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Ibom payload to an altitude of 10 000ft using an SRAD liquid engine is presented. This

rocket QDPHG 3/bak BhIBRAD wound carbon fiber airframe, and is propelled by a
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The design of an experimental sounding rocket with the purpose of transportingra8.8-

SRAD liquid bi-propellant engine 36 SLWILUH~ ZLWK DQ LPSXOVH RI
peak thrust of 850 Ibf. The rocket standdl1 ft tall and has a total takeoff mass of 87.5bm. It

uses a dual bay parachute configuration, which is controlled by dual redundant commercial

1V RI
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IOLJKW FRPSXWHUYV 7KH URFNHWY{V SULPDU\ SD\ORDG LV GHVLJQHG
and low acceleraion environments. This payloadis composed of a accelerometer, ignitor,
and cotton balls, and will ignite at set accelerations anaill be recorded on camera.The
rocket will also carry an experimental SRAD flight computer, which will log flight data.

Nomenclature

Above Ground Level
Assembly, Test, and Launch Operations

Specific Impulse

Characteristic chamber length
Oxidizer to Fuel mass ratio

Safety Factor

1

Michigan Aeronautical Science Association



1) Introduction

Laikais an experimental rocket designed and built by the Michigan Aeronautical Science Association (MASA),
a high powered student rocketry club based out of the University of Michigan in Ann Arbor. MAS®1haseted
in IREC for the last five year§ he team ixomposed of approximately 45 undergraduate students and is split into
four main sub teamspropulsion production airframe, and avionics. Propulsion is responsible for deiredggnd
testng of our SRAD liquid engine. Production is responsible for revigwengineering drawings andachining
componentsAirframe is responsible fodesigning, building, and testingV KH U RiFfidideNafiV pachutes
Avionics is responsible for the data collection instrumentatiad wduring static fireesting and fordeveloping
flight electronics.
7KH WHDPfV OHDGHUVKLS LV VSOLW LQWR WZR PDLQ GLYLVLRQV DGPL
comprised of a president, vice president, business lead, treasurer, and safety Tdficéechnical leadergh
includeschief engineer, propulsion lead, airframe lead, avionics lead, ATLO leadijgiion lead and payload lead.
During theschool year, technical leagd®nductmeetingsand design sessions, and keep their respective sub
teams on track with sherand longterm goals For example, theropulsionlead may break his/her team down into
a group working orregenerative cooling research and a group on combustion chamber. dasgnmonth, the
team is brought togethér a general meeting where progress is shaetdieen each sub team and group
Each\HDU 0%$6$fV JRDO LV WR GHVLJQ EXLOG DQGhé@anbhaptiliz@@\ GHYHOR
rockets; one for the 10 000 8RAD category, and one as an extidn two-stage flight to 240 000 .fiPresented
hereinis the design, build, and tesiethodology used for our 10 000S$RAD rocketLaika.

2) System Architecture Overview

A. Top Level System Summary

Laika, as shown in figure 1, stands ftltall and hasan outer diameter of 46.in. /D L N &rffame weighs
approximately 17.4bs. The body tubes, nosecone, and couplers are made of wound carbon figure, with internal
retention componentsnade of fiberglass/wood composite platesid nosecone pieces machingdnf 6061
aluminum. Carbon fiber components were wound using anWKnder filament winding machineStructural
components of the enginehich includetanks tank endcapsnjector and injector manifoldgluminum ribs and the
nozzle retention ring, were mankd by students on manual and CNC lathes and mills, which were made available
WKURXJK 8QLYHUVLW\ RI OLFKLJDQYYV :LOVRQ 6WXGHQW 3URMHFW 7HDP &t

|
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Figure 1. Laika, SRAD 10 000 ft Liquid Bipropellant RocketThis stows a cut away of the vehicle with bays
the experimental payload, avionics, and details of the engine assembly.

Laika employs a studerdesigned and built liquid fpropellant enginegalled Spitfire. It uses nitrousxide as the

oxidizer and 95% ethanol as the fu€he engingproduceslO 800 Ns of total impulsewith 3 780 N of nominal

thrust, and burndor five secomls. The engine hagropellant tank for both fuel and oxidizer a combustion

chamber motorizedball valves, a differential pressutansducefor nitrous oxide liquid level sensingwo linear

actuated quicldisconnect fittingsas well as numerous veMMROHQRLGYV DQG SUHVVXUHWUDQVGXFI

calculatedo be 215 seconds. Table 1.Performance

Summatry.

Isp 215s

Max. Thrust |3 780 N
Total Impulsg10 800 kNs
C* 1450 m/s
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B. Propulsion

1. Performance

The vehicle is propelled by a nitrous oxidied ethanol liquid bipropellant engine which produces a maximum
thrust of 850 Ibf. Engine performance was characterized by a seritseefstatic hot fire tests. An extensive
characterization is provided in Appendix A and a summary of performance metgie®isin Table 1. Figure 2
showsthrust datacollected duringa five-second burn at a student built test site at the University of Michigan.

2. Propellant Systems

The fuel tank, oxidizer tank, and propellaniumpbing
sectionssit above the combustion chamber in a rigid assemblypoo
bolted together with aluminum ribs. Between the chamber, | Nra
oxidizer tank, and fuel tank, there are twin8h tall plumbing
bays which house the propellant feed lines, motorized maige| |
propdlant valves, pressure transducers, and vent valves. The ‘
fuel tank sits above thexilizer tank, with a continuous, *°f |
unbroken fuel tubeunninginto and through the oxidizer tankZ , | |
The tank tubes ammade of Al 6061T6, and the foutank end 3 \
capsare made ofAl 7075. These components astudent = 1so0f |
machined andare designed to apate at 800 psi, with a 2.0 ‘
design SF, and have been hydrostatic tested to a 1.5 SF. '’ |

Nitrous oxide was selected as an oxidizer due to itsy,| |
relative safety and high vapor pressure atdgpiambient ‘
temperatures, permitting sedfessurization. Thenginewas or
designed to use 5.8 L of nitrous oxide in a 6.4 L tank, for a 5 . 5 5 > z &
mass of 4.4 kg. The oxidizer temperature was chosen as a Time (s
balance between oxidizer density at colder temperatures*
higher vapor pressure at higher temperatures. At the goal
temperature of 70F, the nitrous oxide generates 750 psi of
vapor pressure.

Ethyl alcohol (ethanol) was chosen as the fuel due to Righdcessibility, and its documentpdrformancen
other liquidpropulsion systems. Thedl tank contains 1.43 L of 95% denatuetdanol and 2.16 L of nitrogen gas
at a nominal pressure 050 psi. The N serves to force the fuel through the main fuel line to the injector.

3. Combustion Chamber
The combustion chamber isaae from Al 6061T6 and has @henolic
impregnated cardboard liner to serve as an ablative. The nominal oper
pressure of the combustion chamber is 400 psi and the aluminum wall
designed for a SF of 4 under room temperature conditions. This high
was used due to the tempenat dependence of yield strength and has be%
experimentally proven to be reliable. An L* of 85 was chosen to avoid |
combustion related efficiency losses. e

The nozzle consists of a superfine graphite converging section and
throat with a304-stainlesssteel dverging section. Graphite was selected [
due to its superior thermal properties and relative ease of manufacturing |
when compared to similar materials. The steel diverging section is used to |
hold the graphite in place and was designed using experimentaiather
UHVXOWY IURP WKH SUH YHhoRz2e\A 3B &rds$ sec
the nozzle assembly is provided in Figure 3.

4. Injector
The injector is composed of tnelement styles with 16 unlikenpinging elements and 8 likenpinging oxidizer
elementsThis combination of element styles was used to achieve the desired OF ratio ofrbld geometry for
the oxidizer HOHPHQWY LV EDVHG RIl H[SHULPHQWDO GDWD IURP WKH SUHYL
discussed ifRef 1to avoid feeecoupled nstability and provide adequateass distribution and mixing. Redundant
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Viton O-rings separatethe fuel and oxidizer sections of the
injector manifold to avoid intepropellant mixing. In the event
that these seals fail, vent holes ar@laceto allow the leak to
escape to ambient pressuFigure 4 showsa cross sectiormf
the injector manifold assembly.

5. Fill and Ignition System
The fill system was designed to permit remote fill ai
abort of the nitrous oxide tank. See the Project Test Rep
Appendix for a full diagram of this system. One solenc
valve actuates the flow of nitrous oxide through the lin
external to the rocket and oselenoid valve opens flow from
a vent in the oxidizer tank. Ethanol is loaded into the roc
with a lowpressure fill tank that uses regulated nitrogen ga:
force the ethanol up into the fuel tank. Each propellant en
from the bottom of the rocket nbugh a quickdisconnect Figure 4. Injector Manifold Assembly. This
fitting, then througha tuberouted aroundthe combustion cutaway shows the fuel orifices (center)
chamber up to the respective propellant tank. The quioxidizer orifices (outer). Two-dngs separate tr
disconnect fittings are fixed to linear actuators, which #wo flow paths of the manifold. Vent holes ca
operated remotely to disconnect the rocket from theydtem seen on the top face.
before flight.
Ignition occurs by igniting a small APCP grain positioned
in the middle of the combustion chamber, then the motoripes
propellant valves are opened, which starts combustion.

6. Preliminary Testing
Prior to fullscale testing of the engine and propella
systems, all structural components are tested to 1.5 time
nominal operating pressure. Additionally, the APCP ignitor|
remotely tested with-enatches. i
Static firing is conducted in three phaséke first test is a
shortduration static fire of the combustion chamber assem
to mitigate failure modes such as a hatart or ignition
failure. Next, a fullduration test of the combustion chamber
conducted to gather performance data emdnsue adequate
performance of the phenolic ablativEhe first two tests are
conducted using heawyeight engine components an
groundconfiguration plumbingLastly, fullduration tesfires
are conducted usinflight components, with the tanks an

plumbingin aflight-ready configuration. Figure 5. Enaine Controller

C. Avionics

1. Engine Control System

The engine control system was designed to allow control of solenoids, valves, and other motors and to read data
from various sensors on the engine and fill system from a single intécfmoputer). The engine controlléf¥ig. 5)
is a circuit board designed entirely by the team and operates with software written by the team. The system features
an engine controller onboard the rocket as well as an engine controller groundside to operatdRFNHW V ILOO V\V
Each board independently supports up to 8 12V valves/solenoids, 2 motorized valves, and 8 pressure sensors. The
positions of the motorized valves are measured with potentiometers and are controlled by a PID loop. The interface,
written in Python, remotely sends addressable packets to the engine controller boards via wireless modems.

2. Live Telemetry System
Besides using two COTS flight computers (EasyMini and StratoLogger) for altitude measurement and parachute
deployment, the avioos bay in the rocket boasts a system for live telemetry data streaming. The system consists of
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two circuit boards designed by the team. The board within the rocket has the following sensors: a barometer, an
accelerometer, 6 gyroscopes, and GPS. The boamdnits telemetry data from these sensors to a receiving board

on the ground, which in turn displays the data to a connected computer. The onboard flight computer simultaneously
saves the flight data at a higher frequency to onboard flash. For reduntteneyjonics bay also holds a COTS
%LISHG%HH %YHH/LQH *36 ZKLFK WUDQVPLWYV WKH URFNHWYV FRRUGLQDW

D. Airframe

1. Performance

Performance simulations were run using Open Rocket, a free software by Sampo Niskanen. The simulations were
run using Spacepo/merica launch conditions, including an ambient temperature of 80°F, an altitude of 4596 ft
MSL, and wind speeds of 8 mplsimulation results are shown in figures 4 and 5. Key performance characteristics
are as follows:
Altitude at Apogee: 8959 ft
Off-theralil velocity: 96.3 ft/s (Assuming 17 ft launch rail)
Maximum Mach numbel0.66
Thrustto-weight ratio: 9.8
Max Q: 29.3 kP43.77s after ignition at 1650 AGL)

2. Nosecone Design
Laika uses an ogive nosecone profile with a fineness ratio of 3.8gi&a nosecone was chosen since it is easier
to manufacture precisely than other slightly more optimal designs. The fineness ratio was optimized by running
multiple Open Rocket simulations to find the ratio that maximized altitude. Internally, the nosetsgmates an
adjustable ballast system and the drogue parachute bay. The removable nosecone tip is held cd®yhaca8ed
rod, which threads into the the aluminum nosecone tip and nosecone bulkhead. Various amounts of cast iron plates
can be thre¢t HG LQWR DQ\ ORFDWLRQ RQ WKH URG DQG UHWDLQHG XVLQJ Q
location to set an appropriate stability margin as well as fine tune the rockets apogee. The nosecone is retained on
the avionics coupler with 4-40 shear pinswhich shear at apogee to deploy the drogue.

3. Body Design

/IDLNDYV ERG\ WXEHV DUH EXLOW IURP ILYH OD\HUV RI ILODPHQW ZRXQG
1568 / Aradur 3492 epoxy, aerospacgrade heat cure
epoxy. The body tubes have an inner diameter of 6.2 |- 9 50 -
and an outer diameter of 6.45 in, resulting from
approximately 0.1 in thickness of five layers of carbu P
fiber. External aerodynamics of the body tubes ¢
optimized by maintaining the smoothest surface finis
possible, achieved through sanding, painting, a
polishing. The body tubes are broken into four sectio
nosecone/drogue parachute bay, main parachute reco
section, upper motor section, and lower motor secti
7KH PDLQ UHFRYHU\ VHFWLRQ F¢
parachutes, and is connected using the payload coL
to the motor section. The motor section holds the mc »
DQG WKH ILQV /DLNDYV FRXSOH R
filament wound carbon fiber, Witan outer diameter of
6.25 in. This allows them to slide snugly inside the bo
tubes. The payload coupler is approximately 12 in lo
(two body diameters) to minimize bending, and are hFigure 6. Fiberglass Fin Dimensions
to the body tubes using 4-3 screws. The avionics
coupler is manted with the same hardware, and is 16 in long with a 4 in vent band through which the flight
computers measure barometric pressure to track altitude.

e 12.24 -
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4. Fin Design
The fins on Laika were designed to provide sufficient statics stability while minignirag. In order t@rchive
the desired static stability the fins had to be large enough to pull the rockets center of pressure (Cp) to at least one
and a half body tube diameters behind the center of gravity. The fins were designed as clipped dalas to
construction and reduce the risk of a fin hitting firstrecovery and breaking. FiguresBows the dimensions of the
ILQV 7KH ILQV ZHUH PDGH IURP é LQFK * ILEHUJODVY VKHHW DQG DWWD
filled epoxy. Two layers of fiberglass cloth were laminated over the fins in a process knowrt@sipipo further
reinforce them.

Flutter analysis was performed on the fins using the Barrowman 3D method. The divergence velocity was found
to be 1.58 Mach and tHutter velocity wasfound to be2.15 Mach, both values are significantly above the rocket
velocity.

5. Structural Integration
Structural integration of Laika was designed in several sectidrogjue recovery section/nosecone, avionics bay,
main recoery section, payload bay, and motor integration.
The drogue recovery section is contained within t--
QRVHFRQH DQG KRXVHV /DLNDT)
associated shock cords and chute nomex paracl
protectors. There is a bulkhead at the top of the nosec
that secures the nosecone tip. The shock cord attaches
U-bolt mounted to this bulkhead. The other end attaches
forward bulkhead attached to the avionics coupler. T
nosecone is attached to the avionics tewpvith 4 440
nylon shear pins, alving the nosecone to separate and 1
parachute to deploy at apogee.
The avionics bay is a coupler with bulkheads on b
ends, allowing it to conveniently connect the main recove
section and the nosecone. Both bulkheads are connecte
a pair of 3/8-16 aluminum threaded rods, which support tl
shock load of parachuteegloyment and hold the rocke
body to the parachutes. A plywood board is mounted Figure 7. Simulated Altitude Over Time The abov
these threaded rods with metal brackets, and secured result was obtained using OpenRocket
nuts on bottends. Theavionics components are mounted to
this board using appropriate screws.
The main recoery section is an empty tube containin
/IDLNDYV PDLQ SDUDFKXWH DQG L QG
chute nomex parachute protectors. There are bulkhead
both ends of the recovery bay, attached to the bottom of
avionics coupler and the top of the paylaadipler, to take
recovery loads. The top of the recovery tube is attache«
the avionics coder with 4 440 nylon shear pins allowing
the rocket to separate and the parachute deploy at apoge
The payload, 8.8 Ibrectangular prism, is contained il
the payload bay which also acts as a coupler joining
main recovery section to the motor section using28
screws.
Motor retention is based on securedipoints along ribs
running along the motor and thrust pkatg the base. There
are three T- shaped thrust plates at the base of the rocFigure 8. Simulated Velocity Over TimeThe abov
which transfer the thrust to the airframe. The motor resultwas obtained using OpenRocket
attached to 6061 Aluminum ribs that run along the sides,
andsecured to these ribs are threaded bumpers that align with holes in the airframe. The bumpers ensure the motor
is centered throughout the airframe, and provide negative retention for the motor stack. The motor is secured to the
airframe with 3 832 screwsn 4 locations along the length of the motor section.

6

Michigan Aeronautical Science Association



6. Rail Guides

1515 rail guides were placed midway between fins to avoid interference with the rail. One rail pin is placed 2 in
from the base of the rocket and the other was placed 7 ft aboverivatd of the center of mass. Both rail guides
are fastened to the body using manufactstgplied screws and nuts.

E. Recovery

1. Drogue Parachute Design

The drogue parachute is released at apogee to limit rocket descent velocity to comply witre¢REEGons,
maintain a reasonable descent velocity while minimizing drift, and orient the main rocket body for main parachute
deployment. It is constructed using 1.2 oz ripstop nylon, a material chosen due to its relatively low cost, high tensile
strength,high melting point, and optimal permeability. The drogue parachute is circular, and has a diameter of 4 ft
with a spill hole diameter of 4 in. Using OpenRocket simulations and the dry mass of Laika, a descent velocity of
approximately 85 ft/s was calcutat. The body tube and nosecone are suspended from the drogue parachute through
a network of shroud lines and shock cords. There are 8 Kevlar shroud lines, connected by a quick link to a 50 ft
length of 1 in tubular nylon shock cord that attaches to 3(8lmwlts attached to the nosecone bulkhead and forward
avionics bulkhead. Line connections are made using quick links to streamline assembly and replacement of damaged
lines.

2. Main Parachute Design

The main parachute will be deployed at an altitude of 1000 ft AGL. Like the drogue, it is built from 1.2 oz ripstop
nylon. The main parachute suspends the rocket using 8 shroud lines, each 14 ft in length, along with 50 ft of 1 in
nylon shock cord. L&NDfV PDLQ SDUDFKXWH LV FRQLFDO ZLWK D GLDPHWHU RI
was chosen for its relative manufacturing simplicity and sized to provide enough drag to slow the rocket down to
19.6 ft/s to comply with IREC regulations amidnimize damage to the rocket upon impact. While in the bay, the
main parachute is protected from damage by the ejection charges using a 2 ft square nhomex sheet. When ejected, the
main parachute is expected to exert up to 1600 Ibf of shock load to tet.rdbis force is transmitted through
shock cords tied to quick links on ahglt, which is screwed into a bulkhead at the top of the avionics bay. This
bulkhead and tholt sustain all recovery loads for both parachutes and hold the rocket body todketas.

F. Payload

1. Flame Propagation Experiment

The payload will observe the effects of high and very low acceleration have on flame propagation. The payload
consists of two separate acrylic chambers that will each contain a cotton ball coagéleum jelly and an-e
match. These chambers will be watched upon by two cameras mounted on the opposite wall and the top of the
payload. As soon as the rocket the launches, one ofitiet@h will ignite and light the cotton ball from one of the
chambers What the two cameras record at this point will be flame propagation under high acceleration. As the
rocket approaches apogee, thmatch in the second chamber will ignite and what the cameras record at this point
will be flame propagation under very loacceleration. By analyzing the video, we will be able to observe how
flames react to varying degrees of acceleration.

This payload was designed and fabricated by Plym@athton Education Park students with the assistance of

MASA members. These studerasid MASA team members met after school once a week and developed the
payload over the coursd the 20172018 academic year.
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3) Mission Concept of Operations Overview

This section outlines the mission phases of a nominal flight. Subsystem pererthaing each of
these phasearealso provided. A designation of N/A implies that the subsystem is either inactive during this
period.

A. Assembly
Propulsion: N/A
Avionics: N/A
Airframe: N/A
Payload: N/A

Transition Event: Rocket construction aridspection are complete ahdikais ready to be carried to the pad.

B. Pad Setup

Propulsion: Support systems will be assembled and connected to the fill system. Rocket will be loaded onto the rail.
Avionics: Pad systems will be set up. Wireless link tottigomputer and engine controller will be established.
Avionics will be safed at this stage.

Airframe: /D L Nvizefgkit will be fully supported by the lowest rail guide.

Payload: Cameras will be turned on at the point recording data

Transition Event: Rocke is set up on the pad and all ressential personnel are outside the safety perimeter.

C. Fuel Fill

Propulsion: Unpressurized ethanol will be loaded into the rocket by ground crew.

Avionics: N/A

Airframe: N/A

Payload: Will continue to collect data from@amera. No ignition inside of the payload has occurred yet.

Transition Event: Rocket is filled with fuel and all personnel are outside the safety perimeter.

D. Oxidizer Fill

Propulsion: Rocketwill be loaded with nitrous oxide and fuel tank will be pressedito flight pressure with
nitrogen. Fill lines will be decoupled and separation will be tested. This process is controlled by ground crew outside
the safety perimeter.

Avionics: Ground avionics will facilitate nitrous oxide loading.

Airframe: Airframe will bare increased weight.

Payload: N/A

Transition Event: Rocket is fully fueled and ready for flight.

E. Ignition

Propulsion: Ignition command will be sent to the custom ignition device and main valves will be commanded to
open, which will trigger thengine's startup. Chamber pressure and thrust climb to nominal values.

Avionics: Avionics will control igniter and valves.

Airframe: Will begin to bear thrust loads.

Payload: N/A

Transition Event: Engine thrust overcomes a thrust to weight ratio of 1thedirframe begins to
lift off the rall.

F. Liftoff
Propulsion: Engine will continue to build thrust.
Avionics: COTS flight computers will detect liftoff and begin logging data.
Airframe: $LUIUDPH ZLOO EHJLQ OLIWLQJ RII LVaftde XSS &ILAMhE ORFN DQG ZLOC
point the lowest guide leaves the rail, tlaka will be traveling at 107 ft/s.
8
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Payload: Will detect liftoff and will start the ignition of the first flame. Cameras will be collecting data.
Transition Event: 5RFNHW §V ide Raeis\tiWw laLKch rail.

G. Ascent Under Power
Propulsion: Enginewill continue to produce thrust and accelerate the rocket.
Avionics: Avionics will continue to transmit live telemetry to ground station and will log flight data internally.
Airframe: Airframewill travel through "Max Q" and sustain its largest loads
Payload: N/A

Transition Event: Engine cutoff.

H. Ascent Coast
Propulsion: N/A
Avionics: Avionics will continue to transmit live telemetry to ground station and will log flight data internally.
Airframe: Airframe will continue to coast to apogee.
Payload: Will start the ignition of the second flame propagation and will continue to record data.

Transition Event: Flight computers detect apogee and ignite drogue deployment charges.

I. Descent Under Dogue

Propulsion: N/A

Avionics: Avionics will monitor altitude for 1,000 ft AGL and continue to transmit telemetry to ground station.
Airframe: Nose cone will separate from the airframe, which will pull out the drogue parachute. The drogue
willslowthe URFNHWY{V GHVFHQW WR W V

Payload: At this point, the samples should have burned out.

Transition Event: Flight computers detect 1,000 ft AGL and ignite main deployment charges.

J. Descent Under Main
Propulsion: N/A
Avionics: Avionics will establish GPSihk with secondary locator device and continue to receive live telemetry
from flight computer. They will begin broadcasting the rocket's location to ground recovery team.
Airframe: Avionics bay/coupler will separate from the airframe, which will pullthetmain parachute.
7KH PDLQ ZLOO VORZ WKH URFNHWV GHVFHQW WR W Vv
Payload: Will continue to record data on the payload.

Transition Event: Rocket lands on the ground.
K. Recovery

Propulsion: N/A

Avionics: Avionics will continue to transmit GPS location and produce noise, which will aid in recovery.
Airframe: Ground recovery team will safe unexploded charges.

Payload: N/A

Transition Event: Rocket is returned to base camp.

9
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4) Conclusions and Lessons Learmd

Over the past year, MASA has undergone many changes in both its organizational aalbdgézl focus. We
switched ourfocusto the production of a liquid kropellant engindrom a hybrid motoandin doing so required
us to identify bottlenecks inup workflow and address them.

One major change was investing more into our workspace layout and hardware. We completely revamped the
space to be more open and set higher standards for organization. The result was that we could have more people
work fasterand more effectively thus allowing o meet our strict deadlines. We invested in new tools that allowed
us to produce higher quality and higher complexity parts.

From a technical standpoint, we learned a significant amount phoubing and how to redecits complexity
for assembly. The major change that was requimesliccessfully build the liquid engine was switching to a nearly
NPT fitting free system. Almost all plumbing is done using 37 deg flare fittings or compression nuts. This allowed
assemblyto be much more straightforward and allowed us to mate parts properly.

A consistent source of problems in our system was the development and operation of motorized valves. There
were eight iterations of thmotorizedvalve before we createdveell-functioning systemWe started with prototype
3D printed mounts and a gear assembly where the three main parts (motor, potentiometer, and valve) did not share
an axis of rotation. The final design placed the three parts coaxial to each other and used a motor from a seemingly
unrelated application. Rapid design cycles were key to making this part work in both hardware and software.

Laika, an SRAD liquid bipropellant rocketyas developed at the University of Michigan by the Michigan
Aeronautical Science Association (MASA). Will fly to approximately 10 000ft at 2018 IREC. It useshiouse
electronics for both engine controller and live telemetry. The airframe is composed of carbon fiber body tubes and a
fiberglass noseconghich were designed and manufactured entirely byesttsdThe motor, Spitfire, is an ethanol
nitrous oxide liquid bipropellant engine. It produces 850 Ibs of thrust for three seconds during flight.
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Appendix A: System Weights, Measures and Performance Data
See attached progress report.

11

Michigan Aeronautical Science Association



" %0 %o}(Eé u CE] L %0

/Ivs & }oo P]§ Z} I S vP]v E]JVvP }u% S$]S]J}v
VEEC &}EU " WE}IPE ¢ h% §

}Jo}E < C NZ ANSH vE Ze ® Z v e]Pv AioXi
v 82 |Z]PZ +§ro A o § Zv] o[flv(QEuU
AZ}po oA C- Ju%o § —8} 3Z § u—+ 8 IviAo P — U p8]s A% § 38} A EC Al§Z ]Jv E -]vP ME |C I (] ql8C SZE}UPZ}ug 3Z % (
D C v}s IV}Av pvslo o 8§ & Jv 8Z % E}i § us «Z}uo Ju%o § ANWU v oupes }u% o § HE S oC[]v SZ (]v 0o % BHIPE e+ [E %} E§

s " ouss [WlTilTii6 €f

Z z}u Aloo E JA Clu& /

%o E}i § VEEC (JEUX "8 }JE WEIA]v ]+ (JE hr v v

d u /v(}E&uU S]}v
Z) | SIWE}i &

"Sp vs KEP v]i
}Joo P }E hv]A
WE (EE /v(}
KEP v]i 3]}

WE}i & 78§

P}

ZWE}i §« E v}$ olJuld8 }vZ}AuvCc C E- $Z|C 81 72

s
§

Du & E u ujo WZ}v
A"Su vs >
0SX "8y v
& po3Cc A
08X & poS§

"&}E D Jo]vP A & W

=
O

RA|A|MA|A




UIPE %o Z] S "d D KuSE Z A vse

"dZ]+]e ocouu Ee A}EI]VP A]$Z C}UE % E}i & ]v op JvP &F}s Vv}& &8 v JuP §Z A VEX dz]- Ajoo

“Z 0% ~“Z V "% %}ES u E] % E}u}s $Z AvS v P 3 U}E *%}ve}E+Z]%e+ v PE vse §}
Z 0% $Z 5 us Vv Ju%E}A 3Z A viX

Epu E }( 8 uuu E- DA %@E}A] + A E]lue v (I8 8} 82 8Z Juupllsc SZEIUPZ ISE Z
%o E}PE ue op Z o @E } * %o C AZ E uu E-+ plo v—O V2 3 E—
Pz ~ Z}}o i D o 10 AlSZ o uvS EGC v u] o = Z}}o *Sp vsSeU <]Pv|/uu E-]lv AZ Eluu &

[ AYEI| A]SZ Zuv & =+ }( vP]v E]JvP (& *Zu v Jv 82 (1E-3[A 13}( 8z ¢ &P o}vP
hv EPGE Ui & u d g A1SZ % &S] |% SJVP § (5 G- Z}}o A v8+ v D SZHjv WRZE+ 5 o} o 1 Z}HosX
D +& E- i s § E|vi KNE IpSE Z ((JES. o0-} lvop % ESv ElvP|A15Z Z]PZ » Z}}p *8p v 3

N . WoCu}puszZ vS}v p S]}v o W EI 8§} <]Pv v p]o % o} ST (oYAV [S
W2z | E Z }E dE]%}o] | Ju% 318]}v §Z]- ¢ EX

':p-é € ulv & §Z G}y E v}s & «<uJE 3}z A E ZU dE||%}0] uu € }v C}pE § uX /( CIuE
$ I

- JUVSEGC Z + v <u]A o v8 }JEP v]i §]}v 8} E Z }E dE]%}0]U[CIp v VS §Z u ]Jv 8Z E Z }E dE]%}0]
YEX Z (Elu v l* v A& u%o X

Z} 1§ Iv(}Eu 3]}v
KA & 00 E} | § % E us E-W

U<

D euE& u v ]18]1}v o }uu vSe ~K%S]}v O

JE(E u > vPSZ ~]v izh emW

JE(E u ] u s E ~]JvedsnWeii.

&IVre% v ~|v Z a8\ €is-

s Z] 0o A JPZ3 ~+%o}UvoxniVid-

WE}% 00 v3 A JP|Z§ ~ %xitesioss W

W Co} A JPZ3 % }Huxsalo-.

>1(33((A 1P Z3 |~ %o} 1o xere Wo-

Epu & }( 5 P *Weis-

ANSE %r}v }}esS [E ourSefEW

WE}% poe]}v dGCeu]Weii-

WE}% poe]}v D U( i) By (BW £

—
—
.

<]v §] v ERC ESWWi.

'WGE}%ouo-]}v NCeS ueW ~*"§ P WD vu( SpE EU D}S}EU > 88 E 0 **U d}S o /ufeoptoce|e

Tef— A f —f%t, [ f =U %<t 'Y f "UFZZfe— < 3——"%,Y [ F——F" Zfee,Y [ —fZ o —Z+%,

hee —f%2[ CCEY QN Z,e T plO Z<t—<t $-8fe'Z fot p\n Z,e " Z< <t ec—"'—e ‘EcttY  Zfeeptevope——ti




‘ d}S o /u%opoes }( 00 DiPS}EIAW ~E-ee
WE ]&§ &o]PZSE & v Vv 0Ce]s
dZ (}00}A]JVP <3 §. «Z}po 0O HOo § pe]vP E} I § SE i 3}EC «}(SAE }E gz v K
WE} d]%W Z ( E v 3§Z EE}Au v «p §]}veU IVIA AZ 8§82 C E U v Iv}A Z}A 8} e 3Z| uX
D epC®E u vp ]81}v o }uu vSe ~K%$]}v oOf
NZ WE}IA]
> uv Z Z JoW €10
Z ]Jo > vPs8Z ~( $6\hs-
>](SY(( dZEuSrt|]PZS Zx3]}W *Of1 0 ¢ }( 8ZEU8U 86 0 *|o pv 4 u o
> uv Z Z]Jo % ESPE s o} [SC ~(&sle }V W
D]vjupu s §] D EP]v [UE]vRBRxek}*SW 7 3A v EJo % ESUE V pPEVIuS
D A]Jupu o E $]}v ~'eWi D A£Jupu $ZEp=8 ]« iXi « Jv|e (8 & ol(8Y(
D £AJupu s 0} ]8C ~([8le }vosW
d EP § %}P ~| S ipx*¥o-
WE ] § %}IP  ~( S ‘'sudW
W Co} /v(}E&u S]}v
W Co} e E]%S]}VvW
dZ W Co} AJoo 33 u%s3S 8} } « EA 38Z (( 3* }( }u ped]}v pv E }8Z Z}HRPZ Iv—o}h E 31 v—C
* %o u & e+« 8} 8§ Z35Z Av3eXt %0V S} }u% E }NE E ~posSe A]SZ |5Z 4—S5—45—Fv—v—S5Z2—P
viulv o }v ]8]}veX t Aloo 0]PZ3]vP 8A} ¢« % & & }33}v 00+ Jv §Z |EFAV % tESu—5—5-5+F
Ju pe8]}v AlJoo A% E] v Z]PZ o E 3§]}vX t o<} AJoo 0]PZ3]vP VvISZESAS o 355ty
}u% ESu vSe S %}P AZ E SZ }u peS]l}v AlJoo A% €] v v EHFPETATSE




Z YA @C /v(}Eu 8]}v

dZz &} | 8 & }A E+]v 8ZE =« §]}ve 838 Z C vCo}v }E X dZ ¢ ¢ S]}ve (E SZ| v}e | }v U] Alv]

ulv } C Sp X dz E}pP Zus Je u (Elu E]% S} vCo}vU Z - ] us & }(|id]lv Jv Z - v |+ %
E}lu SE] S S]}v }( %}P X dZ u]v ZpsS ]Jeu (Elu E]% S} vCo}vU Z | ]us & }( oXn (
%00} C C CE}lu SE] S S]}tv }( ii1i(8 pe]vP 8Z +SE S}o}PP E v *Cul]v] (0]PZ% }lu%ppsS EX o
% EJu EC Vv lrpu% zZ EP

Wo vv d eSe 7 Wo | % E] (
S d C %o e E]%S]}v NS S Juu vSe

iil70ligE}uv W ES] or WE S]}v ol<u]|+~uwWRJMd I 8l v %opu JvP viS Jv [(0]PZ8 }v(]PX

iiliTlio'E}uv &poor pE& S]}v o]«p] RJv..(8d*d vle v %opu JvP v}S Jv |(o]PZ4S }v(]PX

TioligE}uv &poor pE 3]}v § +5 Al (0]PZ&4S vdevle v % ouu JvP /E (0]PZ3 [}v(]PX

ALTTITEE}uv &Jv 0 % E r(o]PZS VvR{y .§uyS VP]v v S vle @ C (}}E& (o]PZzs




JE(E| u

WZLe+] o (]85 SA v vP]v| v

vVP]v r8}r JE(E u ]JvsS P&E S]}v
&Jool & Jv § vie A]3Z v]3@

AlTOI[6OE}uV
oo U 0(Qo0oC e+ u 0 E}

(Joo v & JvU (popa E} I B

AlT6II6E}uv| VvP]v
S v &E % 0}Cu VS

W< ene

'"E}uv N % E S]}v d eSe |y
§} iilX d «3]vP o]A § o u

Al}v] « Had

3161l8vr&o]PEB E }A EC v




vC }SZ E % ES]v vS Jv(}Eu S]}vW

dz o]«<p] VvP]v U S vlieU v 00 °**} ]S %opu JvP ]Je Jv ]Se (Jv o }V(]JPJuE S]}v (JCE (o]PZ8X |dZ]-
S ¢S Jv ep  ee(pOo Z}S(]JE }v ilidlioX t %o v §} Z}S(]JE S o S }v ul®E (S & U}t 1(1|8]tve &

VISE}ue v SZ v}io (]Joo «Ce+S uX




H( &Jo




Appendix B: Project Tests Reports

A. SRAD Propulsion System Testing

Throughout the 2022018 school year, Spitfire was static fired a total of 3 tinresddition to 2static fires
with a smaller development engirighese tests providedaluabledata regardig the performance of the engine and
potential problems wittprocedures involving setup, propellant fill, and avionics. The first 3 static fires were
conducted in the fall of 2017 with a smaller pradfconcept egine. These tests validated the combustion chamber,
injector, ignition, fill procedure, and motorized valve desigreliBinary poblems such as unreliable motorized
valves and ignition were identified and subsequently fixed in the 2 static fires afdiisngine.

Shortly after the successful development engine tests, the team progressed to developing flight hardware and
ground support equipmenthis hardware was tested in 3 static fires, with the last static fire beiaggine stack
test comprised of flight propellant tanks, motorized valves, fill system, quick disconnect actuators, and fill
procedures.

Below is a picture of our most recent static fire setup. It is a full engine stack test to collect data for ffinal flig
simulations. Below the engine stack is the thrust stand, which is comprised of an assembly to bolt onto the
combustion chamber, a flame trench which redirects exhaust horizontally, and water cooling to prevent the flame
trench from burning througihere are numerous sensors attached tcetitggneduring a normal tesiThere areb
pressure transducers monitoring the pressure of the propellant tanks, fuel and oxidizer injector manifolds, and
combustion chambefo collect thrust data, 4 load cells aregeld under the combustion chambédese sensors
connect to @AQ, which sits directlyoutside the bunker, in addition to the engine controller which collects low
speed dataAttachednextare the performance metrics of the 3 static fires of the liquitheng

Figure 9. Static Fire Test Setup

12

Michigan Aeronautical Science Association



Below is the test data from the 3 most recent static fires of Spitfire, an SRAD liquid engine. Tég, figuinis
order, describe the overathrust, individual thrust recorded from load cells, pressimepressure vessels and
important components, pressure drop across the injector orifices normalized by the injector manifold pressure and
chamber pressure for both oxidizer and fuel, and pressure drop across the feedlines from tactortanirjeth
oxidizer and fuel lines

10/28/17 Hotfire Test
Data Analysis

Input Oxidizer Mass Burned (kg) Fuel Mass Burned (kg)
Value 1.48 0.37
Input Isp (S) Impulse Ci C* (m/s) Av.  Thrust| Max Thrust
(N*s) (N) (N)
Value 218 0.98 2049 3986 4285
13
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11/12/17 Hotfire Test

Data Analysis
Input Oxidizer Mass Burned (kg) Fuel Mass Burned (kg)
Value 5.96 1.49
Input Isp(S) Impulse C C* (m/s) Av.  Thrust| Max Thrust
(N*s) (N) (N)
Value 192 0.92 2036 3511 4882
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3/17/18 Hotfire Test

Data Analysis
Input Oxidizer Mass Burned (kg) Fuel Mass Burned (kg)
Value 4.48 1.12
Input Isp(S) Impulse G C* (m/s) Av.Thrust MaxThrust
(N*s) (N) (N)
Value 215 10800 15 1541 2787 4285
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B. SRAD Pressure Vessel Testing

All systems which will operate at an elevated pressure are {sydtically pressure tested to at least 1.5x
MEOP. For the oxidizer tank, fuel tank, this value is 1200 psi. The chamber was pressure tested to 1200 psi.
Pressure testing is accomplished usingice Hydro hand pump, which has a maximum operating pressure of 2000
psi. Below is the P&ID diagram of Laika.

Figure 10. Plumbing and Instrumentation Diagram

C. Recovery Testing

LaikafV UHFRYHU\ VAVWHP ZDV W Heétd/ Fhs ricthddifRuxeg @ détdrdbé DWLR Q
the size of the blackpowder charges required to consistently separate the nosecone and release the drogue
parachute. These tests yielded a charge size of 5 g of 4F black powder for the main parachute, excluding the
mass of the @natch and charge packaging. A secondary charge with 6.5 grams of black powder will also be
flown as backup incase the first charge fails to separate the rocket. The drogue bay will tpam Black
powder charge with a 4&am redundantharge.

1. Flight Avionics

Two flight computers will be used for redundancy, both of which are mounted in the avionics bay. The
primary flight computer is a Eag¥ini, and the secondaryidht computer is a PerfectFlittratologger CF. Two
different flight computers were specifically choseratmid any failure mode that mée specific to a certain flight
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computer. The primary flight computer i e fire its separation charge apogee, and its main parachute chatge

1 000 ft AGL. The secondamfight computer is set to firés separation charge at delay of 2 seconds after apogee,
and its mairparachute charge at 800 ft AGLhese delays ensure that sufficient time has passed so that charges in
too quick successiomlo not damageny recovery components, but are close enough together to minimize any
harmful effects to the recovesgquence.

Also, onboard the rocket is a custom board flight computer for high speed data logging. This PCB was
GHVLJQHG E\ 0%6 $t8adm DYHeR QhaFadterize the forces incurred during parachute deployment.
Commercial flight computers generally record acceleration at too low a ratsdtve the impulsive forces of
parachute deployment. This custom flight computer will record acoabter data at close to 1 KHz. The flight
FRPSXWHU ZDV DOVR GHVLJQHG WR E Hs[hBv@bter ihRinaHSIRNageiKdon&IehFNHW TV ¢
this system and it will not be used in the 2018 Spaceport America Cup figithe commercial fght computer
circuits and procedures are designed to minimize thacdsof a premature charge detonation. Until installation in
the rocket, ejectio charges will have their leadshorted. After installation, the flight computer power lines are
passed tlough a magnetic switch. Until thecket is on the pad, the switches remain off, preventing any potential
powe spikes that could set off th@harges. When on the pad and ready for launch, the flight computeasaeé
by passing a magnet neghe magnét switches, turning on ghpower to the flight computers.

Figure 11. Redundant Recovery Avionics Wiring Diagram
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D. Live Telemetry Testing

The live telemetry system built by the team utilizes two printed circuit boards. The first board, which flies
on the rocket, has a barometer, accelerometer, 6 gyroscopes, and GPS. During flight, this board simultaneously
records data to onboard flash arehsmits to another board on the ground. The greinhel board transmits data to
a laptop to be displayed.

To test this system, it was flown on a rocket powered by a M motor to an altitude of 10,000+ feet. The two
boards remained in radio contact throughd/ WKH HQWLUH IOLJKW DQG GHVFHQW 7KH WHDP
PD[LPXP DOWLWXGH OLYH XVH WKH V\VWHPYVY WUDQVPLWWHG SRVLWLRQ
the circuit board within the rocket. This flight was essential tinate that the system would perform optimally
under the circumstances of high velocity and high altitude. The only major change to the systest pes to add
a switch betweenrocke LGH FLUFXLW ERDUG DQG LWV ED Weplétdd durMgrrodk&cDW W KH ED
integration.
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Appendix C: Hazard Analysis
See attacheldazard analysis.
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Appendix D: Risk Assessment
See attached risk assessment matrix.
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DSRJHH DREKSDUO\ HMHFWLRQ OLQH RI VLIKW RI URFNHWKW FRQG
GULIWYV FKDUJH LJQLWLRQ JURXQG
S5HFRYHU\
VA\VWHP
VWUXFWXUDO IDLOXUH




Appendix E: Assembly, Preflight, and Launch Checklists

Seeattached checkilists.
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/ DIND/ DXQFK 62 3
0 IEKLI DQ$ HIRQDX\WFDGB FIHQFH $ WRADIRQ
S(& - XH
. 65%' /TXIG/ DXQFK
/ DW8 SGDM

127( 562 +$6),1$/ 6$<21$// 0$77(56
3XUBRVH * UIRXQG FUHZ SURFHGXUHV DWBDG [IOOXQFK DQG UHFRYHY

$ YIRQIEV * URXQG 6 VMRQ 6 HW8 S

a

3DG* 6( 6HVKS
2 94 SDGWRER ' RXE®G! FKHAN\WWDW RX KDYH DUP 1Q) NHV D@®QNA DG
DGUWNE®I Z UHCGFKHV
2 30FH IXHORZ HUDQG \IQN WBQG QHDUWH WDIO8 VH B[ KRVHY \R MG H GMBCFHV
2 0 DNHWH IR®RZ 1Q) KRVH FRQCHRIRQY DQG \WMLD YDOHV \R WH IRTRZ 1Q) SRUMRQV
2 &RQCHAWKH IXHO! ' KRVH\R\KH I XHORZ HU
2 &RQCHAVWKH \DCN VWQG QWIRT HQ KRVH R \KH | XHORZ HU
2 &®WH DQIRXUQHHGB! YDOHV RQWH \BIQNWBQG SDCHO$ 1, DQG.
2 &®HWH\E R EDQYDOHV RQWH WONWIQG SDQHO2 DQG3
2 ) X® RSHQWH SUHWXUH UHI XOMRURQ \WH I XHORZ HUE\ \MUIQ) FEBANZ VH
2 &®WWHWH ZD EDOQYDOHRQWH IXHORZ HUE\ \MUQIQJ \KH DURZ \R \WH *GIW
SRMMRQ <
2 &®H\WH QHHGB! YDOH RQ\WH IXHOIO®RZ HU 8
2 &@®VHWH IXQCHIEDQ@YDOH RQ\WWH \RS R \WH I XHOIQWZ HU 5
2 &®WHWH YHONEDQYDOH RQ\WH \RS RN \WH IXHOIQRZ HU 7
2  30FH\WH FEVHG QWRXV R 1GH DQG QWRIHQ J DV \BQNV IOR \WH |RTRZ 1Q) SRMMIRQV
2 2 QHQWRXV R IGHWQN IR \WH P 1G3BI VBWDQG FKDIQ WERZ Q
a2 QHQWRIHQJ DV \BON IQR \KH G VWRWDQG FKDIQ WERZ Q
2 0 DNHWH IRGRZ 1Q) KRVH FRQHARQY
2 &RQUHAWKH QMRXV \BON* &$ 1MW) \RWH P IG3BI&* $ KRWH GR12 7 RSHQWH
\WON YDOH
2 &RQCHAWKH QWRIHQJIDV\ION* &$ 10MID) \R\KH\BONWBIQG &* $ KRWH (R127
RSHQ \WH \DCN YDGH
2 & RQCHAMIDQVGXFHUDQG YDOH KDUCHWHV R J URXQG HQJ LOH FROARMU
2 300 1QDQGERRWKS HQJ ICH FROAR®GU
2 6HWKS Z ILHBIW M VWP DQG HAREQVK FRQUHRAIRQ Z W P MMRQ FRQIRO



a7 HWDOVRBIQRGY DQG WDQVGXFHY RQ 1A VM YID HQJ ICH FROARMU

a 7XLQYD®I—I\/\R\M—|IR((RZIQ]SR\/IWQ/
) X@ RSHQWH QWRIHQ JDV\BQN YDOH FRQILP \KDVWKH KLIK VIGH JDXJH UDGV
EHE HHQ DQG S\

2 71IKWMQWWH QWIRIHQ.J DV \BIQN SUHWXUH UHI XOMRU7 KDQEBI XQUDKH BZ IGH
JDXJHUDGVEHEHHQ  DQG SV KLY Z L@BUHWXUL H \WWH KRVH DQG D
VHAIRQR \WH L@BDQHO

2 &KHAN\KDWKH LOSDQHOOMRIHQJDXJHDOR WDGVEHEHHQ  DQG SV %

2 ) X@® RSHQWH QURXV R{ IGH\BQNYDOH WLV Z IOSUHWXUL H WH KRVH DQG D
VHAIRQR WH IL@SDQHO

2 &KHFNWH QURXV R IGHW WP SUHWXWH * DQG/

a | SHWXHIVEHBZ  SWVL Z DS \BQN KHDWAY DURXQG QUIRXY R IGH BN XQID
SUHWXUH BHDFKHV S\

a | SUAWXUH LV DERYH SVL SDAN IFH DURXQG \WH QUIRXV R LGH \BCQN XQID
SUHWXUH GHFUHDVHV \R S\

5RFI\H\/\RQ5I1O
| RZ HAKH UDIOR KRUJ RQBCBRVIMIRQ
a [ IQH XS WH JXIGHV RQWH URFNHVZ W \WH UDICDQG VBZ ® VIEH \WH URFNHWRQIR UDIO
a2 QFH\WH GZ MW XICH IV UMDY RQWH EGFN WDIVH \WH WDIAQR \WH OXQRK RUHQEMRQ
DQG &N IQR SOFH
2 & ROGHAWDYIRQFY FRQGHARUR SRIWRQ URANHVDQG YHUL A P KHDAN
2 300 IQTXENAVFRQUHAVDPMDRLY \R HQJ IGH FROMRMIUI URXQG ERDUG

0 DQXDO( WDQRQ' RDGLQ
2 * HY 65$ RIFEDOSHP MRQ\R EHJ IQ HKDQROBDAQ
2 & RQQHPVKH IXHOIEA WP VR \WH URFNHWIRLQ \WH RIDQIH NH\ HG TXIEN GVFRQOHAW R
127 FRQQHAWNH JUHQNA HG4 ' IRUQWRXV R ICH
a2 SHQWH R EDO@YDIHV DVWKH \RS R \WH IXHOIORZ HU 5 DQG7
a3 RXUWH SUH P HDVXUHG ERW®I R P/ R HWDCROMURX K WH IXQQHAQR \WH
IXHOLDBQN
2 &@VH\WH &R EDOYDYHY DAKH\RS RN \WH IXHOLORZ HU 5 DQG 7
2 7XUDWH\KMUH Z D\ EDQYDOH \R \WH XS SRUMRQ <
2 $PMDM WH QURI HQ I LOVRBIGRG IRUKUHH VHIRQGY VR SURWWXUL H \WH QUIRI HQ KRVH W
S\
2 &RAWP \KDWKH KK VIGH IXHORZ HUSBHHWXUHJDXIH ; BDGVa  SVLDQGWWH
®Z VIGH IXHORZ HUSIHWWXUWH IDXJH 9 WHDGVa  SWL
2 ) OHKDQRAQR \KH URANHW
2 SHQWH IXHOO@RZ HUQHHGB! YDOH 8
&\ FO! \WH IRANHWXHOYHOWRBIGRGRQRII IRU. VHFRQGY
&RQIP WDVWKH URFNHWXHOBIQN SUWWXUH WDQUGXFHUUHDGV ] HIR
&RQLP \KDVWKH I XHO BN SUHWXUH JDXIH BDGV] HR 6

[ R



a

a2 SHQWH WS EDOYDOH 5 DQG LQVHWAD Z RRGHQ GRZ HOR FRQILP WDWKHUH IV R
HWDQROBIWQ WH IXHOLDEQN WHQ FEVH \WH EDQYDOH
6 DIH \WWH IXHOLDA WP DQG FRQILI XUH IRUUHP RIM IXHCSUHWWXUL DURQ
2 9HOMMRIHQIRP WH IOKRVH B\ RSHQQ) WHQFEMQ) WH YHQAHHGB! YDOH
1
2 GRAWP \KDWKH QUIR] HQ I@KRVH SUMWXUH JDXIH BDGV] HR +
2 &@VHWH IXHORZ HUQHHGE! YDOH 8
2 7XWDWHIXHORZHU ZD\ EDOYDOH\R WH3GRZQ SRUMRQ < \R FRQLIXUH IRUIXHO
\BIQN SUAWXU] DIRQ
2 QFUHDVH \WH QURIHQ P RKHUIMIQN U XODWUSUHWXUH R EREHHQ  DQG
S\

) LQDOB DG 3 UHSDUDMRQY

a
a
a
a

[ R I

& RQUHPVIKH R 1G] HUILOA VWMP \R \WH URFNHWIRIQ WWH J UHHQ NH\ HG TXIEN GVFRQOHAW
* HW 65 $ RIFIDCSHP MRQ R LQHWI QAMU
( QUXUH DUD LV FBDUR QRQ HWHQIDCBHWRQQHO
7 XD DWP 1QJ VZ WRKHV RQ DY ED\
2 7XUDRQYE % DQG HQVXUH J SV &FN DQG I QDO
2 7XWRQP DVD IO KWRP SXWUDQG YHUL\ \MBP HW
2 7XU0DRQVDRE] J HUDQG QAMQ I RUEHHSV \R HQVXUH IXQRPIRCDDN
2 7XWRQHDV P IQLDQG MAMQ IRUEHHSV \R HQVXUH IXQRIRCDDN
7XWRQSD BDG 1L QRAERGLSDM
7 XU RQ DAFDP HDV DQG GRXE®! FKHAN WDVWKH  DUH URGE
, QVHWA QUMUIQIR \WH FKDP EHUDQG FOP S IQR SOFH RQQR] ] @
&KHAN YREBU H RQ LI QURQ BDGV IV QRW 9 DQG WHUH 1V FRQUDXIW
& RQCHAWI QUMUWR LJ QUWRQ @TH
5 HUHDWURP SDG

5HP RWM 1 MMRXV 2 [ IGH/ RDGCY

a

a

7DUHMBUAXIH SV

: DIVKQIDKH P RWHUBIQ\Y DUH EHE HHQ SVLDQG \WHQ AW FOJ \WH [1©
VRBIGRG )

| WHP RNHOMUQW GRSEHBZ ~ SWL/  SDXVH I1@) DQG Z DIWRUWHP \R KHDWEDFN
XS R S\

7 WDFNWH SURTUAW R WH R 1G]} HUDTXIG BIVHCE\ FRP SDUQJ \WH' 3 \WDQVGXFHUUHDGRXW

DQG URANHWR 1G] HUMBIQN SUMWXUH BRN TRUVXGGHQ VSINAV GXUQ) DQG DIMUIIODQG YHQW
P HDQQ) \WDWKH \BCN IV QHO IX@5 HHAR ) LIXUWH  IRUH DP SBV R WHVH VSINAV 1Q CDWD

&RAIWP R 1G] HUOXIG GYHE YHQID DQG GRNQJ [RUWH SXII R Z KW QWRXV R IGH
YDSRUILRP \KH VIGH Rl \WH URFNHWA RZ HYHU WH @FN R D Z KM SXI1 RQD IQEFDMY \KDVWKH
@XIG GIYHAY DARUEHBZ \KH GIS \WEH

$ GMIDW [1ODQG YHQNR FONV XQIDKH R 1G] HUGYHAY IX@DQG \WH URANHWR] (] HABIQN L
DWRUQDU S\



5 HP RWM ) XHCB UHVWXU] DARQ

7DUHVBIAWXIH S

&\ FOIRQRI \WH QURIHQ IOVRBIRIG ' XQIDNH SUHWXUH BWDFKHY S

| \WH SUHWXUH IV IKIGDERYH SV RSHQ WH IXHOBICN YHQAVRBIQRIG \R GHFUHDVH
SUHWXUH

a

a

a

7HUP LQDOB HTXHQFH
" VFRQOHAWE ' V) XHONHQ2 [

&RQIP YIVXD® \KDM 'V KDYH VHSDUDINMG

&RQIP B\ YHQMY \WDWKH 4 'V KDYH EHHQ VHSDUDWG

a

a

a

a

a

a

a

a

a

$ PWDW WH QUIR] HQ ILOKRVH YHQAWVRBIRG IRU  VHFRQGV 0

7 KH QUIRJ HQ I@KRVH SUHWXUH WDQVGXFHU 4 VKRXGUWDGQHDU  S\WL

7 KH URANHWXHOBIQN SUHWWXUH VKRX@ UHDG XQFKDQIHG

$ PWDW \WH QUIRXV ] IGH ILGKRVH YHQAVRBIQRGIRU  VHFRQGV (

7 KH QUIRXV R 1GH ILGKRVH SUHWXUH WDQVGXFHU - VKRX@ UWHDG P XFK BZ HUWDQ
SVL EXWRWHFHWDUD ] HR

7 KH URANHWR] 1G] HUMBIQN SUMWXUH VKRX@ UHDG XQFKDQIHG

6 HWHQ) IQH FROARTBIUMBP DAV
&RQLP \MBP HY DQG* 36 GFNIURP %4 5 HGY%4H
&RQLP \MBP W GNZ W 10 KWARP SXMUDQG* 36 GFN
. 1SH 1@ KWARP SXMUIOVK

6 \BUWRI J Q)

3R@RU/ DXQFK

$ 1P

H

$YIRQEV
3 RSXOIRQ

6 DIHW
&KIH
$7/2

*1,721
562 / DXQFK $ SSUIRYDO
&KHANWH W |RUDILFUDIW
$WP HQIQH FROARDU
%H)1Q DXQE®I FRXQERZ Q

3XQFK W6 \MQH

3RWY @ KW HFRYHU

) RBZIQ) ORI GVDP HQIIQH FROMRMU

2 EBIQ GFDIRQ R URFNHWURP \MBP W DQG @H R VW IQIRP DIRQ
2 E\WMIQ R IFIDADSSWRYDOR SURFHHG R OQAQ) VW

a

a

a



L o o

%4IQ) FHOBKRGHY YHUIRQ  Z DU UDARYV WDFNQJ HTXISP HQAV33( VDIHW JOWHY
IDFHP DN @SR EDWHUHY DUP 1QJ NH\ DBQNA  é DBQNHA

$ SSURDFK URFNHWFDUHIX@® XVIQJ DSSURSUDIM 33 VDIHW JOMWHV IDFHP DWN

( QUXUH QR FKDU HV WP DIQIQ UHFRYHW ED\V

(| QVXUH (R SURSHMQW DUH BIVQ\BXCNY
&DUHX@® UMD URFNHVWR EDVH FDP S






0$6% / TXIG( QUHSWHPE® 623
| DW SCDWM

3XWBRVH 3 UH \WWWDWHP E® DQG SRWAIMWEVDWHP EO R WH ONXIG HQJ ICH

&RP EXVWARQ &KDP EHU

2 QUHWIHWQIRQ UQJ IQR FKDP EHUZ W WIEN VHRIRQ SRIQWG L7 DU

2 QMHWR ] ® ERW DOP IQXP WBIQERIV RQIOUGH DQG QXWDQG W K\WMQ ®DYH ERW
UHVHYHG IRUFRQGHAIDI. QWIRXY DQG IXHOLOIHY

2 * BPDWHRUQ ROIQKWIR| ] ® DQG IIWRQR J UDSKIMM IQVHWV7 KHQ SXVK IQVHWNQR
\AMHCFDUIHU

a * UDHWRRUQYV RU  DQGIMRQR JUDSKIWM\R FKDP EHUR UQ) JURRYHV

2 6@HCR ] ® DMP EO LQR FKDP EHUDQG SXVK XQID/HDWG RQ UHWQIRQ UQJ

2 &XWBKHQRIF GHUWR GIQI W 1Q DQG JUWHDVH H \MIRUVXUDFH 6 @GH IQR FKDP EHU
( QUXUH WDVWBKHCRTE LY VHDWMG SURSHW® 1Q J URRYHV

2 * BDWHIQHUDQGRAMUP DAIRGRUQIV ~ DQG UAVSHRAWHO  DQG SOFH IOR IQQHU
VHDI JURRYHV 3OFHR UQJ . LQRXWMUR] SDW JURRYH %/4H VXUH \R XVH N\
JUHDVH IRUKLY \AKS

2 QHWQWRRU W KWQ Z W IQWPRUERIV. %¢H FDUH XOQRWR XQUHDWR UQIV & KHPN WDW
DQVGXFHUKR®! [Q HQGFDS DQG LQWRRUDUH DD GHG

a  * UDWHWERR UQV DQG SXWRQR FKDP EHUHQGFDS

2 QHWQWRRUHQGFDS DWHP E® IQR FKDP EHU DDQQI P DINQIV RQHQGDS Z WK
FKDP EHU LQVHWDQG W K\WQ FKDP EHUERW  ®DYH EROV UAVHYHG IRUFRQGHAIDY. QUIRXY
DQG IXHAIOIHY 7 KH KRO! Z KHUH \H FKDP EHUSUHVWXUH WDQUGXFHULY FRQGHPMG VKRX@
EHH FOGHG

a ' RXE®! FKHFN DOEROWM K\WgHWHY

2 $WIFK FKDP EHUMDQVGXFHUMR VWBIQGRI | \KHQ DWBFK BIQGR! | \R FKDP EHUHQG FDS 7TH®Q
ERK \MU-DGV

2 $WIFK R P DQURTG WDQVGXFHU 9%4H VXUH \R 7 HBQ WUHDGY

2 $WIFK [XHCP DQIRG IMIY R HQGDS XMQJ R UQJ \RVHDO

a  $WOFK R SISHIMWQ \RR PDQURGXVQ) R UQ \RVHDO

2[ 7DQN
2 @I UHDVH XVHG LQ WHVH AMSV P XWEH N \R(

a  * UDWHWERR UQV DQG SOFH RYHUR| \BCN\RS HQEDS

2 QUHWWHQGFDS IOR QN Z KIG! EHQ) FDUHXOCRWR NJENR UQIV 8VH  VKRXGHUERW\R
VHRXUH HQGDS

a  * UJDWHWRRUQV DQG SOFH RYHUR| \BCQN ERWRP  HQGDS

2 QUHWWHQGEFDS IQR BN Z KIB! EHQ) FDUHXOCRWR NQENR UQIV 8VH  VKRX@HUERW\R
VHEXUH HQGDS 6 \BWZ MW ERWV FBVHVWAR T 1Q SRIW

a ' RXE®! FKHAN W KVW§HW RQ DOQERWV



2 $WIFK FHQMUIXHCSISH SDW WURXJI K R \RS DQG ERWRP HQGFDSV (| QUXUH [ WWJ V DUA
\WMBQHG

2 71IKWQGRZ Q SDW WURXIK IXHOSISH WV RQ ERM HQGV

2 $WOFK R SISH M \R ERWRP R HQGFDSXMQ) R UQIV

a  $WOFK R Il@BISHDQG' 3 IMQIV\RERWRP HQGDSZIW R UQIV

) XHO7 DQN
a  * UDVH\®RR UQIV DQG SOFH RYHUIXHOBIN RS HQGFDS
2 QUHWWHQGEFDS LOR \BIQN Z KIGI EHQ) FDUHXOCRWR NQENR UQIV 8\VH  VKRX@HUERW\R
VHRXUH HQGFDS
a  * UDVH\ERR UQV DQG SOFH RYHUIXHOBQN ERWRP HQGFDS
, QVHWWHQGFDS IQR \BIQN Z KIBI EHQ) FDUHXOCRAR NQENR UQIV 8\VH  VKRXGHUERW \R
VHRXUH HQGFDS
' RXE®I FKHPN W KVgHW RQ DQERW
$WIFK 6 Z DIHBN I \R ERWRP FHQMUKR®I Rl IXHOBQN
$ DK IXHOBIQN SUAWXUH WDQVGXFHUWR RS Rl IXHOBIQN 8 VH \MBQ RQ\WH \WUHDGY
$WOFKD DQGD $1 IMMQ \R\ERRKHUSRWRQWS R VBQN 8VH R UQIV\R VHDO

[

O o o

2[ %D

$ DK W) \R I XHCP DQLRG [N ( QUXUH FRSSHUIOUH VHDAY XVHG

$WIFK VKRWBISHV\R R YDOH

$WDFK YDOH DWHP EQ \R R \BIQN EXVWRQD @ KW® W K\WMQ ( QUXUH FRSSHUMHDAY XVHG

%4Q) WURXIK SISHDQG R SISH IQR FRQBFVZ W UHVSHRH FKDP EHUSRW HQVXUH ERW

FRQQUHAIRQY KDYH FRSSHUIOUH VHD ' R QRVWI K\MQ IX@® RQD @ KVWKDQG W K\WQQ)

$WOFK DO R ED\ UEVDW  GHIUHH IQMYDY GHP DUFDIMG E\ VKDUSIH P DU RQVBCQNY

5 [EV Z LOEH QXP EHUHG R GHQRM SRVMRQ ( QUXUH UEV DDIQXS RQR| DQG IXHCED\ V

5 REW YDOH LOR FRUHPWRUIHQEMRQ DQG W KWQ R \BCQN VIGH WD) X
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Appendix F: Engineering Drawings
Attached are the engineering drawings which define the subsectidiaskaf Below is the organizationf
the documents and how they relate to the overall asseffidyfollowing list of drawings is the order in which
they appear in Appendix F.
Rocket assembly
Fin
Fin can assembly
Nose cone assembly

"~ Payload bay assembly

Payload front

- Payload side
| Payload bottom
Engine controller schematics
B Propulsion stack assembly
Combustion chamber assembly
_ Injector plate

Oxidizer tank tube

Fuel tank tube

Combustion chamber tube
Oxidizer tank bottom endcap
/ Oxidizer tank top endcap
Fuel tank top endcap

Fuel tank bottom endcap
Chamber endcamanifold

Graphite nozzle section

Steel nozzle section

Nozzle retention ring
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