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Student Launch
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statement of work
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1.

Flight Readiness Revi&gport Summary

1.1 Team Summary

111

11.2

Name and Contact Information

Team Name: Tacho Lycos (HiBbwered Rocketry Club at NC State University)
Mailing Address: 911 Oval Drive, Raleigh, NC 27695

Primary Contact: Raven Lauer (Email: relauer@ncsu.edu; Phoré194950)

Mentor information

Name: Dr. Charles (Chuck) Hall

Email: chall@ncsu.edu

TRA Certification Number/Level: 14134, Level 3
Name: Alan Whitmore

Email: acwhit@nc.rr.com

TRA CertificatioMumberLevel: 05945, Level 3
Name: James (Jim) Livingston

Email: livington@ec.rr.com

TRA CertificatioMumberLevel: 02204, Level 3

1.2 Launch Vehicle Summary

1.3

121

12.2

1.2.3

124

125

Size and Mass
The fullscale launch vehicle is 15 in. long with a body diameter of 7.5 in. The rocket
has a mass of@4 |b on the pad, which includes 2.5 Ib of nosd|dxt.

Launch Day Motor
Therocketwill use an AeroTech L2200G mo#dithe competition launch

Recovery System
The rocketusesan 18.0 in. drogue at apogee, a 5.0 ft parachute at 700 ft AGL, and a 10.0
ft main parachute at 500 ft AGL to slow its descenah impact speed of 13.3 ft/s.

Launch Rail Size
The rocket vehicle will require an 8 ft, 1515 launch rail for the competition launch.

Milestone Review Flysheet
This document was submitted separately.

Deployable Rover Payload Summary

The team has chosen iaclude a deployable rover as the payload for the-$athle launch
vehicle. The rover will be stowed in an internal tube that will rotate freely using roller bearings
(Lazy Susan bearings) attached at each end of the payload tube. The upper beateg will
attached to a centering ring aft of the main parachute compartment. The lower bearing will
be attached to a bulkhead forward of the avionics bay. The payload bay will be sealed during
flight by acustomplug in the payload centering ring which will lmovedby the force of

the main parachute deployment. After landing, the rover will autonomously drive at least 5.0
ft away from the rockeaind deploy a set of solar panels to complete the payload mission.
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2.
2.1

2.2

CDR Adabn Items

Changes Made to Vehicle Criteria

GKIFG GKAA& NBLI2 NI

dza S a

Changes Made Since Critical Design Review

The team was instructed to add an additional coupler in the main parachute bay to strengthen
the midsection and hatch attachment point, which is described in Se8tibA.

Table2-1 lists all changes made to the fsitale launch vehicle since CDR submission. Note
Gf I dzy OK @SKA

iKS GSN¥a

Table2-1: List of Chages Made to Fucale Launch Vehicle

Description of Change
Nosecone shaped changed to 3:1 ogive W
7.5 in. diameter base.

CDR design called for 5:1 ogive nosec

Reason for Change

which was no longer available for purchay

Nosecone ballast reduced 2.5 Ib.

After fullscale assembly was complete, ol
2.5 Ib of nose ballast was needed to achig
a desirable stability margin > 2.0 cal.

Added 2.3 |b of ballast to midsection in tk
avionics bay. Total ballast is 4.8 Ib, exa
10% of the total fulkcale rocket weight.

After fullscale assembly was complete, t
rocket was underweight by nearly 4 Ib whi
required adding additional ballast in th
midsection reduce CG translation.

Upper and lower midsection body tube
combined into single 48.0 in.rg airframe.

The NASA RSO raised concerns regar
this design choice during the CI
presentation and the team decided {
remove the split midsection entirely.

A 12.0 in. coupler was added to the me
parachute compartment.

The team identified a need faa forward
coupler during the CDR presentation. T
coupler is fixed inside the main parachu
compartment to act as a brace for th
forward edge of the midsection acce
hatch. The coupler also helps create
airtight seal with the hatch for separation.

Fiberglass wrap added to the midsecti
forward opening.

Damage sustained during the test laun
necessitated a major repair to the airfran
in the form of a fiberglass wrap. The
repairs will be tested at fulicale reflight.

Fiberglass patches weresed to repair
damaged avionics bay and hatch areas.

A bulkhead failure during the initial grour
ejection tests required the team to patc
and repair an area around the avionics [
key switch and two of the hatch screw holg
Following the repairs, the tor areas were
undamaged during subsequent testing a
the full-scale test launch.
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Description of Change Reason for Change

Fin can length reduced b$.0 in. at the
forward end of the body tube.

The forward opening of the fin can suffere
major water damage after impact in w¢
mud following the fll-scale test launch. Th
most damaged length of tube was remove
and the rest of the damaged areas will
repaired using fiberglass wraps and coal
with hydrophobic spray for future launche

2.3 Changes Made to Payload Criteria

Table2-2lists all changes made to the deployable rover payload system@dieesubmission.

Table2-2: List of Changes Made

to Deployable Rover Payload System

Description of Change Reason for Change

Material changed on forward bearing carri|
to 6061 aluminum.

The change increases the weight of t
payload which will decrease the apog
altitude. The metal will also reduce th
amount of friction on the ball bearings.

Rover baye&ceiver switched to Seeedstio
RF Long Distance Receiver/Transmitter.F

New electronics package has the capabi
to transmit up to 2.0 km.

Onboard batteries changed to
combination of AA and C batteries.

Heavier batteries increase the weight of t
rocket and decrease the agee altitude.

Electronic latch rotated to leave the ca
facing upwards.

Testing of the rover bay sled indicated th
the new orientation was necessary.

Rover platform secured using two-
bracketsat the aft lazy susan bearing.

The platform needed a wap tbe secured sg¢
it does not eject from the payloatibe.

Reduced the size of upper rovbraces in
the payload bay tube.

Smaller braces save weight and fabricat
time on the 3D printer.

Rover platform is made of birch plywood

Reduced manufacturing tiesignificantly.

2.4 Changes Made to Project Plan

Table2-3lists all changes made to the deployable rover payload system@bieesubmission.

Table2-3: List of Changes Made to PrdéjBtan

Description of Change Reason for Change

The fultscale test launch resulted in dama
to the midsection and fin can as well as
apogee altude greater than the 5,600 f
AGL limit. After repairs are complete, tf
full-scale rocket will be Flown on March
24, 2018.

Updated March timeline to add repair
rebuild, relaunch, clean up, painting, al
final checklist assembly.
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3. LaunchVvehicle Criteria

3.1 Compliance to Handbook Requirements
Table3-1, below, contains the launalehicle requirements listed in the 2018 NASA SL handbook as well as the respective compliance actions, verificatiorstagtbodsation within the report, and verification description.

Table3-1: FultSale and Subscale Launch Vehicle Handbook Item Compliance

HalTsr?]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
. : . . Analysis. Complete.
The veicle will deliver the payload to ¢ Based on the current design, an AeroTq - e -\ ciont will be calculated, and| The final weight is predicted to 8.9 Ib and|
2.1 apogee altitude of 5,280 feetbove ground L2200G will power the launch vehicle to . . , . Section5.1
level (AGL) deal apogee altitude of 5.280 ft AGL motor will be selectedo achieve an altitude the rocket will use an AeroTech L220
' Pog ’ ’ of 5,280ft AGLbased on these calculations| motor to reach an altitude of 5,280 ft AGL.
The vehicle will carry one commugally
available, barometric altimeter for recordin
the official altitude used in determining th Test. Complete
Iti rd winner. Teams will receive t} . . The StratoL r ill for th i .
atltqde award winne e.a SWI. ecelvet A StratoLoggerCRltimeter will be used to est gt.o 0gge that. will be used 0. the The StratoLoggerCivas tested in a vacuur .
2.2 maximum number of altitude points (5,28 . . competition launch will be tested in a . Sectior4.4.3.1
. . : . record the official altitude. . chamber prior to assembly and launch, a
if the official scoring altimeter reads a val vacwm chamber prior to assembly ar was shown to perform nominall
of exactly 5,280 feeAGL. The team will los launch to ensure correct functionality. P y:
one point for every foot above or below th
required altitude.
Complete.
The two key swthes are only accessib
. : Demonstration. from the exterior of the rocket. The locatia
Each almeter will be armed by a dedicate . . . .
. . . . : . . The team will arm the altimeters aftg of the key switches ensures that a single te
arming switch that is accessible from t| Both altimeters will be armed by their ow . : . .
: . . . : . assembly on the padising key switchej member cannot activate both switches .
2.3 exterior of the rocket airframe when th{ key switch which will be accessilitem the . . Sectiord.4.1
o . . . . mounted to the exterior of the rockef unison. The launchpad setup checkl
rocket is in the launch configuration on th exterior of the airframe. . L i . : )
Altimeter activatiorwill be confirmed by thg contains separate items for arming the k
launch pad. : .
subsequent beeps switches. Two gmarate team members wil
be responsible for carrying the altimett
keys.
Demonstation. Complete.
The team will demonstrate that the tw{ The two altimeter circuits are entirel
24 Each altimeter will have a dedicated pow Each altimeter will be powered by its own| altimeter circuits are entirely independen| independent of eaclother and both contain Sectiond 47
' supply. V battery tested for conformity. The team will use only new batteries for ea their own 9 V battery. Batteries to be used f o
launch that have been tested prior { launch have been tested, labelled, a
assembly. resealed for storage until launch.
Demonstration. Complete.
Each arming switch will be capable of be| The altimeters will be armed by key switch The tgam will install the key switches S.u The hea\{3duty key swﬂphes can only t
. . . - . A ~ . a that flight forces cannot change the switq turned using keys that will be removed pri .
2.5 locked in the ON psition for launch (iej]l YR gAftf 0S 2NASYUS . : N : . . o Sectiod.4.1
. . . . orientation after ignition. The key switchq to flight. The avionics bay is wired such tf
cannot be disarmed due to flight forces). | disarmed by flight forces. : : . : . : :
will be wired such that there is no risk | key switch wires have no exposed section:
shorting the circuit during flight. eliminate the risk of shorting the circuit.
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Halrtlsrt:]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
The rocket body will be constructed of Blj Demonstration. Incomplete.
. . . Tube to increase durability of the rocke The team will demonstrate the reusability | The team performed a test launch ¢
The launch vehicle will be designed to . : . .
Body tube sections that are at risk for impg the rocket design after the fuicale test| February 24, 2018 that caused damage to
recoverable and reusable. Reusabls . . . . . . . . :
2.6 . : . damage will be reinforced usinfiberglass| flight. The team will perform a podlight | launch vehicle body tube. Theeam will | Section6.7
defined as being able to launch again on { . . . .
same dav without repairs or modifications layers.Therecoveryparachutes will slow the | inspection to ensure that no damage is fou| perform a relaunch on March 24, 2018 t
y P | rate of descent of the rocket to avoid dama( on the rocket body, structural component| demonstrate compliance. An FRR Addend
upon landing. avionics, and/or payload components. report will be submitted by March 28, 201§
The launch vehicle will have a maximum .
four (4) independent sections. An Analysis. Complete.
. 'p : , L The rocket will only have three (3) tether¢ The rocket desigrwill only require three| The rocket uses only three tethered sectiol
independentsection is defined as aection . . . . . . : . : : :
2.7 . . . sections: nosecone, midsection (wil tethered sections to fly which will bl nosecone, midsection, and fin can. Té¢ Section3.4
that is either tethered to the main vehicle ¢ : . . . , . .
. . .| payload), ad fin can. manufactured to the specifications listed | sections will remain tethered during th
is recovered separately from the main vehi . .
. this report. entire descent under parachute.
using its own parachute.
The launch vehicle will be limited to a sing . . Analysis. Complete. .
2.8 1 The launch vehicle has a single stage. . - : : . .| Sectionl.2.2
stage. g g The rocket design will includesingle motor.| The rocket contains a single motor for fligh
The launch vehicle will be capable of be| The team will practice assembly usi Demonstraﬂ_on. . Complete.
. . o : . . The team will demonstrate the capability | The team completed dry runs of the rock
prepared for flight at the launch site within| detailed checklists prior to launch to ensu e ,
2.9 : L . prepare the rocket within 3 hars by| assembly in less than 3 hours. The team | Secton 6.1
hours of the time the Federal Aviatig that assembly time does not exceed three . . : ) . .
. . . : practicing assembly using detailed checkl| continue to practice assembly before ea
Admiristration flight waiver opens. hours. . . -
prior to launch. flight to reduce preparation time further.
The launch vehicle will be capable .
o , . . , . Demonstration. Complete.
remaining in launchlieady configuration al Recovery system devices wile activated N . .
. : . The team will incorporate only necessg The onboard altimeters camain powered .
2.10 the pad for a minimum of 1 hour withoy only once the rocket is on the launch pad . . o . Sectiord.4.5
. . ) . : . electronics that do not exceed the availalj by individual 9 V batteries faeveralhours
losing the functionality of any critical er avoid unnecessary battery drain. . . .
power drawn from batteries. after being switched on
board components.
The launch vehicle will be capable of be .
. Demonstration. Complete.
launched by a standard 2@t direct current : . . .
- . . The rocket can be launched using only The team will launch the rocket using onlyf The rocket was launched using only .
2.11 firing system. The firing syste will be . . I . | Section6.1
; . standard motor igniter. standard 12 V DC firing system for the t¢ standard motor igniter and a 12 V DC firi
provided by the NAS#4esignhated Rang
: . launch. system at the fulkcale test launch.
Services Provider.
The launch vehicle will require no exterr Demonstration. Complete.
212 circuitry or special ground suppo| The rocket can be launched using only The team will demonstrate that the vehicle| The rocket was launched without using a SectiorB.1
' equipment to initiate launch (other than standard motor igniter. capable of launching using only a standi external circuitry or group suppol '
what is provided by Range Services). motor igniterwithout additional equipment | equipment at the fullscale test launch.
The launch vehicle will use a commercia
available solid motor propulsion system Complete.
using ammonium perchlorate composi Inspection. The AeroTech L2200G motor is a AB&sed
513 propellant (APCP) which is approved g The rocketuses a commercialgroduced| The team will confirm that the chosen mot( fuel that has been approved by NAR al Section. 2.2
' certified by the National Association ( AeroTechH.2200Gnotor. is certified by NAR and/or TRA befd Tripoli for highpowered rocketry use. Thi o
Rocketry (NAR), Tripoli Rocketry Associa purchase and that it uses only APCP as fu{ motor can be purchased from commerc|
(TRA), and/or the Canadian Association vendors both online or in person.
Rocketry (CAR).
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Halr:srt:]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
. Complete.
. . . Demonstration. .
Final motor choices must be made by t| The team will use an AeroTech L220 : L , . The rocket will use an AeroTech L22(Q ,
2131 . . . The final motor choicewill be listed in the - . Sectionl.2.2
Critical Design Rewie(CDR). motor. CDR Rebort motor at the competition launch, which wg
port. listed in Section 1.2.2 of the CDR Repo
Incomplete.
Demonstration. The team used an AeroTech L2200G mo
Any motor changes after CDR must . .
aporoved by the NASA Range Safety Off The team will demonstrate that the AeroTe( for the test launch which caused tt
PP .y g . y The team does not redl to change the L2200G motor will allow the rocket t| underweight rocket to exceed the 5,600 .
2.13.2 (RSQandwill only be approved if the chang . . . : . . . Sectionl.2.2
. . : selected competition motor. complete all iAflight mission requirementy AGL altitude limit. The team will 4fy the
is for the sole purpose of increasing t .
safety marain by successfully flying the rocket on a tq rocket on an AeroTech L2200G on March
y gin. launch 2018 to ensure that the motor will be able |
complete al in-flight mission requirements.
. , : : . Analysis. Complete.
2.14 Pressure vessels on the vehicle will | The launch vehicle will not utiize ay The team will not utilize any pressure velss The rocket design does not feature a| Section3.4
approved by the RSO. pressure vessels. o
when designing the rocket. pressure vessels.
The minimum factor of safety (Burst
Ultimate pressure versus Max Expect The launch vehicle will not utilize ai Analysis. Complete.
2.14.1 Operating Pressure) will be 4:1 ith The team will not utilize any pressure vess The rocket design does not featrany| Section3.4
. . . pressure vessels. .
supporting design documentation included when designing the rocket. pressure vessels.
all milestone reviews.
Each pressure vessel will include a press .
. . . . Analysis. Complete.
relief valve that sees the full pressure of th The launch vehicle will not utilize an . . . .
2.14.2 . . . The team will not utilize any pressure vess The rocket design does not feature a| Section3.4
valve that is capable of withstanding th pressure vessels. -
. when designing the rocket. pressure vessels.
maximum pressure and flow rate of the tan
Ful pedigree of the tank will be describe
including the application for which the tar The launch vehicle will not utilize ar Analysis. Complete.
2.14.3 was designed, and the history of the tar The team will not utilize any pressure vess The rocket design does not feature a| Section3.4
: . pressurevessels. o
including the number of pressure cycles f when designing the rocket. pressure vessels.
on the tank, by whom, and when.
. . : Complete.
Th I impul r I . Demonstration.
e tota .I pg se provided py a .Co © The AeroTech L2200@rovides 5,104 M of emonst atl_o . The rocketuses an AeroTech L2200G mo .
2.15 and/or Unversity launch vehicle will ng . The team will demonstrate that they did n¢ . . . Section5.1.2
total impulse. : . which provides a total impulse of 5,104s\
exceed 5,120 Newtereconds (iclass). purchase or install a motor exceedinglbss. . -
which does not exceed the allowable limits
Analvsis Incomplete.
ysis. : - Therocket has a CP location of 81.1 in. frc
. . - The team will utilize OpenRocke . .
The launch vehicle will have a minimum stg . : the nose, and a predicted CG location 8%
- . . o . . . | SolidWorks and hand calculations ti . : )
stability margin of 2.0 at the point of itaexit. | The rocket has a predicted stability margin . . in. from the nose. For a 7.5 in. diameter bo
L , . - determine the location of the CP and CG : . o . .
2.16 Rail exit is defined at the point where th 2.21 calbefore ignition, and 2.25 cal at rg . tube, the resulting static margin is predict{ Section5.2.2
. . . the assembled rocket. The stability marg A .
forward rail button loses contact with th( exit. . : to be 230 cal at ignition and 36 cal at rail
. will be calculated as a function of the bo( . . .
rail. . . exit. The team will confin these values afte
tube diameter to ensure that it is greate .
than 2.0 cal at the time of rail exit assembly is complete for the fidtale re
' ' flight on March 24, 2018.
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Halrtlsrt:]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
Analysis.
The launch vehicle will accelerate to| Therockethas a predicted rail exitelocity of The tea}m will useOpenRocket .and hgn Complete. . . . :
2.17 minimum velocity of 52 fos at rail exit 77 Aft/s calculations to determine theil exit velocity| OpenRocket predicts an exit rail velocity| Section5.1.3
y P ' ' ' of the rocketand ensure that a minimun 77.4 ft/swhichexceedthe minimum 52 ft/s.
value of 52 ft/s is achieved.
All teams will successfully launch and reco Demonstration. Complete.
. . The subscale rocket was uccessfully . The team successfully launched a
a subscale model of their rocket prior to CL The team will demonstrate a success .

2.18 . . launched and recovered on November ] recovered the subscale launch vehicle | N/A
Subscales are not required to be high pov| launch and recovery of a subscale rocl .
rockets 2018. fior to CDR November 18, 2018. The subscale flight

' P ' described in Section 3.4.3 of the CDR Ref
Complete.
The subscale rocket was designed to b
. . 52% scale version of the figitale rocket. Th¢
The subscale was designed to function .
The subscale model should resemble 3 . Demonstration. subscale and fullcale rockets feature
. : closely to the fulscale as possible at 52% . : . .
perform as similarly as possible to the fu : The team will design and fabaite a subscalg different nosecone shapes due 1
2.18.1 . the size. The subscale rocket featured o N/A
scale model, however, the fedlcale will not ) ) rocket that closely resembles the fedkcale| manufacturer limitations. The team was ak
nosecone design different than the fgitale . : . .
be used as the subscale model. o rocketto confirm the design of the fulicale.| to compare the OpenRocket simulated flig
due to manufacturer limitations. . : .
profile to the actual flight profile to measur
the accuracy of the OpenRocket simulati
for use on with the futscale rocket.
Complete.
. . Demonstration. TheStratoLoggerC#dtimeter installed on the
The subscale model will carry an altimety The subscale rocket had a StrattoLogge - . 99 o . .
= _ . oa A . : The team will include an altimeter capable| subscale rocket is identical to the altimet
2.18.2 OF LI otS 2F NIBLI2 NI A|installed at launch to record the apoge . . . N/A
altitude altitude recording the apogee altitude on thd that is installed on the fulbcale rocket. The
' ' subscale. altimeter recorded an apogee of 2,093 ft A
during the subscale rockéight.
All teams will successfully launch and reco
their full-scale rocket prior to FRR in its fir
flight configuration. The rocket flown at FR
Incomplete.
must be the same rocket to be flown ¢
The fullscale rocket was damaged al
launch day. The purpose of the fsliale ) . e
L . . exceeded the altitude limit during its tes
demonstrationflight is to demonstrate the . . Demonstration. X
= - a <. a ~~ x « The same rocket will be flown during the fu : . flight on February 24, 2018. The team V
tFdzyOK OSKAOft SQa au ) " . The team will fly the same o&et in the full . . :

2.19 A X A AN x N x A x scale demonstratior(competition) flight as . . . repair and rebuild the fulscale rocketo the | Section6.8

NEO2UJSNE aeausSvyaz | . scale demonstration flight as in the fsitale I ) S
. . the full-scale test flight. : specifications listed in this report. The teg

prepare the launch vehicle for flight. test flight. .

: . . will re-fly the fullscale rocket on March 2¢
successful flight is defined as a launch .
which all hardware is functioning proper 2018 and submit an FRR Addendum w
. . g brop analysis of the rdlight by March 28, 2018.
(i.e.drogue chute at apogee, main chute a
lower altitude, functioning tracking device
etc.).
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Halrtlsrt:]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
Incomplete.
The fullscale test launch had a success
: deployment of the drogue parachute i
. .| Analysis. :
. . The flight and recovery system results will| _. : . . apogee and the main parachute at 500
The vehicle and recovergystem will have . Flight simulations, hand calculations, a| . . .
2.191 . . analyzed thoroughly to determine whethg . . . AGL, but there is no evidence that the LA Section6.3
functioned as designed. . . material modelling will be compared tine . .
the rocket functioned as designed. . was able to inflate after its release at 700
flight results. A
AGL. Theteam will increase the releas
altitude of the LARD t800ft AGL for the full
scale reflight to ensure its inflation.
The payload bais fixed to the midsection
and will be flown during all test flights. TH
. . Incomplete.
electronics and rover mass was simulat .
. . : Mass simulators were used for the paylo
| during the first test launch of the fuficale| Demonstration.
The payload does not have to be flown duri : : . and rover components on the fulicale test :
2.19.2 . rocket. The fulscale reflight will feature the| The team intends to fly the full rover paylod Section6.2
the fullscale test flight. . launch on February 24, 2018. The ful
fully constructed payload and deployab on the fullscalere-flight launch. . .
. assembled payload and rover will be includ
rover. These components will be tests . .
. in the fulkscale reflight on March 24, 2018.
before, during, and after launch to ensu
nominal operation.
The payload bay is fixed within th . Incomplete.
. . . Demonstration.
midsection and does not require maj . . The fullscale test launchfeatured mass
. : . : Mass simulators will be used for the fattale| .
If the payload is not flown, massmulators| simulators. The added weight of rover al . .| simulators for the payload and rove .
2.19.2.1 . . . . .| test launch. The fulbcale reflight will . Section6.2
will be used to simulate the payload mass.| payload electronics were simulated durit electrical components. The team does
.| feature the full rover and payload asseml) . :
the full-scale test launch by ballast weiglh without the need for mass simulators intend to use any mass simulators for the{
mounted in the payload bay. ' scale reflight on March 24, 2018.
Incomplete.
The mass simulators used during the i
. . . The mass simulators were weighed and fiy Demonstration. scale test launch on February 24, 2018 wj
The mass simulators will becated in the . : . . .
. . to the rover or payload bay to correspor Any mass simulatoraill be secured in thg weighed and fixed to the rover body ¢ .
2.19.2.1.1 | same approximate location on the rocket | . . . - . . : . . Section6.2
. with their modelled location within thg payload section to accurately simulate t| payload tube in their mod&d location. The
the missing payload mass. : . .
payload bay. final payload CG location. team does not intend to use any ma
simulators for the fullscale reflight on
March 24, 2018.
Complete.
If th I h h | surf
the payload changes t. € external sur é( The payload does not alter the extern
of the rocket (such as with camera housir| .
or external probes) or manages the tot The payload does not change the exter Demonstration. surface of the fuikcale rocket. The acce
2.19.3 P : g : pay g The payload will not change the exterr| hatch does not alter the external shape of t| Section3.4
energy of the vehicle, those systems will | surface of the rocket. :
. ) . suface of the rocket. body tube, but does feature 8 screws whi
active during the fulcale demonstratior . .
flight were all included during the fudicale test
ght flight on February 24, 2018.
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Handbook

Verification Method
Item

Description of Requirement Compliance

Verification Description

Report Section Locatior

The fullscale motor does not have to b
flown during the fullscale test flight,
However, it is recommended that the f.u The team used an AeTech L2200G motd . Incomplete.
scale motor be used to demonstrate full flig for the fulkscale test fliaht on February 2 Demonstration. The team used an AeroTech L2200G m(
readiness andiltitude verification. If the full . g y The team will use an AeroTech L2200G mq for the test launch on February 24, 2018. T .
2.19.4 . . 2018. The team will use another AeroTe . . . : Section6.3
scale motor is not flown during the fitdtale . for all flights of the fuliscale rocketincluding| team will use another AeroTech L220
. .. . . L2200G motor for the fulicale reflight on . .
flight, it is desired that the motor simulate the competition launch. motor for the fullscale reflight on March 24,
. .| March 24, 2018.
as closely as possible, the predict 2018.
maximum velocity and maximuri
acceleration of the launch day flight.
The vehicle must be flown in its fully ballast Incomplete.
configuration during the fulscale test flight, The fultscale rocket will include 2.5 Ib of no!
Fully ballasted refers to the same amount| The fullscale rocket features 4.8 Ib of ballg Demonstration. ballast and 2.3 Ib of ballast at the CG, a t(
2.195 ballast that will be flown during the laung which represents 9.8% of the total mass| The rocket will be fully ballasted for g of 4.8 Ib which represent&0% of the total| Section3.4.3.1
day flight. Additional ballast may ndbe | the vehicle. ground tests and the fulicde test launch. | weight of the rocket. These masses will
added without a reflight of the fullscale included in the rocket assembly for albgnd
launch vehicle. tests and test launches.
. Incomplete.
A full I he fgital . . .
fter succgss ! .y completing the . ale . . Inspection. The team will not modify any of the fidtale
demonstration flight, the launch vehicle ¢ The team will not modify any components ¢ -
. . o : The team will inspect all components aft] rocket or payload components after the-r .
2.19.6 any of its components will not be modifig the full-scale rocket without concurrence ¢ o S , : Section6.8
. , the full-scale test launch to determine if ar flight is complete Exterior paint and decal
without the concurrence of the NASA Ran the NASA Range Safety Officer. e ) . . .
Safety Officer (RSO) modificatiors will be necessary. will be added prior to the competition launc
y ' with the approval of the NASA RSO.
Full scale flights must be completed by t The fultscale test flight was completed ¢ . Incomplete.
start of FRRs (March 6th, 2018). If t Demonstration.
. . February 24, 2018. Due to damage a : The fullscale test launch was completenh
Student Launch office determines that & 1| . . . | The team will complete the fulicale test . .
. . . exceeding the altitude limit, the team wi ) February 24, 2018. The fgtale reflight will .
2.19.7 flight is necessary, then an extension . launch prior to March 6, 2018. The team v . Section6.1
. conduct a reflight of the fullscale rocket or] . . . occur on March 24, 2018 with a backup dg
March 28th, 2018 will be granted. THh conduct any required rdights prior to . :
extenson is onlv valid for rdliahts: not first March 24, 2018. The bagkwate for the re March 28. 2018 of March 25, 2018. The team will submit |
XIens y gnts, flight is March 25, 2018.  £ULS. FRR Addendum by March 28, 2018.
time flights.
, , Complete.
The burnout CG is locatd#D3 in. from the Analysis. The predicted burnout CG on the fstiale
Any structural protuberance on the rket | nose. The  forwargnost  structural . . . : .
. The rocket design M/ not include any rocket is located 60.3 in. from the nos :
2.20 will be located aft of the burnout center @ protuberance on the rocketare the key L . : Sectiord.4.1
. : . . protuberances located forward of th| which isl.2in. forward of the key switcheg
gravity. switches which are locate@ll.5in. from the
burnout CG. There are no structural protuberance
nose. .
forward of the key switches.
. . . Analysis. Complete.
2.21.1 Igr?alr?sm(:h vehicle will not utiize forwa The launch vehicle has no forward canard{ The team will not include forward canards| The full-scale rocket does not featur| Section3.4
' the rocket design. forward canards.
. . . . . .| Analysis. Complete.
2.21.2 The launch vehicle will not utilize forwa The launch vehicle has no forward firi The team will not include forward fing | The fullscale rocket does not featur| Section3.4
firing motors. motors. . . .
motors in the rocket design. forward firing motors.
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Halr:srt:]ook Description of Requirement Compliance Verification Method Verification Description Report Section Locatior
: . . . Analysis. Complete.
2.21.3 ;f:eel;':ltlijtr;(;:u\;argcl(;anwglsnot utilize motors th :i-tgiiﬁzf?;h ::ZOOG motor doext utilize The team will not use a motor with titaniur The fullscale rocket motor, an AeroTe( Section3.4
P PONGEs. PONQEs. sponges. L2200G, does not feature titanium sponge
. . . . . . Analysis. Complete.
2214 The launch vehiclewill not utllize hybrid) The launch vehicle does not utilize hyb The team will not include a hybrid motor | The fullscale rocket does not feature hybr| Section3.4
motors. motors. .
the rocket design. motors.
. . . . . Analysis. Complete.
2.215 The launch vehicle will not utilize a cluster| The launch vehicle uses a single AeroT The team will not include a cluster of motg The fullscale rocket does not feature | Section3.4
motors. L2200G motor. . .
in the rocket design. cluster of motors.
Complete.
The launch vehicle will not utilize frictig The launch vehicle motor mount is epoxied Analysis. . - , T.he. fuIJ.rsF:aIe rocket  does .not featu-r.e .
2.21.6 Fitting for Motors the rocket body tube The team will not use a friction fit for th| friction fitting for motors, and instead utilize| Section3.4.5.4
g ' y ' motor in the rocket design. a mounted AeroPack Quick Change Mg
Retainer.
Analysis. Complete.
2917 The launch vehicle will n@xceed Mach 1 a The launch vehicle has a predicted maxim| The team will utilize simulations to ensul The maximum velocity recded during the Section6.3.2
o any point during flight. speed of Mach 0B that the rocket speed does not exceed Ma full-scale test flight wag51 ft/s, or Mach o
1.0 during flight. 0.67.
. Analysis. Complete.
Vehicle ballast will not exceed 10% of t Thefull-scale rocketontamsa total of4.8 Ib The team will not include a total amount ( The fullscale rocket contains 4.8 Ib of balle ,
2.21.8 : of ballast, whiclcorresponds to 9.8% of th . : . .| Section3.4.3.1
total weight of the rocket. total weight ballast that exceeds 10% the total weight| located in the nosecone cavity and @wics
gnt the rocket design. bay, which i90% of the total weight.
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3.2

Mission Statement

The team is proud to present the fidtale launch vehicle design for the 2018 NASA SL
competition in the pages below. This rocket is an origéesign that includes efforts from
team members with backgrounds in, but certainly not limited to, fgivered rocket design,
structural analysis, electrical design, and sleAdedy aerodynamics. It is the goal of the team

to always choose the rocket apayload options that require the greatest technical demand

to provide a challenge to even the most veteran team members. The rocket will satisfy all the
requirements listed in SectioB.1, Section4.1, and Section/.1 with an extra focus on
maximizang thesafetyand weltbeingof all crew and spectators, as wellthe environment.

3.2.1 Mission Success Criteria

3.3

The success of the fidtale launch vehicle is based on the @rale criteria listed in
Section3.1, Section4.1, and Section/.1, as well as the tearderived requirements
presented in Sectiof0.3 The eam has defined a successful rocket launch as one where
the vehicle apogee is within 100 ft of 5,280 ft AGL (1 mi), the drogue parachute deploys
at apogee, the LARD opelmg 700ft AGL, the main parachute deploys50 ft AGL, and

the entire rocket is resable immediately after landing. To accomplish these goals, every
component of the rocket must work as designed and redundancies should be in place for
each component critical to the flight. The team will rely on simulations, physical
experiments, and tedtights to confirm that the vehicle will be successful with regards to
the above criteria for every flight. Additionally, the success of the deployable rover is
dependent on the success of the launch vehicle since the rover mission starts once the
rocketmission ends.

Desigrand Rationalef FultScale Launch Vehicle

The team completed the fabrication of the fgltale rocket built to the specifications listed in

the CDR Report. The team did address the CDR Action Item listed in S€ectiprrombining

the upper and lower midsection components into a single component with an added coupler
to account for a longer access hatch length, which is detailed in S&doh8 This rocket

was flown on Fehrary 24, 2018, but it sustained structural damage during recovery and
exceeded the altitude limit of 5,600 ft AGL set by the NASA Student Launch Range Safety
Officer. The team will conduct a-fiight on March 24, 2018 and submit an FRR Addendum by
March 2, 2018 as specified by Handbook Item 2.19.7 listed in Segtion

Though the airframe is the same between the alrefidwn and reflight full-scale rockets,

the new design will be described in this repaging the future t@se since the repairs and
final assembly have not been completed as of writing this refdris new design features a
shorter lengthfiberglass wraps around body tube openinged additional ballast weighall
necessary to increase the body tube strémg/hile ensuring the rocket does not exceed the
altitude limit. Table2-1 lists all the major design changes that were applied to the new design
after the test launch failure. These changes detailed in this report and will bacorporated

into the fullscale rocket during the repair and-belild processThe team will submit the final
design, dimensions, and technical specifications of thestidle rocket in the FRR Addendum
by March 28, 2018.
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3.3.1 Dimensionsnd Technical Detail
The fullscale launch vehicle was designed using OpenRocket, a free software that is
utilized by NAR and TRA rocketeers at all certification levels. The rocket is 111.5 in. long
with a constant body diameter of 7.5 in. after the nosecone base. A lardg tube
diameter was chosen to maximize the volume available within the rocket for the payload
with deployable rover. The rocket has three body sections: nosecone, midsection, and fin
can.Figure3-1, below, shows the OpenRockdd 3chematic with body sections labelled
respectively.

Nosecone Midsection ‘ Fin Can

Figure3-1: OpenRocket Model with Section Labels

The current rocket configuration in OpenRocket has a predicted weigh8.4fllwhen

fully assembledwhich acts as the maximum allowable weight for the-$alhle design.
Maximum allowable weights for the payload and avionics bay are described in Sédtion
and Section7.5, respectively. For compiaon, the detailed SolidWorks model of the
current rocket design has a predicted weight4H.8 Ib when fully assembled which
includes accurate weights for the payload and avionics bay. Though these values do
include weight approximations for the payloajionics, and motor, they do not include
weight values for body paint, epoxy, black powder chardéserglass repairsor
fasteners. The weight difference between the two models can be attributed to
discrepancies throughout the models including differendn payload weight, material
density, and bulkhead holeBoth models will be updated continuously throughout the
project timeline to reflect the latest design changes and providgaidgdate values for

total mass. The team will also work on applying t@ddal modelling techniques to
include as many physical components in the OpenRocket and SolidWorks models as
possible Figure3-2, below, shows the detailed SolidWorks model which will be compared

to the OpenRockemodel inFigure3-1 for component mass confirmation.

Figure3-2: Cutaway View dbetailed SolidWorks Model

In its current configuration, the predicted CG location of the rockettia point63.8in.
from the nosecone tip as determined using the mass approximations described above in
OpenRocket. The CG location was confirmed using the detailed SolidWorks model to be
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64.7in. from the nosecone tip. Though the predicted total wegybf each model differ

by nearly2.6 Ib, the CG locations only differ Iy9in., which ensures that the stability
margin is nearly identical between both models. A minimal difference in CG location
between the models is highly favorable and is the restiitonscious efforts to balance
weights in the payload and avionics bay. The predicted CG location in each model will
become more accurate as additional weights, such as body paint, epoxy, and fasteners,
are added to the models throughout the design anbrfeation process.

3.4 Design andFabrication of Fulbcale Launch Vehicle
This section includes the digital models, technical specifications, design justifications, and
fabrication images for the fulicale launch vehicle, which is shoimrFigure3-3, below.

Figure3-3: Isometric View of the Fflicale Launch Vehicle

Note that the SolidWorks model shown above is missing key switches installed at the avionics
bay and that the rail buttons are actually installed on the opposite side of the rocket from the
access hatch.

3.4.1 Body Tube Material Selection
The projected weights of the body tubes and coupler were calculated for thedalle
rocket in order to justify the use ofllBe Tube on the rocket. The combined weight of the
fiberglass forward airframe body tube, fin can body tube, and coupler was calculated to
be approximately 7.83 Ib. The combined weight of the Blue Tube forward airframe body
tube, fin can body tube, and cpler was calculated to be approximately 4.23 Ib. Using
Blue Tube body tube components results in a weight savings of approximately 3.5 Ib,
nearly 10% of the weight of the rocket. Through reducing weight of the rocket, there is
also a reduction of loadinguding flight which provides a higher margin of error for hitting
the target altitude of 5,280 ft AGL.

To verify that Blue Tube would be capable of withstanding forces during flight, the
compressive strength was analyzed. The principle compressive loalle anframe are
caused by inertia and drag. The peak drag f'C:@as calculated usirigquation7 below:
p”

0 w0 0 1)
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where” is the air density at sea level,225—; w is the peak velocity of the rocket,
219.5¢—; 6 is the drag coefficientD.451 and 0 is the frontalarea of the rocket,

0.02857{& . This yields 380.:0. The peak inertial loa’® was calculated using
Equation &elow:

0 dw (2

whered is the mass of the rocket9.09( 'Q "Ganddis the peak acceleration of the rocket,
142.9'—. The resulting peak inertial load on the rocke2729.10 . The total compressive
force™™ on the rocket is givehy Equation 9 below

00 op O QW 0'Q (3)

The supplier of Blue Tube, Always Ready Rocketry, has gdoaidal crush test data for
Blue Tube which is shown fiigure3-4, below.

Blue Tube Axial Crush Test

Load (Ibf)
4000

3000

2000 /
1000 /

A

0.00 002 0.04 0.06 O0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24
Extension (in)

Figure3-4: Blue Tube Axial Crush Test Data

Over three trials, the buckling load for Blue Tube was axiprately 3,000 Ib The factor

of safety for the Blue Tube airframe on this rocket was calculated to be approximately
4.3, confirming that Blue Tube is suitably strong for this application. This is also a
conservative estimate, as the rocket features sevéulkheads and centering rings that
provide additional support. The team conducted buckling testing on sections of Blue Tube
to verify the results received from the supplier. See SecBidnl.1for more details on

this testing.

The rockethasa constant body tube diameter of 7.5 in. and is reinforced with several
bulkheads and centering rings throughout the vehicle. All componardixed to the
airframe usingNVest System$05epoxyand West Systems 206 Slow Hardefdrisspoxy
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3.4.2

3.4.3

was chosen for its high strength, durability, and working time. The launch vehicle
separates at two points: between the nosecone and midsection, and between the
midsection and fin can.

Bulkhead Fabrication

All bulkheads were constructed using she#tf.25 in. thick aircrafgrade birch plywood.
Additional sheets were epoxied together using West Systems 105 epoxy and West
Systems 206 Slow Hardener in areas of increased loading such as the motor mount and
payload bulkhead. The epoxied bulkheads weandar vacuum for 24 hours to allow the
epoxy to fully cure. All bulkheads and centering rings were cut from sheets of plywood
using a laser cutter. 0.25 in. holes were laser cut into all bulkhead layers that fit a small
dowel to prevent misalignment duringure.

The bulkheads and centering rings were positioned upright in the main body tubes at their
correct location. The placement of the bulkheads was maintained using tape to stabilize
the bulkheads while the epoxy cured.

A drill press was used to createyaholes needed through a bulkhead or centering ring.
The hole size and placement depended on which components were attached. When
installing Ubolts, the fastening nuts were secured using Loctite after installation was
complete.

Nosecone Design and Fabtica

The fullscale rocket included a 5:1 ogive nosecone as part of the CDR design, but this size
nosecone was unavailable to purchase from any online rocket component retailers.
Instead, the team has procuredpdastic3:1 ogive nosecone with a 7.5 inadieter base

which does not alter the design of the rocket other than a slight increase in drag and a
shorter overall length. For the case of the {f&lale rocket, both changes are considered

to be improvements to the desigithe nosecone is 22.5 in. lofrgm base to tipFigure

3-5 below shows the8:1 plastic nosecone after removing the base.

5 | @

Figure3-5: Plastic 3:1 Ogive Nosecone with 7.5 in. Base Diameter

A plastic nosecone alsuffers a significant cost and weight reduction compared to the
original fiberglass design listed in the PDR. Simgllel plastic nosecones are common in
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high-powered rocketry and are durable enough for multiple launches and recoveries.
Since the plasticosecone does not contain a metal tip, additional nose ballast will be
necessary in the form of lead balls epoxied in the nosecone tip cavity.

3431 Nosecone Ballast
To add the necessary nose ballast, lead shot balls were acquired and mixed into West
Systems art epoxy until they weighed the desired 2.5 Ib. The mix was then poured
into the nosecone cavity and held level for 24 hours to ensure full curing of the
epoxy. The nosecone ballast cannot be removed and is designed to remain fixed in
its position for theentire flight.

3432 Nosecone Bulkhead
The nosecone features a single bulkhead fixed into the nosecone cavity to be used
as a tethering point for the main parachute. The bulkhead consists of three circular
sheets of aircrafgrade birch plywood sandwiched togethusingWest Systems 2
part epoxy. The first layer is 0.25 in. thick, and each of the top two layers are 0.125
in. thickfor a total thickness of 8.in.

The aft face of the bulkhead is fixed 6.0 in. from the base of the nosecone to allow
additional volume for stowing the main parachute shock cord. Since the bulkhead is
placed inside the nosecone, OpenRocket was used to determine the outer diameter
of the bulkhead so that that it corresponded to the inner diameter of the nosecone
at its current positionBased on a nosecone wall thickness of 0.08 in., the bulkhead
has a diameter 6.9 in. to fit inside the nosecone ca¥igure3-6, below, shows the

aft face of the nosecone bulkhead withddlt installed and the GPS transmitter
attachedby hook and loop as well as three standoff screws.

Figure3-6: Nosecone Bulkhead withBblt and GPS Transmitter
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3.4.33

Nosecone Fabrication
After removing the base of the nosecone, the nose ballast andaw® bulkheads
were installed as described in Secti®d.3.1and SectiorB8.4.3.2 respectively.

The exterior of the nosecone was sanded using 220 grit sandpaper, then successively
finer grit sandpers up to 2000 grit. This process produced a smooth surface finish.
The nosecone was then thoroughly cleaned with mineral spirits prior to receiving
three coats of Rustoleum Automotive primer. The nosecone was not painted for the
test launch.

The nosecoe bulkhead consists of 3 layers of 0.25 in. airegafide Baltic birch
plywood epoxied together. A-bolt was installed through the center of the bulkhead

as an attachment point for the main parachute shock cord. This allows the nosecone
section to remaintethered to the rest of the rocket during recovery rather than
falling as a separate, salbntained independent section. Theldlt shown inFigure

3-7, below, was permanently fixed to the bulkhead during fabrication usingteocti
threadlockerto secure the fastening nuts on the opposite side of the bulkhead.

Figure3-7: Noseconéodel

After fabrication, the nosecone weighed 5.0 Ib without any quicklinks or the GPS
transmitter indalled.

3.4.4 MidsectionDesign andrabrication

The rocket midsection contains the payload bay, avionics bay, and part of each parachute
compartment. The assembled midsection is 48.0 in. long with a constant body diameter
of 7.5 in. to match the base diameter thfe nosecone described in Sectidrt.3 Figure

3-8, below, shows the midsection OpenRocket model with labels for each internal
component and subassembly.
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3.4.4.2

Payload
Main Shock  Centering  Deployable Payload Avionics  Shock
Parachute Cord Ring Rover Payload Bulkhead Bulkhead  Cord

J | | | | |

ey

Main Parachute Compartment Payload Bay Avionics Drogue
Bay Parachute
Compartment

Figure3-8: Midsection with Component and Subassembly Labels

Note that the model above omits two 12 in. couplers: one installed forward of the payload
centering ring in the main parachute compartment and another installed aft of the
avionics bulkheath the drogue parachute compartment. The main parachute coupler is
fully enclosed by the main parachute compartment and is used to strengthen the forward
attachment point for the access hatch described in Sec8i@n4.8 The dogue coupler
length encompasses the entire drogue parachute bay on the midsection, and is epoxied
to the fin canto the inner wall of the midsection drogue compartment to leave a 6.0 in.
shoulder extending into the fin can. The forward end of the coupterfleish against the

aft face of the avionics bulkhead which was installed exactly 6.0 in. from the base of the
midsection.

The main parachute is housed in the forward mdmate compartment, and the drogue
and LARD parachutes are housed in the aft parscbompartment. The recovery system
for the fullscale launch vehicle is described in Sectioifhe avionics bay contains the
electronics sled with attached altimeters and batteriadhichis discussed in Sectidn4.

Addressing CDR Action Item

The CDR Action Item listed in Secti®ri required the team to address the
midsection design prior to launching the faltale rocketThe CDR design contained

a cut at the payload centering ring to split the midsection into upper and lower
sections to allow for easier access to the payload bay and black powder charges. The
NASA Student Launch staff expressed concern for this designwvasld severely
weaken the midsection and create a failure point at the payload centering ring. To
eliminate these concerns, the midsection design has been reverted to its original
design listed in the PDR with the addition of a coupler in the main patech
compartment. The midsection is now one single body tube with an access hatch
extending along one side of the tube. Though the midsection was damaged during
the test launch, it was completely unrelated to the CDR Action Item described above.

Payload BaResign
To determine the desired weight of the payload, the team studied the relationship
between payload bay weight, nose ballast weight, overall rocket weight, and the
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3.4.4.3

resulting apogees for flights using an AeroTech L2200G motor launching from a
vertical 8 ft rail. The results of this study were written in the CDR, and have been
updated for the redesign of the fuficale rocket for the rdlight launch. Since the
nose ballast weight is now fixed at 2.5 Ib, the team studied the relationship between
payload weight, midsection ballast, and apogee for flights using an AeroTech
L2200G. As the payload and rocket weight were changed, the midsection ballast was
updated to ensure a stability margin of greater than 2.0 for the entire flight. As
discussed in Sectidh 3, the team applied a 4.5% increase in altitude to each of the
simulated apogee results to generate a more accurate relationship between payload
weight and apogeeélable3-2, below, hows the OpenRocket flight simulation results

for various payload weightghenlaunching on an 8 ft launch rail with no windspeed.

Table3-2: OpenRocket Flight Simulation Results for Varying Payload Weight

Payload Rocket Total Ballast Simulated Corrected

Weight Weight Apogee Apogee
(Ib) (ft AGL) (ft AGL)
5.0 47.1 4.7 5,431 5,675
5.2 47.3 4.7 5411 5,654
5.4 47.5 4.7 5,393 5,635
5.6 47.7 4.7 5,371 5,612
5.8 47.9 4.7 5,352 5,592
6.0 48.2 4.8 5,322 5,561
6.2 48.3 4.8 5,303 5,541
6.4 48.6 4.8 5,279 5,516
6.6 48.8 4.8 5,263 5,499
6.8 49.0 4.9 5,231 5,466
7.0 49.3 4.9 5,214 5,448

The resultsn Table3-2 show that the payload cannot have a total weigkgd than

5.8 Ib to ensure that the team does not exceed the 5,600 ft AGL altitude limit set by
the NASA RSO. The current weight of the payload bay and rover is listed in Section
7.4. The OpenRocket model will be updated oncefilitscale rocket is repaired and
rebuilt prior to the relaunch scheduled for March 24, 2018.

Payload Centering RiBgsign

Since the payload will remain fixed within the midsection for the entire flight, it was
necessary to add a bulkhead to both erafghe payload bay shown iRigure3-8.

The forward end of the payload is fixed to the rocket body by a 1.5 in. thick centering
ring.

The payload centering ring consists of six rings of 0.25 in. akgnade birch
plywood sandwihed together using epoxy for a total thickness of 1.5 in. The outer
diameter matches the inner diameter of the body tube, approximately 7.34 in., and
the inner diameter i%.0in. to allow clearance for the rover to deploy after landing.
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After using digil calipers to accuratelyneasure and confirm the body tube
dimensions, the plywood ringsere cut out using a laser cutteWest Systemg& part
epoxywasused to combine the rings, whigtasallowed to curefor at least 24 hours
under a vacuum seal.

The brward face of the payload centering ring acts as the lower end of the main
parachute bay. A pair of PVC blastpswere installed on this face using/est

Systemg part epoxy at the base. Since the difference between the inner and outer
diameters of the ingisapproximately 2.5 in only blast caps with base diameters of

0.75in. or less will be used to store the main parachute black powder charges. A wire
terminal with two ports was fixed adjacent to each of the blast caps to act as the
connection pointfor the ematch wire being fed into the respective blast cap. The

blast cap and terminal paisgeref | 6 St f SR dat ¢ F2NJ LINRYI NB |y
small holewasdrilled at a point between the two blast cap and terminal pairs to

allow altimeterwires tobe fed around the payload bay and into the main parachute
compartment. These wires are colooded and labelled primary and secondary to

ensure proper connection to their respective wire terminal. When assembling the

rocket for the launch, thisholewa$d £ SR dza Ay 3 LI dzYo SN & LJdzi i
ejection gases can escape into the payload bay.

Since the payload centering ring supports the payload bay, upper midsection, and
access hatch, the team determined that it would not be suitable to also add an
attachment point for the main parachute to the forward face. Instead, the main
parachute shock cord is fed through a small, rectangular cutout on the outer edge of
the payload ring which is open and accessible by the removable access hatch
described in Sean 3.4.4.8 The cutout is 0.75 in. wide and 0.25 in. deep which
allows ample room for the 0.50 in. shock cord described in Sedti®m When
closing the access hatctng shock cord was held taut in the cutout and then sealed
GAGK LJ dZYoSNRa Lizide G2 SyadiNB GKIFG y2
bay. Figure 3-9, below, shows the payload centering ring with blast caps and
terminals,as it was installed in the rocket body tube.

(p))
0)
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Figure3-9: Payload Centering Ring Assembly

Note that the figure above does not feature the most recent version of the payload
centering ring plug design, whichdescribed in Sectidh4.4.4 below.

Payload Centering Ring Plug Design

As shown inFigure 3-9, above, the rover bay was sealed off during flight by a
removable plug. The plug consists of threeular sheets of 0.25 in. aircragrade
birch plywood sandwiched together using epoxy for a total thickness of 0.75 in. After
creating the plug body, a weatheesistant rubber seal was glued to the outer edges
to ensure an airtight seal. The outer diametd the plug body with seal is equal to
the inner diameter ofthe payload centering ring. After using digital calipers to
accurately measure and confirm the body tube dimensions, the plywood wags

cut out using a laser cuttelVest System®& part epoxy wasused to combine the
rings, whichwere allowed to cure foiat least 24 hours under a vacuum sd&fure
3-10, below, shows the SolidWorks model of the plug with a rubber seal along the
outer edge.
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Figure3-10: Rover Bay Plug

During assembly, the plug was placed over the rover bay opening to the main
parachute compartment and pushed into the hole until it was flush against the upper
payload bearing. The plug protects the rofiEmm any negative effects due to the
rapid gas expansion in the main parachute compartment during each black powder
charge explosion. Additionally, the plug acts as the divide between the payload bay
and main parachute compartment to ensure that no gasas escape into the
payload bay volume which may cause the charges to be ineffective in separating the
nosecone and deploying the main parachute.

A Ubolt was installed through the center of the plug body to allow its removal
following nosecone separatioA small loop was made in the main parachute shock
cord approximately5.0 ft from the end of the main parachute aft shock cord. A
metal, approved carabiner was used to connect the shock cord loop to the plug U
bolt. As the shock cord is pulled out of thengpartment, it also pulls the plug out of
the payload centering ring to open the rover bay. The plug is designed to be
lightweight to reduce any complications with the shock cord and remains tethered
to the shock cord during descent.

Payload Bay Bulkhead

The payload bulkheadcts as the aft attachment point for the payload tube, and
separates the payload and avionics bays. The payload bulkhead consists of three
circular sheets of 0.25 in. aircrajtade birch plywood sandwiched together using
epoxy for a tdal thickness of 0.75 in. After using digital calipers to accurately
measure and confirm the body tube dimensions, the plywood sheets were cut out
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3.4.4.6

3.4.4.7

using a laser cutteWest System® part epoxywas used to combine the sheets,
which were allowed to cure faat least 24 hours under a vacuum seal.

Thepayload bulkhead acts as an attachment point for the main parachute shock cord
to ensure that the nosecone and midsection remain tethered during recovery. A U
bolt was installed through the bulkhead on the safeahe tube that is accessible by
the access hatch. Thellt shown inFigure3-11, below, was permanently fixed to

the bulkhead during fabrication with Loctite to secure the fastening nuts on the
opposite side of the bulkhead.

Lazy Susan U'B.f)lt

Bt
earing

//
Bulkhead

Figure3-11: Payload Bulkhead

The payload bulkhead contains a single 0.25 in. hole opposite 4halto allow
wires from the avionics bay to run up to the main parachute black powder charge
terminals.

Presure Sampling Holes

Four 0.25 in. diameter holes were drilled through the body tube walls of the avionics
bay to allow the pressure in the bay to remain equalized with the outside air pressure
and temperature during flight. To ensure that the holes weracga equally around

the body tube circumference, a square ruler was used to mark the location of each
hole. A hand drill was used to drill out each hole which was then sanded to remove
any scrap Blue Tube shavings.

Avionics Bay Bulkhead
The avionics bay ltkhead separatethe avionics bay from the drogue parachute
compartment at the afimost end of the midsection. Thavionics bay bulkhead
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consists of three circular sheets of 0.25 in. aircgafide birch plywood sandwiched
together using epoxy for a totahickness of 0.75 in. After using digital calipers to
accurately measure and confirm the body tube dimensions, the plywood sheets
were cut outusing a laser cutteiMVest System& part epoxywas used to combine

the sheets, which were allowed to cure forlasst 24 hours under a vacuum seal.

A Ubolt wasinstalled through the center of thavionics baypulkhead ashe forward
attachmentpoint for the drogue parachute shock cord. This afidlae midsection

to remain tethered to the fin can during rocket reamy. The Ltbolt was
permanently fixed to the bulkhead during fabrication using Loctite to secure the
fastening nuts on the opposite side of the bulkhead.

The aft face of the avionics bay bulkhead was installed exactly 6.0 in. from the
bottom edge of the ndsection to allow enough clearance for the fin can coupler
described in Sectio8.4.4 This face also acts as the upper end to the drogue
parachute bay. A pair of 0.75 in. diameter PVC blast wapsinstalled on this face

using West System& part epoxy at the base. A wire terminal with two povas

fixed adjacent to each of the blast caps to act as the connection point forthateh

wire being fed into the respective blast cap. The blast cap and terminalvpaies

labelS R at é¢ FT2NJ LINAYLF NE | yR wagdélledaRaNbiri SO2 Yy R |
between the two blast cap and terminal pairs to allow altimeter wires to be fed
around the payload bay and into the main parachute compartment. These wires

were colorcoded anddbelled primary and secondary émsure proper connection

to their respective wire terminal. When assembling the rocket for the launch, this
K2fS gl a aSIfSR dzaAy3 L} dzyoSNRa Lidzide (2
into the payload bayfFigure3-12, below, shows the avionics bay bulkhead with PVC

blast caps, wire terminals, andhslt installed.
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3.4.4.8
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Figure3-12: Avionics Bay Bulkhead

The payload bulkhead contains a single @2%Hole to allow wires from the avionics
bay to run up to the drogue parachute black powder charge terminals.

MidsectionAccess Hatch

The rocket midsection features a removable hatch that allows access to the payload
bay and avionics bay during assem@lige hatch was cut from the midsection body
tube to ensure that it remains flush and even with the body tube surface when
attached for flight. The hatch is 7 in. wide when viewing the rocket as a flat plane;
this corresponds to a curvature of 115.5°.

When removed, the hatch opening allows team members to access thelU
attached to the payload bulkhead for use when assembling the main parachute
shock cord. Team members also have full access to the avionics bay, as well as all
altimeter wires leading torte drogue and main parachute compartments. Due to the
wide body diameter of the midsection airframe, access to the avionics bay and wires
is no longer be limited to only members with small hands, which was a major
complication when assembling the subscaleket.
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The hatch is secured to the midsection via a total of eight screws. The two top screws
fit into the hatch coupler, four screws fit into the payload bulkheads, and the two
bottom screws fit into the avionics bay bulkhedeigure3-13, below, shows an
exploded view of the hatch and screw placement over the assembled midsection.

Figure3-13: Exploded View of Midsection Access Hatch with Screw Placement

The access hatch has agle 0.25 in. hole drilled through the wall to act as a pressure
sampling port for the altimeters in the avionics bay. The hatch does not create a seal
with the rocket except for the main parachute compartment, where the overlapping
O2 dzLJX S NJ I y Bty adf wbad doSiedieia séal. After several black powder
ejection tests, the hatch has proven itself to be reliable in keeping an airtight seal in
the main parachute compartment.

Midsection Fabrication

The midsection was cut to a length of 48 in. usitiguad saw. The access hatch was
cut out using a hand Dremel tool and cutting wheel. Marks were made on the
midsection 6.25 in. from the aft end and 13 in. from the forward end of the
midsection. A paper template was used to mark the hatch bounddfigsire3-14
shows the midsection marked for cutting the access hatch.
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Figure3-14: Access Hatch Outline

The aft avionics bay bulkhead was installed first. The assembled avionics sled wa
installed to the aft avionics bay bulkhead to guarantee proper spacing between the
avionics bay bulkhead and the aft payload bay bulkhead. A 12 in. coupler was
epoxied adjacent to the aft end of avionics bay bulkhead. The avionics bay without
the sled ca be seen irFigure3-15below.

Figure3-15: Avionics Bay
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The entire payload assembly was installed as one unit with the forward payload bay
centering ring to ensure the Lazy Susesarings were properly spaced. The epoxy
was allowed 24 hours to cure after each bulkhead installation.

A 12 in. coupler was epoxied inside the midsection directly forward of, and adjacent
to, the payload centering ring. A 0.5 in. shoulder was cut froenabupler around

the interior boundary of the access hatch. A drill press and 19/64 in. drill bit were
used to drill radially into the bulkheads at the access hatch mount locations. For each
of the holes, &6-32 nut insert was threaded and epoxied inteetbulkheads. The
forward payload centering ring, nut inserts, and access hatch can be s€gune

3-16 below.

e

Figure3-16: Forward Payload Centering Ring and Hatch Coupler

The hatch was then secured to the midsection using 0.5 in32@olts. The bolts
and nut inserts can be seen belowHigure3-17.
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Figure3-17: Nut Insert with #&2 Bolt

Using a drilpress and a step bit, 2 13/16 in. holes were drilled into the body tube at
the center of the avionics bay to house the radial switches. The switches were
pressed into their respective holes and epoxied into place.

The exterior surface of the Blue Tube hadpiral ridge caused by the filament
wound construction technique. Wood filler was applied to this ridge then sanded
smooth using 220 grit sandpaper, then successively finer sandpaper up to 2000 grit.
The exterior surface was cleaned thoroughly with mathapirits prior to receiving 3
coats of Rustoleum Automotive Primer.

3.4.5 Fin Caresign andrabrication
The fin can on the fulicale launch vehicle is 40.0 in. long and contains the drogue
parachute compartment, motor, and mounted fins. As described ini@edt2 the
drogue parachute compartment contains two parachutes: the drogue parachute for
deployment at apogee, and the Leltitude Recovery Device (LARD) for deployment at
1,000 ft AGL. A 12 in. coupler will encompass thiére length of the inner wall of the
drogue parachute compartment, as described in Se@idm.5 The coupler was epoxied
such that a 6.0 in. shoulder extends out of the top of the fin can for insertion into the
midsection diring assembly. The fin can is secured to the midsection during final
assembly using multiple shear pins, describeceictiBn4.3.6 Figure3-18, below, shows
the fin can with all compnents labelled.

2018 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

Drogue Shock Fins .
Parachute  Cord \—/
- Motor

N 5 \
v \
\
v on |
{ IF\ " I
[} W?ﬁ
i 2l
P =4
W\

LARD Fin Can Motor Centering Engine
Bulkhead Tube Rings Block

Figure3-18: Fin Can with Component Labels

As shown irFigure3-18, above, the fin can has four fins attached through slots cut in the
body tube and secured usimgpoxy fillets at their intersection lines with the body tube.

3451 Fin Can Bulkheddesign
The fin can bulkhead separates the drogue parachute compartment and the motor

bay, which contains the motor tube, centering rings, and motor. The forward face of
the bulkhead was fixed 13.25 in. from the upper end of the fin can to act as the aft
end of the drogue parachute compartment. After using digital calipers to accurately
measure and confirm the body tube dimensions, the plywood sheets were cut out
using a laser cteer. West System@ part epoxywas used to combine the sheets,
which were allowed to cure for at least 24 hours under a vacuum seal.

A Ubolt was installed through the center of the bulkhead as the aft attachment
point for the drogue parachute shock coifihis allows the fin can to remain tethered

to the midsection during rocket recovery. Thebolt shown inFigure3-19, below,

was permanently fixed to the bulkhead during fabrication using Loctite to secure the
fastening nuts on th opposite side of the bulkhead.
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3.45.2

Bulkhead
Figure3-19: Fin Can Bulkhead

Centering Ring Design

The motor tube has two attached centering rings to secure the motor from within
the fin can. The forward centering ringresists of two rings cut out of 0.25 in.
aircraftgrade birch plywood sandwiched together using epoxy for a total thickness
of 0.5 in. The aft centering ring consists of a single ring cut out of 0.25 in. aircraft
grade birch plywood. The outer diameter @dch ring matcasthe inner diameter

of the fin can body tube described in Sect®#d.1 The inner diameter of each ring
matchesthe outer diameter of the motor tube described in Secti®d.5.3 After
using digital calipers to accurately measure and confirm the body tube dimensions,
the plywood rings were cut outsing a laser cuttekVest System& part epoxywas
used to combine the upper centering rings, which werevedld to cure for at least

24 hours under a vacuum se&ligure3-20, below, shows the dimensions for the
centering rings with respect to the fin can bulkhead and engine block.
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Figure3-20: Location of Centering Rings Along Motor Tube

The forward centering ring was installed as the uppermost support for the motor
tube, since the motor tube itself was not fixed to the fin can bulkhead.

To ensure the proper alignment of the fins dyifabrication, the aft centering ring
and top layer of the engine block have rectangular cutouts that match notches on
the fin tabs in the same location. The fin tab notches fit into the centering ring holes
to ensure their proper spacing and orientatioloag the motor tube.Figure3-21,
below, shows a centering ring layer with rectangular cutouts for the fin tab notches.

Figure3-21: Motor Tube Centering Ring with Cutouts forTeib Notches
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Motor TubeDesign

The motor tube is designed to transfer the loading from the rocket motor retainer
to the body tube via centering rings and an engine block. The motor retainer was
fixed to the aft end of the motor tube, and the inner diametetactly matches the
outer diameter of the motor casing. This allows the motor casing to slide into the
tube and be secured using the retainer which acts as the single point of contact
between the motor casing and the rest of the rocket. The motor tubenesaf the

most critical components installed on the rocket, and much caution was used when
handling, installing, and securing the motor tube during fabrication.

The motor tube has a length of 27.0 in., which is 0.8 in. longer than the motor casing
to ensue that the motor casing fit vertically in the fin can with room to spare. The
bottom surface of the motor tube is level with the bottom of the fin can body tube,
and extends out from the engine block by 0.375 in

The motor tube was attached by epoxy to batentering rings, the engine block,
and four fin tabs. The designs for the centering rings, engine block, and fins are
detailed in Section8.4.5.2 3.4.5.4 and3.4.5.5 respectively. The entire motor tube

and fin assembly were fabricated outside of the body tube and left to cure over 24
hours. Figure3-22, below, shows each of the epoxy areas along the length of the
motor tube, with motor remed for clarity, as green regions.

Fin Can Motor Centering Fin Tab
Bulkhead Tube Rings
hY _‘ ! !
"\ g Y d D]
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:r(=|\ |
|1~_='1 |
= |
| Y]
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[} < o A 4 |
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Engine -~ Motor
Block Retainer

Figure3-22- Motor Tube with Epoxy Areas Highlighted

Engine Block Design

The engine block is designed to withstand the largest expected forces from the
motor during flight and transfers loads directly from the motor retainer to the outer
body tube. The engine block consists of five rings cut out of 0.25 in. aigreafe

birch plywood sandwiched together using epoxy for a total thickness of 1.25 in. The
outer diameter ofeach ring matches the inner diameter of the fin can body tube
described in Sectio8.4.5 The inner diameter of each ring matches the outer
diameter of the motor tube described in Sectidr.5.3 After using digital calipers

to accurately measure and confirm the body tube dimensions, the plywood rings
were cut outusing a laser cutteiVest System2 part epoxywill be used to combine
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the upper centering rings, which will then ladlowed to cure for at least 24 hours
under a vacuum seal.

The engine block was the first component epoxied to the motor tube during
assembly. The engine block lower face is recessed into the fin can body tube by 0.125
in. to allow the motor tube to exteth past the engine block and remain level with

the bottom of the fin can. A flanged motor retainer was installed over the motor
tube and was fixed to the engine block face by special wood screws. The dimensions
of the retainer, including the necessary resé&tween the engine block and bottom

of the fin can, were provided by the manufacturer, AeroP&igure3-23, below,

shows the engine block with motor retainer fixed in place after fabrication.

Figure3-23: Engine Block and Motor Retainer

Once the motor retainer was installed on the engine block, the motor casing was
able to slide into the motor tube during assembly. A retainer cap was then screwed
on to secure the motor within & motor tube immediately prior to launch.

Fin Design and Mounting

The rocket fins are critical to controlling the rocket stability during ascent, but
require precise fabrication to limit any errors in manufacturing and installation. The
surface area, crossectional shape, and location of the fins control the location of

the CP along the length of the rocket, which is described in Sebt@i The
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greatest effect on CP can be observed when thedirdnstalled at the aftmost end

of the rocket, which also increases the stability margin by pushing the CP closer to
the tail if the CG remains unchanged. There are numerous sources of conflicting
information regarding fin shapes and sizing availabledoks and online, so the
team relied on advice from mentors and results from OpenRocket flight simulations
to design the fins.

Alan Whitmore, one of the team mentors identified in Sectiod.2 offered the
following advice to the team when asked about fin sizing:

1. Straight lines are easier to design, cut, and install than curved lines.

2. Any part of a fin that extends beyond the bottom of the body tube will be
more likely to break off at impact, thusimlinating rocket reusability.

3. The most durable fins have forward swept trailing edges with the rear of the
root chord starting some small distance from the bottom of the body tube.

4. Fins with a span that exceeds the root chord length will be more subject to
the negative effects of fin flutter during flight.

5. Fins with a span less than half of the root chord length generally do not
perform very well during flight.

6. The most common fin design for higlowered rockets is the clipped delta.

Applying the above adsg, the launch vehicle fins are trapezoidal, each with a root
chord of 10.0 in., a tip chord of 5.0 in., and a span of 6.0 in. The leading edge of each
fin is swept back by 2/3, or 2.0 in. of sweep for every 3.0 in. along the span, to
increase higfspeed &rodynamic performance. The trailing edge of each fin is swept
forward by a slope of 1/6, or 1.0 in. for every 6.0 in. along the span, to increase the
impact durability, and thus reusability, of the rocket. The rocket features four
identical fins installecgt 90° increments around the circumference of the fin can.
Figure3-24, below, shows the dimensions of each fin as well as dimensions for the
fin tabs that were used to attach the fins to both the motor tube and fin can body
tube.
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Figure3-24: Fin Dimensions

Each fin was installed as described in Sec8@h5.7 with fin tabs being used to
better secure each fin to the rockébdy tube as well as to aid in transferring the
loads from the motor to the body tube. Each tab is 8.75 in. long to match the length
between the lower face of the aft centering ring and the upper face of the engine
block. The depth of the tabs will equdlet length between the outer walls of the
motor tube and body tube, approximately 2.25 Kigure3-25, below, shows all fin
and fin tab dimensions.
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Figure3-25: Fin Tab Dimensions

Each fin consists of two cutouts of 0.125 in. airegafide birch plywood sandwiched
together using epoxy for a total thickness of 0.28.sing two sheets reduces flutter
during flight, and the simple manufacturing method allows for extra fins to dasily
created in the event of failuréfter using digital calipers to accurately measure and
confirm the body tube and motor tube dimensions, the plywood fins were cut out
using a laser cutteMVest System® part epoxywas used to combine two cutouts
for each fin, which were allowed to cure for at least 24 hours under a vacuum seal.

Launch Rail Buttons

Two rail buttons were installed on the exterior surface of the body tube to secure
the full-scale launch vehicle on the vertical rail for launch. It is dbkgrto place rail
buttons close to the tail of the rocket so that the rail can guide the vehicle in the
vertical direction for as long as possible. It is also important that the rail buttons be
installed at strong points in the rocket body as the entigt of the rocket will be
supported by the buttons while on the rail prior to launch.

The forward rail button was installed at the forward motor tube centering ring, and
the aft rail button was installed at the engine block. The rail buttons were ladtal
after allowing 24 hours for all epoxied elements in the motor tube to cure. To install
each rail button, a pilot hole was drilled through the body tube and ring. The rail
buttons were screwed in through the pilot holes using the manufacturer
recommendel screws. The rail buttons were installed on the opposite side of the
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3.45.7

3.45.8

rocket as the access hatch, described in Sec3idmn4.8 to ensure that the team
could access all flighdritical components evewhile the rocket was resting on the
launch rail prior to launch.

Fin Fabrication

The fins were constructed out of two sheets of 0.125 in. airegedtle birch plywood
epoxied together using West Systems 105 epoxy and West Systems 206 Slow
Hardener. The olihe of the fins was cut from sheets of plywood using a laser cutter.
The sheets were epoxied together and held under vacuum for 24 hours to allow the
epoxy to fully cureFigure3-26 below shows the fins curing under vacuum.

Figure3-26: Fin Curing Process

To increase aerodynamic performance, the exterior edges of the fins were sanded
to a rounded bevel using a belt sander and angle guides.

Fin Can Fabrication

The fin can body tubeection was cut to a length of 41 in. using a band saw. The fin
slots were laser cut by the supplier, Always Ready Rocketry. Small cuts were made
from the aft end of the fin slots to the bottom of the tube to allow the body tube to
slide on the fin and mor mount assembly. The engine block was epoxied to the
motor tube and left to cure for 24 hours. This subassembly can be seen below in
Figure3-27.
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Figure3-27: Motor Tube and Engine Block

The fins were aligned around the motor tube using the aft centering ring and engine
block. Epoxy fillets were added between the fins, motor mount, and centering ring.
The fin can body tube slid over this assembly while thexg was still wet. An
external rig slid over the body tube and fully constrained the fins in place. Fillets were
then added to the fins and body tube, and the motor mount and body tube. This
whole assembly was left to cure for 24 houfigure3-28 shows the applied fillets

to the fins.
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Figure3-28: Epoxy Fillets on Fins

A drill press and 3/32 drill bit were used to drill radially into the bulkheads at the rail
button locations tocreate pilot holes. 1 in. wood screws were used to secure the ralil
buttons to the fin can.

3.5 Flight Reliability Confidence
After completing fabrication, analyzing the resultsof simulated loading, and by recoveringthe
full-scale rocket after itstest launch, the team is confident that the full-scale rocket will be
ready to launch at the competition.

3.5.1 Launch Vehicle Rfeabrication Testing
This section contains analysis of the tests performed by the team to talida design
of the fulkscale launch vehicle prior fabrication and launch

3511 Blue Tube Buckling Testing and Analysis
Buckling tests were conducted on sections of 5.5 in. outer diameter Blue Tube. A

hydraulic press was used to axially load the Blue Tuii# lbuckling occurred. A
Helm load cell coupled with LabView Data Acquisition was used to record vertical
load and stroke of the hydraulic press. The load cell used in testing is shown below
in Figure3-29.
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Figure3-29: Helm Load Cell Used during Testing

Figure3-30 below shows the resultant loading profile from a 5 in. long section of
Blue Tube.
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Figure3-30: Blue Tube Loading Profile

Buckling occurred at a peak ford  of 6770 Ib and total deformation of 0.023 in.
The buckled test specimen is shown belowrigure3-31.
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Figure3-31: Buckled Blue Tube

As expected, the Blue Tube failatbng the seam formed by the filament winding
construction process. This section of Blue Tube had a wall thickness of 0.07 in. and
crosssectional area of 1.19 square in. The resulting peak stress value was
determined to be 5670 psi. This test was regkchin Ansys to ensure accurate
material properties for Blue Tube were used in subsequent analyses. The results of
this analysis are shown belowfigure3-32.

A: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: psi

Time: L
3/1/2018 10:36 PM
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4358.2

4032
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Figure3-32: Ansys Verification of Blue Tube Buckling

Although the Blue Tube was modeled as an isotropic material, the peak stress and
deformation values match very closely to those in the buckling test. The material
values used in this analysis wereeddor all subsequent Blue Tube analyses.
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3.5.1.2

3.5.1.3

Midsection Acceddatch Loading

The midsection with the revised hatch design was tested for safety under a peak
compressive load of 699 Ib. All bulkheads, couplers, and holes were included in the
analysis to be asepresentative of the actual fuicale launch vehicle as possible.
The equivalent stresses experienced on the midsection are shown belBiglre

3-33.
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Figure3-33: Ansys Verification of Midsection Access Hatch during Flight

The peak stress experienced by midsection under this loading is 565 psi. With a
critical stress value of,670 psi, as determined from the buckling test, the Factor of
Safety was determigd to be 100 for the Blue Tube components in the midsection.

Launch Loading on Fin Can
The fin can and motor mount were assessed in Ansys using launch conditions as

described in Sectiorb.1.2 Figure 3-34 below shows the equivalent stress
experienced on the Fin Can during launch.

A: Full Scale - Fin Can
Equivalent Stress
Type: Equivalent (won-Mises) Stress
Unit: psi
Time: L
3/4/2018 11:36 AM

889.92 Max
19L12
69232
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0.7073 Min
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I .
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Figure3-34: Ansys Verification of Fin Can Loading during Launch
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35.14

A peak stess value of 890 psi is experienced in the motor mount. The ultimate
tensile strength of aircrafgrade Baltic birch plywood was assumed to be 4000 psi,
which grants a safety factor greater than 4.

LARD Deployment Analysis on Fin Can

The fin can bulkhead itth U-bolt that attaches to the LARD amwllogueparachute

shock chord was analyzed for the peak opening force of the LARD. From OpenRocket
simulations, it was determined that the peak force during this event was 709 |b. The
opening force was analyzed apaint force acting on the fin can bulkhead. Figure
below shows the Safety Factor of the fin can during this event.

A: Full Scale - Fin Can
Safety Factor
Type: Safety Factor

Time: L
3/1/2018 11:34 PM

15 Max
10

2.038 Min
0

8.000in)
]

Figure3-35: Ansys Verification of LARD Deployment on Fin Can Bulkhead

The Factor of Safetyf the bulkhead was determined to 2d@which is above the
mandated 1.5. The LARD opening force was also used to determine compliance of
the epoxy bond holding the bulkhead in place. West Systems 105 Epoxy and 206
Slow Hardener were used to bond the budldd to the body tube. The ultimate
tensile strength of this epoxy is 7320 psi, as provided by the supplier. A minimum
Safety Factor of 1.5 mandates that the peak allowable stress experienced by the
epoxy is 4880 psi. 0.25 in. epoxy fillets hold the finlmalikhead in place. With an
inner diameter of 7.34 in., the bonding area was determined to be 5.765 square in.
Using the peak opening force of 709 Ib the peak stress experienced in the bond was
determined to be 123 psi., which is well below the maximurovedid stress of 4880

psi.
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4.

Launch Vehicle Recovery Systems

4.1 Compliance to Handbook Requirements
Table4-1, below, contains the launch vehicle recovery system requirements listed in the 2018 NASA SL handbook as well as tleeqespdieince actions, verification methods, and status.

Handbook
Item

3.1

Description of Requirement

The launch vehicle will stage the deploymé
of its recovery devices, where a drog
parachute is deployed at apogee and a m
parachute is deployed at a lower altitud
Tumble or streamer recovery fronpagee to
main parachute deployment is alg
permissible, provided that kinetic energ
during droguestage descent is reasonabl
as deemed by the RSO.

Table4-1: FullScale Launch Vehicle Recovery System Handbook Item Compliance

Compliance

The launch vehicle usea dual deploy
recovery system which utilizes a drog
parachute at apogee and a iingparachute at
500 ft AGL.An additional parachute, thg
LARD, deploys at approximately 700 ft AG
further reduce the descent velocity.

Verification Method

Demonstration.

The team will use the dual deploy recove
system at the fulscale test launch. The teal
will demonstate successful deployment ¢
all parachutes at their designated altitudes

Verification Description

Incomplete.

The drogue and main parachutes successf
deployed at apogee and 500 ft AC
respectively. Though the LARD was relea
at its target altitude, it failed to inflatedfore
main parachute deployment. The team w
include the LARD on the-fight scheduled
for March 24, 2018.

Report Section Locatior

Section6.5

3.2

Each team must perform a successful grot
ejection test for both the drogue and ma
parachutes.This must be done prior to th
initial subscale and fuicale launches.

The team used multiple ground ejection teg
to determine that both fin can and nosecor
separation events require 4.0 g to |
successful. The fulicale rocket will contair
redundant charges of 4.5 g for eac
separation event.

Test.

The team will conduct ground ejection tes
prior to the subscale and futicale test
launches. The charge size and location
not change after testing is complete.

Incomplete.

The team performed grounejection tests
prior to the fullscale test launch tc
determine that both fin can and nosecor,
separation events require 4.0 g of bla
powder. The team will perform additiong
ground ejection tests prior to the fudicale
re-flight scheduled for March 242018.

Sectiord.3.6

3.3

At landing, each independesections of the
launch vehicle will have a maximum kine
energy of 75 fibx.

The launch vehicleseparatesinto three
independent, tethered sections during
descent. Thenosecone, midsection, and fi
can kinetic energy at impaetreto be 21.10
ft-lb, 46.04 ftlb, and 46.99 fib, respectively.

Analysis.
The team will use simulations and haj
calculations to confirm that each section
the rocket will impact with less tma75 ftlb
of kinetic energy.

Complete.

The hand calculations of kinetic energy
landing show that the nosecone, midsectic
and fin can kinetic energy at landing will |
21.10 ftlb, 46.04 ftlb, and 46.99 fib,
respectively.

Section5.3.2

3.4

The recovery system electrical circuits will
completely independent of any paylog
electrical circuits.

The avionics bay is separated by th
bulkheads on either side to ensure that the
is no interaction between flightritical
electronics and the onboard payload.

Analysis.

The payload and avionics bay will
designed independently of each other al
strict electrical schematics will be used
ensure that there is no interaction betweg
components.

Complete.

The recovery electrmtics were designed an
installed to be completely independent frol
other electronics onboard the launch vehic

Sectiord.4.7

3.5

All recovery electronics will be powered
commercially available batteries.

Only fresh, testd 9 V batteries will be use
for each launch.

Demonstration.
The team will only use unused, tested 9
batteries for each launch.

Complete.
The team used fresh, tested batteries for t|
full-scale test launch. The team has a pacl
fresh, tested batteriesvailable for all future

launches.

Sectiord.4.5
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Analysis. Complete.
. The team will design the rocket electrig Electrical schmatics of the a$uilt
. . The dual deploy recovery system relies . . .
The recovery system will contain redunda . . : system to utilize two altimeters: one electronic recovery system show that tt
. . . two commerciallyavailable altimeters fol
36 commercially available altimeters. The tef arachute  deplovment  and  altitud StratoLoggerCF and one Entacore. Th team uses one StratoLoggerCF and Sectiond.4.3
. ’ 4 A 4 A r 4 = | . . . . .
all f UAYSUSNARE AYyOf dzR P . : ploy .. | altimeters will be completely independent ¢ Entacore AIM USB 4.0. Both ¢
.y . confirmation. The StrattoLoggerCF is prim; . . .
and more sophisticated flight computers . each other to increase redundancy al independently powered, independentl
and the Entacore is redundant. N . : . . .
reliability. Strict electrical schematics will | armed, and trigger a drogue and a mg
used when wiring altimeters. ejection.
Complete.
o o Parachute deployment will only occur as Analysis. Electrical schematics of the -asilt
Motor ejection is not a permissible form ¢ . . . . .
3.7 . result of altimetercontrolled black powdel The team will not rely on a motor ejectig electronic recovery system show that eve Sectiord.2
primary or secondary deployment. . . . :
charge detonation. charge todeploy parachutes. separation event is triggered by
commercially bought altimeter.
During fullscale rocket assembly, Nyl¢ Demonstration. Complete.
Removable shear pins will be ustxt both | shear pins are used to assemble the roc| The team will use Nylon shear pins to sec| Four 440 Nylon shears were us¢d secure
3.8 the main parachute compartment and th sections together for launch. Ground ejecti( parachute compartments for launch. Tk the two parachute compartments durinl Sectior4.3.6
drogue parachute compartment. tests have confirmed that the Nylon pins w team will also demonstrate that the shei ground ejection tests and the fidicale test
shear at each separation event. pins will shear at eackeparationevent. launch.
: .| Analysis. Complete.
. - Hand calculations show that thecket will . . , .
Recovery area will be limited to g5R0 ft.| . . The team will use simulations and haj Hand calculations and  OpenRet} ,
3.9 . drift a maximum of 2,411.6 ft from thq . . . . Section5.3.1
radius from the launch pads. launchpad in steady 20 moh winds calculations to confirm that lateral drift i simulations both show that the fuficale
P y o mp ' within allowable limits for launch. rocket will not drift beyond 2,500 ft.
: . . : . All rocket sections will remain tethere Demonstration.
An electronic tracking device will be install . . - . Complete.
. . . . during descent and recovery. A BigRedl The team will nclude a GPS tracker in tf .
in the launch vehicle and will transmit th L . . The GPS transmitter successfully tracked | .
3.10 . . BRB 900 GPS unit will be housed in | rocket to allow for ground tracking afte . . : Section6.5.1
position of the tethered vehiel or any . ) . . transmitted the rocket location during th
: . . payload bay to allow tracking from a groul landing. This system will be used for the-fi
independent section to a ground receiver. . full-scale test launch
receiver. scale test launch.
. . . . . Complete.
Any rocket section, or payload componel The nosecone, midsection, and fin can | Demonstration. .
; . : : L .| The fullscale rocket separate into three
which lands untethered to the launch vehic| remain tethered taether during the| The team will include at least one actiy . . . .
3.10.1 . . . . : . . . independent sections but remained tetherg Section6.5.1
will also carry an active electronic tracki| descent. The nosecone contains a (@ electronic tracking device in each untethert . .
. ) . . . during the descent. The GPS transmit
device. transmitter to track its location. section of the rocket. .
tracked the entire fullscale test launch.
. . . . . Test. Complete.
The electronic tracking device will be fu| The fullscale rocket uses a BigRedBee . o
. . g : . . . g . .| The team will test the GPS unit prior to laun The tam successfully tested a BRB90O ( .
3.10.2 functional during theofficial flight on launch 900 GPS unit to track its location during flig . . . | Sectior4.4.4.2
da and recove and will bring backup components to eaj unit on campus, and successfully used
Y - launch. same device during the fedlcale test launch
Complete.
, . The recovery system electronics are stow Analysis. The recovery system was designed so t
The recovery system electronics will not | . o . .
in a separate avionics bay from all oth The recovery system will be design|the GPS tracker was separated from {
adversely affected by any other dioard . . . : :
3.11 . . : : onboard electronics. The recovery systen| independently of all other onboar( altimeters by two different blkheads. Both Section6.5.1
electronic devices during flight (from laun¢ . . . . .
until landing) wired independently of other onboar( electronics and stowed in a separg the altimeters and the GPS track
9)- electronics. compartment in the rocket. functioned as expected during the te
launch.
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3.111

The recovery system altimeters will
physically located in a separate compartme
within the vehicle fromany other radio
frequency transmitting device and/g
magnetic wave producing device.

The recovery system electronics are stow
in the avionics bay which is surrounded
bulkheads on either end.

Analysis.

The rocket design will include a separg
compartrent for the recovery systen
St SOGNRYyAOasz tl oSt f

Complete.

All recovery system altimeters are located
the avionics bay, the GPS tracker is locatec
the nose cone bulkhead, in the san
compartment as the main parachute.

Sectiord.4.3.3

3.11.2

The recovery system electronics will

shielded from all onboard transmittin
devices, to avoid inadvertent excitation

the recovery system electronics.

The flightcritical electronics  will  be
separated from the rdsof the payload
section by 0.75 in. thick bulkheads on eith
side of the avionics bay.

Demonstration.

The team will confirm that the altimeters at
not affected by payload electronics usil
ground tests and a fulicale launch prior tg
the competition lainch.

Complete.

Both the altimeters and the GPS transmiti
where operational during the test launcl
and both functioned as expected.

Sectiord.4.2

3.11.3

The recovery system electronics will
shielded from all onboard desés which may
generate magnetic waves (such
generators, solenoid valves, and Tesla cq
to avoid inadvertent excitation of th
recovery system.

The rocket payload does not contain a
magnetic wave generating devices.

Analysis.
The team will not inclde any magnetic
generating devices on the rocket.

Complete.
The rocket does not contain any magne
wave generating devices.

Section7.4.5

3.11.4

The recovery system electronics will

shielded from any other onboard devic
which may adversely affect the prop
operation of the recovery system electronig

The flightcritical electronics  will  be
separated from the rest of the paylog
section by 0.75 in. thick bulkheads on eith
side of the avionics bay.

Demonstration.

The tam will confirm that the altimeters ar,
not affected by payload electronics usil
ground tests and a fulicale launch prior tg
the competition launch.

Incomplete.

The fultscale test flight did not contain g
payload electronics on board. The team v
continue testing the payload electronics
ensure there is no interaction with th

recovery system electronics.

Sectiord.4.2
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4.2

Description of Recovery Events

Figure4-1 below displays an overviewf the recovery system for the fulicale rocket. The
main components of the system are integrated to contribute to 2 successful separation
events, releasing a total of 3 parachut@he first separation deploys the drogue parachute
at apogee as required,hile releasing a contained recovery device still restricted using a Jolly
Logic Chute Release (the Low Altitude Recovery Degiz@amed as to not be confused with

a drogue or pilot chute). The second separation releases the main parachute.

== TAIL AVIONICS NOSE  mesp
MAIN MAIN '
‘__ CHARGE cHarGe ]
TERMINAL [ PAYLOAD ] TERMINAL
ock| | BLOCK
e N D Y M
uuuuuu s ALTIMETER secuncwr [
DROGUE PARACHUTE = carcE CHARGE )| == MAIN PARACHUTE
MOTOR BULKHEAD BULKHEAD BULKHEAD BULKHEAD *NQOT TO SCALE

Figured-1: Recovery System Diagram

Successful recovery system performance begins in the avionics bay. The avionics bay houses
two altimeters: the main altimeter and the redundant altimeter. The redundant altimeter is
included for the event that the main altimeter fails.

At an apogee of 5,280 ft AGL, a signal is sent from the main altimeter to the terminal block in
the drogue compartment. The terminal block relays the signal throughraatEh to a small

PVC cap housirenough black powder to complete the first separation, covered by 3M blue
painters tape to secure the-fBatch within the cap. The calculations for the exact black
powder charge sizemre inSectiord.3.6 and willbe defended with ground ejection tests prior

to launch. The transmitted signal will cause the first separation to occur, and the drogue
parachute will release. One second later the redundant altimeter will send a signal through
the terminal bHock in the drogue compartment to an-rkatch inserted into a second,
equivalent blackpowder charge. This event releases the drogue parachute should there be
an interruption or failure in the main system charge.

The addition of the Low Altitude RecoveneMite (LARD)s intendedto reduce the
instantaneous deceleration felt throughout the rockethen the main parachute is deployed.

To reduce drift, the drogue parachute size was reduced. Without the LARD, the main would
deploy at a descent velocity of appimately 70 ft/s, defended later with OpenRocket
simulations. The main deployment would cause the payload to suddenly jolt 180 degrees
which may dislodge the delicate rover components in the payload Dag LARD is a larger
parachute to be deployed prido the main parachute, slowing down the vehicle to a descent
of 28.4 ft/s and will allow for the main to deploy and the rover to remain secured in the
payload with no significant forces. At this point, the first separation of the recovery system is
complee.

The second step of the recovery system is a successful second separation and release of the
main parachute. For the fuficale launch vehicle, the second separationursat 500 ft AGL.
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4.3

At 500 ft AGL, the main altimetsendsan electrical signal thrggh the payload bay, to the
terminal block in the compartment housing the main parachute. The sigaasmit from

the terminal block through an-Batch connected to a PVC cap filled with an appropriately
sized black powder charge, secured with 3M bluaneais tape. This charge will pressurize
the main cavity and forcefully separate the nosecone from the midsection of the rocket. This
event releases the main parachute deployment bag, which allows for more time between the
unfurling of the shroud lines artle main parachute opening, thereby decreasing the impulse
from the parachute opening. One second later, the redundant altimeter will send a signal
through the terminal block to a seconehiatch connected to a second, identical PVC cap. The
black powdeircalculationsand results from ground ejection tests @aneluded inSectiord.3.6

Recovery System Hardware

A prereefed parachute was chosen for the main parachute. The Fruity Chutes Iris Ultra
Compat parachutes employ reefing of the inner diameter shroud lines. Reefing these lines
changes the shape of the parachute during descent. In changing the shape of the parachute,
the coefficient of dra¢d is increased The coefficient of drag for the weefed, elliptical
parachute is 1.5, where the coefficient of drag of a reefed parachute with the same diameter
is 2.2.

The focus of the drogue parachute was to find a small parachute to minimizkdsift For
this reason, an elliptical parachute wo of 1.5 was chosen.

The LARD will be a Fruity Chutes Iris Ultra Compact 60 in. parachute. The LARD will attach to
the same shock cord line as the drogue and release during the drogue sepanatiat) but
will be retained by a Jolly Logic Chute Release until the desired deployment altitude.

4.3.1 Drogue Parachute

The drogue parachute is a Fruity Chutes Elliptical 18 in. parachuted tué the
parachute is 1.5, and the parachute is attached toap in the aft shock cord by a size 1
quick link (explanation in Section 4.3.5), where the quick link attaches toltbk. [The

size of the drogue is chosen to decrease wind drift. The drogue deploys during the drogue
separation at apogee. The droguarpchute is protected within the rocket by a Nomex
cloth.

¢KS RNR3IdzS LI NI} OKdziS gAff AYydiNRBRdzOS RNJ 3
point where vertical velocity is O ft/s. At apogee, after all of the motor propellant has
burnt on ascent, alyf the forces on the rocket are momentarily balanced. Though a large
parachute deployed at apogee would promote a soft, safe landing and a recoverable,
reusable rocket as listed in requirement 2.18 of the 2018 NASA SLI Handbook, the effect
of deploying aarge parachute at approximately 5280 ft AGL could result in a landing
position outside of the recovery range. Wind drift restrictions are posted in requirement
3.9 of the 2018 NASA SLI Handbook, which limits landing distance from the launch pad to
a 2500ft radius.

For drogue sizing, th0 will be 1.5 for an elliptical parachute. The following equation
can be used to determine the equilibrium descent velocity for parachutes of specific
surface areas:
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4.3.1.1

4.3.2

4321

ca "Q
d\ /" (4)

whered is the mass of the body falling beneath the parachute, which is the empty rocket
weight of 38.2 b or mass of 1.19 slu'Qs the coefficient of gravity 32.174 ffisc> is

the terminal velocity of the falling mass with the drogi"V,is the surface area of the
employed drogue, an™ is the air density, .002377 slugs/fin order to determine the
size of parachute needed, the team focused on minimizing drift, and therefore the team
did not set a limiting bound or minimum descent vety / terminal velocity limit for the
weight falling beneath the drogue.

To minimize drift beneath the drogue parachute, a parachute size of 18 in. is selected.
This size changed since the CDR, where a 24 in. parachute was going to be utilized, but
due t the decrease in drift with the decrease of drogue size, a Fruity Chutes 18 in.
elliptical chute was selected. The terminal velocity of the rocket beneath the drogue will
be 113 ft/s. The descent velocity beneath the drogue is high, but section 4.3 &rexpl

the use of a LARD Parachute device as a primary recovery device and how its
implementation will benefit the recovery system.

Descent Rate

OpenRocket simulations predict the descent rate of the falling rocket beneath the
drogue to be 113 ft/s. The desut rate is high, but in order to reduce wind drift the
drogue must be reduced.

LARD Parachute

The LARD parachute is a Fruity Chutes Iris Ultra Standard 60 in. parachut® vitfha
LARD is utilized to reduce the amount of force transferred to the payload during main
parachute ejection. The LARD is contained within a 4 in. deployment bag. The deployment
bag is attached to the top loop of the LARD parachute with a sizék lipk. The shroud

lines of the LARD are-falded within the deployment bag loops. The flap of the
deployment bag is folded over the shroud lines. In order to pull the parachute from the
deployment bag, a pilot chute is attached to the top of the depleytrbag second loop.

The pilot chute is folded with its shroud lines inside. The pilot chute is laid on top of the
deployment flap and a nomex cloth is wrapped around. The nomex cloth is attached to
the same loop as the drogue chute in order to avoid tamggWith the pilot shroud lines.
Around this entire recovery set up, a Jolly Logic chute release is attached with two rubber
bands connecting the key of the chute release. The chute release is turned on before
storing within the rocket, and set to releatiee key at 900 ft AGL in order to allow for the
LARD parachute to eject and inflate and effectively complete the objective.

Descent Rate

OpenRocket predicts the descent rate beneath the LARD to decrease to 27 ft/s. This
is a drastic decrease in descentadtom the drogue descent rate and will prove
effective for decreasing wind drift as well as absorbing some of the shock of the main
parachute inflation.
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4.3.3 Main Parachute
The main parachute is a Fruity Chutes Iris Ultra Standard 120 in. parachuted ithfa
2.2. The main parachute is contained within a deployment bag with a different
arrangement than the LARD parachute; unlike the LARD, there is no pilot parachute. The
7.5 in. deployment bag top loop is attached to thebblt in the nosecone, and the
deployment bag is not attached to the main parachute in any other way. The parachute
is folded and inserted into the deployment bag with the shroud linédded into the
outer loops on the deployment bag. The flap of the deployment bag is folded over the
shroud lines and inserted into the nosecone. The main parachibibdt is attached to a
loop in the forward shroud shock cord using a size 2 quick link.

At 500 ft AGL, the main separation will eject the main parachute allowing it to deploy fro
the deploymet bag. A deployment bag is being used to slow down / delay the
deployment of the chute, further reducing the opportunity for wind drift. A similar
equation to the drogue calculation will be used:

. a"Q
6 o2 (5)

o VT
but the teminal velocity of the falling weight beneath the main parachic» hwill be
set as a maximum df5.38 ft/sthe maximum impact velocity for a kinetic energy of 75ft
Ibf, calculatedn Section5.3.2. The chosen style of parachid is 2.2as shown above.
Figured-2, below, shows the predicted descent velocities of Iris Ultra Standard parachutes
of various diameters.
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Figured-2: Fullscale Main Sizing vs. Descenbufig) Prediction
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FromFigure4-2, for the maximum impact velocity of 15.38 ft/s (the maximum descent
velocity for the total falling body weight to be within the kinetic energy limit) a parachute
diameter of at least 108 in. is raged. For a safe landing, and to account for any weight
variances in construction, the Iris Ultra Compact 120 in. parachute will be used for the
main parachute and will allow for a descent velocity of 13.85 ft/s, which is below the
maximum impact velocitpf 15.38 ft/s. The descent and impact velocity predicted by
OpenRocket simulations is 13.55 fils3 ft/s more than the calculated descent velocity
from the Fruity Chutes descent rate calculator. The effective kinetic energy limits for each
independent sction at landing are discussed in Sect®B.2 The predicted kinetic
energies of each Section at landing are included inTduale4-2 below.

Table4-2: FullScale Predicted Kinetic Energy Values at Impact

Maximum Descent Kinetic Energy at

S8 SRl Velocity (ft/s) Landing (félbf)
Nosecone 0.22 13.85 21.10
Midsection 0.48 13.85 46.04
Fin Can 0.49 13.85 46.99

4331 Descent Rate
Open rocketpredicts the descent rate beneath the main parachute to decrease to

13.55 ft/s. The main parachute descent rate of 13.55 ft/s is less than the maximum
body section descent rate (13.85 ft/s) required &achbody section to land within
the maximum kineti@nergy at landing of 75 ft/s.

4.3.4 Quicklinks
The recovery system contains two sizes of quick links, one standard size attaching the
shock cord to all of the bulkheadtdlts and plug, and parachutes, and one smaller size
attaching parachutes to deployment bags well as the pilot chutebblt for the LARD to
the LARD deployment bag. The quick link measurements can be seen in the graphic below.
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Figure4-3: Quick Link Layout, Size and Count

Thereisatotal® mn ljdzA Ol €t Ayla dzaSR gAGKAY GKS NE
aYFffSNI ljdza O1 f Ay 1 Bizeqdick [inlS Belod is Al&DFIEBEE laypr ( K S
of the forward portion of the recovery system between the nosecone and forward
midsection wih labels to display the location and size of quick links within the system.
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4

Figured-4: Quick Links Within the Forward Recovery System

Below is a condensed layout of the aft portion of the recovery sydietween the aft
midsection bulkhead and fin can midsection with labels to display the location and size of
quick links within the system.
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4.3.5

Figure4-5: Quick Links Within the Aft Recovery System

The strengh of the small quick links, size 1, is 200 Ib in the long direction. The strength of
the midsize quick links is 500 Ib in the long direction, which is the direction that pulls
most in our system. The quick links were chosen because they were alreadyplayailis

fits the team derived goal to utilize available resources and save money on materials.

Shock Cord

For both the forward (main) and aft (drogue) separations, a total of 480 in. of shock cord
are used to minimize the opportunity for the separatextket sections to interfere with

one another during flight.

The following graphic shows the layout of the forward shock cord, between the nosecone
and the forward end of the midsection.
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Figure4-6: Forwad Shock Cord Diagram

The forward shock cord contains a loop knot (bowline knot) for the main parachute 168
in. from the nose cone. The shock cord is attached to the nose cone with a quick link (size
2) to the Ubolt in the nose cone bulkhead, on the sampgick link the main parachute
deployment bag is attached, allowing plenty of room for the main parachute to inflate.
The plug which plugs the payload section to protect against black powder exposure is
attached to a knot 175 in. from the main parachutdaahed via bowline knot and a quick

link (size 2). In order to be pulled from the payload safely and not interfere with the rover,
the plug is 91 in. from the forward end of the midsection. The shock cord attached to the
forward end of the midsection is wen through a slot in the centering ring and lansan
bearing, in order to reach through the payload section. Through the open hatch a bowline
knot is tied to an untied end, a quick link (size 2) is attached and then attached and closed
to the bulkhead kbolt on the aft payload bulkhead/forward midsection bulkhead.

The aft shock cord is shown in the graphic below.
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Figure4-7: Aft Shock Cord Diagram

The aft shock cord contains a loop knot (bowline kntigahed with a quick link (size 2)

to the aft end of the midsection bulkhead. The LARD parachute is attached 96 in. from
this bulkhead, with a loop and bowline knot and quick link (size 2). The drogue parachute
is 230 in. from the LARD, attached with antioe loop and quick link (size 2). The final
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4.3.6

loop in the shock cord attaches to the fin can, 103 in. down the shock cord, also attached
with a quick link (size 2) to thehwlt in the fin can.

The shock cord is loaded slightly differently than in the;gas shock cord quicklinks are
attached and the system is laid out length wise, and then the shock cord between
segments is folded accordion style and loosely rubber banded and placed within the
respective sections of the rocket before final assemblylnazction of body sections.

Black Powder Charges

The black powder charge size for both primary charges is a mass of 4 grams. The black
powder was resized following ejection testing that did not account for the amount of
space taken up by the volumes of skamrd and volumes of parachutes. Though the
empty cavity lengths are calculated to require a mass of 6(+) grams, the amount of space
GFL 1Sy dzLJ o6& Iff 2F GKS NBO2@OSNE agaisSvyQa
forward and aft sections.

During the first ejection test for the fulicale test launch, the large charge size ripped
both the nosecone bulkhead from the nosecone, and emitted enough force through the
payload section to completely remove the forward payload bulkhead from within the
rocket, jarring the altimeter switch key switch from the inside and inducing structural
damage. The minor setback allowed for redesign and resizing of black powder charges to
a primary charge size of 4 g as mentioned above, and a redundant charge size of 4.5g

The old lengths were 20.25 in. (between nosecone and forward midsection) and 19.00 in.
(between the aft midsection and fin can); however, the deployment bag of the main
parachute combined with the shock cord in the forward section took up 10 in. so the
forward calculation is included below,

& minnd O 20

where 0 is the length between the closed cavity bulkheads 0 1ds the length of the
space taken up by recovery equipment, assuming the entire diameter of tha
space/volume is consumed. The calculation is done as follows,

a Tt 1z ¢ B UQE p 11Q8 2 x& 1TQ8 o®Q

but to be on the safe side, the charge is planned to be 4 grams for the primary charge. As
usual, the redundant charge addsgrams, and so the redundant charge is 4.5 g.

The calculation for the aft section is the same, but the amount of space taken up by the
recovery equipmend is 9 in. for the aft/drogue and LARD section. The calculation is
done as follows,

a T2 p 68 w08 2 x& 108 08"Q

and again, to be safe, the primary charge is planned to be 4 grams. The redundant
chargeis 4.5 g.
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The ejection testing for both charges was successfully tested and the test flights with the
new chargesizes were also successful, so the competition flight separations will prove
successful.

4.4 Recovery System Avionics
The launch vehicle contains a single avionics bay which houses all recovery system electronics

except for the Jolly Logic Chute Release wisietttached directly to the LARD parachute. The
AV bay is 6.25 in long, and contains an AV sled which is placed into the bay through the
removable hatch on the body tube. The AV sled holds two 9V batteries and two commercially
available barometric altimets. Each altimeter has a dedicated battery and is armed with a
dedicated key switch, the two systems operate on separate circuits and are independently
redundant.

4.4.1 Exterior Switches
Two key switches are accessible from the outside of the rocket body. Easlwvikch was
fit through a drilled hole in the rocket airframe, secured with a nut, then epoxied to the
interior of the airframe. The two altimeters responsible for drogue and main deployment
are each armed with a dedicated key switch, and the switchesaacessible from the
exterior of the rocket airframe when the rocket is in the launch configuration on the
launch pad. The switches are capable of being locked in the ON position for launch. The
switches will not be armed until the vehicle is erected ba launch rail to avoid battery
drain and premature black powder detonation.

4.4.2 Avionics Sled
The AV sled holds the altimeters and batteries secure in the AV bay, and is placed into the
AV bay through the removable hatch during launch day assembly. Thegatiynbled
sled can be seen irigure4-8 and Figure4-9.

Figure4-8: Assembled AV Sled Altimeter View
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Figure4-9: Assembled AV Sled Battery View

The sled was designed to enable both altimeters to be viewed face up from the hatch,
allowing for easy access to altimeter terminals and a clear view of the wiring. The sled
was constructed out of laser cut 0.125 in. thick aircraft birch plywood, using finger joints
and epoxy to hold the pieces together. Plywood was chosen because it is readily available,
easy and quick to work with, and relatively light. For extra strengthpthim platform of

the sled was made by sandwiching 3 identical pieces of plywood, giving a total thickness
of 0.375 in. The dimensions of the sled are showFigure4-10.
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Figure4-10: AV Sled Dimensions
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The side of the sled facing the hatch contains two slots for the altimeters. The slots
provide additional support to the altimeters during flight without blocking access to
terminals or comingnto contact with the electronics. The altimeters are mounted onto
the face of the sled using small plastic standoffs to keep electronic components from
contacting the sled surface. The standoffs are aligned with designated attachment points
on the altimeers, and epoxied to the sled. The side of the sled facing away from the hatch
contains two slots to hold two 9 V batteries. To prevent the batteries from falling out of
their slot or getting disconnected during flight, each battery and battery cap idytigiut

tied to its enclosure using small holes drilled into the sled. During assembly and prior to a
launch, the altimeters and batteries will be secured to the sled before the sled is inserted
into the AV Bay.

Inside the AV Bay, four aluminum 1 in. by lLi brackets are permanently screwed to the
forward and aft fixed bulkheads, two to each bulkhead. The brackets are oriented so that
the outer face faces the hatch. A bolt was placed through each bracket, pointing towards
the hatch, and the head of eaclolb was permanently glued to the inner face of the L
bracket. During assembly, the sled is mounted onto the four bolts, one on each corner,
then secured with a nut. This design for mounting the sled was chosen because it uses
easily accessible fastenersdais quick and easy to assembfégure4-11 shows the AV

sled mounted in the AV bay.

Figure4-11: Fully Assembled AV Bay
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4.4.3 Altimeters

443.1

4.43.2

The teamis using &tratoLoggerCénd an Entacore AIM USB 4.0 to measure altitude and
trigger primary and redundant separation charges. These altimeters were chosen because
the team has successfully used these altimeters in the past. Two different brands of
altimeters will be used to avoid the possibility of both altimeters failing due to a common
YIydzFlI OGdZNBENDRa RSTFSOU® ¢KS (g2 FEfOGAYSHSNA
powered by a dedicated 9 V Duracell battery, armed with a dedicated key switch, and
triggers a drogue and main charge.

Primary Altimeter
TheStratoLoggerGBhown inFigure4-12, was chosen as the primary altimeter.

= - R i

}' \ £ o
5 PerfectFlite
~"a: StratologgerCF

Figure4-12: Primary Altimeter StratoLoggerCF

TheStratoLoggerCWas chosen as the primary altimeter because it can only vary the
altitude of main deployment, and cannot add a time delay to main deployment like
the Entacore can. TH&tratoLoggerCWill also functim as the competition altimeter,

its readout will determine the altitude of apogee. Th®tratoLoggerCHs
programmed to activate drogue deployment at apogee and main deployment at 500
ft. The wiring for the altimeters is color coded: red and black wirdedtl from the
StratoLoggerCHErogue terminals to a terminal block on the aft face of the AV
bulkhead, which will be wired to the drogue primary charge. Green and black wire
will lead from theStratoLoggerChain terminals to a terminal block on the forvear
face of the Payload centering ring, which will be wired to the main primary charge.

Redundant Altimeter
The Entacore AIM USB 4.0, showrFigure4-13, was chosen as the redundant
altimeter.
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Figure4-13: Redundant Altimeter Entacore AIM USB 4.0

The Entacore is programmed to activate drogue deployment at one second after
apogee and main deployment at one second after 500 ft. The 1 s delaglad &l

the redundant charges to avoid over pressurizing the tube and damaging bulkheads

or the body tube. A delay of 1 s has been used by the team before and has proven

to be sufficient. The wiring for the altimeters is color coded: solid red wire wdl lea

FNRY GKS 9yialO2NB a!'é¢ GSNXYAyLE G2 | SN
bulkhead, which will be wired to the drogue redundant charge. Solid green wire will

f SFR FNBY (KS 9yialFO2NB a. ¢ GSNXAyLFE G2 |
Payload cetering ring, which will be wired to the main secondary charge.

4433 Electromagnetic Sensitivity
The only radio transmitter on board the rocket is the BRB 900 GPS tracker. The

transmitter is attached to the nose cone bulkhead, it is 3.5 ft away from the
altimeters, with two bulkheads, the payload, and the main parachuteeirween.

The material between the transmitter and the altimeters provides adequate
shielding from EM waves. This was shown during the test launch, where both the
transmitter and the altimetergunctioned as expected with no sign of interference.

The payload features one 400 MHz radio receiver which operates a latch. The GPS
tracker transmits on a different wave length, so there will be no interference. This
was also shown during the test flighivhere the latch was unaffected by the
transmitter.

4.43.4 Altimeter Testing
TheStratoLoggerCénd Entacore altimeters were tested to ensure that they trigger
at the correct altitudes. Each altimeter was programmed to set off the main
parachute black powder chge at 500 ft AGL upon descent. A 9 V battery was chosen
and tested using a multimeter to confirm the correct amount of output voltage. One
green LED and one resistor was wired in series to the main parachute terminal and
yellow LED and resistor was wiredseries to the drogue parachute terminal on the
altimeter. The resistors were added to prevent the altimeters from blowing out the
LEDs. The altimeter was then connected to the battery and the entire circuit was
placed inside a mason jar. The lid of faehad a small opening to allow a plastic air
hose to enter the jar. The lid was screwed on tight and putty was placed along all the
seams to ensure an airtight seal. Using a vacuum pump, the pressure in the jar was
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reduced to a near vacuum. Once the vacupump is turned off, the yellow light
illuminated briefly to indicate the apogee event. The pressure in the jar will be
increased slowly and the green light illuminated briefly to indicate the main event.

Four altimeters, two of each type, successfulynpleted the test. Main firing is
shown in figure

Figure4-14: Successful Altimeter Test

4.4.4 GPS Transmitter

GPS tracking of the ftdkale rocket is done by a BigRedBee BRB900, shduguiied-15,
which uses an XBdeRO 900HP transmitter.
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Figure4-15: GPS Tracker BRB900

A BRB 900 is used because it does not require an amateur radio licensee aganthhas
successfully used them in the past. The BRB 900 isecoseifined system with an internal
battery, GPS receiver, and 900 MHz spread spectrum transmitter. An LCD display receives
the coordinates of the rocket in real time. The GPS is mountdd tre nosecone
bulkhead, behind the parachute, and secured with Velcro and 2 standoff screws. The
parachute and deployment bag will protect the transmitter from the ejection charge, and
there will be sufficient space to extend the whip antenna along teket body.

444.1 Transmitter Frequency
The transmitter operates on a 900 MHz, spread spectrum wavelength. Since this is a
frequency hopping system, it is resistant to narrowband interference. The wattage
of the transmitter is 250mw. The range is approximatelyies according to the
BRB900 documentation. With a fully charged battery, the transmitter can operate
for more than 24 hours.

4442 GPS Testing
The team had two BRB900 GPS trackers on hand, both of which were tested. Each
transmitter was turned on outside with clear view of the sky to obtain a satellite
lock, and the LCD receiver was turned on to connect to the transmitter. One of the
transmitters was not able to obtain a satellite lock after several attempts, and was
discarded. The remaining transmitter waéaced in a backpack, and taken on
22t FEAYS w2dziS y>X | 6dzA NRBdziS I NRdzyR b/
and returning to the lab, the GPS data was uploaded to a computer and opened in
google earth. The GPS test data is showkiguire4-16. Some parts of the route are
obscured because the altitude of the tracker dipped below what was ground level
altitude when the GPS first obtained satellite lock. This is not an issue when viewing
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445

4.4.6

rocket launch data. The position datas compared to a map showing the route 8
path, and was found to be accurate.

G%o le E’_arth.

Imagery Date:'S/1/2017  35°46'35.90" N/ 78240'26.42" W' elev 396t eyesalth1544 70D

Figure4-16: GPS Test Data

Batteries

Each altimeter is powered by a dedicated 9 volt Duracell battery. The Duracell brand was
chosen for the batteries because the team conducted an experiment in a previous year
which found that Duracell brand batteries generally deviated from 9 volts less than other
brands. The two batteries fit into slots on the AV sled. To prevent the batteoiesfélling

out of their slot or getting disconnected during flight, each battery and battery cap is
tightly zip tied to its enclosure using 0.25 in. holes drilled into the sled. The GPS
transmitter is powered by its own rechargeable Lipo battery which pawer the
transmitter for more than 24 hours on a full charge.

Avionics Bay Components and Weights
Every component in the avionics bay was weighed with a scale and listeabie4-3
below:

Table4-3: Avionics Bay Component Weights

Components Weight (Ib)

1 Plywood Sled 0.221b

1 StratoLoggerCF 0.021b

1 Entacore AIM USB 3.0 0.031b
2 Duracell batteries, 9V 0.201b
2 key switches 0.221b

2 battery caps 0.011b

4 ft of wire 0.07 Ib

2 terminal blocks 0.031b

4 L brackets 0.08 Ib

4 bolts 0.081b
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8 nuts 0.09 |b

4 screws 0.011b

1 threaded rod 0.09 |b
Total: 1.151b

4.4.7 Electrical Schematic of Avionics
The electrical schematic of avionics is showRigure4-17. The schematic demonstrates

that the system is independently redundant. The wires leading to the ejection charge
terminal blocks are correctly color coded, and everything is positioned appatedy how
it would appear if viewed from the hatch, as showrrigure4-11.

Primary Main Charge Redundant Main Charge
(500 ft) (500 ft + 1 second)

B -
Entacore AIM USB 4.0
- Keyswitch

‘ I— A ¥
1
Switch  Main oV battery
J

Stratologger CF

+ Drogue :|

Key switch |-

I
9V battery
+L

Redundant Drogue Charge

Primary Drogue Charge
% 5 B (Apogee + 1 second)

(Apogee)

Figured-17: Electrical Schematic of Avionics
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5. Launch VehiclBerformance Predictions

5.1 FlightProfile Predictions
This section contains analysis of simulated flight profiles of theséalle launch vehicle from
OpenRocket and published simulation information for the selected motor.

5.1.1 Simulated Flight Profiles
The teamhas relied on flight simulation results to determine the effectiveness of the full
scale launch vehicle desigRigure5-1, below, shows the results from one of these
simulated launches, where the location was set to Huntsvilleadd windspeed was a
constant 10 mph, launching from an 8 ft launch rail angled 5° from vertical.
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Figureb-1: OpenRocket Simulation with 10 mph Winds at Huntsville, AL

Figureb-1, above, shows that the rocket motor will burn out at approximately 2.4 seconds
to let the rocket coast for another 15seconds until reaching apogee a253ft AGL. The
entire flight last€98.5seconds and the ground impact velocityl &1 ft/s, well bdow the

limit assigned in Sectidh3.2 The team is confident that the numerous flight simulations
run using OpenRocket are reasonable to use when iterating the rocket design.
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Table 5-1, below, shows the results for various flight simulations using the same
environmental parameters described above.

Table5-1: OpenRocket Simulation Results for Varying Winds

Wind Speed Apogee Flight Time Impact Velocity
(mph) (ft AGL) (s) (ft/s)
0 5399 100 12.1
5 5391 101 12.1
10 5253 99 13.7
15 5331 100 13.7
20 5282 100 13.7

The simulation results show that the rocket has a very predictable and steady flight
pattern. Regardless of wind epd, the apogee never deviates more tha0%t, and the
impact velocity is never greater than Z3t/s. The team is confident that the rocket will
perform as expected, andtends tocontinueusingOpenRocket simulatiorthroughout

the remainder of the mjectto observe the effects that any small change may have on
the overall design.

Simulated Motor Thrust Curve
The chosen contender for the fidbale motor is the AeroTech L226PGwith the
simulated motor thrust curve shown below Figure5-2.

Motor thrust curves
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Figure5-2: AeroTech L2200GP Motor Thrust Curve

From the thrust curve ifrigure5-2, the performance provides the highest max thrust
3100 N and the total impuésof 5,104 Ns in less burn time (2.4 s), stabilizing the rocket
quickly during flight.
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5121 Simulated Motor Thrugb-Weight Curve

From the thrustto-weight curve inFigure5-3 below, the thrustto-weight ratio can
be determined for he selected AeroTech L2200G motor.
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Figure5-3: AeroTech L2200G Motor ThrastWeight Curve
To calculate the thrusto-weight ratio Equation 6 is used
Y DO 6i O ®)
®w U o0@dQan

and both values can be taken fra@penRocket simulations and manufacturer data.
After converting the raximum rocket weight from pounds to Newtons, the ratio is

calculated below as

Y opmT

i 7
o cmap P X Q)

5.1.3 Launch Rail Exit Velocity

The rail exit velocity requirement 2.17 of the 2018 N/ABAdent Launcidandbook sets
a lower limit of 52 ft/s for he exit speed of the rocket from the launch rail. In order to
determine the launch speed of the fidtalerocket, the locations of rail buttons and the

size of the launch rail were determined.

Equation9, shown below, is the equation for launch rail esdtocity:
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Y O
a

(8)

d\

where L is the distance the top rail button travels before leaving the rail (ft) and is
equivalent to:

608 0 08 0 0 9)

which is equivalent to the difference in the lgth of the rail and the distance between
the top most rail button and the aft most point of the rocket. For the-falhle:

0 wdRe p e x XQ& @8 ¢Qo

and“Yis the average thrust (fpover the first instant of flight, taken from Open Ret
simulation. The predicted values for both subscale andsfidle motors are provided
below:

Y ¢t T@ L T& UQ
@ and) are the weight and mass of the launch vehicle, listed below
© T @
a pd T ao Qi

—is the angle othe launch rail from horizontal, which is typically 85 degréesn
horizontalfor launch purposes for both fulicale and subscale.

— YvulJd

With this information,MATLABs usedto analyze the rail exit velocity, and is plugged in
below for clarificationThe MATLAB code is includedhippendix A

, Cz e cQz vmg Wt @ac OFPu | .
G 0B T 00 Qi ¢ & Jon

The hand calculations show that the rocket will achieve a vertical speed of 62.48 ft/s at
the end of the dunch rail, which exceeds the minimum requirement of 52 ft/s listed in
the NASA Student Launch handbook.

5.1.3.1 Alternative Calculations
OpenRocket Simulations predict that the rocket will leave the launch rail \¢*~ a
of 74.8 ft/s. This value is geger than the hand calculated value shown above, which
is also greater than the minimum requirement of 52 ft/s listed in the NASA Student
Launch handbook. The difference between the hand calculations and the
OpenRocket prediction can be attributed to acacy discrepancies between the two
methods. The OpenRocket simulation accounts for the-tiead# velocity of the
rocket after ignition, while the hand calculations assume a constant thrust equal to
the average thrust of the AeroTech L2200G motor.
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5.2 Flight Sthility Predictions
This section contains the calculations and analysis for the center of pressure (CP) location and
the resulting stability margin for the fedicale launch vehicle.

5.2.1 Center of Pressure
According to the OpenRocket model, the CP location hef tocket in its current
configuration is at a poin81.1in. from the nosecone tip. This value was computed
automatically by the software at Mach 0.3, which corresponds to the approximate
average Mach number of the rocket from launch to apogee.

The Barrow | yQa aSiK2RX 6KAOK RSFTAYySa | aAYLX S |
CP position on a subsonic rocket, was applied to confirm the OpenRocket prediction for
/It LRairAldAz2yd . FNNRPoYlIyQa aSikK2R ff2a (KS

trangtion, and fins. Since the rocket does not include a transition section, only the
nosecone and fin equations were considered. The coefficient for nosecd egas
defined as a constant equal to 2. The arm length for any ogive nos& xen be defined

as:

@ 18 Qi (20)

where0 is the length of the nosecone. Usid =225 in.,& was calculated to b&0.5
in. The coefficienfor fins® can be defined as:

>

oy . Il
v l 10 '_Y I
o) i
6 P Ny, ; (11)
l c0 |
p p .
L 0 ° v

where'Yis the radius of the rocket bod"Yis the fin semspan length{ is the number
of included finsQis the diameter oftie rocket body0 is the fin midchord line length,
0 is the fin root chord length, an6 is the fin tip chord length. Usir'y= 3.75 in.Y=
6.0in.,0 =4,Q=75in.0 =6.185in.0 =10.0in.,an® =5.0in,6 was calculated
to be 77. The equation for the arm length of the fic can be defined as:

@ 06 ¢O p 00

o 6 0 ® 6 0

w w

where@ is the distance from nosecone tip to fin root chord leading edge & 1ik the
fin sweep length measured parallel to the rocket body. UG 1g 100.0in., & = 4.0 in.,
0 =10.0in.,an® =5.0in.& was calculated to b&037 in.

The equation for CP position of the entire body is a weighted average of the coefficient
for each component, and can be defined as:
0 O

A - v v l
@ 5 3 (13)
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The CP position was calculated to&%52in. from the n®econe tip, which i8.4in. aft

of the CP position from OpenRocket. This is a signifiddierence andequates to an

increase of G15 cal to the stability margin. However, this disparity can be explained by
comparing the complexity of the OpenRocket coddition to the simplicity of the
.FNNR2oYFyQa aSiK2R® 2KSy OFfOdA FGAy3a GKS /-
due to flight speed, nosecone shape, nosecone length, body diameter, body length, fin

shape, fin location, fin leading edge shape, andaa@froughness due to body paint.

/ 2YLI NBR (2 . FNNRsYlIyQa aSiK2RI ¢6KAOK 2yfe
length, fin shape, and fin location, the OpenRocket calculation is much more advanced

FYR OFy 0SS O2YyaARSNBR Y2NB |hddOusNdsddSop ¢ K 2 d:
approximately confirm the CP position, the OpenRocket prediction for CP position was

used when calculating the rocket stability margin and determining the amount of ballast
necessary for stable flight.

The equation for the stability marguof a rockel™v can be defined as:

N @

YT -
Where@® and & are the distances from nosecone tip to the rocket CP and CG,
respectively, aniQis the rocket outside diameter. Stability margin is measured in aalibe
where one caliber is equal to the rocket outside diametdgsing the results from
OpenRocket =81.1in. and& =63.8in., the stability margin was calculated to be
2.3 cal. Since this value is the stability margin of the rocket &ftéassembly and before
launch, it exceeds the handbook requirement (3edle4-1) that the rocket must have a
stability margin of at least 2.0 when exiting the launch rail since the stability margin will
only increase duringlight. Figure5-4, below, shows the CG and CP locations on the
OpenRocket model.

‘ XCP =81.1in. ‘

Xeg - 63.81n | y.
|

T ———
AX =173 |n.‘

Figure5-4: OpenRocket Model with CG and CP Locations Shown

Detailed analysis of othe stability margin will change throughout the flight is shown in
Section5.2.2

5.2.2 Stability Margin
Stability margin is a measure of how sensitive the rocket will be to any perturbation during
flight and is a function of the®@and CP locations, as well as the diameter of the rocket
body. As the motor burns and ejects mass, the CG will translate forward in the rocket
while the CP location remains fixetthereby increasing the stability margin throughout
the entire powered phasef flight. However, a large stability margin is not desired as it
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may cause the rocket to pitch eburse due to an external perturbation, such as a gust

of wind. Once perturbed, the rocket flight will become unpredictable which is not ideal in
any scengo. To increase spectator safety and confirm that the rocket will perform as
expected, the team investigated how the stability margin changed during flight.

There are three important events in the ascent profile of the rocket where the stability
margin isimportant to consider: ignition, rail exit, and burnoutsing the OpenRocket
Y2RStf YR . FNNRBgYlIyQa aSiK2Rthdsbilitzimargin RS & ONJ
at ignition is predicted to be 2.3 cal. This value represdrgsminimum stability margin
during the flight, as the CG and CP locations are closest with the motor installed and full
of propellant.After 0.23 seconds, the rocket will have cleared the launch rail after burning
0.58 Ib of propellant, thus shifting tHeG location to a point 63.4 in. from the nose. At rail
exit, the fullscale rocket will have a stability margin of 2.36 cal which is greater than the
2.0 cal required by the NASA Student Launch handbook. Finally, motor burnout will occur
at 2.4 seconds adr ignition which will leave the CG at 59.5 in. from the nose for the
remainder of the ascent profile. From motor burnout to apogee, the rocket will have a
stability margin of 2.88 cal which is not large enough to make the rocketstable.
Figure5-5, below, shows the stability margin as a function of flight time and altitude for
the first 5 seconds of the launch
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Figure5-5: Time vs. Stability Margin

After motor burnout, the stability marginwill remain constant until apogee since the
rocket does not have any drag inducing equipmenich as cameras or airbrakes, and is
no longer relevant after fin can separation and drogue deployment.

5.3 Recovery Profile Predictions
This section amtains analysis for the recovery flight profile of the &dhle launch vehicle.

2018 NASAt&dent Launch | Tacho Lyc



NC STATE UNIVERSITY

5.3.1 Variable Wind Drift
To defend requirement 3.9 of the 2018 NASA Student Launch handbook, which states that
recovery distance must remain within a 2,500 ft radius of the laupeth, wind drift
calculations are completed to predict performance in various wind conditions.
OpenRocket was used to simulate launches with constant windspeeds of 0, 5, 10, 15, and
20 mph, with the launch rail angled 0° from vertical to achieve maximtitodd and
flight time. Table5-2, below, shows the results of the OpenRocket simulations in varying
windspeeds:

Table5-2: OpenRocket Simulation Wind EffentAltitude and Drift

Windspeed Windspeed Apogee Descent Time Lateral Drift
(ft AGL) (ft)
0 0.0 5,399 82.1 8.3
5 7.3 5,391 83.1 245.7
10 14.7 5,253 81.0 592.9
15 22.0 5,331 81.8 769.0
20 29.3 5,281 82.3 1,092.2

The OpenRocket simulah results show that the lateral wind drift is expected to stay
well below the 2,500 ft maximum set by the NASA Student Launch handbigoke5-6,
below, shows a visualization of the predicted wind drift distances over aitaiallage

of the Bragg Farms property where the competition launch is set to take place.
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Figure5-6: Visualization of Wind Drifiom OpenRocket Simulations

Following a successful relaunch of the-idhlerocket, the team will compare the actual
wind drift distances to the values shown in this section.

5.3.11 Alternative Calculations
With the apogee and descent times known for each windspeed from the OpenRocket
simulations,the hand calculations were completedrfoomparison. Wind drift can be
defined as:

o Q0 ¢ i zg Qa (15)

whereQ is the lateral distance at landing from the launch p¢ is the time
the rocket sections take to reach the ground from apogee,«* ~ is the wind speed
converted to ft/s from mph.

Table5-3, lists the results for the wind drift hand calculations in varying windspeeds:

Table5-3: Hand Calculations of Wind Effect Altitude and Drift
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Windspeed Windspeed Apogee Descent Time Lateral Drift
(mph) (ft/s) (ft AGL) (s) (ft)
0 0.0 5,399 82.1 0.0
5 7.3 5,391 83.1 606.6
10 14.7 5,253 81.0 1,190.7
15 22.0 5,331 81.8 1,799.6
20 29.3 5,281 82.3 2,411.4

As shown in théable, the hand calculations result in wind drift values that far exceed the
OpenRocket predictions, but are all still below the 2,500 ft limit listed in the NASA Student
Launch handbookl'he most likely reason for this is that the hand calculations assume
constant wind speed and direction which is often not the case in real applic&iigure

5-6, below, shows a visualization of the predicted wind drift distances over a satellite
image of the Bragg Farms property where the cetitfpn launch is set to take place.

\
Launch Site
\

15 mph — 1,799.6 ft
/

y

Figure5-7: Visualization of Wind Drift from Hand Calculations
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5.3.2

It is unknown how OpenRocket calculates lateral wind drift, so the team cannot
confidently conclude that me method is more accurate than the other. Following a
successful relaunch of the fidtale rocket, the team will use the wind drift results to
justify the accuracy of either the OpenRocket simulation or hand calculations.

Kinetic Energy at Landing

To deermine the kinetic energy of each independent section at landing, it was necessary
to determine the maximum impact velocity, the terminal velocity, for each section based
their respective empty masses. Limiting the terminal velocities establishes an lupjper

for the impact velocity/descent rate of the falling rocket body, and will ensure that the
falling rocket body will land with a kinetic energy less than the established maximum
requirement.

Using MATLAB for analysis, the maximum impact velocitieaadf Section of the falling
rocket body, with parachutes, can be defined as:

00
ve Pagog 5 (16)
C a

where 0 ‘Ois kinetic energyg is the emptymass, anc: is the impact velocitfor the
respective sectionThe empty weight of the rockes defined as théotal weight minus
propellant and recovery aesseswhich was calculated to 7.5 Ib or 1.16 slugslsing

the assigned kinetic energy of .053t-Ibs and the known empty rocket mass ofilé.slugs,

the maximum allowable descent velocity of all section masses combined was calculated
as 114ft/s. However, the Student Launch handbook states that each independent section
must not exceed 75 {itos at landing, not the entire rocket.

To study the kinetic energy of each independent section at landing, the team found the
empty mass of each section then uséduationl6, above, to determine the maximum
allowable descent velocityTable5-4, below, contains the empty mass and maximum
allowable impact velocity for each independent section of thedadlle launch vehicle.

Table5-4: Maximum Impact Velocity for each Independent Section

Independent Section WESS Maximum Impact Velocity
(slugs) (ft/s)
Nosecone 0.15 31.62
Midsection 0.55 16.51
Fin Can 0.42 18.90

As shown in Sectiob.1.], the fastest predicted impact velocity across all of the varying
windspeed cases was 13.7 ft/s at20 mph. These results show that the parachutes have
been sized properly and verify the recovery system described in Sdcfldme design was
further verified by the fullscale test launch which recorded an impact velocity of 9 ft/s. It
is also important to note that the altimeters are located in the midsection which has the
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lowest allowable impact vedity. It can be concluded that each independent section will
land with less thar75 ft-Ibs of kinetic energy.
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6. Launch Vehicle Test Flight
6.1 Launch Day Conditions

The fullscale rocket was launched on February 24, 2018 from a field outside of Bayboro, NC
located at 35.172°N, 76.832°W. The field is operated by the [@dpbli prefect and all
launches are covered by an FAA waiver to 16,000 ft MSL. All three team mentors listed in
Sectionl.1.2were present at the launch to helpeéhteam assemble the rocket and prepare

for launch.Figure6-1, below, shows the fulicale rocket after clearing the launch rail.

Figure6-1: FultScale Launch Vehicle Moments Aftmition

The New Bern airport, located approximately 13 mi from the field, reported windspeedis of
knots (L0.4mph)from a heading of 25Q&t the time of launchSince the launch site is a large,
flat field, the localized windspeeds were assumed to lighdy greater. The team observed
several rockets drifting far downrangkie to faster uppetevel winds
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6.2 Onboard Equipment
The rocket was equipped with two altimetegrs StratoLoggerCés primary and Entacore as
redundantg to record altitude and initite rocket separation. The fin can separation was set
to occur at apogee to deploy the drogue parachute. The LARD parachute was wrapped in a
deployment bag and bound by a Jolly Logic Chute Release set to open at 700 ft AGL to deploy
the LARD from its deplayent bag. The nosecone separation was set to occur at 500 ft AGL
to deploy the main parachute.

The rocket included mass simulators in the payload bay to mimic the weight and location of
the payload electronics, rover electronics, and additional hardware.€lectronic latch was
installed in the payload to hold the rover structure during launch to prove the reliability of
the latching system. The removable plug was included to seal the main parachute
compartment and protect the rover bay during fligltigure6-2, below, shows the fully
assembled payload with mass simulators and the avionics bay prior to installing the access
hatch to complete the midsection assembly.

Figure6-2: Asembled Payload and Avionics Bays Prior to Hatch Installation

The team was ready to launch at approximately 3:30 pm EST after one hour of preparation
and three hours of assembly. The team hopes to reduce this time in the future by assembling
much of the midection prior to arriving at the field. Not only will this ensure that the team
complete assembly withinhe allotted time, but it will also help reduce the risk of team
members getting sunburnt or dehydrated.

6.3 Flight Profiles
This section contains the primded data from OpenRocket and the actual flight results from
the StratoLoggerCaitimeter for the maiden flight of the fulcale rocket.

6.3.1 Predicted Flight Model

The fultscale OpenRocket model was updated to have the same weight and CG location
as the fuly-assembled rocket. A flight simulation using OpenRocket was set up using
steady 10.4 mph winds with a heading of 250°, as reported by the New Bern Airport
weather statement. OpenRocket does not have an option for including gusting winds, and
the effectsof any wind gusts during flight would be difficult to predict regardless. The 18
in. drogue parachute was set to deploy at apogee, the 5 ft LARD parachute was set to
deploy at 700 ft AGL, and the 10 ft main parachute was set to deploy at 500 ft AGL. The
simulated rocket was fired from an 8 ft launch rail angled 5° from vertical in the downwind
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direction. Figure6-3, below, shows a eplot of flight time versus rocket altitude and
vertical velocity.
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Figure6-3: OpenRockeElightProfile of FulBcale Test Launch

The OpenRocket flight simulation predicted an apogeB, 882ft AGL, which igreater
thanthe maximum allowablaltitude of5,600ft AGLset by theNASA RSO’ he maximum
vertical velocity was predicted to b@47 ft/s, which is equivalent to Mach &7. The
impact velocity of the subscale was predicted talliesft/s which is both reasonable and
within the design limits of the vehicld@he simulation also indicade total flight time of
approximately 18 seconds with drogue, LAR&nd main parachute deployment 48,
64, and 68 secondsespectivelyThe predicted wind driftvas663 ft from the launchpad.
These predicted values are all within safe levels for flight of thesdalle rocket.
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As discussed in Secti@nb, the LARD parachute was deployed from its deployment bag
at the correct altitude, but it did not have enough time to inflate before the main
parachute deployed, thus tangling the LARhroud lines in the main shock cord. The
OpenRocket simulation was updated to keep the LARD onboard, but never actually deploy
the parachute Figure6-4, below, shows the updated OpenRocket simulation where the
LARD parachute @nitted from the recovery staging.
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Figure6-4: OpenRocket Flight Profile of Fadiale Test Launetithout LARD Deployment

The OpenRocket flight simulation predicted an apogee of 5,732 ft AGL, whiclatisrgre
than the maximum allowable altitude of 5,600 ft AGL set by the NASA RSO. The maximum
vertical velocity was predicted to be 747 ft/s, which is equivalent to Mach 0.67. The
impact velocity of the subscale was predicted to be 12.9 ft/s which is botlomehte and

within the design limits of the vehicle. The simulation also indicated a total flight time of
approximately 9.3 seconds with drogue and LARD/main parachute deployment & 18

and 6.7 secondsrespectively. The predicted wind drift was 514réinh the launchpad.
These predicted values are all within safe levels for flight of thesdalle rocket.

2018 NASAt&dent Launch | Tacho Lyc



NC STATE UNIVERSITY

6.3.2 Actual Flight Model
Flight data was recorded during the faltale launch by the onboar8tratoLoggerCF

altimeter. Figure6-5, below, shows a c¢plot of data points taken from th&tratoLoggerCF
for flight time versus rocket altitude and vertical velocity.
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Figure6-5: Actual Flight Profile of F@tale Rocket Test Launch

TheStratoLoggerC#ata indicatel an apogee 06,984ft AGL, which is greater than the
allowable altitude of 5,600 ft AGL set by the NASA.R8® maximum vertical velocity
was measured to b&51ft/s, which is equivalent to Mach 7. The total flight time wa
133.3 seconds with drogudeployment at 20.6 seconds and LARRIn deployment at
98.3 seconds. The rocket drifted a total of 1,783 ft from the launchpad before impacting
the ground at 10 ft/s.Table6-1, below, shows the predietl and actual flight profile
results with the error value included as a percentage.

Table6-1: Comparison of Predicted and Actual Subscale Flight Results

Condition \ Predicted Value Actual Value Percent Error
Apogee 5,732 ft AGL 5,984 ftAGL 4.4%
Max Velocity 747 f/s 751 ft/s 0.1%
Impact Velocity 12.9 ft/s 10.0ft/s 22.5%
Time to Apogee 18.2s 20.6s 13.2%
Time to Parachutes 65.7 s 98.3s 49.6%
Total Flight Time 97.3s 133.3 s 37.0%
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When comparing the GgnRocket simulation and actual flight results, the actual apogee

is 4.4% greater than the predicted apogee for the same rocket configuration. This result
is consistent with the subscale results which saw an actual apogee 4.2% higher than the
predicted apoge. Using these similar results across two different flights, it can be
assumed that OpenRocket will always underestimate the apogee altitude by up to 4.4%.
Going forward, the teanmwill apply a 4.5% increase in altitude to all OpenRocket
simulations to ge more accurate value for predicted apogee for all rockets.

The predicted and actual values for maximum velocity are only differedtftdy, which
indicates a high level of accuracy within OpenRocket for predicting flight velocity and
acceleration dung the motor burn phase. However, OpenRocket has a much higher level
of error when predicting the descent velocity and ground impact velocity of the rocket.
The predicted impact velocity is 2.9 ft/s greater than the actual velocity, which
corresponds to 22.5% increase. It is likely that OpenRocket cannot compute the exact
drag forces created by the tumbling, separated rocket during descent, which would slow
the entire rocket even if no parachutes were deployed. These results correspond with the
subscaleisnulation results, so it can be assumtbét the OpenRocket values for descent
and ground impact velocity wittonsistently beslightly greater than the actual flight
values.

The OpenRocket simulation showed an extreme level of error when calculatingtéte t
flight time for the fullscale test launch. As described above, errors in calculating the
additional drag from the tumbling, separated rocket likely allowed OpenRocket to
underestimate the time to apogee, parachutes, and landing by up to 49.6%. This
phenomenon was also observed when analyzing the subscale flight results, except with a
much lower percent error of 6.8%. It can be assumed that OpenRocket simulations will
underestimate the flight time, but there appears to be no consistent percent errahéo
results. In the future, it would be beneficial for Student Launch teams to combine the
results from many different schools over many years to determine if an accurate percent
error can be applied to the OpenRocket results.

Though the OpenRockdlight simulationscan contain varying levels of error in the
results, the software is still very useful as part of the design process for thecéld

rocket. The OpenRocket model gives a very accurate prediction of the CG and CP locations
on the rocket, whih are critical to the stability margin calculation. The OpenRocket model
predicted a CG location of 66.1 in. from the nose, which was extremely close to the actual
location 66.3 in. from the nose. After updating all the component weights in OpenRocket,
the model weighed 44.5 Ib and the actual rocket weighed 44.3 Ib, which is close enough
to be considered useful and accurate.

At minimum, the OpenRocket software can be used to provide an accurate model of the
rocket with values for weight, CG and CP locajonaximum velocity, and apogee with
minor corrections.
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6.4

6.5

Estimation of Drag Coefficient

The drag coefficient for the fuficale rocket used during the test launch was predicted by
OpenRocket to be an average of 0.39 during the ascent phase of the fhghtalue is nearly
identical to the subscale rocket, which had a predidfedf 0.42 during ascent. Both subscale
and test launch fulkcale rocket were painted smooth prior to launch to reduce surface
roughness. It can be assumed that the value @rproduced by OpenRocket is both
reasonable and accurate for use with rocket designs.

The magnitude of total drag acting on the rocket is the result of a combination of factors
including paint, finish, fin epoxy fillet radii, nosecone shape, and body dianigte team

used wood filler on the exterior of the Blue Tube airframe to create a smooth surface for
painting. After sanding the exterior surface, three coats of primer paint were sprayed and
sanded with high grit sandpaper to ensure a smooth, unifornemot surface. The same
painting process was applied to the fins and nosecone which did not require any wood filler
prior to paint. The fins feature epoxy fillets with a radius of curvature of 0.5 in. to reduce
stress concentration at the intersection oaeh fin and the body tubéAfter the epoxy had
cured, the joints were sanded to create a smooth transition from fin to body tube and painted
using the process described above. The leading and trailing edges of the fins were sanded to
a point to better enste that the airflow will remain laminar along the surface during flight,
thus reducing the surface drag towards the tail of the rocket. At the time of launch, the rocket
exterior was smooth and uniform all along the body with the only surface perturbabieing

the small screw heads used to secure the access hatch described in Se¢tihand the

key switches described in Sectiéd. 1

Launch Vehicle Recovery

The fullscale rocket contained alif the recovery equipment described in Sectibof this

report, with the Jolly Logic Chute Release set to open at 700 ft AGL. During tHéghost
analysis, the team studied photos taken of the descending rocket to deterihihe LARD

had activated correctly. The team has concluded that the Jolly Logic Chute Release did open
correctly, but that the LARD parachute did not have enough time to unfurl the deployment
bag, deploy the pilot parachute, and fully inflate before thain parachute deployed, thus
tangling the LARD shroudlines in the main parachute shock cord.
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Figure6-6, below, was taken when the rocket was approxima6glg ft AGL and clearly shows
the drogue parachute and LARD pilot pdmates inflated.

Drogue
Parachute

LARD Pilot

Deployment Bag

“~_ Nosecone and
Midsection

Figure6-6: Photo Taken Before Main Parachute Deployment
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Figure6-7, below, was taken when the rocket was approximately 400 ft AGL after the main
parachute had flly inflated. Note the dark smoke cloud at the top of the image from the
nosecone separation event.

Separation Smoke =

Main _—
Parachute

Nosecone
Midsection

Drogue\ \ Plug

Parachute

LARD Wrapped
Around Midsection

Fin Can

Figure6-7: Photo Taken After Main Parachute Deployment
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The two images above clearly show that the LARID parachute deployed, but that the LARD
was never able to fully inflate. To correct this issue prior to thfigat, the team will conduct

drop tests of the LARD assembly to determine the time necessary for the parachute to inflate
and normalize. Thiwill allow the team to coordinate the deployment events in order to not
damage the rocket body or parachutes, and to ensure the safety of those on the field.

6.5.1 Wind Drift
As described in Sectidhl, the windspeed was approxately 10.4 mph at the time of
launch, which is equivalent to 15.3 ft/s. Using BeeatoLoggerCéata, the descent time
for the test launch was 112.8 which is 22.9 s longer than the descent time predicted by
OpenRocketUsing the steps shown in Sectibr8.1.] the lateral wind drift distance was
calculated to be 1,720 ft from the launchpad. This value exceeds the wind drift
calculations from OpenRocket, but still rests within thelEOmph target range for the
hand calculatns shown irFigure5-7.

Figure 6-8, below, shows the GPS track for the test launch using the GPS receiver
described in SectioA.4.4 Note that the red line in the image intersects the takeoff and
touchdown points.

Figure6-8: GPS Track of the F8Httale Test Launch

The GPS data shows that the rocket drifegggbroximatelyl,901 ft from the laundipad to

the initial impact location. This valuge much higher than expected, but does not exceed
the 2,500 ft maximum drift distance. These results show that the hand calculations
described in Section are more accurate than the wind drift values predibied
OpenRocket, though both underestimated the amount of drift for 10.4 mph winds.
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6.6

6.7

The rocket itself was recovered an additioh&Dft away from the impact location, which
indicates that the rocket was dragged by the main parachute the same distance.
Unfortunately, it is not possible for the team to stop the parachute from dragging the
rocket in high winds. Instead, efforts to repair and reinforce thedadlle airframe are
described in Sectio6.8.

PayloadResults

Though thepayload was not flown on the test launch, it was still important to test whether
the electronic latch described in Sectidd.5.2could withstand the launch and landing forces
without releasing the rover improperly. After regery, the latch was discovered to be still in
the closed position and the rover components were completely undamaged. The test launch
confirmed that the payload bay components could withstand a flight on thes¢alle rocket.

PostFlight Inspection

The raket was recovered by a pair of team members to simulate conditions at the
competition launch where only-2 team members can venture downrange to recover the
rocket. Figure6-9, below, shows the two team members recovering theket at the field.

Figure6-9: Recovering the Rocket After Landing

As shown in the image above, the three independent sections of the rocket landed slow
enough to not cause damage from impact aloHewever the fin can sustained major water
damage after being dragged through the mud and a small creek. The ground scar from the fin
can is shown on the left side of the image above and spansi&éHt.
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