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1. Summary of FRR Report

1.1 Team Summary

1.1.1 Team name and mailing address
Name: High Powered Rocketry Club at NC State, Tacho Lycos
Mailing Address: 911 Oval Drive Raleigh, NC 27695
Primary Contact: Sean Aiton, sbaiton@ncsu.edu, (5124468
1.1.2 Declared Final Launtiocation

PDF
Bayboro, NC on Mah 26
Bayboro, N@n April 2

Bayboro Launch Info
Tripoli Prefecure #65
Both Mentors will attend outaunches

1.1.3 Team Mentors
Name: Alan Whitmore
Email: acwhit@nc.rr.com
Phone: (99)-929-5552

Competition Flight
Huntsville Launch Field on April 23
Bayboro, NC on April 23

Original
Back

Name: Jim Livingston
Emaillivingston@ec.rr.com
Phone: (9105125858

TRA Certification: Level 3, 0594t TRA Certification: Level 3, 02204

Number of hours working on the FRR
Theteam spent approximatel$00hours on the FRR documie

Summanof STEM Engagements

1.14

1.1.5

Event/Group Participants \ Engagement Type Description
Moore Square Middle School 44 Indirect Engagement Presentation
Lacy STEM Night 47 Direct Engagement Presentation, Straw Rockets
Kidzu Children's Museum 78 Direct Engagment Preseation, Straw Rockets
Astronomy Days 131 DirectEngagement Presentation, Straw Rockets
NSBE Jr. 26 Direct Engagement Presentation, Airplane Activity
Total 326

1.2 Launch Vehicle Summary

1.2.1 Size and mass of individual sections
Nosecone UPB MPB AV DPB Fin Can Fin can (Burnout)
26 inches 16 inches | 17inches 2 inches 19 inches | 28.8 inches 28.8 inches
5.9pounds | 6.2 pounds | 4.3 pounds | 4.7 pounds | 5.8 Pounds | 18.18pounds | 13.56pounds
1.2.2  Final Motor Choice
Thefinal motor choice is an Aerotect8BOW.
1.2.3 Targe Altitude
TheOfficial target altitude is 4400 feebeeSection 3.5for more information
1.2.4 Recovery system
The recovery system is a dual deployment syste® atimeters,two independent PerfectFlite Stratologge
CF altimeterand cne RRC3 altimeteifhe drogue parachutefor the upper section and fin can aae 18¢
and 15 / 2 Y LI O lirespedtively lajicthe® Wil be deployed at apogee. At00 feet, a60¢ L NA &
UltraCompact main parachute will be deployfedthe upper sectionaR | i ¢ n n IrisfUrd@ompatt ¢ n é
main parachute will be deployed for the fin can. Both main parachutesdegloy using 2 jolly logics
connected in series to ensure the parachutes are released. See section X.X for rabigékelown.
1.25 Rail Size

The rail that will baused for launch is a ot 1515 rail.
1.3 Payload Summary
1.3.1 Aerial Photographing and Positioning Apparatus (APPA)

There will be two cameras mounted on the side of the launch vehicle. The cameras will take images both on
ascent and desag. Image recognitiomwill be usedo detectnotable landmarks in the pictures taken to locate

the launch vehiclelMU and altimeter dta will also be used to track the movement of the vehiélasing all

this information via a Kalman filtela final location will be calculated and transmitted back to the ground
station.
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2. Changes Since CDR
2.1 Change Made to Launch Vehicle

The following table shows the changes that have been made since the CDR, with an explariagon of
change.

Table2-1 Changes to Launch Vehicle SiG&R

Description Justification

This will allow for less shock cord to fill up the Mal
Parachute Bay allowing the parachuteseven
easier way out of the bay

To perform the recovery timings thatere
described in the CDR, a third altimeter needed to
added to allow for the black powder and the
redundant amounts be fired all at apogee, which
was not ablgo be done with justhe Stratologgers.
Eggfinder GPS trackers were on back order until
July, so the GPS in the avionics bay was replaced
with a BRB900 which the club already owned.

A small deployment bag waslided to the aft AV
bay bulkhead to ensure that the drogue parachute
is pulled out of the drogue parachute bay since
there is no shock cord that is pulling it out of the
bay

This was to account for shifting stability margireas
result of real weights being accoteal for.

The recovery harness wakecreased

Added an additional altimeter, RBRQo the
avionics ®d along with an additional battery

One Egdfinder GPS Tracker has lrepraced
by a BRB900 GPS Tracker

Snall deployment bag @as attached to the
Aft U-bolt

Fin size was increased

2.2 (Changes Made to Payload
The following table shows the changes that have beedersnce the CDR and a reason it has changed.
Most changes in this sectiopsult from better understanding of the components used to calculate the
landinglocation and the effect it has on the launch vehicle.

Table2-2 Changesd Payload SindeDR

Design Change Justification

APPA will utilize BRORD 3M-CX515IMU insteadof a
LORD 3DMX5 IMU.

Increased builn filtering for orientation tracking.
LOM sponsorship. Communication issues

APPA sled will additionally hous&BO055 IMU

Recording of orientation prawunch

APPA sled will house the LORDalepment board.

Needed for communicating with the IMU

The position of the Eggfinder GPS and itsdygtbn the
APPA sled changed.

APPA Sled was designed as if the antenna for tH
Eggfinder GPS could not be bent.

The position of the LoRa transmitter dme APPA sled
changed.

The addition of the Lord development board and
the BNOO55 caused some electresito get
rearranged.

2022 NASAt&dent Launch | Tacho Lyco



NC STATE UNIVERSITY

Holes vere added to the bottom and sides of the APPA
sled.

Holes were added to the bottom for zip ties to gq
through. Holes were atkd to the side for the
screw switches to connect to.

Sled redefgned to improvestrength and eliminate

APPA sled structure was redesigned. weight. Discussed in more detail in Section 4.6.2

¢62 nodHyé RAIFYSGSNI LINBaa
pressurizéi KS [t/ NI GKSNJ GKIy
ones.

Screw switch access ports were large enough tg
adequaely pressurizetie section on their own.

There will no longer be a Plexiglass box around the This change causes less Plexiglass be used anc
camera lens. A Plexiglass window will be added to the| Plexiglass can be more firmly retainedthe
camem housing. camera houmg.

The layup was intended to smoothen the camer:
housings, btithere was no way to apply the layuy
smoothly.

Camera housings will not be coated in a layup of carbdg
fiber and epoxy.

Experimental Payload, MOMO, was removed from the
despn.

The required range for APPA Radio communication in| It was cetermined that %2 mile was sufficient to
requirement PF8 was lowered from 1 mile to % mile cover all reasonably expected trajectories

This change is due issues caused by Python
during the Vehicle Demonstration Flight and will
also increase the speed which video data is
saved.

Explained in detail in Section 4.1.1.

The image processy ramework will use C++ to collect
video data instead of Python. Python will still be used f
the other elements of the framework.

The image processing framework will utilize a pretraing
ssd_resnet50_v1_fpn architecture for the Convolutiona
Neural Networkinstead of the NASNetLarge architectur
(Note:ssd_resnet50_v1_fpis different from the
ResNet50 stwn in Table £ of the CDR)

2.3 Changes Made to Project Plan

The following table shows the changes that haeen made since thEDRand a reason it has changed.

The architecture was changed to reduce training
time and increase accuracy. This change was al
made because of a greater derstanding of the
coding needed to develop the CNN.

Table2-3 Changes to Project Plan SiiBR

Description ‘ Justification
The Payload Demonstratiddight will now be | TheIMU and Jetson Nandat we plan to use h&
conductedseparatelyfrom the Vehicle not arrived in timeThe APA sledvas fown with
Demonstration kght. ThePDF is scheduled | the electronics that we had and similarly weighted
for March 26, 2022 A sperate PDF is now necessary.
Tensile Testing of Bulkheads and Shear Openirg shock values have changed due to
Testing of Bolts has changed passable load| increased weight andsasuch changes the ejection
values forces experienced on these parbkanged.
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3. Vehcle Criteria

3.1 Launch Vehicle Design

3.1.1 Full Assembly
When fully assembled, the launch vehicle is 109 inches long with a launch weight of 45.48
Ib. and a burnout weight of 40.86 Iihe only change in design from CDR is the fin span
changing from 6.58 inches 6.95 inches. The launch vehicle will separatevieen the
upper payload bay and main parachute bayd between the avionics bay and the drogue
parachute bay. Black powder e contained in blast caps on either end of the avionics
bay.

Nose Cone

Upper Payload Ba
PP v v Main Parachute Bay

Avionics Bay

Drogue Bay

Figure3-1 Launch ¥hicle Sections

- 6.00 ~

’——1 7.00

N | SS— R —

7#1 6.004‘ 2‘00 ’

f 22.80

109.00

Figure3-2 Launch Vehicle Dimensions
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Black Powder

/

Main Separation Drogue Separation

Figure3-3 Launch Vehicle Points of Separation and Eneryletierials

3.1.2 Nose Cone
The nose cone design and nose cone bulkhead design and position remain unchanged

from the CDR. The nose cone, with the removable bulkhead installed, weRlsand
its manufactured dimensions are shownFgure 3-4 below.

26.00

6.00

Figure3-4 Nose Cone Dimensions

e B SR I etk O R A A e e s

Figure3-5 Nose Cone

3121 Nose Cone Bulkhead
The basic desigrf the nose cone bulkhead remains unchanged since G@aever

a ballast box of 0.1 has been added onto the forward end to adjust the stability
margin of our launch vehicle. The nose cone bulkhead, without ballast, weighs 0.8
Ib. Figure3-6 below shows he manufactured bulkhead.

2022 NASA Student Launch | Tacho L




NC STATE UNIVERSITY

Figure3-6 Nose Cone Bulkhead

3.1.3 Upper Payload Bay
The dimensions of the upper payload bay are unchanged since lSDiRanufactured
dimensions are shown in FiguB7 below and its manfactured weight, without the
experimental payload, MOMO, is 3.8 Ib.

' 16.00 {

T 10.00

Figure3-7 Upper Payload Bay Dimensions
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Figure3-8 Upper Payload Bay

3.1.4 Main Parachute Bay
Thed YSyaArzya 2F GKS YIFAY LI N} OKdziS ol & I NB
dimensions are shown in Figu®9 below and its manufactured weight, without the
upper recovery system, is 2.2 Ib.

17.00

Figure3-9 Main Parachute Bay Dimensions
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Figure3-10 Main Parachute Bay

3.1.5 Avionics Bay
¢tKS RAYSyarzya 2F GKS | @A2yA0&a I NB dzy OKl y 3
are shown in Figur8-11 below and its manufactured wight, without the avionics sled
and bulkheads, is 1.5 Ib.

10.00
9.25

"2.00——‘

0.38—= I~ 0.75

Figure3-11  Avionics Bay Dimensions
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Figure3-12  Avionics Bay

3.1.6 Drogue Parachute Bay
The dimensions of thR NB 3 dzS LI NI} OKdzi§ ol & | NB dzy OKl y3SF
dimensions are showmm Figure3-13 below and its manufactured weight, without the fin
can recovery harness, is 3.9 Ib.

' 19.00
1.25

250 =

5.00

Figure3-13  Drogue Paraalte Bay Dimensions

Figure3-14 Drogue Pachute Bay
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3.1.7 Fin Can
The basic design of the fin can is unchanged since CDR, but the span dimension of the fins

have been altered slightly thelp adjust the stability main of the launch vehicle,
changing from 6.58 inches in the CDR to 6.95 inches. Ttiateg fin dimensions are
shown in Figur@-15. The manufactured dimensions of the fin can are shown in Figiure
16 and the fin cans manufactureseight, without the APPAled, is 8.1 Ib.

. 7.80 :

63

11.13

Figure3-15  Updated Fin Dinmesions

22.80

20.50

Figure3-16 Fin Can Dimensions
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Figure3-17 Fin Can

3.1.8 Test Pieces
Three test pieces were built alongside the launch vehicle that were meant to test the
strudural integrity of the drogue bulkhead, the nose cone bulkhead, and the avionics
bulkheads. The test piece design has identical bulkheadstad on both ends of shor
pieces of airframe tubing, accompanied withbblts that are connected to a universal
testing machine. The tensile machine would increase the loading until either the plywood,
nose cone boltspr AV threaded rods failed, or uhthe machine reached itsmit of
applied loading of 1000 Ib. These pieces would help to confirm the validigN&YS
simulations along with confirming that our bulkheads and hardware have a sufficient
factor of safety In addition b the bulkhead test pieces, shear tests wereeém®n both
the nose cone bolts and shear pins individually in whicledhywere made in two small

pieces of steel so they could be mounted in the Universal Testing Machine as shown in
Figure3-24.

Figure3-18 Nose Cone Bulkhead Test Piece
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Figure3-19 Nose Cone Bulkhead Test Piece Dimensions

Figure3-20 Drogue Bulkhead TeBiece

Figure3-21 Drogue Bulkhead Test Piece Dimensions
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Figure3-22  Avionics Bulkhead Test Piece

Figure3-23  Avionics Bilthead Test Piece Dimensions

Figure3-24  Shear Testing Plates
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3.2 FlightRdiability

3.2.1 Structural Elements

3211 Airframe
The airframe of the launch vehicle is comprised of G12 fibergldssh is one of the
strongestmaterials available for hobby rocketry due its durability and damage
resistance. As proven by oiirS | pr&vidus launche, this material can easily resist
in-flight loading and any impacts experienced upon landing. In addition to this, G12
fiberglassis water resistant which helps mitigate any dage experienced to the
airframe should it land in water. These characteristidsw the launch vehicle to be
launched and recovered safely.

3.2.1.2 Fins
Each fin is comprised of two layersl@8-inchthick aircraft grade birch plywood for
greater strength. Theids are secured using epoxy connections to the motor tube,
middle centering ngs, and fin slots. These connections are then filleted to distribute
stress evenly. This process is ddsexliin more detail in Sectioch 3.3 While the fins
do not experience x@remely highloading these connections prevent fin fluttering
during flight ordamage during landing.

3.21.3 Bulkheads
All bulkheads in the launch vehicle are comprised ofit8rthick aircaft grade
birch plywood layerswhich is stronger than typical plywdo The design for each
load bearing bulkhead was tested using ANSYS to ensuréndyavould have a high
enough factor of safety under expected loadihgadditionto this, physical tests of
the nose cone, drogue, and avionics bulkheads have occurréé?@22 and more
detail on this can be obtained in Sectidri.1 From ANSYS and the testing we can
confirm that each bulkhead has a sufficient factor of safety.

0.000 2,000 4.000(in) X
B ES—
1.000 3.000

Figue 3-25 Maximum Principal Stress on Nose €Bulkhead
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Table3-1 Maximum Stress and FoS for Each Bulkhead Via ANSYS

Bulkhead | Max Force (Ibfy | Max Stress (psi) F.0.S.
Nose Cone 99.98 1020.8 4.4
AV Bay 74.37 1159.8 3.88
Drogue Parachute Bay | 127.45 1661.7 271
Aft Centering Ring 191.088 287.47 15.65

3.2.1.3(a) Epoxy Connectio

The centering rings and engine block in the fin can, along with the drogue
parachute baybulkhead and the upper payload bay bulkhead, are secured with
an epoxy connection. The mixture of Wegstems 105 Epoxy Resin and 206 Slow
Hardener has a tensilersingth of 7,320 psi, which is more than strong enough
to secure the bulkheads in placelé&t#, comprised of the epoxy mixture and 406
Colloidal Silica, are added to the connections which héfridute stress and
further increase structural strength.

3.2.1.3(b) Bdted Connection

The nose cone bulkhead is held in place by fe@d8nachine screws whiclog
through the body tube and the-lirackets mounted to the bulkhead. These
screws have a tensile strengttf around 1000 Ibf, and their shear strength can
be estimatel as around 60% of this, or 600 Ibf. This tensile strength was
confirmed during structuralesting in Sectior?.1.1.5 The bolts are expected to
experience 99.98 Ibf maximum during flight andsash gives a factor of safety of
6.001. Sections of body tube doelted together in a similar fashion, described in
more detail in Sectio.3.2

3.2.1.3(c) Threaded Rods

The avionics bay bulkheads are held in place usingn@t®thick threaded rods.
These rods hava load capacity of 600 Ibf. With the highest deployment loading
expected at 74.37 Ibf, this gives the threaded rods a factor of safety of 16.14 as
the force & split between the two rods used.

3.2.1.3(d) Attachment Hardware

U-bolts are used on most bulkheads as mting points for the recovery
harnesses. Structural simulations shithat the maximum deployment forces will
not be enough to damage the bulkheads to the poihat the Ubolts are
dislodged. Washers and plates are used to better distribute the appliatinga
on the Ubolt. The Ubolts themselves ar&/16-inches thick witha load capacity
of 600 Ibf. The yield strength of thelwlts is likely higher than the pacity, and
with the highest deployment loading expected at 127.45th& U-bolts should
have afactor of safety of 4.71 and be able to resist any deployment frce
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3.2.2 Electrical Elements

3221

3.2.2.2

3.2.2.3

3.224

Wiring

All onboard wiring is comjged of 16gauge copper wire. DuPont connectors are
used for # portions of the wiring harness running between different sectiofithe
launch vehicle, for example between the AV sled and AV bulkheads.

Switches

Allsixarming switchesor altimeters, GBandpayloadare Missile Works-&2 screw
switches. These arsecured to laser cut frames using@ nylon standoffs and bolts

on the AV sledThe laser cut frames are epoxied to a secure portion of the launch
vehicle.The screw switches and standoffs thie APPA sled are secured to the sled
by epoxy All wiring haness connections to the switches are soldered and remove
before flight tags are used to prevent premature contact being made by the screw
switch on all switches used to arm energetic materials.

Battery Retention

Allonboard batteries are contained on the AV sled or APPA sled. On the AV sled are
three 9V batteries poweringhe altimeter and 8.7V LiPo battery used to power the
GPS trackeiThe three 9\batteries are mounted inside laser cut boxes, held closed
by 440machine screwand then sealed with duct tape to enswsecure connection

The LiPo battery is secured thet AV sled with Velcrddn the APPA Sled the 2
batteries are both Velcroed and zip tiedto place. See Section 4.5.3 for more
information on APPA liery retention.

Avionics Retention

All avionics components are mounted usingt@ machine screws and nylon
standoffs. These fasteners are through bolted to robust structural components such
asbulkheads or the AV sled. See sect®.2.1 for further desiption of the AV
sled.

3.3 Launch Vehicle Construction
3.3.1 Bulkhead Assembly

3.3.1.1

3.3.1.2

Laser Cutting

In the interest of making assembly easier, the bulkhds were designed in
SolidVorkswith all necessary holes for any hardware. BwidWorksfiles for the
bulkhead layers and fins were exported so they could be read by the VLS6.60 laser
cutter. There were some issuestlwithe laser cutter,so each sheet hd to be run

under the laser cutter at least twice to get a clean cut.

Layups

When preparinghe layups, each layer was sanded with@@ sandpaper to assist

with adhesion. A ¥4 inch dowel rod wast into short pieces andhserted into
premade hoés to keep the layers aligned while the epoxy cured. -pam epoxy

was mixed and applied in a thin layer on the adhesion surfaces. The epoxy was
applied with popsicle sticks, and excess was removed torerieat none would leak

out of the layers duringhte curing process. Having the layers coated, they were
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3.3.1.3

placed on the dowel rods and wrapped in a layer of peel ply to prevent the epoxy
from sticking to anything. Then, a burlap breather material was placethem to
ensure an evenacuum would be appliedPlumber's putty was placed on a sheet of
vinyl, then covered with another sheet of vinyl. A vacuum hose was inserted and
turned on. Any leaks were plugged until there was a good seal. Weights were placed
on top of the layups to mvide extra compressiomhe layups were left to cure for

24 hours as a precaution, though the epoxy only takeg3 Gours to dry.

Figure3-26 Bulkhead Layups

Hardware
The bulkheads aniihs were removed aftethe epoxy had curedsome of the layups

had used too little epoxy and had to go through the layup process again. Once the
parts were fully assembled and sanded to a good fliplis were added to the nose
conebulkhead, AV bulkheads, and drogue bulkheadditionally, Ebradkets were
added to the nose cone bulkhead and threaded rods were attached to the AV
bulkheads.

3.3.2 Body Tube Assembly

3321

Construction Facilities Lab

¢KS G4SFYQa f I ®&quiBveRt reyiged to ¢utthd BodyitkbEs. To cut
the body tbes they were takerno the construction facilities lab, run by the civil
construction and engineering department, located on NC Staetennial @npus.
The correct lengths of body tube were measured and tbehon a wet saw. After
cutting, the dust was ashed off.
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3.3.2.2

3.3.23

8
P
=

Figure3-27 Body Tube in Wet Saw

Epoxy
Once all componenttad been cut to length, couplers were epoxied into their

corresponding body tube section$he avionics bay switch band was epoxid
inchesfrom the forward exd of the avionics bay coupler. Additionally, couplers were
also epoxied into the nose cone, upper payload bay, AV bay, and drogue bay. All
couplers were left with 6 inches exposed at asggion points to satisfy requirement
NASA.5.1 The dimension of eaatoupler is given igection3.1.1above.

e g

\ can

\ir CL. .4

Figure3-28  Team Lead Contact Info tre AVbay ©upler

Attachment Points
After the epoxy hadieen cured, attachment points between each section ever

created. Bolted connéimns were made between the nose cone and upper payload
bay, the avionics bay and the main parachute bay, and the fin can and drogue bay.
The connection hsveen the nose cone and the upper payload bay was created using

2022 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

#8-32 machinescrews as well as nugpoxied to the nose cone bulkhead. For more
information on this assembly sé&ection3.3.1above.

A similar bolted connection was used between the avionicg @ad the main
parachute bay. Four equally spaced holes were drilled tiltoAV bay and main
parachute bay. The inside of the avionics bay is inaccessible during the assembly of
the recovery hardware. Thus, nuts were epoxied onto the inside of the AVThay
allowed the bolts to be secured without the need to access thel@nsf the AV bay.

A boltedconnection was also used between the fin can and the drogue bay. Nuts
were held onto the inside of the drogue bay. In past years, the team has had
problemswith the epoxy connection between nuts and the body tube shearing. To
mitigate this problem, a centing ring is used to hold the interior nuts in place. This
centering ring is 3D printed and 0.5 inches thick with slots to hold the nuts. An image
of thiscentering ring can be seen lgure 3-29 below.

The final two connectionlsetween the main parachutedy and upper payload bay
and the drogue bay and AV bay are secured wil®ylon shear pins. The sections
to be joined were slid together and four everdgaced holes were marked around
the circumference. Holes were then izt to match the diameter athe shear pins
using a drill press.

~ — :

Figure3-29 Nuts Secured to the Interior of the Avionics Bay
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Figure3-30 Bolted Connection betweethe Main Parachute Bay and énics Bay

Figure3-31 Nut Centering Ring Epoxied to the Drogue Bay

3.3.3 Fin Can Assembly

3.33.1 Motor Tube ad Tail Cone
Assembling the fin can began with the construction of the motor taksembly. The
middle centeriig ring was slid into the motor tube assembly and epoxied at the
proper location. With the motor tubestandingvertically and using fin jig, the
centering ring was held in place. The engine block was placed on top of tioe mo
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tube and epoxied into plac®Vhen the epoxy cured, fillets were added between the
centering ring and the engine block since this area would be unreachable once
placed in tle fin can. The whole motor tube assembly was put inside the fin can. It
was epojed and left to cure.

At the sane time as the manufacturing of the motor tube assembly, two layers of
fiberglass cloth were epoxied into the interior of the tail cone to adsliiative and
structural properties.

Figure3-32  Tail Cone with Fdrglass Epoxied

3.33.2 Fins
Having the motor tube in assembly in the fin can, the fins needed to be installed.

Some filing was done to ensureseooth fit into the slots. A Dremel was used to
round the fin tabs and the leading eefgjof the fins to give them bedt aerodynamic
performance. The fins were then epoxied into place and held in place with the fin jig
while they cured. In the inside oféfin can, all intersections between the fins, body
tube, motor tube, and the middleemtering ring to ensure that théns would be

secure. Fillets were also added on the outside of the fin can around the fin slots for
structural integrity and aerodynamitJS NF 2 NY I yOS® t F Ay G SNDa
ensure smooth fillets.
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3.3.3.3

Figure3-33 Fin Can in Fin Jig

Motor Retainer and Rail Buttons

With the fins in place, the fin can is then closed off by sliding theaatftering ring
down the motor tube and epoxying the aft centering ring in place. Fillets were
additionally added to the conné&on between the motor tube and the aft centering
ring. Following this, the tail cone was slid in and epoxied to the airframeaéind
centering ring. Biodegradable housing insulation was added into the cavity between
the motor tube and the tail cone to ingate any head during launch so that the tail
cone does not deform due to thermal strain. The tail cone centering ring was slid on
and epoxied into place following this. The connections between the tail cone
centering ringthe motor tube, and the tail comwere filleted. The motor retainer
was then placed over the remaining motor tube and epoxied in place, with an
additional fillet over the connection between the two at its base for a stronger
connection.
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Figure3-34 Motor Retainer

The locations of the aft centering ring and engine block are visible through the
naturakcolored fiberglassni the fin can which allowed for easy visualization of
where the rail buttons should be. Twertically aligned holes were dald through

the fiberglass and bulkhead¢hile ensuring that they would not align with any bolt
holes or shear pin holes further up thecket. A pilot hole was drilled through the
fiberglass so that the wood screws woudihk better into the material. Then two
1515 rail buttons were screwed into the launch vehicle.

Figure3-35 Rail Buttons

3.3.4 Nose Cone Assembly
The nose cone and the nose cone coupler were ordered as two sepzeates which
would need to be attachedFour evenly spaced holes were drilled around the
circumference of the coupler. These holes would be used to secure the nose cone
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3.3.5

3.3.6

bulkhead and create a bolted connection between the nose cone and the upper payload
bay. Once these holes had been drilled, tbeupler was epoxied into the nose cone
leaving 6 inches exposed to satisfy requirement NASA

Figure3-36  Airframe and Nose Cone Couplers Attached

Avionics Sled Ceftruction

The avionics sled is made fronBldihchthick aircraft grade birch plywoatthat has been
laser cut. A jigsaw pattern was laser cut for each piece and the inkamfpteeth were
bonded together using wood glue. The avionics sled was assembied imalves, with

the wiring mounted on thénside of the sled. The halves of the avionics sled were secured
together using 3/8nch threaded rodswhich also secure the avi@s sled to the avionics
bulkheads.

Test Pieces

The test pieces were made priorttoe launch vehicle however their constrimh process

and methodology were similar. The bulkheads were made the same way as previously
mentioned inSction 3.3.1with similarhardware installed. At the time of the test pieces
construction, there was a lited supply of 5/16inch diameter 13/4 -inch-wide Ubolts

in our local hardware stores that were planned to be used in thestidle launch vehicle.

As such, 5/16nch diameer 2-1/2-inchwide Ubolts were used for one test drogue
bulkhead and both avitcs test bulkheads as they were the onkpdlts in a 5/16inch
diameter available. This change ofodlt width in the tests would not affect the load
distribution to a majodegree and as such was considered an acceptable substitute. The
avionics bulkhed test piece was first to finish manufacturiag it only needed threaded

rods to join the pieces together. Once thétackets were mounted onto one of the nose
cone bulkheadscorresponding holes were drilled into one end of the nose cone test
piece. Onthe opposite side an identical nose cone ba&b without Lbrackets was
epoxied into place to act as an anchor. Finally, the two drogue bulkheads were epoxied
into place in tke drogue test piece. The-hblts on the nose cone and drogue bulkheads
were alighed so that the test piece would not rotatetime universal testing machine.
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3.4 Recovery System

3.4.1 Summary
The recovery system events are all controlled by 3 altimeters and 4 jolly logic chute
release devices. The 3 altimeters that are being used are 1 RR@Jarsthe main
altimeter and 2 Statologger CF Altimeters as the secondary altimetéhese altimetes
will be independent of each other with their own batteries, screw switches, and black
powder charges. These altimeters will be put on an avionicdlséedvill be made of 1/8
inch aircaft grade plywood that will be laser cut in a jigsaw pattern foreeaisassembly.
This avionics sled is stored in the avionics bay where the bulkheads on either side of the
bay contain the blast caps where the black pewdjection charges are being séat. The
full description of this avionics bay is described in Se@&iard. Arming these altimeters
involves individually screwing the screw switches for each altimeter all the way down to
prevent the screw from unscrewgnduring flight. There are holesthe launch vehicle on
top of these holes that will allow accesstte switches.

At apogee, the altimeter sends a signal to thmatch to fire the primary black powder
charge. The black powder charge will pressurize rtiain payload bay and part of the
upper payload bay until the #40 nylons shear pins are broken. Tiieck powder charge

will separate the upper payload bay from the main parachute bay. One second after
apogee, the secondary charge will fire to makeestirat the sections do separatehd
delay ensures that the two black powder charges will not over qunéze the section.
These charges will deploy the-il&h drogue parachute and the 60ch main parachute

that are wrapped with 2 JollyLogic parachutéeeses.

One second after apogehd second primary charge will fire separating the lower payload

bay axd the fin can from the rest of the launch vehicle. There will be no shock cord
connecting the two sections as the fin can has its own parachutes. Bdeafter apogee

the secondary blek powder charge will fire to make sure the two sections separate. A
CNYzA & / KdziSa wmpé¢ O2YLI OG SttALWGAOIT GAff
ultra-compact that is wrapped with 2 jolly logic parachute esles keeping the parachute

furled. The two separate sections will fall under drogue until we get do§®0 feet. The

jolly logics will release the main parachute for the upper section at 700 feet.

The two jolly logic parachute releases connected ifesare to make sure that one of
them will release the parachute. The fin can will fall an extra 100t¢e€00 feet before

the jolly logics release the main parachute allowing it to fully inflate. All parachutes are
connected to a 5/8nch tubular Kevlashock cord using ¥4 inch thick duimks. These
quick links are connected to loops that are tied itite shock cord and the shock cord is
connected to the body sections by ¥ inch thick quick linksltolts on the bulkheads.

3.4.2  Structural Components
34.2.1 AV Bikhead
The AV bulkheads are made 8pf & A E f I & SNJ Odzigradelbicls N& 2 F
plywood epoxied together. The bulkheads of same thickness and materiel were
tested in theUniversalTestingMachineas discussed ifection7.1to withstand the
opening shocldiscussed irbection 3.4.2.6The threadd rods and kbolts attached
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to the bulkheads are strong enough to resist all recovery forces. More details
regarding bulkheads are Bection3.3.1

34.2.2 Avionics Sled
The avionics sled was constructed using 1&dzli M Kk y éadd bircRpyMboO#. G I NJ
The pieces @re assembled using their jigsaw pattern and wood glued together. The
design is made up of two halves that housethf components of the recovery
system. There are 2 holes on the side panels for tweatied rods to stie through
Thesehreaded rodgrevent the two sides from separating during flight. The original
RSaA3dy Kla G¢2 {iGNXG2f233SNI /C IftGAYSGSN
standoffs for screw switches. The two Stratologger CF altimete mounted oy €
standoffs to allow the presse sensors on the bottom of the altimeters can
adequately measure the pressure in the AV Bay. The bottom half of the av sled has
GKS Dt{ Y2dzyGSR 2y o0¢é¢ aildlyR2FFaztery Tdn [ A
to power thel f GAYSGSNE | vy Rith thei screwe switcha forlthé BRF F
attached. The wiring is all internal through slits in the top and bottom. The 8 wires
that are connected emerge out of two holes cut on either end of the AV sled. The
wiring that connects th blast caps to the altimeterare connected using 4 port
DuPont connectors. This is to allow for easy assembly and to prevent the wires from
getting crossed on launch day.

After realizing that the Stratologger CF altimeters could ndividually do a twe-

delay system, a third altimet was added, an RRC3. How they are programmed is
explained inSection 3.4.4.1 Along with an additional altimeter being added, the
Eggfinder was also replaced with a BRB900 altim@isucha third screwswitch

was aded to the top half along with th rearranging of the altimeters on the top
half. On the bottom half, the third 9V battery that powered the RRC3 took the place
of the LiPo battery. The LiPo battery changed from a 7.4V to a 3.7V which was then
attached to tke bottom surface with Velcro.

Figure3-37 AV Sled as of VDF
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3.4.2.3

3424

3.4.25

Figure3-38 DuPont connector that is used to connect to black caps

Quick links

Quick linls are used in connecting all recovery elemermtd &ody sections to the

recovery harness as discusse@etion3.4.4.2 Alli KS 1j dzA O1 tAyl1a | NB
links that are rated up to 880 Ibs.

Pressure Sampling Ports

Altimeters rely on pressureamplirg ports being drilled to be able to measure the

stt GAO LINBadadz2NBE 27F (KS 2bdzrtodlardge$hougadNiiaR @ ¢ K S 3
can lead to too much air entering the compartmetgadingthe altimeters to

measurethe dynamic pressure stead. These sapling ports are determined based

on the recomnendation of PerfectFlite, one dghe altimeter manufacturers. The

manual for the Stratologger CF altimeter recommends that there be at least 4 holes

off set at 90degree intervals for large diameteockets toavoid any fluctuations in

the static pressuralue to the wind, angle of attack or turbulence. The equation

below is provided in the manual to determine the exact size of the holes.

Q OCzozm@immy (3.1

In this equationd is the diameter of the swih hok, D is the inner diameter of the
section and L istie length of the section. On the AV bay and fin can, these sampling
port holesare alsoaligned in such a way @llow accesgo the screw switches. This
does mean that the holes are not perfectly 90 s apart. This equation provided

by Stratologger is one ofamy equations that can be used to determine the size of
the hole.

Recovery Harness

¢ KS dzLJLIJSNJ aSOGA2Y NBO2OSNE KFN¥ySaa Aa YIF
fincanrecoveryharmmessavn F22 0 f2y3 pkyé (dzodz F NI YS D
shock cord is rated to 6000 Ikfith the maximum load on the shock cord being

174.36Ibf. Thisis a factor of safety 34.4.

3.4.2.5(a) Upper Section Recovery Harness

The upper section recovery harnesssha bowline knot tied at both ends of the

shock cord and two bowline knots in the middle of the §nocO2 NR f Sy 3G Ko ¢
drogue and Nomex sheet are attached to one of the middle bowline knots with

'y o¢ 1jdzAO]l fAylad ¢KS c hafeatachedfo thdk NI OK dz
other middle bowlinel y 24 6AGK 'y o¢ 1jdzA Ol Ayl ® ¢K
cord is threaded through the MOMO bulkhead and attached to the removable
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bukhead . 2t &G SAGK |y oé | dzpudidd aditisyfiredded KS & K
through the MOMO bulkhead to seal the araad make sure the black powder
can pressurize the Main Pattaute Bay. The other end of the shock cord is
connected to the kbolt on the forward AV bulkhead. During descent the nose
cone will hang above the AV bance the main parachute opens, the distanc
between the nosecone and the AV bay will decrease, batribsecone will still

be above the AV bay. The figure below shows the exact positions of the bowline
knots along the upper section shock cord.

60" parachute

18" Parachute

10 ft 51t
36 ft

MNasecone UPB MPE AV Bay

Figure3-39 Upper Section Shock Cord Dimensions

3.4.2.5(b) Fin Can recoverydress
The Fin Can recovery harness has bowline knots tied at each end of the shock
cord and a bowline in the middle. Along with a shock cord, there small
deployment bag that is attached thé Aft AVBayU-0 2 € 4 dzaAy 3 | wmkné
This deploymenbag was added after CDR but before the VDF because there was
concern that the drogue parachute for the fin can would not come out of the
drogue parachut bay. The deployment bag being attachea the Aft AV
bulkhead means that upon separation the droguegachute is pulled because it
is tightly wrapped in the deployment bag but when actual force is applied, the
bag will open and the drogue parachute Wil pulled away from the AV bay and
allow the drogue parachute to open. The figure below shows the tepasition
of these knots along the fin can shock cord.
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60" parachute
15" Parachute

Deployment
Aft AV Bay bulkhead Bag Fin Can

Figure3-40 Fin Can Recovery Harness Layout

3.4.2.6 OpeningShock
The parachute opening shock calttidns are done by taking the change in velocity
that the launch vehicle is experiencing and the time it takmsthe parachute to
open. Equation 3.27 is used to approximate the time it takes for the parachute to
completely openwhere r is the radius of thparachute, V is the terminal velocity
before that point,¢ is the time and 8 is a coefficient that was taken from Ludtke
for cloth parachutes

¢ (32

Time calculatedforkK S cné LNA A | £ GNIF O2iceihddihe G2 2 LIS
it takes for the parachut& open is calculated, the opening shock can be

calculated as the difference in terminal velocities of the pautes divided by the

time that was calculated in Equah 3.27. This is shown in the equation below with

wbeing the deacceleration that the vehicle feet being the time for the chute to

open,U is the terminal velocity of the drogue parachute, U is the terminal

velocity of the main parachet

A (33)

The opening shock on each section is shown below. The opening shock on the main
parachute for the upper section i§4.361bf, which has a safety factor o73or the

shock cord.
Table3-2 Main Deployment Opening Shock
Section Mass Opening Shock
Nose cone
and Payload | .3761slugs 99.98 Ibf
Bay
Midsection .2797slugs 74.37 Ibf
Fin Can .4678slugs 127.45 Ibf
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3.4.3 Parachute Selection
The launch vehicldzd S& (62 CNMzAGeé& [/ KdziSa cné LNR& ! f
recovery of both the fin can section and the upper section. The drogue for the upper
aSOGA2Y Aa I CNMXzA (@& / Kdzi Sand theyie Can bidgie isaf | & & A (¢
Fruity Chutemp ¢ LNAR& [/t aaA0FEf 9ffALIWGAOIE LI NI OKdz
parachutes owned by the club, descent time, wind drift, and kinetic energy and landing.
Launch vehicle speed under parachute bardetermined by the equation below.

(o J— (3.4)

In the equation above, m is the burnout weight of the section, g is acceleration due to
gravity, A is the area of the parachute,i€the coefficient of drag of the parachute and
Mmis the density of air.

34.3.1 Upper Section Drogue
The Fruity Cheism y €  asdidal &lliptichl was chosen as the drogue parachute for
the upper section of the launch vehicle. It has been chosen for its high descent rate
and because the team already owned the parachute. This drogue parachute has a
reference area of 7 ft? and a @G of 1.43. This gives a descent rate of 83.86 ft/s
under drogue.

3.4.3.2 Upper Section Main
¢CKS CNMzA Ge& / KdziSa cné LNRa ! f3ONI/ 2YLI OG ¢
upper section of the launch vehicle. It has been chosen for its higlenesdte and
because the team already owned the parachute. This drogue parachute has a
reference area of 19.64%tand a G of 2.04. This gives a descent rate of 20.45 ft/s
under main.

3433 Fin Can Drogue
¢ KS CNMXzA G & [/ Kdzi S& wmp ¢éosehdsdha@dogué darachuteG@dr £ 9 f £ A
the upper section of the launch vehicle. It has been chosen for its high descent rate
but it was not owned by the club. It was the only drogue that allowed the fin can to
come down in therequired descent time. This droguparachute las a referene
area of 1.23 ftand a Gof 1.37. This gives a descent rate of 82.49 ft/s under drogue.

3434 Fin Can Main
¢KS CNUzA Geé / KdziSa cné LNRA ' fGOGNX/ 2YLI OG ¢
upper section of the launch vehicle. It Hasen chosa for its hgh descent rate and
because the team already owned the parachute. This drogue parachute has a
reference area of 19.64%tand a Gof 2.04. This gives a descent rate of 16.42 ft/s
under main.
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3.4.4

Avionics Electronics

AV Sled

Primary Avionics Secondary Avionics

StraoLogger Stratologger

GF FWD Erttr

Secondary Secondaty

aV LiPo
Battery

Aluminum Foil

) BRB300 GPS Quarter-Wave Handheld Radio
13 3‘7 LIPn

APPA Sled

Figure3-41  Recovery Avionics System Master Block Diagram

The block diagram above showsthlk components that make up the recovery avionics
system. In the upper left corner is the primary recovery system which will record the
G S Yfixél agoge, as well as the components to fire both the forward and aft
recovery events. The altimeter is powered by a 9V batterg connected to a screw
switch and two Ematches. One {natch is placed in the forward primary charge that is
fired at apgee, whilethe second Enatch is placed in the aft primary charge that is fired

1 second after apogee. A fresh battery is used for every flight as determined by RF 3
which ensures that there is enough power to fire botingtches, record flight da and

meet the padstay time requirements set forth by NASA 2.7.

To the right of the primary altimeters are the two secondary Stratologger CF altimeters.
They are both independent altimeters that are responsible for firing the secondary black
powder chargs. Theyare both pavered by a 9V batteryhrough a screw switch, but
unlike the primary altimeterthey areconnected to only one-Batch. The secondary
charges are .5 grams larger thtdre primary charges and are set to fire 1 second after
their respectve primay chargesThe forward secondary charge will fire 1 second after
apogee and the aft secondary will fire 2 seconds after apogee. All three altimeters are
independent of each other, and the recovery systmsures that two different altimeters
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are responsibé for the separation event. This ensures that if any one component in the
recovery system fails, there is another independent system that will activate and allow
for safe recovery.

The box below the altimeter is the tracking device for the exgmalf of the rocket, the
BRB900. The other trackeas shown in the green bopis the Egg finder which is the
tracking system for the fin can. Both of these trackers are discussed furtt@cition
3.4.5.

3441 Altimeters
All recovery events are controlled byP2rfectFlite Statologger CF altimeters and a
Missleworks RRC3 Altimeter. When deploying the forward and aft drogue
parachutes, the RRC3 Altimeter acts as the primary altimeter, controlling the primary
forward and primary aft charge. Each Stratologgerd®frals one chege, either the
forward secondary or aft secondary charge. This was necessary due to deployment
of all 4 charges being close to apogee. Each Stratologger CF was only connected to
the drogue charge portand the main charge terminal block wht empty. The
intent was to deploy the forward drogue at apogee and the aft drogue chute one
second after apogee so that the charges were staggered. In this configuration, the
ww/ o Aa aSid G2 WwWIHLR3ASS 2yt eQ Y2Rdgeeldl 2 &S
and the mam terminal charge at apogee plus one second. The forward primary
charge was connected to the RRC3 drogue terminal while aft primary charge was
secured to the main terminal. The forward secondary Stratologger was set to deploy
drogue at an pogee delay of me second while the aft secondary was set to set off
the drogue terminal at an apogee delay of two seconds. Again, the main charge
terminals were left empty on both Stratologgers. This set up allows for the forward
drogue to deploy at apogewith a backustratologger deployment one second after
in the case of an RRC3 failure. The aft drogue is then set on the RRC3 to deploy one
second after apogee with a backup Stratologger deployment another second after
in the case of failure. Below issehamatic of thetwo types of altimeters and how
they were wired. Note that the Stratologger CF main terminals are left disconnected
as the main charges are not to be used.

Aft Primary Terminal
Charge Block

9V Battery

Forward Terminal
Primary Charge Block

Screw
Switch

Figure3-42 RRC3 Wiring Schematic
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3.4.4.2

Terminal
Block

Forward or Aft
Secondary
Charge

Screw
Switch

9V Battery

Figue 3-43 Stratologger Wiring Schematic

Parachute retention devices

Following black powder deployment at apogee and drogue parachute inflation, the
shock cord and main parachutes are pulled from their respedtidytube sections.

Each main parachute is wrapped in two jolly logic chute releases connected in series.
This is for the purpose of redundancy. While connected in series, if one of the two
chute releases activate, the parachute will unfurl. All chuteasesare also cow
hitched to the shock cord loops for their respective parachutes. The two chute
releases for the forward main parachute are set for a 700 foot deployment while the
aft main chute releases are set for 600 feet.

Figure3-44  Jolly Logic Chute Releases wrapped around the parachute

At apogee, the separation of the fin can from the AV has no shock cord to pull the
drogue parachute and recovery harness out of the drogue parachute bay. To ensure
that the drogue parachute will come out, a small deployment bag is attached to the
U-bolt on the Aft AV bulkhead. The drogue parachute is placed in the deployment
bag and then the deployment bag is folded up tightiyt only enough to create
resistanceand not enough b prevent the parachute from coming out of the
deployment bag. This resistance should be enough to pull the parachute out of the
drogue parachute bay so when the parachute leaves the deployment bag, the
parachute will be able to inflate.
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Figure3-45 Deployment Bag used in the Fin Can Recovery System

3443 Switches
There are a total of five screw switches that arm various aspects of the recovery
system. All five screw switches are accessible from the outdidee rocket while
the rocket is on the launch pad. Three are for the altimeters and two are for the GPS
GNF Ol SNE® ¢KS &AONBg aoAGOKSa NB |GdalF OKS
switches are visible and easily accessed from the outside. The seielesendure
that the Ematch and power source will only be connected once the rocket is fully
assembled and on the launch pad. Once the fully assembled rocket is on the launch
pad, the screw switches are tightened by screwdriver for all five recovectrehics.
This makes sure that the black powder will not prematurely fire on the ground and
preserve the battery life of the altimeters. The screw switches ensure that even due
to flight forces and vibrationthe systems will still be powered.

3444 Batteries
All altimeters are powered by fresh 9V batteries for each flight. Before each flight,
an unused 9V battery is tested to ensure the voltagat least 9V before they are
placed into the battery compartments. These are tightly fit into compartments to
ensuee that the batteries do not disconneduring flight.

LiPo Batteries will be used to power the BRB900 and Eggfinder TX transmitters. The
BRB900 uses a 1S, 3.7V battery that is attached to the underside of the transmitter
unit. The Egdiinder uses a 2S, AMbattery that iskept in a battery housing on the

AV sled much like the altimeter 9V batteries.

3445 Redundancy Features

The recovery avionics system contains two fully independent systems. There are
three entirely independent altimeterscrew switches, 9V literies, ematches, and
black powder charges. If any one component of one system were to fail, the other
system would activate and ensure a safe recovery of the launch vehicle. The Jolly
Logic Chute Release system is also redundatit two interlinked paachute
releases such that the release of one will fully free the parachute. Further
redundancy is incorporated into the black powder charges, with the secondary
charges being 0.5 g larger than the primary charges. This will incifeasbances

of sectionseparation in case the primary recovery avionics system functions as
designed but the body sections fail to separate properly after detonation of the
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3.4.5

3.4.6

primary charge. As suctihe recovery system is protected against equipment failure,
miscalculations, andberrations in the separation process.

Tracking Devices

As two components of this system will be descending independently of each other, there
are two tracking devices that will be used to recover the upper section and fin can. The
fin can makes use of aBggfinder TX/RX GPS system and the upper section uses a
BigRedBee BRB900. Both systems are GPS trackers transmitting on the 900 MHz ISM
band. The upper section transmitter is located on the AV sled in the midsection of the
rocket. Tis location was selectedue toit being convenient anthe most secure place.

The transmitter is armed during launch pad procedure by tightening a screw switch to
power the transmitter. This switch is mounted in a similar fashion as the altimeter screw
switchesdescribed aboveThe BigRedBee BRB900 was selected for tracking the upper
section. The BRB900 is ideal for its small form factor and light weight but because it is less
reliable than the Eggfinder. The BRB900 transmits on 900 MHz and utilizes a handshake
system to preven interference. The receiver is a dedicated radio unit that displays the
latitude and longitude coordinates on a readout. It can also be paired with a laptop and
0KS RIFIGFE LR2NISR AydG2 D223tS 9 Nlp&h. 12 OASo

As requied by NASA 3.12.1, each section of the launch vehicle and payload descending
independently requires its own tracker. Sor the fin can, an Eggfinder TX transmitter is
mounted onto the APPA sled. The Eggfinder TX transmitter is pairedh&itBggfinder

RX receiver, programmed to the same frequency of 921 MHz on ID 3. The transmitter
power is 100 mW, satisfying requirement NASA 2.22.8. The transmitter has a range of
around 10000 ft, maintaining connection during ground testigouldthe transmitter

exit the range of the receiver during flight, since the launch vehicle will descend within
2500 ft of the launch padsignal will be able to be reacquired during descent or after
landing. The receiver is mounted in a plastic case also camgainbattery holde for 3

AA batteries and a Bluetooth module. This module is paired to the phone of a member of
the field recovery team via Bluetooth. GPS data is then plotted on the phone using the

[N

w201S8dG [20F 2N I LILI® ¢ KS lotatidhbnlaisadtite image €5 IS KA

gStf a LINBPOGARAY3I (KS @GSKAOt SQa RAalGlyOS:
location of the phone to the vehicle. Specific latitude and longitude information can be
easily obtained from the logs of the app. Mmlundant trackingransmitter is included in

the launch vehicle since the GPS tracker serves as the redundant backup to the primary
method of flight tracking; visual observation of the launch vehicle.

These tacking devies transmit data to thegroundbut do notseem to have an affect on
the recovery altimetes but as aprecaution a layer of aluminum foil is added to protect
from ary possile interference.

Ejection Charge Sizing

Black powder ejection chargegere calculated bygonsidering the gases in each launch
vehicle body cavity as a mixing problem between the gaseous products of the black
powder combustion and the air in the cavity at the ambient conditions. The reaction
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model below was used to determinibe mass percentagof a given black powder charge
converted into a gaseous product. 3F black powder is used for all energetic events.

PO oY WO cOBG i o0™ i ul C @0 ¢ (3.5)

It was assumed then that a mass of gas 33.5% the mass of the black powder charge was
added to the mixing chamber at the adiabatic flame temperature of bfamkder, as
obtained from the manufacturer data. A target pressure rise was specified to determine
the amounts of each product gas (N2 and COZ2) that would be required for the desired
pressure rise by considering the partial pressure of all three gases osh#dmber. Since

this required mass is a known fraction of the black powder mass burned, it & tdvi

back out the required powder charge mass. Validation testing of this model has been
carried out with great success, and these tests are covered fuimh®ection 7.1.1.5.

For flight, a target pressure rise of 8.5 psi was determined. This incregsessure
generates sufficient force to shear four shear pins with a FoS of 2.02, acceptable for this
context. If the shear pins do not break with the paiy ejection charge, the secondary
charge is sized up from the primary. Here a mass increase gfdhis was specified. This
ensures that even if the primary black powder charge does not cause section separation,
the backup charge will be able to do soileltremaining small enough that a sympathetic
detonation will not over pressurize the body sectioks flown, the forward ejection
charge had a primary mass of 5 g and a secondary mass of 5.5 g. The Aft ejection charges
had a primary mass of 4.4 g and amsdary mass of 4.9 g.

3.5 Mission Performance Predictions

3.5.1

3.5.2

Launch Day Target Altitude

As detailed in te PDR document, our target apogee for the launch vehicle is 4,400 feet.
This was chosen due to the expected weight of the launch vehicle and the chosen moto
at the time of PDR. With the significant weight creep difference in design weight and
actual weigh, the launch vehicle will likely be lower than this target altitude.

Flight Profile Simulations

Usingthe updated estimated weights from tRéDFlight, ten simulations were run with
a 5° cant, a 1-2oot launch railandwind conditions from 5 to 15 MPHhe average
apogee was8,676feet. The estimated max velocity was2 fpsand the max
acceleration during takeoff wa98ft/s2. Launch stability margin w&s18 calibers. The
estimated speed at launch rail exit wa8fps. The flight profile of one of the
simulations isn Figire 3-46. It is noted that the burnout line is notcaurate as the
recovery system required a second no motor burn in RockSim to &llowndependent
sections.The RockSim simulated thrust curve of the motor is shown in FégdireThe
thrust to weight ratio of this design 51

In Table3-3, the weights used in the RockSim simulatioa bsted. These weralerived
from weighing all the component partand finding the CG for e part. While
investigatingthe discepancybetween theCDRwveight estimationand theactual weigh
of the rocke, the team discovered that thelensityin RockSim for G1&berglas, that
has been historically used by the cluis lower than the desity of the actual productit
is estinated that the cause of thisveight creepis primarily due to ths diference in
densities.
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Figure3-46 RockSim Launch Flight Profile
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Figure3-47 Simulated Motor Thrust Curve
Table3-3 Real Weight Table

Nosecone 5.90
Total Nosecone weight ballast | 5.9
Upper PayloadBay | 6.20
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3.5.3

354

3.55

Bodytube + coupler ’ 3.8
MOMO | 2.4
Main Parachutebay | 4.30
Body tube | 2.2
Drogue + Main + shock cord +JL ’ 2.1
AV Bay | 5.10
Body tube + coupler | 15
AV sled | 1
Bulkhead | 2.6
Drogue Bay | 5.80
Body tube + coupler | 3.9
Drogue + Main + guick linkst+ 2JL shock cord | 1.9
Fin Can | 1818
APPA | 1833
Fin Can | 8.1
Total Motor | 8.25
TOTAL WEIGHT | 45.48

Load Verification

During flight, the rocket mustithstand flight, ejection, and landing forces. G12 fiberglass
was chosen as the airframe of the launch vehicle as it has an ultimate tensile strength of
around 3@0 MPa, which is more than enough to resist any flight formed landing
forces. Along withhis, the fins are comprisedf aircraft grade plywood that has been
epoxied and filleted both to the external and internal sections of the rocket to disperse
loading experienced during flight and landignally, Sectio7.1.1shows that the chosen
bulkhead designs can bear the load experienced during the ejection of parachutes.
Additionally, refer to SectioB3.2 for more specifics of the flight reliability of tHaunch
vehicle.

RockSim Apogee Study

Consideringhe weidt discrepancy between launch day weight and measurenents
afterwards it appears the RockSim error was lower than 15% for this ladmis will be
revisited in the FRRddendumafter the second/DF and PDF to determine the best error
margin for compeition day predictionsThisdiscrepancys discussed areater length in
Section 51.3. For now, our predictions will not use the correction.

Stability, CG, and CP
As shown in Figurg-48, the stahlity margin is 218, the CG is locate@6.7 inchesaft of
the nose tip, and the CP is located BDinchesaft of the no® tip. The CG being forward
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2T GKS /t A& ySOSaalNe (G2 SyadaNB I Y2YSyi
the rocket towardsts velocity vector in thevent of a disturbance. The stability margin

shows the difference between the two divided khyetradius and is an important metric

to determine whether the rocket is stabl&he change of Stability Margin, CG and CP up

to apogesds given in Figurg-49. Sttic stabilityrisesto around 2.25 at rail exiCG moves

forward during the burn which isxpected as the propellant mass is lost.

mass 45.43137
n: 2.18

Figure3-48 Launch Vehicle CG and CP locations

Fullscale Design
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Figure3-49 Stability Margin, CG and CP graph

Analytical Apogee and Stability Margin
In an effort back up simulations done in RockSim, analytical methods are used to
determine launch vehicle apogee and stabititgrgin.

35.6.1 Apogee Calculations

Various metrics of th&unch vehicle are required to anailylly predict the apogee.
All significant values are recorded in Tablg. The results are in Tab8e6.

Table3-4 ApogeeConstant Table

Name Variable ~ Value Units
Radius R 0.08 m
Density ’ 1.225 kg/m?
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Coefficientof Drag G 0.4 N/A
Thrust T 850 N
Mass M 19.32 kg
Gravitational )
Constant g 9.81 m/s
Burn Time t 4.4 S

The reference area of the launch vehidejs firstcalculated using:

o “v CEpPpn a (36)
Then thewind resistance coefficienk, is calculated using:
- o 0
Q ™00 uvZpmn T (3.7)

Then launch vehicle metriggandx, used to calculate max velocity of the vehicle
are calclated using:

Y 0 "Q a
n 7 o PFp X— (38)
Q i
Qn &
o C_ n B (39)
0 [
The maximum velocity of the launch vehidl,y, is calculated using:
‘ P o
— 3.10
0 np < pTa& i (3.10)

Then the launclvehicle heighbn motor burnouthyumous, iS calculated usingnax

0. Y IO

K — 0 311
0 o ~ 50 ocq (311)
And the launch vehicle height on codskas; is also calculated usingax
0 Diibr‘m ' (312
Q 0 Q voe '

By addindumout and heoasttogether, the maximum heighhmay, is calculated:

0 © 0 ppuLIC OX Y@ (3.13)
Table3-5 Apogee Comparison
Method Apogee (ft)
RockSim 3,464

2022 NASA Student Launch | Tacho L



3.5.6.2

NC STATE UNIVERSITY

| Analytcal | 3783 |
Theanalytical method predicts a higher apogee than the RockSim simulation. This is
likely due to the 15% correction that is used in the RockSim calculation. The
analytical calculatiorsi I 0 AU &AYLI SNJ YR R2 S 3yQi

I 002
StabilityMargin Calculations
Different metrics are required to determine the launch vehicle stability margin. The

analytical method used to calculate the stability margin is called the Bafiow” Q a
method. All significant variables are in TaBlé. The results aren Table3-8.

Table3-6 Stability Margin Constant Table
Variable ~ Value Units
Ln 26 Inches
S 6.27 Inches
Xr 3.3421 Inches
G 7.8 Inches
R 11.125 Inches
R 3 Inches
N 4 N/A
Xe 87 Inches
G 2 N/A
CG 65 inches

The arm length of the nosecong, is determined from the relationship between
the length of an ogive noseconig, using:

p D p @EMI (3.14)

The fin sweep angle is calculated using the fin sgman,S and fin sweep length,
X\, using:

@ 1™ @i

Y
— oon?OA.a—\ [N (3.15)

Using sweep anglé, chord tip length;, chord root length(x, the fin mid-chord
line length L, is calculated:

0 NOZ6 =6 X8t @EW (3.16)

C C O A+

Then the coefficient for the fin€, can be calculated using the radius of the
launch vehicleR, and the number of fing\, using:
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6 PN ov —Sr O pw (317)

The arm lengthor the fins, X, is calculated using the distance from nose cone to
fin root chord,Xs, and a few other existing values:
@0 ¢ p . 00

—— — -0 O —
o6 0 0] o}

AN w B0 QEM (3.18)

UsingG, and other values, the center of pressukXes is calculated using:

66 6@

n\ _ _ 117 137, 7 .1
Q@ —5 &5 X  TQEWI (3.19

Finally, the stability margitgy, is calculated using the center of pressués, and
center of gravityXcg using:

Vo P e0de0l i (3.20)

Table3-7 Stability Margin Comparison

Method Stability Margin (Calibers)

RockSim 2.12
. F NNR g Y 2.19
Both methods produced similaNB & dzf 6§ & Ay GKAa
method resulting in a slightly higher stabilityargin than RockSim.

O
QX
(0p))
M

3.5.7 Kineifc Energy Landing

Kinetic Energy is calculated using mass and velocity of each body sedtioh is

modeled in the equation below wherKE is Kinetic Energy, m is mass, and V is
velocity:

0C -4 (321)

The maximum kinetic energgs determined by NASA requirement 3dlls us what
the maximum speed each tife sections can descend at for that requireméo still

be achieved. Those maximum descent velocities are shown in Ba®leThe
minimum velocity determines what the size of the main parachute can be.

Table3-8 Maximum DescenW/elocity
Section Mass Maximum Descent Velocity
Nosecone 3761 19.97 ft/s
slugs
Midsection 2197 23.16 ft/s
slugs
Fin Can 4678 17.91 ft/s
slugs
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3.5.8

3.5.9

2 A0K GKS YIEAYdzy 9gSt20A0G&8 O2yaidN} AySRZ
used to calculate the descent velogignd then theKinetic Energy for each section

was calculated. The table below shows the kinetic energy of each body section upon
landing.

Table3-9 Body Section Kinetic Energy at Landing

Section VW ESS Descent Velocity Kinetic
e e
Nosecone| 570t 20.45 fi/s 78.7 felbf
slugs

Midsection 2197 20.45 ft/s 58.5 ftlbf
slugs

Fincan | 2678 16.43 ft/s 63.1 ftlbf
slugs

The table above shows what the maximum kinetic energy for each section will be.
The maximum kinetic energy esqienced will be on the nose cone section. It will
experience 78.7 ftbf upon landing. This kinetic energy is above the maximum
kinetic energy Init as set byNASA requirements. This is due to some weight creep
in the nosecone and upper payload bay satsi. With the removal of MOMO, the
mass of this section should decrease and fall back below the kinetic energy limit for
PDF. The Fin Can falleparately from the rest of the rocket so that is why the
descent velocity is different from that of the othewd sections Thekinetic energy

for 2 of 3 sections is below the linsihdthere isaplan toreduce thenosecone kinetic
energy

Descent Time
Descen time is an important part of the drift calculationSee Sectior8.5.9 on drift
calculations to see in ¢i¢th descet time calculations.

Drift Calculations
The expected drift is calculated with a few assumptions. The first one is that the
launch vehicle fiis straight with no weather cocking. The second is that the
parachutes deploy perfectly and instantly @te alttude we expect. At apogee,
drogue deploys instantlyhe fin can separates instantly at apogee, and the terminal
velocity is immediately reached.nQlescent, when the launch vehicle descends to
600 and 700eet, the main is deployed for the fin nand upper sction respectively
and the terminal velocity of the vehicle is reached instanflye thirdassumption
considerswind to be constant and the launctvehicle and the payload both drift in
one direction at that wind speed being calculated.

Theseassumptions makehis calculation a less accurate representation of real day
wind drift butdo give a picture of worstase scenarios should these wind conditions
occur. The deployment reaching terminal velocity will take longer so this will add a
few seconds to the descd time.
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Using the distances between apogee, main deployment, and layalogg with the
descent velocities under each parachute dhd time it takes to descend between
each distance can bealculated. Using théormula below whereg is the apogee
altitude, @ is the main parachute deployment altitud¢, is the jettison altitude,
U is the descent velocity under drogwu is the descentelocity undemain,C is
the descent velocity under main

o — — — (322)

With the launch vehicle expected to reach an altitude of 4400 ft, the calculation gives
a descentime of 68.8 seconds for the upper section an@.9 seconds for the fin

can. Multiplying that descent time by the wind speed, we get the wind drift for the
launch vehicle at the various speeds as shown in the table bdlberworstcase
scenario is that irk0 MPH winds, the upper section will 8§619.2ft while the fin

can will ga2139.1ft. Both distances are within the requirements of 2500 ft.

Table 3-10 Drift and Descentiime for Upper Half

MPH Apogee Descent Time Wind Drrift

0 3698ft 70.0s 0ft
5 3678ft 69.7s 511.3ft
10 3652ft 69.4s 1018.1ft
15 3634ft 69.2s 15225 ft
20 3603ft 68.8s 2019.2ft
Table3-11 Drift and Descenttime for Fin Can
MPH  Apogee Descent Time wind Drift |
0 3698ft 74.1s 0 ft
5 3678ft 73.8s 541 .4Aft
10 3652ft 73.5s 10783 ft
15 3634ft 73.3s 1612.6ft
20 3603ft 72.9s 2139.1ft
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4.

4.1

4.2

Payload Criteria

Remaal of MOM(Means ofObtaining Meaningful liservation¥

Due to supply chain issues, multiple components needed for APPA did notiaraitamely
manner.The IMU, altimeterand Arduino Nano setup that was going to be used for MOMO
has been repurposed fAAPPA Furthermore, both cameras that were going to be used to
take images of the parachutes had theiconnectingwires tear and could no longer
communicate with he Jetson. The first camera broke a few days before \flehicle
DemonstrationFlightand thed SO2y R OF YSNI Qa O2NR ONRB{|S 2V
cameras were working, the USB adapter that is needed for the second camera was also taken
to be used for APRAReplacing all these components would not be worth the time and effort

to get the experimental payload working. For these reasons, the experimental payload
MOMOis no longer going to be part of the final design and will not be included on the Payload
Demonstrdion Flight or the launch in Huntsville. A brief overview of MOMO is given ifoBect

4.9 to document what was included on the Vehicle Demonstration Flight.

Payload Mission Statement

The objective ofhe payload mission is tdesign a payload capable of autonomously locating

the launch vehicle upon landing by identifying the launch vefide 3 NJA Rn anlgedial (1 A 2 y 2
image of tke launch site without the use of a global positioning system (GPS). The method(s)
utilized to complete the payload missiaine acceptableso long as the designs are deemed

safe, obey FAA and legal requirements, adtere to the int@t of the challenge.

This payload challenge is intended to simulate mission procedures that might take place when
landing a vehicle on another plan&t/hen vehicles are sent to other planets, it is important
for engineers and scientiste know wherethey are.Locating vehiclesn other planets must
be done without the use of GPS, given thathsatellite systems do not exist there. As such,
vehicles must determine their own locati@fter landing on other planet&/ehicles can
achieve his bycollecing dataabout their motionand surroundingsand then processing it
accordingly.

Table4-1 Payload Success Criteria

Success Level Payload Aspect Safety Aspect

The payloadyathersdata from all
sources and usestib correctly
Complete Succesy identify which square the launch
vehicle is in and communicates th
back to mission control

All risks are mitigated, no one is
injured or otherwise harmed

The payload communicates Ba | Risks are mitigated, but there are
mission control where the launch | some close calls during executiof
vehicle is within a few squares of il of the mission, but no one is
actual location injured or otherwise harmed

Partial Success

The payload commuaoates bak to
mission control, but it inaccurate | Some risks are unmitigated, ming
in its calculations injuries occur

OR

Partial Failure
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The payload accurately calculates
where the launch vehicle is, but
does not communicate this back tt
mission control

Complete Failure

The @myload does not calculate
where the launch vehicle is Risks are unmitigated, major
accurately AND it does not injuries occur

communicate with mission control

4.3 PayloadSystenSummary

43.1

4.3.2

Aerial Photographing and Positioning ApparatusAAPP

APP/Aconsists of aystem capable of identifying tHel dzy OK @SKA Of SQa f I yR
the launch field. APPAvill use statespace tracking to measure its movement and
determine the relative position of the launch vehicle during fligkRPAwill collect visual

data withtwo camerasaccelerationand orentation data with an inertial measurement

unit (IMU), and altude data with a barometric altimeter. Visual data will be processed

with an imageprocessingframework IPF)i 2 RSGSNXAY S (GKS | dzy OK
location throughout the flight. This rative location data will beynthesized with inertial

datavi +y 9EGSYRSR YIfYlYy CAtGSNIo69YCU (2 RS
Upon landing, APPWill transmit the final grid location to the ground statioising LoRa.

The Gridded Image

Tocreate the gridded image of the competition launch fieldywh in Figure 4L, Google
Earth Pro was used to overlay the grid lines on top of a satellite image of the field. The
image provided by NASA during the Proposakftance Q&A, which included aate of
radius 2500 ft overlayed onto the field, was usedaasference to determine where the

grid should be centered, which is marked with a red diamond. This red diamond marks an
approximate center square, but since thed has an even number of spacen either

side this does not mark the exact center of thedg The grid was made larger than
necessary to provide a wide range of options for the final grid placement, whose outline
is in red. This red outline represeritee 5000 x 5000 ft square, andeh of the individual
squares are 250 x 250 ft. The boxes ruenbered from left to right, then top to bottom
(numbered in rows), with 1 in the top left corner and 400 in the bottom right.
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Figured-1 Griddedimage of Huntsville Launch Field

APPAAgerial Photographing andPositioningApparatus) Description

ltt! O2yaraida 2F || aeadsSy OFrLIoftS 2F ARSYGAT
launch field. APPA will use stegpace tracking to estimate raement and determine the

position of the launchvehicle post flight. APPA will collect visual data with two cameras,
acceleration and orientation data with an inertial measurement unit (IMU), and altitude data

with a barometic altimeter. Visual data wilbe processed with an image processing
frameworko6 Lt CO0 (12 RSUSNXYAYS GKS I dzyOK @SKAOf SQa
relative location data will be synthesized with inertial data via an Extended Kalmar{E#ter

to determine the launct@S KA Of SQa TFAY Il t 2 OH tlaksthiythe fihalLl2z y I
grid location to the ground station using LoRa.

4.4.1 APPA Structure and Integration Design Overview

The APPA sled will house all the APPA electronics and ti@ iy Qa aSid 2F NB
electronics. The sled is made of PLA, antbittains three platforms where components

can be mounted. Components are attached to the sled using industrial strength Velcro,

Zip ties, nuts and bolts, and hesét threaded inserts. ThAPPA sled will be retained

within the lower payload compartment (ClP of the fin can during flight. The sled matches

the size of the LPC to prevent it from translating during flight. In addition, the sled is
attached to adjacent bulkheads with industrsétength Velcro to prevent itdm rotating.

Two screw switches ardecated on the APPA sled to connect #BPA electronicsand

LPC recovery electronics to power while the vehicle is fully assembled on the launch pad.

APPA has two cameras that are congirwithin housings mounted orpposite sides of

the fin can. Thesedusings are made of PLA and were designed to be aerodynamic. The
housings are secured to the fin can using an epoxy connection. Camera housing covers
hold the cameras in place during flighnd allow for their easy renval postlaunch. The
camera housingavers are secured to the camera housings using a bolted connection.
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The camerasare completely sealed within the camera housings, which protects them

from water damage. Finally, the cama&r®2 NA 662y Ol 0 ileSoathe$abnghS y R dzLJ
vehicle and entertte vehicle through ports in the LPC. These cables are protected from
aerodynamic forces, impact, and water damage by an aluminum tape covering.

APPA Electronics Design Overview

Data colection wil begin after a shortlelay once the payload is poweren the launch
pad.Altimeters will measure vehicle altitude, and IMUs will measure vehicle acceleration
and orientation over timelMU and altitude informatiowill betemporarily saved tahe

RAM of asecondary microcomoller (Arduino Nano) before beintransmitted to the
primary microcontrolle(4 GB NVIDIA Jetson Natmbe saved in a log fildwo IMX219
cameras wilkecord videoof the launch field during vehicle flight. These imagdt be
recorded and stored onnen D. WS {ia2y bthrogughoul thef fllght DetaNR
collection will end once the IMU acceleration data and altimeter data have detected a
landing.All data will be processed on tl&B Jetson Narefter the vehicle lansl

The APPA electronics sledlveilso house a GPS to locate ffive can after it separates

from the rest of the launch vehicle. The Eggfinder GPS will be isolated from the rest of
ltt! QF StSOGNRYyAOad ¢KAA RSY2yalpaybada GKIG
challenge, and it safi®es the requirement that recovgr system electronics are
AYRSLISYRSy(d 2F LI et2IR St SOGNRyAOad ¢KS 913
location to an iPhone receiver at the ground station.

Figure 42 below shows t t | Qa St SOl NEagf kot dhe BgOfidRYGPS anO > | LJ
APP Qa St SOGNRYyAO&a &af SR !'a y2GSR 2y GKS 7Tdz
L26SNBR 6AGK  T1Tdn+x OH{U0O [At2 O0lFlGOGSNED t2¢
through a screw sikch accessible from outside tife launch vehicle. This will ang that

electronics can be powered on right before launch, thereby saving memory on the
aeaisSvyQa {5 OFNR IyR Ffft2gAy3a GKS adaeadasSy G;
launch pador up to two hours. The batterwill be connected to a 5V buckmverter, so

the circuit is provided with 5V rather than 7.4Whe buck converter is necessary so that

the 4GBJetson Nan@nd other microcontrollers can be powered saf@ifie 4GB Jetson

Naro will connect to the two IMX218ameras via CSI communicationgdat will connect

to the REYAX RYLR896 LoRa chip via a UART protocol. The Arduino Nano will connect to

the DPS310 altimeter through 12C, and it will connect to the IB¥6IMU through UART

as well. Finally, the Arduino Narand 4GB Jetson Nano will usei@ecommunication to

transfer data between them.

The wiring diagram for APPA is shown in Figude Bhis diagram shows specifically how
the electronic components will be connected to eathes. The hardware of the battgr

and screw switch was omitted #eir connections are straightforward and would clutter
the diagram. The figure is best thought of as the physical version of the conceptual
electronics schematic in Figureddbelow.Findly, it isimportantto note that thelIMX219
cameras will be canected to theNVIDIA Jetson withibbon cables.
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Figure4-2 APPAMission Functional Diagram
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Figure4-3 APPA Electronics Schematic
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Figured-4 APPA Electronics Wiring Diagram

4.4.3 APPA Data Synthesis Design Qger
An imageprocessing framework and an Extended Kalman Filter will process the data. The
image processinframework will take video footage during flight and use it to identify
landmarks in the footage and calculate the distance from the launch vetucthe
landmaks. The Extended Kalman Filter will then use the information provided by the IPF
in combination with the IMU and altimeter data to generate as estimate of the position
of the rocket. This position estimate will be mapped to its correspongliitgsquare, ad
transmitted to the ground station via the REYAX RYLR896 LoRa module.

4.5 APPA Fabrication
I t ts!fa@rication process primarily involved 3D printing components and epoxying them
G23SGKSN® ¢¢2 LI NI €St LINE OSrécioS: dleveopn@ozbINS R { 2
the APPA sled and development of the camera housing assemblies. ConstructiodBPhe
sled consisted of 3D printing the four modules of the sled, installing$etahreaded inserts
into them, epoxying the modules together, aadding Velsl2  (i2 G KS af SRQ& 2 dzi :
Construction of the camera housings involved 3D printing Hbasings and the housing
covers, installing headet threaded inserts into the camera housings, epoxying the camera
housings to the fin can, cuttinPlexiglassand finally epoxying Plexiglass into the camera
housing covers. Prior to launch day, all elentcs are mounted to the APPA sled for quick
and easy integration on the launch field.

4.5.1 APP/Sled Fabrication
The APPA sled was designed in Solid#/sp thatti could be 3D printed. The sled was
printed in PLA with a Stratasi470on the quick print settig. The sled was divided into
four modules to reduce the amount of support material required to complete the 3D
printing process. Reducing suppongterial is a personnel hazard mitigation, given that
team members have sustainedunies when removing sugpt material.
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Figure4-5 APPA Sled Module 1 and Module 2-Praecessing

After printing the four modles, heatset threaded inserts were installed into peait

holes in the sled using soldering iron. To dohis, the threaded inserts are set into the

pre-cut holes, and then a hot soldering iron is inserted into the inserts. The soldering iron
graduallyheats up the inserts, which transfer heat to melt the PLA. Then the inserts can

be pwshed into the precuthd Sa & dzOK GKIF G GKSe& NB FfdaAK ¢,
the four modules of the sled were secured together using West Systems 105/206 epoxy.

Epoxy was applied on all the adjacent surfaces between modules and was given-twenty
four hours to cure.

Fgure4-6 APPA Epoxying Process

The sled was then tested under compression in the Universal Testingimga@JTM), as
described inSection 7.1.3.14The sled weighed 0.633 Ib and was testender 65 Ib to
simulake the maximum acceleration the sled will experience, with a factor of safety of 1.5
applied. The sled survived with minimal deformation of the lowtatform under the

force and no permanent deformation. Results of the APPA SledsSTiest are discussed
further in Section 7.1.3.14.
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4.5.2

4.5.3

Due to an oversight during the design process, standoffs and screw switches were added
to the APPA sled after primaryanufacturing and testing. Four holes were drilled into
opposite sides of the APPA sled, and standoffs weogied into the sled. Afterding left

to cure for 24 hours, the screw switches were installed into the sled. These switches allow
the Eggfinder GP&hd APPA system to be turned on while the vehicle is on the pad. The
added standoffs were not expected to gegtively impact the struct@ integrity of the

sled, given that most of the force will be distributed through the sides of the sled.
However, thesled is being redesigned due to weight and strength complications, as
discussed i®.6.2.As such, the sledilWbe retested in the UTMcaordingly after being
redesigned and reprinted.

APP/Sled Integration

Industrial strength Velcro was applied to thepgw surface of the APPA sled and on the
lower surface of the aft drogue bay bulkhead to facilitate a connedbetween the two
surfacesThis connection prevents sled rotation during launch, and it aids in dampening
vibrations from the launch vehicle thatay impact IMU performance.

¢2 LINPQPARS 00Saa (G2 G4KS aONB¢g 4&droteKSas
fin can. Since thesports were larger than anticipated, no additional holes were drilled to
function as pressure ports. There is confiderin only using two pressure ports, given

that the Tacho Lycos team has use@tw n ®H y ¢ R Jplessu® pots\d pieksurleR

the AV bay for several years now with successful results.

When testing sled integration into the lower payload compartméimg, team discovered

that there is a failure mode associated with removing the APPA sled as desigmetthér

fin can. Because the APPA sled fits so well within the fin can, vacuum pressure is created
when attempting to remove the sled from the LPC. Tevédte pressure, tesmallports

were drilled into the bottom platform of the APPA sled. These holemkzgpressure

above and below the sled so that it can successfully be removed from the launch vehicle.

APPAclectronics Integration and Retention

APPAelectronics were primarily secured to the sled as described in the CDR. However,
the locations of a fewcompments on the APPA sled changed due to 1) the addition of
the BNOO55, 2) unexpected component geometries, and 3) concerns of interference
between AIPA electronics and the LoRa transmitter. In addition, during the vehicle
demonstration flight, a few ffierent components were substituted into the APPA system

so that data could still be collected despite shipping delays. Most notably, a different IMU
wasused as the LORD 3BGK515 had not arrived, and a 2GB NVIDIA Jetson was used
instead of a 4GB one fthe same reason. These changes are minor, given that the 4GB
Jetson only weighs 0.625 oz more than the 2GB Jetson and that the new IMU will only add
3.25 oz of weight.

iR

l'a RSOGFATSR Ay GKS /5wx G4KS WD. b#L5L! WSz
64bd G& |'yYR F2dzNJ NBaLISOUADS ydzias Fo62dzi okcn.

was secured to the lower section of the APPA sled with Velalawa zip ties, and the
93IFTAYRSNI Dt {Qa o0FddSNE gLa |GG OKScR (0 2

2022 NASA Student Launch | Tacho L

0K



NC STATE UNIVERSITY

and one zip tie. The Eggfinder GPS was bolted into threaded inserts on the side of the
sled. The LoRa module was attached to the sled with im@listrength Velcro. Finally, a
DPS310 altimeter, BNOO055 IMU, and Arduino Nano were attached to bgaed which

was attached to the uppermost section of the sled with Velcro for the vehicle
demonstration flight. On the payload demonstration flight,etnhORD IMU and
development board will also be housed in the upper section of the sled.

Figure4-7 APPA Components Retention for VDF

A component retention test was conducted to ensure that all APPA electramiuki
remain fixedin place with respect to the sled during flight. The details of this test are
descrbed inSection 7.1.3.7. It was observed that no components were displaced after
the sled was vigorously shaken and components were physically wigglkeddition to

this, results from the VDF flight provide further confidence that components are securely
mounted to the sled and will not translate with respect to the sled during flight. This is
discussed further in Section 7.1.3.7.

4.5.4 APPA Camera Housing Fedition
The camera housings and camera housing covers were desigi@alidivvVorksso that
they could be3D pinted. The housing components were printed in PLA on a Stratasys
F1700n the quick print setting. Two of the camera housings and two of the camera
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housing covers were printed. No modifications were made to the cameunaing covers
after printingg the printed version was the final form of this component.

Figure4-8 Printing Camera Housings and CamerasihguCovers

The camerdousing covers are connected tile camera housings using fobU32" long

4-40 Hackoxide alloy bolts To facilitate this connection, fout-40 heat-set threaded
inserts are installed into each of the camera housings. These irmertastalled using a
soldering iron. After setting the inserts into the material and meltingsineoundingPLA,

the bottom of the camera housings (where the inserts were installed) is placed against
another flat surface to ensure that the inserts anesfh with the surface of the part.

To cut the Plexiglass a bandsaw was useshasvn in Figure 9@ below. ThePlexiglass
comes wrapped in a brown covering to protect the glass during shipping and while not in
use. This exterior covering was left on whildtiolg to stop the glass getting scratched or
chipped before being epoxied onto the camera housifigwe arean the Plexiglass that
needed to be cut was covered in tape and a line was marked where the saw needed to
cut. The Plexiglass was cut with a sligierance, so it was slightly bigger than it needed

to be. The Plexiglass was then sanded dowbet@ble tofit in the camera housing cover
using a belt sander.
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Figure4-9 Plexiglass Cut with Bandsaw

The firal step in completing the camera housing assembly was to install the Plexiglass
windows in the carara housingovers. Before permanently adhering the Plexiglass to the
camera housing covers, team members verified that the cameras fit in the camera
housing cover with the Plexiglass in place. This is shown in Figd@ Below. The
Plexiglass windows weisecuredrito the camera housing covers using epoxy. Epoxy was
applied to the four edges of the Plexiglass window, and then the Plexiglass window was
set inplace. It was difficult to install the Plexiglass without contaminating the window
surface with epxy, which obstructs camera views. Even if no epoxy originally
contaminated the surface, it would sometimes pool in areas of the window due to the
influence d gravity. To ensure that the windows remained clean, the windows were
monitored until the epoxy bgan to haden (about 2 hours of cure time). When epoxy
083y (2 LR2tx AlG 61 & NBY2 JSiRdippeddh acetdnK.S & A y R

%)

Figure4-10  Verifying Camerilousing Spatial Interfaces BeforexRilass Istallation
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4.5.5 APPA Camera Housing Integration
Each camera housing is secured to the fin can throughout flight. While the camera housing
covers are reravable, the camera housings are permanently attached to the launch
vehicle using an epoxy connection. Epoxgswapplied to the edges of the camera
houshgs and then they were attached to the fin can. Tape was used to hold the camera
housings in place whille epoxy cured. After the camera housings were attached, fillets
were added to the edges of the camenausnglaunchvehicle interface using epoxy.
These fillets help preserve flow continuity over the camera housings during flight, which
reduces aerodyamic drag.

Finally, twon ®y ¢ é riBbomcdhle parts were cut into the fin can to allow the camera
ribbon cables to extend from the camera housingsthe launch vehicle into the LPC. To
create the port, small holes were drilled and were sanded tocireect size.

Figure4-11 APPA Camera Housing Integration

4.5.6 Notes on Launch Day Assembly
Before launch dayhe electronics get attached to the sled. The batteries will be secured
with Velcro and are zip tiedtm place. The Eggfinder GPS and the LEIRBCX515 IMU
board are screwed into the threaded inserts. Thedefsano is attached to the sled using
nutsand bolts. The BNO055, DPS310, and Arduino Nano are soldered to perfboards that
are then attached to th&PPA sled with Velcro. The cords for the electronics are plugged
in and secured with tape. A more detaile@sdription of the electronics wiring is in
Section 4.4.2. Thebbon cables are plugged into the Jetson Nano, but not the cameras.
The screw switals are set to the off position and the batteries are also left unplugged to
ensure so that there is no powéss before launch.
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The full APPA Payloati€cklist for launch day assembly is included in Se&ibnAPPA

can be assembled independently of thesf few checklist items, so APPA assembly
happens simultaneously with the first few checklists. The endseofibbon cables that

are not attached tahe Jetson Nano get slotted through the hole in the launch vehicle
and the top of the camera housing. & batteries are plugged in, and the sled is inserted
into the fin can. The ribbon cable connects into theneaa, which is secured into the
upper portion of the camera housing using the bottom part of the camera housing. The
excess ribbon cable is threadbdck into the launch vehicle and then taped into place. A
layer of electrical tape is placed immediatelyeothe ribbon cable, then Aluminum tape

is used to secure the cable and electrical tape to the side of the launch vehicle. Blue tape
is put on thatto further secure the ribbon cable and to prevent people from cutting their
hands on the aluminum tape.

4.6 APPAChanges

46.1

4.6.2

Changes from CDR for VDF

Only minorchanges occurred during APPA construction for the VDF. A few additional
holes had to be drilled into #sled for the screw switches and the zip ties. Also, due to
the length of the Lower Payload Section beinmga#ier than planned, Velcro could not be
used to secure APPA on the bottom of the sled. Both issues have been resolved in the
APPA redesign documestt in Section 4.5.1.1.

The camera housing incorporation of the Plexiglass has also changed since CBiRtywith
a small window of Plexiglass being udadtead of a Plexiglass box. The window of
Plexiglass uses less material, is easier to install, gassee through, and weighs less.

Despite the changes made, the fabrication and construction process fastembly of

the APPA sled and the camera Bongs was not significantly affected. The APPA sled and
camera housings were both still printed in PbAriodules. The APPA sled and camera
housings were both still printed in modules out of PLA. The APPA skedpexied
together, and a soldering iron wassed to install the threaded inserts to both the sled
and the camera housings. The only new step to ¢bastruction process was drilling
additional holes into the APPA sled.

APPA Sled Changes after VDF

The APPAled will still be comprised of 4 modulesda3D printed in PLA. Each of the four
moduli have had slight modifications to better accommodate tled $itting in the launch
vehicle, securing components into the sled, keeping cost down, and to improve the
structurally integrity of the sled.

The orighal APPA Module 1 had a diameter of 5.95 inches. The launch vehicle inner
diameter is 6 inches, so theiginal tolerance was .05 inches. While the APPA sled could
easily be put into the launch vehicle, removitgas very difficult. To help with the APPA
integration this outer diameter was changed to 5.9 inches. This change occurs in both
Module 2 and Modie 3 as well. The next change was adding holes for the zip ties. All 6
holes in Module 1 are for the zip §do pass through. The two leftmost holeg dhe zip

tie holes for the small GPS battery. The other four more centered holes are for zip tie
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holesfor the main APPA battery. Finally, the four corner areas were cut out to help
minimize PLA material used weh helps minimize the cost of the APPA sled

Figure4-12 Redesigned APPA Module 1

As stated before,hte diameter of APPA Module 2 was changed from 5.95 inches to 5.9
inches. Two holes were added to the sidéModule 2 to give a place for the screw &hi

to plug into. In the previous sled, holes for the screw switches were soldered on later and
were notexactly centered as a result. The holes in the launch vehicle were then drilled in
the corresponding spot3.he holes in the old APPA sled were meadws@that the holes

in the new sled will match up with the holes drilled in the launch vehicle. Theicfao

the GPS was filled in because the GPS will no longer be put in the sled vertically. The holes
for the GPS in the vertical position were removeuidnoles for horizontal placement were
included. The two holes on the left side of Figuré3below areghe GPS holes. Finally,

the top part of the thicker sidewall was cut out because it will not be part afihglthe

GPS and is unnecessary. This asloices cost by using less PLA.

Figure4-13 Redesigned APRModule 2

The slot for the GPS cord in the APPA Module 3 was also filled in for Module 3. Originally
the sld in both Module 2 and Module 8llowed the GPS to be secured vertically, but now
that the GPS is secured horizontally both cutouts are no longedew The slots were

filled in to increase structural stability. In addition, since the GPS is no longay bei
secured to the side of Modulg, that side no longer needs to be flat. Both sides will now
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be the same angled shape. All holes in the design weteted because most of them
were unnecessary, redundant, or poorly dimensioned. New holes were includedefo
IMU board and can be seéamFigure 414 below. The IMU is now centered in the sled and
the sled has been expanded to ensure that it wiltéitrectly. Furthermore, the sides of
APPA Module 3 were made taller to better allow components to be incatpd and
removed from the sled.

Figure4-14 Redesigned APPA Module 3

Module 4 was made thinner to makup for Module 3 being taller. This caused the section
allotted for the Ubolt to go all the way through AAA Module 4. None of the compomis

are close to the top, so this will not be an issue. Two holes were also added to better
accommodate the size dfie U-bolts. Finally, the 6 holes on the back of Module 4 were
removed because no components will be usingn for support.

Figure4-15 Redesigned APPA Module 4

The below figure has the APPA modules put togetind dimensioned. The new APPA
sled will be assembled the same way as the previous sled.
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Figure4-16 Full APPA Sled Dimensioned

4.7 APPA Development and Testing
4.7.1 Data Collection Development and Status

47.1.1

47.1.2

4.7.1.3

Arduino Dat&Collection Scheme
The Arduino Nano data collection scheme has been completed. It collects data from

both the BNOO55 IMU anBPS310 altimeter. It is connected to the sensors via the

I2C connection protocol. Libraries from Adafruit are being used in theidoctode

to communicate with the sensors. In testing and flight, the BNOO055 has been able to

give readingsat ~100 Hz and # DPS310 at ~5Hz. Information collected by the

Arduino can easily be varied, but currently includes: magnetic orientation (fer pre

launch calibration), angular rate, raw acceleration, pressure, and temperature. This

data, along with the the since the codestarted, is organized and transmitted
OKNRdzZAK aASNAIFE O2YYdzyAOlIGA2Y @Al GKS ! NR
to a fileand will then be read for processing pdanding.

Jetson Nano IMU Data Collection Scheme

The Jetson Nano Wi collect data fom the 3DMCX515 IMU via serial
communication over USB. They will communicate via the Data Communication
Protocol commands publied by LORD MicroStrain. The IMU will stream
acceleration and altitude data once the code is running. Aaidtily, the IMU an

LINE GARS y3dzZ NI NGSa FyR Iy al L¥ NBFSNBY
data will be saved to a file to be readrthg postlanding processing. This collection

scheme is incomplete as the sensor has not yet arrived, g ebeing wrign in

anticipation of its soon arrival.

Jetson Nano Image Collection Scheme
The two IMX219 cameras are connected to the Jetson dlauith ribbon cables. The

cameras communicate with the Jetson Nano using the two CSI ports. The frames are
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read into RAM usim the OpenCYV library, then saved to a file in a separate thread.
This separate thread is used to save the video frames to incpsaf@rmance of the
video capture and to allow higher framerates.

4.7.2 Data Processing Development and Status

4721

4.7.2.2

Conwlutional NeuraNetwork (CNN)

The CNN has begun training, but early tests indicate that more training and fine
tuning needs to be done. It is cuntly recognizing our landmarks with confidence
values between 35% and 90%aincrease confidence, we wilkad to acquire biter
images and improve labelingf the training datalt may also be necessary tweak
some parameters of the network such as fearning rate number of steps, or the
number of hidden layers to improve performance.

To train the CNN, wide array of satllite images of several launch field landmarks
were gathered from Google Earth. The images range in quality due to being from the
years 2013020,andthe variety of zoomghat were used.This allows the CNN to
become accustomedo seeingthe landmarks indiverse conditions and makes it
more accurateEach image is put throud®VAT, an online program that lets the user
apply labelgdo images These labelled images are what runs through the CNN during
training and indicate where a landmaikin an image. ®yund 90% of these images

are used for training, but a few are left out of this process so that the CNN can be
tested using imageis has never seen before.

The CNN architecture being used is an ssd_resnet50_v1 fpn, which is a network
pretrained on the COQ database. A pretrained network is being used to lower total
training time and increase accuracy. It should be noted that evenghdhe network

Ad -aNNBYSR>X¢ AU Ydzald adAatt o6S GNIAYSR
G LINISA Y SRé  &ah undédtaind hdwi to interpret images and recognize
objects.

Kalman Filtering

Currently we have developed a preliminary linealnkan filter to act as groundwork

for more advanced filters to be made. This linear filter integrates IMdlaction
data to generate a position estimate. As a crutch, this uses magnetometer data,
which will be replaced by gyroscope data later in develepimBesides the reliance

of magnetic orientation, the filter uses a generic equation of motion, E€nwhich
does not enapsulate the vehickspecific physics into the state extrapolation.

& & a0 §3~(‘) & (41)
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Figure4-17 Linear Kalman Filter Estimation of Altitude Dynamics

Thus, the filterprediction step assumes constant acceleration, effedyi making the

Kalman filter a form of moving average based on the precision of the sensor. One thing

to note about the results shown in Figurel4, is that since the accelerometer on the

BNOO055 wasaturated by the motor on takeoff, thus the motor mahu® G dzZNBE ND & G KN
curve had to be used to generate surrogate data for that portion of the flight.

The next step is predicting the acceleration based off the physics of the rocket, modeling

effects such agravity, lift, drag, and pitching moments. In adiitio the transition to an

Extended Kalman Filter, this will also requanetonomous detection of the different
aidl3Sa 2F FtAIKGP CNRBY GKAA FfAIK(G ed yR LINS
straightforward, or at least plausible. There arear events in either altitude or
acceleration data marking the different stages: takeoff, coasting, drogue descent, main
descent, landing. A large enabler of this methodology is the fact that the catngu will

be done once the vehicle has landed. Thuscan use the full data set to give us the most
information to be able to detect these events.

Additionally, the orientation data will have to be acquired by separate filtering. EORD
Parker has a fifir built into the 3DMCX515 IMU which will keep trackf orientation

based off its onboard gyroscope. This will likely perform better than a filter we can write
in such a short time but will not predict the rockgpecific motion. While less obvious
than acceleration, we can make predictions on the anguéde rof the vehicle under
motion such as nose precession around the velocity vector on ascent, and the tendency
to orient along the shock cord on parachute descent.

Finally, altimeter data will be integted into the Extended Kalman Filter when that
information is available. Before its integration, the altimeter data will be used to tune
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parameters in the filter that we are not certain of, such as aerodynamic force coefficients.
Then, with integration ira the filter, it will ensure that we capture altitudend vertical
speed accurately.

That is the full design of the filter thus far: an Extended Kalman Filter for integrating
acceleration, supported by orientation from either the IMU or a separate origmat
filter. Once this functionality has been completéfitime remains before the PDF, Other
modifications for improving filter performance will be investigated and tested.

4.7.2.2(a) Other Ideas for Improving Filter Function
The first proposed method of improvitiidter performance will be parametrizing
0 KS NXight] That i© finding the shape of the path that we expect the rocket
to take and using iflight data to dimension and fill in parameters for that path.
This can be used in theory to aid the Kalrfilker in its predictions for the position
of the vehcle. In fact, in the work for making an Extended Kalman Filter, we will
have already described the differential equations describing the motion of the
rocket used to make these paths.

Additionally, higler order terms could be used in the prediction of thext state.

This would mean using acceleration data or theoretical equations to generate an
estimation of the 4 and/or higher derivatives of position, then those could be

used to generate a betterestY (S 2F GKS NRO|SGQa&a 7Tdzi dzNF

Finally, it has be® proposed that the square of velocity could be used as a state
variable, with the intention of then being able to use linear filter with
aerodynamic coefficients instead of an extended one. Challehgeswould be

measuring an aerodynamic quantity to clsn the velocity squared or using the
LINS@A2dza GAYSadSLIQa @St20A08d bSAGKSNI 2
base filter has been completed, this option can be explored in the case it does
provide improved speed and accuracy.

4.7.3 Completeness of ARFSystem
The APPA system is responsible for two main taskight data collection and podtight
processing. During flight, APPA will be gathering data from a variety of sensors including
an altimeer, IMU, and cameras. This information will be stqrptbcessed, and fused
upon landing before sending a final location to the ground station.

The inflight processes are fairly simple, and data is stored directly to the Arduino Nano

and JetsoMNano. Data collection from all components currently availabielheen tested

and been proven to work in most cases, however the Vehicle Demonstration Flight
showed that there is a fault in the video recording algorithm. As such, the code will be
adjustedand tested for the condition in which the connection is brokemower is lost

G2 YIF{1S &dz2NB LI NIAFE RIEGE OFy aitatt oS O2ff
duration of the flight.

Once the launch vehicle has landed and APPA is no loatearing new data, the Jetson
will load the images saved durifight and run them through the CNN where it will detect
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the known landmarks in any frames where they appear. The CNN is being trained with as
many images as possible of both Huntsville landke@nd objects being used at our local
launch site and testedith images it has never seen before of the same landmarks and
objects. During the Payload Demonstration Flight (PDF), video will be recorded for the
duration and this footage will be run thrgh the CNN to ensure it can detect objects
found in images takeduring flight. APPA will then take the objects detected by the CNN
and calculate the distance between the launch vehicle and the landmarks at that time
using known information about the landark dimensions and cameras. The code for this

is being tested p-flight with images of objects with known dimensions and distance from
the camera and will be used on the footage taken during PDF to ensure that it works and
provides reasonable results. Theror produced by this code will also have to be
determined toprovide uncertainty estimates to the Kalman filter.

This information from the image processing framework (IPF) will then be related to the
known coordinates of each landmark and all the datang with the timestamps, will be
saved in one file to be fugewith the rest of the data. The Jetson Nano will also receive
all information from the Arduino Nano, and everything will be organized by timestamp.
The position data from the IPF will be comdadl with the orientation data from the IMU,
which will be analyed to determine different stages of the flight such as ascent, descent
under drogue, and descent under main. Then this data will be passed through the Kalman
filter to determine a final positin which will be sent to the ground station via the LoRa
module
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Figure4-18  APPA Information Flow and Completeness Diagram

4.8 APPA Past and Planned Flights
Vehicle Demonstration FligMehicle Demonstration gt (VDF) occurred on 2/19/22.

48.1.1 Goals and Success Criteria
Thegoal for the payload during our Vehicle Demonstration Flight was to record data
which could be used to assist the development of data processing algorithms and to
test the radio communicatiorrém the rocket to the Ground Station.

Table 4-2 PayloadVDFSuccess Criteria

Success Data Recording Video Recording Communication
Level Criteria Criteria Criteria
A complete set of | A full video from launch Communication with
altimeter and IMU data until landing was the velicle is

Gomplete | ranging from launch to recorded and saved at maintained from

Success | landing is recorded at| the desired framerate before launch to
the expected and with no visual landing with no lost

frequency obstruction packages.
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A partial video of
. launch, which can
A patial set of : - .
. capture view of a knowr, Communication with
altimeter and IMU data . L
: . . landmark. The image | the launch vehicle is
Partial is recorded, but is . .
. may be somewhat achieved most times
Success missing parts of the : :
. . blurred or obstructed by during flight and
flight or is sampled at g . .
dirt so longas hat does | somewhat postanding
slow frequency L
not significantly affect
quality
Altimeter and IMU A video is taken which
data is taken, but doeg either does not include| Communication with
Partial not provide enough | any known landmarks,| the launch vehicle is
Failure information to or is of low enough not achieved post
coherently decrite guality to make it landing.
the flight of the rocket unusable
. . . N mmunication
Complete | No IMU and altimeter| No video data is saved . © commu |cat|o.
. : with the launch vehicle
Failure datais recorded on the Jetson Nano
occurs.
48.1.2 Flight Sled and Electronics Setup

4.8.1.3

Thesled design described in CDR was used durinyéicle Demonstration Flight

on 2/19/22, but due to comfications and the results described$®ction 5.1.3it is

being redesigned to improve strength and eliminate weight for Payload
Demonstration Flight The sled included two 7.4V LiPo batteries on the lower
platform, one for the Eggfinder GPS and the otfwerthe rest of the components.

The center platform held the Jetson Nano and Eggfinder GPS, while the upper
platform contained the LoRa module, DP@&ltimeter, BNOO055 IMU, and Arduino
Nano. The Jetson Nano was connected to the battery via a 5V buc&rtamhat
connected to pins on the Jetson. The Jetson also connected to the camera using
ribbon cables connected to CSI ports on either componemt,LthRa module via a
UART cable, and the Arduino Nano through USB Serial communication. The Arduino
connecked tothe altimeter through 12C and the IMU through UARhally, fothe

VDF only one camera was used due to the 4GB Jetson not yet arrivingidTitni$ d
significantly affect the assembly as the camera procedure was only done for one
camera instead ofwo.

Electronics Performance and Success Criteria

We were not able to test the performance of MOMO, since the camera cable failed
on assembly. The prmance of MOMO does not correspond to any payload VDF
success criteria.
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Table 4-3 VDF Paylad Electronics Performance and Success Criteria

Criteria
Category

VDF Payload Performance Success Level

Acomplete set of IMU and altimeter
data was recorded, containing all Complete Success
expected flight information.

Data Recording
Criteria

The Jetson video capture started but
failed when the ribbon cable was
critically damaged by slatisassembly| Complete Failure
during the rough landing. No video
was saved to Jetson.

Video Recording
Criteria

LoRa Gmmunication wasnitiated on
the launch pad and maintained with
minimal interruption until landing.
Structural failure of the sled led to¢h Partial Failure
radio connection being severed. No
communication was made with the
vehicle on the ground.

Communication
Criteria

48.1.4 Resulof Flight
The \éhicle Demonstration flight occurred on 2/19/22. The main parachute for the
bottom section of the launch vehicle never deployed leading to the bottom part of
the launch vehicle to crash into the ground at around 53 MPH. This was a much
higher force onthe APPA sled than it was designed and tested to withstand, causing
the sled to break upon impact.

Figure4-19  APPA Sled After VDF
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To get the APPA sled out of the launch vehicle some of the wadstd be
disconrected and the 3D print had to be broken further, so the crash did not
damage the sled as much as shown in Figut® 4bove. All the electronics were

still retained securely to the sled, but the sled itself did not survive the impact.
The ¢ed likelywould have been undamaged if the main parachute had deployed
properly, as shown in the APPA Sled Test in Section 7.1.3.14. As a result of this
flight, the sled is being redesigned to be lighter and stronger. If there is another
unexpected launctvehicle falure, the new sled will have a better chance of
surviving, which in turn gives the payload a better chance of completing its
mission.

The ribbon cable that was used to connect the camera to the Jetson Nano was
partially torn, causing no camedata to besaved This tear likely occurred during

the crash landing, but it is not certain. Ribbon cable protection strategies are
being investigated prior to PDF. One inherent mitigation is that two cameras will
be used on PDF, and there is a lower iiladd thatboth ribbon cables break. In
addition, it is possible that ribbon cables could be wrapped in electrical tape to
provide protection.

During flight the DPS310 Altimeter and BNOO55 IMU collected data and the data

was stored successfully in the Jatsdespitethe harsh landing. Other damage

sustained by the electronics consists of some wires being disconnected and a few

2T GKS WSGazy bly2Qa LAya 3ISGGAy3a o6Syao

The image recognition software was on the Jetson Nano and ready to be tested
with the flightimages butouRyY Qi 6S RdzS G2 GKS €101 27

The figure below shows the DPS310 altimeter data with the altitude of the launch
vehicle plotted against the time. As the main parachute for the bottom of the
launch vehicle never deployed the dest velody never got slowed down
resulting in the entire launch taking less than 70 seconds.

Payload Altimeter Data
3500

3000
2500
2000

1500

Altitude - Feet

1000

500

0 10 20 30 40 50 60 70
Time - Seconds

Figured-20  VDF Payload Altimeter Data
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The figure below is a graph made from data the BNOO055 IMU took dughg fli
Theacceleations in the X, Y, and Z direction were plotted against time. The IMU
data helps validate the altimeter data because the accelerations in all three
directions stopped changing just before 70 seconds.

Raw BNOO055 Acceleration Data

N‘E:’ H , ‘ ‘ ﬂ‘n """"“NM" "ﬁ‘ \ ,’l \‘.’\l r‘ ( h ll;“
(L LAY b
% | “ i "\ | | s . | W ‘Uv L | .
i 'L'V“W.HLW IR ;i
| j
0 10 20 30TIme ) Secon:;) 50 60 70
Figured-21  VDF Payload Accelerometer Data

The IMU used in the APPA sled in the VDF also collected gyroscope data. Similar
to the last figure, angular rate in the X, Y, and Z direction were plotted against
time and leveled out when the launch veleidhit the groundat around 70

seconds.
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Raw BNO055 Gyroscope Data
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VDF Payload Gyroscope Data

4.8.2 Payload Demonstration FlighiRDF
The Payload Demonstration Flight is planned to occur 3/26/22.
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48.2.1 Goals and Success Criteria
The go&of the payloaddemonstration flight is to verify the safety and function of

the full APPA system. As such, it will have the same success criteria as the
competition flight.

Table 4-4 Payload PDF Success Ciiger
Swcecess Leve Payload Aspect Safety Aspect

The payload gathers dat
from all sources and use

it to correctly identify | All risks are mitigated, ng
Complete . .
which square the launch oneisinjured or
Success o :
vehicle is in and otherwise harmed

communicates this back
to mission control

The payload Risks are mitigated, but
communicates back to | there are some close call
Partial mission control where | during execution of the
Success the launch vehicle is mission, btino one is
within a few squares of injured or otherwise
its actual location harmed
The payload

communicates back to
mission control, but it is
inaccurate in its

calculations
. Some rsks are
Partial OR i :
Failure unmitigated, minor
The payload accurately| injuries occur

calculates where the
launch vehicle is, but
does not communicate
this back tamisson
control

The payload does not
calculate where the
Complete launch vehicle is Risks are unmitigated,
Failure accurately AND it does major injuries occur
not communicate with
mission control
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48.2.2 Planned Hjjht Sled and Eleatics

The redesigned APPA sled as detailed in Section 4.6.2 will be the sled used for the
PDF launch. Section 4.7.3 explains how the electronics will be wired and
communicate to each other.

48.2.3 Expected Results

4.9

To assess resulis an ideakcenario, we wilcompare the position that the ground

station received from the vehicle pebtl Y RAY 3 (2 AYyF2NXNI GA2Y TN
tracker. In the event of some failure which results in a position estimation not being
transmitted, we ca access th Nvidia Jetson Narto recover any saved information

and generate a position estimate once the error has been resolved. Thus, there is

much room for partial success, whereas in competition, it would be a failure.

MOMO Overview

Even though MOMvill not be in the final degjn it was still included in the Vehicle Flight
Demonstration. Most of the MOMO construction process was like the construction process
for APPA, so it will not be detailed in the same depth, especially because this is for an
experimentalpayload that will 0 longer be part of the final design. The MOMO CAD design
had to be broken into three pieces so that the 3D printer could print it in different modules.
The MOMO Modules were than epoxied together. The same process for dhifiexidpss

with the bandaw was done for MOMO. The Plexiglass epoxied on the bulkhead was cleaned
in the same way the Plexiglass was cleaned for APPA. Also, the Jetson Nano was configured
using the same process that was used for the APPA Jetsonodbdhat the APPA Jetson
usedto connect to its cameras was reused for MOMO and slightly altered to account for the
different cameras. As stated earlier, the MOMO IMU, altimeter and Arduino Nano were
repurposed for APPA so on the VDF MOMO was simply carmadsa mimcontroller to sae

the images. MOMO also had a buck converter, which was wired to the Jetson Nano and
battery in the same way the APPA payload wired its buck converter.

The biggest change to MOMO before launch was the screwing in the shathawoiers
directly to MOMOnistead of epoxying it to the sides of the launch vehicle. Threaded inserts
were put into the sides of MOMO, allowing for the shock cord barriers to be bolted in place.
Other changes for VDF included printing part of the sleidod ABS de to the PLA primr not
working and using a battery that had more volts.

As stated earlier, both the MOMO cameras were not working when it was launched in the
VDF, so no data was obtained from the launch. So, MOMO was a failure on the VDF.
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Figure4-23

5. Demonstration Flights

5.1 Vehicle Demonstration Flight

5.1.1 Launch Details

MOMO With and Without Shock Cord Barriers

Thefull scalelaunch vehicleCatastrophe was launched from the Bayboro, N&unch

field on FEebruary 19, 2022. Due the problems described below, this launch will not be

used for the Vehicle Demonstration flighiut was an attempt at fulfilling that
requirement. The table in Figurg-1 describes the launch details:

Table5-1

Date
Location
Time
Temperature
Pressure

Humidity

Wind Speed

Motor Flown
Ballast Flown
Final Payload Flowr
Airbrake
Target Altitude
PredictedAltitude
Actual Altitude

Flight Details

2/19/21
Bayboro, NC
14:17
46.9 F
30.21 inHg
49.5%

15 mph
Aerotech L850W
051b

No
No
4,400 ft
3,800 ft
3,294 ft
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5.1.2 Laurch Description
The launch was successful overall but had some recovery challenges that will require
another flight to ensure reliability. The primary challenge due to launch day conditions
was a heavy windl'he rocket went stight off the rail, thanks ipart to the launch rail
extender that made the 8 ft launch rail on our home field 12 ft to match the competition
NIFAfd ¢KS OSKAOE SQa Y202N) FdzyOliA2yYSR y2YAyYl
properly for the launchThe launch vehicle launched after its second ignitor as the first
onewent off but did not ignite the mtwr.

Figureb-1 Launch Vehicle Takeoff

During the flighthowever, the launch vehicle curved heavily into the wind resulting in a
reduction in apogee. The dual apogee separation occurred correctly and resuliethin
sections separatings intended.

Figure5-2 Dual Apogee Separation

Both sections then descended to main parachute deployment altitude. All recovery
hardware functioned correctly until this point. At thétage, the upper section main
parachute was released, but the fin can main parachditenot release. Both sections
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landed roughly 250 feet from the launch site. Despiteth& y r@Qugh/fa@dingthe fin
can sustained no damage

Figureb-3 Upper Section Landing

Figureb-4 Fin Can After Landing

Upon inspectia, the jolly logic chute releases had propesgparatedand released the
main parachuteThe problemwas that the shroud lines haddotted as shown in the
figure below. hisledto the main parachute for the firtannotproperly deploying and
allowing the fih can to hit the ground at a higher speed then designed. The reason for
thisknot islikelydue to: after being folded, the parachute was shakerensure that
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the jolly logicchue releases were on tight enough. In shaking the parachute so much,
the shroud lines that wereofded up inside were tangteup and then yanked at a high
velocity during deployment leading to the shroud lines getting tandfed.the PDF, we
plan to pull on the jolly logic chute releagestest them instead of shaking the
parachute to prevent this fromccurringagain.

Figure5-5 Fin Can Main Parachu&hroud Line&not

5.1.3 Launch Analysis
The achieved apogee was ghly 500 ft below there-flight predicted apogee and 1,100
ft below the chosen apogee for the competition flight. The lower overall prediction in
apogee was a gt of significant weightreep in the construatin of the rocket.All
components weighed a little motban predicted.The gap between the predicted apogee
and the actual apogee is lesxplained by the 15 mpWinds that affected thdaunch.

After launchday, ten simuldions were run with a 5° cant, a 8ot launch railandwind
conditions from 5 to 15 MPHIhe average apogee w841 feet. The estimated max
velocity was466 fps and the max acceleration during takeoffas 201 ft/s?. Launch
stability margin wa®.18 calibers. The estimated speed at launch rail exit 8&2 fps.
Notably this dad did not usethe RockSim error correctionAn altitude comparison
between one of the simutéons andthe real altimeterdata is shown in Figurg6. This
comparison showshat the simulaton holds up fairly well, with a slight deidtion in
apogeeand longer drift time than simulated.

2022 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

4000 Attitude vs Time

e Rl
Simulation

Altitude (ft)

0 10 20 30 40

60 70 B0
Time (s)
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Figure5-7 GPS data of the Vehicle Demonstratidight

5.1.4 Full scale Subscal&omparison

Because of large scale design changetsveen the subscale and tHall scale a direct
comparisondoes not reveal much. The subscale ended up going higher than the VDF
launch. This idecauseit had a much more powéul motor for its size Despite these
differences, thealtitude profiles for both are similaand shown in Figurg-7.
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Figure5-8 Full scalers Subscale Afude

5.1.5 Payload Details
This flidgnt was not the Pagpad Demonstration Fjht but a payload sled like the one that
will be flown on PDF was launched in the VDF flight. This sled and the resultsv&ikhe
payload sled are discussed more in Sectidh The APPA sled was secured with Velcro
The suspension siem seemed to workbut due to the rough landing of the bottom half
of the launch vehicle the sled was ruineaaking it hard to tell. The APPA sled itself broke
and a few of the pins on the Jetson Nano were bent but that was the exietite
damage. The &icro was still attackd though so the APPA payload retention plan will be
used on PDF. The APPA sled flown on VDF is shown below.

Figure5-9 APPA Sled for VDF
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The experimental payload, MOM@as also on the MR Notably, the MOMO
experimental payload will not be part of the PDF configuration or competition launch.
This is detailed in Sectighl

5.1.6 CD Plot and Sim

Fullscale Design
0.75 = Cd

0.65 -

0.6 -

Cd

0.55 -

0.5 -

0.45

0.4 -

Time

Figureb-10 CDGraph

As CDOs a function of velocity and drag which changes throughout the flight, RockSim was
used with data from the flighto generate a CD estimate during the ascéiritis showslrag
washighest at the beginning of the flight lowered and then went up slightly tie@aapogee.

5.1.7 Plan of Action
The only damagt hardware duringVDF was to the APPA sled. It wlasnagedbecause
of the higherthan-expectedimpact that the fin can had with thground. The APPA sled
was notsalvageablso a new APPA sledlle 3D printed for PDF laah.

5.1.8 Lessons Learned
Though there were several things that did not go as expécteveral lessons were
learnedfrom VDFThe first is tle succes®f a dual apogeseparationsystem. Ths is not
acommonrecovery system for the team arde sucessgives the team confidence that
the cameras will bgiven the best chare possible tadentify a lananarkon descent

Second lesson learned wé#sat the redundancy irhavingtwo cameras isital for the
success of the payload@hs flight hadonly one camera because tie Nvidia Jetson that
was beng usedso when the ribbon cable got damaged on imp&oere wasno data to
be collected showing the importance of having two cansera

Another lessa learned was that the fin camithstandhigh amounts of force.le fin can
hit the ground witha velocity around8 ft/s whichwas measured by the IMUWbaard the
fin can. Tht means the fin can hit thgroundwith a kinetic energy 01423 ft-lb which is
almost 19 time theamount allowed. Though thigas thereason that the APPA sled was
damaged, it iyes theteamconfidenceaboutthe structuralintegrity of the launch vehicle.
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Lastly the biggest lesson learned was regaglhow the mractutes should be treated
once they have been folded preparationfor launch.The shroudlines arefolded away
which means thaif they are tangledt any point, no one can telA change going forward
is that snce folded the parachute renains rubber banded andbarely toucheduntil it is
placed in thdaunchvehicle for flight.

5.2 Payload Demonstration Flight
ThePDFwill occur on March 28, 2022 at the Tripoli Launch siteBayboro, North Calina.
Thisflight will also serve as a Vehicle DemonstratiorfliRét to validate therecoverysystem.
April 2, 2022 will serve as the backup launch date if necessary. The SuccessoCtiterizDF
is defined in Sectiod.8.2.1 Inthe PDEthe APPA sledeeds to stg properly retained, the
cameras, IMU, and altimeter need to properly collect data, the code on the Jtamoneeds
to be able to calculate the grid square, and the Lora transmitter needs to output this
information backto the ground station.The PDF Wilalso validate several requirements
detailed in Sectior.2.1 aml Section 7.2.2
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6. Safety
6.1 Safety Officer

Frances McBride, the 2021022 Safety Officer, is responsible for creating araintaining safety documentation faise
AYAARS GKS GSI YQéaompetition. FabhdeOaSsists ghit ovarsees @lKaSsembly activities pertaining to the
competition and trains new members on proper procedures in the lab and during launchese$eso monitors all launch
activties, ensuring adherence to checklist prouegs

6.2 Hazard Analysis Methods
Continuing from its use in the PDR, Probabilistic Risk Assessment (PRA) matrices are used for each subsystem and
personnel/environmental hazards wisplay the hazards that fall inteertain likelihood and severity (LS) thretds. These
LS ratings are included in the Failure Mode and Effects Analysis (FMEA) tables below. LS ratings before mitigations and
controls, oilPreLSare to the left of the mitigation column, while LS ratiadeer mitigations have been applied to thgstem,
or PostLSare to the right of the mitigation column. Both ratings are then analyzed systematically using PRA to determine
the percent likelihoodind percent severity of failure for each launch vehickteay. Below is a table detailing the colade
for the LS ratings:

Table6-1 LS Color Matrix

elinood of O e e
1 2 3 4
Very Unlikely Unlikely Likely Very Likely
A
Low Risk £ A
B
. Medium Risk 2= e 2
Level of Severity C
High risk 2C sC
D
Severe Risk = = =

NOTEAIlthough MOMO does not exist to satisfy competition requirements, its failure modes are thoroughly analyzed below.
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Table6-2 TotalPRA: Left Before Mitigation, Rightter Mitigation

elihnood ofO ence elinood of O ence
1 2 3 ‘ 1 4
Very Very 2 €
. Unlikely | Likely . Very Very
Unlikel Likel ' i
y y Unlikely Unlikely | Likely Likely
A
£ 4A A 3A 4A
Low Risk 2 2 4 1
3.165% | 1.266% i
= LowRisk 2.532% | 0.633%
2B 3B 4B B
Medium 9 5 6 _ A2 e2 48
Risk 5.696% | 3.165% | 3.797% Medium 23 3 0
evel o vl Risk 14.56% | 1.899% 0%
aVv/e C av/e
A e C 2C 3C
High risk - A 14 0
3.962% | 16.46% i i
= High risk 8.861% | 0%
1D 2D 3D D
Severe 3 28 38 1D AL Slb
Risk | 1.899% | 17.72% | 24.05% Seiciey 29 0 0
Risk 18.35% 0% 0%

Before mitigations, 8.622% of failure modes are in the red oangezones. After mitigations, 0% of failure modes are in the red or orange zones.
This complies with all team derived requirements.

6.3 Remaining Concerns
As the project moves into the operational phase of itsdifele, procedural and environmental hazardsan a barrier to mission success and
personnel/environmental safety. Significant steps have been taken to mitigate these hazards, such as those that appidioinitigetables.
Variable launch field condit2 ya Ay Tf dzSy OS (i K $o laurichdayiddéptu $1&ak hotds @iding llocafion Heledtion, and team
member competencies influence the likelihood and severity of personnel injury during fabrication and assembly of thedhiatetand its

2022 NASA Student Launch | Tacho L



NC STATE UNIVERSITY

payload. Knowing this, the safety officer cuttsdetailed safety briefings and dry runs of launches prior to team member contact with launch

vehicle and payload components. Lastly, neural network training is at the forefront of the work put into thie l@imcle and payload. Because
mission succes hy’ 3 S &

2y

Ftt! Qa

oAt AGE

2

~ A s oA = oz

O2NNBOifte RSGSOI

is imperative that all possible payload failure modes are considered andhtaitig

6.4 FMEA Tables

Structures System

Table6-3 Structures FMEA

202800 a

gy

exhaust gases
and airframe

cracking

P e P e
Label Hazard Cause Effect |_rg Mitigation E;P Verification
Hazards to/from Airframe
(1) Calculations .
performed in Section (1) AnalysisFRF8.46
Contact 3.46 give an accurate
betweenblack number for optimal black
powder ejection AVbay body tube | - 5p) powder sizing. oB (2) est: Fullscale
gases and cracking ejection testing is
airframe scheduled to be
g A | Hoop stress from . o performed on
internal pressure (2) Ejection testing is 1/20/2021
performed prior to flight. '
Contac securely fastoned in a
between motor | Fin can body tube y Inspection: Checklist
2D motor tube and motor

construction is overseer
by Tripdi personnel.

Section Motor Assembly
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(1) Jettison of
Hoop stress motor and motor
from internal tube See S.A.1 Mitigation
pressure
Fin can body
SA-2 tube cracking (2) CATO 2D
It t ba@eaty will be
Dislodged APP/ secured using three zip
LiPo battery (3) Inability to ties and a fric-tion fit to
reuse LV the walls of its sled.
Inadequate axial
Hoop stress | forcegenerated ly
S.A3 AV bay quy tubs from internal black powder to 3D See S.A.1 Mitigation
cracking
pressure separate LV
sectiors
Excessive force (1) G12 fiberglass body
from shock cord tube is used in
conjunction with rigid
couplers to prevent
zippeing.
S.A5 3iopd|getr:jnbge Parachute Airframe rupture | 3C
ejection at OGHO [ +Q& NB
excessively low deploys parachutes
altitude parallel to the fin can
airframe length, reducing
the chance of fin can
zippering.
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See S.A. Verification

Inspection: FRB.2.2.3

See S.A.1 Verification

(1) InspectionFRR
3211

(2) DemonstrationFRR
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High-energy Late/no
S.A6 impact with parachute
ground deployment
. Shock cord of
S.A7 Lv SIEFZIIOI’] insufficient
collision
length
Postdroguefin Large gusts of
wind after
S.A8 | canand upger LV
. parachute
collision
deployment

3D

SeeR.A.6Mitigation

1D

SeeR.A.6Verification

3C

The team uses
spreadsheets that
calculate the ideal length
of each section of shak
cord to avoid collisions.

The reovery system
separates the LV into twi
separate sections that
are not connected via
shock cord; this
eliminates the risk of
shock corecaused
section collisions.

2C

Analysis:FRR3.4.1

3C

The primary and
secondary fin can black
powder charges will fire

one second after the
primary and secondary
upper sectiorcharges,
respectively. This
distances the liberated
sections from oe
another and decreases
the chanceof mid-air
collision.

2B

InspectionFRR3.4.1
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LV touchdown

(1) Airframe

inflation upon
landing, causing
dragging

damage to LV

which has a scratch
hardness of 6.5 Mohs.

in wet saturation and
Airframe conditions disintegration The LV airframe is mads
S.A9 exposure to 3C of waterproof G2 3A Inspection’FRR3.2.1.1
water Inclement fiberglass.
weather (2) Airframe
rupture
Airframe
S.A10 Airframe Premature diSintegration/ 3C 2B
i rupture
exposure to sectlop SeeR.A.SMitigation SeeR.A.5Verification
motor exhaust separation
SA1 gases during ascent CATO 3D 1D
e?lrofrsalleeed) Uncontrolied Airframe The LV airframe is madyq
S.AP p. - disintegration/ 4B of heatresistant G12 InspectionFRR3.2.1.1
burning black | ejection charges .
rupture fiberglass
powder
Highenergy (1) Se€E.L.Mitigation
impact with the ;
d Changes in LV (1) SeeE.L.1Vverification
Bodv tube groun center d
S.AB abrzsion Parachute re pre.ssure/sﬁability; 3C (2) The LV airframe is| 2B
irreversible made of G1Ziberglass,

(2) AnalysisFRRB3.2.1.1

Hazards to/from Bulkheads + Epoxy
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(1) Bulkheads are
. designed with a factoof (1) Test: Bulkhead stres
Inability of
. . safety of at least 1.5. test performed
Bulkhead High axiabktress bulkheads to 1/21/2022
SB.1 delamination from shock cord| withstand flight 3D
connection forces; irreversible .
damage to LV (2) Epoxy is allowed to
cure for at least 24 hours (2) Inspection: STD 1
before load isapplied.
(1) U-bolts are used to
Di i spread shock cord force
High stres lsbc(:a(:\r:vr;zlon over a larger area. Inspection:FRR3.2.1.3(d)
S.B.2 il:;ii?:s C(;?gizgi?l: S parachute, shock | 3D 3A
. cord, and LV, .
connectons ballistic descent (2) Bulkheads are Inspection: LVD
designed with a factor of
safety of at least 1.5.
Bulkhead Softened epoxy|  |papility of Filleted bulkhead
S.B.3 | separation from | Excessive forcd ~ Pulkheadsto g connections are designe -, Inspection: LV
airframe from latched withstand flight with a factor of safety of
connectbns forces at least 1.5.
Ejection testing confirms
Prolonged | (1) Decreased loac that LV uses engh Test: Fulscale ejection
SBA | L exoosure] COMACwith resistance of epoxy g | plack powder to separatt testing performed
to?[err? erztures ejection charges but not enough to cause 1/20/2021.
P structural damage.
above 140 F (2) Epoxy softening _
SBS Motor exhaust s The area S_U”OU”d'”g the Test: Subscale Launch
o gases motor inside of LV was Performed 11/20/2021
temperature-tested and
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(3) Inability of
epoxy to withstand
flight forces

shown to not exceed
temperatures above219
degrees Fahrenheit.

Bulkhead
exposure to hot
ejection gases

Black powder

S.B.6 :
explosion

Singes/burns on
bulkhead wood

3B

Bulkheads are
constructedusing heat
resistant, aircrafigrade

birch plywood.

DemonstrationFRR
3213

Table6-4 StructuresPRA: Left Beforklitigation, Right After Mitigation

Likelihood of Occurrence

1 2 3 4
Very . . Very
Unlikely Unlikely | Likely Likely
3A 4A
A
Low Risk
0% 0%
2B 3B 4B
Sy Medium 2 ! !
Risk 10.53% | 5.263% | 5.263%
2C 3C
6
High risk
0% 31.58%

1 2 3 “
Very . . Very
Unlikely | UNikely | Likely |- ety
3A aA
A
2
Low Risk
10.53%| 0%
2B 3B 4B
: 4
SR \edium Risk
21.05% | 0% 0%
2C 3C
C
1
High risk
5.263% | 0%

Likelihood d Occurrence

2022 NASA Student Launch | Tacho L
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D 1D 2D 3D 1D 2D 3D
D
1 8 4
Seyere Severe Risk
Risk 0% 5.263% | 42.11% 21.05% 0% 0%
Table6-5 RecovenfFMEA
Recovery System
Label Hazard Cause Effect PLrg Mitigation PE? Verification
Hazards to/from Parachutes + Shock Cord
Altimeters are powered
Insufficiently with a 9V pattery whose Inspection: Checklist
R.P.1 powered 2D power is tested :
: . . . Section AV Bay Assemb
altimeters immediately prior to
. . arming altimeters.
(1) Ballstic landing ng &t S
of LV (1) Aquadruple
redundant system of
No parachute black powder charges (1) AnalysisFRR3.4.1
deployment Insufficiert (2) LV touchdown and Jolly Logic Chute
black powder with kinetic energy Releases is used. The
R.P.2 charges to in excess of 754t | gp | secondary charge is morl o

separate LV Ibs. than powerful enough to

components separatethe sections,
but not powerful enough

to damage LV structure.

2022 NASA Student Launch | Tacho L
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Shear pins of
excesive
diameter

R.P.3

Excessively
moist black
powder

R.P.4

(2) Ejection testing
confirms that LV wess
enough black powder to
separate but not enough
to cause structural
damage.

(2) Test: Fullscale
ejection testing
performed2/17/2022.

3D

#4-40 shear pins are
used, andheir ability to
support the LV will be
tested immediately after
assembly and prior to
launch.

1D

Parachute
contact with hot
ejection gases

R.P.5

Parachute rips

andtears Parachute

contact with
motor flame

R.P.6

(1) Black powder is
stored inwatertight
containers prior to AV
bay assembly.

(2) Launches will not
occur during inclement
weather conditions.

(1) Poor/no
parachute
performance

(2) LV touchdown
with kinetic energy

Parachutes are wrappeq

in fireprod Nomex cloth

that insulates them from
heat ard tension.

2022 NASA Student Launch | Tacho Lm

2C

3A

DemonstrationFRR
3.3.23

Test: Checklist section
Final Measurments

(1) Inspection: Checklist
Section Black Powder
Assembly

(2) Inspection: NAR High
Power Rocket Safety
Code#9

InspectionFRR3.4.2.5

Demonstration: Checklis
Section Recovery
Assembly
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in excess of 754t
Ibs

Paachutes and shroud
lines are detangled and
folded according to

Demonstration: Checklis|
Section Recovery

Parachute checklist instructions Assembly
entanglement prior to flight.
R.P.7 during 3C Jolly Logic Chute Releaj 2B
jeplaratlon/ mechanisms deploy the
eployment : :
main parachute quickly Inspection:iFRR3.4.1
to prevent entanglemast
between main and
drogue.
(1) Ballistic descen
of LV ick link ti [
Shock cord Loose quick c(o?rlljfli?rli]ggkb“gtitg ZZ?eltsy Demongration: Checklist
R.P.8 . . . d 3D L y. : 1D Section Main/Drogue
disconnection links officer immediately prior
Paratiute Assembly
(2) Complete to launch.
mission failure
(1) Ballistic descen
Excessive flight of LV ¢KS 0GSlvQoa
Shock cord made of 5/8in. Kevlar, .
R.P.9 rip/tear forces on shock 1D resistant to 6000 Ibf b InspectionFRR3.42.5
cord .
(2) Complete flight forces.
mission failure
(1) Severed
connection
R.p.1g| Excessiveforcel Late parachute| beweenshock |“ap | oop A guiitigation | 2B | SeeR.A.6verification
on shock cords | deployment cord and
parachutes/
airframe

2022 NASA Student Launch | Tacho Lm
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(2) Ballistic descen
of LV

Simultaneous

(1) LV structural
damage

R.P.11 Lnggtlon detonation of 2) Pargchute 3C SeeS.A. Mitigation 2C SeeS.A. Werification
collision both drogue tangling
ejection charges
(3) Highenergy LV
impact with ground
The fin can drogue
Fluctuating charges and upper
Large touchdown crosswinds APPA inability to sec.tlorll drogue charges
. accurately will fire with a one
distance determine second delay, giving
R.P.12 b;r':\évien QPLI?/A Simultaneous touchdown 3C enough time fotthe 2C Inspection’FRR3.4.1
sec?[:::)n detonation of | |ocation of all LV sections to separate
upper LV and components enough to not collid but
lower LV drogue not drift apart
charges completely.
Hazards to/from Recovery Electronics + Black Powder
(1)Hot wire T IHO bSAGKSN
Dual deployment| . Wind drift; LV main parabute will be Inspection/
R.A.1 mix-up between | tguchdown outside| 3C it .
of parachutes main and deployed via ejection DemonstrationFRR3.4.1
with main drogue of APPA nage charges. Jolly Logic Ch

Rekases use altitude

2022 NASA Student Launch | Tacho L
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parachute at
apogee

altimeters/
charges,

(2) Drogue hot
wire is
misrouted to
main terminal
block

(3) Jolly Logic
Chute Releases
separate
prematurely

Premature Jolly

Change in
parachute bay

data to deploy
parachutes.

(3) Two Chute Release
are used for each main
parachute, reducing the
chance of premature
release.

Two Chute Releases ar
used for each main

R.A2 Lolgécl:e(;:zte pressure prior 3C | parachute, reducing the
to black powder chance of premature
deployment .
ejection release.
The Jolly Logic Chute
) Ballistic landing; Release devices are
Lack of min Loss of power of S . S
APPA inability to connected in series; if
R.A.3 parachute oneormore | « a : a 4 3D . :
RSUSNXNAY S one fails tbsed, the main
deployment Chute Releases . o
location parachute will still be
deployed.
#4-40 shear pins are
Shear bins of used, and their ability to
Premature shear| . .p. Premature section support the LV will be
R.A4 . insufficient . 3C . .
pin shear diameter separation testedimmediately after

assembly and prior to
launch.

InspectionFRR3.4.1

DemonstrationFRR3.4.1

2C

DemonstrationFRR
33.23

Test: Checklist section
Final Measurements

2022 NASA Student Launch | Tacho L
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Excessive tensil

forces on shear

aerodynamic

pins

Excessive
compressive
forces from
motor

A 4:1 ogive nosecone an

four clipped delta fins
will be used to direct air
around the LV.

Shear pin holes will be
drilled such that the
shear pins fit only into
holes created by flush
body tube sections; this
will restrict compressive
motion between body
tube sections.

Inspection’lFRR3.1.5

InspectionFRR3.3.2.3

Premature
shear pin shear

(1) Parachute rips

(2) Failure of LV tg

and tears.

detonation

Prematue .
R.A5 section reat;h (l)ntsgded
separation Pog
Premature black
powder (3) APPA inability
detonation to determine
GSKAOf SQ
Premature black Sympathetu:
main/drogue Dual deployment;
R.A6 powder
: black powder | Parachute damage
detonation

3C

#4-40 shear pins are
used, andheir ability to
support the LV will be
testedimmediately after
assembly and prior to
launch.

SeeR.A.6Mitigation

Jolly Logic Chute Relea
are used in place of mai
black powder charges.

2022 NASA Student Launch | Tacho L

2C

DemonstrationFRR
33.23

Test: Checklist section
Final Measurements

SeeR.A.6Verification

InspectionFRR3.4.1
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Oversized
pressure pors

The equatiorfound in
section 3.4.2.4vill be

R.A7 Excessive 2B used to calculate AnalysisFRR3.4.2.4
number of pressure port sizing.
pressure ports
(1) LV touchdown
outside of rangeof
APP Adetection
Excessive wind| | emature black SeeR.A.6, R.A.7 SeeR.A.6, RA.7
R.A8 . powder 2B e .
drift . . Mitigation Verification
detonation (2) Inability to
communicate with
LV GPS; failure to
recover LV
(1) Excessive force
on shock cords an(
shockcord
connections
Late section Delayed black . .
R.A9 separation powder (2) 3D SeeR.A.6Mitigation 1D SeeR.A.6Mitigation
detonation Weakened/broken
shock cordLV
connections

(3) Ballistic landing

2022 NASA Student Launch | Tacho L
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(1) LV touchdown
in trees
Excessive wind Dual
R.A10 drift deployment of 3D SeeR.A.6Mitigation 1D SeeR.A.6Verification
parachutes (2) LV touchdown
outside of range
APPA detection
Black powder (1) Shear pins are place
detonation during between L\kections
arming of prior to altimeter arming. (1) Test: Checklist Sectic
i i Final Measurements
Abrupt pressure Siziagzr;;g'\ altimeters
R.A1L changes in AV . P . 3C _ 2C
bay while altimeters (2) Altimeters are
are armed disarmed if the LV must (2) Inspection: Checklist
Personneburns, be disassembled Section Launch Pad
cuts, and scrpes immediately prior to
flight.
R.A.2 LV flight .WIthOUt Pren?attljr.e Ballistic descerof 2D SeeA.M.4Mitigation 1D SeeA.M.4Verification
armedaltimeters | motor ignition LV
S Terminal block wire
. . Ejection charge no :
Terminal block Aggressive . connections are . .
. Lo delivered toblast . Demonstration: Checklis
R.A.B wire vibration on AV - confirmed to be secure| 1D .
: . caps Ballistic : . Section AV Bay
disconnection bay by the safety officer priof
descent of LV to flight
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Table6-6 RecovenyPRA: Left Here Mitigation, Right After Mitigation

Likelihood of Occurrence

Likelihood of Occurrence

! 2 3 4 . 2 3 4
Very . . Very Very . Very
Unlikely | Unikely | Likely | oy Unlikely Likely 1 | ikely
3A 4A 3A 4A
1
0% 0% 4% 0%
3B 4B 3B 4B
Medium Medium
Risk Risk
Level of 8% 0% 0% Level of 8% 0% 0%
Severity o6 3C Severity 2°C 3C
C C
8 7
High risk Highrisk
0% 32% 28% 0%
= 2D 3D . 2D 3D
Severe 2 7 Severe
Risk 8% 28% Risk 0% 0%

Table6-7 Payload FMEA

Payload Hazards
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Label Hazard Cause Effect PLrg Mitigation PEZE Verification
Hazards to/from APP/tability
Aerodynamic 5 o
forces on [ £+Qa NbO2Y
parachutes separates the fin can
_ from the upper portion Demonstrdion: FRR3.4.1
P.Sta.1 of APRA rotational o Igaplllty to instabilities. 3B
electronics motion RSUSNYAY
location
The fin can main
Black po.wder parachgte will be ‘ DemonstrationFRR3.4.1
explosion deployed via a Jolly Log|
Chute Release.
(1) Accumulation of
impulsive poor/ inaccurate
IMU data The IM ill I . .
parachute e IMU will be securely Test: AV Bay vibrationa
fastenedtothe t t !
P.Sta.2 deployment 2C AVsleds A il K K response test performed
forces during . 1/19/2022
descent 5 £2) Irlablllty to | long 164 steel screws
Vehicle RSUSNNAY S
instabilities location
1) Blurryimages
Wind drift @ ymag [ +@covery system
separates the fin can
P.Sta.3 . assembly from the uppe| 3B | DemonstrationFRR3.4.1
Fin can (2) Inability to )
_ 280 8NNA portion of LV to reduce
rotational USNYAY instabilities.
motion location
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Parachutes, fins
and/or shock
cord in line of

sight ofcamera

Failure of APPA to

APPA camera Cameras recognize aerial
P.Sta.4 . .
obstructon oriented away | and groundlevel
from the ground landmarks
Presence of fog
(1) Accumulation of
poor/inaccurate
. Production of IMU data
Electroma@netic maanetic fields
P.Sta.5 | interference with g
IMU by LV
components (2) Inability to
RSGSN¥AY
location
(1) Accumulation o
poor/inaccurate
IMU IMU data
P.Sta.6 | accumulation of Impr_oper. MU
calibration
error

(2) Inability to
RSGUSNX¥AY
location

2C

Twocameras will be
placed in between fins tc
minimize fin obstruction,
and many pictues will be

taken for redundancy.

Launches are not
conducted during
inclement weather.

EMC testing will be
performed prior to
launch day to study the
EMC properties of theV.

The IMUs will be
calibrated according to
calibration ingructions.

Hazards to APPElectronics

Demonstration:FRR

441,442

Inspection: NAR High
Power Rocket Safety

Code #9

Test: EMC Testing

performed 1/19/202

Demonstration: IMU

Referencesheet
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Screw switches will arm
electronics immediately Inspection: FRR.41,
prior to flight to reduce Checklist Section Launc
Loss of IMU, the amount of battery Pad
, Delay between drain
Low electronics camera, and/or "
P.E.1 assembly and board 3C 2C
power launch Jetson boar 7.4V LiPo batteries are
power e ahili
Chcc)zigr::):at?oelrri\kjil(ljlg 0 DemonstrationFRR
P . 4.42, Figure42
power over a long perioc
of time.
In r Iti .
Pressue d:;‘é;ﬁi;éléuge 0.28-in. pressure ports _
Inaccuate gradient Ceural netork: will be drilled into the DemonstrationFRR4.5.2
P.E.2 altitude bet(\;veen .i(rjlsid? APPA inability t’o 3C airfrealme to allow tlk;e AnalysisFRR3.4.1.1
measurement and outside 0 RSGSNNAY S APPAaltimeter to collect Equation3.11
LV . pressuredata.
location
The area surronding
Ribbon cable ribbon cables ingle of LV
PES3 Ribbon cable proximity to 3 was temperaturetested oB Test: Subscale Launch
T exposure to heat| motor inside fin and shown to not excee( Performed 11/20/2021
can temperatures above19
Inability of cameras degrees Fahrenheit.
to communicate .
with Jetson nano (1) Ritbon cables were (1) Test: Subscale Laun
Ribbon cable Ribbon tape shown towithstand flight Performed11/20/2021
fips/tears exposure to forces both inside and
P.E.4 P aerodynamic 2C | outside LV during the
forces subscale launch. (2) Demonstratio: FRR
442
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(2) Aluminum foil tape

will prevent air leakage

into the lower payload
compartment.

(1) The Jetson Nanwill
useatemperature
sensortriggered fanto
disperse hea

2C

(2) The Jetson Naras 4
GB ofRAM

NMDIA Jetson
Nano loss of Complete lack of
power Temperatures image
PES exceeding interpretation;
= Slowed operational inability to
operational limits determine vehicle
speed of Jetson location
board
Thermal contact
between motor
P.E.6 exhaust gases Permanent 2D
Imaging and APPA electronics
electronics electronics damage; inability
overheating to determine
GSKAOEf SQ
Jetson Nano
P.E.7 using too meh
RAM

(1) Thermal crayons use
2y GKS GSI )
flight confirmed that blue
tube, a more thermally
condudive material than
G12 fiberglass, isolated
imaging electronics from
motor heat.

(2) G12 fibeglass isolates
the motor from APPA
electronics. This
fiberglass has a low
thermal conductivity of
2.0.

(1) The Jetson Nano will opg
useatemperature

(1) Inspection: APPA Sle

(2) DemonstrationFRR
4.4.2

(1) Test: Subscale APP
thermal insulation test
performed on
11/20/2021.

(2) DemonstrationFRR
3211

(1) Inspection: APPA Sle

2022 NASA Student Launch | Tacho L
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sensofrtriggered fanto
disperse heat.

(2) DemonstrationFRR

442
(2) The Jetson Nano wil
have 4 GB dRAM
Camera lens Lens contact | Blurred, difficult iaglr;acf rgf;;f“:;:ts:ni |
P.E.8 . with launch field| to-interpret images| 3C .' . 2B DemonstrationFRR1.5
abrasion . . plexiglassasing that
particulaes of launch field . .
protects it from abrasion|
(1) Incorrect
Low interpretation o Neural networks will be
i i i landmarks i i
Low mgge guality/quantity tral.n(.ad with a pr.e DemonstrationFRR
P.E.9 recognition neural network 3C training + domain 2B 4791
confidence training specific finetuning o
database (2) Inaccurate approach.
vehicle location
Presence of
holes in Centering rings will be
P E 10 Centering mg centering rings - Mptor 3D dgagnectand fabricated Inspection: LVD 1
cracks to misalignment with a safety factor of at
accommodate least 1.5.
ribbon cable
Frayed wires _ Ptt! Qa ol dd
connectirgy (1) Airframe inspected for damage
battery and | Structural damage after charging and prior
APPA battery electronics to flight Inspection: Checklist
P.E.11 o D gnt. 1D ,
ejection S Section APA Asembly
Crushed{ (2) No power to Battery connection is
damagedquick Jetson Nano ery on |
disconnect confirmed to be tight +

2022 NASA Student Launch | Tacho L
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Quick secure by the safety
disconnect . . officer.
disconnection (3) APPA inability
due to flight to determine
forces and vehicle location
vibrations

Hazards to APPA&tructure

Excessive flight
forces imparted
from airframe

(1) Irreversible
damage to mission

critical structural

It t ! Q&maild of |

PLA, a material with a
Friction and elements and tensile strength of 7,250
pressure on electronics psi.
APPA sled couplersled
P.Str.1 cracking/ connection 3D
breaking (2) IMU motion
bet?N()e:r:r?(zled that introduces ltt1 Q& [At 2
and high significant error; be secured by three zip
veloci? VAPTAA'nab”'ty to ties and a friction fit
. Y |RSUSN)YAYS between the battery and
dislodged LiPo location
the sled.
battery
Irreversible .
. 2B | Eachsled will be mde of
damage to mission . :
. o PLA, which has a meltin
Contact with critical strucural
: temperature of 315338
APPASled overheating elements and .
P.Str3 . . . degrees Fahrenheit.
melting electronics/ electronics
batteries

i 2D
IMU motion that

introduces

significant error;

Inspection:FRR4.4.1;
Test: Payload stress tes
scheduled for 1/18/22

InspectionFRR3.2.2.3

Electronics will power off
before reaching this
temperature.

2022 NASA Student Launch | Tacho L
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APPA inability to
RSGSN)AYS
location

Loss of power to
APPA electronics

- DI LJa A Pttt
APPA electronicg Friction on LOSS- Of i be narrow en}gugh to
contact communication
P.Str4 cable . between cables| between APPA 3D secure eacltableand
shear/fraying and sled components; APP/ wide enpugh to not
inability to constrict cables.
RSGSNYAYS
location
(1) Irrevesibe APPA electronics
damage to mission vulnerable to
Overheated/ critical APPA overheating will use
softened epoxy components temperature sensor
controlled fans ©
modulate temperature
Separation of (2) IMU and
P.Str5 epoxied sled altimeter motion 3D
modules

Insufficiently
strong epoxied
connections

that introduces
significant error

(3) APPA inability
to determine
BSKAOEf SQ

Epoxy is allowed to curg
for at least 24 hours
before load isapplied.

2022 NASA Student Launch | Tacho L

2B

InspectionFRR}.4.2

Inspection: APPA Sled

Inspection: STD 1

























































































































































































































































































































































































































