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The University of Ottawa Student Team of Aeronautics and Rocketry (UOSTAR) will be competing
in the Intercollegiate Rocket Engineering Competition at the 2018 Spaport America Cup under the
10,000 ft AGL apogee with commercialoff-the-shelf (COTS) solid or hybrid rocket propulsion system
category. The team has designed, tested, fabricated, and assembledeketby t he name of ASi mpl e
Latted. The vehi clamni M2505pdidrgrlet mMoterdvithkapealathridteos2952.6 N
and total impulse of 450 Ns. The vehi@ is designed to marginally overshoot the target altitude. This
error is dynamically reduced, during cost, through means of a student researched and developed (SRAD)
air brake system. A Model Predictive Control (MPC) schema is used to actuate the air brake
accordingly. The rocket will descent under a reefed, duadpeed parachute and will concludes the mission
by landing gently and safely. To achieve the goals of this mission, the vehicle will carry onboard a SRAD
avionics stack as well as a redundant COT&covery computer. Simple Latte has a 5.5 inch diameter
and spans 2.17 m in height. The body is made by combining two sections of COTS Blue Tube 2.0.
Similarly COTS in nature, a 5.8:1 Von Carmon noseconewas selected. A sandwich composite with a
solid aluminum core and carbon fiber wrap was selected for the SRAD fins. The vehicle will carry a
simulated payload during the mission; this payload consumes a volume of 3447.2 cubic centimeters.
Several means of analysis have been conducted on the subsystemsnopl® Latte. They include physical
testing of subsystems, materials and prototypes, flight simulations of developed mathematical models
and finite element analysis (FEA) simulations of CAD models. This vehicle is one of the several results
achieved by theteam during the first two years of operation. The technical and administrative skills
gained from the development of this vehicle and mission will aid future iterations of the team to strive
for more experimentation and attempt different concepts surroundig sounding rocket design and
development.

Nomenclature

A = area

a = speed of sound

AR = aspect ratio

Co = drag coefficient

v = velocity of rocket

W, = weight of rocket

S = canopy reference area
}air = density of air

Vi = fin flutter boundary speed
G = shear modulus

Gi3 = outof-plane shear modulus
Ge = shear modulus

t = thickness

c = root chord

& = taper ratio

P = pressure

Po = initial pressure

T = temperature

Oparachute =  parachute diameter

* Andrew Zavorotny, Anthony Lin, Anthony Talevi, David Neptune, Ethan Chan, Jason Killen, Marc Daniels, Mihir
Raut, Manit Ginoya, Nikhil Peri, Paul Buzuloiu, Usama Tariq, Vincent Marti@ammalleri
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I. Intr oduction

HE University of Ottawa Student Team of Aeronautics and Rocketry (UOSTARtudentun organization

recognized by the University of Ottawa. Founded in 2015, this organization is committed to providing the
opportunity for students of all digdines to study, design, build, and launch reusable sounding rockets. Through
continuous designing, building, and testing, UOSTAR aims to cultivate the skills of our student members and develop
future industry leaders in the new North American spacelagaldition to improving and refining technical skills,
UOSTAR aims to develop the communication skills of its members by conducting design reviews, writing technical
reports, holding weekly team meetings, and collaborating with local industry paAsdb®e University of Ottawa
does not offer an Aerospace Engineering program, uOSTAR members are constantly researching new concepts and
developing theiself-guided learning skills.

A. Academic Program

UOSTAR operates as a student organization that is rembly the University of Ottawa. As a result, UOSTAR
members have access to campus equipment and facilities that are offered to all Engineering student teams. UOSTAR
also have access to available funding for student initiatives, thanks to the supperCeinthe for Entrepreneurial
Engineering Design, the Brunsfield Centre, the Engineering Endowment Fund, and the Faculty of Engineering. The
goal of these funds are t o enh aducton dnthwunivegsilyaexperienge,and t he
the intention is to meet this goal through stuedlentised projects and initiatives. Although uUOSTAR is entirely an
undergraduatéevel team, the funds listed above can be used by both undergraduate and graduate students from the
Faculty of Engineering teupport any project of initiativerhich benefits the student body.

While funding is available through the university to support various student organizations, UOSTAR largely
operates on sponsorships and donations. The team is aivtate store, anduild most of its rocket in the Project
I ntegration and Tgeaxolab&aiee space thatprevidéskRhgifegring students involved in pre
professional competitions with the ability to work on large scale projects. ThepRdViBestudent éams with space
so they can work on their projects. Due to certain hour restrictions to this facility, the team must carefully plan and
coordinate their operations with the facility supervisors to ensure that set deadlines are achieved. To support testing
of various components, the team has established severa
continue developing relationships with the Aerospace industry in Canada to develop future industry leaders in the new
North American space age.

The University of Ottawa does not offer an Aerospace Engineering program. As a result, uUOSTAR members are
constantly researching novel concepts and the team excels-gtisigfl learning. The team is made up of members
from all Engineering programs offest by the University of Ottawa, from Mechanical and Civil Engineering to
Software Engineering and Computer Science. uUOSTAR strives to offer a unique, interdisciplinary learning experience
to its team members and members are not limited to working on antdedr principal field of study. For example,
Mechanical Engineering students design control systems, Electrical Engineering students analyze airframes, and
Chemical Engineering students work on compaided design and manufacturing problems. Seniatenits have
the opportunity to enrich their technical knowledge through various technical eleaffeesd in their last year of
education such as courses related to aerodynamics, manufacturing, computational methods, finite element analysis,
and industial engineering. UOSTAR also offers its younger students the opportunityvédopetheir technical,
communication, and teamwork skills at an early stage of their academic career.

B. Stakeholders
As previously statedyOSTAR operates on available Universftynding for student initiatives and also on
sponsorships and donations. Most sponsors make a single donation, which is eitheasm an an irkind

contribution.Sponsors receive a predetermined level of recognition based on the value and typeofittieirtion.
UOSTAR has received financial, material, and facility use donations fresptinsors represented in Fig.
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Figure 1. uOSTAR Sponsors

Finally, UOSTAR recognizes the impact of ttihedearher ospac

UOSTAR draws inspiration and motivation from the Canadian aerospace industry with the goal of developing future
leaderswithin the industry. As both the team and its members continue to develop, companies which hirardirrent
former members wiibenefit from the experience gained by the student during their time with uUOSTAR. A compilation
of local and global companies current members aspire to work for in the near future are illustaje?. in
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Figure 2. Canadian Aerospace Industry Leades and Employers
C. Team Structure

The University of Ottawa Student Team of Aeronautics and Rockeingists of fifteerundegradiatelevel
students from all Engineering fields oféer by the University of Ottawa. To maintain, manage, and improve the
knowledgeand skills acquired by its members, UOSTIA&S createdn organizational structutbat facilitates both
individual knowledge transfer and team growth.

The uUOSTAR organizational structure is depicteffign 3. The senior management group consists ofseimior
student leads, a professor as a faculty sponsor, and the student engineering teams advisor. Senior stualemt leads
multiple years of experience on the team, which includes management experience. Senior student leads are responsible
for setting tle overarching objectives, assigning tasks to members, and providing updates on team progress through
effective communication. The faculty sponsor provides counseling to the senior student leads and oversees the major
projects undertaken by the team. Thadsint engineering teams advisor ensures that UOSTAR is able to realize its
goals and is the main line of communication between the student team and the Faculty of Engineering at the University
of Ottawa.

3

Experimental Sounding Rock@Associdion



Senior Engineering Faculty Senior Student Leads Student Engineering
Management Sponsor Teams Advisor

Business Communications Business an.ld Cm.:nmumty
Relationships

Technical Operations Subsystems Subsystems Subsystems
Groups
Development

Figure 3. UOSTAR Organizational Structure

As UCSTAR aims to cultivate athiround excellence in each of its members, each member plays a role in both the
business development atite technical aspestof the organizationThe business development role is necessary for
the teamfinancially and all membes have a role in fostering positive relationships with potential sponsors,
communicating with prospective team members, and marketing the current progress of the organization. Since
UOSTAR operates similar to a stagg company, memberare provided with lte opportunity to develop their
entrepreneuriamind and communication skills in a professional emwviment through direct contact with potential
sponsors or donors.

The core focus ddll UOSTAR members resides in thin technical are alsautlined inFig. 3. Tasks are divided
into sevenmain technical areas and members are assigned tasks according to their interests, current activity, and
complexity. As previously stated, UOSTAR strives to offer an interdisciplinary learning experience to its team
membes and members are not limited to working on a task in their principal field of study. Each technical area,
however, is led by a knowledgeable member with expertifeeiaea to act in an advisory role.

Since conception of the team in 2015, uUOSTAR tdopted a democratic management approach, offering all
members an opportunity to engage in meaningful decisiaking. While senior team membene still tasked with
the final decisiormaking, this democratic approach works best for complex decisionsnthahave a variety of
outcomes. In situations where democracy slows down degisaking, the team adops a laisdaire approach where
all members are allowed to make decisions on their individual tasks, with senior members providing guidance as
needed. Mese individual decisionsncouragedOSTAR members tdake a risk andexplore their creativity and
inventiveness, fostering innovative thinking. Individual decisions are then discussed at weekly team meetings, where
suggestions or findeamdecisions arenade.

D. Team Management Strategies

To ensure effective communication, efficiency and transparency between members and the organization, UOSTAR
uses several tools for an effective management strategy. The use of these tools allows for unambiguous Ggommunicat
between members, provides a sense of accountability for members assigned certain tasks, and helps seamlessly
integrate new members joining the team. Primary means of communication is done digitally through Facebook on the
private group page or throughe group Messenger chat. The team has a-teide channel, and each technical area
manages their own channel for relevant discussion related to their work. Wegdyson meetings are also held
where each technical area provides an update on their pisbments, current goals, and any other outstanding
information that may be relevant to UOSTAR. All members are encouraged to participate in the discussion to
demonstrate their understanding of current tasks, fostering clear and effective communitatgen b# members.

Written documentation compilgtirough accomplishing various tasks or goals is stored in a working directory in
a Universitybased Google Drive. Documentation in the forms of build guides, reports, analysis, and media files are
kept hee for all team members to view and read. uUOSTAR members have complete access to the compilation of
information gathered since conception, which provides junior members with an abundance of reading material to bring
them up tospeed with current operatiariBo hold members accountable and for transparency, the team uses a self
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made Gantt chart in Microsoft Excel to record and monitor timelines, identify immediate anttlongoals, and
assign tasks to its members.

Computeraided design is largely done dtugh Solidworks, and design files are shanedl @mmunicated through
GrabCAD. GrabCAD is a useful CAD collaboration solution that is cloased and helps engineering teams upload
and share filesGrabCAD also offers the unique option of saving each raitvas a different version, so members
can look at the development of the component from its first version up to the current version.

Il.  SystemArchitecture Overview

1. Integrated Vehicle

Fig. 4 details the University of Ottawa uOSTAR Team 55 entry into thE82IREC/Spaceport America Cup
student competition. For the first year attending competition, the ¢tkaseto compete in the 10,060AGL apogee
with commercialoff-the-shelf (COTS) solid or hybrid rocket propulsion system catedeagh specified syste in
Fig. 4 will be discussed in the ensuing sections of this report.

Carbon Fiber Fins
(Sandwich Composite)
Electronics /

Motor Mount ~
Payload Bay Avionics Recovery Subsystem COTS PNC Nose Cone
L I

Structure

V\ COTS

| J'/: ” . Joining Recovery Body Tub
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COTS M2505 Air Brake Bulkhead
Motor System

Figure 4. Simple Latte - 2018 IREC/Spaceport America Cup Configuration

A. Propulsion Subsystems
1. Motor SelectiorMandate

After the UOSTAR decision to use a COTS rdcieopulsion system, selection criteria to satisfy IREC/SAC
mandates were identified. The motor selection process was further refined by considering additional criteria identified
by uOSTAR team members. Appropriate motor selection was identified to epsket stability at initial launch,
achieving a higher lanch velocity than theequired 30.5n/s off the launchail, and obtaining a subsonic or transonic
maximum velocity. Additional considerations included using a COTS rocket propulsion systemghaintaxic,
easy to unload and reload in the system architecture, achieved a AGL apogee &s piasébl¢o the targef 0,000
ft. A secondary goal identified by uUOSTAR members was to select a motor with simple geometry for minimal design
and manufacting considerations in designing and fabricating the motor mount. Departure from the launch rail at a
minimum velocity of 30.5 m/svas identifiedas a paramount requirement to ensure ti&imgple Latte- follows a
predictable and successful flight path. @sesult, required thrust values were determined fordbleet to reach the
minimum velocity while also achieving target AGL apogee.

2. SelectedCesaroni M2509rocketMotor Properties

After extensive motor evaluation, analysis, and considerations compfaimn canitate M-Class solid fuel
motors,uOSTAR members selectédte Cesaroni M2505 Rocket Motor from the Pro38 line of reloadaglepower
rocket motors by Gaaroni Technology Incorporateihe motor fuel selected is a 3 Grain Cesaroni Pro 98, and th
motor can be inserted in an accompanying 3 Grain Cesaroni Pro 98 Gen 2 Casing, kaltledwaipurchase from
Moto Joe .The Material Safety Data Sheet (MSDS) for the Cesaroni M2505 Rocket Motor was thoroughly examined
to ensure the selection comgliith all IREC/SAC rules and regulations, amals determined to be a valid selection.
Table 1 summarizes the Cesaroni M2505 Rocket Motor mass and thrust praféngesomplete motor assembly.
A summary of the target parameters and range valuesstnies of OpenRocket simulations with the M2505 Rocket
Motor at a 6 degree launch angle and 10 km/h wind speed are alsollstethotor dimensions for the M2505 ot
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assembly are illustrated in the Engineering Drawings Appendixe r e DI M o6dBdbe R1s58 im asapsrthe e
3G variant.

Table 1. Properties and Performance values of the Cesaroni M2505 Rocket Motor.

Mass Property Value (kg) Thrust Property Value
Full Mass 6.258 Burn Time 3.00s
Fuel Mass 3.873 Total Impulse 7450 Ns

Empty Mass 2.835 Maximum Thrust 2952 N
Average Thrust 2491 N
Parameter Target M2505 Rocket Motor
AGL Apogee 3048 m 3280 mi 3310 m
Velocity off 15 ft >30.5m/s 35.5m/s
launch rail
Max Velocity Minimized 33.4 m/s (~ Mach 1.0)
Velocity at Minimized 3.61 m/s 16 m/$
Deployment

*OpenRocket simulates a deployment velocity of 24 m/s, however OpenRocket does not consider the airbrakes used inavohisgstera.

3. Motor Selection Procedure

UOSTAR selected OpenRocket as the model rocket simulstitware for its numerous competitive advantages
in comparison to other commercially available programs. The fully featured model rocket simulation software is both
free and reliableadvantageous to an organization fungeicharily by sponsorships and dations.Comprehensive
user guides are also available online, allowing UOSTAR members to become adept with the software and use it
correctly for accurate simulations. Furthermore, OpenRocket features advantageous and state of-{Degreesix
of-Freedomflight simulations with more than 50 possible variables. OpenRocket compatibility with SolidWorks is
also advantageous, allowing for effective replication of CAD structures and features into the OpenRocket model or
design.The dominantadvantage oOpenRoket, though, is itability to optimize designs for certain characteristics.

This tool proved to be useful in determining an appropriate motor that meets all IREC/SAC competition requirements
while attaining an AGL apogee of 10,000 ft.

A reliable and preidtive model was developed in OpenRocketsimulate different COTS motor properties,
evaluate their ability to obtain target parameters,satidfy IREC/SAC competition mandatd® adhere to the motor
selection criteria outlined iBection Al, motor séection was restricted to motors with high thrust and low burn time.
Extensive OpenRocket simulatioevealedhat Simple Lattevould needan M-Class motor, as any motor below this
class would not attain the target AGL apogee of 10,000 ft. Moreover, aoyswutassified as XClass or higher would
subject the rocket to supersonic velocities, which uUOSTAR members wanted to avoid for design considerations.
Further investigation of MClass motors revealed that a shopepellant burn time is desiole; othewise, the rocket
will travel far beyond the target AGL apogee.

Four caulidateCesaroni Rocket ltorsand various properties for considerativare identified and are listed in
Table 2.0f the four rocket mitors listed, alfour provide Simple Lattevith the required minimum rail departure
velocity. Where they differ, however, is in all other aspects of their performancéVT4&&0 had the longest burn
time of all four motors but significantly overshoots the target AGL apogee as a consedinenfies andair brake
systems discussed further into this report would ne@dpgoseconsiderable dragnto the rocket system architecture
to obtain target apogee, thus imposing significant mechanical stresses onto the rocket itself. TheN{62810r
obtained simudted tests that were too powerful and would produce a supersonic flight velocity, whishdeasable
for proposed system design. While the M2505 and M4A7lVOmotors perform comparably the M2505 was selected
since it has a longer burmte while producig less thrust and, consequentlygreater apogee at a slower velocity
where the magnitude of mechanical stresses imposed on the system from acceleration afs lasssult, the
Cesaroni M2505 Rocket Motor was selected after careful review and desigiderations.
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Table 2. Summary of test valies for 4 motor candidates foiSimple Latte.

Motor Burntime Max Thrust Average Thrust Max Velocity Apogee Max Acceleration
356 m/s
M4770-VM 153s 5854 N 4811 N (1.07 Mach) 3065 m 267 m/3g
334 m/s
M2505 3.00s 2952 N 2491 N 3120 m 140 m/8
(2.00 Mach)
338 m/s
M1450 6.75 s 2416 N 1474 N (1.03 Mach) 4085 m 96.7 m/3d
400 m/s
M6400-VM 136s 7245 N 6351 N (1.20 Mach) 3445 m 341 m/g

For the purpose of simulation and analysis in OpenRockesjtihdatedthrust curve of Simple Latiwas
approximated using a 4@int curve and is illustrated kig. 5. The simulated flightvith the M2505 motor proved
to closelymatchthe official representative CMT Thrust Cunitustrated inFig. 6, in both pattern and agnitude,

suggesting a correct motor selection decision was made.

Motor thrust curves
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Figure 5. 12-point approximation of the Cesaroni M2505 thrust profile for Simple Latte.
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All rocket motors from the Gaaroni ProX series have nooxic propellants, as mandated by IREC/SAC rules and
requirements. Cemoni ProX kits use an Amomium perchlorate composite propellant (APC#)ys adhering to
competition regulations.

4. Motor Mounti Design Considerations

Figure 7. Finalized Virtual Motor Mount Assembly.

Themain subject of attention for thmotor mount design was centered on having a low mass and high strength.
The primary focus othe motor mount is to house the motor, whitghstandingthe thrust force it generates.
Additionally, the motor mount should be able to bear the force caused by deceleration from the air brakes. Other
design considerations were to limit the vibrationsseauby the engine and the heat transfer from the engine, should
both the engine casing and phenolic tube fail.

The geometryof the motor mount must allow for a clearance for the topmost section of the engine casing, the
ignition tracking head, with a dieeter of 47.75 mm. Otherwise, the mount had to allow for the length of the engine
to be flush with the inside of the rocket body wall. Knowing dimensions of the COTS Cesaroni M250&tor, the
overall length of the motor mount was determined to be B67rh. Its outer and inner diameters were determined to
be 136.14mm and 101.6mm, respectiva@lye phenolic tube is circled with centering rings to account for the spatial
difference between the motor mount and Blue Tube. A eesBonal transparent viewf che motor mount
configuration in the bottom Blue Tube, housing the M2505 rocket engiilieistrated inFig. 8 below

i

Figure 8. Motor mount configuration in bottom rocket body, including mock engine flipped sideways.

In the event that the phenolic tube and onatasing fails, the motor mount acts as a-flasort heat transfer
mechanism. This motor mount design creates a space for convective air pockets to absorb heat, reducing direct
conductive heat transfer to the Blue Tube and avoiding its potential coorbuBlis geometry between tidue
Tube and phenolic casingilkistratedabove inFig. 8by the light grey sections.

The motor mount design must withstand a maximum impulse force offe@bitial rocket launch. It must also
endure downward forces axed by the air brakes when operational. As the air brakes are likely to be in operation and
exerting 350N downwards while the motor is maintaining relative acceleration to the rocket body deceleration, the
motor mount bulkhead must be rigid to imposeddig forcesDue to vibration caused by air flow on the air brakes
and the explosive nature of the engine, the motor mount must be flush with the inner rocket body wall to avoid
dislocation of the attachments holding it in place. This further allows theatoral damping by the more massive
elements in middle of the rocket (e.g. the recovery system). A full vibration analysis was not completed due to the
relatively small nature of the vibrations caused by an amateur rocket engine and low probabilitgutieinduce
harmonic oscillation enough to damage the rocket body coupling as the engine is only active for 5 seconds. Though
harmonic oscillation could occur due to aerodynamic eddies from the air brakes ibeakecsystem, a thrdwake
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system mininzes these risks. In either case, the real bearer of vibrations is the rocket body, not the motor mount, so
these are discounted for this section.

Regarding the forces for the motor mount, these were assumed to act in shear, bending, flexure, andocompressi
Thereforean analysis of the critical points and joints (contacts between engine and bulkhead, between bulkhead/epoxy
and blue tube) were vital. Since stresses are applied axially and not radially to the bulkhead, any stress concentration
factors areneglected because the force vectors are orthogonal to the surface, therefore plate geometry is neglected.
All forces are measurdakelowin Table 3 theirpoints of action being the critical joints or points along the bulkhead
namely the innermost openingofnpressive stress), the middle (bending/flexure), outermost edge (shear):

Figure 9. Top View of Finalized Bulkhead schematic

Table 3. Maximal stresses on plywood and epoxy at critical points. Limiting epoxy stress (28.6 MPa) alimiting stress (44.3 MPa) are
highlighted.

Stress Type/  Max Tensile/ Max Shear Max Bending Max Flexural

Material Compression
Epoxy N/A 28.6 MPa 14.13 MPa N/A
Birch Plywood 1.17 MPa 28.6 MPa 13.6 MPa 44.3 MPa

In order to achieve minimal weight of the fabricated pieces, it is essential to select from the most lighomeight,
cost materials availableCandidates for material selectiamd their properties axamined inTable 4 Although
titanium and other alloys have high material properties, they are effectively ruled out due to high expense. From the
perspective of materiatrength proper, composites are desirable for the immediate area of esfresedHowever,
the difficulty in mating and manufacturing different geometries of composites causes significant problems this also
rules out composites as anisotropic materiagsusidesirable for this type of application. Therefore, compared to the
next strongest material in its class, aluminium is the leader with regards to material properties, costs, and ease of
manufacturing for the recovery mount and plywood with its orthatrppoperties comes second for the motor mount.

Table 4. Cost vs Material property table for various construction materials [via Matweb]

Material Cost Density Yield Strength  Ultimate Strength  Machinability
Titanium High 4.94 g/lcm?3 160 MPa 258 MPa High
Wood Low 0.55 g/cm3 N/A 6.3 MPa High
Aluminium Medium  2.78 g/cm? 290 MPa 440 MPa High
Steel 1020 Medium  7.87 g/cm?3 330 MPa 450 MPa High
Carbon High  2.00 g/cm? N/A 1400 MPa Low
composite
9
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The primary construction of the Motor Mount is laser cut bidgivpod for load bearing components, along with
a Kraft paper tube to radially support the motdrhe assembly is held together using West Systems Epoxy and is
epoxied permanently into the bottom blue tube. Kheftp aper t ubeds pr o dremmany sewsce wer e n
and so approximations based on literature had to be madelyliteod was tested on an Instron machine to get the
values needed for bending modulus. Results of Instron testing are shoalslénb

Table 5. Birch Plywood Material Properties (15% moisture)

Property Theoretical Value
Tensile Modulus 4.5 GPa
Shear Modulus 1.78 MPa
Bending Modulus 66.54 MPa
Density 650 kg/ni
Poisson Ratio 0.697

5. Motor Mounti Analysis

As per the listed limitingtresses ifTable 3 the plywoodhas 6 be able to endure the stresses noted. An FEA
study to confirm these results was completed in order to verify the need for reinforcement.iResttdted inFig.
10were conclusig.
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Figure 10. Displacement (3 and stress analysigb) on the bulkhead of the motor mount.

6. Motor Mounfi Manufacturing

Using applicablalesign for manufacturingnd assembly (DFMA) techniques, motmount manufacturing was
split into several component areabe top bulkhead, the phenolic tube containing the roakgine the concentric
centering rings, and the fin spars. Components were individually manufactured and later assembled using a bonding
agent.

Design calculations were largely based on the top bulkhead as it is subject to the largest flexure, akiegrand
stresses. To sustain the forces endured by the motor mount, an estimated minimum of 10 mm of birch plywood was
necessaryJsing 3mm birch plywood sections, three bulkhead parts were laser cut to accommodate openings for both
the motor, the struts hdihg the air brakes, and the phenolic tulige phenolic tube needed no direct fabrication from
the team, as it ia commercial ofthe-shelf COTS) component. However, modifications were necessary in order to
properly fit it with thelaser cubulkheadpieces. Therefore, the topmost portion of the phenolic tube was cut down in
three sections down to a height of 10 mm in order to create extrusions which would then mate with concordant
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intrusions lasecut into the bulkhead wood. This cutting was achiewét a demel in a relatively short period, and
sanding of thewt part was alsorémeldriven.

The fin spars and the concentric rings were also-asgmalbeit with only one thickness of 3 mm plywood. Four
concentric rings were created to stabitlzemotormount, with three of them incorporating intrusions for the fin spars
and most being of 3 mm only with the notable exception of the lower centering rings, which were stacked in a cross
grain manner to account for fin forces.

The total assembly wasmtered around the phenolic tube, and by extension the motor; three bulkhead layers being
inserted on top of the phenolic tube thanks to their incorporated inserts; four centering rings, with two at the bottom
of the fin spars, one at the top and the reimgining aligned in the middle of the remaining distance.

B. Aerostructures Subsystems

The aer ost r uc tSimple lsatteveire desi@ried ahd¥dbscated all while considering essential theory
in aerodynamics such as aeronautical speed regintetest parameters, dragces, effects of gravitational force {G
Force loading considerations). Structural and manufacturability considerations such as material strength, weight, cost,
and design for manufacturing and assembly (DFMA) were examinee imalterial selection and manufacturing of
componentsWhile major components such as the Blue Tube and nose cone were COTS ptodhasaplemented
in Simple Latte uUOSTAR membersvere also involved in fabricating several components of the final system.
Consequently, keeping costs low and manufacturing processes relatively simple were two principal motivators in the
design and manufacturing of the organizatmade components. Design for assembly (DFA) techniques were
employed to assist the design teamshe design of components that transition to production at a minimal cost,
focusing on the number and complexity of parts, handling, and ease of assembly. Similarly, design for manufacturing
(DFM) techniques ensured optimization of manufacturing prosetssselect the most cestfective material and
simplicity of parts to form the final product after their assembly.

1. Body Tube

A COTS 98mm LOC MMT body tube was purchasechbuse the M2505 motor and all aerostructure subsystems,
manufactured by LO®recision Rocketry and purchased from Apogee Componehése tubes have have thick
walls and are made from qualifraft paper. Not only were they sized to carry larger motors such as the M2505, but
the tubes are also easy to cut, glue, or modify. @hebes are also advantageous for their cheap price, allowing
UOSTAR members to experiment with several designs and constriattiorigues. As the body tube®imple Latte
is two separate tubes held together using a bulkhead coupler, two individuavarbgsurchased.

2.Nose Coné Design and Manufacturing Considerations

The most important consideration when desigréngose conefor subsonic speeds to minimize drag. An
extensive literature reviewf nose cone designs and their applications esigglan elliptical nose cone as the
preferablesolution forSimple Latte? High performing nose cone designs for transonic speeds such &@oXer
Series, Von Karman, and l-Maackdesigns were also studied but were phased out of consideration keie kigher
cost and added difficulty in manufacturing.

Due to the abundance of commercially available nose cones for purchase from reputable companies in the model
rocket industry, codbenefit and timevalue analyses were used as an approach to corttpamelevant costs of
purchasing a nose cone versus taking the time to design and manufactseeamirhouse. COTS nose cones are
relatively inexpensive; uOSTAR would have only saved a small amount of money after purchasing the materials and
manufactiring one inhouse, at the expense of both time and human reso&agisermore, the risk associated with
team member inexpemce in injection miding or plastics manufacturinglargely outweighed the benefits of
purchasing a commercial nose cone. Thiaiigely due taheinaccessibilityof an injection molding machine at the
University of Ottawa for use by undergraduate engineering student teams. For thenabtioeed reasons, a decision
to purchase a COTS nose cone from a reputable supplierimothed rocket industry was made.

The nose conselected foiSimple Latteis the PNG5.38inch i LONG Model 20123, a commercial solution
offered by Apogee ComponenrisThis inexpensive nose cone offers a unique set advantages that harmonize with the
overall roclet system architecturas illustrated irFig. 11. This nose conalsofits Blue Tube 5.38nch diameter
bodies, which was sateed aghe bodytube forSimple Latte The nosecone is blowmolded out of a Polypropylene
plastic to give it hollow interior, tile still remaining a durable component.
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Figure 11. PNC COTS Nose Cone used for Simple Latte.
3. Fins- Design

Fins are used for stability in sounding rockets and ensures rocket flight is safe, predictable, and tracks true off the
launch rail. Theneeded stability comes at a consequence of added weight and drag, which can have a significant effect
on therocketsystem and its mission operations. It is therefore best to design fins that are as small as possible, while
still maintaining stability As Simple Lattetravels largely at subsonic or transonic velocities the rocket is also subject
to aerodynamic characteristics in the transonic regime, such as wave drag and unsteadySIHAR fin design
choices are based not only on what works from tleedlitire, but also on what the team aims to accomplish; leaving
the launch rail at a required minimum velocity, obtaining a predetermined maximum altitude, while remaining
subsonic.

Important design considerations for fin design include stability ansbusrindependent variables, such as
atmospheric density and temperature. Fin design can be further optimized to minimize drag, maintain structural
integrity, maximize the fin joint strength, and for structural strength while maintaining their passiiigystabi

An important consideration for rocket stability is defined through its static margins. Literature suggests that a
rocket is considered stable when the static margin is above a value of 1restdhativedrags and lift forces must
be greater thaexternal wind forces acting on the rocket. Conversely, overstability can occur if the restorative forces
are too large, overcorrecting and amplifying changes to trajectory. Overstability is likely to occur with a static margin
value above 6, thereforedliins were designed around a conservative static margin value of 1.5.

The shape of the fin was largely controlled by the competigouired statienarginof at leastl.5body calibers
for the entire ascent at astimated ground wind speed of 3 nif&o mainfin designs were selected for consideration;

a standard trapezoidal fiand a sweptback freeform fin. The &eform fin design selected f@&imple Latte
manufactured from a Carbag061 Aluminum sandwich composiis,illustrated inFig. 12.

Figure 12. Manufactured freeform fins for Simple Latte.
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4. Finsi Analysis

An analysis comparing the impact of trapezoidal and freeform fin designs on the OpenRocket simulation yielded
the results ligd in Table 4. The trapezoidal fins were smalleniary dimension and, by extension, lighter; however,
they showed inconsistencies in their static margins and vertical orientations that could not be resolved. The freeform
design was selected since the lower taper ratio is less susceptible so sheaA flonogsr root chord also increases
the predicted AGL apogee relative to the trapezoidal fins, despite their additional weight.

Table 6. OpenRocket comparison of trapezoidal and freeform fin properties

Trapezoidal Freeform

Properties Fins Fins
StaticMargin @ 4 45 441 15
launch rail
Max height 18 cm 18.9cm
Area 305 cn? 469.7 cm
Taper ratio 41 .54

A material selection analysis for choosing fin materials was based on the plane shear modulus, weight, price of
material, and easef manufactuing. Three materials were selected for further analysis; 6061 Aluminum, a
HEC200/SE70 carbeapoxycomposite and a carboffiber composite Literature models were used to predict the
speed at which destructive fin flutter occurs, given byggs. (1) and2).2 Additionally, the thickness was kept at a
constant 5mm for an accurate comparison of the matefiaksresults obtained from this analysis are provided in
Table 5.

AR — @

@)

Table 7. Fin Materials Comparison Analysis

Properties 6061 Aluminum HEC200/SE70 Carbon-Al Sandwich
Critical Speed (1958) 644 m/s 245 m/s 392m/s
Critical Speed (current) 869 m/s 330 m/s 529 m/s
Shear Modulus Gis 25.99 GPa 4.49 GPa 11.51 GPa
Weight (per fin) 416.15¢ 231.19¢ 292.8¢g
Ease of manufacturing Simple More difficult Most difficult
Cost $$$ 0 $

The results, consistent with the literature, suggest that Aluminum performs extremely welbfrpbase shear
compared to the carbepoxy composite because of its homogeneous structure. The performance aspects of
Aluminum come at the expense, however, of cost and added weight. On its own, the carbon composite suffers from

13

Experimental Sounding Rock@ssocidion



its unidirectionality and poor owdf-plane shear properties. By combining the excellent shear properties of Aluminum

with the stiff and light propeigs of the carbn composite, optimal fins fd8imple Latte were obtained. Using a
sandwich composite increases the fin resistance to harmonic vibrations and oscillations as the core damps the harmonic
resonance of the faces. Though thésidwich compost would normally come at an increased cost, the team was
fortunate enough to acquire the carbon composite through a generous donation from Dr. Francois Robitaille, Associate
Professr at the University of Ottawa.

5. Finsi Manufacturing

Once the shape othe fins was determined, three fins reielaser cut from an aluminumheet. Special
manufacturingtechniqueswvere applied to manufacture the carkadaminum sandwictstructured composite. The
aluminum core is bonded to the carlidrer skin using a brazinggchnique, essentially cooking the cariirer onto
the aluminum core. Brazing is performed in a negative pressure environment, dcisiegepowerfubacuumpump.

Sandwich composites are widely used in aerospace because of their ability to decrghsevhits markedly

improving mechanical properties by combining the propertiesadous materials. The facesrry thebulk of the

tensile and compressive forces, where as the core keeps the faces from buckling and takes most of the shear forces.
Importently for this context, assuming that facegldhe core are isostrain, the effective-ofiplane shear modulus

of this composite can be calculated by the rule of mixtlren image of the carbofiber layer directionality brazed

onto the lasecut alumium shape is outlined iRig. 13.

=y

Figure 13. Outline of carbon-fiber layer directionality when brazed onto the aluminum fin.

Unidirectional composites have many advantages, but also have many weaknesses. When analysimg laminat
structures, it is essential to understand its strengths and apply them to their fullest while mitigating their weakness.
Composites such asrtan fiber are extremely lightL.(5 g/cm?®) compared even tdié lightest of metals, aluminuis
nearly twice as éavy @.7 g/cn?). Composites also offer the flexibility sfrengthening only the requirelirections
by altering layup directions. In the context of the fins, it allows us to stiffen the bending and torsion directions without
adding significant weight. Uoftunately, despite their high -plane stiffness and strength, laminate composite
structures suffer under bending and torsion loads due to layer separation. As the layers of fibers are held together by
the epoxy matrix, flexural, bending, or torsion loads supported mostly by the matfik For this reason, two
dimensionalcomposite laminates are often combined with metal or foam core which can withstand larger shear
stresses.
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6. JoiningRecovenBulkheadi Designand Analysis

Figure 14. Cross section of recovery mount with aftached Cgejection system and eybolt with lock-nut.

The joining recovery bulkhead was designed to satisfy three criteria. First, it was to act as a coupler that can
withstand external stresses while keeping the top and bottom Blue Tubes connected. Secalttbé used to hold
the mrachute shroud lines. Lastly, the joining recovery bulkhead would incorporate the mechanism used for successful
parachute ejection. Limiting factors such as the stresses experienced on the bulkhead during parachute deployment,
weight, and access to Uniggtly of Ottawa machining equipment were considered in the design of the joining recovery
bulkhead.

Bulkhead geometry was designed such that it slides into the body afdket with minimum tolerance. As a
result, the outer diameter of the mount needaddtch the inner diameter of the Blue Tube of 136.18mm. The joining
recovery bulkhead takes on the shape of a cylindriesh&ped tubeilustrated inFig. 15, withthe thinside walls
bolted in from the outside of the body, securely fastening the twe Bbes and the bulkhead together.

a) b)
Figure 15. a) Crosssection view of the recoery mount in early stages. b) Fully functional
recovery system coupling two blue tubes witscrews (holes not reinforceji

In the final design, the thickness of the walls were taken agjoseer inch and a stress analysis was conducted
with varying bdt sizes to determine safety factor. Maximum stresses on the blue tube and bolts had to be determined
to choose the correct type of coupler. After the bolt stress analysis to determine minimum size for a stress of 174 N
each it was concluded that M3 balisuld suffice, which are 3 mm (~0.11 incim diameter, giving a safety factor of
two using 8 bolts (four on the top tube and four on the bottom). However the decision was made to double the number
of bolts to provide even more stability. A thread diagnetnalysis was performed in order to determine the best size
thread to userig. 16 below displays the bolt thread analysis &gl 17 shows the ANSYS analysis of the recovery

mount with the bolt holes, used to determine any areas of failure and yathatimaximum stresses would not exceed
the safety factor.
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Figure 16. Excel spreadsheet analysis determining bolt diameter vs. stress.
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Figure 17. ANSYS FEA analysis of recovery mount.

7. Joining Recovery Bulkheaid Manufacturing

a) b) ©)

Figure 18. Progression in the manuécturing of the recovery mount a) the cylindrical raw aluminium 2024 piece.
b) the piece withinitial facing done on the outside and turning done on the outside diameter.

c) with full turning operati ons done orboth sides and boreholes for the center eyébolt and off-centre CO, ejector.

The recovery mount was manufactured from a solid cylindrical piece of aeregjgaeealuminium, larger in size
than was required. The first step in manufacturing the piecaonathe the outside diameter of the raw material to
the inner dimensions of the main rocket body (the Blue Tube). Next, it was necessary to bore the inner diameter on
both sides of the mount with a lathe. This would create the outer ring thicknessbeisgr design calculations,
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while allowing a center span to remain in the middle of the part. All turning and boring operations were completed
with the lathes available at the Brunsfield Centre.
The center span had a facing operation performed on bah, sidfore proceeding to the drilling of the holes for
both the eyéolt and CQ canister. Both were completed witll@ll -press, and tapped withahancap t o EO0 di a me
for the canister holes (the central hole needed noRaplly, the outer screw holes needed to hold the recovery mount
in place were done with an indexing machine to ensure precision of the hadenplat.

8. Airbrakesi Design and Manufacturing

Once a rocketds fuel is expended, it takes the form o
path. This is not ideal when attempting to achieve an exact altitude as there aféghtwgriables that are difficult
if not impossible to account for prior to launch. To increase the chance of achieving our target altitude, a novel airbrake
solution was i nt rgoad waresfa the sydtem todhe fudlgntrdllable,ligist, structurally sound,
volume efficient, and inexpensive. The result is a theaéairbrake which can protrude from out of the rocket body,
perpendicularly to the flow of air. Fully extended, the airbrakes have an area of 1204t ardeployment speeof
250 m/s this area would provid&l9.9N of brakingdragforce at slower speeds of 100 m/s, the braking force falls to
32.6 N.Each leaf of the airbrake is plate aluminum epoxied to a laser cut plywood gear. This gear train is powered by
a servo, givig our flight computer the ability to modulate the extension of the leaves.

Thefocus of the design was to maximize the area of the leaves without compromising the strength of the rocket
body or taking up too much room. This was achieved through sevetiahsriginally, the gear train was integrated
directly into each leaf as show fig. 19.

Figure 19. Original Air Brake Design.

This design was found to have many flaws due to the high friction between the leaves and the bottom and top
plates. Additionally, to amymmodate our 188egree servo, a planetary gearbox was required to achieve the required
extension. This added complexity and risk of failure to the air brakes. Finally, because of the leaf being part of the
gear train, the area of the leaves was limitedG cni. Theredesign shown ifig. 20 aimed to iterate on the concept
and address the previous issues.
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Figure 20. Final Air Brake Design

The main change of the second iteration was the separation between the leaves and the gear train. This allowed us
to move the piot point the extremity of the top plate. Moreover, it allowed the leaves to fully take advantage of the
area within the tube. These modifications increased the effective area of the extended leaves t3, Hididarease
of over 275%. The extra aresalwarranted a change of material for the leaves as plywood is limited in its strength.
Aluminum was chosen for the leaves as it is stiff for its weight. To address the friction between plates and the leaves,
the bottom plate was removed, and a nylon Pifkitegnated bushing was added between the top plate and the gear.
Other notable concerns for the airbrake was the deformation of the standoffs and the leaves themselves. An FEA was
therefore run on the airbrakes simulating the pressure of the airflovingresste airbrakes as can be seelfrig.

21

Figure 21. Deformation of airbrake leaves under 200m/s load
The maximum deformation of the leaves was found to lben? which was deemed an acceptable amount of

deflection. Furthermore, the aluminum standoffs did notegpably suffer from buckling. The full matel parts list
can be seen inable 6below.
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Table 8. Material components for airbrake manufacturing.

Part Material Thickness Elastic Modulus (GPa)
Top Plate Plywood 3mm (See plywood prop.)
Centre Gear Plywood 6mm (See plywood prop.)
Leaf Gears x3 Plywood 6mm (See plywood prop.)
Leaf x3 Aluminum 3mm 68.9
Spars x3 Aluminum 6.35mm 68.9
Standoff x3 Aluminum 12.7mm 68.9
Guide Pin Delrin 6.35mm
Spektrum A6180 Servc Plastic n/a n/a
Bushings x6 Nylon w/ PTHE n/a n/a
Zinc-plated
n/a n/a

M3x5 Screw x3 Galvanized Stee

Further concerns with the airbrakes are the holes in the body that would have to be cut to accommodate the system.
Each cut in the body is 95 degrees in length, leaving only 75 degree&eiflbody where the leaves deploy from the
tube do not deploy from the tube. Thigy compromis¢he body tube and measures had to be taken to significantly
reinforce the body tube. To stiffen and reinforce the blue tube,fem3&luminum spars, measuring dégrees each

were epoxied to the inner circumference.

b) <)

d) e)

Figure 22. a) Blue Tube with no reinforcementi Yield Strength 35MPg
b) Blue Tube with no slits, no reinforcementi Yield Strength 35MPa;

c) Defection withslits i Max deflection 15mm (1kN load)
d) Deflection without slits or ) reinforcementi Max Deformation is 8.52mm (1kN load).
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C. Recovery Subsystems
1. Subsystem Design Considerations

As per IREC/SAC rules and regulations, a successful recovery system musterfedowing specifications:
1 Protects the rocket from impact when descending to the ground.
1 Guarantees the safety of IREC/SAC participants, the launch site, and all surrounding areas
1 The rocket can be found within a reasonable distance from the initredHasite.

A meticulous methodologfor design, analysis, and testing was employed to ensure the recovery system is able
to satisfy all prescribed requirements. More specifically,a$gects fothe requied descent profiles are velocities
between 23 m/and 46 m/s when above 1,500 ft. AGL and no more than 9 m/s below 1,500 ft. AGL.

A duakldeployment system consists of a tatage parachute deployment procedure. First, an inverted reefed
parachute is deployed at apogee. Disreefing occurs atdefamired altitude during the descent. Using an inverted
reefedparachute configuration allov&@mple Latteto fall at a faster speed after apogee than if ibredfed parachute
were immediately deployed at apogee. As this gives less time for the systemlwwithatree wind, this also minimizes
displacement from the initial launch site. Disreefing occurs and the main parachute is deployed at 1500 ft. AGL,
preparing the rocket for a soft, safe landing. Using an inverted reefing configuration is necessanhsihegloying
the main, disreefed parachute ate 1500 ft. AGL would cause a significant impulse force from parachutd itfflation
could prove harmful t&imple Latte

Simple Lattd s r e mathocincludes a SRAD, reefed parachute with two COT® fmer each stage of
deployment) devices used to actuate each descent stage. The recovery system is controlled by a SRAD flight computer
described in the Avionics secticand is backed up by a COTS deakent recovery devic&ig. 23 outlines the flight
profile of the vehicle visualizing the three major recovery events; ejection of the reefed parachttefidg, and
landing.The ejection of the reefed parachute is done via the commercially available G2geCtn systemhile
both recovery event de&es are considered COTS components,pai@chute used on Simple Latte is completely
designedand fabricated by student members on the team.

Figure 23. Graphic of Flight Mission Profile.

Deployment stages of the recovery system were all considered btedliigg and fabrication of the recovery
subsystem. Deployment of the recovery system occurs as described below:

1. <Simple Latte reaches AGL apogee of 10,000 ft. and shifts to a horizontal orientation.

2. The flight electronics system detects apogee, activatin@€bi CO, ejection system tpush the inverted

reefed parachute out of the top of the rocket.

3. The inverted reefed parachute inflates, slowing the system descent to a velocity of approximately 90 ft/s.

4. <Simple Latter continues to descent at this velocity uittieaches 1500 ft.

5. At 1500 ft. AGL, the flight electronics system releases the Tender Descender to disreef the parachute.

6. The parachute ta@s its fully inflated form an&imple Latteslows to its terminal velocity of approximately 9

m/s.
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7. The system safglreaches the ground and is retrieved by uOSTAR members.

2. Inverted Reefing Parachute Design & Fabrication

When evaluating candidate canopy shapes and designs, various aspects such as the drag coefficient, stability, ease

of design, and simple manufadhg methods were the main considerations. Two highly considered parachute

configurations were solid and slotted canopies. As solid canopies are less porous and have a higher coefficient of drag,

it was identified as a great choice for the main paracBlidted canopies feature multiple horizontal vents and have
a higher porosity than solid canopies and are commonly used feshigk e d
drew inspiration from both the solid and slotted canopy designs to design and maetwdaxtstom, hybrigarachute.

This parachutdeatures a slotted canopy design inrésfed stage, and transformsoirg solidslotted hybrid when
disreefed and fully inflated/hile inversely reefed parachutes are normally used for increasing dratied shnopy

design allows for a significant reduction in drag. This is due to the slots acting as a vent ring and disabling the inner
surface area of the parachute during the inversely reefed configufatibmwing industry standard for parachute
design the material selected was a zparosityrip-stop nylon purchased from an online supplier named Ripstop By

The Roll.

drogues.

uOSTAROGS

A simple forcebalance between the approximate weight of the rocket under gravity and the drag created from the
parachute allows for ehderivation of an expression for parachute. Drawing inspiration and knowledge ithardR
N a k kBExpgesmental RocketiWeb Site, the vertical descent rate provided by a parachute in stable descent is given

by the following expression:

®3)

, Wwhere Wis the total weight of the rocket and parachartds is the canopy reference ared)(fevaluated using the
density of air’® From this expression, it is evident that the drag force is dependéhe aliameter of the parachute,

the drag coefficient of the parachute, and the dynamic pressure created by moving air impacting the parachfite canopy.

Rearranging this expression into a tdimmensional projection of the parachute allows for the parachaieeter to

be determined using the following expression:

Q

4)

Using the information above, parachute design specifications were determiree disted inTable 7 An image of

the drag characterization test is provided in Fig. 24.

Table 9. Parachute Design Specifications

Characteristics

Fully Deployed

Inversely Reefed

Configuration Configuration
Measured Dra 190 N at 9 m/2 200 N at 25 m/s
g descent descent

Shroud Line 500 Ibs/line (x12 500 Ibs/line (x24

Rating lines)
Surface Area 6.12 n?
Drag Coefficient -
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Figure 24. uccessful parachute testing to measure drag and the drag coefficient.

As previously stated, the parachute was fabricatémise since the hybrid design suggested by the team was not
available commercial Fol | owi ng Ri chard Nakkabés design and fabrice
instructions were followed to obtain a seetlipsoid canopy shap&he parachute is comprised of twelpanels,
individually cut from ripstop nylon. These individu panels were sewn together to form the canopy. For added
strength and to prevent unravelling, panels were hemmed along each side before being sewn together. Furthermore,
seam bindings were sewn on each seam to eliminate any unwanted porosity froneatiglgight imperfections
associated with imouse fabricationTo ensure there would be no unravelling between panels, a boruled G0
percent nylon threat was selected and azaig stitching pattern was used for additional strekgth.

B

a) b)

Figure 25. a) Two panels are placed on top of each other and a straighgrigitudinal stitch is applied;
b) The gores are then spread out and the seam binding and zgg stitch are applied.
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Main Shroud Unes

Figure 26. Schematic of the deployed parachute canopy, shroud linemnd acting forces

3. Ejection Mechanisms

Ejecting the inversely reefed parachute is done using a COTS Cb8gj&ffion systemThis device uses a
much smaller amount of pyrogen than traditional ejection systems that do not utiizEne@D3 CQ gjection
system, illustrated ifrig. 27, uses a 1§ CQ; cartridge for this mission. The deefing event is achieved using a
Tender Descender, also commercially available and commonly used by model rodkateensefing lines are
attached to the recovenyount through the Tend®&escender, which is also usexlthe mechanism for disreefing
the inversely reefed parachute to allow for full parachute deployment.

Shoulder of flange to face CD3 unit

USE APPROPRIATE COMBINATION FLANGE - GOLD FLANGE FOR
12 AND 16 GRAM USES, RED FLANGE FOR 25 AND BLUE FLANGE
FOR 25 AND 38 GRAM USES

Figure 27. COTS CD3 CQ; Ejection System Schematics.

Both of these devices were tested tadatke functionbity. Nose cone ejection was successful, as illustrated in an
actionshot taken during experimental testinthe Tender Descender was validated during this test campaign,
however it is not shown in the image. Furthermore, and while not clear from the thiagest was conducted entirely
via the SRAD avionics system in Simple Latte that is described in the ensuing section of this TechnicaMRéport
the field ejection tests were conducted using the SRAD avionics system. Other lab tests were ctindalitede
the functionality of the redundant, COTS RC3 Dual Deployment Altimeter. Simulated resistances were used in place
of E-matches for these tests. The device matched all printed specifications thus validated and deemed flight worthy.

23

Experimental Sounding Rock@ssocidion



i el
Figure 28. Successful CQEjection Testing.
4. Recovery Mounting Considerations

The final criteria crucial to the recovery mount was housing the ejection system of the dek&@D3 Adventurer
Kit Carbon Dioxide (CQ) Ejection system was bought from Apogee Rais for this purpose after much research.
Since they did not provide dimensions, each component needed to be measured accurately with a Vernier Calliper and
then modelled on SolidWorkaVith regards tomounting the ©. system on the recovery mountgcesary
components were providdyy the supplieto attachthe CQ system to any surface. Further analysis of the recovery
bulkhead mount can be found in the Aerostructures section of this technical report.

The main shroud line needed to be able to swivelratdhe vertical axjsaccording to IRECGSACrules. A design
was proposed to use eye bolts and have two theesdle roller bearings on each side of the mount, to avoid undue
friction from its contact with the mount. As such, axial thrust bearings amdited in order to minimize the
resistance to the torque exerted by the parachute on the shrouditidémnally, a lock nut was installed on the
eyebolt to prevent the nut from screwiitself off while swivelling.

Figure 29. Axial thrust bearing.

D. Avionics

The avbnics subsystem carried aboard Simple Lia#te three major functionalities. The first is to actively control
the air brakes during the coast. The second is to robustly actuate the recovery system to satisfy the dual rate descent
requirement. The ttd is to transmit important data back to a ground station. To achieve these goals effectively, the
avionics subsystem is composed of a SR#Dstituenand a COT®onstituent
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The SRAD device utilizes a Raspberry Pi computer running the Raspbian opgyatam. It also includes a nine
degree of freedom IMU, a barometric altimeter, a GPS module as a part of its sensor suite. Agditiomdudes
t h e v e bde bdsesl éadio cEmmunications system. Finally, it attaches to the servo that actaatésakes as
well as the Ematches that deploy the different stages of the recovery scheme. The entire SRAD avionics device is
powered from a 3S, 2200 mAh, lithium polymer battery via a\zgt DCDC buck converter. A schematic of the
SRAD avionics can bseen in the appendices. The COTS device is much more simple. It consists of the RRC3 Dual
Deployment Altimeter. The device is powered by a singly 9V battery. It connects only tenthéckes that deploy
different stages of recovery. A circuit schematidle COTS avionics system can be seen in the appendices. The
routes from both the SRAD and COTS devices to tmeaiches using in recovery are diode protected so that the two
systems are electrically isolated, fdt purposes and powers seen in SimpletéatA Full list of devices and
components used in the overall avionics subsystem is included in the appendices.

1. Actuation of the Recovery System

As described previously, the recovery system has two deployment devices: each usingtah &s the agator.
Both the SRAD and COTS devices are used to redundantly andimdarly deploy the parachute. The RRC3
altimeter will be programmed to send the deployment signals at targeted apogee and at 1500 ft AGL. The SRAD
device will attempt to intelligentitrigger the Ematches based on altitude and state estimated vertical speed.
Therefore, it can be said that the RRC3 altimeter is the main method of actuating the recovery system deployment and
the SRAD device is the backup, and experimental, means. Agomexhpreviously, both systems have been validated
via participation in ejection testing.

2. Active Control of Air Brakes using Model Predictive Control

The second major objection of the avionics subsystem is to actively control the air brakes foatibe déithe
coasting period in flight. In order to attempt a trajectory ending moiasetg with respect to apogee, Simple Latte
is designed to overshoot a little. This error is then be dynamically corrected through the use of the air brakes.

In orderto achieve effective control over the air brakes and achieve the abstract goal of hitting the target altitude
more precisely requires a adaptive, and-ho@ar, control schema: that is, one that can adapt with varying rocket
parameters without having tetune the gains for each change. An emerging approach for vehicle trajectory control
is the Model Predictive Control (MPC). In this schemeattime model of the rocket is simulated to predict the final
apogee based on the current states (positiondspemntation) of the rocket as estimated by the sensors. This
prediction of apogee is then compared to the desired final altitude (10 000 ft AGLjigmekfor error is calculated.

This error is then used in conjunction with the air brake drag modééfasmined by CFD simulations) to determine
the most optimal air brake deployment angle. Finally, a signal is generated to actuate the servo motor attached to the
airbrakes. A diagrammatic visual of the control schema is provided below.

Figure 30. Diagrammatic visual of Avionics Control Schematic.
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