be screwednto the AVbay
on the shortend of the AVbay couplerafter all avionicswiring hasbeencompleted
on the field but before fully assemblingthe vehiclein launch day configuration.
When fully assembledthere will be about 20 inchesbetweenthe AVbaybulkhead
and the payloadbay centeringring. Thislength was determinedto be necessary
basedon recoverysygem needs.Therecoverysystemwill be usinga pistonejection
systemas detailed in section 3.2.2.9 The leadingmain parachutehas a packing
volumeofp O xT &.Alongwith mostof the shockcordin the system the recovery
equipment canbe estimatedas occupying 10 of the 20 inchesallocatedto it. The
remaininglOinchesareleft opensothat the piston mayrestat adistanceawayfrom
the blackpowderthat will reducewearand damageover multiple launchesaswell
as producinga more even pressurecurve over time, preventingdamageto the
airframe.

Without the mainparachute the parachutebayis estimatedto weigh3.51bs.
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3.1.4.7 AVBay

Figure3-12 LeadingAVBayDimensions

Thefinal AV bay designwill be a modular AV bay. Thisis the most advantageous
dedgnandwill bethe easiestfor the teamto implement.Beingableto easilyremove
the AVsledwill beinvduable,asit will allowfor easyconstructionandalsoallow for
easyaccesdo the AVsledon launchdays.Beingable to have accesss extremely
important as the electronicson the AV sled are constarily being tweaked and
improvedthroughoutthe launchvehiclel construction.

Without the avionicssled and black powder charges,the AV bay is estimatedto
weigh6 Ibs.

3.1.4.8 FinCan

9.449 . 1087 804

Figure3-13 Leadng FinCanDimensions
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Thefin cansupportsboth the fins and the motor tube. The motor tube is held in
placeby three bulkheadsThemajority of the thrust loadswill be supportedby the
forward-most bulkheadand aft-most centeringrings. The primary purposeof the
center centering ring is for motor tube and fin alignment. The forward-most
bulkheadwill havetwo centeringringsattachedits aft end. Thisassistanotor tube
alignmentas the motor tube canfit inside of these centeringrings. Thisbulkhead
will alsofeature a U-bolt for anchoringa quicklink. Theaft-most centeringringsare
designedo be thickerthan the other bulkheadsasthis centering ring will carrythe
majority of the thrust load, after being split betweenitself and the forward-most
bulkhead.The droguechute will be housedin the forward sectionof the fin can. It
will be attachedto the U-bolt of the forward-mostbulkhead.

Without the motor tube, the estimatedmassof this assemblyis 7.442Ibs.
3.1.4.9 FinConfiguration

Theteamwill useafour-fin configurationfor the launchvehicle . Thisdesignischosen
suchthat there will be 2 axesof symmetryfor the aerodynamicdoadsthat the fins
will experience.Additionally,the fins will have a trapezoidal planform area. The
leadingedge sweepof this geometry allowsthe center of pressureof the launch
vehicleto be placedfurther aft. Thelargetrailing edgesweephelpsmitigate severe
damageto the finsif the launchvehicletouchesdown fin canfirst. Thefinswill also
be madeof two separaten ® m thipk&ircraft gradebirch plywood cutouts that will

be sandwichedogetherusingathin layerof epoxyresin,resultingin a fin thickness
of n ® HThisistoneto mitigateanyfin flutter that thesefins mayexperienceduring
the launchvehiclesascent

3.1.4.10BulkheadSizing

Presently.all bulkheadsizingon the launchvehicleare approximations.Thisis to
avoid performing lengthy calculationson a launch vehicle whose properties are
currentlyfluid. Once the designis solidified,then handcalculationsand FEAanalysis
will be performedto obtain the optimal bulkheadthicknessfor eachcomponentof
the launchvehicle.However,the current estimationsare basedon pastsuccessful
designsandwill still be mostlyaccurate.

3.1.4.10(aHandCalculations
Whenhand calcubtions are performed,they will be basedoff formulation derived
in Roarks=ormulafor Stressand Strairt. Thisbook containsa variety of formulasfor
calculatingdeflections,stressesand strainsover a flat plate. While there is not an
equation listed specificdly for forcesapplied over 2 separatepoints, aswould be
createdby a U Bolt, this canbe approximatedby a singularcircularforce over the
centerof wherethe U-bolt would be placed.Thismodelis helpedby the fact that a
flangewill be placed on either side of the U-bolt, which will help to more evenly

1 Budynas, Richard ®oarks Formulas for Stress and $trddcGrawHill, 2002
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distributethe forceoveranarea.Thefollowingequationisusedto find the moments
of bulkheadswith a centeredU-Bolt:

Ti

Where,Aisthet 2 A & daBoyolhdrch plywood, W is the appliedload, a is the
distancefrom the edgeof the bulkheadto the loadingarea,r is the radius of the
bulkhead,andi is afunction of the radiusof the loadingcircle,i 8Thefunctionis
representedhere:

i P& 6 T XW
Whereoisthe thicknessof the bulkhead.

In caseswhere the U-bolt is not centeredand the bulkheadis solid, the following
equation is usedto find the maximummoment:

5 @ c i

U} @ N

Wherea is the radiusof the bulkheadand p is the distancebetweenthe center of
the bulkheadandthe areawherethe loadis beingapplied.Theformulationsbecome
signifiantly more complexwhen centeringringsare mixedwithin solid bulkheads,
asisthe casewith the aft-mostfin canbulkhead Handcalculationdecomefar more
impreciseat this point andit ismuchbetter to rely on computersimulationssuchas
ANSYSEA.

3.1.5 Motor Alternatives

Theclubis currentlyin possessiomf severaRMS75/3840motor casingghat canhouse
the 850W,1150R1390G and1520Tmotorsfrom AeroTechAsthe teamdid not wantto
purchaseadditionalmotor casingst wasdecidedthat one of thesemotorswould be the
primary choicefor propulsionfor the launchvehicle.Historicallythe club hasusedthe
1150Randthroughoutthe yearshaveexperiencedinreliableperformancecharacteristics
from this motor. Lastyearit wasdetermined that this motor would no longerbe usedin
the club. Thisyearthe team hasdecidedto uphold this decisionto not usethe 1150R.
Thus,the 850W,1390G,and 1520Tare the primary motors that were beingconsidered
for the launchvehicle.

The team currently possesseseveralRMS75/3840 motor casingsthat can housethe
850W, 1150R,1390G,and 1520Tmotors from AeroTech Asthe team did not want to
purchaseadditionalmotor casingsit wasdecidedthat one of thesemotorswould be the
primary choice for the launchvehicle propulsion Historically,the team has used the
1150Randhasexperiencedunreliableperformancecharacteristicdrom it. Lastyear,the
team determinedthat this motor would no longerbe usedin the team's launchvehicle.
Theteam hasdecidedto uphold this decisionto not usethe 1150R.Thus the 850W,
1390Gand1520Tarethe primarymotorsthat were consiceredfor the launchvehicle.
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Oneof the largestdifficultiesthe team experiencedastyearwassevereweathercocking
of the vehicleimmediatdy uponrail exit. Thiswasbelievedto be causedby two primary
reasons inadequate fin sizingand the L1150Rnot acceleratingthe launchvehicleto a
largeenoughvelocitywhenthe vehicleleft the launchrail. Assuch thisyearthe teamhas
decidedto choosearocketmotor that providesalargeamountof thrust at the beginning
of itsignitionandcontinuethis largeforce output throughoutthe durationof the boosted
flight phase.exit. Dueto the latter reason, the team haschosena motor that providesa
highinitial thrust and maintainthis largeoutput throughthe duration of the motor burn.
Additionally,the team hasselecteda powerful motor but with a short burn time. The
purposeof this decisionis to ensurethat the launchvehick achievesa large velocity
quickly, bringingthe center of pressurefurther aft and ensuringthe vehiclemaintainsa
stability marginof at least2.0 calipers Thethrust curves shownbelow, were examined
to identify which of the three potential motors satisfy these requirements.Dueto the
namingconventionof the motors, the units for these plots have not been changedto
Englishunits.

AeroTech L850W
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Thrust Profile
----- Avg Thrust
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Figure3-14  AeraechL850WThrustCurve
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Figure3-15  AerotechL1390GThrustCurve
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Figure3-16  AerotechL1520TThug Curve

Bybriefly inspectingthe thrust curvesaboveit becomesobviousthat the 850Wis not an
optimal designchoicefor the requirementslisted above.Namely,this motor hasmuch
longerburn time comparedto the other two motors andthus the rocketwould achieve
its maximumstability muchlater in the flight trajectory.

The 1390G appearsto be a worthwhile canddate as it adequately satisfies the
requirementslisted previously However the 1520T appearsto be the winningchoiceas
it meetstheserequirementsperfectly.

Simulationsconductedin RockSinindicatedthat all three of these motors resultedin
apogeeswithin the 3,500 to 5,500apogeeenvelofe. Thesesimulationsshowedthat the
1390Gresultedin the highestapogeewhich causedissuesfor the descenttime of the
rocket. Most calculationsshowedthat the decenttime from apogeewould be greater
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3.2

than 90 semnds which is in excessof the limit. The 850W and 1520T gave apogees
significantlylower than 1390Gand the recoveryteam found that becauseof this lower

apogee the descenttime would fall beneath the 90 second requirement. Motor

alternative datais shown below.

Table3-4 Motor Data

Total Total Total Total Burn

Motor  Weight | Weight | Impulse Impulse Time
) (Ib) Q) (Ib) (s)
L850W | 3,742.00[ 8.2 3646.2 [ 819.7 4.4

L1390G| 3,87900 8.6 3949.0 | 887.8 2.6
L1520T| 3,651.40 8 37159 | 8354 24

From everythinglisted here, it has been determined that the current leading design
choicefor the launchvehiclesmotor is the AeroTechL1520T.Thismotor will give the
launchvehicleathrust to weightratio of 7.88.

RecovenBibsystem

3.2.1 Desciption of Recovengvents

Oncethe launchvehicleis mountedon the launchrail and elevatedinto launchposition,
both the primaryandsecondanaltimeterswill be armedusinga screwdriverto closethe
connectedswitches.Beforethe goahea is givenfor launch,the output sequenceof the
altimeters will be listened to and recorded, verifying both altimeters are properly
programmed for the mission, have suitable battery voltage, and continuity to the
pyrotechnicchargeghat initiate events.Onceproperaltimeter functionisverified,launch
procedurewill proceed.

Ator shortly after apogeeboth onboardaltimeterswill detectapogeeandbegininitiating
drogue parachute deployment. The main altimeter will immediately send a current
throughan attachedeEmatch, whichwill detonatea blackpowdercharge in-betweenthe
fin can and central AVbaysectionsof the launchvehicle Theblackpowderchargesitsin
asmallPVQap,with the Ematchrestingonthe bottom andsmallamountof papertowel
waddingresting on top. Thecapis sealedwith electricaltape to preventleakageof black
powderandmaintainproximity betweenthe Ematchandblackpowder.Thecalculations
and exact chargesizesare describedin detail in section 3.2.2.9 This detonation will
separatethe two sectionswvhicharetethered by alengthof Kevlarshockcordanddeploy
the drogueparachute attachedto aloop on the shockcord. Onesecondafter deteding
apogee,the secondaryaltimeter will senda currentto a secondblack powder charge,
ensuringredundancyin casethe primary chargedoesnot go off or separatethe body
sections.Thesecondarychargeis delayedin order to preventover pressurizinghe body
sectionif both chargegyo off at the sametime.

With the drogueparachutedeployed the launchvehicle will descendat a constantrate,
which is not safe for landing but slow enoughto allow deploymentof an additional
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parachute closerto the ground that will not damagethe launch vehicle with high
acceleratim. Uponreachingan altitude of 500ft, the main altimeter will detectthis and
send a current to a pyrotechnicchargein the compartmentbetweenthe AV bay and
nosecone,separatingthem. This chargeis constructed and wired identically to the

chargesn the droguecompatment, exceptfor beingconnecedto differentterminalson

the altimeter. Thechargesare alsosizeddifferently, asis detailedin section 3.2.2.9 Just
aswith the drogueparachute the secondanyaltimeter will setoff another chargeat an
altitude of 450ft in order to provideredundancyin the system.Oncethe body sections
separate,againtethered by Kevlarshockcord, a pilot chute will inflate and removethe

main parachutefrom its deploymentbag. Thepilot chuteis attachedto the bottom loop

of the deploymentbag, while the inner loop of the deploymentbagis attachedto the

inseamloop at the top of the main parachute. Themain parachuteitself is attachedto a
loop in the shockcord. Thevehiclewill then descendn this configurationuntil touching

downonthe ground.

Apogee -_—
Drogue Deployment
~4420 ft AGL

"!/'/_\"l ‘

’ Descent 4 <7
Main Deployment

500 ft AGL
| A\

Figure3-17 RecovenEventsDiagram

Allbody sedionswhichare designedo separateduringrecoverywill be heldtogether
with 4 nylonshear pins. Theseshearpinswill be capableof holdingthe launchvehicle
togetherunderits own weight,i.e. whensuspendingt by the noseconen the upright
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positionor the fin canwheninverted. Blackpowder chargesare sizedto shearthese
pinsaswell asovercomeanyfrictional forcesbetweenthe body sectionsholdingthem
together.

After landing, retrieval of the launchvehiclewill be performedusinga combinationof
visibletrackingduringdescentand GPSocatingviaan RFGPSrackerlocatedin the AV
Bay.RFtrackingwill be performedwith a Yagidirectionalantennaand a handheldradio
unit.

3.2.2 RecovenAlternativeDesigns
3.2.2.1 AvionicsSledAlternatives
Theavionicssledmusthousetwo altimeters,batteries,switchesanda GPSunit and
itsrespectivebattery. It musthouseall thesecomponentssecurelyat all orientations
underaccelerationsipwardsof 15 gees.It mustalsobe capableof fitting within the
couplersection.Theelectronicanustalsobe ableto be detachedn orderto perform
testson them.

Sledmaterialsto considerinclude plywood, aluminum, and 3D printed plastic. All

materials allow for precisionmanufacturing,with laser cutting being suitable to

plywood and aluminum,while plasticis obviously additively manufactured.While
aluminumcanbe lasercut, it requiresa higherpowerlaser, andwith strongerlasers
come greater safety concerns.3D printing is much saferin comparison,but the

printing and manufacuring processs muchlongerandproneto errors.

All the materialsare strongenoughto withstandthe flight forcesexperiencedput
the materialshold up to manufacturingdifferently. Aluminumand plywood canbe
machinedwithout issue,allowingfor easyscrewmounting of components.Plastic
on the other hand doesnot hold screw holes well, makingcomponentmounting
unreliable,which failsto meet a key requirementfor the sled. Betweenaluminum
and plywood, plywood is much lighter, savingon weight. Plywoodis also thick
enoughto provide suitablesurfaceareafor adheringlayersto eachother, allowing
for 3Dsledsfrom purelylaser cut sheets.

Two bast sled designshave been considered,a traditional lengthwisesled and a

stackeddisk style sled. Thelengthwisesledusesthreadedrodsto keepit in place,
with the sled lyingflat on the planebetweenthe two rods. Thestackeddisk concept
involveshavingseveralremovablebulkheadswith componentsmounted on both

sides. Thesebulkheadswould then be wired together as necessaryThis design
wouldallowfor useof morespaceputismuchharderto manufactureandassemble,
given the difficulty of wiring between the bulkheadswithin the coupler. It also
createsseparatecompartmentsin the launchvehicle makingit easierto reduceRF
interference between altimeters and tracking devies. Additionally, a subscale
version of this sled would hawe very limited spaceper bulkhead, makingit an

unfavorable choice. Designingthe lengthwise sled is more involved, but actual
launch dayassemblyis mucheasier.
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Thesledwill alsohousetwo 9V batteries and screwswitchesas shownin section
3.2.2.4 Thescrewswitcheswill be at elevatedoff the main sled surfaceand set at
ananglesuchthat the screwsare orthogonalto eachother and alignedwith two of
the pressuresamplingholes,detailed further in section3.2.2.5 In order to mount
the screwswitchesat the required angles,a lasercut structure will be constructed
with angledplywoodpiecesthroughwhichthe mountingscrewvs and standofs may
be attached.Alasercut dividedcompartmentwill housethe batteries,with the sides
beingpermanentlyassembledndhavinga sloton one sidethroughwhichthe wires
of the battery cap comethrough. Thetop of the compartmentis removable and
scranvs into permanently mounted nuts in the inner cavty of the sled. The
compartmentwill be sizedto minimize the range of movement of the batteries
within, reducing potential damage and ensuringthe batteries maintain proper
connectionthroughout the flight.

3.2.2.2 TrackelElectraicsAlternatives
Threemethodsof trackingthe laund vehicleduringdescentandafter landingwere

considered.Two of thesesystemsthe QRPLabsLightAPRS WSPRrackerandthe
BigRedBedeeLinetransmitter operate on amateur radio frequencieswhile the
third, the BigRedBe®RB900utilizesthe commercial900 MHz band. All three of
thesesystemsaredesignedor the trackingof rockets RCaircraft,or similarvehicles.

Figure3-18 BigledBeeBRBOOM@P I racker

The BigRedBedBRB90Gs the simpest of the three tracking systemsdiscussed.
Functioningasan all-in-one packageijt consistsof a 900 MHzhandheldrecever, a
commerciallyavailable 900 MHz transmitter unit mounted to a microcoriroller
boardalongsidea GP&ntenna,andasinglecellLiPobattery. Thetransmittermakes
useof abasicwire antennato savecostandspace andthe receiverusesa standard
monopole antenna. The downsides of this system include limited range and

2020 NASA Student Launch | Tacho L




NC STATE UNIVERSITY

frequencyavailability,a lackof directionaltrackingin the eventof lossof GPSsignall,
andexperiencewith poor durability andlossof signalduring pastuseof this device.
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Figure3-19 QRPLabsLightAPRGFS Tracker

The LightAPR®Y QRPLabsis the most robust and most expensiveof the three
trackersconsideredlt is an open sourceand makesuse of an ATmegaarchitecture
whichallowsfor easeof reprogrammingo meetmissiornrequiremensandinterface
with other telemetry systemslt transmitsin the very highfrequency(VHF)L34-174
MHz band, allowing for APRSdata to be received by standard amateur radio
equipment.Thisin turn maybe relayedto a commercialGPSa customRaspberrpi
basedgroundstation, laptop, or tablet to allow for real time decodingand plotting
of the GPSJatatransmitted. Thedevicealsocollectsbasictelemetry dataincluding
temperature,pressure,and altitude in additionto GPSracking.Themain obstecle
to useof this deviceis the requirementfor club membersto havean amateurradio
certificationin order to operate the deviceand the involvedground station setup
that would be required.
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3.2.2.3

Figure3-20 BigRedBedeeLiner0 cmtransmitter

Finally the BREBeeLindransmitterrepresentsatransmitteronly optionfor tracking
the launchvehicle TheBeeLindgransmitson the 70cmham band, which allowsfor
awiderangeof frequencyselection thusavoidingcorflict with other (i S | traékidg
systemsThisdevicedoesnot containa GPSunit, rather sendingout atrackingsignal
that the operatorthen homesin on usinga handheldradioreceiverandadirectional
antenna.Thisoffers the advantageof simplicityand low cost, though still requires
an amateurradio licensemuch like the LightAPRSVanualtrackingthrough signal
intensity is a relatively unreliable method of determining vehicle location in
comparisorto reattime GPSlata.

RecovengElectronicAlternatives

Four altimeters were consideredfor the recovery systembased on commercial
availabilty and dual deployment capability. The altimeters consideredwere the
MissileWorksRRC® { LJ2ENtHcér&AIM USB3.0, PerfectFliteStratoLoggerClnd
AtlusMetrum EasyMini.

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Figure3-21 MissileWorksRRC& { LJAINdieter

Figure3-22 EntacoreAIM USB3.0 Altimeter
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Figure3-23 PerfectFliteStratologgerCRltimeter

Figure3-24 AtlusMetrumEasyMinAltimeter
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Table3-5

RRC3Xport

EntacoreAIM

AltimeterComparisorChart

StratoLoggerCF

EayMini

Main 300to 30001t 100to 99991t 100to 9999ft
Deployment incrementsof incrementsof 1 ft | incrementsof 1 ft Any
Variability 100ft
Delayafter _ Oto 30sec, Yes 010 5 sec Yes
apogee incrementsof 1
Max Altitude 40,000ft MSL 38,615 ft MSL 100000ft MSL 100000ft MSL
Minimum 100to 300ft N/A 100AGL N/A
Apogee
Altitude 1ft 1ft 1ft 1t
Resolution
Dimensions | ° quh.\;\(/I}Zqu)H HOPTLRE P OWn| HdEdxn dyw € M ® bxen PWE
Altitude, velocity, | Altitude, velocity, Altitude, Altitude, vel_ocny,
acceleration,
DataLogged temperaure, temperature, temperature,
o temperature,
voltage voltage,continuity voltage
voltage
Additional SharedGroundPin, Repoted Quiet
Comments no switchpins Speaker

2020 NASA Student Launch | Tacho L




NC STATE UNIVERSITY

Table 3-5, above details the altimeter choices under consideration using
information collected from manufacturer and supplier documentation. All the
altimeters consideredhere are dual deploy altimeters capableof controlling the
entire recoveryprocess. The parametersof greatestimportanceare form factor,
easeof wiring, measurementprecision,and main deploymentaltitude variability.
TheEntacoreAIM 3.0 and the MissileWorks RRC3 { LJlNdietersboth sharea
long, narrow form factor taking up a large amount of spaceon the avionicssled.
Wiring of the EntacoreAIM 3.0is alsodifficult. A commongroundpin and lackof a
dedicatedswitchcircuitincreasehe chancefor assembherrorsduringwiring of the
avionicssled. In particular, the presenceof two wires in a single screwterminal
causedesssecureconnectionsthan if only a singlewire is present,increasingthe
likelihood of failure of both chargesfor a sinde altimeter. This designis not
acceptableto the team. The limited main parachute deploymentoptions of the
MissileWorksRR@ ¢ { LJaniiéié unacceptablgor useasa secondaryaltimeter
whichwould requirethe ability to setthe maindeploymentaltitude to analtitude of
450ft.

The StratoLoggerC&nd EasyMinprovide both a wiring and form factor advantage
overthe RRC%portandthe EntacoreAlM 3.0. Thisallowsfor amore compactdesign
of the avionicssled and greater flexibility in mounting electronic componentsto
provide easeof assembly.The StraoLoggerCHneets the TDR3.3 that specifies
preferencefor useof equipmentcurrentlyownedby the team.

Thehumanfactorsandreliability issuesarisingfrom the designof the EntacoreAIM
3.0makeit lesssuitableasan alternative altimeter. TheMissileWorksRRC3s less
desirablethan the EasyMinior the StratoLoggerCBy way of form factor. Team
derivedrequirementsfavor the use of StratologgerCFRltimetersfor both primary
andsecadaryaltimeter basedon adaptability,easeof use,and compactlayout.

Drogue Deployment | Drogue Deployment I
Primary Black Powder 1 Black Powder Secondary 1
System Charge ; Charge System 1
Apogee Apogee +1 sec I

|

----------

N ~. 1
1 1 I
’ Primary Altimeter e Iy » S I Redundant . 1
‘ 9V Battery H StratoLogger CF H Screw Switch } f : Screw Switch ‘d—b: Altimeter ‘H—b: 9V Battery 1
\ )\ ) ' SiratoLogger CF 1 I

_________

Main Deployment
Black Powder
Charge
500 ft

Main Deployment
Black Powder
Charge
4501

‘Whip antenna (—P{ LightAPRS }1—»{ 1s LiPo ‘

Figure3-25 AVBayRecovenElectronicDiagram

Thediagramaboveillustratesthe componentshousedwithin the AV bay and how
all of them are wired. The dashedgreen box containsall the componentsof the
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primary altimeter recoverysystem.Thissystemcontainsthe competition altimeter
whichwill recordthe (i S | dffieial apogee aswell asall the componentsnecessary
for the requiredrecoveryevents.The altimeter has4 pairsof terminal screwsthat
are connectedto a 9V battery, a screwswitch,and 2 Ematches.One Ematchisin
the drogue compartment and triggered at apogee,while the other is in the main
chute compartmentandtriggeredat 500ft. Afresh,testedbattery is installedwith
eachflight to ensurethe altimeter hasenoughpowerto detonateboth chargesand
recordflight data.

The dashedgrey box housesthe secondaryaltimeter recovery system,which is

nearlyidenticalto the primarysystem with the blackpowderchargeeing the only
difference.Thedroguechargeis programmedio detonateone secondafter apogee,
while the main chargeis setto detonateat 450ft. Both systemsare independently
capableof sdely recoveringhe launchvehide, andasthey are not connectedn any
fashionthis createsa redundancyin the system.If any one componentisto fail, the

other systemwill activde in its placeandallow for saferecovery.

Also housedin the AV bay is the LightAPRSysedto track and locate the launch
vehicle.Thetransmitteris connectedto asinglecellLiPobattery andawhip antenna
in orderto sendandreceivesignalsin order to saisfy requirementNASA3.13,the
transmitter and antennawill be located on the oppositeside of the AV sled,with
aluminumfoil installedbetweenthe two to minimizeRFnterference.

3.2.2.5 AvionicsBaySamplindHdes

Altimetersdetectaltitude usingbarometricpressureof the surroundingair, making
properly pressurizinghe AVbaykeyto its successfubperation. Todo so, holesare
drilled in the vehiclebody in order to equalizethe pressureinsideand outsidethe
AVbay.Theseholesmustbe precisdy sized,asholesthat are too smallwill prevent
proper equalization,while holes that are too large will allow airflow into the
compartment, compromising aerodynamicsand measuringtotal pressurerather
than static pressure. Samplings holes will be sized according to the
recommendation®f the altimeter manufacturer. Thecurrentleadingdesignutilizes
two SratoLoggeCF altimeters, for which PerfectFlite recommends sizing the
samplingholesaccordingto the following equation,where Pis the diameterof the
sampleholes, L is the length of the compartment,and D is the diameter of the
compartment:

0 8nmePzo

Thisequationassumest holesare drilled at 90° from eachother at the sameaxial
distance. This method is recommendedfor 6 inch diameter launch vehiclesas
opposedto asinglesampek port. Theseports will be locatedalongthe bandof body
tube assignedo the AVBay,with two of the holesalsoservingasthe holesthrough
which screwswitcheswill be activated.
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3.2.2.6 DrogueParachuteAlternatives
Thedecidingfactor in selectinga drogueparachuteis the rate at whichthe vehicle
descendsunder it. If the vehicle descendstoo fast under drogue, the vehicle
experienceextremeaccelerationsaat main deploymentthat could causestructural
damageto the launchvehicle evenpotentially severingthe connectionbetweena
sectionand the recoverysystem.If the vehicledescendgoo slow under drogue,
wind drift distanceand recoverytimes becone too great. Vehicledescentspeed
under parachutecanbe calculatedusingthe terminalvelocityformulabelow.
‘ ¢
0 -
0

(@}

In the equation above, m is the burnout massof the launch vehicle g is the
acceleratiordueto gravity,” isthe densityof air, Aisthe areaof the parachute and
Goisthe coefficient of dragof the parachute Whilethe areaand dragof the vehicle
sections themselvesdo contribute to the velocity at which they fall, their
contributionis negligiblein comparisornto the parachute.

Table3-6 DrogueParachuteComparisorChart

Descent DescentTimefrom Wind Drift from
Parachute Velocit Apogeeto Main Apogeeto Main
y Deployment Deploy(20mph)
FruityChuteslSinch | 39 74y 28.3s 829.8ft
Classi&liptical
FruityChutesl8inch | |3 57/ 34.65 10163 ft
ClassiElliptical
FruityChutes24inch | g3 7 46.9s 1376.1ft
Classi&lliptical
FruityChute24inch | gy 54 45.8s 1344.5ft
CompactElliptical

Table3-6 abovecomparesdrogueparachutealternativesinthe m pté H n €
diameterrange In orderto minimizedamageto the vehicleandits payload,the
team hasdecidedthat the launchvehicleshallnot descendunderdrogueat arate
greaterthan 100ft/s. With this requirementin place,the m pandwm y garachutes
are not suitablefor useasdrogue,descendingt ratesof 138.7ft/s and113.3ft/s
respectivelyBothof the H npgarachutesnspecteddescendat anacceptablerate,
thoughthe CompactEllipticalparachutedescendst a slightlyfasterrate, reducing
the time from apogeeto maindeploymentandthe distarcewhichthe launch
vehiclewill travel dueto drift in that time.
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3.2.2.7 MainParachuteAlternatives

Selectionof the main parachutemust considerboth the speedat whichthe launch
vehicle descendsfrom apogeeand the maximum kinetic energy of all tethered
sections.Giventhat both requirements are a function of velocity, comparisonof
mainparachutedsagainbasedentirelyonthe descentrate whichthey produce.The
descent rate underthe main parachutecanbe calculatedusingthe sameterminal
velocityformulaasfor the drogue,in the above section In this calculation both the
launch vehicle a S O i Andl thé @ogue LJF NJ O Krdziag Gall enoughin
comparisorto be neglected.

Table3-7 MainParachuteComparisorChart

Descent Maximum Section DescentTimefrom BHlie D”f.t
FEIEELES Velocity KineticEner Main Deployment RN
)% ploy (20 mph)
Fruity Chutesl20-
inchlris 14.ft/s 53.1ft-Ibf 35.7s 1047.9ft
UltraCompact
Fruity Chutes120-
inchlris Ultra 14.1t/s 52.9ft-Ibf 35.8s 1050.5ft
Standard
SkyAngleCERB XXL 13.6ft/s 50.3ft-Ibf 36.7s 1077.1ft
168'”02500;““&“ 15.8ft/s 67.9ft-Ibf 31.6s 927.3ft

Fourparachutesof different designswere comparedin the table above,with each
being the smallest parachute of that design meeting the kinetic energy
requirements. Thedescentate wascalculatedor eachparachuteasdetailedabove,
andthe maximumsecion kinetic energywascalculatedaccordingto section3.3.2
Descenttime and wind drift calculationswere alsoincludedin order to gaugethe
effect the main parachute would have on these parameters. Inspecting the
MaximumSecton KineticEnergycolumnshowsthat all of the parachutescompared
satisfyrequirementNASA3.3, with the Pro-X havirg a kinetic energyof 68 ft-Ibf,
while the other 3 have kinetic energiesin the low p n @&tkde four parachutes
compared,the Pro-X has the fastest descentrate, giving it the most favorable
descenttime andwind drift characteristicsaswell asreducingacceleratiorat main
deployment.A major drawbackof the Pro-Xis the volumeit occupiesn the launch
vehicle with the manufacturergivingpackng dimensionsof n © xm nL€ Whilethe
main paractute bayis spaciougnoughto fit sucha parachute occupyingthis much
volumemay modify blackpowder calculationsjn additionto beingmore difficult to
fold andpackinto the launchvehicleonthe field. Ofthe remainingthree parachutes,
the Iris UltraCompacthas the most favorable characteristics. While the kinetic
energyand descenttime calculationsare relativelyaccurateand directly applicable
to reality, wind drift calculationanakea few assumptionghat limit their predictive
accuracyn the field, detailedfurther in section3.3.4 Forthesereasonsthe higher
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wind drift valueof the Iris UltraCompactomparedto the Pro-Xis not immediately
disqualifying.

3.2.2.8 ShoclkCordSelection

ShockCordmust be strongenoughto withstandthe force of acceleratinghe body
sectionsduring chute deploymentand spaced properly to prevent body sections
from impacting each other during descent. For the current projected massand
parachuteselection the maximumacceleratiorexperiencedy the launchvehicleis
39gQat maindeployment If the entire bodywereto be supportedby a shockcord,
it would haveto withstandapproximatelyl5001bs of force.%2inchnylonand Kevlar
webbing both support over 2000 Ibs, so these sizesare suitable for the launch
vehicle.Nylonis much cheaperthan Kevla, but is not particularly heat resistant,
while Kevlarhasvery little issuewith heat. In addition to this, the team already
possessemultiple lengthsof p k yuBular Kevar suitablefor the recowery system.

Conventionallyshockcords are about 3 to 5 timeslonger than the length of the
vehicle they support. With a length of m n Tthis would suggesta shock cord
somewherebetween27 and 45 ft. Theteam possessesno shockcordsthat are 40
ft long, putting them on the longerend of the spectrum.Longershock cordsresult
in sectiondallingfurther beforebeingcaughtunderparachute Inthe caseof drogue
parachute this meansthe body sectionmayreacha velocity greaterthan the rate
of descentunder drogue,increasingthe accelerationit experiencesat that point.
During main deployment, longer shock cords can delay the slowing of the body
sectionsasthey becometaut. Giventhe length of the body sectionsthe placement
of parachutesalong the shock cord can be determined based on the desired
configurdion of the bodyasit descends.

Duringthe drogue phase,the upper sectionof the launchvehicleshoulddescend
abovethe fin can,asthis uppersectionstill holdsthe main parachute.If the fin can

were to descendabovethe upper section,it couldfoul the main parachuteduring
deploymentand result in an unsafelyfast descent.In order to achievethis, the

distancebetweenthe tip of the noseconeand the connectionpoint of the drogue
shouldbe lessthanthe distancefrom the drogueconnectionpoint to the openingof

the fin can, assumingboth sectionshang directly downwards from this point.

Preliminarysizingsuggestshe drogue may attached anywhere between the AV
shockcordattachmentpoint to 45%downthe shockcordfrom this point. Giventhis,

the drogueparachutewill be placedabout 1/3 of the way betweenthe AVbayand

fin can,closerto the AV bay. Thisdistributesthe length somewhatevenlyso one

sectiondoesnot experiencesignificantlynore accelerationthanthe other, while still

givinga clearanceof ~5ft betweenthe noseconeandfin can.

Duringthe main phase,it is preferableto havethe noseconedescendabovethe
other two sections,as this results an entirely vertical arrangement rather than
havingthe midsectionabovethe othersandhavingthe fin canandnoseconeoccupy
the samespace.Preliminarysizingsuggestsa similar sizingwindow for the main
parachute ,andsothe locationhasbeenselectedsimilarly. Themain parachutewill
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be attachedabout 1/3 of the way betweenthe nosecae and midsection,closerto
the noseconeAdiagramfor the shockcord spacingor both parachutess provided
below.

13 213

150" ~450

Figure3-26 ShoclkCordSpacing

3.2.2.9 Ejection ChargeSizing

Blackpowder sizingis determined by finding the force or pressurenecessaryto

separatebody sectionsandthen calculatinghe massof blackpowdernecessaryo

achievethis. Firstthe volume of the sectionsto be separatedis found. In making
thesecalculationsthe volumeof the drogue parachuteandits recoveryharnessis

ignored, while the length of the body tube the main parachuteand its harness
occupyare removedfrom the calculationdueto utilizinga piston ejectionsystem A
desred pressureof 10 psiwill ensureseparationof body sectionswithout damage
to the airframe or recovery systems,though this may be lowered for the main
parachute section as piston ejection systemsgenerally require lower pressures.
Givena desired presaire and volume, the massof black powder required can be

calculatedusingthe following equation:

0w a'yY'y

HereRisthe gasconstantof blackpowdergas,andTisthe combustiontemperature
of blackpowder. Theseare known quantitiesfor the 4F blackpowder usedin the
ejection charge.Rearranginghe equationto solvefor m givesthe massof black
powdernecessary.

In order to provideredundancyin the recoverysystem,a secondarychargewill be
activated after the primary chargefor eachevent. Thischargewill be 0.2 grams
larger,to force separationif the first chargewasdetonatedbut did not fully separate
the body sections.Separationmay also fail to occur if the first chargedoes not
detonate; in this case 0.2 grams is small enough of a difference that over
pressurizatioris unlikelyto occurif the primary chargewould not alsocauseit.
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In order to shield the drogue parachute from the detonation of black powder
chargesit will be wrappedin anappropriatelysizedNomexsheet. ThisNomexshed

is flame resistant, protecting the easilymelted nylon of the parachutefabric and
shroudlines. Theparachute oncefolded, will be placedon the sheet,andwrapped
in a fashionresemblinga burrito to enclosethe parachute within. A singlequicklink
will fastenboth the R N2 3 att&ckindentpoint and the Nomexsheetto the shock
cord. This Nomex sheet is not bound around the parachute,so once the body
sectionsseparatethe sheetwill unfurl andallow the drogueto inflate.

The main parachutewill use a different systemto protect it, asthe payloadbay
beyondit mustalsobe shieldedfrom the effectsof the blackpowder charge.Todo
so,apistonejectionsystemwill be utilizedto deploythe mainparachute Abulkhead
with aslotin it is permanentlyaffixed to alengthof coupler,thisisthe & LJA aThe y ¢ ®
shockcordisfed throughthe slotin the bulkheadandaffixedat a distancealongthe
shockcord. Onone sideof the piston,a quicklink attachesthe shockcordto the AV
bay, right nextto the main blackpowderchargesOnthe other sideof the pistonis
the main parachute,its attachment point, and the noseconeattachment point.
Whenthe mainblackpowderchargedetonates the pressurizedireais betweenthe
blackpowderchargeandthe piston.When pressurizedthe pistonbeghnsexpanding
towardsthe nosecone, until eventuallyforcingthe noseconeto separate.In this
way the flames and ejection gaseswill be contained within a separatesection,
preventingdamageto the mainparachuteor payloadelectronics.

Accordingto the previousequation for a 6-inch diameterlaunchvehicleand cavity
3inchesin length, 10 psiwill be producedby 0.5 gramsof blackpowder. Thus,the
drogueblackpowderchargeswill be 0.5gramsfor the primarychargeand0.7grams
for the semndarycharge.Fora 20-inch-long cavity, 10 psiwill be producedby 2.9
grams of black powder, so the primary main chargewill be 2.9 grams,and the
secordarymainchargewill be 3.1 grams.

In accordancewith requirementNASA3.2, groundejectiontestswill be performed
before everyflight to verify the chargesare appropriatelysizedand constructed.
Thesetests will be especiallyimportant for the main parachutedueto the i S| Y Qa
lackof familiarity with piston ejectionsystems.

3.2.3 Recovenryeadingdesig

Theheart of the launch@ S K A r@dov@rgsiistemis the AV bay, whichwill housea flat,

lengthwise sled suspendedbetween two threaded rods, constructedout of laser cut
plywood. Thelengthwisedesignprovidesadequatespacefor all necessarycomponents
onasingularremovableplatform. It shallbe construced out of lasercut plywoodto allow
for precision manufacturingat an affordable weight. The plywood holds up well to

machiningand sandingas necessarncomparedto a plasticsolution, while muchlighter
thanan equivaknt aluminumsled.Lasercutting allowsfor rapid prototyping at low time

and materialcost.
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The drogue selectedfor the leading designis a Fruity ChutesH n €ompactElliptical
Parachutewhich hasbeenselectedprimarily due to a balancein its descentspeedand
wind drift/descent time characteristics Smallerparachutesdescendat a rate that the
team hasdeemedtoo highfor main deployment,beingover 100ft/s. Then n €ompact
Elliptical descendsat a rate of 85.6 ft/s with current masspredictions, which is slow
enoughto safelydeploy the main parachute.lt is also slightly faster than the Classic
Ellipticalof the samesize givingit the edgein wind drift anddescenttime considerations
and makingit the leadingcandidate.

The main parachute selected for the leading designis the Fruity Chutesm H nilrés
UltraCompact.TheRocketmarv ¢ Prb-Xis the only parachute of those comparedwith

more favorabledescentspeedsandwind drift but is not favoreddueto its largepacking
volume.At 14feetin diameter,the Pro-Xwould be particularlydifficult to fold onthe field

if necessaryand hasprojected packingdimensionsof m nn d&iameter. In addition to

this, the team alreadyowns a m H sris UltraCompact,allowing for that budgetto be
reallocatedelsewhere.

Avionicsusedwill consistof two independent,redundant altimeters that will fire the
primaryandsecondarysetsof blackpowderchargesBothaltimeterswill be a PerfectFlite
StratoLoggerCEelected for small form factor, flight profile customizability,and to
improve humanfactorsconsiderationsluring wiring of the avionicsbay. Trackingwill be
provided via a QRP Labs LightAPRSadio tracker, transmitting on amateur VHF
frequencies.Thisdevicewill interface with a handheld radio receiverowned by a club
memberand providereakttime trackingof the launchvehiclethroughoutthe flight. The
radio data will be fed into a ground station capableof decodingthe audio packetsand
plotting the GPSand other telemetry dataduringthe flight. A directionalantennawill be
fitted to the groundstationto aidin locatingthe launchvehiclein the eventof lossof GPS
signal.

3.3 MissionPerformancePredictions

3.3.1

3.3.2

LainchDayTargetAltitude
Basedn RockSindata,the teamhasdeterminedthat the targetaltitude for the full-scale
launchvehiclewill be 4,420feet.

Flight ProfileSimulations

Theteamrelied on flight simulationresultsto determinethe flight characteristicof the
full-scalelaunch.Figure3-27 showsthe resultfrom one of thesesimulatedtestsfor which
the launchconditionsincludeda 12-foot launchrail at a 5Janglefrom verticalandaslight
breeze(8.0¢ 14.9mph).
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Figure3-27 FlightProfile

Severalapogeesimulationswere then conductedin RockSinon the leadingdesgn to
determine a reasonablerange of target altitudes. A tolerance study was achievedfrom
this data.

Potential Altitudes
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Figure3-28 Percentagef MassUncertaintywvsApogee
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3.3.3

Thisfigure showsthe predicted apogeesfrom RockSinusingthe AeroTechL1520TThese
simulationsran through severaltotal payloadmassesand windspeedconditionsat the

launchsite. Althoughthe current leadingdesignbudgetsa payloadmassof 8 pounds,
there existsobviousuncertanties asto what the exactpayloadmasswill be. Boundsare

markedon the plot to identify uncertaintiesin this payloadmassto highlightpotential

apogeesWithin a7.5%uncertanty of the total payloadmasg(i.e.the payloadmasscould

rangefrom 7.4 ¢ 8.6 pounds),the correspondingapogeeshouldfall within the rangeof

4300¢ 4500feet.

Becausdghe meanwind speedin HuntsvilleAlabamaon April 4th is 8.4 mph, the data
points for windspeedsf 3.0¢ 7.9and8.0¢ 14.9mph were isolated. Thecorrespondng
apogeeswith the designconditionof 8 poundsrangedfrom 4,415to 4,430feet. Sincethe
8.4 mph data point lies about 45%of the way through the 3.0 ¢ 14.9 mph range, the
difference in apogeeswere weighted similaly. Thus,the 15 feet difference between
thesetwo apogeeswas then multiplied by 45%and addedto the lower apogee.This
resultedin anapogeeof 4,421.75feet. Forsimplicity,this valueisroundedto the nearest
tensplacevalue,andthe apogeewasegimated at 4,420feet.

Table3-8 LaunchSimulationParameters

Parameter Assumption Justification

LaunchRailAngle 5degrees | HandbookRequirementl.12

LaunchRailLength 96in HandbookRequirementl.12
Wind Speed 8.4mph Meanat launchsite

Laurch Direction Into Wind Prevailingvind at launchsite

Individual sectionweightsare includedin section 3.1 Motor thrust curvesare shownin
section3.1.5

Altitude Verification

A seconday methodto calculatethe altitude wasperformedto verify that an altitude of
4,420feet wasreasonableA simpleset of algebraicexpressionsvere evaluatedand can
be seenwithin this section.
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First,preliminaryvaluesare neededto beginthesecalculations:

Table3-9 Preliminaryalueso AlgebraicallySolve for Apogee
Quantity Variable Value Units
Mass 0 20.27 EC
FrontalArea o 0.00048 i
Gravitatbnal Accel. ko) 9.81 (@
Totallmpulse 0 3715.9 . O
AvgThrust Y 1567.8
Burntime ) 2.4 o)
Air density " 1.225 E
Dragcoefficient 0 0.35 n/a

Usingthesevalues the first calculationsolved for the wind resistane:

P

0 EZ“Zé 29 18T Tt pEIb

Next,the maximumvelocitywascalcuated:

Yozap Ag wo
Q p Ag wo

p @ I7o

From this, the altitude of the launch vehicle once the motor has burned out was
calculated:

| <

o0 SR R
o) p

[‘) ®
-Q "Y N

o)
c:| 9D

Next,the altitude that the launchvehiclewill achievefrom coastwascalculated:

o 0 2 0C @ g
CTQ i_‘) “Q p c (‘p

Finally, from summing the altitudes calculated,the total altitude (or apogee)was

calculated:

e e 0 pT Yut T Y xED

Thisapogeeis now comparedto the altitude givesby RockSim

Table3-10 ApogeeValidationTable
Comparison
RockSim th ¢m
. = p o P
Algebraic Ty X ¢
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3.34

Althougha percentdifferenceof 10%is significant,it wasreasonableconsideringhow
simple algebraicanalysisvas The4,872feet resultdoesnot varywildly from the 4,420
foot resultobtainedfrom the more rigorouscalculationsdone by RockSimFromthis, it
wasconcludedthat the apogeeof 4,420feet isreasonable.

StabilityMarginSimulation

Simulationsn RockSinindicatedthat the stabilitymargn of the launchvehicleat rail exit
will be 2.44 calipers However the simulationis designedor an operating Machnumber
of 0.3,the averageMachnumberthat the launchvehiclewill experienceduringits ascent.
Forthis Mach number, the simulationresulted in a stability marginof 2.19 calipers.In

order to verify the accuracyof this result a validation method utilizing separate
calculationsvasrequired.Oneof the mostpopularsetsof equationsin rocketryis known
as. | NN ¢ mdthgddhich involves a seriesof simple algebraicequations that

identify the center of pressureof the launchvehide. Thisresult canthen be usedto

calculatethe stability marginof the laund vehicle.

Firstly,the armlengthfor anyogivenose,& , isalinearfunctionof the lengthof the nose
coned . Forthe currentleadinglaunchvehicledesign this lengthis o 1inches thus:

@ T el p@&Y

Next, the sweepangle of the fins is calculded. For this calculationthe fin semispan
length, Y is neededalong with the fin sweeplength measuredparallelto the launch
vehiclebody.q . For the current leadinglaunchvehicle™y 1& 8 @  o8€ inches.

~ .- Y
— wn,‘OA-a—\ o] YJ

This angle value then allowed for the computation of fin mid-chord line length. The
importantvaluesin thisequationwerethe chordroot length,6 , andthe chordtip length,
0 . Forthe currentleadingvehicledesign,thesevaluesare®  p tinchesandd0 v
inches.

. . P. P Y fn omoa g
Y= = s I AEA

U co co 570 8o (= @]

Next,the coefficientfor the finswascalculatal. Thisvalue dependedon the radiusof the

launchvehiclebody,"Y, andthe numberof fins, 0 . Forthe currentleadingvehicledesign,

thesevaluesare'’Y @inchesand( .

N .Y &
o) p Y A o Yz ¢ > V& W
Y YA i &
Qi)
P p
& O O o,

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Thearm length of the fins were alsocomputed. Thiscalculationwas dependenton the
distancefrom the noseconetip to the fin root chord leadingedge,& . Forthe current
leadingvehide designthisvalueis@®  w @ inches.

@6 ¢ p 00

(O 0] 0 (0] 0 0 &L'E

Finally from thesevaluesthe centerof pressurewascalkulated:

. 0@ o U
@ — XWET AEAO

Thecenterof gravitylocationwasobtainedfrom RockSim
& o®&l AEAO

With thisinformationthe stabilitymarginof the launchvehiclecannow be calculatedand
comparedto the stability margingivenby RockSim

Table3-11 Sability MarginVerificationTable

ComputationMethod Comparison
. w w
Barrowman V. —— P X
S b mpxb
RockSim v P w

Table3-11 shows that B NNE ¢ ‘¥dugtionaprovided a remarkablysimilar stability
margincomparedRockSir éalculationsWith a percentagdalifferenceof lessthan 1%, it

wasconcludedhat the resultfor the stabilitymarginwasprecise Onpage51 asummary
of the input values required for computationof the Barrowmar® equationsare listed

alongwith the correspamdingoutputs from the calculations.

A summary of the input and output valuesfrom these equationsalongwith a variable
definition list and a sketchshowngvariale locationsis providedon the following page.

Forfurther clarity of the stabilitymargin,datais obtainedfrom RockSinfor the center of
pressure centerof gravityandthe resultingstability marginstartingfrom motor ignition
to apogee Thisdatawasthen plotted usingMatLabandcanbe seenin Figure3-29below:
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Figure3-29 StabilityMarginData
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VariableDefinitions

0 Mid-chordlinelength 0 Rootchordlength
0 Lengthof nosecone 0 Tipchordlength
% Radiusof launchvehiclebody _ Sweemngleofthe fin
leadingedge
Distancefrom
. . . . nosecoretip to
Y Finsemispaniength « fin root chordleading
edge
0 Numberof fins @ Finarmlength
0 Finmid-chordline length @ Noseconearmlength
Finsweeplength
0 Fincoefficient N measured
parallelto the launch
vehiclebody
0 Noseconecoefficent 0 Rootchord length
Variable ‘ Input Value Units ‘
0 G n/a 7 W
0 oT inches T
Y o inches
LN
Y &L inches
- xp J?
0 T n/a v L
0 p T inches
6 v inches 4B
@ W@ inches ¥
N . v T dF
w o inches
., _ 11
00 0| w inches A dn
Variable  Output Value ‘
@ p @Y inches
— o Y degres v —
0 @80 p inches i I ?
AR . CR\-\-;\
6 v w n/a ¥ : 4, Lo
@ W P inches T i : Ly
(N X & w inches ‘R|e 5 =]
{lu 8 calibers
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3.3.1 StabilityMarginToleranceStudy

Thecurrent leadingdesignis to havea payloadwith a total massof 8 pounds,andthe
centerof gravityof this payloadisto be located9.5inchesbehindthe forward mostedge
of the payloadbay sedion of the launchvehicle However,the team understandsthat
precise measurementsof these valuesare effectively impossible.For this reason, a
tolerancestudywasconductedto determinethe rangeof acceptablenassand centerof
gravitylocationsfor the paylaad for the launchvehicleto maintainthe stability within a
nominalregion.

3.3.1.1 OptimalStabilityMarginDefinition

A stability margin of at least 2.0 upon launch rail exit is required to compete.
Therefore,this 2.0 limit defined a hard minimum for the stability margin of the
launch vehicle. In addition to this requirement, the team decidedto set a soft
minimumand soft maximumfor the stability marginof the launchvehicle. Theterm
& a 2igusdedbecausehe intent isfor theselower andupperboundsto changeand
becomeclosertogether as simulationsimprove and manufacturingof the fullscale
launchvehiclebegins Aslongasthe stabilitymarginof the launchvehiclefallswithin
thesebounds,the stability will be considerechominalby the team.

Theteam defined a soft minimum stability marginof 2.05 and a soft maximumof
2.3. Theminimum boundwaschosensuchthat the team hassomeroom for errors
inthe simulationdataor difficultieswith manufacturinghe launch vehicleitself. This
wasdone solelyasa precautionarymeasureto ensurethat the stability will meet
the minimum requirementof 2.0. Theupper boundwaschosenbecausethe team
did not wishto createan over stablelaunchvehicle . A minimumrequirement of 2.0
is consideredargefor the hobbyistcommunityand launchvehicleswith a stability
in excesf 2.0 are often deemedtoo stable.Hobbyists do not intentionally design
this largeof a stability marginbecausét could preventthe vehiclefrom being able
to dynamicallyreachequilibriumif a disturbanceunfavorablyangleshe noseof the
vehicle.Thisis particularlyimportant becausethe team will not be implementinga
meansof pitch correctioninto the @ S K A d@sigh.Dhierefore,an upper limit was
alsoput in placeto prevert the launchvehiclefrom beingoverlystale.

3.3.1.2 ToleranceStudyDataAcquisition
For the tolerance study, over 2,000 data points were manually colected from
RockSimThesedata points identify stability marginsas the massof the payload
changesand asthe center of masschangesForthis study, a singlecenter of mass
locationwasheld constantasthe massvalueswere rangedfrom a lower boundto
an upperboundin 0.1-poundincrements.Stabilitymarginswere collectedat every
massintervaltested Oncethis datawasgathered,the centerof masslocationwas
moved by 0.5 inches, and the processwas again repeated. For the sake of
thoroughnessthe massvalueswere ranged from 6.0 ¢ 10.0pounds, 2 pounds
from design,andthe centerof masslocationswere rangedfrom 5.5¢ 13.5pounds,
4 inchesfrom design.
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3.3.1.3 ToleranceStudyResults
Oncethe datapointswere gathered,they were plotted in Figure3-30.
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Figure3-30 RawDatafrom ToleranceStudy

In the plot aboveeachcolor shownrepresents a differencecenterof masslocation
that wastested. By inspectionit is noted that a lineartrend is presentin this data
collected.To simplify this plot, polynomal expressionswith a degreeof one were
createdfor eachcenter of masslocationtested. Coefficientsof determination,i ,

were calculatedfor eachpolynomialaswell to verify the accuracyof the linear fit.

For conciseness,the tabulated data of polynomial expressions and the

correspondingcoefficientsof determinationare not listed in this report. However,
thelowed i valuefrom theselinearpolynomialfits wasi Ti8o w Yagdthe max
was i T8 w @ ndicating a strong linear fit for the data recorded. Further
examination was done to determine whether a pattern was present in the
coefficientvaluesof the expressionsSucha pattern could potentially allow for a
single function to generate a polynomial expressionfor any location tested.
However jt wasultimately concludedhat no pattern existsbetweenthe coefficients
of the expressionsNonethelessthe seriesof expressiondrom the raw data is
presented below in Figure 3-31. This figure also includes the soft minimum,
maximumbounds,andthe absoluteminimumof 2.0.
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Figure 3-31 indicatesthat the designfor the payload massand center of mass
locationcouldvarysignificantlyandthe launchvehiclewould still maintainanominal
stabilitymargin. Theintent of this plot wasto helpguidethe teamin identifyinghow

muchvariation canoccurwith the total massof the payload.Fromthis information,

it canbe determinedhow the payloadshouldbe mountedwithin the payloadbayto

have a center of mass location that resuts in an acceptablestability margin. For
example|if the final payloadmasswas20%greaterthan expectedit would resultin

a massof 9.6 pounds.Thisfigure showsthat the center of massshouldbe placed
somewherebetween 10 ¢ 13.5inchesfrom the forward most edgeof the payload
bayin orderto maintaina stability marginbetween?2.2 ¢ 2.3 calipers.

3.3.2 KineticEnergyat Landing
KineticEnergycan be calculatedusingthe following equation, where KEis the kinetic

energyof the object,m isits mass,and Visits velocity:
vo Pac
C

Foreachbody section,the velocityof the body sectionfor whichit has75 ft-Ibs of kinetic
energyhasbeentabulatedin the table below. By calculatingthis velocity, the smallest
valuecanbe identified andusedasa constraintwhen selectingmain parachutes.

Table3-12 MaximumDescen¥elocity

Maximum Descent

Section Mass Velocity
Nosecone .5426slugs 16.6ft/s
Midsection .3588slugs 20.4ft/s

Fincan .2953slugs 22.5ft/s
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Usingthis data, the Fruity Chutesw H Jris UltraCompacparachutehasbeenselectedas
the main parachute as detailed in section 3.2.3 Using this parachute and its
correspondingdescentvelocity, explainedin more detail in section3.2.2.7 the kinetic
energyof eachbody sectionat landinghasbeencalculatedandtabulatedbelow.

Table3-13 KineticEnergyat Landing

Secton Mass Main Velocity KlneE;:rI]E(;ﬁggyat
Nosecone .5426slugs 14.0ft/s 53.1ft-Ibs
Midsection .3588slugs 14.0ft/s 35.1ft-Ibs

Fincan .2953slugs 14.0ft/ s 28.91t-Ibs

With the heaviestsectionof the launchvehicledescendingvith a kineticenergyof 53.1
ft-lbs, the vehiclehasa large marginbetweenthis value and the maximumas givenby

requirementNASA3.3. By squaing the terminal velocityequation,it canbe shownthat

the velocity squaredcomponentof kinetic energyscaleslinearly with mass.If all body
sections were to be proportionally increased, this means kinetic energy scaks
guadraticallywith mass.Giventhis relation, the total massof the launchvehicle could
increaseby 18%while still meetingkineticenergylimitations. This buffer safelyaccounts
for any differences in mass due to manufacturing, changing mission or payload
requirements,or modelinaccuracies.

3.3.2.1 AlternativeCalculatiorMethod

Kinetic energy has also been calculated using RockSimsimulations. Multiple
simulatbnswere run at varyingconditionsto determinethe velocity of the launch
vehicleat landing.Usingthe samesectionmassestimations,the kinetic energyof
eachsectionwascalculatedwith the sameequationusedabove. RockSindoesnot
treat sectionsasseparateentitiesduringdescentsocalculatinghe massandkinetic
energy directly within RockSimwould require significantworkarounds. For this
reason,the descentvelocity at landingwas deemedto be the end of RockSim® a
dutiesin kineticenergycalailations.

Table3-14 RockSinKineticEnergyat Landing

Section Mass Main Velocity Kmet';i;}ﬁggyat
Nosecone .5426slugs 14.7ft/s 58.6ft-Ibs
Midsecion .3588slugs 14.7ft/s 38.8ft-Ibs

Fincan .2953slugs 14.7ft/s 31.91t-Ibs

Table 3-14 above tabulates the kinetic energy at landing based on RockSim
simulations.Under variousconditionslanding velocity was found to be 14.7 ft/s,
slightly faster than as calculatedby hand. As a result, the kinetic energyof each
sectionalsoincreasedwith the heaviestsectionhavinga kinetic energyof 58.6ft-
Ibs, 5.5 ft-lbs greater than as calculatedby hand. While a smaller margin, this
calculationof the descentrate still allowsup to a 13%increasen massassuminghe
guadratic relation between mass and kinetic energy holds. The reasonfor this
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3.3.3

3.34

differencein descentratesandkineticenergyis likely due to the waythe parachute
is modeled in RockSimcomparedto the hand calcuhtions. The RockSimmodel
accountsfor the spill hole and usesan assgned coefficient of drag, while hand
calculations back out the coefficient of drag from the ratings given by the
manufacturer.Despitethesedifferences the differencein the final valuesis within
acceptableanges.

Desceh TimeCalculations
Descentime hasbeencalculatedasa necessargomponentof the wind drift calculations
andis detailedfurther in the following section.

Wind Drift Calculations

Wind drift calculationswvere doneby assuningthat the rockettraveledstraightup to the
projectedapogee deployedits drogueparachuteandimmediatelystarted descendingat
terminal velocity under drogue, and then deployedthe main parachuteat 500 ft and
immedately acceleratedo terminal velocityunderthe mainparachute Fromapogeeto
landing,the rocketis assumedo travel in a singledirection at constantspeedequalto
the wind condition. While not wholly accurateto actualperformance this model covers
the time between recovery events well. Assumingthe rocket immediately reaches
terminalvelocityat apogeewill reducedescenttime by afew secondswhile assumingt
immediately reaches terminal velocity at main losesa secondor two, as the main
parachutetakesa secondor soto fully deployand acceleratethe rocket. Assuminghe
rockettravelsat wind speedin a singledirectionis alsoa worst-casescenario.

Giventhe distancebetweenapogee maindeployment,andlandingandthe rate at which
the rocketisfallingbetweentheselocationsthe descenttime of the rocketcanbe simpy
calculatedas such,where t is the descenttime, & is apogee,a is main deployment
altitude,0 isdescentrate underdrogue,and isdescentrate undermain:

a a

\ a
(0} —
)
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Leadingdesignparactutesalongwith an apogeeof 4425and maindeployaltitude of
500giveadescenttime of 82 secondwusingthe equationabove Multiplying this
descenttime by the speedof a givenwind conditiongivesthe distancetraveledby the
rocketconstantly sustaininghesewinds,asseenin Table3-15.

Table3-15 Wind Drift and DescenfTime
Wind Speed Apogee DescentTime Drift Distance
0mph 82s 0ft
5mph 4425ft AGL 82s 598ft
10mph 4425t AGL 82s 1196ft
15mph 4425t AL 82s 17941t
20mph 4425ft AGL 82s 23921t

At 20 milesper hour,the N2 O eStiin&sildrift distanceis 2392ft, just 108t lessthan
the maximum allowable value by requirement NASA3.10. Giventhat the wind drift
calculationassumedrift to be linearly correlatedto the descenttime, the descenttime
of a maximumwind drift distancecanbe backedout to be 85.2seconds.Thismeansthe
rocketdoesnot havemuchmarginfor error if it is lighter than currently modeled. With
allowableweight increasesdetailedin section3.3.2 ballastmay be addedasnecessary
to increasedescentspeedand reducewind drift while stayingwithin allowablekinetic
energylimits.

3.3.4.1 AlternativeCalculatiorMethod

Wind drift calculationshavealso beenconductedutilizing RockSimThewind was
modeled as a constant speed,with wind speedbeingthe only variable changed
betweensimulations.Total descenttime was extrapolatedby subtractingthe time

to apogeefrom the total flight time. Thewind drift distancewasalsocalculatedoy

takingthe differenceof the rangeat apogeeandthe rangeat landing.

Table3-16 RockSinwWind Drift andDescentlTime

Wind Speed Apogee DescentTime Drift Distance
0 mph 4376ft AGL 76s Oft
5mph 4425ft AGL 76s 556 ft
10mph 4337ft AGL 75s 1098ft
15mph 4286ft AGL 75s 16491t

20mph 4211ft AGL 74s 2176ft

In additionto the generaltrend of drift distance the RockSindrift table alsoshows
howwind speedaffectsapogeeanddescentime, with both droppingaswind speed
increases. Comparingthe hand calculationsand RockSintalculations,both drift
distanceanddescentiime for the RockSintalculationsappearto be approximately
90%o0f hand calculationvalues. Thedifferencein valuescould be a function of the
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parachuteasmodeledin RockSimot lining up perfectlywith what hasbeenused
in hand calculations.Thesedifferencescould alsobe dueto RockSimmakingless
assumptions,or more educatedones than those usedin the hand calculatons.
Regardles®f the source,90%:is still similar, and both methodsreturn data that
suggestghe rocketrecoverywill meetall requireddescentrequirements.
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4.

PayloadCriteria

4.1

4.2

PayloadMissionStatement
Thepayloadmissbn is the collectionof a suitablesanple sizeof simulatedlunarice from a
location near the launchvehicle landingsite by a remotely controlled rover following the
deploymentof saidroverfrom the launchvehicle.Followingsamplecollection,the rover isto
move a set distane from the sample collectionareaas per the requirementsof the NASA
StudentLaunchCompetition.

PayloadSucces€riteria
Payloadsuccesss definedfirstly by the requirementsset forth by the NASAStudentLaunch

Competitionasdefinedin section6.1 aswell asthe teamderivedrequirementsset forth by
the team derivedrequirementsdefinedin section6.2. Additional succes<riteria aswell as
levelsof successndfailure are further definedbelowin Table4-1.

Level

Compete Success

Table4-1 PayloadSuccesCriteria

ProjectAspect
Swcessfusamplerecovery,
rover movement,and payloal
deployment
Recoverableover
Unimpededpayload
deploymentand operation

Human Aspect

No nearmissesand/or injuries
to team membersand/or
spectatorsrelatedto
operationalor non-operational
factors

PartialSuccess

Successfudamplerecovery
rover movement and payload
deployment
Roverrepairable
Payloaddeploymentor
operationimpededor
otherwisedelayedduring
operation

Nearmissincidentsinvolving
team membersand/or
spectatorrelatedto operational
or non-operationalfactors

PartialFailure

Failureto recove required
sample
Payloadailsto deploy
Repairabladamageto roveror
deployment
Roverrepairable

Minor team memberand/or
spectatorinjuriestreatablewith
basicfirst aid dueto operational

or non-operationalfactors

CompleteFailure

Deploymentsystemfailsin a
mannerthat leadsto severe
airframedamage
Unrecoverableover

Severdeam memberand/or
spectatorinjury dueto
operationalor non-operational
factors
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4.3 PayloadAlternativeDesigns

4.3.1 BilateralUptakeRoverfor Regolithce TransportOperationgBURRITO)
. 1 ww L gystefnacan be categorizedinto the chassis,the traction system, the
drivetrain,andthe controlshardware.Eachof thesesystemamustbe selecedto achieve
the desiredrangeand speedfor the rover while avoidingthe addition of failure modes.

4311 Chassi®esign
Thedesignof the rover chassigletermineshow its wheelsare attached,how much
spacesallocatedto electronicandmechanicatomponentsandhow efficientlythe
NE O |aSailablépayloadvolumeis usedfor the vehicle. Thefollowing are chassis
designoptionsconsideredor the rover.

4.3.1.1(a) FourWheelsand Tank

A chassiaitilizingfour wheelsor tank treadsis very stable;oncedriving,a rover
with this designwould be difficult to flip onits sideor upsidedown. Howeverif
this rover designwere placedin the N2 O {p&ylb&ibay, an additional system
would be neededto ensurethat, oncethe baylanded,the roverwould drive out
upright. This systemwould introduce another mode of failure that could be
avoided with a different chassis design. Additionally, a four-wheeled or tank
chassiswould not use the payloadvolume efficiently. Being a relatively flat,
rectangulardesign this chassigype would not effectivelyusethe volumeabove
or belowit in the cylindricalpayloadbay. Using the volumebelowthe chassidor
componentswould interfere with groundclearanceonce the rover deployed,as
the wheelswould havea relatively smalldiameter. Usingthe volumeabovethe
chassidor componentswould presentthe issueof placingthe rovS Nderter of
masstoo high, whichthe righting mechanismof the payloadbaywould needto
counteract.

4.3.1.1(b) TwoCoaxiaWheels
A chassisusingtwo wheelsplacedon the sameaxiswould appearsimilarto a
chariot and use much larger wheel diametersthan the four-wheeled chassis.
Assumingthe chassisbody fit within the diameter of the two wheels,and the
friction onthe g K S Sréads@ashighenough,the body couldrotate aboutthe
g K S Saixig, €iminating the need for a separate righting system following
deployment from the payload bay. Motion about the ¢ K S Sakisiculd be
stoppedusingan arm extendedfrom the chassisallowingfor forward motion. A
two-wheeledroverwould havethe advantageof using the payloadbaydiameter
asthe diameterof its wheek, makingthemrelativelylarge. Thiswouldopenmore
ofthe 0 | &dldneto rovercomponentswithout sacrificinggroundclearanceor
stability. Thedesignisdifficultto stabilize however;shouldone of the two wheels
encounteran obstacle the disturbance couldtip the whole bodyforward, which
may lead to a situation where the rover becomesstuck or spillswhateverice
sampleit carried.Additionally,in afield whereruts from soiltilling exist,the rover
could becomeeasilystuckif its long axisaligned with the direction of the rut;
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muchofthe Y 2 {i 2odld@rdvould gointo rotating the chassisather than driving
it up the slope.

Below is a table summariang the characteristicsof the different chassisdesign
options, ranked by their characteristis. A higher number for a characteristic
indicatesbetter performance where numberscanrangefrom0to 5.4 / 2 YLJX SEA G & ¢
refersto the amountof additionalsystensor movingpartsthat achassiglesignmay
add to the deploymentsystem,where a lower scoreindicateshigher compexity.
G { G| aefetsto hiody gesistantaroverwith the givendesignisto fallingoverdue
to outside disturbancesa / f S| KeFent BeSndagnitudeof the wheel diameter
(clearancdrom the ground)a designcanacommodate.d + 2Zneédmrrespondgo
how muchspacethe designcanaccommodatdor electroniccomponentsandtools.
Each of the characteristicsare weighted based on importance. Having low
complexitywasdeemedthe mostimportant characteristicasminimizingthe failure
modes for deploymentwould better ensuremissionsuccessStabilitywasweighted
slightly lower; though one chassiscould be more naturally unstable,there are a
variety of waysto stabilizeit at the costof simplicity. Clearancenvas rankednext,
sincethe terrain at the competition site wasnot expectedto be extremelyrugged.
Finally,volume was rankedlast sincethe payloadbay could be stretched if more
spacewasneededfor components and becauseelectronicscanbe maderelatively
compactto start with. Eachdesignhasan overallscorethat is aweightedaverageof
the different characteristicscoresithe highestscoringmaterialis bestsuitedto the
usecase.Forthe chassiglesignchoice,the two coaxialwheelsoption performsthe
best.

Table4-2 WheelBaseDesigrOptionEvaluatn Table

210 0 4 d Od
Complexity 04 1 4
Stability 0.3 2
Clearance 0.2 2
Volume 0.1 3 4
Weighted - 3 3.6
Average

43.1.2 Chassiaterial
The primary limitations to the chassignaterial are weight and strength. A lighter

chassiwill free up more of the massbudgetfor other componentsof the rover, but
the strengthof the materialshouldnot decreasdo the point the chassidreaks.The
following covers the advantages and disadvanages of some possible chassis
materials.

4.3.1.2(a) Aluminum
Aluminumplatescutto shapeby a CNGnachinecouldprovideveryhighstrength,
and cutouts of the material could reducethe weight of the parts. Alternatively,
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the extrudedaluminumparts that makeup standardroboticskits couldbe used,
resulting in less optimization for weight. However, aluminum would still be

heavier than either of the other two options covered here; the amount of

strength it could provide may prove unnecessaryasexplainedin the paragraph
on plywood. Additionally,if new holesneedto be drilled into the structure for

componentattachment,aluminumprovesharder to drill into whencomparedto

other materialoptions.

4.3.1.2(b) 3D PrintedPlastics

3Dprinted plasticsprovidea unique advantageover other materials;they canbe
printed in customizedshapeswith as much optimization the team needs.
Manufacturingcould be simplified by printing the entire structure as a single
piece,onlyrequiringnutsandboltsto attachcomponents. However for the rover
chassisto survivethe loads of launch, the plastic would likely be printed at
maximum density, requiring very long print times. Errorsin printing or small
changesin the N2 @ 8aditn@ould force the team to start a new print from
scratch,delayingthe time to completeaworkingrover.

4.3.1.2(c) Plywoal

Plywoodis amaterialthat canbe foundin muchof the structureof high-powered
rockets,often makingup bulkheadsandavionicshays. Assuch it hasbeenproven
that this materialcanwithstandthe forcesof launch;at the sametime, it is light
enough to be used extensivelyin high powered rockets. Manufacturing is
relatively easy,asa lasercutter canbe usedto form puzzlelike piecesthat can
then be epoxiedor gluedtogether. Modificationby drilling or cutting is alsolow-
effort, and holescanbe cut in the structureto reduceweight. Plywoodmay be
the weakest(structurally) of the options consideredhere, but givenits existing
successin high powered rocketry, it may be an ided choice for a light and
sufficientlystrongrover chassis.

Belowis atable summarizinghe characteristicof the different chassignaterialoptions,
rankedby their characterisics. Thistable follows the samerulesasthe one seenin the
chassiglesignsection.& a | aedeesto the relative massof a material, where a higher
numbercorrelateso lowermasge.g.better performance) Havingow masswvasdeemed
the mostimportant characteristicas minimizingthe structure masswould allow other
componens to use up the savedmass.d { ( NBrgfatdtKtide relative strength of a
material. Strength was weighted slightly lower than mass;though the chassismust
withstand launchloads,it was deemedunlikelythat any of the materialswould break.
G! RI LJ& teferstb hol easilythe structure canbe altered after its constructon is
complete. Adaptability was ranked next since additions to the structure would not
necessarilyequire drilling or cutting into the material.& C I Y A fcdrriesNdndg@ How
familiar HPRds with usingthe material based on previous projects. Familiarity was
ranked last sinceall three materialsare relatively easyto work with, evenwhen prior
experiencdslacking Eachmaterialhasanoverallscorethat isaweightedaverageof the
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43.1.3

different characteristicscoresthe highestscoringmaterialis bestsuitedto the usecase.
Forthe chassisnaterialchoice,plywood showsthe bestperformance.

Table4-3 ChassiMaterial SelectiorEvduation Table

elghtting A Pla P 000
Mass 0.4 2 3 4
Strength 0.35 4 3
Adaptability 0.25 3
Familiarity 0.1 2 4
Weighted = 3 3.75 4.4
Average

Traction

Thetraction systemwill affect how easilythe rover navigategerrain, aswell as how
muchthe rover weighs.Thefollowingare traction optionsconsideredor the rover.
Unlikethe chassiswhichshouldbe custombuiltto the (i S | 3pexiicationswheels
and other traction systemsare widely availablein a variety of sturdy designs No
manufacturingwill be neededhere,andthusit is not discussed.

4.3.1.3(a) FixedRadiusVheels

Standardwheelswith no additionalmoving parts on them provide high traction
dueto their treadsandarerelativelylightweightdueto their simpleconstruction.
Given the right chassior suspensiordesign,they canbe goodat climbingover
obstaclesWhenit comesto deployinga standardwheelfrom the rocketpayload
bay, however,complicationscanarise.|f the rover hasatight fit with the inside
of the payloadbay, the friction of the ¢ K S §réads@ouldhinderthe roverfrom
driving out. In the caseof a coaxialtwo-wheeled design,the wheels may be
perpendicularto the deploymentdirection, increasingresistanceto movement
substantially. Additionally, since a wheeled rover would have few points of
contactwith the ground,the rover could becomestuckon a hump or in a ditch
without enoughtractionto escape.

4.3.1.3(b) TankTreads

Dueto their many points of groundcontact,tank treadshavevery hightraction
and avoidthe possibility of getting stuckon roughterrain. Usingsucha system
alsoeliminatesthe needfor anindependentsteeringmechanismthat would be
required for a standardrover with wheels.However,tank treads are relatively
heavywhen comparedto standad wheels;they would alsotake up substantial
volumein the payloadbay.Thereisalsothe possibilitythat the treadscouldbreak
apartor slip off their sprocketsin extremesituations.

4.3.1.3(c) MecanumWheels

Mecanumwheelsare speciallydesignedwith independert rollersin a corkscrew
configurationaroundtheir radius. Thisallowsthem to provide traction when a
vehicledrivesforward but canalsoallow a roverto drive sidewaysvhen spunin
opposingdirections. Thistype of wheel would be specificallyadvantageus for
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the coaxialtwo-wheeledrover design;by spinningin oppositedirectionsin the

payloadtube, thesewheelscouldallowthe roverto deploywith little resistance.
However,dueto their rollers, Mecanumwheelshaverelativelylow traction and

aremore proneto breakingcomparedto a simplewheel.

Belowis a table summarizingthe characterisics of the different traction options,
rankedby their characteristicsThistable usesthe samerulesasthe one seenin the
chassisdesignsection.d ¢ NJ Oréfevso/How much grip a designhas on the
ground;this was placedat highestpriority, sincethe rover should have maximum
gripto overcomeanyroughor inclinedterrain it mayencounter.d + 2 f defeStd
the amount of spacea traction designtakes up in the payload bay; this was
consideredhe nexthighestpriority dueto the importanceof savingspacefor other
componentsd a & &dfersto how muchthe traction systemwill impactthe N2 @S N& Q
mass budget; this was placed third in importance, since the traction systemis
relatively lightweight when compared to the drivetrain battery and motors.
G/ 2 Y LI cBreedpdndsd the amaount of movingpartswhichintroducepotential
failure modes that could hinder the NB @ $niddiba; this was ranked lowest in
importancesincefailuresof suchsystemsare rare aslongasthe systemis installed
correctly.Eachraction systemhasanoveral scorethat isaweightedaverageof the
different characteristicscores;the highestscoringtraction systemis best suitedto
the rover. For the chassismaterial choice, the standard wheels show the best
performance.

Tabled-4 TractionDesignOptionsEvaluatiorirable

Weighting Wheels  TankTread Mecanum

Traction 05
Volume 0.3
Mass 0.1
Complexity 0.1
Weighted
Average

43.1.4 Drivetrain

The drivetrain, which consistsof motors and a battery, will take up the largest
portion of the N2 @ @eigRtioptimizationis critical. The following sectionscover
the designconsiderationgor motorsandbatteries.Asbatteriesandmotorsexiston
awide spectrum of sizesand power outputs, the following sectionsdo not present
distinct design options other than the number of motors used. The tradeoffs
betweenpower andweightof the drivetraincannotbetabulated,asthe motorsand
batteriesdo not vary significantlybasicdesign,but rather in how muchoutput they
canprovide.

4.3.1.4(a) Numberof Motors
Thenumberof motors usedto propel the rover will affect how much power is
availableto overcome terrain obstaclesaswell asthe weight of the vehicle.A
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singlemotor couldbe usedto provideall driving power, while gearingtransfers
theY 2 (i 2odldRrio the traction system.Theadvantageof a singlemotor liesin
its light weight. Motors are generallyheavyand usingasfew aspossiblefreesup
the N2 @ $nbkBbiidgetto other components,such as the chassisHowever,
shouldthe singlemotor fail to run, no backupsource of propulsionwould be
availableto completethe roveNJm#&sion.If the motor doeswork, it may still fail
to move the rover if the rover encountersa steep incline or large obstacle.
Additionally,if only one drive motor isusedwith the coaxialtwo-wheeledchassis
design,it would becomechallengingto implement steeringwhen both wheels
are poweredby the samemotor.

Usingtwo or more motors couldeliminate both the lackof redundancyand lack
of power but come at the cost of weight. Doublinga componentthat already
takes up a significantfraction of the N2 @ $nhsBaudget would force other
componentsto loseweight. Additionally,in the circumstanceof the coaxialtwo-
wheeled chassisdesign,a failure of one of the two motors would prevent the
roverfrom travellinganywhere;it would becomestuckin a perpetualcirclewhen
only onewheelcanbe powered.

4.3.1.4(b) Motor Selection

Given the desired average speed of the rover, the rovS NXéight, the
characteristicsof the traction system,and a few other factors, the required
torgue androtational speedof the drive motors canbe roughly calculated Based
on these calculations, motors can be selected from a wide variety of
manufactures, while additionally considering their weight and power
requirements.The Y 2 { 2vbl#age and current requirementsthen determine
what batteries can be usedto power them. Again,due to the wide variety of
motors available the optionscannotbe succincly tabulated.However,it should
be noted that HPRChas decidedto not use stepper motors and will rely on
brushedmotors instead. This decisionwas due to the difficulties encountered
with a critical steppermotor in the previousg S I SWEedtl aunchcompetition,
wherethe Y 2 (i Z20xgDevouldnot remainconsistendduringoperation.Assuch,
brushed motors were deemedmore reliable and will be usedfor the N2 @S NI &
drivetrain.

4.3.1.4(c) BatterySelection
Dependingon the motorsselectedthe battery needsto be the correctvoltageto
operate the motors and hold enough capacityto power the motors over the
maximumpossibledistance Additionally,the samebatterieswill needto power
other electroniccomponentson the rover, suchasthe control system.Batteries
will make up a significantportion of the N2 @ $@ightibut the impact can be
mitigatedby purchasingatteriesintendedfor aerialvehicles. Thesebatteriesare
weightoptimizedand still hold plenty of capadty to run a groundvehicle,which
requireslesspowerthananaerialvehicle.ForRCapplicationsmostbatteriesare
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lithium-polymer rechargeable batteries; other variants are not suited to
lightweight, high power applicatons.

4.3.15 Controls

The designof the N2 @ $dvibE systemis essentiallypredefined as countless
examplesof remote-controlled robots already exist. All electronic components
would ultimately be linked to a central control board which would receiveinputs
from the driverandtranslatetheminto signalsfor the N2 @& Bidtd@s@andservosTo
receivethe signal,aradio antennaandreceiverwould detectinputsfrom the driver

and sendthe signalto the control board. The control board would interpret these
signalsusingonboardcodeand sendinstructionsto the drive motor controllersor

samplecollectionservocontrollers.Thesesmallercontrollers,in turn, would directly
controlmovementof the rover motorsandservos No autonomywould be involved
in this process,as this was not a requirement set forth in the competition. The
following sectionsdiscussthe characteristicsof the componentsof this control

system.

4.3.1.5(a) RadioFrequency
Most RCapplicationsuse a 2.4 GHzfrequency for sendingcontrol signalsto a
groundvehicleor UAV .Assuch,mostcommerciallyavailableRCcomponentsuse
this frequency, and higher frequencies are less commonly found. | t w/ Q&
collectionof radio technologyis centeredaround 2.4 GHzsignals and sincethe
roverdoesnot needto operateat alongdistancefrom the driver, this frequercy
hasenoughrangeto be usedonthe rover.

4.3.1.5(b) ControlBoard

Therearetwo primaryvariantsof control boardthat couldbe usedon the rover.
The first is a microcorroller, which consistsof one chip that performs all
programmedtasks in real time. Microcontrollers are best suited for simple
applicationswhere heavy computing power is not needed; additionally, they
operate at very low power levels. Theyare often applied to situationswhere
direct communication between the controller and controlled hardware is
needed.

Microprocessaos, on the other hand, must interact with supportingelectronics
and operate usinga preinstalledoperatingsystem.Microprocessorgan handle
complex problems and programs, unlike microcontrollers;as such, they also
require more power. Rather than directly communicatingwith hardware,
microprocessorsnust use abstractionto send signalsto outboard motors or
sensors.

With either system, motor controllers must be connected to the primary
controller, sincethe primary controlleritself cannotsupplyall the power needed
to runthe motor. Themotor controllertakessignaldrom the maincontrollerand
allows current to flow from the battery into the motors to run them at the
commandedspeed.
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4.3.1.6 Programmind.anguage
The programusedon the controller dependson what the manufacturerdesigned
the control board to use; however, many controllersfeature compatibility with a
variety of languagesPythonis relatively easyfor those who have used MATLAB
before, but not tailored toward the control of hardware.Somecontrollers feature
their ownvariantof C,whichincreasesompatibilitywith the controller,but requires
the userto spendtime learningthe variationsfrom regularC.In anycase there are
many online resourcesfor popular controllersappliedto simple problems.Asthe
roverisrelativelysimple,the choiceof languages entirely up to whichevercontrol
board manufacturer is selected and HARQ® down capacity to learn a new
programminganguage.

4.3.2 SampleCollection

43.2.1  CollectionSystentGeometry

4.3.2.1(a) Two-ScoopGeometry
Thefirst method of collectingthe samplematerial utilizestwo opposingscoops.
Thescoopswvould be the shapeof a hollow cylindercut in halfto be semicircular.
Thesescoopswvould be mountedto servoarmson the undersideof the chassiof
the rover. Fromthe time of launchto reachingthe samplecollectionarea, the
arms would be in the stowed position, with both & O 2 2opdh ends facing
downwardsat the outer edgeof the chassisWhenthe collectionareaisreached,
the rover will roll onto the materialandthen activatethe collectionmechanism.
Onceactivated,the scoopswill rotate inwards,collectingmaterial at the lowest
point ontheir path, andendingtheir movementwith the scoopsfacingupwards,
flushwith the bottom of the chassisand meetingeachotherinthe middle.Figure
4-1, below, showsthe initial configurationof the two-scoopdesign.

Figured-1 Initial designof two-scoopcollectionmethod

Thescoopsshallbe largeenoughthat a singleactivationof the scoopswill collect
atleast10mLof samplematerial,but in the casethis doesnot happen the scoops
may be reset and perform the operation again. One disadvantageto this
approachis that verifying enough material has been collected is difficult. A
possiblesolutionto this problemisto useatransparentmaterialfor the end caps
of the scosandmarkingthem with volumetricmeasurementdike a graduated
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cylinder. This would allow visual inspectionto confirm that an appropriate
amount of material hasbeen collected.Dueto the scoopsrestingflush against
the chassist their final position, material shouldremainwithin the scoopswith

minimalchancesf losingmaterial asthe rover leavesthe operationalarea.The
second iteration of this method was created to better accommodatethe

clearanceby improvingthe reachof the collectionsystem

Figure4-2 Currentdesgn of two-scoopcollectionmethod

4.3.2.1(b) RotatingDrum

Thesecondmethod utilizestwo rotating drumswith anarrayof scoopgo collect
material. Thetwo drumswould be mountedon armssuch that they canbe stored
up againstthe bottom of the chassiswhile in transport, then lowered to the
ground after reachirg the collection area. The drums would be continually
rotated with the scoopson the exterior feeding into the internal drum. This
methodologyallowsfor continual collectionof material but losesmaterial asit
spins.Asthe scoopsreachthe bottom of the rotation, materialmayfall backout
through the hole by which new material may enter. By tuning the sizeof the
scoopsandthe rate of rotation an equilibriumof retainedmaterialcanbe found
experimentally.Oncethe material hasbeen collecied, the armswill return the
drumsto the stored position and leavethe collectionarea. Unfortunately, this
method doesnot havea way of sedingthe drum oncecollectionhasstopped,so
transportmayresultin lossof material,especiallyover roughterrain. Figure4-3,
below, showsa sectionview of the rotating drum design.
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Figure4-3 RotatingDrumdesign sectionview

4.3.2.1(c) CollectionMethod Evaluation

In evaluatingwhich collection method to use,complexityand volume were the
most important considerationsas seenin Table4-5 below. Volumewill greatly
affectclearancedue to beingmountedonthe undersideof the chassissosmaller
solutions will result in more consistent navigaton of the rover and is
subsequentlya heavilyweightedfactor. Here,complexityis a judgementof the
percevedpossibie sourcesof error or failure in the design.With more sourcesof
failure presentin adesignmore resourcesnustbe dedicatedto ensurihgproper
assemblyand operation of the design.Byreducingthe complexty of a system,
eachfailure mode canhave more resourcesdedicatedto it resultingin a more
robustsolution, givingit its heavyweightingin the evaluationtable below. Mass
is animportant considerationfor any part of the rocket,thoughthe massof the
samplecollectoritself is relatively smallregardlessof which solutionis chosen.
Familiarityis basedoff if HPRMasusedsimilarsolutionsbefore. While familiarity
with asoluionisnot required,it doeshelpthe teamexecuteon asolutionquickly
and accurately. Both familiarity and cost were less stressed becauseboth
solutionswould be new and the cost of eachwould dependlargely on other
designchoicesandlesson which sanple collectorwaschosen.

Table4-5 SamplellectionMethod Evaluatio Table
‘ Weighting Two Scoop Drum
Mass 0.2
Cost 0.1 3 4
Volume 0.3 4 4
Camplexity 0.3 4 3
Familiarity 0.1 4
WeightedAverage - 4.2 3.9

4322 ComponentSelection

4.3.2.2(a) Material Selection
A material being consideredfor the scoopsor drum to be made of is Pdyvinyl
Chloride(PVC)Thedistinctadvantage®f PVCGarethat it isstrongat the relevant
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scaleof the samplecollection,it isaffordable,it hasashortiteration processand
commaecially availablePVCcomponentscloselymodel the geometry and size
neededfor adrumor ascoop.Thedisadvantagef PVJsthat despiteconvenient
geometryboth collection methodswould necessitatemulti-step assemblyand
finishingto createa viablesample collectiondevice.

Anothermaterialbeingconsiderel to fashian the samplecollectionapparatusis
3DPrintedABSPlastic.Theadvantageof beingableto reliablyreplicatethe exact
geometry denoted in a computeraideddesign (CAD) File means that less
finishingandassenbly isrequired.Adrawbackinherentto 3D printing isthat the
productsare highly anisotropic.Thisconsiderationis especiallypertinent to the
samplecollectionsolutionsbecauseboth dependon rotation of the component
Becaus®f the rotation the forcesexperiencedy eachof the componentswvould
be orientedin different directionsthroughoutthe different phaseof deployment

andoperation.
Table4-6 SampleCollectionMaterial Evaluatio Table
Weighting 3D Printing

Mass 0.2
Cost 0.1 3 4
Volume 0.1 4 4
Complexity 0.3 4 3
Familiarity 0.3 4

WeightedAverage - 4.2 3.9

Complexityand familiarity are the most heavilyconsideredfactors. Complexity,
as defined by the scale of how many steps are necessaryto implement, is

important becaug manufacturingwill play a central role in designvalidation.
Familiarity,asdefined by if HPRQasusedthe technologybefore, is alsokeyin

ensuringa smoothmanufacturingprocessin terms of utilizing delegation.Mass
isimportant to a degree,but the materialsare similarenoughthat it would not

createalargedisparity.Volumeand costwere consideredthe leastbecausehe

volumeshouldbeidenticalif the designisexecutedcorrectlyandthe relativecost
of theseitemsrelative to the other electronicsneededfor SampleCollection is
minimal.

4.3.2.2(b) Motor versusServoSelection
Motors presenta robust power deliveryoption for samplecollectionand could
supporta wide numberof methods.Theadvantage®f a motor are motors are
multi-rotationalwhichwould be a necessityfor the drum collectionmethod, they
provide a large amount of torque to the systemwhich would be a benefit in
rigorousdigging and if maintainedproperly would havea sizablelifespanwhich
would helpjustify purchasingcoststo HPRCT he biggestdisadvantagef motors
is the weight. With the amountof materialneededto be collectedandthe scale
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of the rover motors may be too heavyand unnecessarilypowerful for the task
required.

Servosoffer a unique formfactor but a similar function to motors. While a
respectableamount of torque canbe producedfrom a servothe weight of the

deviceis substantiallysmaller. The drawbacksof a servoare that the range of

motion is not multi-rotational, this would be an issuefor the drum solution but

for the scoopsolution servoswould still be viable. Another differencebetween
servosand motors is that the revolutionsper minute (rpm) of servo are usually
quite fewer than that of a motor. Becausethe scopeof how many scooping
attemptsis reasonabé, havinga high rpm is not a priority. Additionally,an rpm

that istoo highriskssamplebeingejectedfrom the samplecollectiondevice.

Table4-7 SampleDllectionPowerDeliveryEvaluatiorlable

Weighting

Mass 0.25
Cost 0.125
Voume 0.25 3 4
Complexity 0.25 3 4
Familiarity 0.125 2 2
WeightedAverage - 2.375 3.125

Massandvolumeare stressedecausehey playa significantrole in the viability
of the rover,intermsof clearane andcenterof massComplexityasdetermined
by the amountof codingand control measureseededto implementthe power
solution, is important becausea useful part that O | yb&iinplemented well or
improperly is a liability. Costand familiarity, as defined by HPRCusing the
technology previously,I NJ g5 &tiessedbecausesince new parts are being
boughtregardlessiot muchof anadvantagewould be gainedby either solution

4.3.2.2(c) MechanicalComplexity

Mechanicatomplexityisanimportantaspecto considemwhenselectingdesigns.
Additionalcomplexitycreatesmore modesof failure and makesmanufacturing
moredifficult andlessreliable.Inthisrespectthe two-scoopdesignismuch easier
to createandreplicate. Thescoopsare half cylinders gasilycreated with either a
pre-shapedmateriallike PVCor additivelymanufactured.Theoperationhasfew
movingparts,with deployment,digging andstorageall beinghandledby asingle
servo motor for each scoop.Scaleis also easyto visualizefor the two-scoop
dedgn,with eachscooplikely beingaboutaninchin diameter.

Therotating drum on the other hand hasseveal complexitiesthat would make
its manufacturingdifficult. Thegreater numberof scoopscould meanthat could
resultin misalignmentsanderrorsin construction.Thesecouldcauseunexpected
torque profiles that could affect operation. 3D printing the drum and scoops
would avoidthis issue,but the overhanginghature of the scoopsmay makethe

printing processdifficult. Additionally,the scaleof the drum is hard to visualize
andtherefore implement.With the length of the drum beingconstrainedby size
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of the wheelsof the rover, as this is the dimensionalong which they will be
oriented, the drumsmayonly be about 3 incheslong.If thisisthe case then the
scoopsmay be quite small and difficult to manufacture. Operationis more
involved as well, with at least two motors necessanfor eachdrum. One for
deploymentandone for rotation.

4.3.3 Payloadntegration

433.1

43.3.2

Badground
As defined by the NASASLIhandbook, the main requirement of the payload

integration systemis to retain the payloadduringflight. Asthis retention of the
payloadis a safety concern,it is prioritized higher than the actual functioning
requirementof the integrationsystem Thepayloadandaerodynamic¢eamhave
decided that to obtain the required 2.0 stability margin the payload and
deploymentcomponentsof this challengeshoud cumulativelyweigh no more
than eight pounds. The payloadteam has divided this weight by allotting six
poundsto payloadand two poundsto integration. The following sectionswill
discusstradeoffs in designsfor the deployment mechanisms,controls and
retention. Throughat the design process,an emphasiswill be placed on
optimizingretention, mass.and power consumptionof components.

LinearActuatedPushingPlate

All alternative designsfor payloaddeploymentare centeredaround a pushing
plate that is drivendown screws, or a linearactuateddesign.Themain plate will

housethe powertransmissiongcontrolsandretention component;therefore,the

surfaceareaof eachdesignmust be largeenoughto containall the deployment
systemsomponentsThepayloadbayisasecton of the rocketthat will separate
duringflight; therefore, a full body diameterlength couplerwill be placedat the

aft end of the payloadbay. In order to pushthe payloadclear of this coupler
section, a pushingplate must extrude from the main plate by sixinches.The
material of the pushingplate will either by ABSplasticor any other lightweight
material. Thefull dimensionshoth axialandradialare displayedn the following
two figures.

24.00
6.00

050 | [ ’

Figured4-4 AxialDimension®f PayloadedoymentSystem
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4.3.3.3

4.25

3.50

0.68

Figure4-5 Radiadimensionsf payloaddeploymentsystem

PowerTransmission

4.3.3.3(a) PulleyDriveSystem

Theinitial designfor powertransmissiorwasa pulleydrivensystem.This system
would operate by use of variouspulleys,bearings,and a timing belt. Asthe belt
and pulleysdo not require much surfacearea, this would allow for the main
pushingplateto takeon anovalgeometryandallow for additionalradialsupports
to be placedbetweenthe interior body tube and the payload.Thesesupports
would mitigate radialstresson both the payloadanddeploymentmechanismss
well as providingfriction to assst in the payloadretention. A drawbackto the
pulleysystemisits reliability. Thereis potential for the belt to slipor breakduring
flight and the deploymentsystemwould be rendereduselessHowever this can
be mitigated by usinga timing belt that is reinforcedwith material suchasfiber
glassor Kevlar.Afiberglassreinforcedtiming belt is rated for 350,000pstensile
strengthdroppingthe potential for breakingto nearlyzero.

4.3.3.3(b) ThreeGearSystem

Pursuingmore reliable routes, a geardriven designmay be desired. Theinitial
geartrain designconsistedof a drive gear connectedto the motor and two
exteriorgearsholdingthe nutsfor the actuationwithin the bore hole of the gears.
Thereliability of this systemis primarilydependenton the interfacebetweengear
componentsand if a gearis damagedthe systemwill most likely be unableto
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deploythe payload.Thegearsystemissimplisticand reliable;however the three-

gear design does consume more surface area and forces the main LJt | 1 SQa
geometryto take on a circular shape.With the circular plate geometry,there

would not be enoughroomto implementthe radialsupportsasmentionedin the

pulley system. The exterior gears in this system are restricted to being
approximatelyoneinchin diameter,or they will protrude off the main plate and
causeinterferencewith the restof the system.Thiscreaesa secondproblemfor

the three-gearsysem, wherethe gearratio betweenthe exteriorgearsanddrive

gearis approximately3.5, causinga signifiant reductionin torque.

Figure4-6 Threegearpowertransmissiomesign

4.3.3.3(c) FiveGearSystem

Increasing the complexity of the gear designbut maintainingthe reliability of
havinga gea drivensystem a five-gearsystemcouldbe implemented.Thisfive-
gear system addressesboth concernsof torque reduction and main plate
geometry. The five-gear system reduces the drive gear (largest gear) from
approximatey 3.75inchesin diameterto 1.6inchesin diameter.Thereductionin
the drive gearresultsin amanageablestepdownin torque of approximatelyl.5
opposedto the initial 3.5 reductionin the three-gear system.Thereductionin
size also allows for the desired oval geometry of the main plate to be kept,
meaningthat the radialsupportscanstill beimplemented.Forboth the three and
five geartransmissionsystam, the material of gearsneedsto be consdered for
reliability. Nylon and acetyl gearsshould not be useddue to the potential of
damageto gearteeth. If the interfacingbetweenthe teeth becomesdamaged,
the payloadwill not be ableto deploy.Forthis reason,only metal gearswill be
consideed, andaluminumbecomeshe mostidealdueto its low density.
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Figure4-7 Fivegeartrain powertransmissiordesign

Baseduponthe three designsa generalanalysisvasconductedon a
preliminarypartslist for eachof the designsshownin Table4-8. The analysis
includesthe net weightand costof all componens, geometryof the mainplate,
aswell asthe effect of the designon the output Torque.Fromthis preliminary
partslist analysisa trade study of eachof the designsvasconductedto
summarizethe findingsandis displayel in Table4-8. Thesystemreliability and
ability to includeradialsupports(mainplate geometry)were the highestweight
componentsasdesignprioritizationis baseduponretention (supportg and
actualfunctionality. Themassis alsoamongstthe top three designparameters
asthe integrationweightbudgetis only two pounds.It shouldbe noted that the
valuesobtainedfor masses and costsare generalmarketed values.Specifically,
for gearsthe massesand costswere obtainedusingvaluesfor aluminumgears.
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The table below shows power transmission preliminary parts.

Table4-8 Powertransmissiorpreliminaryparts
PushingPlate
Components, Amount Geometry
Pulleys 5 0.065 $12.50
Bearings 6 0.06 $25.14 | Motor Output-
Pulley | TimingBelt 1 0.005 $10.00 friction Oval
Motor 1 0.09375 | $12.00 | Ccomponents
Total 0.2238 $59.64
DriveGear 1 0.09375 $25
Exterior
Gear 2 0.025 $25.98
3Gear| Mounting 3.49Reduction Circle
Rod 3 0.110001 | $5.00
Motor 1 0.09375 | $12.00
Total 0.3225 $55.98
DriveGear 1 0.028125 | $10.99
Mid Gear 2 0.037 $21.98
Exterior
Gear 2 0.025 $25.98 .
5 Gear Mounting 1.45 Reduction Oval
Rod 5 0.1833335| $5.00
Motor 1 0.09375 | $12.00
Total 0.5341 $69.95
Table4-9 TradeAnalysion the powertransmissiordesignalternatives

3-Gea 5-Gear

Relialility

Weighting ‘ Pulley

Mass

0.2

Main Plate
Geometry

0.25

Cost

0.1 4 4 3

Torque
Reduction

0.15 5 2 3.5

Weighted -
Average

4.1 3.25 4.175
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Aduator Components
This section has a relatively straight forward comparison between design

alternativesandwill comparethe efficiencydifferencesbetweenleadscrewsand
ball screwsaswell asthe tradeoffs betweenusingtwo screwsor a screwanda
guiderod. Theprimaryweightcomponentof this sectioncomesfrom the screws
themselves,so the mass difference between each of these componentsis
negligibleandwill not be consideredForall the power transmissioralternatives,
the screws(or screwandguiderod) will be fed througheither the exterior pullies
or threadedinto a nut whichwill be securedinto both exterior gears.

4.3.3.4(a) LeadScrew

Dependingon the materialof the screwandnut, the friction coefficientfor alead
scrav rangesfrom 0.06with abronzenut andbronzescrewto 0.25for a castiron
nut andsteelscrew,accordingo ameswebThemostcommergallyavailabldead
screws on the market are manufactured from steel and a coefficient of
approximately0.15canbe assumedor a preliminarycomparison.

4.3.3.4(b) BallScrew

Theprimarydifferencebetweenleadscrewsand ball screwsare that ball screws
utilize spheresin the interface between the driving nut and the screw, which
significantly reduces the friction generated during actuation. Common
coefficientsof friction for a ball screwwere found to be approximately0.004,
whichis greaterthan a magnitudelessthan the beg coefficientof friction for a
leadscrew.Thisfriction coefficientwasobtained from a ball screwproductsheet
from tech.thk. The increasein efficiencydoescome at the expenseof cost of
materialsasball screwsdo costmorethan aleadscrew.

4.3.3.4(c) Numberof Screws

Another considerationin the actuationdesignis whether to use a singlescrew
andaguiderod, or to implementtwo screws Regardlessf the screwmaterial,a
20inchscrewwill add considerableveightto the design.Utilizinga plasticguide
rod would significantlyreducethe massof this componentof the design but can
add potential failures.If the guiderod bends,or if the torque applicationis too
uneven the deploymentsequencenayhalt causinghe motor to stall.If the mass
budgetcanafford two screws,the reliability of the systemwould be improved.
Usingtwo screwswould providea symmnetric applicationof torque andallow for
smooth,reliabledeployment.
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4.3.35

Figure4-8 Gearassemblyand Motor Table

Motor Selection

The motor comparisonis also straight forward as the motor selection will

primarily be basedoff its ability to provide the minimum torque requirements
andits mass.Usingthe followingtwo equationsfor requiredtorque whichwere
obtained from amesweb,a preliminary torque analysiswas conductedand a
minimumtorque requirementof 68.80zin wasdetermined.

W a0 OAA
¢ “0 Qaill®

Where"V =requiredtorque, F=load, Q@ =meanthreaddiameter, "= coefficient
of threadfriction,| =halfthreadangle,and”Y =frictionaltorque of thrustcollar.
O
C
Where Q= collarfriction coefficient,®@ =meancollardiameter.

Steppemotors provideanirregulartorque profile andasreliability is prioritized,

this motor route was quickly eliminatedfor potential selection.Both brushless
and brushed DCmotors offer the desired constanttorque profile. In general,
brushlessmotors are more compact, have higher efficiency and less heat

generation,typically designedfor high RPMlow torque applications.However,
uponpreliminaryresearchpoth brushlessandbrushedmotorsoffer torquesthat

exceedhe minimumtorque requirement.Thedifferencein sizebetweenthe two

alternativeappearsto be negligibleaswell astheir massesEithera brushedor

brushlessmotor canandwill be implementedinto the overalldesign.

Themotor will needbefixedinto placeandwill be donesoby atable placedover
the power transmissionas shown in Figure4-8. Both brushed and brushless
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4.3.3.6

motorsin this torque rangehavelengthsfrom 2.5to 3.0incheslong,in orderto
meet the payloadii S | Wefh&drequirementof the deploymentsystembeing
nolongerthan 10inchesthis motor shaftcouldbe aright-angleshaftto minimize
overalllength.

Controls

Anotherrequirementof the payloadteam s that the deploymentsystemshould
demonstrateautonomy.In orderto reachthis requirement,feedbackis required
to determine at which stage (launch,falling under drogue, falling under main,
land)of flight the rocketisin. Amicrocontrollerwill alsobe requiredto interpret
the feedback and control the system. The only consderation for the
microcatroller board are the number of pins it can support, otherwise any
ArduinoUnoor RaspbernPiwill be enoughfor anydesiq.

4.3.3.6(a) LandingDetection

An internal measurementunit, comprisedof an accelerometergyroscope and
magnetometerswould be ableto givefull orientationinformationat everystage.
However asthe stagesof flight aredeterminedoff acceleratiorchangegprimarily
in the translational coordinate system rather than rotational, only an
accelerometeiis necessaryo determine the stages.Tokeepthe battery massat
aminimum,power requirementsneedto be keptat a minimum. Therefore,only
a 3-axis accelerometerwill be used to save power. The range for the
accelerometemustalsobe determined. RockSimvasableto condud adynamic
analysisof the flight of the rocket. The result was that the rocket would
experiencethe largest accelerationchange during deployment of the main
parachute,at H y ® cTHigk@absthat the accelerometershouldbe capableof
detectingaccelersion changesupto aminimumofo n 3 Qa ®

Thesystemwasintendedto operatecompletelyautonomously.Theinitial design
was to include an altimeter as a redundancy.However, as deployment is
contingentuponthe RangeSafetyOfficersapproval the redundancywill comein
the form of userinput asdiscussedn the following Daa Transmissiorsection.
Includingthe altimeter, this presentsthree forms of redundancywhich is not
necessaryand only addspotential failure modesto the O 2 y (i &sBett@® this
design.Due to the increasedrisk of failure, the altimeter will be eliminated
movingforwardsin the designprocess.
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Thesucces®f this systemwill be dependenton whether the coderunningthis
systemcorrectlydealswith the sensoranput. Therocketryclub hasyetto gather
accelerationdata from an accelerometerduring flight and assuch,there are no
recordsfrom previousyearsto analyzesuchdata. Therefore,the acceleration
feedback is the largest uncertainty in this controls system. In order to
appropriatelyaccountfor the four accelerationchangesaswell asthe thresholds
to wakethe accelerometerfrom a power savingmode, an acceleromete will be
placedonthe subscalgocket. Thisdatawill bewritten to anSDcardandanalyzed
postlaunch,givingthe necessarglatato properlycodethe controlsfor full scale
flight aswell asfuture usewithin the club. A model of the electronicssetup for
accelerationdataacquisitionis displayedbelowin Figure4-9.
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Figure4-9 Model of PinConnectiongrom Arduino Unoto accelerometer
and SDCardwriter

4.3.3.6(b) DataTransmission

All sygems should include redundancywhen the option is present, and this

comesin the form of userinput. As SLIteamswill haveto wait for the Range
Safetyh ¥ T Aap@oMabéfore deploymentthe deploymentsystemwill contact
the team once the feedback indicatesit is in the landing stage. The team will

confirmdeploymentwhenappropriateandthe deploymentsystemmustreceive
this confirmationbeforeinitiating the deploymentsequenceTherearetwo main
componentsto considerin selectingan approgiate RFtransmitter device.The
most important of which is the range. A worst-casescenariois that the rocket
landson the edgeof the field andis approximately2,500feet from the team, so
the devicemustbe ableto transmitdataup to 2,500feet. Thesecondis whether
the deviceis a transceiver,or if it requires both transmitting and receiving
components.If both componentsare required, it will take up additionalpower,

surfacearea within the electronicsbay, and pins on the microcontroller. The
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following trade study presentedin Table4-10 showsan analysison potential

radio transmissiormodules.A later study will includea comparisonof whether
these modulesare compatible with frequencyhopping before makinga final

selection Frequencyhoppingwill protect from unwantedinterferenceandnoise,
whichcouldposeto be anissueif other SLiteamshavesimilarcomponentslt is
alsoimportantto note that mostof the modulespresentedin Table4-10 operate

at 433MHz,which is a restricted band. The rocketry team doeshave members
that hold aradiotransmittinglicenseandthe teamwill be ableto operateon this
band.

Table4-10

TradeAnalysisn the radio transmissioomodules
433

Weighting NRF24 LoRa CC1101 HG12 MHz

Range
Transceiver 0.2

Power 015 |68 3 | 3 |

Pins 0.1 2

Dimension 0.1

Speed 0.05
Weidhted

Average -

A more detailedverdon of this trade study containsspecificvaluesthat will be
utilized later for an overall power budget, designing the placement of
componentswithin the electronicshousing,and containsthe maximumoutput
power of each module. Per NASA2.22.9 the maxinum power output of all
modulesconsidereds below 250mW.

Table4-11 TradeAnalysison the radiotransmisionmodules
Powe peed
ge a elve e oltage P Dime O 0
Outp DP
32uA
700 yes 11mA 3.3 100mw 250000 | 2%
6000 yes 100mA 3.3 100mwW 24x25mm | 115200 | 4
yes 30mA 3.3 100mwW | 4 19x17mm | 500000 | 7
1800 es 8OuA 3.25 | 100mw | 4 27.8x14.4 | 250000 | 5
y 100mA | O
200uA 5 4800 4

4.3.3.6(c) Housing

Asall componentsare containedwithin the pushingplate mechanismthe most
ergonomicuseof this spacewould be to housethe electronicswithin the sixinch
extrusionfrom the mainplateto the platethat latchesto the rover. Allelectronics
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4.3.3.7

will be placedwithin foam paddingto reduce the vibrations on these fragile
components.

Figure4-10 ElectronicsHousinglesign

Retention

Theretention of the payloadis the mostimportant aspectof this design Asthe

RockSindynamicanalysisshown in Figure3-27 showsa maximumaceleration
changeof 40 3 (tlReXetention mechanismeedsto be rated to withstand peak
forcesat a minimum of 240 Ibf, assuminga rover weight of six pounds.Forthe

rocketto experiencehe predicted40geesin the RockSimanalysisthe recovery
team cakulatedthat the parachutewould haveto openin approximately1/20™"

of a second.Therefore,the rocket will most likely not experiencethe drastic
changein accelerationanda safetyfactor of 1.5, 0r a peakrating of 60 gees(360
Ibf) isacceptableo ensurethat the retention systemwill not berippedout of the

payloadbay.

Thedrag on the rocket producedfrom the parachutewould causethe payload
0 | ébddgtubeto descendat aslowerrate thanthe payloaditself, soit isunlikely
that the payloadwouldbe expelledfrom the bayandbecomeballisticin the event
that the retention mechanismdpreaks.

However the deploymentsequenceeliesonthe roverstayinglatchedandin the
odd circumstancethat the parachute becomes tangled and the rockets
orientationisflipped duringdescentthe latch shallbe selectedto withstandthe
forcesfelt within flight and a factor of safety.

Theretention mechanisms modeledafter a vaultdoor. Asshownin Figure4-11
it is comprisedof a centralgear(i K | télef are interlacedwith two gearracks
mountedto a guidingtrack. Asthe motor drivengearrotates,the gearrackscan
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move within their respectiveguidingtracks. The motion of the lockingbarsis
tangentto the rotation of the gearat the gear,lockingbarinterface.

Figure4-11  PayloadRetentionMechaiismin the LockedState

Uponpre-launchassemby, the roverwill be securedto the deployment
mechanismby metal extrusionsfrom the forward wheelof the roverasseenin
Figure4-12. Thegearwill be drivenuntil the lockingbarsare fully extended
throughwheelsextrusions effectivelysecuringthe roverto the deployment
mechanismAfter the deploymentsequencehascompleted,the motor will
rotate oppositeof the assemblyprocedure Thegearrackswill be pulled backin
their tracksto a centralpositionandfree of their connectionto the wheel,as
shownin Figure4-12.

Figure4-12 PayloadRetentionMechanismin the UnlockedState

Theguidingtrackswill be embeddedinto the aft pushingplate, securingthe
lockingbarsto the deploymentmechanismThemainfailure point of this design
isif the guidingtracksareripped out of the pushingplate. In orderto prevent
this, a stressanalysiswill be performed on the interfacebetweenthe guiding
tracksandthe pusherplate. Thisanalysiswill giveinsightinto the proper
thicknessof the pushng plate, guidingtracksandthe materialboth shouldbe
madefrom in order to successfullyetain the lockingmechansm.
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Figure4-13 PayloaRetentioninterfaceon ForwardRoveiWheel

Asanalternativeto the lockingmechanisnmexplainedabove,the clubownsa
SouthCdR4EMelectronicrotary latch. Thislatchis rated for 1522 Ibf peak
loading,which givesa safetyfactor of greaterthan 6. Thismechanisnmwould be
rather simpleto implementandwould minimizethe power requirements.
However the clubhashadpoor experiencesith theselatchesin the pastand
at 0.625pounds, the addition of the R4EMwould exeedthe allotted weight
budgetfor the payloadintegrationsystem.

Asidefrom the lockingmechanismthe rover will alsoneedto be supported
radiallywithin the payloadbay.If the powertransmissiordesignallowsfor an
ovalshapedmainplate, radialsupportswill be placedfrom the interior body

tube to the roverasshownin Figure4-14. Theseradial supportswill restrictthe
roverin one degreeof freedom,reducethe stressplaceduponthe latchand

helpto guidethe roverout of the payloadbayduringdeployment.TheN2 @ S NI &
aft wheelwill alsobe placedwithin an extrusionfrom the aft centeringring. This
extrusionwill add additionalsupportfor the latchaswell askeepthe rover

centered within the payloadbay.

Table4-12 Analysiof RetentionMethods

Tensie
Strength(lbf)

Total
Weight(Ib)

density
(Ib/in"3)

Component
weight (Ib)

Part Amount

GearRack Uiy 1 N/A 0.015625
Mechanism Gear 0.426 >=360
GearRack| 2 0.284 0.316875 ' -
Motor 1 N/A 0.09375
) 1 ] ; 0.625 1522

One designconsiderationthat could reducethe force on the latch is a larger
drogue parachute.Thiswould increasethe accelerationchangefelt at apogee.

2020 NASA Student Launch | Tacho L




NC STATE UNIVERSITY

However asthe rocketapproache@apogeejts momentumdecreaseso zeroand
a largerdrogue parachue would not causeextreme changesn accelerationat
this stagein flight. Thisconsiderationcan only be implementedif the descent
time is well below the limit (90 seconds)and the team can afford to trade
additionaldescenttime for lower forcesin flight.

Figured-14 PayloadintegrationSystenwith RadiaSupports

Aside from failure modes of each component that were discussedin each
respectve section, the final failure mode of this systemis regardingfriction
between the rubber wheels and the radial supports as well as the aft end
extrusion. Themotor selectedwill includea large factor of sdfety to overcome
any frictional forces. However,one way to reducethese frictional forcesis to
wrap eachwheelwith fabric. Thefabricwould haveafar lesscoefficientof friction
allowing the wheelsto smoothly slide across the supportsand out of the aft
extrusionsupport.

4.3.4 Payload_eadingDesign

434.1

BURRITO

Theselectedbaselinedesignfor the payloadvehicleis a rover with two coaxial,
independentlymotorizedwheelsutilizing a plywoodbody and standardwheels.
Thecontrol systemconsistsof a microcontroller communicatingoetweena 2.4
GHzradio receiverand the N2 @ &bid2 &ontrollers and servos.To maintain
stability, a springloadedarmwith a casterwheelisdeployedonthe N2 & Balsk &
endsuchthat, whenthe roverdrivesforward, the casterwhed preventsthe body
from rolling backward.A model of the baselinedesigncan be seenbelow. The
firstimageshowsthe stowedconfigurationof the rover; the secondmageshows
the deployedconfiguration.
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Figure4-15  Springloadedcasterwheelstowed

Figure4-16 Spingloadedcasterwheeldeployed

Thetwo-wheeleddesignwill be usedsincethe righting systemsneededin the
payload bay for a four-wheeled or tank-treaded rover would be complex.
Orientingthe chassisvould be necessaryo deploysuchrover types,andthese
mechanismswould need sensorsto determine how far to rotate the chassis.
Failureof any part of sucha righting mechanismwould preventthe rover from
driving. By contrast, the two-wheeleddesigncould deploy in any rotation and
correctits orientation outsidethe payloadbay by rotating the chassisabout the
¢ K S SikisiSachsimplicityis the primaryreasonfor selectingthe two-wheeled
desgn; other reasonsncludea greatervolumeavailablefor componentson the
rover andgreatergroundclearanceDueto the low stability of the two-wheeled
coaxial design, the caster wheel on a springdeployed arm will be used to
counteractthis disadvantag of the selectedchassis.

Plywoodwill be the chassignaterial,sinceHPRGIreadypossessea successfully
flown avionicsbaysimilarin sizeand appearanceo the roverthat is constructed
out of plywoodpieces.Thi existingexampledemonstrateghat a plywoodrover
chassigouldtheoreticallywithstandlaunchloadsequalto thoseexperiencedy
the avionicsbhay.Additionally the benefitsof an easilycut and modified material
factor into the selectionof plywood.

Thestandardwheelsare selectedfor the traction system sincetanktreadswould
not be compatiblewith the selectedchassisand Mecanumwheelslacktraction.

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Thestandardwheelsare alsothe simplestof the traction choicesand are thus
veryunlikelyto fail.

Thewheelsareindependentlypoweredby their own motors,sinceimplementing
asinglemotor andsteeringwith atwo-wheeleddesigrnwouldbeverychallenging.
Usingtwo motors allows for a simple drive systemwhere spinningone motor
fasterthan the other canproduceturning motion. Theexactbattery and motor
selection will be confirmed basel on prototyping of the rover, since all
inefficienciesand effectsof terrain cannotbe easilyaccountedfor in preliminary
calculationslt iscertainthat brushed motorswill be used,asthey do not possess
the irreguar torque profiles of steppermotors (asstatedin the PayloadDesign
Options section). Also, since lithium-polymer batteries are almost universally
usedin RCapplicationsthe roverwill usethem aswell.

Asfor the cortrol systemsthe radio systemwill operateon a 2.4 GHzZfrequency
sothat commercialhboughtcomponentscanbe easilyfound. Thecentralcontrol
will be viaa microcontroller,sincethe roverisaverysimplesystemthat doesnot
require the processingpower of a microprocessor.Thismicrocontrollerwill be
programmedin whichevercompatiblelanguageis most straightforward, since
most HPR@nemberslackadvancedporogrammingexperience.

4.3.4.1(a) Rove Prototype
Oncethe leading alternativeswere selected,work beganon a prototype of
BURRITQo test the compatibility of different componentsand discoverany
problemswith the design.Thefirst systemto be constructedwasa preliminary
control systemthat servedto demonstratehow to connecta microcontrollerto
the different components of the rover. The following is a schematicof the
controlsprototype.
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Figure4-3 Eledrical schematiaf prototypecontrol system
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An ArduinoUnowasselectedfor the microcontroller,asthe Gbasedlanguaget
usesallowsaccesdo a wide rangeof librariesthat can easilybe implemented,
even by inexperienced programmers.Thetwo motors for the rover that were
selectedare planetarygearDCmotorsfrom ActoBoticghat are capableof a313
rpm rotational speed.Combinedwith 4.25-inch diameterwheels,these motors
could allow the roverto achieveits target speedof 3 mph. An L298Nelectronic
speedcontrollerwasselectedto regulatepowerto the DCmotors, asthe chipis
widely usedand compatiblewith the ArduinoUno. A 12V battery was selected

for a power supply,sinceeachof the drive motors on the prototype needto run
at12V.

The controls prototype successfullyotated both the DCmotor and the servo,
demonstratingthat the Arduino Uno microcantroller could be programmedto
commandthese components What remainsto be determinedis how the radio
receiverconnectsand communicateswith the ArduinoUno, aswell ashow the
ArduinoUnooughtto be programmedto interpret the receivef signals.

Thefollowingis a list of massedor the componentsthat will be usedto build a
prototype BURRIT@apableof driving. Thedrivetrainsystemtakesup mostof the
mass budget for the rover, and thus its contribution should be carefully
monitored in the eventthat the componentsare changed.

Table4-13List of PrototypeRoverCompmnentsByMass

ProductName Mass(kg)

(2x)313RPMHDPremium 0.66
PlanetaryGearMotor '
TenergyNiMH BatteryPack 0.25

12v2000mAh '
(2x)4" PlactionWheelw/ 0.44
WedgetopTread '
PlywoodBody 0.20
(2x) BlankHubwith 0.125in.
; 0.14
Dimple
All control components 0.07
2 PcsFixedMetal TopPlate
1" DiameterRigidCaster 0.01
Wheel
TOTAL 1.77

The following figures show the dimensionsof the prototype payload,which is
designedo fit within the payloadbayof the full-scalerocket. Thedimensionsare
expressedn inches.
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4.3.4.2

14.80

Figure4-3 Frontviewof prototype BURRITO

Figured-17 SideViewof prototype BURRITO

SampleCollection

Theleadingdesignmovingforward for the samplecollectionis goingto be the
two-scoopdesignbecauseof the numerousadvantageshat it presents.Thefact
that the team can remove an intermediary arm from the designmeansless
electrical components are necessary By removing the arm, it also removes
another systemthat would need calibration or could contribute to mission
failure. Additionally, the manufacturing of the two-scoop designis far less
involvedthan that of the drum designasit requireslessmodificationsto pre-
existingparts. Theleadingchoiceof material for the samplecollectiondeviceis
PVC .The advantageof getting exactgeometry out of 3D printing while helpful
becomesinconsequentialwhen the simpler geometry of collection method is
chosen (Two Scoop Design). Furthermore, since the commercially available
geometry matchesas well asit does,t * / adwantagesof strength and faster
iteration time becomevery helpful. With respectto power deliverythe servois
the leading design choice becauseof the weight savingsand the two-scoop
Designdoes not necessitatea largerthan 360° range of motion. Basedoff the
scopeof the taska servowould be suitablefor the collectionof 10mLof simulated
lunarice.
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Figure4-18 CurrentLeadingSampleCollectionDesign

Payloadntegration

Thecurrentleadingdesigndor the payloaddeploymert systemwill be discussed
in this section.Dueto anew payloadteamrequirementof additional supportsfor
the roverwithin flight, the only potential powertransmissiordesignghat canbe
consideredare the belt driven systemor the five-gear system. Regardlessof
reinforcedtiming belts beingcommerciallyavailable the team hasselectedthe
five-geartransmissiorsystemdueto the potential of the timing belt slipping.The
actuationcomponentswill consistof two screwsinsteadof a screwand a guide
rod. Thereasonfor this isthe desireto keepthe systemandforce applicationas
synmmetric as possibleto prevent any interference during the deployment
sequenceldeally,the deploymentsystemwill utilize ball screwsdueto their low
coefficientof friction. Howeveruponpreliminaryresearchthe costof ballscrews
is exponentially higher than that of lead screws. Further researchwill be
conductedto see if there are any cheaperoptions for ball screws,but the
preliminaryrequired torque calculatiors utilized coefficients of friction for lead
screwdesignsand the systemis not contingentupon the low friction that ball
screwsoffer.

Thecontrolsof the systemhavebeenreducedfrom the proposaland asthe SLI
team actsasa redundancyfor landingdetection by transmitting a confirmation
to the deployment system, the use of an altimeter has been eliminated.
Currently the feedbackthe systemreceivess from a +/- 40 geesaccelerometer
(ADXL3563nd the SLIG S | ¥o@fiimation. To transmit the data, basedupon
power requirements, surface area of componentsand range the team has
narroweddown the transceivermodule selectionto either the LoRamodule or
the HG12. Both modulesare capableof transmitting data within the required
range (up to 2500 feet). However,the LoRamodule is capableof frequency
hoppingandis more desirableto protect from interferencefrom other SLkeams
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Therefore the teamwill be utilizingtwo LoRamodulesto communicatewith the
deploymentsystem.

Dueto the weightof the R4EM,the teamhasselectedo prototypethe gearrack
retention system. Upon further analyss in ANSYSthe exact materials and
dimensionsof the gear rack and pusher plate will be selectedto meet the

minimum retention requirement of 360 Ibf. This360Itf minimum includesthe

currentmaxacceleratiorchangeof 40 geesfrom the RockSinsimulationaswell

asa l.5safetyfactor. Asthe retention systemwill not be rated nearlyashighas
the R4EM(1522lbf tensilestrength),it hasa 30%reductionin weight, preventing
the net weight of the systemfrom exceedingthe allotted weight budget. As
previously mentioned, the payloadwill also be supportedby radial extrusions
spanninghe payloadbay,aswell asanextrusionfrom the aft centeringring that

will prevent any cantilevereffects from introducing unnecessarstressat the

interfaceof the locking mechanismandthe roverwheel.
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5.

Safety

Safetyengineeringsanessentiapartof Tachd & Ot@a#n S§ructure,andassuch the teamtakes
active steps,detaied below, to minimizepersonnelinjury and maximizemissionsuccessUsing
FMEAables,fault tree analysispersonnelsafetytraining,anda newly createdlab handbookthe
team seeksto createan environmentwith no worry of personnelinjury or partial/total mission
failure.

5.1

SafetyOfficer

FrancesVicBrideis the safetyofficer for the 2019-2020competition.C N} y OS & Q
responsibilitiesncludecollaboratingwith designteamsto ensuremissionsuccessand
personnelsafety,educatingthe team on safelab andlaunchpractices and optimizinglab
designfor increasedsafety.Francesr anindividualtrained by Francesasa standin safety
officeris presentfor all team meetings launchesandfabricationsessiongor NASAStudent
Launch.

Responsibilities:

9 Establisksafetyculturein club
A Viafrequent discussionsn safety,trainingdays,andregularsafety meetings.
9 Provideredundantsafetyandchecklistapprovalduringlaunches
A Everychecklistitem past1Ahazardlevelhasa signedsafetyofficer
confirmation.
1 Bepresentfor all build days
A France®r anotherhighlytrained standin safetyofficer will monitor all build
activities.
1 Developverifiablestrategiesto minimizepersonneland missiondamage
A Including but not limited to creationof lab handbookof condensedMSDSand
how-to-usefor all tools, labelson all powertools, and safetytrainingfor every
lab spaceuser.
1 Collaboratewith designteamsto preventfailure throughimprovingdesigns
A Designsanalyzedor redundancyand likelihoodto suaeed.

Thesafetyofficerisresponsiblegfor maintainingand enforcingthe contentsof the club safety
handoook. Thishandbookincludescondensedafetydatasheetsjnstructionalguidesfor tool
usage,instructionsfor safe handling of hazardousmaterials,and guidelinesfor hazardous
manufacturirg procedures.

Additiondly, the safety officer is responsiblefor creating supplementalfailure mode and
hazardanalysisusing Fault Tree Analysis(FTA) FTA helpsthe team deductivelydetermine
mitigations for hazardsencountered during the project. FTAfor the recovery/avionis,
structures,and payloadsubsystemteams are detailedbelow:

2020 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Hazard to Payload

Failure to deploy
payload

Rover
power/control
failure

Failure to Payload Dlg?écr)lyfr:itlasnt Wheel rotation ) )
detect landing| | misalignment cldoai obstruction Electrical failure
A A
No power
delivered | |
Sensor
obstruction Debris lodges in Chassis
wheel-chassis underbelly [ g.:rr;it:g ] [ Code failure ]
connection obstruction P
Batieries not Battery
replaced disconnection
'}
Chassis impacts Rover rolls Motor loaded Fayload
raised terrain and| | intoflands in wet past stall torque deployed on hot
bottoms out area day
Figure5-1 Payload-aultTree Analysis
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Hazard to Recovery

Premature
Parachute
Deployment

Parachute Fails to
Slow Vehicle to
Design Descent

Speed

Premature Black
Powder Charge

Late/incomplete A
P Parachute is

Parachute
Detonation Deployment Damaged
h
(Abnormally High
Loads
Encountered
| | Parachute
Damaged by
Anomalous/
i Black Powder
Altimeter Defect Faull s Incorrect )22
Avionics Wiring Prossing Charge
Mezsurments Farachute Earactuta/
Canopy is Shroud Lines Parachute Damaged
Obstructed are Twisted/ by Contact with

Failure of Shear
Pins to Achieve
Design Strength

Flight Forces
Cause Wiring to
Become

Flight Forces
Cause a Short
Circuit

Descent Without
Parachute

No Parachute
Deployment

Parachute
Becomes
Detached from
Vehicle

Failure of
Connection to
Vehicle

Tangled Vehicle after

Failed Section
Separation

Section

Failed Parachute
Deployment after

Failure of Shock
Cord

Deployment

Jammed

Shear Pin Fails
to Shear and
Becomes

1

Structural
Failure of
Bulkhead

Primary Black
Powder Charge

Fails to Detonate

Secondary Black
Powder Charge
Fails to Detonate

= ":L ; z:"r Nomex Wrap around
oo ke Packed Parachute

Detonate

Fails to Provide
Sufficient Protection

Disconnected

Vehicle Section
Falls on and
Deflates Parachute
Canopy

'arachute Canopy
is Obstructed by

Shock Cord

Insufficient Black
Powder Charge

Structural
Failure of
Connection
Hardwars

Entanglement

Insufficient
Current from
Altimeter to
Ignite E-match

Black Powder

Figure5-2

Altimeter Fails
to Detect
Launch and
Start of Flight

Failure of
Altimeter to

Loss of Power to
Altimeter

RecovenFaultTreeAnalysis
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Structural Failure

Fin Failure

Bulkhead Failure Body Tube Failure

£

l ]

Nosecone Motor Tube
Bulkhead Failure Bulkhead Failure

h A

Speeds reached

above Mach 0.7 Ballistic descent

Exposure to Use of non- Punciure or
excessive water-resistant rupture in body

moisture material tube See recovery

& Fin flutter FTA

Failure of bond Failure of Failure of
between U-bolt wood used Excessivel Mishandling of

bulkhead and to fabricate high y body tubg
body tube bulkheads pressure during Recovery

within body | | construction or Failure
Poor recovery| [Exposed to tube transportation
poxy 1alls to position percipitation
meet design

strength

Figure5-3 StructuralFaultTreeAnalysis
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5.2 RiskAnalysis

Table5-1, below, defineslevelsof severityasassociatedvith likelinessof occurrence.

Table5-1 HazardandLikelihoodClassifiations

Levelof Severity
2 3
Medium Risk HighRisk

3A

B
Likelinessof Unlikely
Occurrence C

Likely

2B 3B 4B

2C 3C

1D 2D

Hazardand likelihood classificationare usedto determinethe importanceof mitigation of a systemcomponent.Any component
with ahazardevelof 3+or likelihoodof C+isrequiredto be mitigatedin someform to decreasehe likelihoodof the failure occurring
andthe severityof the outcome.dassificationsare detailedbelow:

Hazard_evell:

1 Nopersonnelinjury occurs
1 Damagedoneto launchvehicleisreversible
9 Missionsuccess

Hazard_evel2:

1 Anypersonnelinjury canbe treated with minimalfirst aid
1 Damagedoneto launchvehicleis repairabé
1 Partialmissionfailure; successfullight

Hazard_evel3:

1 Moderatepersonnelinjury; manageablevith launchfield first aid
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1 Damageadoneto launchvehicleisrepairablebut in poorer conditionthan beforeflight
91 Partialmissionfailure; partially succesful flight

Hazard_evel4:

1 Personnekeverelyinjured or killed; hospitalizationis required

1 Damagedoneto launchvehicleisirreparable
1 Totalmissionfailure;catastrophe

Table5-2 ProjectRiskAnalysis

Likelihood Mitigation Mitigation Cost
. o . Fundraisin m
Overspending Low Low Stickingto a strict budget undraisingnay become
more necessary
Delay Medium Medium Rigidandrealistictime Lossin flexibility
management
. learlycommun n n
L ackof reSources Low High Clearlyco ungated Unexpectectostsand
needsof materials subsequentdelays
. . Needfor anexpensive
Cooperativereviewof the . P .
: : : andtime-consuming
ImproperDesign Medium High rocketssystemson a : .
. redesignlate in the
regularbasis .
competition
, . B lean li . .
Motor Failure Low High uyreputableandquality Anincreasein motor costs
motors
. . ingalar r Rock higher
PowerSupplyFailure Low High Usinga largepowe oc ethqsa 'ghe
supply weight
. , Rigor [ f ign .
Structural Failure Low High '90 ousrewevyo desig Delaysdue to testing
andtesting
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5.3 PersonneHazardAnalysis
Table5-3, below, showsidentified hazardgo personnelthroughoutthe courseof the project.

Table5-3 PersonneHazad Analysis
Hazard CausaFactors | Effects
Groundcrewand
Lackof visibility Cloudcover spectator_sa triskof
descendingocket
components
Slipperyground Injury of recoverysub
Team surfacesfrom heavy teammembersin the
member/spectator precipitation procesof retrieving
tripping Nonlevelground the separatedrocket
surfaces components
Highvelocity Groundcrewand
crossvinds spectatorsat risk of
descendingocket

Unpredictablerocket
flight anddescentpaths

Severehumidity

componentsInjury of

recoverysubteam

membersin the process
of retrievingseparated

rocketcomponents

Liveblackpowder
chargeswithin the
rocketafter descent

Severehumidity
affectingaltimeter
calibration

Injury of recoverysub-
teammembersin the
procesf retrieving
the separatedrocket
components

LSRating

4A

Mitigation

In compliancewith NAR
SafetyCodesection6,
launchesshallnot occur
duringor following
adverseweatheror

field conditions.The
RSOhasthe final sayon
the statusof launches
andthe teamwill
follow the guidelines
setbythe RSO.

Redundantltimeters
will be usedto ensure
all chargegdetonate.
Memberswill avod
generationof staticand
will wear PPEo protect
againstflames.
Membersworkingwith
black powderwill wear

Inhalation,ingestion,or
contactwith black

Improperor no
personalprotective
equipmentused

powder

Accordingo GOEXBP
SDSSkinand
respiratoryirritation

2C

nitrile gloves safety
glassesandfacemasks.
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Inhalation,ingestion,or
contactwith large
airborneparticulates

Uncontrolledsandingor
useof Dremel

Eyeor skinabrasion

3B

Avacuumwill be
securednearthe
manufacturingsurface
to collecthazardous

Inhalation,ingestion,or
contactwith epoxy
resinor hardener

Workingwith epoxy,
insufficientventilation

Accordingo 206 SDS:
Lungirritation and
lightheadednessf

teammembersworking
with/around epoxy

2B

particulates.

Anoxygenmonitor will
be usedto determine
whenadditional
ventilationis necessary.

Machiningaccident

Improperuseof power
tools

Serioudnjury and
bodily harm

4A

Allteam membersshall
be trainedin the useof
apowertool before
use;useof proper PPE
(noglowes)will be

Fireand/or explosion

Prematureignition of
blackpowder

Accordingo GOEXBP
SDSSevereburns

4B

enforced
Theminimalamountof
blackpowdernecessary
to ensurefull
separationof vehicle
componentswill be
used;memberswill be
equippedwith proper
PPEblackpowderwill
be kept awayfrom
sourceof staticand
heat, only necessary
personnewill be
presentfor black
powderinstallation

Misuseof motor
componentsduring
assembly

Accordingo EstesSDS:
Severeburns,injury

from shrapnelimpact

4A

OnlyNARandTripoli
officialswill assemble
andwork with motor
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excessivédeatwill be
minimizedduring

Contactwith soldering
iron, hot solder,or
solderfumes

Workingwith solder
andsolderingtools

Mild to moderateburns

3C

Lungirritation

2B

transportandstorage.
Membersworkingwith
solderwear protective
facemasksandare
instructedhowto
properly hold the
solderingiron to
eliminateburns.
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5.4 FailureModesandEffectsAnalysiSFMEA)

Failuremode and effect analysis(FMEA}ablesallow clearidentificationof failure possibilitiesfailure causesandtheir effectonthe
project. Theyalsoassigralikelihoodseverity(LSYating, identify how the causeswill be mitigated,and preliminaryverificationsteps.
When all possiblefailuresareidentified the team caneffectivelymitigate suchpossibilitieswhichwill minimizepersonnelinjuriesand
flight failures.Thetablesare organizednto sixcolumns:missioncomponent,hazardtype, causeseffects, likely-seerity rating, and

mitigation.

5.4.1 Recovery

Component

Shearins

Hazard

Delayed/laclof shear
pin breakage

Table5-4

Shearpinsof
excessivaliameter

Insufficientblack
powdercharges

RecovenfFMEATables

Ballistt descent;
excessivéinetic
energyupon landing

LSRding

4A

Mitigation
Shearmpinsusedwill
be 2-56,in the range
for ability to break.

4B

Blackpowderwill be
calculatedwith
eqguationsfrom and
will be testedvia
ejectiontestingwell
before launch.

Shearpin ejection

Premaure shearpin
breakage

Shearpinsof
insufficientdiameter

Prematuresection
separationfinal
apogeelowerthan
expected

3A

Holesdrilledto
accommodateshear
pinswill be the same

diameterasshear
pinsto ensuresnug
fit; tapewill be used
to securelooseshear
pins.

3A

Sheampinsusedwill
be 2-56,in the range
for ability to break.
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Prematureblack

Altimeterswill be
testedfor
functionalityusing

powderdetonation 3A pressurevesseprior
to installationon the
launchvehicle.
U-Boltshear Sheartestswill be
- . performedon
Shockchord U-Boltdisconnection BaII|st|(?de§cer.1t, bulkheadsand U-
. . excessiveinetic 4A
disconnection ) bolts.
Bulkheadcrack energyuponlanding Seesection3.1.4for
Bulkheadseparation bulkheadanalyss
Shockchord tangling Atleast3team
membersincluding
the recoverylead
Limitedparachute Excessivekinetic 3A andthe safetyofficer
deployment Parachutecollapse | energyuponlanding will be presentfor
Chuteassembly the foldingand
(parachutesshock installationof shock
chords,U bolts) chords.
Delayedematch Altimeterswill be
burning Largeopeningshock; testedbeforelaunch;
Defectivealtimeter | damageto airframe blackpowderand &
Lak parachute . inthe forAm of . mat-chassembl)shall
deployment a | A LILIBdtERtigl 3B be inspectedbythe
Delayedblack causalfactor for safetyofficerand
powderdetonation shockcord recoveryleadduring
disconnection assemblyto ensure
proper packing.
No parachute Lackof section Batteryvoltagewill
. 4A .
deployment separation be checkedprior to
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No power supplied
from batteryto

Ballisticdescent;
excessivéinetic

batteryinstallation
andagainwhen

altimeter energyuponlanding altimetersare armed
Incorrectpressure Altimeterswill be
readings Parachute testedat least3
Falseanome deploymentduring timesprior to launch:
p. & ascent;damageto 2C in the lab, duringdry
detection . . . )
Defectivealtimeter | airframeor recovery runsof chedlist
harness items, anddirectly
beforelaunch.
Fiberglassvill be
usedin the full-scale
Shockchordimparts | Completeairframe ag:ﬁ(?j;ggs;n%lal
a YA LILE®dyibbes excessivdorceto failure; inability to 4B .
. addedto reinforced
airframe relaunchrocket
couplersfor extra
supportagainst
zippering.
Detonationof Placeblackpowder
primarycharge : chargeson opposite
. . Airframean .
Overpressuren causegletonationof rirameand sidesof the bulkhead
recowery harness 4A
parachutebay secondanchage damage to reducethe chance
. . g of sympathetic
Altimeters Altimetererror .
detonation.
Electronicslamage
Avionicsexposedo | AVbulkheaddid not or destruction; Testsealprior to
. : L 3C
blackpowdercharge | provideproper seal altimeter failurein launch.
flight
Signainterference Inabilityto locate GPSignalwill be
. rocketin the event confirmed before
R P P I ici ) . . .
ecovery oorGPsSigna Insufficientrange that visualtrackingis S insertingthe AVsled

capabilitiesof GPS

insufficient

2020 NASA Student Launch | Tacho L

into the rocket,and




NC STATE UNIVERSITY

againbeforetaking
therocketto the
launchpad.

5.4.2 Structures
Table5-5 StructuresFMEAT ables

Hazard Cause Effect LSRating Mitigation

Noseconeulkhead IMDIODEr eDOX Noseconeentersa Ensurethat bulkheadis
: properepoxy ballisticdescentduring 3B manufacturedand
failure application .
recovery installedproperly.
Motor tube bulkhead Improperepoxy Motor separatedrom Ensurethat bulkheadis
. L : 4B manufacturedand
failure application launchvehicle .
Bulkheads installedproperly.
All' bulkheadswill be
Ballisticdescentof all designedsuchthat they
AVbaybulkheadtailure Excesswbadlng bodysectlonnqt 4B canwithstandthe loads
duringrecoveryevents| attachedto main causedby recovery
parachuteshockcord events with afactor of
safetyof 2 or higher.
Elevatedpressure | Undrilledor too small . Al pressureportswul
o Airframerupture 4A be sizedandlocatedto
within bodytube pressureports S
optimizeairflow.
Usematerialsthat are
LaunchVehicle Weakensstructural moistureresistantin
.| Adverseweather,bad | . : :
EeXposureto excessive o integrity of launch 3C launchvehicle
. . recoveryposition : :
Airframe moisture vehicle construction,do not
launchin rain.
Motor separation from| Excessivéadingon Dangerouand Epp xyr.esmto. hardene
. : 4A ratio will be 1:5to meet
motor tube epoxy unpredictableflight e
load specifications.
Bdlistic Impact Recoveryailure 2B Exa@e fins prior to
flight; ensurerecovery
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noseconaupture

Launchvehiclesections
collidingduringdescen

sized

Shockeord improperly

Airframe,fins, and/or

systemis sufficientto
landrocketat desired
speed.

3B

Shockchordwill be
sizedsuchthat body
sectionswill be
sufficientlydigributed
alongrecoveryharness

5.4.3 Payload

Component

Rover(chassis,
drivetrain,control
electronics)

Hazard

Table5-6

Impactingraised
terrain thus
bottoming out the

PayloadFMEATables

Roverunableto move;
inability to complete

Rovemovement
impededby terrain

mission
rover
Rovermovement
Roverbecomes impeded;inability to

entangkd with debris

compete missionor

LSRating

Mitigation
Therover will be built with
achassidighenough
abovethe groundsothat
field bumpspresentlittle

issue.

simulatedice material

to transportmaterial
requireddistance

onfield severedelayin mission
completion 4B Seesection5.5

Inthe eventof rover

Landngin or entering inablity to exit ditch;
anirrigationditch inability to complete

mission
Drivetrainbecomes imr?:gsg?g\\/lsmiggle Rotatingcomponentswill
embeddedn ' 3C be shieldedfrom simulated

lunariceand debris.
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Exposureof roverto

Shortingof circuitry
leadingto lossof rover

signifiant amountsof| controland permanent 2C Seesection5.5
water damageto affected
components
Missiondelay,possibility Allrover componentswill
Overheatingrom | of misson failurein the be tested for their ability to
Damageo rover : ) < x
environmentalor eventof severeor 2B withstandthe Y A & & A
control systemand .
o operationalfactors prolongedthermal voltageand current
circuitry
exposure demands.
Partialroverfailure
Damageo wiring |resultingin partial or full Asystemto securethe
connectiongduring | inabilityto complete oB rover duringflight will be
launch,landing,or mission. redundantandimmobie
roveroperations Shockhazardfor until deployment.
recoverypersonnel
Unpredictableprogram
Edgecases responsegcrashingof 2C
control systen .
Roversoftwarefailure : Erraticfunctionalityor COdeW"! be del_auggeob}nd
Improperlywritten or : . testedprior to flight testing
. no functionality of rover
implemernted . 2C
duringattempted
software )
operation
. . Sudderstoppingof [Roverunableto continug In§trt_Jct|'roveroperato_rof
Roverflipped during ) this risk; developbraking
. the rover;uneven | movement,unableto 2C " .
operation . ) . procedureto mitigatethis
terrain encountered continuemission
hazad
Loadsduringlaunch,| Roverisunableto be Therover chassisvill be
. . madeof treated plywood
Damageo rover landing,or reusedwithout . .
. . . 2B andthe roveritself will be
chassis deploynment exceed |significantrepair; unable .
. D securdy fastenedduring
designloads to complete mission flight
Debiislodgedin Rovermotion impeded; 2C Chassisindwheel

Roverdrivetrainjams

drivetrainelements

unableto continue

connectionwill be shielded
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