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Propulse NTNU presenis the rocket Birkeland scheduled to pariicipate in Spacepori America Cup
2022, The team is aiming for a target apogee of 30 000 {8, powered with a Cesaroni Pro 98 solid rocket
mator. Birkeland is highly influenced by our previows flight-proven rocket, Stetind. The development
of Birkeland has been an pivotal step for Propulse’s long-term goal of reaching the Kirmén line. The
ohjective of this project is to develop a reliable and capable rocket, snd o enable members to enrich
their engineering capabilitics alongside their studies. Birkeland’s airframe is constructed of two fila-
mient wound fiber composite sections that are optimized for low drag at supersonic speeds, by replicating
the Von-Karman shape towards both the rocket’s nose and the tail. The recovery system includes both
commercial and student-developed parachute deployment systems for redundancy. The avionics system
controls the recovery svstem, and monitors the fight trajectory using barometers, inertial measurement
units, 8 magnetometer, GNSS, thermomebers, and five cameras. The avienics svstem transmits all data to
the ground station in real time throughout the fight. Meanwhile, Birkeland’s experimental pavload mea-
sures the in-Might oscillations and compares the recorded vibrational noise from sensor measurements for
a damped versus undamped set of clectronies. The software and the majority of PCBs on-board the rocket
are student-rescarched and developed. The technical details and validation methods for the systems thai
constifute the rocket Birkeland are covered in this report.
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Abbreviations

SACup - Spaceport America Cup

COTS - Commercial Off The Shelf

SERAD -~ Stdent Researched and Developed

DTEG - Design, test and evaluation guide 4]

R&R —  Rules and requirements [3]

FEA —  Finite element analysis

PV —  Pressure vessel

CFD ~  Computational Auid dynamics

PCB —  Printed circuit board

GNSS - Global Navigation Satellite System

NTNU - Norwegian University of Science and Technology

PBSS - Pressure based separation system

EuRol —  Euwropean Rocketry Challenge

OR -~ Open Rocket

Fsm —  Finite state machine

Aod - Angle of Attack

MEKF - Multiplicative Extended Kalman Filter

CNC ~  Computer numerical control
Nomenclature

A - Area

Ap —  Projected Avea

et - Average Altraction Between Particles

b - Volume Excluded by a Mole of Particles

h —  Drag Coefficient

(N —  Center of Gravity

op —  Center of Pressure

D - Maximum Diameter

el ~  Distance Between the Component’s Centre of Gravity and the Nose Tip

F —~ Force

i - Drag

Fo s —  Drag on aft

Fojuewara  —  Drag on forward

L —  Gravitational Acceleration

e —  Mass

P —  Pressure

e —  Dynamic Pressure

R —  Universal Gas Constant

i) —  Density

e ~  Freestream Density

i —  Angle of Attack

B —  Obligue Shock-wave Angle

o —  Stress

r -~ Temperature

v - Wolume

Ve —  Freestream Velocity

W - Velocity

Wi —  Total Rocket Weight

Wi - Component Weight
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I INTRODUCTION

I. Introduction

A. Organization

Propulse NTNU is a volunteer student organization with the goal of providing students with knowledge and
engineering expertence through design, production, and launch of sounding rockets. The organization is curvently
working on three technical projects: Project Birkeland, the engine development project, and a Hight trajectory
simulator. These projects are the necessary steps toward our long term goal of reaching the Karman line. Other
functicral areas in the organization are husiness, marketing and administration. There are 58 members in total,
from 17 different fields of studies, supported by 14 mentors. Members working on the main project are split
between system-related groups.

B. Project Birkeland

Praject Birkeland is carrently the main project of Propulse NTNU. The objective is to develop a sounding
rocket capable of carrying a 4kg payload to 30000 ft, with a commercial off-the-shelf (COTS) solid propulsion
systemn. These are the underlying project goals:

1. Ensure economic viability

2. Create a good environment for learning and social interaction
3. Perform a successful fight

4. Push boundaries and further development

5. Achieve exemplary results

As a result, the underlving requirements set by the team for the rocket are related to cost and production.
reliability. and validation through analysis and tests. The planning and management of the project is grounded in
the experiences and lessons learned from previous projects, stated in G. The recket is a comprehensive multidisci-
plinary system, so the different subsystems must follow strict engineering principles. Testing of such systems has
been a major focus, with the intent of improving the rocket's performance significantly. The system requirements
can be found in Appendix ¥.H. To find solutions fulfilling these requirements, the members are encouraged to
compare new ideas to the existing methods and technologies, The solutions are evaluated through design reviews,
where professors, sponsors, alumni and team members participate. New designs and solutions are made iteratively
based on feedback from the reviews, test results, analysis, risk assessment and production constraints. The main
technical challenges of the project have been on designing and validating high performing aerodynamic structures
for the rocket, developing our own separation and parachute release systems, and developing the software on
embedded systems.

C. Stakeholders

The primary stakeholders in the project are the team members. Spaceport America Cup (SA Cup) establishes
several requirements for the project, while our sponsors and the Norwegian University of Science and Technology
{NTNU} have contributed to the project in the form of expertise, production and funding. Kongsherg Defense
& Aerospace is the main sponsor. The organization is also sponsored by Radionor Communications, the Faculty
of Information Technolegy and Electrical Engineering at NTMNU. the Faculty of Engineering at NTNU. NCAB
Ciroup, NORBIT, Altium, Innision Lekken, 4Test Instrument, Norwegian Defense Research Establishment (FEL,
Eidel, Swagelok Morway, WindTee, Nammeo and Eidsvoll Electronics.



I SYSTEM ARCHITECTURE

II. System Architecture

A, System Overview

The Birkeland rocket consists of four main systems: Structure, recovery, avionics and payload. The rocket
structure is divided into outer structure and inner structure.

Outer structure comprises two fiber-composite airframe sections, a nose tip, coupling tube, boat tail, and four
symmetric trapezoidal fins, It is through the boat tail and aft airframe that the motor force is transferred to the
rest of the rocket. The forward airframe is made out of radio transparent fiberglass, whereas the aft airframe is
made out of carbon fiber. Both sections are tapered, following a Von-Kidrmdn ogive. The four fins are made of
carbon fiber, and mounted to the bottom of the aft airframe with aluminum fin brackets. The inner structure of the
forward airframe is modular and hosts the payload, avionics and recovery systems. The latter two shave the same
architecture, where rails and ring modules ensure structural integrity, and serve as mounting points for the housed
components. The payload module is whular and allows for quick and easy removal. The aft airframe houses the
commercial off the shelf (COTS) Cesaroni pro 98 6GXL solid rocket motor. as well as a camera facing the fins.
Birkelands parachutes are contained within the coupling tube. hereby referred to as the coupler. Figure | shows
the rocket Birkeland from the outside, and Figure 2 the inner structure.

Birkeland employs a two-stage recovery system. The first stage separates the rocket into two halves at the
coupler, pulling out the drogue parachute. The separation is triggered by a surge of gas from either the COTS
or the student researched and developed (SRAD) pressure based separation systems (PB35) on board, The gas
pressurizes the volume within the coupler, breaking the shear screws holding the coupler and forward airframe
together. separating the rocket into two halves such that the drogue parachute is deployed. The SRAD PBSS is
designed to be fully reusable, unlike the COTS PBSS. which consumes a CO2 canister for each use. The second
stage of recovery 1s the SRAD mechanical release system. hereby referved to as the Main Chute Release System
{MCRS). The MCORS stage is programmed to initiate at a preset altitude of 430 m Above Ground Level (AGL).

The main function of the avionics systems is to activate the two stages of recovery. This function can be
fulfilled by either the SRAD Flight Computer, or the redundant COTS system. The SRAD system also has a
function of collecting, storing and transmitting sensor data. There are two cameras which record the exterior
surroundings of the rockel, whereas a third and fourth camera record the inside of the coupler section containing
the parachutes and the MCRS. The requirements for all the systems are listed in Appendix V.1 which provides
further details on the design choices. Table 1 shows key physical and performance parameters for Birkeland.

Table 1: Key parameters for Birkeland

Parameter Value

Launch weight [kg] 306
Total length [mm] 3302
Predicted apogee [m o162
Max velocity [m/s] S02
Max acceleration [m/s®] 123

PROJECT

BRKELANE | @0 e e ol —

Fig. 1. The Birkeland rocket

Fig. 2. Inner structure of the Birkeland rocket



B Propulsion System I SYSTEM ARCHITECTURE

B. Propulsion System

The Cesaroni Pro®8 60XL motor with the 2106203400-F fuel grain was chosen early in the concept phase.
This resulted in the rocket being designed based on the performance and size properties of the motor. This partico-
lar mator was chosen because it is a high power motor at an acceptable price for our organization. Additionally, it
has a high impulse to diameter ratio, which makes reaching the 30 0(0 ft altitude target feasible, albeit a challenge.
with the 21 062 Ns of impulse the motor provides, The interface between the motor and the mechanical structure
of the rocket is described in 11.D.

C. Trajectory calculations

The trajectory calculation consists of two steps. The first is to analyze the Hight data from team 20217 rocket
Stetind. which Hew at the European Rocketry Challenge (EuRo(™) in 2021, The goal is to adjust the simulation
parameters to fit the fight data from Stetind. determining which parameters had been set incotrectly in 2021, in
order to improve the simulations for the rocket Birkeland. In the second part, OpenRocket and RocketPy are used
to calculate the flight trajectory of Birkeland.

b Flight analvsis Steived

The results of the tight analysis of Stetind are shown in Figure 3. 1o the left figure, the Cy-values are plotted
for the coasting phase (Power-Off). The drag coefficient of the CFD {orange) follows the flight data best (for a
more detailed analysis and explanation see V.L. Trajectory and CFD). OpenRocket and RasAero I both have large
discrepancies in the subsonic/transonic regime. These deviations have an influence on flight trajectory (Figure 3b).
RasAero 1 underestimates the flight path significantly. For the simulation with the CFD data the python library
RocketPy was used. The fact that the simulation with the CFD data is so accurate is probably because the CFD
curve is between Power OFF and Power On, and so coincidentally balance each other out. The detailed analysis
(see VL. Trajectory and CFD) showed that OpenRocket predicts the flight parameters precisely and is therefore
primarily used for the Hight simulation for Birkeland. RasAere 11, on the other hand, has shown some fHaws and is
therefore not used. The data from OpenRocket are complemented with the RocketPy - CFD simuation,

arm "
EUFLUN T T = =
[ v Faght detn Sbetwnd = Fight dara Siwting
o0ss — Simulstion Aazsenn e Girrnsalion Blananio
= Simulstion Openfocker LOHISD - = Gmuitstion Openfoc ket
dind CFD Semilation RockesPy < CFO
LOHMD ¢
T ™ F._‘___.__..--———-_
—_ Tt
[ = .-n"'".- T
B w0 'H_,-r"" —r
2 -
= ' el
< 9650 -
-
anon "'!
9750 ///’/_7
{|J=..__.. - — —— —— —— —— —_— — —
%) ol 6 Y] 1.0 13 14 L6 1.B Sron - .- ' X I T
k] L] &0 4] 43 41
Mach nurmiser Time [s]
{a) Cy-curve, power off {h} Flight trajectory

Fig, 3. Comparison of OpenBRocket, RasAero 11 and CFD with the fight data.

2. Flight profile Birkeland

The calculated thight trajectory with Open Rocket is shown in Figure 4. We expect a 6 second burn phase,
followed by 2 36 second coast phase, resulting in a 42 second total ascent duration. The predicted apogee is Y162
meters {30 059 ft). The velocity and acceleration profile are pictured in Fig. 5. The powered fight in the first 6
seconds results in a maximum velocity of 307 m/s. The maximum acceleration 123 m/s” is experienced slightly
before the bum-out. At the main chute deployment, the acceleration reaches a peak value of 149 i /s
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Fig. 5. Predicted velocity and acceleration during flight. The rapid change in acceleration at around 3405
is due to the main parachute being deployed.

The Cd curves were also caleulated for Birkeland (see VL. Trajectory and CFD). These have been modified
to-use them for RocketPy, With RocketPy, a Monte Carlo analysis was performed (see VL. Trajectory and CFD).
The result of 6300 simulations is shown in Figure 6a. The mean apogee is 92035 meters with a standard deviation
of 51 meters. Thus the OpenRocket result is in the standard deviation of the Monte Carlo analysis.

J. MaxQ / Mach number

The maximum dynamic pressure is found by extracting the air density p and velocity v values from Open-
Rocket. where equation (1) is used to then caleulate the dynamic pressure g.

I a
g=zepv’ (1)

In Figure 6b the dynamic pressure is plotted over time. The maximum can be found 1 second before burn-out
and has & value of 133 k Pa. The dynamic pressure allows locating the time where the rocket experience the
highest aerodynamic loads. The resulting drag force on the rocket is 642 N,

4 Stabiliy

Examining the stability of the recket is crueial for a safe flight. The stability margin (SM) presented in Eq. 2
is a way to measure the rocket's stability. It depends on Center of Pressure (CP) and Center of Gravity (CO). The
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Fig. 6. Monte Carlo and dynamic pressure

stability is given by the distance between CG and CP, measured in calibers (body tube dizmeters):

SM — CP -ty )
o

Where CG is the center of gravity, CP is the center of pressure. 1t is expected that the stability margin will
change significantly during flight. This is on the one hand due to depleting fuel in the motor, moving the CG
further forward. On the other hand. as the rocket passes through the transonic and into the supersonic regime,
wave drag from shockwaves act on the nose tip and fins. The wave drag is at its greatest when the rocket passes
through M = 1. The net result of the wave drag is a movement of the CP towards the aft. Therefore. after burnout.
when the rocket decelerates back down through the transonic regime, the stability margin will be at its greatest,
As can be seen in Figure 7, the stability at Rail-Off is lowest with 1.78 and short after burm-out with 5,84 calibers
the highest. These parameters fulfill the SACup requirements for the stability since the stability is between 1.5

and 6 during the ascent. With o Off-Rail velocity of 33.7 m/s, the target of 3005 m/s 15 also met.
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Fig. 7. Stahility of the rocket from Off-Rail to separation.



D Quter structure H SYSTEM ARCHITECTURE

I Outer structure
Lo Bvatert funcrion and system overview

The fundamental task of the outer structure is o provide structural integrity, and to ensure a stable flight [V.L].
The airframe is optimized to minimize drag in supersonic flight. featuring a von Karman nose-cone and boat-tail,
a small cross section, and four wedged trapezoidal fins. The goal for all pants is a safety factor of 2, and whenever
it is much greater, it is usually due to manufacturing constraints, The components are made to balance weight,

structural integrity and aerodynamics.

2. Comiponents and dimernsioning forces

Tahle 2: Overview of Outer Structure components

Functions
Flight
' Component | Reference |Material | Production | Validation | load |Fastening Drag | ..o
bearing point | reduction :
tion
' . = Aluminum | CNC CFD, Flight
Nose Hp WNT F021-Té machining | proven
x [ FEM, CFD,
wyaiec OFA Gilass Fiber | ament Compres-
| Adrframe winding .
S100 Lest
Vel oc Alumintum Tiitiiisie FEA
| Couples S082.T6 urning
o FEA, CFD
L Carbon Filament : .
| Aft Adrframe | O AA fiher windinig L.nmpres-
sion test
Carbon
Fiber -,
HexPly ;;’;‘3" FEM, CFD.,
| Fins OF 8552 o Bending
' Wowen i}a ﬂ. & test
Carbon y-up
Prepregs
' FEA. CFD
- . Aluminum | CNC : :
| Fin brackets | O.FB S087-T6 milling I"_ilnl.]l
. proven
y - Aluminum | CNC -
| Boattail OB 6082.T6 | machining FEA
. FEA, CFD,
| Camera shell | 0.C5 [ntegration Provides fin view during fight
test

J. Nose 1§ el

Function

The nose tip functions as an aerodynamic continuation of the upper airframe. It has to withstand the high
temperatures and pressures through super sonic Hight, as well as the mechanical load from touch down. The nose
tip middle and lower part serves as a mounting point for the inner structure.

Desipn

The nose tip is divided into a lower, middle and upper part as seen in Figure 8. The lower and middle pan
provide a permanent structural interface between the inner structure and the nose cone. The lower part is glued

12
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OM.LP
Lower Mose Tip

ON.UP

UEEEI’ MNose '1'|EI

Fig. 8. Exploded view of the nose tip assembly

inside the uppermost part of the nose cone, and the middle part is glued and fastened to the lower part using four
M4 countersunk screws. The middle pant interfaces with the front of the nose cone, so that the forces acting on the
nose tp are transferred through the airframe, not the inner strecture. A MBS threaded rod from the inner structure
slides through the lower and middle nose tip upon assembly, and is fastened with a nut. The upper part screws
onto the protruding threaded section on the lower part.

Manufacturing decisions

To be able to withstand high temperatures, the nose tip has been made out of aluminum 7021-T6. Aluminum
is easy to machine, and is well suited for components of such geometries. All of the three parts have been CNC
machined.

4. Forward Afrframe

Inmer Strecture Fastening

Shear Screws.

Umbilical Cord

Fig. 9. Forward Airframe including holes for fastening: shear screws (4 holes), inner structure (3 rows of 3

each}), camera (2 holes) as well as arming (2 holes) and an umbilical cord hole.

Funciion

The functions of the forward airframe are as follows:

Load bearing

Shield the inner structure from external disturbances
Minimize acrodynamic drag

Improve dynamic stability

Be radio transparent

Provide storage for the recovery system, avionics and payload

13
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Desipn

The forward airframe is made of zentron 758 5-2 glass fibers and UF336Y9 epoxy. It has a total length of
1620 mm of which the first 488.5 mm follows the Von-Kirmdn shape. This shape is mathematically derived o
achieve the theoretical lowest coefficient of drag possible |30]. A longer nose cone will reduce generation of
expansion waves. The total length of 1620 mm was subsequently chosen as a compromise between manufacturing
and acrodynamics. The 124 mm inner diameter for the strajght section was chosen as a compromise between
serodynamics, and giving the inner structure team encugh room o howse all components. The wall thickness of
the forward airframe is 2.5 mm, due to the layup and thickness of the fibers. This gives an outer diameter of 129
mim im the straight section. The forward airframe overlaps with the coupler by one body caliber, and is retained
using four nylon M4 shear screws. The forward airframe is made out of fiberglass for its high strength to weight
ratio, as well as to comply with the requirement of radio transparency (subsection H). There are three rings of
three equally spaced €34 holes running along the aidrame. These holes will be used to fasten the inner structure
of the rocket to the airframe. This will reduce vibrations during flight, not to mention the opportunity to access
elements of the inner structure while the rocket is on the launch rail. There are two @10 holes for two outwand
facing cameras, two €314 holes for arming the PBSSs, and one @16 hole for the umbilical cord Table 18,

Manufacturing decisions

The forward airframe is manufactured with filament winding. Making the airframe out of only two parts yields
a high stiffness, and simplifies manufacturing. A 35/45% mix of zentron 758 5-2 glass fibers and UF3369 epoxy
was wound around a mandrel with varving speed and rotation to achieve a specific layup. The fiber layup is
104 HH45-45+85+45-45-85 in accordance with the principles stated in ESA PS5-03-203 issue | structural mate-
rials handbook [22]. After winding, the airframe and mandrel is cured at a temperature of 120°C for approximately
2 hours, An additional layer of epoxy is added and sanded to achieve a smooth surface finish,

3. At Airframe
Function
The functions of the aft airframe are as follows:
= Be load bearing
= Shield the inner structure from external disturbances
* Mounting point for fins and boat tail

« Minimize aerodynamic drag
Desien

The aft airframe is made out of Toray TTO0S carbon fiber with UF336Y9 epoxy, like the forward airframe,
consists of a Yon-Kdrman section and a cylindrical tube It has a total length of 1409 mm with the last 175 mm
being tapered. By tapering in both ends {(forward and aft marframe) the wave and wake drag is reduced at transonic
speeds. The inner diameter is the same as in the forward airfframe. 124 mm. At the end of the aft airframe the boat
tail is fustened with 4xM4 bolts together with the four fins who are fastened to the airframe with BxM4 bolts each.
The coupler is glued inside the aft using epoxy glue. The aft airframe also has a hole for the camera shell tasked
with recording the fins.

The aft airframe does not have to be radio-transparent and therefore carbon fiber is chosen due to its high specific
strength to weight ratio.

Manufacturing decisions

The aft airframe is produced with the same mandrel and production technique as the forward airframe. The
same mandrel is used as tapering the aft airframe makes It more agrodvnamic. Moreover the mandrel is a big and
costly tool so only needing ane is a great benefit. The material used is a 58/42% mix of Toray T-700s carbon fiber
and UF336Y epoxy. The carbon fiber reinforced composite s ticker than the glass fiber reinforced composite, to
compensate for this only one hoop layer of 83 degrees is used. This results in the final aft airframe layup beeing
104 IH45-45+85+45-45



D Quter structure H SYSTEM ARCHITECTURE

6. Coupler

OF.FA

OL.AA
Aft Airframe Forward Airframe

Fig. 10, Coupler connecting both airframe halves

Function

The function of the coupler is to act as a stiff interface between the airframe sections, and to allow for separa-
tion of the rocket into two halves for parachute deployvment.

Desipn

The coupler is a cylindrical twhbe in the middle of the rocket that is fastened to the forward airframe with 4
M4 shear screws. and fastened permanently to the aft airframe using epoxy adhesive. Both airframe sections
overlap the outside of the coupler by one caliper. Due to the different thicknesses of the forward and aft airframe,
the bridging section between the aifdrames is slightly conical to maintain the prevent excessive drag, The motor
bulkhead 15 fastened on the inside of the coupler. This bulkhead is a mounting point for the U-bolt connecting
the aft airframe to the parachutes. 1t also prevents gas from the separation sequence to escape into the motor bay
within the aft sirframe. An O-ring groove is machined into the section where the coupler overlaps with the forward
airframe. The O-ring prevents gas from the separation event from escaping through the coupling. It also adds w
the stiffness of the joint, by making it a tight fit. A venting hole is drilled in the conical part of the coupler, to allow
for equalization of the pressure to the decreasing ambient air pressure as the rocket ascends. The venting hole is
too small to interfere with the intended pressure build up. and subsequent separation, that the coupler is made
facilitate. The coupler has no inside features or required surface roughness. simplifying the machining process.

Manufacturing decisions

The coupler is CNC machined by turning, and the raw material was shaped as a tbe, reducing the amount of
wasted material and time consumed during machining. The thickness of the coupler exceeds the required value to
achieve a sufficient FoS. but was chosen to minimize the risk of ovality from retainment in the lathe.

7. Camera Shell

Function

The functions of the camera shell is to allow for a camera to get a view of the fins, exhavst plume and ground
during the fight. through the aft airframe.
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OL.C5AM

Camera Shell

TN

Fig. 11. The camera shell with the RunCam Split 4 attached. The camera shell will be on the outside of the
airframe, whist the mount plate is on the inside of the airframe.

Dexipn

The camera shell houses an independent camera system in the aft airframe above the motor. It has its own
battery, circuit board and SD-card to be completely independent from the rest of the avionics system. The camera
is oriented so that the fins are in its field of view (FOY). The camera used is a RunCam Split 4 with a low FOV
arcund 607 The camera and mount will go through a hole in the airframe with a radius of 12 mm. The camera
shell will stick out 12 mm from the airframe. This is the same as the launch lugs, and is from experience assumed
to have a negligible effect on apogee and stability, The camera shell will be glued to the airframe, and the camera
will be fastened to a mount inside the airframe.

Manufacturing decisions

The camera shell will be 3D printed out of PETG. 3D printing allows for guick, easy and cheap production.
Calculations on the structural integrity of the aft airframe were performed to ensure that the aft airframe can still
handle the forces with the significantly large camera hole | V.1L.2A].

8 Fins
Funetion
The functions of the fins are:
« Provide an aerodynamic self-stabilizing force
* Place center of pressure downstream center of mass to ensure appropriate/required stability
* Reduce unintentional roll movement

= Withstand operating forces
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Fig. 12. The fin assembly

Desipn

Each fin consists of three parts, one fin blade and two mounting brackets. The fin blades are 97 mm high and
trapezoidal with a sweep angle of 45°. For supersonic flight. the trapezoidal shape has the lowest drag.
The fins have a wedge angle of 307 on both leading and trailing edge. 30 degrees was chosen as a reasonable com-
promise between aerodynamic purposes, namely low wave-drag at supersonic flight. and the structural integrity of
the material. The root chord has a length of 279 mm and the tip chord 80 mm. Their width has been set to 4.5 mm,
as a compromise between required strength and the cross-sectional area (reduced drag). They will be mounted
to the brackets with 3 screws and the brackets will in twm be mounted 1o the airframe with screws. This design
was chosen since it is easy o manufactore, and because it allows fins to be swapped out easily in case of damage
during for example handling. The latter is an important feature if a relaunch is o be performed, since the fins
are prone to damage during touchdown. Both the carbon fiber fins and the attachment method is a flight-proven
design previously used on Seetind.
The fins have beenr placed as far backwards on the aft airframe as possible. This will increase the stability margin
and in turn allow us to make them smaller and more aerodynamic without sacrificing stability charactenstics.

Meanufacturing decisions

The fin blades are machined out of a carbon fiber plate of 21 (0.2 mm thick layers made with manual prepreg
layvup. This allows them to be thin and light while sull being stiff and strong. Caleulations on the material
properties of the composite together with FEA can be found in "V.IL2A™

9, Fin Brackeis

Fin Blade
F
'DL

Fin brackets Aft Airframe
‘DL.FB ‘(_]L.AA

Fig. 13. Front view of the fin brackets assembly
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Funcrion

The functions of the fin brackets are as follows:
= Fasten the fin blades to arframe

* Withstand operating forces
Dhexipn

The brackets are made to follow the tapered airframe. They have a thickness of 2.5 mm. The brackets are
glued and Bolted o the airframe in order to distribute the forces as evenly as possible.
Muarufacturing decisions

The brackets are machined out of TO21-TH aluminum, as it has a high strength to weight ratio while being easy
to machine. Since the fin brackets have a double curved surface in order to fit the Von-Kdrmin shape of the aft
airframe, CNC machining is needed for manufacturing.
1L Boat Tail
Funciion

The boat tails functions are to:

* Retain the motor

» Reduce wake drag behind the rocket

= Transfer motorforce to afl airframe

= Protect the fins and airframe from the ground impact

Design

The boat tail has a conical shape and & continuous transition to the aft airframe. This gives an angle of 8° that
tangents the airframe. In order to handle the force transfer from motor to airframe, the boat tail assembly consists
of three parts: The boat tail is a metal part with threads that will be screwed on to the threaded part of the boat
tail centering ring. The boat tail centering ring will handle the force transfer and also be a mounting point for
the boat tail. The wedge will be serewed with the centering ring into the airframe and thereby fasten the boat tail
assembly to the aiframe. The wedge ensures secure fit between the motor - boat tail - airframe. A layer of thermal
insulation will be adhered to the inside of the boat tail to shield from thermal loads during powered ascent.

Centering Ring Wedge Centering Ring
OLBT.CRW OL.BT.CR

Boat Tall
OL.BT.AET

Fig. 14. Exploded view of the boat tail assembly
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Muanufaciuring decisions

The boat tail s CNC machined out of 6082-T6 aluminuem. Alwminum has a high strength to weight ratio and
is easy to machine.

1. Validarion
CFDy

Computational Fluid Dynamics (CFD) was used to investigate the forces expected to act upon the rocket, and
numerically determine the coefficient of drag (Cd) to move accurately predict the apogee together with Open-
Rocket. The process involved using Aight data from previous projects to estimate the velocity of the rocket m
different altitudes. Then calculations were mun using standard atmospheric conditions.

Simulations were run for a range of Mach numbers between Me== = 0.3 to M= = 1.55, with a step of 0.05, for a
total of 30 simulations, To calculate the highest aerodynamic forces acting on the rocket, 3D simulations were run
at an expected maximum Mach number of 1.5. The results of the drag forces on the different parts can be found
in Table 3. The total drag force at the highest Mach number was tound to be 642N,

The snalysis was performed on a simplified version of the Birkeland rocket geometry, where holes, screws,
meunting lugs for launch, and other details were neglected. Therefore. the geometry analyzed 1s smoother than
the real rocket. leading to a lower computed drag coefficient than in real life. A plot of pathlines showing the
velocity magnitude of the flow around the aft of the rocket is shown in Figure 16, In Figure 15 the Mach waves
propagating off of the rocket body at Mach 1.5 can be seen. Further discussion of the setup and results obtained
usimg CFD is included in VL.

Table 3: Maximum experienced forces on the different components with its caleulated safety factor.

Saf
Component | Forces Maximal expected force [N] hﬂet:,r Validation method
or
, CFD result at highest
. Acrodynamic drag
Forward Mach number: 191 N .
: Inertial force of ] FEA, Compressiontest,
Adrframe Inertiad force:
the load.
<4pUE N
Aerodynamic drag | CFD result at highest
e ) ] FEA, Compression test,
Aft Adrframe | [Inertial force of Mach number: 42 N 20 ,
. Wind tunnel test
the load. Inertial force: <4608 N
CFD result at highest
Mach number:
- L Moment: 24.4 Nm (7% Aod) — ;
Fins Aerodynamic drag ] T FEA. Bending rest
Sheer, azimuth: 622 N @7°
Sheer, axial: 92 N
Sheer, total: G248 N @7*
Boat tail Thrust Inertial force: 4698 N 0.6 FEA
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e

Fig. 15. A contour plot of Mach numbers at Mach 1.5,

[ W &

Fig. 16. A plot of pathlines showing the velocity magnitude around the fins at Mach 1.5.

Forward & Aft Aivframe validation

For the entire Aft and Forward Airframe, FEA analyses were performed. The detailed description of the
analytical calenlations and the assumptions made can be found in appendix V.1

To safely launch Birkeland and have a safe flight it is preferable to know how much stress and strain the
airframe can handle, at the very least figure out how many holes the airframe safely can handle. The properties of
Toray TT00s, Zentron 738 5-2 and UF3369 can be used with formulas given by ESA structural material handbook
[22] to calculate a few mechanical properties of both the carbon and glass fiber reinforced composites.
Using ansys it is possible to get an approximation of how strong the material is. Since composites are brittle
materials you can expect a deviation between each similar part, composites are also orthotropic which makes
it difficult to predict the matenal properties analytically. Therefore a compression test was performed on test
pieces of both the forward and aft airframe 1o validate finite element analysis. The second glass fiber test piece

20
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delaminated at approximately 98 kN of compression force, while FEA predicted failure at 100 kN. The carbon
fiber test piece delaminated at 190 kN while FEA predicted failure at 180 kN, These are preferable results however
the safety factor is awfully kigh. It is however reguired to do an extensive amount of testing to accurately predict
the material properties of composites, and these results give 4 good approximation.

Boeat sail velidarion

The boat tail was validated with FEA. A force of 5 &N (maximum thrust of the motor is 4696 N) was applied
to the surface pushed by the engine lip and a clamp was applied to where the boat tail meets the airframe. A
maximum Von Mises stress of 9 MPa was observed. This gives a safety factor of 29,

Von Mises Siress 2 (N_m2)
GdTasd
842w+
F il en
4500 8
5 8 +
i Tda»
3. M +
18e
Do o B

1. a+ ]

L W

Fig. 17. FEA done on the boat tail.
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E. Inner structure

Lo Bvatert funcrion and system overview

I Recovery module I Avionics module | Payload madule ]

r—

Fig. 18. An overview of the subsystems of the inner structure,

The main function of the inner structure is o provide a framework and mounting points for the internal com-
ponents of the rocket Birkeland, while incorporating modularity and ease of assembly.
The structure inside the upper half of the rocket is module-based. housing the payload, avionics and recovery
modules as shown in fAgure 18, This architecture is chosen to allow for parallel, independent. and thus faster
assembly of the pavload. avionics and recovery sub-systems. The structural components within the lower half of
the rocket are related to the motor, the camera shell, and recovery of the lower half.

Table 4: Overview of the Inner Structure components and their function.

Functions
. Validation Fastening| Modular-
Component Reference Material ng i
— method point | ity | Stimess
; FEA
; " 62-Th Lo
Upper Cap IPUC Ao Integration
Lest
: FEA,
Payload Tube IET E0a1-T8 Integration
Adumminum
test
FEA,
Plate Top IPPT SRIRH Integration
arade steel _
lest
; FEA
: §235IRH 1 g
Payload Plate IPFP grade steel Integration
st
i FEA.
Lower Cap IELC BE2TO Integration
Adumminum 2
[est
FEA,
Uppez/ L‘?"‘Er LA UB/IALB 61131-:[‘6 Integration
Module Ring Aluminum i
[est
; FEA
" :
Avionics Rail (x3) | IAR BhR .“: Integration
Adum i =
Lest
PAl1YY FEA,
Mounting Plate LAMP PA22(H) Integration
Nylon test
COTS Battery LA.CBCY Integration
Casing/Lid IA.CBL PR test
Yideo Encoder A VEC/ PETG Integration
Casing/Lid 1A VEL test
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SRAD Battery Pack | IA.SBCY boidits
Casing/ Lid/ IA.SBLS PETG T
Bottom LA SBB !
FEA,
] - j_ ol
Rgcmﬂy Module IR MR fHiE2 :lﬁ Integration
King Aluminum
[est
Recovery Rail IRRAS GIM2-TH PEA, ;
ASBIC IRREL Aluminum e gratsn
IRRC test
FEA
j_ J 2]
Recovery Plate IR.RP i‘;ﬁh .Tﬁ Integration
LUFTLEIET
tzst
: . FEA,
Hawk Plate IR_HP fOpo-TS Integration
Aduminam
test
6082-T6 PR
PV Brackets IR.FPH . Integration
Aluminum
Lest
Camera Mount IR.CM ﬁﬂﬂl-l‘l‘ﬁ e gatian
Aluminum test
; ; T075-T6 FEA,
Coupler LARE Aduminuim Giround test
Motor Bulkhead IAE.MB 5?54_.1_“ : FEA
Aluminum
Motor Centering — 6O82-T6 FEA,
Ring LARMICH Adum i Flight Proven
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2. Comiponent interfaces

M Structural connection
! Shock cord
IDecoupling connection Mose tip Forward airframe
|
Payload electronics Payload module
Avianics companents Awionics module
MCRS — Recovery module
Main chute
Drogue chute — i
.1
Afl airfrome IMQW centering ring Mator
Fins Boat twil

Fig. 19. System diagram.
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3. Pavivad module

Threaded rod
Upper cap _IPTR
Plate top _IP.UC
Payload IP.PT
Payload tube P
Lower cap '}P,T

.llﬂ.i . * &N
h

Fig. 20. Exploded view of the Payload module.

<

Funcrion

The functions of the payload module are as follows:

* Houses the payload experiment

+ Fastens the inner structure to the nose tip

» Allows the pavload to be removed, such that it can be worked on independently

« Allows the module to be detached from the avionics moduole
Desipn

The payload module is designed with ease of production and ease of assembly in mind. The upper cap has a
chamfer, allowing it to fit snugly against the airframe and thus preventing excessive vibrational loads on the inner
structure. The lower cap has a flanged base, in order to interface with the avionics module below it. Mounting
and dismounting of both the payload structures and payload experiment can easily be done at all stages of the
assembly process, prior to the insertion of the inper structure into the airframe, by removing four screws in the
lower part of the payload tube.

Pavioad mounting plare

The payload mounting plate is designed to allow the payload experiment and electronics to be mounted se-
curely. See "ILH" for details.

Pavlead casing

The payload casing consists of three parts: the upper cap. payload tube and lower cap. This design allows for
easy insertion and removal of the payload from either the top or the bottom of the payload wbe. When the inner
structure is fully assembled, the easy removal of the lower cap allows for the payload electronics and mount to
be inserted dead last. This allows the payload team to work on their system all the way up until the final steps of
assembly. The design also allows for the rocket Birkeland to launch without the payload electronics. Instead, a
cylindrical dummy weight could be integrated.

Manufacturing decisions

The components comprising the payload module are manufactured either by plasma cutting or by turning.
These manufacturing methoeds are simple and easy to utilize, making for cheap and quick production. The payload
tube is made from a standardized tbe, cut to length. The pavload mounting plate is plasma cut. and ground to
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sufficient tolerances before being welded to a steel puck in one end. The steel puck is tumed from a piece of cold
rolled round bar. The threaded rod is COTS, and cut to length. The main support structure of the module is made
from G082-T6 aluminum, while the payload mounting plate is made from S235IRH grade steel.

4. Avionics module

Fig. 21. Avionics module. Fig. 22. Exploded view of Avionics module,

Funerion

The functions of the avionics module are as follows:

* Drganizes avionics components in a space efficient way

+ Fastens electrical cables in an organized manner

= Allows for easy removal of individual avionics components

* Independent of the other modules up until final assembly

Dhexipn

The skeleton structure consists of rails and module rings as seen in figure 21 and 22, and make up the basis
for the avionics module. The modules are fastened together by six bolts through the module rings. The rails have
countersunk holes to allow the bolts to lie flush with the airframe. The skeleton structure allows for easy remaoval
of the avionics mounting plate. by removing one of the rails {i.e. five bolts). The outer diameter of the module
rings is equal to the inner diameter of the airframe and interfaces with the airframe by use of three bolts per module
ring. This is a measure to increase the stiffness of the structure, thereby reducing the vibrational loads on the inner
structure during flight.

Mounting plare

The T-shaped cross-sectional design creates flat surfaces to mount components inside the available eircular
space. To reduce weight and volume. the mounting plate has been iterated upon using topology optimization (see
appendix V.I). The part is subsequently analyzed to verify that it meets the structural requirements. To allow the
avionics components to be removed from the outside individually. threaded inserts are used as mounting points.

Compeanent fastening

Some avionics components do not have fastening points. To resolve this, casings are 3D-primted to allow
mounting of these components as shown in figure 23, The SRAD Batery Pack features fastening for PCBs
mchitoring temperature and voltage on the underside.
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Fig. 23 From left to right: COTS Battery Casing, SRAD Battery Pack and Video Encoder Casing.

Camera mount

The camera mount. shown to the left in figure 21 and 22, holds two opposing cameras used to view out of the
airframe. The mount features three fastening points which fasten to the avionics rails and incorporates mounting
for camera PCBs and circuit protection PCBs needed for the cameras to operate safely.

Marufaciuring decisions

The structure needs to be light, strong, and easy to manutacture. Therefore, laser cut aluminum was chosen
for most metal components. The mounting plate is manufactured using SLE 3D-printing, eliminating the need for
support structure when printing,

The material used is PA12ZPA2200 nylon, chosen for its 48 M Fo tensile strength, 930 .kg;'m" density and high
heat deflection temperature (175°C @ (145 MPa). The material alse has holes built into the mounting plate allow-
ing heated threaded inserts of sizes M2-M4 to be installed using a soldering iron. Heated inserts are good for use
in thermoplastics like PA12 nylon as the plastic melts momentarily and stitfens around the inseit, resulting in a
strong thread i a plastic part.

The smaller plates, casings FOM 3D-printed, as this is cheaper. Here, PETG is used because of its adequate
50 MPa vield strength and heat deflection temperature (68°C @ 045 MFPa). The camera mount is made of laser
cut and bent 6082-T6 aluminum together with 3D-printed brackets in PETG. The metal acts as a heatsink for the
camera PCBs.

Repeated use of threaded holes in alumimum can result in damaged threads. The holes in the module rings are

therefore tapped and strengthened using helical inserts. Assembly of the module is explained in detail in Appendix
Y.E.
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5. Recovery maodule

Fig. 24. Recovery module.

Funciion

The recovery module incorporates the following functions:
* Housing the recovery components
» Ease of assembly/disassembly

+ Fastens wires in an organized manner

Design

The recovery module has a skeleton structure which is similar to the avionics module, but slightly altered.
There is only one module ring, which is not connected to the outer structure. The rails are of the same length. but
have three different configurations for hole placement o fit the plates and brackets in the module. The lower side
of the rails is connected to the recovery plate.
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Fig. 25. Exploded view of the Recovery module.

Mowanting components

The PY brackets hold the PY in place and are coincident with the airframe for added stability. The HAWK
plate provides mounting points for the COTS PBSS and is bolted to the rails. The simple design makes it easy and
cheap o produce. The valve bracket is designed to keep the ball valve and tubing for the SRAD PBSS in place,
lining up a safety pin with a hole in the airframe.

Recovery plate

The recovery plate is located at the bottom of the module and acts as a lower module ring. The &5 nearly
airtight, in order to not interfere with the intended pressure build up, and subsequent separation, in the recovery
bay. There are a total of 6 holes in the recovery plate. Two holes are meant for the hose/piping for the two PBSS,
two holes are for D-sub connectors which will provide better cable management. The last two holes are used o
moeunt the MCRS, The recovery plate has three radial holes for fastening it to the airframe using bolts.

Cable management

Cable brackets are used for easier cable management, and the umbilical bracket lines up a magnetic umbilical
connector with the airframe providing constant power to the avionics untl launch. The D-sub bracket allows all
connections between the recovery and avienics moedule to go through one [3-sub connector. The cables will be
assembled prior to installation in the module for efficiency.

Muonufactisring decisions

The rails and module ring will be produced using laser cutting. All the structural components are made of
aluminum 6082-TH. All fasteners will be made out of 188 stainless steel. Material for the cable brackets and
umbilical bracket is PETG filament. This filament retains strength better than most filaments as temperature rises.
All metal components are mostly laser-cut and bent. The reasoning for this is that the rails, module ring and
recovery plate are cost effective with laser cutting. The HAWRK-plate and the valve bracket were designed with
laser cutting and plate bending in mind, All holes in the rails are countersunk, allowing the module to lie Aush
with the airframe.
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G Aft end

Fig. 26. Motor centering ring and Motor bulkhead.

Funciion

The inner structure of the aft end consists of the motor centering ring and the motor bulkhead. The functions
of an aft end are as follows:

Motor centering ring
« Keeps the motor centered, hindering radial movement
= Mukes assembly of the aft end easier.

Muotor bulkhead
= Beparates the recovery bay from the motor bay

« Provides fastening poings for the U-bolt used for recovery
Design

The motor centering ring sits between the motor and the aft airframe, and is fastened permanently to the
aft airframe using adhesive and four screws. It has an angled inner edge. to make assembly easier. The motor
bulkhead sits in the coupler, fastened with six radial screws. It contains two axial holes used te fasten the U-baolt,
which is used for recovery.

Marufaciuring decisions

Both the motor centering ring and the motor bulkhead are circularly symmetric, making them optimal for
turning. The motor centering ring is made of G082-T6 Aluminum. The motor bulkhead is made of 3754-H11
Aluminum.

7. Vulidation

Integration testing and Finite Element Analysis (FEA) allows for validation that the components can perform
their imtended functions. Dassault Systemes Simulia 3DExperience was used for all FEAs. For a complete list of
the validation methods, see table 4.

The individual components of the inner structure have been validated using FEA, sec appendix V.1. The inner
structure 1s not load beaning, and therefore a total svstem FEA is not necessary. The majority of the forces present
will be applied to the airframe.
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F. Recovery
Lo Bvstert funcrion and overview

The recovery system utilizes a dual-event parachute recovery |DTEG 6.1 Dual-Event Parachute and Parafoil
Recovery], which consists of a drogue and a main parachute. The drogue chute is to be deployed shortly after
reaching apogee using a pressure-based separation system (PBSS). Birkeland has one SEAD PBSS, as well as a
redupdant COTS system. The SRAD PBSS is activated first, and then 2 seconds Later the COTS PBSS s activated.
The main chute is deployed at an altitude of 450 meters above the ground level using a SEAD main chute release
systemn {MCRS).

An overview of the system is shown in Figure 27, The two PBSS are housed inside the recovery module. The
recovery plate is connected at the bottom of the recovery module. separating it from the parachute bay where the
parachutes are located. It also serves as a mounting base for the MCRS. The parachute bay is the compartment
within the coupler section of the rocket, and will be pressurized for separation.

I Parachute bay I Recovery module I

Fig. 27. Recovery overview
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Table 5: Recovery function diagram
Functions
Component | Reference | Production | Validation
Energetic| Load | Drogue | Main
device | bearing | deploy- | deploy-
ment ment
Pressure EH Commercial | Goound test
based off-the-shelf
separation
system
E5P Commercial | Pressure test
off-the-shelf | round test
Laser-cut Drop test
Machined
parts
Main chute | EM Laser-cut FEA
release Machined Function test
system parts
Metal sheat
bending
Parachute RC Commercial | Rated load
system off-the-shelf | from supplier
compared to
parachute
calculations™
Drop test
Wind tunnel
test
Car test

2. SRAD PRSY

Funciion

* Caleulations performed analytically and also with python,

The function of the SEAD PBSS is o separate the rocket at apogee using compressed air,

The SRAD-system utilizes a valve-operated pressure vessel in order to pressurize the parachute bay. The
actuated valve is triggered by the SRAD flight computer upon apogee detection, allowing the stored gas to expand
into the parachute bay. The pressure build up is enough to break the shear screws that hold the coupler and forward
airframe together, resulting in separation of the rocket and deployment of the drogue parachute.

Dhesipn
The SEAD PBSS consists of the following components:
* Pressure Vessel (PV)
= Actuated valve that 1s operated by a servoe motor with gears
= [Gear safety pin
*» Pressure gauge
= Bent metal pipes

= Adapters between the components
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Pressure vessel adapter  Four way adapter Pressure gauge Fill nipple  Pressure vessel
:RSP_PE"A RSE FWA 3 RS PG ~ RSP.FM . L2BPV

*

U-tube Big helical gear Bent tube
:FlSF'_L.lT RSP.BHG . R5P.BT

Fig. 28. SRAD PBSS

The PY has a volume of .22 L and is made to withstand 200 bars of pressure. The actuated valve assembly
consists of a ball valve, a servo motor, two gears and a bracket. The servo moves the gears, which opens and closes
the valve, The valve has an actuation time of (.55, Funther, & safety pin is used to lock the gears in place when the
systemn 15 energetic |DTEG 6,18 Stored-energy Devices - Energetic Device Safing and Arming]. The bent metal
pipe routes the gas into the parachute bay. In addition the SRAD PBSS 15 designed to be a reusable system for
rocket separation and can be filled manually with a hand-powered pump.

Manufacturing methods

The SRAD PBSS consists of SRAD and COTS parts. The PV, wbes and adapters are COTS. The valve is a
swagelok manual ball valve modified to work with a servo and 3D-printed gears. The adapter between the PY
and the tubing is SRAD. and machined out of a steel bolt. The gears are 3D-printed with carbon fiber reinforced
nylon.

Shear serews

The shear screws function as a contrelled structural weak point, meaning that they have to hold both rocket
halves together during launch. and to break as intended when a PBSS is activated. Four M4x01.7 screws have been
chosen, and validated in Appendix V.1, The pressure calcufations show that the four screws combined break under
a pressure of 2.22 bar. They have also been validated during ground tests, drop test and shear pin tests. In Table &
the results from the calculations are presented with safety factors for separation:

Tahle 6: Separation safety factors

PBSS | Pressure from separation | 1SO metric thread | Number of ! Safety factor
system [bar] SCTEWS separation
COTS{(33g) .10 Mdax0.7 4 2.30
SRAD(S0z) 705 Max(.7 4 ERE

The shear screws must be strong enough to handle the forces from light and handling of the rocket. Pressure
buildup can cause an unwanted early separation. It is therefore crucial to have a venting hole to prevent uninten-
tional pressure from building up inside the mocket [8.1 Adeguate venting]. Since the rocket is supposed to separate,
it could be argued that it is not necessary to have a venting hole in the parachute bay., However, there will be one
in order to eliminate the risk of early separation. Additionally. an O-ring is used in the coupler to ensure that the
parachute bay is completely airtight elsewhere.
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J. COTS PBBSY

Funerion

The function of the COTS PBSS is to separate the rocket at apogee by releasing pressurized €05 into the
parachute bay.

CD2-cansiter
RH.CC

&
-

Hawk body
RH.HAB

Bent metal pipe

RH BMP o
-
Release arm
HH RA .
Extension spring
BH.ES W
Hawk safety pin
BH.HSP *

Fig. 29. COTS PBSS

Desipn

The COTS FBSS is designed o be a reliable and dissimilar back-up to the SREAD PBSS. While the SRAD
PESS is connected to the SRAD Hight computer, the OOTS PBSS is connected to the COTS flight computer in
order to have electronic redundaney [DTEG 6.8, Redundant Electronics|. The system consists of a Hawk, a servo
motor and a pressurized CO2-canister. The components are mounted to an aluminum backplate (see Figure 29.).
The servo motoer is angled on the backplate, but the serve arm rotates around the same axis. This is o save space
in the recovery module. The Hawk 15 2 COTS-system that features a spring-loaded piston that is held in place by a
release arm. The motor rotates the release arm to unleash the piston, The CO2-canister is then punctured. and gas
fows into the parachute bay. This results in separation of the rocket and deployment of the drogue chute. Note
that the pressure systems are activated at different times in order to distinguish between them. The SRAD PBSS
is activated first. and then 2 seconds later the COTS PBSS is activated.

The Hawk is considered an energetic device once the spring is loaded and must comply with the same energet-
ics requirements as the SRAD PBSS [DTEG 6.18. Stored-energy Devices - Energetic Device Safing and Arming).
To accommaodate this the Hawk features a safety pin that is installed once the system is loaded. The safety pin has
a wire at its end that 15 led through an opening in the airframe. which allows the system to be asmed externally at
the launch pad.
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Manufaciuring decisions

The Hawk is a OOTS system from Fruity Chutes Inc. [11]. The hawk plate is produced from a 3 mm thick

aluminum plate that has been laser cut and bent into the desired shape. The ductile property of aluminum makes
it suitable for bending.

4. Parachutes
Funcrion
The function of the drogue chute is to!
= Control the descent from apogee until main chute release
= Slow down the descent velocity
» Reduce drifting

* Provide visual confirmation of deployment

Funcrion

The function of the main chute is to:

= Decrease the descent velocity enough for a safe landing
= Limit impact stress on the strocture

* Provide visual confirmation of deployment

» Ease recovery operation, improved visibility
Desipn

The descent velocity for the drogue chute shall be between 23 m's and 46 m/s, whilst the main chute descent
velocity shall be below 9mfs according to 5A Cup [DTEG 6.2 Initial Deployment Event and 6.3, Main Deploy-
ment Event]. The chosen main parachute is Iris 967 compact parachute and the chosen drogue parachute is 307
elliptical. This selection of parachutes was based on the drag force equation solved for velocity., The calculations
are detailed in section V.H. The drogue chute descent rate is expected to be 3002 m/fs at 450 m. In combination
with OpenRocket, RocketPy and the python script. the different expected impact velocities were averaged . This
gives an impact velocity of 7.3 m/s. The velocity profile is shown in Figure 30,
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Fig. 3. Descent profile of recovery phase.

Furthermore the parachutes have different colors to differentiate the parachute deployments |DTEG 6.6,

Parachute Coloration and markings]. The drogue chute is white and red, while the main chate is black and
orange.
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Shock covds

The shock cord setup consists of a straight cord connected to the aft tube and drogue chute, and a Y-cord
connected to the fore tube and parachutes. One leg of the Y-cord has a swivel added in the middle. This is the
setup after the main chute is released and can be seen in Figure 31, This complies with apogee rocket’s statement,
that the shock cord connecting the aft and drogoe chute should be about three times the length of the rocket. This
setup is intentionally designed in such a way that the aft and forward airframe do not collide mid-air. The intention
of having a longer cord attached to the aft is so that the aft touches the ground first. This is intended 1o cause a
smoother landing of the forward airframe. The velocity on the forward airframe is then decreased to 5.4 m/s, see
Appendix VL

Bm

12m

Fig. 31. Shock cords length

The main feature of the shock cords is to connect the airframe to the parachutes and to reduce the shock
from the parachute’s release force. However there are several risks associated with shock cords. The shock cords
can cause zippering, tangle and snap. Five swivel links are distributed in the parachute system to lower the risk of
tangling | DTEG 6.5, Parachute Swivel Links|. In order to mitigate the chance of zippering the shock cord features
a surface extender. The surface extender is installed where the shock cord meets the airframe when the shock cord
is fully stretched. The solution increases the contact avea with the airframe and relieves the pressure on the cornd.
This reduces the chance of zippering of the fuselage as well as cuiting of the shock cord,

5. Deplovment forces

The deployment forces was calculated using the drag force equation,

l 4
Fp = zpvCpA. (3)

The resulting maximum deployment force is found to be approximately 1.6 kN and 4.5 kN during drogue and
main chute deployment respectively. The force distribution for these events are shown in Figure 32,

36



F Recovery I SYSTEM ARCHITECTURE

| ¢, Drogue parachute force of 1590N |
| £, Main parachute force of 4577 |

) R

Fig. 32. Force low during initial and main deployment stage

The calculations have been calculated with a python seript that uses the equations mentioned above. The
python seript and detailed caleulations are given in Appendix V.1 Chute Calculations and Parachute Trajectory
Simulations. The python code can be found directly in Appendix V.1 python chute caleulations. The results and
corresponding satety factors are shown in Table Table 7. A safety factor of minimum 2 was targeted.

Table 7: Overview COTS components and experienced load.

Component Rebisens Deployment | Experienced load | Rated maximum Safety
{material) stage maximum [N] load [N] Factor
Matn; pacachinte RCMC | Main 4493 21365 48
{nylon}
Drogue chute e ' .

RC.DC Lnatial 1590 TEIR 449
{nylon} |
Quicklink | g | niial 4493 9341 21
{Stainless steel) .
wivel ik RCSL | Initial 4493 13345 30
{Stainless steel) ’ | o i ) o
Straight shock = [l
ehonds (Nylon) RC.SCD . Liitial 4493 Q7RG 22
Y Harness (Kevlar) | RC.5CY Imitial 4493 97RO 22
Li-bolt RC.U Inatial 2098 HRY6 42
Shackle RM.S | Initial 2305 BR2G a7
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&, Main chute release svstem

Funerion

The main functions of the MCRS are as follows:
= Releasing the main chute at 430 m altitude

= Herve as a load bearing fastening point during both deployment phases

Dexipn

The MCRS consists of two different rotating arms, held in place by two bent steel plates. The system is pow-
ered by two independently controlled servo motors. One of the servos is connected to the SRAD fight computer,
while the other servo is connected to the COTS flight computer. This is done to add a laver of redundancy as of
the requirements from 5A Cup |[DTEG 6.8 Redundant Electronics]. When one of the servos rotates its servo hom,
it pushes on the lower release arm (see Figure 33). This will in turn allow the upper release arm to rotate and
consequently release a quick link. It is this quick link that connects the main chute to the drogue chute. When the
quicklink is released. the drogue chute will pull the main chute out of its deployment bag, allowing it to deploy.
Moreover, at 430 m the servo receives a signal from the SRAD fight-computer to activate, then at 430 m the other
servo is activated by the COTS. The servos are activated at different altitudes to differentiate when each system is
activated. Both systems act independently, adding redundancy and reliability.

Shacklo
2hd

Sdam chule dockmg

il

Lipper resease arm
FRLLIRA

IHATET M S3sE arm
ENLLR

Siryo mofoe

A%E M)

Fig. 33. MCRS overview (left), MCRS locked position imiddle) and MCRS open position (right). Note that
one of the two servos are hidden to display the mechanism more clearly.

When load from the drogue chute is applied to the system. rotation of the upper release arm is prevented by
the lower release amey. The svstem is self locking, meaning a higher load implies that a higher force is needed o
rotate the lower release arm in order to deploy the parachute. This reduces the risk of early deployment and allows
it to function as a fastening point for the atorementioned quick link during drogue descent. During main chute
descent the parachutes are attached to a shackle at the top of MCRS, This saves space and makes assembly of the
systern easier compared to having a separate u-bolt or eve-bolt.

Manutacturing decisions

The system is designed to be easy to manufacture. The basis for production is 6 mm thick steel sheets
{8650MC). laser cut into the desired shapes. To achieve the final shape. the main chute dockings are bent by
M) degrees. The yield strength of this product is 650 MPa, and the components have been verified by using FEA.
The results are shown in table Table %
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Table 8: FEA results of the components of the MCRS

Worst case Experienced
Part Reference load [N] < [MPA| FoS
Upper release arm | RM.URA 662 44 8.7
Lower release arm | RM.LRA 0662+ 180 i6
Malickath RMMCD | 1177.5% 711 0.1
docking

*These simulations use an earlier calculated drogue deployment force and main
chute force that is greater than the expected one from the new calculations:

Desipn

7. Vulidation

The recovery system has been validated by calculations, FEA and physical testing. Caleulation was done to
give an amalytic validation of the system. FEA was used in order to validate the strength of the components.
Furthermore because of Norwegian law and heavy restrictions it is not possible to do a flight test. Instead. several
ground tests of key subsystems have been done to accommaodate 54 cup’s requirement of recovery system lesting
[DTEG G186 Ground tests demonstration|. Some of these tests include a function test of the separation system,
parachute and main deployment mechanism test in a wind tunnel and a helicopter drop test. The results from these
tests conclode that the recovery system functions as intended and is ready for launch at SA-cop. Tuble Table 9
presents an overview of the conducted tests, while detailed test reports can be found in Appendix V.B

Table 9: Recovery validation overview.

Subsystem Validation purpose Status Reference
FEA of the MCRS to Appendix V.B MCRS
MCRS validate the strength of its | Success and Recovery Plate
COMmponents. Caleulations and analysis
Tor see if the main chute
MCRS, main chute | deployed prematurely ; ; e
and drogue chute under different SeGbesy ANppemdiy VB Car foat
conditions.
To see if the SRAD ’
; A dix V.B
SRAD PBSS PBSS can withstand a | Suecess SRR b
oedsiice oF 180 bas ? : Hydrostatic test report
Tor test parachute
MCRS, main chute | deployment systems : ; ;
. T ucces A dix V.B Voss wind
and drogue chute behavior in realistic N . SRR RN
conditions
To determine if both the
COTSPBSSand | Cono-and the SRAD | Appendss V5 Bioond
A ; PBESS are able to separate | Success
SRAD PBSS : Z ’ : test
a representation of the
rocket.
The drop-test aims w test
All recovery the recovery system’s Complimentary ;
subsystems behavior in its designed | Success Appendoe VB Dirop st
operating conditions

& Validarion Remark

As can be seen from table Table 9. project Birkeland had a complimentary successful drop test. The results
were as follows: The SRAD PBSS was successfully activated and able to separate the rocket. Both parachutes
were able to deploy, allowing the rocket model to land in a safe and controlled manner. However the drop test
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unveiled some 1ssues with both the recovery and avionic systems. The MCRS was unable to retain the maim chute
after the separation. This was caused by an unfavorable geometry on the release arms, combined with the use of
oo loose retainment springs. The avienics system experienced a loss of power, preventing it from activating the
MCRS and the COTS PBSS. Read more about the test in the test repornt appendix V.B Drop test.

A thoroughly validated recovery system is very important for the success of a flight. lterations have been made
to the mechanical design of the MCRS, and additional testing is planned to be performed. The latter will not be
conducted untill after the submission deadline for this report. Therefore, remaining reports will be available in
time to the competition for the judges to review.
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(:.  Avionics
Lo Bvstert overview

The rocket will contain two completely independent sets of avionics. One set will be SRAD, the other a COTS
selution for redundancy. The SRAD solution is based around a self developed flight computer carrying two IMUs,
a barometer, a magnetometer, and a GNSS5-reciever. This sensor data s passed theough a multiplicative extended
kalman filter (MEKF) and then used in a finite state machine (FSM} which controls when to deploy recovery
systems. All cellected data onboard the rocket, as well as one of five captured video streams, will be sent live
down to our ground station. The system is powered by four li-ion batteries in a 252P configuration. The ground
station, in addition to storing telemetry. is also used as an independent and redundant tracking method for the
rocket. Both system’s main functions are tabulated in Table 10 below,

Table 10: Required avionics functions

Funetion number | COTS system functions SRAD system functions
1. Activate recovery systems Activate recovery sysiems
2. Collect and store data | Collect and store data
1 Location tracking using GPS for recovery | Location tracking using GPS for recovery
after landing after landing
4 | Additional functionality (discussed later)

2. COTE avionics svstem

COTS avionics is included in the rocket to ensure that there is a proven redundant set of electronics ontroard
the rocket. It has to fulfill requirements from SA cup [DTEG 2.6. DTEG 6.8, DTEG 0.9, DTEG 4] as well as
requirements trom other svstems [5.4.3 V.H]. A list of the general functionality the COTS avionics fulfills, as well
as the chosen COTS solution, is listed below in Table 11. A diagram of all connections in the COTS system can
be found in Figure 34,

Table 11: Required COTS avionics functions

i- Function I]e::ri]:hun Solution chosen

Redundant avionics for activating
the Hawk pressure-based separation | Altimax G4 {AV.ANM)
system, and MCRS.

Redundant Recovery flight
computer

COTS solution for GPS tracking of

COTS GPS tracker
rockets.

Featherweight GPS tracker (AV.FW)

MCHS servo
(COTS)

Altimax G4 Batiery Featherweight GPS Tracker
{COTS FC) battery

Mag. swilch NMag. switch

Feathenweaight GPS Tracker
(COTS tracker)

Hawk senvo Altimax G4

Fig. 3. Diagram of COTS system connections,

The Altimax G4 flight computer was chosen because of its sensor suite and ability to activate the recovery
system. The system can use both a barometer and accelerometer, making it suitable for detecting apogee in a
supersonic flight. It was also chosen because it has the capability to activate servo motors, which is needed for
bath stages of recovery.
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The Featherweight GPS tracking system was chosen because of its ease of use, etfectiveness, small size,
operating radio frequency, and previous teams’ experience with it. Because it operates in the 915 MHz band, it
can be used without any HAM radio license in the US.

Another important design choice for the COTS avionics is having it all be independent. The COTS systems
each run on their own battery, making them completely independent from each other and the SEAD system. This
way if ane system fails, it should not affect the others. The battery specifications and estimated on-time for the
COTS systems are listed in Table 12 below.

Table 12: COTS battery life overview

Battery features Altimax G4 | Featherweight GPS tracker
Battery setup 251P LiPa 151P LiPo

MNominal battery voltage Ty ER Y

Minimum battery capacity | 8300 mAh 650 mAh

Estimated battery life 4+ hours 24+ hours

For arming the COTS electronics, 8 magnetic switch is utilized. This switch lets us power the systems at the
launch pad via a magnet from outside the airframe. meaning no holes are needed in the rocket for this purpose.
The featherweight magnetic switch (AV.MS2) is the magnetic switch which will be used.

A SRAD avionics svsiem

The SRAD avionics system is self developed in nearly all aspects, from PCBs to embedded software both
onboard the rocket and on the ground station. Only the radio transceivers and camera solutions used in the SRAD
system are COTS parts.

Requivements & function

The SEAD system fulfills the functions listed in Table 10, Additional functionality beyond what is reguired
from 5A cup rules are listed in Table 13. The functions are performed to improve technical expertise amongst
members and to research, develop and validate new solutions for later projects.

Table 13: Additional SRAD functionality

| Additional function number | SRAD Avionics additional functions
1 Live telemetry of all collected data during flight.
2 Live videofeed during flight.
3 Multiple layers of circuit protection against electrical faults on all electronics.
4 Blackbox for safe data storage.
5 Location tracking using radio {no-GPS fix required).

The SRAD system has to fulfill the 5A cup requirements, which are mentioned in IREC. In addition to these,
requirements from the mechanical and recovery systems have to be followed. Lastly, there are some practical
guidelines in the 5A cup DTEG that the system has to follow. These are DTEG appendix VLB, safety critical
wiring guidelines.

4. SRAD electronics

The SEAD flight computer (AV.FC) consists of two stacked PCBs, with various smaller PCBs for peripheral
use located throughout the rocket. An image of the SRAD flight computer is seen in Figure 35, and an overview
of all connections in the SRAD system can be seen in Figure 36.
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Fig. 35. 'CBs used in the avionics module. The KB3 microcontroller board is on the bottom, while the
power delivery board (PDB) sits on top.

Flight compurer specificaiions

The top and bottom PCB in the Aight computer PCB stack are named PDB (AV.PDB) (Power Delivery Board)
and KB3 (AV.KB3) (Kristian Birkeland Brain Board) respectively. The KB3 is based around a STM32H753 ma-
crocontroller, which runs the software performing all of avionics” main tasks onboard the rocket. The PDB houses
a battery management system built around the BQ20z655-R1 battery gauging 1C. It is used to monitor battery
State of Charge (50() and provide protection for a GPS receiver, in addition there are the power management 1Cs
used to conteal power delivery to external peripherals,

Sengor salutions

Onboard the SRAD flight computer are a suite of sensors chosen for collecting eritical flight data which will
be used for performing the avionics” main tasks, as well as for post fight analysis. In Table 14 below. all sensors
used are listed with relevant specifications. Note that the magnetometer will not be mounted on the PCBs. but
instead housed further up in the nose cone to avold any magnetic interference.
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Fig. 36. Diagram displaying all connections of the SRAD avionics.

Table 14: Sensor Models and Specifications

Comms. i
Sensor type Sensor maodel pratocal Relevant specifications
Barometer MS5607-02BA03 5Pl Reads at max. and min_pressure: 120 kPa, 1 kPa.
6Dof-IMU {ac- LSM-6DSO32 <P Reads upto 32 (_w of acceleration, with a max.
cel+gyro) data cutput rate of 6.7 kHz.
6Dof-IMU {ac- : Reads upto 16 Gs of acceleration, with a max,
2
cel+gyro) 42652 SFI Data output rate of 32 kHz,
Magnetometer | LISIMDL SPI M. d,nm output rate of 100 Hz, with readings
+1LomT.

; ; Concurrent reception of 4 GNSS, max update rate

St Uil NECIMAN LUART of 25 He, vertical velocity limit of 20km /5.

Storape solition

A flash chip and an 5D card will be used to store data onboard the mocket. After conservative calculations for
the required amount of data were made, it was found that 144 Mb of data would be stored in a 30 minute long
flight, calculation can be found in appendix VI The actual flight is expected to last closer to 15 minutes, and the
storage capacity is 256 Mb giving us a good safety margin for storage. The specifications for the chosen flash
memory chip can be seen in Table 15.
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Table 15: Flash Chip characteristics

Storage type Flash

Component name W230256JVFIQ

Communication protocol | Quad SPI (enables high write speeds)

PCB footprint 16 S8OIC (common footprint, changes of chip can be done with ease if needed)
Storage capacity 256 Mb/32 MB

Banery solurion

The battery solution is based around a 252P configuration of Li-ion batteries. The Battery Pack (1A 5BC)
will power all of the SRAD system. Note that this system is completely electrically independent from both of the
COTS systems. In subsection O, an overview of the avionics™ electrical charactenstics are outlined.

Table 16: Avionics Electrical Characteristics

System Characteristics
Em"'“l"‘] Avionses Module 2S2P Battery
Cha ristics Viomics u h ter}_
Nominal Mlaximum Critical®
Power (W) 37 54.2 T2
Volwage (V) 33-24 33-24 jH
Current (A) 74 10.56 14,554+

# The values listed values on the twble comespond o operating conditions under the
highest possible current draw and owest possible voluge of the battery, the critical siate.

#% The value listed is the battery’s lowest possible voltage. The battery's nominal voltage
15 eated ot T2V, and its maximum voltage s rated at 8.4 V.

*#4 The current ruting here 15 the maximum amount of current that can be delivered from
the battery.

Ulribrilical cord solution

To avoid draining the battery while the rocket is idle at the launch pad, an umbilical cord (AV.CORD) o
provide power is utilized. This cord connects a smart charging 1C BOQ2Z4800 to the BMS. By charging the battery
pack with constant voltage, the batteries of the rocket will be kept fully charged, and power to the rest of the
avionics system will be provided by the charging 1C.

The wmbilical cord is connected to the rocket with a magnetic plug through which power is provided, as well
as an SMbus communication signal to ensure the correct charging voltage is provided. Upon launch. the magnetic
plug of the umbilical cord will automatically disconnect. and the system will run on its battery pack.

Caiieras

Four cameras are directly connected to the avionics module: two cameras are positioned in the recovery bay
and avionics module each. The purpose of these cameras is to moniter and record the activation of the MCRS
servo, record parachote deployment. as well as to capture video from the outside of the rocket. These recordings
will be useful in the event of an investigation into any problems encountered during Hight upon successtul retrieval
of the Avionics module. The camera placements can be seen in Figure 37.
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Fig. 37. Camera placements in the rocket.

Table 17: Onboard camera specifications,

Camera | Camera model Component | Resolution | Framerate Field of view | Live
L] stream
1 Firefly split 4k AN 340 x 21600 | 30FPS 2107 or 185" | Yes
2 Firefly split 4k | AV.2 3840 x 2160 | 30FPS 210F or 185 | No
3 Runcam split 3 | AV.3 1920 x 1080 | 60FPS L6 Mo
lite :
4 Runcam split 3 | AV4 1920 x 1080 | 60FPS 1607 No
lite
5 Runcam splitd | AVS 340 21600 | 30FPS 1700 Mo

Addizional hardware included
Additional PCBs designed for the system and their purpose can be seen in Table 15

Table 18: Overview of additional PCBs for the SRATD system.

PCE name Component 1D, Purpose

A small cireuit which holds an eFuse. This adds multiple forms
Clircuit protection (AVPC1-4 of electrical protection to ensure that the system will be safe in
PCBs ’ ! case of incorrect assembly. This PCB will be attached to servo

mators and cameras in the rocket. Can be seen in Figure 38,

A small PCB on which the magnetic switch used for arming is

Mag switch PCB AV ME1-3) placed to attach plugs in a proper manner. Can be szen in
Figure 38.
Mag plug PCB (AV.MP} A small PCB to which the magnetic plug used for the umbilical

cord is attached for practical use. Can be seen in Figure 38,
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Fig. 38. From left to right, Mag. plug PCB, Circuit protection PCB and Mag. switch PCB.

Thermal evaluaiion of module

Given the thermal conditions expected in the desert, a thermal evaluation of the avionics stack has been con-
ducted. This is to ensure that all cur components are rated for the given temperature expected when the rocket is
waiting on the pad in the sun with all systems turned on. The caleulation is found in appendix V1. A maximum
allowed mner temperature of 607 C has been set as a requirement based on owr components |[V.H 54.4.3]. High
heat emission from key components are expected. and the components in question have been designed with heat
sinks as required. Additionally, an 12% air fan is attached at the bottom of the avienics module wo help local heat
dissipation. Consequently, uniform heating inside the module is expected. The calculation assumes that the rocket
is in direct sunlight, an ambient temperature of 36" C and a worst-case heat emission from the avionics of 34 W,
The simulations shows that the expected temperature within the module will reach a steady-state of 4857 C within
15 minutes, which is below our maximum linit.

5 SRAD software

The SRAD software's main task is to sample sensor data, filter it, estimate states, and then use these estimations
as inputs to the Finite State Machine {FSM) in order to activate the recovery systems at the optimal points during
flight. The software’s secondary task is to store all raw and filtered sensor data both onboard the system’s flash
memory and send it to the ground station over radio. After apogee, the data from the flash is also copied to the 3D
card for redundancy in saving the data multiple places.

Real Time Operating Svsfem

The software uses a Real-Time Operating System (RTOS ), as this is a real-time system that can be structured
into largely independent tasks. The tasks themselves are based on the major system components, which are shown
in Figure 39, Separating the device intertace of the embedded system this way makes it simpler, and it's possible
to achieve higher update frequencies in each task. Furthermore, the data is stored in shared variables in critical
sections, where they can be accessed by one task at a time. More details about the function and update frequency
of each task, and which shared data they use, can be found in appendix V.M.
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Fig. 39. Software architecture, with overview of RTOS tasks and data How.

Finite state machine

The FSM is class based, and the states and transitions are designed to have unigue purposes and are necessary
for the flight. This ensures that certain systems are active only at the right time, like the deplovment of the
parachutes. changing the sensor sampling rates, and storage of data. Each tansition is dependent on sensor
data and the previcus state. ensuring noe loops in the transitions, as shown in Figure 400 A mach delay 15 also
implemented as precaution to make sure that the recovery system cannot activate before a defined amount of
seconds. Table 19 gives an overview of the states, their triggers and their functionality. More details about the
FSM implementation and apogee detection can be found in appendix V.N.

Table 19: Finite State Machine state and triggers.

| State Trigger Rocket state Function |
Powered on / Initial state when Microcontrollers and the radie transmitter turn on.
Idle Disarming signal the rocket is first Power to the cameras is turned off, live stream 13
from (35 powered. stopped and sampling rate is slow.
Arming signal Raocket is on the | Cameras are powered up, live stream begins and
Armmed ; : ; i ;
from (35 launchpad. logging of data starts with a fast sampling rate.
Powered | Acceleration = 3 g RM].{'EI Fe Sets start time for the mach delay.
burning.
Coast Acceleration < () Mm-?r i Mioger Apogee detection begins.
burning. |
On entering this state, the SRAD PBSS servo is
; activated and the rocket will separate and the drogue
Drouge | Apdges deseciod ATIEr BPOgES: chute will deploy. Slows down the sensor sampling
| rate, and starts storing data on the SD card,
Main Altitude = Below MORS servo is activated and the main parachute is
Chute 1500 4500 1500 {450 m. released upon entering this state.
Retrieval | Altitude constant When the rocket [nqref'me the smlmd of the buzzer. Cameras will turn
has landed. off after some time to save power.
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Fig, 40. Owverview of FSM states and transitions during normal flight.

Mavigation / filter system

The navigation system used is part of a master thesis written in collaboration with Propulse NTNU. The system
uses sensor data and models to determine the rocket’s position. attitude and speed in 6 degrees of freedom.

The system is based around a Multiplicative Extended Kalman Filter (MEKF) The first due to the use of
quaternions as altitude parameters and the latter due to the nonlinear system and measurement models needed to
represent the system.

MEKF works in two loops. see Figure 41. One loop uses one of the IMUs to produce an estimated navigation
solution on its own in the “INS-module’. This loop can run as fast as the IMU outputs data. The second loop takes
the estimated solution as input to the Kalman filter and combines it with the other sensor data to produce a more
accurate solution. The error is then fed back to the 'INS-module” to correct bias and noise errvors.

=100Hz Loop
IMU2-HighG PF————» INS module ;} Navigation solution
MU 1 - Low G
Xest . P dx
Magnetometer
h
Error-State Extended
a » Kalman Filter
GNSS

~30Hz Loop

Fig. 41. Kalman Filter architecture.

MEKF also allows for much higher tfrequency updates of flight states since the IMU can run as an Inertial
MNavigation System even when no other sensor dota and state corrections are available. This, combined with
RTOS, gives us the passibility to achieve the sample frequencies seen in Table 20

A number of fault checks will be done in real-time to detect abnormalities within the sensor measurements oo
the filter system. This includes validity checks. innovation filtering and innovation sequence monitoring. Lastly,
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Table 20: Sample freguencies for filter.

Function Freguency
1ML Supersampling 32kH=
IMU dead-reckoning navigation solution 100 Hz
Sensor-fused. filter corrected navigation solution | 30 Hz

when the mocket is going supersonic, the barometer readings will be erroneous. This was observed at the Stetind
fHight. To prevent these readings from interfering with the system. context-adaptive modeling is used to disable
the barometer while going above mach (.8, Read more about the system in Appendix V.P.

. SRAD Ground station

Reguivements & function

The ground station and telemetry system has a multitude of functions, which can be seen in a prioritized order
in Table 21.

Table 21: Ground station and telemetry function.

Priority Function Description

Main Send arm/disarm signal Arming or disarming the rocket.

Main Receive and store telemetry | Store all telemetry data for later use.

Secondary | Track rocket Reliably track the rocket with the radio itself.

Sacondiny | Digplay tléieny E&ff:_ﬂy telemetry with OpenMCT at the ground station com-
Tertiary Video stream Display the video stream on the ground station.

Hardware

The radio system used for the ground station is the CRE2 system from Radionor. This radio system operates
in the 5 GHz band and is rated for transceiving signals at over 20 km distance with a data rate up to 7 Mbps, which
allows transmission of a high-definition video stream in addition to telemetry data. The radio models which are
used are the CRE2-144-LW (AV.R) in the rocket, and the CRE2-189 {AG.R) on the ground station. AV.R is an
omuidirectional radio connected to the flight computer (AY.KB3)} and an encoder (AV.ENC) through an ethernet
switch (AVETH). AG.R is ahigh gain planar phased array antenna that is mounted on a tracking mount { AG. TRC),
which will attempt to actively point the antenna towards the rocket. An overview of the data flow and connections
can be seen in Figure 42. Everything communicates through ethernet except the radiolink.

Crroand srafion sofiware

Transmission Control Protocol (TCP) is used for transmitting telemetry data, and Real Time Streaming Proto-
col (RTSP) for live streaming an onboard camera. The data is handled using a python script on the ground where
it is stored in a JavaScript Object Notation (JSON) format, and passed on to Open MCT (Mission Control Tech-
nologies) in order to visualize the telemetry data in several customized displays. Open MCT is an open-source
framework made by NASA Ames to visualize data. Lastly, the arming signal is sent with a python seript from the
ground station computer.

Cerond station fracking

The radio tracking system uses two stepper motors (AG TRCNVE) and (AG TRC.HS), powered by two stepper
drivers (AGTRCVD) and (AG. TRCHD} in order to track the rocket on the vertical and horizontal axis. The
required performance of the tracker can be seen in Table 22. This requirement is set according to the model with
& safety margin to avoid the tracker moving too slowly and errors, such as the stepper motor skipping steps.
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Fig. 42. Telemetry data flow.

Table 22: Radio transceiver tracking system requirements,

Function Requirement Description

S S 30 per seiond Abtle to track the rocket according to model and
radio signal vector.

, , ; X Able w track the rocket acconding to model and

Horizontal axis rotation 107 per second o
radio signal vector.

Tracking accuracy 40,367 Tlracb:mg accuracy according to model and radio
signal vector.

The tracking software is based on a finite state machine, and is controlled from a raspberry pi (LAG.RF) mounted
to the system. A model for the rocket’s flight trajectory is used to track the rocket during the ascent. After ascent,
the tracking software will base the rocket's position on the radio signal vector. If the tracker malfunctions, the
ground station crew will be able to manually control it via the computer. More information on the tracking

algonthm can be found in appendix V.M.

7. Validarion

Mouost of avionics” functionality can be verified by simply running the code as it's created, but to actually
validate the functionality of the software and electronics put together larger tests have been performed. These

tests can be seen below in Table 23.

Table 23: Lists of tests to validate the avionics system.

| Test Purpose

Results

Medium scale
rocket launch
parameters for the FSM.

To use the SEAD electronics to collect a test dataset
which will be used for tuning the MEKF as well as logic

Electronics  flew  successfully
onboard the rocket, reached an
apogee of 1500 meters, and
landed safely with collected
data.

Small scale
rocket launch.

Tor use the final SRAD electronics to collect a test dataset
which will be used for tuning the MEKF as well as logic
parameters for the FSM.

To be performed at the start in
june,

Vibration testing

To validate the system can handle vibrations and shock
without failing.

To be performed at the stat in
june..
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H. Payload
1. Introduction

The main purpose of the payload experiment is to measure the vibrations of the rocket and find ways to dampen
them. It consists of an STM32 NUCLEO-F411RE microcontroller and two IMUs in parallel; one mounted with a
dampening material, moongel, and one without. The data from these will be compared in order to study the effects
of moonge] as a vibration dampener.

2 Regquirements

The payload bas to fulfill the requirements in the IREC rules section 2.3, To fulfill these requirements the pay-
load is functional with an experiment, completely independent, weighs 4 kg and contains no hazardous materials.,
The exeption from this is that it does not fulfill section 2.3.5 in the IREC, to fit inside the payload tube of the
rocket, the payload is constrained to a eylinder with a diameter of 84 mm, and height of 290 mm.

3. Pavioad sirecture

Figure 43 shows an overview of the components in the payload. In Figure 44 it is shown how the two IMUs
used are mounted. One is rigidly attached to the payload mounting plate, while the other is clamped down onto
the moongel.

BEMOUNT

Damped 1ML
BIMLI

Paytoad Mzinboard

FEME
Undamped IMU
2IMLE

Battenes
PRAT

Fig. 43. Render of Payload with components marked.

4. Sofrware

The IMU used for the experiment is a [IM42652, it has a maximum data outpuat rate at 32 kHz, which would
theoretically allow us to measure vibrations up to 16 kHz, However, the software 15 likely not able to handle such
high sampling rates. Thus far non-optimised code has allowed us to sample up to only 200 Hz. In order to increase
this rate the FIFD (First in, First out) boffer on the [IM426532 sensor will be used in combination with the DMA
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Damped mounting Rigid mounting

Fig. 4. Render the Payload IMU attachment methods.

{Direct Memory Access) on the microcontroller to attain sensor data at its maximum output rate. This should
mitke it possible to achieve a sampling rate of approximately 9.0 kHz with this sensor.
A, Data sterage

All information obained from the flight will be stored in a flash with a backup 5D card. The challenges
relating to this are further elaborated upon in the appendix V.1
. Boitery capaciry

To power the payload three LiPo 7.4 W 3450 mAh batteries will be connected in series and power the system
through an efficient 5 V regulator. At maximmuim power consumption, the microcontroller, together with the other
components. draws a maximum of 30 mA at 5.0 V. With the LiPo batteries in use, this gives it more than enough
battery runtime required for the process (24 hrs +). More details can be found in appendix V..

7. Tesring and validation

The payload will undergo a vibration test alongside the rest of the rocket. The readings from this test will be
compared to the actual vibrations it is subjected to during the test in order to evaluate its accuracy.
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III. Mission concept overview of operations

The rocket's flight is arranged in eight phases, shown in Figure 45, In each phase it 15 indicated what criteria
must be fultilled for operations to be nominal, Risks to mission success, dunng each phase, are stated in appendix
V..

T
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Fig. 45. Visualization of mission concept of operations,

Phase 1 Initial arming
The initial arming phase starts when the rocket s attached to the launch rail. The rocket will stay on the launch
pad for an undefined amount of time, waiting for launch approval.

Pass criteria:
= Pre launch procedures have been completed comrectly according to checklists found in appendix V.E.
» Ciround control has established a conneciion with the avionics sysiem.
» Ground station wacker has been calibrated.

* Received a “Go for launch™ signal.

Phase 2: Final Arming
The final arming phase starts when an arming signal is sent from the ground station to the avionics system.
Pass criteria:

* The avionics systern is armed.
* The payload is activated and logging data.
= Ciround control receives and displays sensor data from avionics.

« Al sensors are deemed nominal.

Phase 3: Lift off
Lift oft is initiated when a “FIRE™ signal is sent to the igniter.
Puss criteria:
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* The avionics system detects acceleration above 9 g, and thus enters the "Powered” state of the FSM [V.N].

* The rocket obtains a mindmum velocity of 30.5 m /s betore clearing the launch rail, in accordance to DTEG
10.2.

Phase 4: Povwered flight
Powered Right starts when the rocket leaves the launch rail. Max Q oceurs during this phase.
Pass criteria:

« The structure withstands forces at Max ).

« The rocket remains stable [V.L.2ZA].

= Successtul propulsion completed.

Phase 5: Coasting

Coasting starts when the motor has burned out. expected at 6.16 5. The rocket will coast upwards until it reaches
apogee. Apogee is estimated to be 9162 m above ground level and occur at 42 5.

Pass criteria:

* The rocket remains stable [V.1L.2ZA].

* The avionics system detects apogee | V.M

Phase 6: Drogue chute depleyment

The drogue chute deployment is initiated when apogee is detected. The drogue chute is first deployved near apogee,
and is estimated to descend with a velocity of 42 m/s. As the atmosphere gets thicker it is estimated to slow down
to 30.16m /s at 4530 m above ground level.

Puss criteria:

¢ Drogue chute deploved.

* The MCRE system does not deform |V.1L.2C].

* The structure withstands the release force [V.1.2].

* The rocket slows down to a velocity between 23 m /s and 46 m/s in accordance with DTEG 6.2.

* The avionics syvsiem detects a pressure altitude below 457 m above ground level | V.M.

Phase 7: Main Chute depleyment
The Main chute deplovment phase is initiated when the avionics system detects an altitude below 457 m above

ground level based on barometric readings.
Pass criteria:

= Main chute is deployed.
* The structure absorbs the release force.

* The rocket slows down to a velocity lower than 9 m,/s in accordance with DTEG 6.3,

Phase B: Recovery

The recovery phase starts when the lower part of the rocket hits the ground with a velocity of 7.3 m/s. The rocket
will be collected and inspected for damage, following the post Hight checklist in appendiz V..E.

Pass criteria:

* The structure withstand the landing impact without permanent damage.
* Sensor data is intact.
= Successtully racked down the rocket using GNSS receiver.

* Rocket 15 successfully collected.
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IV. Conclusions and lessons learned

Prapulse NTNU's Team 2022 has developed a rocket that they judge to fulfill the requirements set by ESEA.
Therefore, Team 2022 are confident it will be a successful flight. The rocket Birkeland is based on the flight-proven
rocket Stetind, which won the 30 000 ft COTS solid class in both Spaceport Amernca Cup and the European
Rocketry Challenge. Since then, the team has improved the design, testing and production procedures of the
rocket. This has been achieved through a greater degree of caleulations, simulations and testing which has resulted
in frequent iterations on the alveady existing design. Ease of assembly has gotten a lot of attention based on
the experiences working on the rocket Stetind st EuRoC. Furthermore, the continuous improvement of project
management and systems engineering has led to dependable production and testing regimes,

Throughout the project vear, there has been an emphasis on developing both the members” knowledge, but also
the organization’s knowledge as a whole. With a focus on more SRAD components in Birkeland, we are one step
closer to our vision, which is to reach the Karman line with an SRAD rocket. The project has put tight constraints
on both time and budget. and the members have learned how to use the scarcity of resources at our disposal in an
efficient manner. Lessons learned during the 9 month project period are stated below!

* Design
— Multiple aroups experienced that advanced solutions are not necessarily good, especially while on a
strict timeline.
— Designs passed over from previous projects need special care with regards o documentation and trans-

fer of knowledge, in order for new members to be able to understand and iterate on the legacy compo-
nents and systems.

— The fact that the rocket shaves design with previous projects has resulted in a lower degree of ownership
te the project for new members.

= Walidation

= Some systems bave been harder to validate than others, e.g. strength of composite structures.

- Comprehensive CFD course at the start of the project is not ideal and should be implemented later in
the timeline. when the members would have gained a greater understanding of the ways and wses of
the tool.

= FEA of the entire assembly could have further validated the structure, but the complexity of achieving
this was beyond the members abilities, and the time boundaries of the project.

s Production

= Supply issues with electronic components have placed challenges on the team’s progression,
— Sourcing raw materials took time, which halted the production process for our mechanical subsystems.

= Production partners can be unreliable, in terms of not responding to mails or andfor not producing our
planned components. In Birkelands case it has halted the fin production.

= Take holidays of the production company into account when ordering components.

To make sure the knowledge stays in the organization we have several strategies for the corporate knowledge
transfer. The board of the new team participates in the current board’s meetings. They also, along with all the
other members in the organization, will receive a document which includes the lessons learned from the past vear,
written specifically for their role. The first months of the coming project vear will in fact be used solely to educate
the new members. In this process the members from the last yvear serve as mentors, and thereby teach the new
members the basics of how to make a rocket. The main objective of this, is to give them a foundation upon which
to build the further knowledge required to complete their project as well.
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SYSTEM WEIGHTS, MEASURES, AND PERFORMANCE
DATA APPENDIX

Rocket information
Nuimber of stages 1
Vehicle Length (inches) 130
Adrframe Diameter {inches) 10
Number of fins 4
Fin Semi-span {inches) 182

Fin attachiment

Aluminium fin brackets

Fin flutter analysis

The fins have been validated through FEA and iterated
from flight proven components,
See in appendix Y.H for detailed fin Putter analysis

Wehicle Weight (pounds) 873
Empty motor case'structure (pounds) 124
Propellent weight (pounds) 248
Payload wesght [ pounds) H.E2
Liftoff weight (pounds) 873
Center of Pressure {inches) HEE
Center of Gravity (inches) 758

( Look at sheet below for detailed CG calculations with
origin at the nose-tp)

Propulsion information

Maotor cluster N/A
Propulsion Type Solid
COTS, SRAD, or Combination COTS
Propulsion Manufacturer Cesaroni

COTS Motor - Manufacturers Designation

CTI Pro9d 6GXL 21062 O3400-1M P

Motor Letter Classification

o
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Average Thrust (N) Mla7
Total Impulse of all Motors (Ns) 210622 Ns
Motor Burn Time {3) 5.lbs

Predicted Flight Data and Analysis

Launch Rail ESRA Provided Rail
Rail Length ( feet) 17
Liftoff Thrust-Weight Ratio (X:1) 12:1
Launch Rail Departure Velocity (feet/second) i1
Minimum Static Margin During Boost .78
Maximum Acceleration (G) 123
Maximum Velocity (feet/second) L66ad
Target Apogee (teet AGL) 30,001
Predicted Apogee (feet AGL) 30054
10000 .

—— Flight path Birkeland |
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Fig.1: Flight profile graph, for more information & .ork file
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Recovery information

COTS Altimeter Adtimax G4

Drogue Deplovment Charges - Primary & Backup (g) | 21 g of air in primary, 33 g COz in secondary

Main Deployment Charges - Primary & Backup (g) MNiA

Drogue Deplovment Altitude ( feet) 29902

Drogue Decent Rate { feet/second) 99.1

Main Deployment Altitude (feet) 1476

Main Decent Rate (feet'second) 24.0

Shock Cords and Mechanical Links Kevlar Y-harness - rated for 2200 b,

MNylon shock cord - rated for 2200 [b,
Forged steel swivel links - rated for 3000 1b,
Forged quicks link - rated for 2100 Ib,
Forged U-bolt - rated for 2000 b,

Forged shackle - rated for 1985 b

L0005

™

i
/C:}ashr'u Drogue Chute deployment
G162m at 42 seconds

i ll o

8000

E l Prosperm. Thont [ Main Chute deployinent
9 aoco gy <950m at 286 seconds
el i |
Recovery
l
0 —
b 100 200 300 400
Thamels)

Fig.2: Flight profile graphic
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hero* #

Thanks for submitting your entry for the Spaceport America Cup 2022, we've got it safe
and sound.

Good luck!

Submission

<
(Return to adlting)

> _NTNU | Propulse NTNU

L

Introduction

title
PropulseNTNU | Project Birkeland | 3rd Progress report

Short description
Propulse NTNU's supersonic rocket Birkeland.

Eligibility

Choose Your Team
60 Morwegian university of science and technology

Category
30k - COTS - All Propulsion Types

Category Change
Mo

Student Lead
Tea Christiansen Rasmussen / tea rasmussen@propulsentnu.no f +47 90656065

Alternate Student Lead
Steven Xu f steven.xu@propulsentnu.no / +47 91311636

Faculty Advisor

il
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Tore Barvik / tore.borvik@ntnu.no f +47 73594647

Alternate Faculty Advisor
NS A

Team Mentor(s) & Flyer of Record

Team Mentor(s)

Arve Tokheim / dtest Instrument AS / arvetok@online.no / +47 40280994 f TRA Cert.
Level 3,

+ Joins our reviews, and looks through and gives feedback on our documentation.

Mariuz Gratte / Phd Research Fellow at NTMU / mariusz.eivind. grotte@ntnu.no

* |oins our reviews and gives feedback in terms of aerodynamics and the avionics.

Tore Barvik / Professor at NTNU / tore. borvik@ntnu.no / +47 73594647

s Serves as our faculty advisor. Is a communication link between us in Propulse
NTNU and the University (NTNU).

Flyer of Record (FoR)
Arve Tokheim, TRA #10246, TRA 3, arvetok@online. ng, +47 402 80 994

FoR will be in attendance
Yes

FoR Discussion

Our Flyer of Record, Arve Tokheim, is a Tripoli Rocketry Association Level 3 certified
member since 2009. His TRA member number is #10246, and he obtained his L1 from
Tripoli West Palm in Florida, L2 from Tripoli San Diego, and L3 from ROC, also in
California. Tokheim is Norway's first TRA L2 and L3, and has been flying commercial
and experimental solid motors. As well as being our mentor in 2021, he also acted as
the Launch Readiness Review (LRR) officer at EuRoC, the European Rocketry Challenge
in Portugal. Tokheim will be having the same role for Portugal Space also in 2022, in
addition to being a mentor and FoR for Propulse NTNU.

Team Demographic Data
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This is all members working with your project including those not attending the event. This
will help ESRA and Spaceport America promote the event and get more sponsorships and

grants to help the teams and improve the event.

Number of Undergraduate Team Members
31

Mumber of Masters Team Members
7

Mumber of PhD Team Members
0

Mumber of Male Team Members
29

Mumber of Female Team Members
9

Mumber of Veterans
13 (former members)

How many team members will be attending SAC 2022 in person?
44

List of Attendees
Harald Bjerkel
Erlend Lokna
Johanne Andersen
Tea C. Rasmussen
Einar Bergslid
Trond Steinagard
Steven Xu

Sandra L Pettersen
Sverre Ose

Emil Fylling

Stian Alseth
Robert Kalrud
Anders | Hestad
Simen Flatter Flo

Kacper Zajac
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Henrik S, Roestad

Hege grytten

Even Drugli

Pelle Traalum Okkenhaug
Mikkel Gisleberg

Rizqgi Fairuz Wahyudin
Ola V. Flaata

Ahmet Emre Glzey
Ingrid Hjelle

Ane K.H.Morkemo
Sheikha Al-Nasser

Amira Khalil

Saad Rahman

William Mikal Ruud Schmidt
Vilhjalmur Arnar Vilhjalmsson
Tobias Heinz

Henrik R. Baumann

Erik Trydal

Viljar Engesaet

Magnus Resstad

Tobias R. Thrane

Marcus S. Young

Mikael Bertheussen
Jessica Husby

Svein |ostein Husa
Trygve Nummedal Os
Andreas Fanebust

Ask Hovik

Arve Tokheim (#10246)

STEM Outreach

i
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Describe any activities that your team leads or participates in that helps your local
community with Sclence, Technology, Engineering or Math enrichment.

STEM Outreach Events

Propulse NTNU together with Andeya Space Education, have presented space and
engineering related topics to junior and senior high school students, With the goal of
presenting STEM and relating it to our experiences towards space related studies and
activities,

The organization has also taken part in arranging a fully booked case competition and

space conference together with Start NTNU, Space NTNU, NASA |PL, and Andeya
Space Center, where former members of Propulse NTNU won the NASA |PL case.

In addition, we are collaborating with the local science museum and do technology
related pop-ups, stands and talks to promote STEM to a younger audience.
Furthermore, the team has visited high schools and a handful of innovation events;
where members have held presentations and stands. We have also hosted executives
from the Kongsberg group, local and foreign high schoolers, and students at our
office.

Safety Updates

Safety Remediation

Our ERSA safety reviewer wanted to verify that our recovery components are rated to
withstand up to 30X the rocket's weight. Our u-bolt which was the component of
concern was changed after the 2nd progress report with a safety rating of 2000Ibs and
is within the aforementioned margin

There have not been any further issues identified by our team's ESRA safety reviewer.

Testing

Test Flight
Mo

Test Flight Discussion
/A

Ejection Charge Testing Discussion
To validate the seperation system for the rocket Birkeland, several ground tests were
performed on the 3rd of April. Once for the SRAD and once for the COTS pressure

%)
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based seperation system (PBSS). The test article is comprised of a highly accurate
representation of the upper half of the rocket, and a mass simulator of the lower half
of the rocket. The upper half was made out of components with the same design, the
same material and the same production methods as the flight hardware, whilst the
lower half was a steel mass simulator bolted to the aluminium coupler tube
connecting the two halves together. By having the test article manufactured in this
way, it allowed the members to train on the actual assembly and arming procedures
that they will be following during the competition. The test article was mounted to a
rig that secured it to the ground during the test, fixing the upper half to the ground
when the lower half flies away after seperation.

The tests validated that both the SRAD and the COTS PBSS worked as intended,
pressurizing the volume within the recovery bay enough to share the 6 M6 nylon
shear pins, seperating the two halves. The test also showed that the venting hole on
the coupler tube surrounding the recovery bay, did not impair the PBSS's
functionality.

The COTS PBSS is based on a HAWK-system, and will not change between now and the
competition. The SRAD PBSS will be optimized, in the sense of reducing total size and
number of parts. This system will therefore be tested once more following the
same test procedures on the 10th of May, to verify that the design iterations does
not worsen the functionality of the system.

Recovery System Testing Discussion
Performed tests:

Wind tunnel test, 7th of February:

This test was meant to validate the main chute release system under realistic
conditions. Parachute deployment and parachute deployment mechanisms were
tested in a vertical wind tunnel. The test article was mounted in the middle of the wind
tunnel, The test did not involve a ejection/seperation event, and was only ment to test
the recovery phase after seperation until main chute deployment.

The drogue chute was deployed by hand, letting go when the tunnel was up to speed.
The recovery system is designed to deploy the main chute when the main chute
release system (MCRS) lets it go, and the drogue chute pulls it out. When the drogue is
deployed, the main chute is stowed inside the body tube of the upper half of the
rocket, within its retainment bag. The test would see if the MCRS was able to retain
the main chute until receiving the release signal.

The test validated that the MCRS was able to retain the main chute when the drogue
chute was deployed. It also validated that the MCRS was able to release the main
chute on command, and that the drogue chute was able to successfully pull out the
main chute for deploymet.
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Car test, 4th of April:

This test was meant to validate our corrective measures for premature main chute
deployment. Propulse’s last rocket suffered a premature main chute deployment
during EuRoC 2021, this happened because the parachute bag was unable to retain
the main chute in the windy enviroment after seperation at (apogee). This resulted in
the main chute escaping from the bag and deployed, while still retained in the MCRS.
The thought reason for the premature deployment, was the surge of gas from the
PBSS passing by the packed chute, dragging it out (coupled with surrounding wind).

The proposed solution to this was to add rubber bands around the packed chute bag,
giving it a tighter grip around the main chute.

The same test article used in the ground seperation testing was mounted to the roof
rack of a car, with the drogue chute out, and the main chute packed within its bag.
Then the car proceeded to drive at a speed of around 80 km/h (22 m/s) for several
runs, simulating the conditions the rocket would encounter after seperation, with and
without the rubber bands. The COTS PBSS was activated on a run to see if the rubber
bands was able to retain the main chute.

The test validated that the two rubber bands would retain the main chute inside its
bag during all runs, even with ejection of the COTS PBSS. The test also uncovered that
the drogue was still able to pull out and deploy the main chute when released from
the MCRS, even with the two rubber bands applied.

Helicopter drop test, 7th of april:

This test was meant to validate that all recovery related systems were able to work
together, meaning avionics, PBSSs and the MCRS, in a realistic environment. The test
article was dropped from an altitude of ~500 meters (~1600 ft) AGL by a helicopter,
then all recovery events would be triggered in order by the avionics systern. The
avionics activated the systems using simple timers, everything started when a pinned
got pulled out when the article dropped. The recovery sequence went as follows:

One of the PBSS seperates the test article, drogue chute gets pulled out and deploys;
MCRS lets go of the main chute, allowing it to get pulled out by the drogue for
deployment. This last step was set to happen 4 seconds after triggering the seperation
event.

After dropping, the avionics were able to successfully activate the SRAD PBSS,
seperating the test article and deploying the drogue chute. But, an anomaly occured
with the avionics where it restarted, so that the COTS PBSS nor the MCRS got the
signal to activate. We believe this was caused by a strange voltage drop which we had
observed across the servo motors a day before which had lasted a few ms. This did
not cause any problems during pre-testing, but if this drop had been long enough
then this would oresumablv cause the observed issue. Another oroblemn that was
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uncovered was that when the drogue deployed, the shock made the MCRS let go of
the main chute prematurely, deploying it. In other words, seperation, drogue
deployment and main chute deployment occured with only activation of the SRAD
PBSS.

Solutions to the problems, and subsequent testing of said solutions, have already
been planned. The solution to the mechanical issues with the MCRS are to use tighter
(and therefore more "shock-resistant") springs on one of the release arms, as well as
to alter the shape of the intersection of the systems two release arms, making the
mechanism passively stable, meaning unable to release the main chute prematurely

as long as the drogue pulls on it. The solution to the avionics systems are to use a
more powerful 5v P5U, and add a bulk capacitor on the board.

Shock testing on the iterated MCRS will be performed on the 8th of may, to verify
that the MCRS is able to retain the main chute when subjected to severe shocks.

Electronics Testing Discussion
The SRAD electronics are continually being tested for functionality as its been
developed.

To test sensors, storage of data, and the logic of the flight computer a rocket with just
the SRAD Flight computer has been launched. This rocket carried the avionics in a 2U
cansat format to an altitude of ~1500 meters (~5000 feet).

This test validated that our sensors worked, and also provided us with a test data-set
which we will use to tune our Extended Multiplicative Kalman Filter.

Tests to be performed later:

As discussed in "recovery testing discussion” the avionics restarted during flight. We
believe this has to do with the 5V PSU onboard being unable to keep up with power
demands 100% of the time. To resolve this issue version 2 of the flight computer will
house a much larger 5V PSU (one which handles 9A), and additionally a bulk capacitor
if needed. This PSU should be able to handle a complete stall of both servo motors
and power all electronics fine, but this will be thoroughly tested to ensure no voltage
drop is observed anywhere in the system.

The avionics will at end of May undergo a vibration/shock test. It will be mounted on a
vibration table and undergo vibrations derived from Falcon 9 payload test
requirements. The goal is to verify that the system handles the vibrations without any
critical issues.

Gl
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Once version 2 of the flight computer PCB arrives at end of May, we will fly it on a
smaller rocket to about ~400meters (~1300 feet), as a final validation that the
electronics behaves as designed.

Payload Testing Discussion

The payload experiment is based on measuring vibrations with an Inertial
Measurement Unit. The functionality of the payload is continually being tested for
read-speed as its being developed.

We wish to mount the Payload (together with the rest of the inner structure of the
rocket), on a vibration table and compare data from the testing partner with the
collected data from the payload to validate its functionality.

Additional Comments

Additional Comments

Since the last progress report, a flaw in the pressure calculations have been
uncovered. The pressure calculations were the basis for the dimensioning of the
pressure vessel of the SRAD PBSS. The flaw made us believe that the 0.36 L pressure
vessel needed to handle an operating pressure of about 120 bar. This resulted in us
opting for a COPV rated for 300 bars of pressure.

Now that the flaw has been fixed, the needed pressure for a 0.36 L canister is half of
the initial pressure of 120 bars, meaning 60 bars. Due to this fact, a new pressure
vessel has been aquired. This pressure vessel is rated for 200 bars, and has a smaller
volume of 0.2 L (and it is not wound in carbon fiber). This has allowed us to make the
SRAD PBSS a lot mare compact, which is highly beneficial for us since we only have a
diameter of 124 mm at our disposal inside our rocket Birkeland.

The tank for the SRAD PBSS will in other words no longer be referred to as a COPY,
but rather a PV (pressure vessel),

It is due to these changes that an another ground test will be performed on the 10th
of May.
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Birkeland Cg

Component Mass [kg] G [mm] Gy [mm)] Gz [mm]
NoseTip

Upper nose tip 0,271 -90,3 0.0 0,0
ME nut 0,007 -113 0.0 0,0
Middle nose tip 0,016 -131 0.0 0,0
Lower nose tip 0,064 =139 0,0 0,0

Forward Airframe

Forward airframe 2,62 -936 1] ol
Payload

M& threaded rod 0,093 -219 ] 0

Payload upper cap 0,108 -340 1] 0

Payload experiment 4,00 -492 1] o

Paylaod tube 0,665 =492 1] 0

Payload lower cap 0,111 -643 0 1]

Avionics module

Altimax GPS 0,015 -909 111 17,6

Umbilical connector 0,050 -867 =3,50 ~48. 2

Altimax flight computer 0,013 -004 38,7 -11,1

COTS battery shell 0,016 -B67 -3,90 48,2

COTS battery lid 0,007 -B66 -5,81 -38,1

Wideo encoder bracket 0,037 -902 -35.0 1,52

Wideo encoder lid 0,008 -£99 -34.4 -19,9]
Translator 0,010 -914 -14 .4 37,5

Fan 0,164 -058 0,508 -7,32

GPS-antenna 0,173 -804 14,3 17,3

Avionics module ring 0,101 972 0.0 0,0

Magnetic switch 0,015 -885 11,6 440

Magnetic switch 0,015 =717 446 10,0

Magnetic switch 0,015 -953 2,60 -45.8

Mounting plate 0,335 <2132 -0,513 -4 62

Battery management system 0,173 -751 -31.4 10,8

Radion antenna 0,085 =775 251 44,1

Radio voltage regulator 0,020 -876 30,0 -43.4

Avionics rail 0,088 -B12 -3,33 58,6

Avionics rail 0,088 -B12 52,4 -26,4

Avionics rail 0,088 -812 -49.1 -32.2

SRAD battery pack 0,431 -F17 20,7 14.5

Avionics module ring 0,101 -652 0.0 0,0

Video 0,018 -896 =403 -1,29'
Recovery module

Test import.1 0,271 -1057 -5,33 12,4

PV bracket 0,028 -1128 =393 -36,9]
COTS PBSS assembly 0,565 -1298 =279 5,01

Recovery module ring 0,103 -1262 0,00 0,00]
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Recovery rail 0,126 -1215 -49.1 -32,2
Recovery rail 0,126 -1215 -3,33 58,6
Recovery rail 0,126 -1215 52,4 -26,4
Recovery plate 0,964 -1476 1,08 1,17
SRAD PBSS assembly 1,02 -1145 183 48,1
Recovery module ring 0,103 -982 0,00 0,00
Coupler
Coupler 1,99 -1797 0,0 0,0
Drogue chute 0,088 -1825 0.0 0,0
Main chute 0,502 -1674 0.0 0,0
Motor bulkehad 0,218 -1832 0.0 0,0
|Aft Airframe
Aft airframe 232 -2542 1] 0
Dummy weight 2,50 -1832 ] 0
Motor centering ring 0,088 -2380 0 0
Motor casing 5,61 -2653 1] i
Propeliant 11,2 -2653
Fins
Fin 0,284 -3092 0,0 -85,9
Fin 0,284 -3092 85,9 0,0
Fin 0,284 -3092 0.0 85,9
Fin 0,284 -3092 -B5,9 0,0
Boat tail
Boat tail assembly 0,316 -3268 1] il |
Upper half 13,5
Lower hald 26,0
Total 30,5
Center of Gravity total -1925 0,175 -1,07
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BIRKELAND TEST REPORTS

Dual redundancy:

The recovery system features dual redundancy in order to increase its veliability. The system bas two separate power
supplies, one for the COTS altimax flight computer and the other tor the SRAD flight computer. The COTS flight
computer is an Altimax G4, which is included to ensure that there is a proven set of electronics onboard the rocker
The SEAD flight computer consists of a Power Delivery Board (PDB) and the Kristian Birkeland Brain Board
(KB3), with the SRAD software and separate recovery activation. The COTS Altimax G4 flight computer has the
ability tor activate the hawk servo and MCRS servo as seen in Fig. | below.
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Fig 1: Diagram displaving all connections of the avionics

The flight computers are connected to two separate pressure based separation systems, One COTS PBSS and one
SRAD PBSS. The systems have dissimilar designs, which increases the redundancy. With this redundancy, the
rocket will stll be able 1o separate, even if one of the flight computers fails to detect apogee or one of the PBES is
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malfunetioning. In the event that both the SRAD and COTS systems ave activated, the rocket will still separate and
the excessive gas will flow out to the surrounding air. Each of the flight computers are connected to two independent
servo motors that activate the main chute release system. The main chute will be able to deploy with either of the
servo motors activated. The systems are implemented o fulfill DTEG 6.8 and DTEG 6.9,

Ground test - Rocket separation
PROPULS= Date: dd/mm/yyyy

013 |0 (4 |2 1012 ]2

Purpose:

The purpose of this test was to determine if both the COTS and the SEAD pressure based separation
systems (PB55) are able to pressurize the recovery bay sufficiently to break the 4 M4 shear pins, separating
the test article, which is required to enable deployment of the drogue parachute.

Participants:

Hege Grytten, Simen Flatter Flo, Emar Bergslid, Mikkel Gisleberg, Tobias Heinz, Robert Kalrud, Amira
Khalil, Trond Steinagard, Pelle Okkenhaug, Sverre Ose Knstensen, Stian Alseth, Arthur Tjomsland

Test Equipment & Set-Up Description:

The test article was made to be as representative as possible to the flight hardware for the rocket Birkeland.
Thas test article was also designed in such a way that it would be possible to use 1t in other tests, such as the
Car Test and the Drop Test. A plywood test rig was made to retain the test article during testing. Parachutes
and shock cords were included 1n the test, to see how they fit 1n the recovery bay.

Component overview:

Filament wound fiberglass airframe

Mo threaded rod

4 kg steel payload dummy weight

Avionics module (structural rings and rails)
AD-printed avionics mount

Flight computer rev. |

Batteries

Electric cables

Activation switch for SRAD PBES
Activation switch for COTS PBSS
Recovery module (structural rings and rails)
COTS PBSS (HAWK)

HAWK arming pin

33 g CO2-canister

Hawk plate

SRAD PBS3

Valve bracket
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® Recovery plate with O-ring

®  Mam chute release system (MCRS)
¢ Drogue parachute

o  Man parachute in its bag

o  Shock cords

o Test coupler with O-ring

o dx Mdx0.7 nylon shear pins

& 10 ko aft dumimy weight

& Fasteners

& Tools

o Plywood test rig

& Ratchet straps

& Patent band

o  Manual hand pump for SREAD PBSS

Fig 3: Inner structure of the test article. showing payload dummy weight and modules.
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Fig 4: MCRS Fig 5: Parachutes and shock cords Fig 6: Test coupler

Safety concerns:

When separating, the coupler and dummy weight would become a projectile flying ballistically through the
air. Therefore, evervone must keep away from the test couplers expected flight path. To allow this, the
activation of the separations could be done from a distance, using two long cables with activation switches.
The COTS PBSS is spring loaded. To prevent accidental and premature ejection, a safety pin was inserted
when the CO2-canister was installed. The SEAD PBSS was filled with both the manual and the actuated
valve in the open position. To prevent aceidental and premature ejection, the manual valve was closed
when filling completed, and until right before testing. To ensure that these steps could happen as late in the
process as possible, the arming for both systems was possible through the airframe. Safety goggles were
used by test participants to prevent eve injury from potential flving shear pins,

As-Ran Test Procedure:

The inner structure was assembled in its entirety before heading to the testing grounds.
The SRAD PBSS was filled with air to 120 bars of pressure with the handpump, as shown in figure 6.

Fig 7: Pumping air into the COPY
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The COTS PBSS was loaded with a 33 g CO2-canister.
The inner structure was then inserted into the fiberglass airframe and fastened using M4 bolts, as shown in
figure 7.

-
Fig 8: Insertion of inner structure into airframe

The parachutes got placed into the test coupler, and the test coupler got fitted to the forward airframe. Four
M4 nylon shear screws were inserted into the coupler through the airframe, fastening the two parts together.
The two cables with an activation switch for the PBSSs were pulled out through the airframe. This can be
seen in figure 8.

Fig 9: Cables for activation running through the airframe

Test run #1:

After every test participant moved clear of the test article, one member armed the SEAD PBSS by turning
the manual valve through the hole in the airframe,

The activation switch was then pressed to activate the separation system.

After separation, the chutes were packed into the test coupler once more, and the coupler mounted to the
airframe. Four new shear pins were inserted.

Test run #2:

Adfter every test participant moved clear of the test article, one member armed the COTS PBSS by pulling
out the safety pin through the hole m the airframe.

The activation switch was then pressed to activate the separation system.

T6
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Test Critenia;

Pass criteria

Success/ Failure

The SRAD PBESS is able to fully separate the test article

Success

The COTS PBSS is able to fully separate the test article using a
33g-camster

Predetermianed fill and arming procedures for the SRAD PBSS can Success
be executed without deviation

Predetermined fill and arming procedures for the SRAD PBSS can S‘mmm
be executed without deviation

The time between activation and separation for the SRAD PBSS is Success
below the indicative value of 5 seconds '
The time between activation and separation for the SRAD PBSS 1s Success

below the indicative value of 5 seconds

Test Results:

Test run 1#

The SRAD PBSS was able to break all shear screws, resulting in successful separation of the test article, as

shown in figure 10,

¥

|
-

Fig 10: Separation by means of the SEAD PBSS

From the video footage, it was determined that the time between activation and complete separation was

approximately 2 seconds. The aftermath of the test can be seen in figure 11.

7
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Fig 11: Test rig, chutes and test coupler after successful separation by the SEAD PBES

Test run 24
The COTS PBSS was able to break all shear screws, resulting in successful separation of the test article, as
shown in figure 12.

Fig 12: Separation by means of the COTS PB5S

The time between activation and separation was approximately equal to that of the SEAD PBSS. The
aftermath of the test can be seen in figure 13,
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Fig 13: After COTS PBSS was activated and the coupler separated from the airframe

Discussion of Results:

The tests showed that both the SRAD and the COTS PBSS are able to fully separate the test article in a
satisfactory time after activation by the avionics system. Due to the fact that the test article was very
represcntative of the actual flight hardware, the results are considered to have a higher degree of confidence,
The avionics system powering the activation of the separation systems was to a large degree preliminary,
since the actual flight hardware and software was still under development. In other words, this test was only
able to validate the recovery hardware that the rocket Birkeland will utilize dunng competition.

The indicative value for separation time of 5 seconds was set as an upper value for what could be
considered a rapid separation. A rapid separation, or rather a rapid pressurization of the recovery is required
for two reasons. Feason one 15 that the pressure has to build up faster than it escapes through the venting
hole in the recovery bay. This could prevent reaching the adequate pressure for breaking the shear pins. The
second reason 15 that minimizing the time between apogee and drogue chute deployment, reduces the
probability of the drogue chute shredding due to high vertical speeds.

Some other takeouts from the tests are:

-The importance of assembly checklists as a means of reduecing assembly time and ensuring correct
assembly was underlined.

-There was a significant mismatch between the tolerances for the coinciding holes in the airframe and inner
structure, making final assembly hard. The mismatch prevented us from fastening all the screws going
through the arrframe properly. The holes in both the airframe and the inner strueture were both created
manually, something that won't be the case for the flight hardware.

For videos and additional data and documents use this open folder:
https:/fdrnve. soogle.comydrivefolders/ ] IvN =himJ 8 fS EX A gOI Doc M Tz Ve -LI0 0w W 2ths=true

Conclusion:

The test showed that both the SEAD and the COTS PBSS are able to fully separate the test article. Since the
test article was very close to the actual flight hardware, the results from this test are considered to have high
confidence. It was only a test of the recovery hardware and separation dynamics, and the avienics system
supposed to activate these systems during flight remains to be tested.

)
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v.B.2

ﬂ Dirop test

F'ED;'U/EE Date: dd/mmiyyyy
agl710l41210)121]2

Fig 14: Test participants posing in front of the helicopter with the test article after the test.

Purpose:

The purpose of the drop test was to validate the function of the recovery systems to be used in
the rocket.

This includes validating if:

- The avionics system is able to activate the recovery systems

- The pressure based separafion systems (PBSS) are able to separate the test article
- The main chute release system (MCRS) is able to release the main parachute

- The parachutes deploy without tangling.

Participants:

Hege Grytten, Simen Flatter Flo, Einar Bergslid, Anders Hestad, Sverre Ose Kristensen,
Kacper Zajac, Trond Steinagard, Tobias Heinz, Stian Alseth, Robert Kalrud, Steven Xu,
Viljar Engesast, Amira Khalil, Mikkel Gisleberg, Ola Flaata, Jessica Husby, Even Hugdal,
Henrik Roestad, Pelle Traalum Okkenhaug, Vebjern Bratilie, Johannes Merkrid, Ask Hovik,
Eivind Heggset, Pilot, Co-pilot

H1
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Test Equipment & Set-Up Description:

Test equipment:

- Fiberglass test airframe.

- 4 kg steel payload dummy weight

- Avionies module (structural rings and rails)
- Fhight computer rev. 1 (not flight hardware)
- Batteries
- Electric cables

= Recovery module (structural rings and rails)
- COTS PBSS (HAWK)
- 33 g CO2-canister

- SRADPBSS
- Recovery plate with O-ring

= Main chute release system (MCRS)

= Recovery bay camera

= Drogue parachute

- Main parachute in its bag

= Straight cord and Y-harness

- Swivel links

= Quick links

- Test coupler with O-ring

- dx Mdx0.7 nylon shear pins

- 10 kg aft dummy weight

- GoPro

- Avionies triggering plug and hamess

- Helicopter

- Helicopter connector harness

Figure 15 shows the inner structure of the test article.

Fig 15: The test article without the airframe
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Safety concerns:

Use of energetic devices This was mitigated by standing on the safe side of the device.

Falling parts from the sky poses danger to people in the dropzone area.

These concerns were solved by having people standing guards on the perimeter of the dropzone. The
perimeter guards were required to wear high visibility vests and instructed on how to act if such an event is
{0 DCCur.

As-Ran Test Procedure:

The inner structure was assembled with avionics and recovery systems accordingly. The energetic devices
were prepared and secured (MagSwitch, SEAD & COTS). The valves were opened and the SRAD system
was filled with compressed air. The valves were then closed with the manual valve being the last one. The
COTS system was loaded with a compressed C0O2 cartridge and secured with a safety pin,

The parachutes were prepared and packed with the shroud lines secured and the cord ends connected to the
swivel-links to minimize the risk of cond-tangling (see Figure 16). The parachutes were then connected to
the MCRS with Quick-link.

Fig 16: Parachute packed, shroud lines z-folded

The inner structure was then inserted into the airframe and secured with fasteners and nylon shear-screws.
The coupler section was then mounted and secured. The test article was then connected to the helicopter’s
release-mechanism (see Figure [7). Once connected, both the avionics and recovery systems were armed.
The helicopter then elevated the test article to approximately 500 metres above the ground level. The article
was then released from the helicopter.

- b

Fig 17: Helicopter connection
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The parachutes were then observed deploving. (See Figure 18). It was hard to determine when the chutes
were deployed. After that the test article was recovered at the landing location.

Fig 18: Deployment of parachutes

Test Criteria:
Pass criteria Suceess Failure
The SRAD PBSS is able to fully separate the test article Success
The COTS PBSS is able to fully separate the test article Inconclusive
if the SRAD PBSS fails to separate
The drogue parachuote is pulled out and successfully deployed after Success
separation.

The MCRS retains the main parachute atter drogue deployment

The MCRS activates, initiating main parachute deployment Inconclusive

The main parachute deploys successfully during descend

The test article survives the descent

The avionics logs flight data

The flight data is recovered

Test Results:

When the test article was released, the avionic safety cable disconnected and imtiated the timed sequence.
The SEAD PBSS was activated, causing separation of the test article. The drogue was then deploved. but
the main parachute was also pulled out during separation. There was little tangling of the chutes. The
MCRS did not hold back the main chute as intended. Then the avionics experienced a power loss, which
meant the COTS PBSS and MCRS servo were not activated. The test article had a soft landing and the
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avionics data was logged and successfully recovered.

Discussion of Results:

The drop test revealed a few points of improvement in the current design as well us possible causes of
premature parachute deployment and avienics failure. Additionally, the drop test further validated the
SEAD PBSS design and functionality.

Discussion about MCRS:

The spring for the MCES was too loose, there was some wiggle room and there was no interlocking
between the upper and lower release arm. This contributed to the premature release of the main chute. From
the camera feed it was observed that the MCRES was not activated by the avionies.

Firstly, the geometry of the lower
release arm makes MCRS less
effective at retaining the load as
pictured in figure 19. This is
because the contact area between
the upper and lower release arms
are rounded. Further explanation
is given in figure 200 Here it is
illustrted that a force acting
normal to a horizontal surface
will not have any foree
component. So the arm will not
rotate. However if there is a slope,
like the one on the arm in figure

19, then a force component will Figure 19: Lower release arm geomeiry
induce a rotation of the arm. (note looks rounder due to camera angle)
Conseguently the mechanism is

subject to premature deployment. T

Secondly, when examining the system after the test
it was found that the springs, that help to hold the
lowarer release arm in place during vibration and
handling, were not pretensioned as shown in figure
201 Because of this the mechanism was valnerable
tor any handling or vibrations, since the lower
release arm could practically move freely. This
vulnerability increases the risk for displacement of
the lower release.

Figure 20: Mechanical explanation of force and rotation
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Finally, the parachute bay was packed too compact. which caused the shock cords to be in contact with the
MCRS"s lower release arm. As the test article separated, the cords were dragged out. At this ime the lower
release arm’s movement can be observed to happen
in synchronization with the movement of the cords,
according to the on-board camera feed. In case of
contact between the cords and the arm, it could mean
that the arm’s movement is related to the
displacement of the cords. which could result in
premature parachute deplovment.

To mitigate the risk of all three vulnerabilities
affecting the parachute deployment in the actual
rocket, design improvements will be implemented:
. Toimprove the surface geometry between
the release arms, the lower release arm’s
geometry will be changed so it can induce a
restraining force.

2. Toreduce the effect of vibrations on the Figure 21: MCRS before launch. The
MCRESs and the lower relecase arms springs are clearly not pretensionad
freedom-of-movement. the springs will be
pretensioned, increasing the lower release arms

resistance to vibrations and restricting its movement so it remains undisturbed due to vibrations,
additional shims will be used to fasten the release arms properly.

3. Toreduce the risk of shock cords contributing to premature release, a protective shroud over the
MCRS shall be implemented. Such a shroud will mitigate the possibility of shock cords coming in
comtact with the lower release arm, eliminating the risk of cords causing premature release.
Additionally. the size of the parachute bay will be increased.

Discussion about avionics:

The reason the avionics only activated the SRAD PBSS, and not any of the latter recovery mechanisms, is
likely due to a loss of power which oceurred just after the SRAD PBSS was activated. A day prior to the
test, during preparation of the electronics, the voltage across the servo motors was measured with an
oscilloscope. Here the 5 W power to the servo motor was observed to drop to 2.5-3 ¥ for very short bursts (a
few hundred microseconds at most). This never cansed any issues during preparation, but the theory is that
during the actual test the experienced voltage drop was large/ lasted long enough that the 3.3 V regulator for
the microcontroller was unable to provide enough power to the microcontroller for a short moment. Such a
power loss would explain the reason that the microcontroller on board restarted during the test.

Further evidence that such power loss occurred is the reason for the camera error during the test, preventing
them from restarting. The cameras ran off a 12 V regulator, which was not connected to the 5 V regulator
that the servos and microcontroller was, Additionally the 5 V regulator used in the test is built to handle
continueus 2.5 A at most, but with all four servo motors attached to the system during this test a maximum
current of 6-7 A could theoretically be required if all servo motors were to be activated and stalled. During
testing however, the largest current spike was measured at 1.25 A, which was thought to be well within the
operating margins.

For videos and additional data and documents use this open folder:

<dnve rooile.o ! reed o i . 5 =W A
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Conclusion:

The SRAD pressure system was successfully activated and able to separate the rocket. Both parachutes were
able to deploy, allowwing the rocket model to land in a safe and controlled manner. However the drop test
unveiled some issues with both the recovery and avionic systems. Two of the three onboard recovery
systems failed. The MCRES failed to retain the main parachute due to mechanicul errors. Namely change in
seometry after doing manual modifications and faulty assembly. In addition the avionics system Failed to
activate MCES and the COTS PBSS. due to a power loss.

In order to prevent premature released caused by MCRS the following changes will be done:

The lowver release arm’s geometry will be changed so it can induce a restraining force. The springs will be
pretensioned so the release arms remain undisturbed due to vibrations, additional shims will be used to
fasten the release arms properly. A protective shroud over the MCRS will be added which will mitigate the
possibility of shock cords coming in contact with the release system, the size of the parachute bay will also
be increased. allowing the cords to be stored more loosely.

In order to prevent power loss/restart of the avionics the following will be done:

A new 5V regulator will be utilized, one which can handle 9 A continucusly. A bulk capacitor across the 5
Y power rail will be added to compensate for any voltage drops. Only two servo motors will be controlled
by the SRAD system in the actual rocket launch. not four as in this test, this will reduce stress on the voltage
regulator.

In order to validate the system after the changes mentioned above a new test will be conducted to ensure the
successful and correct activation of the recovery system. This test will be a shock test where the model is
dropped from a bridge or similar to simulate the shock MCRS will expenience and see if it can retain the
guick link holding the main parachute. All the electronics will be included in this test to simulate the same
power draw as expected during launch and see if it is able to activate both the PBSS properly and MCRES.
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W.B.3 SRAD propulsion system testing

THIS PAGE INTENTIONALLY LEFT BLANK
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V.B.4 SRAD Pressure Vessel Testing

THIS PAGE INTENTIONALLY LEFT BLANK
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V.B.5
Hvdrostatic pressure test of SRAD PBSS
/-] Date: dd/mm/vyyy
P/RO~ =
GU/EE 2|3fo)z2|2]0|2]2
Purpose:

The purpose of the Hydrostatic pressure test was to verify that the Student Researched and Developed
Pressure Based Separation System (SRAD PBSS) can withstand a pressure of at least 1,5 times the
system's operating pressure. The system's operating pressure is 120 bars, the test was therefore
conducted at 180 bars of pressure. The transmission medium was water diluted with diesel.

Participants:

Viljar Engesaet, Mikkel Gisleberg

Test Equipment & Set-Up Description:

The equipment:

o  Composite Overwrapped Pressure Yessel (COPV) (1)
Main COPV adapter (2)
Solenoid Valve (3)
Solenoid adapter (4)
Manual ball valve (5)
Manual valve adapter (6)
Flexible hose (7)

Test rig adapter
Power supply
Cables

An electrical switch

2. Main Solencid
1.c;nmpumuu:mppmmm {:(';ll-;v am |5.Ham.u1bullurm|

7. Flaxible hose

S i
- ol i o

L

Fig 22: An overview of the SREAD PBSS

The figure above represents the components of the SEAD PBSS. An additional adapter was necessary in
order to connect the system to the pump - Test rig adapter.
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To the right is a picture of the SRAD PBSS
and the electrical equipment we used to
control the solenoid.

The electrical equipment consisted of a 24 'V
power supply, voltage regulator and an
electrical switch.

The hydrostatic test was performed at ViaNor,
Trondheim.

The set-up:

SRAD PBSS was assembled, opening hoth
valves. The system is then filled with water,
pressurized to the pressure of at least 180 bar,

Fig 23: Test setup

Safety concerns:

The main safety concern was the possible air pockets in the system during pressurization. The compressed
air could expand rapidly, resulting in an injury if not handled with care.

As=-Ran Test Procedure:

The set up of the test was as follows:

s Filled the SEAD PBS5 with water component by component

# Had both valves closed and pressurize the system to 180 bar
o [t withstood the pressure with no problems

o Opened the manual valve
o [t withstood the pressure with no problems, but the pressure reduced slightly
o Pressurized to 180 bar again and closed the manual valve

o  Open the solenoid
o [t withstood the pressure, but the pressure fell down to 150 bar

o Depressurized the system. Test completed.

Test Criteria;

Pass criteria Success! Failure
The system withstands 180 bar of pressure without .' Smﬂﬁﬁ
leaking,
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Test Results:

Despite some minor problems with the test rig adapter, the test was completed without any major problems
and we were able to test what we set out to.

Results:
& All the components in the SRAD PBSS 15 able to withstand 1.5x working pressure
#  There were no leaks between the manual adapter or solenoid when there were 180 bars of pressure
on one side and almost none on the other.

Picture of the pressure gauge. Pressure can be read as
slightly above 170 bar. That i1s because 1t was taken a
brief while atter pressunzing the system.

Fig 24: Pressure gauge shows 170 bar

Discussion of Results:

Twn problems cecurred during the test:
[.} As the system was filled, we noticed the test rig had some markings which caused it to leak. From
there we proceeded to use turning to remove some material to avoid this problem
2.) Test rig adapters were leaking when the system was pressurized due to the threads. This happencd
because we forgot to bring thread tape which is needed for the system. But Iuckily the workshop
had some spare we could use.

After this we cleaned out the system with water and then used pressurized air to get all of the remaining
water and diesel solution out.

Discrepancies:
# the adapter had to be tumed.
o -we didn't bring thread tape.
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Conclusion:

The SRAD PBSS withstands 180 bars of pressure without leaks.

Since the test an update has been made to the SRAD PBSS with a new pressure vessel, which means this
test does not verify our final system. Despite this, the test shows a way we can use in further testing of the
systemn and contributes to the iterated design. It also shows that it 15 possible to create an SRAD PBSS and
that it can be pressure validated and checked for leaks.

o3
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V.B.6
Pressurization test
/-] Date: dd/mm/yvyyy
Fﬁmﬁu/ﬁf sl7lolslz2]olz]2
Purpose:

The purpose of this test was to fill the student researched and developed pressure based separation system
(SEAD PBSS) with air to its design pressure, and to release the air te see how long the system takes to
empty.

Participants:

Simen Flatter Flo, Tobias Heinz, Kacper Zajac, Stian Alseth

Test Equipment & Set-Up Description:

Test equipment used is as follows:
e SRADPBSS
Plywood test ng
Patent band
M4 nuts
M4 bolts
Pump with integrated manometer
Power cable
Power supply

Fig 25 Test setup

Safety concerns:

The test involves a high pressure air system, and the safety concerns are related to this.

The main concern was injury from being in the path of the ejected air, and the debris that might follow. This
was mitigated by all test participants being far away from the test rig when armed., and during testing.
Another concern was that improper assembly of the SRAD PESS would result in it springing a leak when
pressurized. and the leaking air injuring one of the participants. This was mitigated by being thorough when
assembling, incorporating all seal rings and thread tape required to make it airtight.

As-Ran Test Procedure:

The system was tested a total of 4 times, with an increasing pressure for cach test. The lowest pressure was
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50 bars, and the highest pressure was 150 bars.

After the SRAD PBSS was assembled, mounted to the test rig, and the solenoid hooked up to the power

supply, the procedure went as following for each test:

Solenoid was opened by turning on the power supply (24 V. 0.25 A)

L.
2. Manual arming valve was opened
1. Pump got connected to the system, and filling commenced
4. When target pressure was reached, the solenoid and manual valve zot closed
5. The relief valve on the pump was opened before disconnecting the pump from the SRAD PBSS
fi. The system was armed by opening the manual valve
7. Air was released by turning on the power supply, opening the solenoid valve, A timer was used to
aet a value for the time it took to empty the system
Test Criteria:

Pass criteria

Fail/Success

Be able to fill the system

Be able to empty the system

Mo leaks when pressurized

The time to empty the system matches with the
caleulated time of 0.3 seconds

at 120 bars of pressure

Emptying the system takes no more than 2 seconds

Test Results:

It was possible to fill the system in an efficient manner, by use of a quick-connect solution between the

pump and the system (as intended).

Arming of the system worked as intended, and no leaks were encountered.

It was possible to empty the system, but it took 30 seconds for the system to empty at 120 bars of pressure.

Discussion of Results:

a5
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The maimn takeaway from the test 15 that the system takes too long to empty for it to be effective as a mode
of separating the rocket for parachute deployment. It took 30 seconds to empty it at the design pressure of
120 bars, which 1s above what 1s required.

The dangers of this system taking too long to empty 1s that separation gets delayed to the extent that the
gain in vertical velocity of the rocket between apogee and separation results in shredding of the drogue
chute on deployment. The other danger of a slow pressurization is that air will escape through the venting
hole in the rocket so much so that target pressure needed for separation never gets reached.

The reason as to why ejection of the air took 30 seconds is because of the solenoid valve. It has an orifice
size of 0.7 mm, choking the flow. The calculations done before the test showed that it would take 0.3
seconds, meaning that the caleulations were wrong and misleading.

Otherwise, the rest of the system worked flawlesshy, with quick and easy filling, as well as no leaks.

A solution to this 1ssue has already been proposed. This solution makes use of a ball valve actuated by a
servo motor. This valve has an onfice size of over 4 mm, and a straight flow pattern, increasing the mobility
of the arr moving through 1t compared to the soleneid. The calculations have also been improved, and now
show a time of separation of around 31 seconds for the SRAD PBSS as tested.

Conclusion:

The test uncoverad a major flaw in the SRAD PBSS and the calculations done to estimate time for
emptying. The system took 30 seconds to empty, whilst the calculations predicted it would take 0.3 seconds.
It was the solenoid valve that choked the flow, making for a prolonged time for emptying the system.

The test showed that procedures for filling and emptying the system worked as intended, apart from the
above mentioned issue. Improvements have been done to the calculations based on the test results, and an
alternate solution for the solenoid valve is under design and will soon undergo testing.
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Parachute deployment test

Date: dd/mm/yyyy

PROPUJSE olalolalzlo]lz]2

Purpose:

To see if the main chute would deploy prematurely under different conditions, and to validate the main
chute release system (MCRS).

Participants:

Amira Khalil, Hege Grytten, Kacper Zajac, Mikkel Gisleberg, Simen Flitter Flo, Sverre Kristensen,
Yebjorn Brathie, Viljar Engesaet

Test Equipment & Set-Up Description:

With the test article
mounted to the roof of
the car, the drogue chute
was left hanging outside
the test article in the
deployed configuration
inot retained). The main
chute was packed in its
bag, stowed within the

airframe tube, and
retained in the MCRS.

Car

Shock chords
Main parachute
Drogue chute
Adrframe
Quick links Fig 26: Inner structure inserted into airframe mounted to the roof of the car
Swivel links

Servo motor

Safety pins

CO2 canister

Recovery module,

Avionie module

GoPro

Test nig

@7




B PROJECT TEST REPORTS V. APPENDIX

Safety concerns:

Ensuring nobody is close to the track where we drive. A simple solution was to have one person staying
guard for the test location,

The test article could fly out with the mam chute deployment. By strapping the test article tight on the car
root and using as many screws as possible we mimmized this threat.

As-Ran Test Procedure:

The conducted tests wanted to show if the main parachute would stay within its bag when subjected to a
dynamic environment with wind, vibrations and surging gas from the COTS PBSS passing by it. P

For each test, the car was to accelerate up to speeds close to 80 knvh, with the drogue chute deployed
behind the car. Different parameters were changed for each test. such as moving velocity, the addition of
securing rubber bands around the main chute bag, and ejection of zas from PBSS. The MCRS was also
tested.

TEST 1: Mo rubber bands, 50 km'h

TEST 2: Mo rubber bands, 60 km'h

TEST 3: Mo rubber bands, 80km/h

TEST 4: Two rubber bands. PBSS ejection, 80 km/'h
TEST 5: Two rubber bands, MCRS activation, 80 km'h
TEST 6: Two rubber bands, MCRS activation, 80 km'h

Test Criteria:

Pass criteria Success! Failure

The premature release of the main chute Fai}m<
experienced by team 2021 at EuRoC 15
successfully recreated

The main chute stays within its bag during PBSS Success
gjection when using two rubber bands

The mamn chute 15 able to deploy when packed Success
with two rubber bands

The MCRES is able to release the main chute Success

Test Results:

The testing failed to provoke a premature deployment of the main chute,

The test succeeded in uncovering that the main chute would remain in its bag at high speeds, during PBSS
gas gjection, and with two retainment rubber bands around the main chute bag.

The main chuate was able to deploy successfully even with the addition of two retamment rubber bands
around the main chute bag.

Results from each test:
TEST I: Main chute retained in its bag
TEST 2: Main chute retained in its bag, but main chute bag flap opened

o
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TEST 3: Main chute retained in its bag with flap opened

TEST 4: Main chute retained in its bag with bag flap successfully retained by two rubber bands. Main chure
shock chords got partially blown out by surging gas.

TEST 5:Avionics issue prevented main chute deployment

TEST 6: Successful main chute deploy

Figure 2 shows the view of the drogue chute from the GoPro mounted to the test article. The snapshot is
taken from test run 1. Figure 3 shows a snapshot of from after successful main chute deployment.

Fig 27: Drogue chute during test | Fig 28: Main- and drogue chute released during test 6

Discussion of Results:

The fact that the initial three tests were unable to provoke premature main chute deployvment made the
subsequent test more uncertain, Test 4 seeked to uncover whether or not the rubber bands would reduce the
chance of premature deployment, but since premature deployment never happened, a key comparative result
was lacking. Still, the test 4 was successful, since it uncovered that the rubber bands indeed would ensure
that premature deployment won't happen when gas from the PBSS is surging past it (as it will in flight).
This was one of the key hypotheses from team 2021, as to why the main chute deployed prematurely, and
the proposed solution was rubber bands around the bag.

There was a concern that the implementation of two rubber bands for retainment of the main chute in its bag
would prevent the main chute from escaping the bag when released from the MCRS. This was not the case,
and the mabber bands will as a result be implemented onto the main chute bag of the rocket Birkeland on
launch day.

The MCRS released the main chute successfully. The environments at which this was achieved was similar
to that of actual flight, with the drogue deploved and resisting wind speeds of upto 80 km/h, It was a
concern that the force that this would exert on the MCRS would prevent the servos from activating the
mechanism. This was not the case, and the servos were able to activate, and the MCRS successfully
released the main chute.
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Conclusion:

The rubber bands were also to retain the main chute within its bag when activation of the COTS PBSS. The
drogue chute was able to pull out the main chute efficiently when the MUCRS released, even with two rubber
bands over the main parachute bag. The test was unable to provoke the similar premature deployment of the
main chute as seen at the launch of team 2021°s rocket, disabling us from uncovering a possible root cause
for the behavior..
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Purpose:

Shear screw test

The purpose of this test was to uncover the shear strength of the shear serews that will be used in the rocket.
Another purpose of this test was to test the consistency of the shear strength in order to validate them.

Signature(s):

Vebjorn G. Bratlie, Johannes E. Merknd, Knstian Hope, Ane Morkemo, Ola Flaata, Svein J. Husa

Test Equipment & Set-Up Description:

The equipment:

Compressor

Test rig

Test couplers

O-ring

& x Shear screws wrapped in PTFE
tape

Safety goggles and hearing
protection.

The set-up:

The couplers were mounted onto the test rig,

fastened, assembled and pressurized using
the compressor.

Fig 29: Test set-up

Ax=-Fan Test Procedure:

Checked that the valve was closed and the hose was at atmospheric pressure before connecting the hose to
the test coupler mipple. After this we video recorded the manometer while slowly opening the valve until the
shear screws sheared,

Safety concerns:

An aluminum part will fly with a high velocity. Mitigated by making sure the area in front is cleared before
the test is conducted. Alse making sure that no one was standing behind the test setup.
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The separation will cause a lot of noise, mitigated by using heaning protection.
Parts of nylon screws can spread and hit the eves of the test participants, mitigated by using safety gogples.

Test Criteria:

Pass criteria Success’ Failure
Withstand pressure of [.32 bar Success
Measure pressure the shear serews withstands (Reason: Success

High variety of shear strength for nylon screws)

Consistent shear strength Success

Test Resules:

Attempt #1

A

Fig 30: Shear pressure: measured at 2.5 bar, consistent shear for all serews.

102




B PROJECT TEST REPORTS Vo APPENDIX

Attempt #2

Fig 31: Shear pressure: measured at 2.5 bar, consistent shear for all serews.
Attempt #3

Fig 32: Shear pressure: measured at 2.7 bar, consistent shear tor all serews.

13
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Discussion of Results:

The test showed a consistent result of 2.5 bar, On the last attempt we built the pressure up more rapidly.
This can explain the deviation of 0.2 bar.

The build up pressure of 2.5 bar resulted in breaking the shear serews. This was a successful test and gives
an estimate of the pressure needed to break 8 shear screws. From calculations this gives the screws a
combined shear strength of 1590 N and cach screw a shear strength of approximately 198 M.

We expected the ultimate tensile strength of the M3x0.5 nylon screw to be between 66.2-72.4 MPa and the
force needed to break them to be between 346-378 M. The test showed that the serews only had a combined
strength of 1590 M. The lack of strength could be cansed by uneven shearnng. By this we mean that the
shear screws are sheared one by one, or four by four, rather than all at once.

Conclusion:

OMd conclusion for the rocket Stetind:

We expected the shear strength to be larger than the first test we conducted on April 24th 2021, but the
shear strength was the same this time around. The reason we expected a larger strength was because we
used 7 shear screws back then, and this time we used 8 shear screws. So erther the shear screws are weaker
than the first pair we used. or there 15 no difference between using 7 than 8 shear screws due to uneven
shearing.

Still these screws passed the test of withstanding a pressure of 1.76 bar. And because they break at 2.5 bar,
CO2 camisters of size 25z, 33g and 45g will sutfice to break the shear pins (see appendix V. pressure
calewlations), according to this test. And they can proceed to be used in the rocket and the drop test.
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Preliminary functionality test - Main Chute Release System (MCRS)

Date: dd/mm/yyyy

PROPUJSE tlslolilz2lolz2]:z

Purpose:

The purpose of this test is to confirm compatibility of the main chute release system components,
Furthermore, the test aims to check the integrity of the load-bearing mechanism by manually operating the

release arm.

Participants:

Mikkel Gisleberg, Kacper Zajac, Hege Grytten & Simen Flatter Flo

Test Equipment & Set-Up Description:

The equipment:

& Main Chute Release docking, 2 pes.
Upper and Lower release arm.
Quick link.

Fasteners and spacers,
Parachute bag (Empty).
Mounting plate (Plank).
Newtonmeter

The set-up:

The test set-up consisted of a mounting plate upon which the fully assembled main chute release system,
hereby MCES. was mounted with two bolts, an empty parachute bag with its cords attached and a
newtonmeter to measure the applied forces.

Safety concerns:

Mo concerns for personal safety.

As-Ran Test Procedure:

The Main Chute Release System was first assembled where the integrity of its components was checked. It
wis then mounted to the mounting plate using two bolts, The Quick link, a carabiner to which the parachute
shall be attached, was then inserted into the MCRS along with an empty parachute bag and the connecting
nylon cord. The release mechanism was then manually operated to release the Quick link. After several
completions. the test participants then applied foree to the system by pulling the nylon cord and manuoally
triggered the release mechanism. The force applied to the system was measured with a newtonmeter ( foree
Zauge).
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Test Criteria:

Pass criteria: Success! Failure
The Upper and Lower release arms are locked when Success

the mechanism 15 armed-to-release.

The MCRES releases Quick link under low-io-no Success
load.
The MCRS releases Quick link under significant Partial success®

load (=20 - =40 kg load).

Flmprovements necessary

Test Results:

Little-to-no load test:
MCRS works as it should. The arm is safely locked prior to release and the "locking mechanism™ triggers
successfully.

Test with significant load applied:
*MCES triggered somewhat successtully, the load-bearing bolt collides one of the release-arms upon
parachute release. Improvements are necessary to increase reliability of the mechanism.

Discussion of Results:

® The load-bearing screw, to which the parachote will be connected., is placed too close to the release
arm and collides under parachute release. That reduces free space between the MCR-docking and
the release arm which might complicate the parachute release. The space between the load-bearing
screw and release arm must be mcreased.

® The equipment mounts on the bottom of MCRES are too close to its mounting serews, complicating
the mount of servos that will ultimately operate the release system. The space between these
fasteners must be increased.

®  The load-bearing screw must be tested and validated prior to Right.

® A shock-absorbing solution could be beneficial for the load-bearing screw and spacer.

Conclusion:

The system completed the test runs rather successfully, although a few improvements must be made prior to
the test in a wind tunnel in Voss, Placement improvements of the fasteners on the MCRES must be made to
increase the space between the; Quick link and release arm, as well as bottom mounting fasteners with
SErVO-MOUnting screws.

Mew FEM-analysis and functionality test is to be performed.
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Compression test
Date: dd/mm/vyyy

FﬁDFU/EE o411 ]2y1o0]211

AT

Purpose:

The purpose of this test 1s to uncover the relative strength loss of composite airframe segments with holes,
compared to a control segment without holes.

Participants:

Simen Flitter Flo, Robert Kalrud, Hege Grytten, Arthur Tjomsland

Test Equipment & Set-Up Description:

The equipment:
&  3x 15 em long filament wound carbon fiber segments
2% 15 em long filament wound fiberglass segments
Hydraulic press
2x Polymer plates
2x Steel plates
Acrylic blast shield
Gloves

The set-up:
The cylindrical segments were compressed between two steel plates in a hydraulic press.

Safety concerns:

Ciloves must be used when handling the segments, to prevent potentially hazardous splinters piercing the
skin.

There must not be any body parts in the vicinity of the hydraulic press when it is actuated, this to prevent
bodily damage from test operations.

A blast shield must be placed between the press and the participants to prevent bodily damage from failing
segments.

As-Ran Test Procedure:

For all tests, the pressure gauge was recorded until just after the samples yielded.

TEST #1

The first test sample was a carbon fiber section without holes. Here, we used 2 plates of 2 em thick plastic
at the top and bottom of the carbon fiber sample. The 2 steel plates on the hydraulic press would then press
against these plastic plates, instead of pressing directly on the carbon fiber. This was done to prevent
shearing of the ends. and instead end up with breakage somewhere along the sample between the ends.

TEST #2
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The second test sample was hiberglass without any holes. Here, there were no plastie plates between the
steel plates on the press and the ends of the sample. The same goes for all subsequent tests.

TEST #3

The third test sample was carbon fiber without any holes. The reason we did this again was because we
wanted to test the strength without the plastic plates for carbon fiber as well.

2 £ holes were drilled into both a fiberglass and a carbon fiber sample. The holes were placed in the
middle of each sample (between hoth ends), spaced 45 degrees apart,

TEST #4

The fourth test was done on the fiberglass sample with ® holes, and the fifth and final test was done on the
carbon fiber sample with & holes.

Test Criteria:

Pass criteria Success’ Failure

Segments with holes break at the holes, and not at Failure
the ends.

The test participants are able to record the force at Success
which the samples break.

Ciet comparable results on the carbon fiber and the Failure

fiberglass composite sample.

Test Results:

Table below shows a summary of the test results for the carbon fiber (CF) and the fiberglass (GF) test
samples.

Sample

Weight [kg]

Force [N]

Pressure [MPa]

3 (CF)

20000

196200

247

2 (GF)

19500

191295

241

1(CF

15000

147150

185

)
4 (GF), 5 (CF)

10000

98100

123

TEST #1: Solid Carbon fiber

The carbon fiber cut through both plastic plates and started to shred at the top the sample, in contact with
the steel plates, at 15 metric tons of pressure. Test results inconclusive

1%
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Fig 33: Carbon fiber section and polymer plates after test |

TEST #2: Solid glass fiber
The glass fiber broke in the middle at 19.5 metric tons.
Mo shredding at the ends.

Fig 34: Fiberglass section after test 2
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Fig 35: Foree exerted on the test article when it yielded

TEST #3: Selid Carbon fiber

The carbon fiber started shearing at the top at around the same time as there was a break in the material 3-4
cm above the bottorn edge. This happened at 20 metric tons.

The picture below shows the pressure gauge just before sample 3 broke. The innermost gauge shows 20
metric tons.

Fig 36: Force exerted on the test article when it yielded
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Fig 37: Carbon fiber section after test 3
TEST #4: Glass Fiber with 8 holes

The sample started shredding, inconclusive results.

Held up at 10 metric tons

Fig 38: Fiberglass section with holes after test 4
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Test #5: Carbon fiber with 8 equally spaced M4 holes
The sample shredded, inconclusive results.
Held up at 10 metric tons before starting shredding at the ends.

— —

Fig 39: Carbon fiber section with holes after test 5

Discussion of Results:

®  We uncovered that both of the test materials held up a minimum of 10 metric tons.

We got satisfactory results for 2 of the test samples (one carbon fiber and one glass fiber)

& Of the 5 test samples, only 2 samples did not fail due to shredding at the ends. We were not
able to directly observe a cause to why these two samples performed differently to the
others.

#  The failure of the test for 3 samples was likely due to the nature of the test setup.

& We need a better test setup to achieve reliable results.

Conclusion:

The successful results that we were able to get from the test was that glass fiber without any holes broke
at 20 metric tons, and carbon fiber without any holes broke at 19.5 metric tons.
All the test samples with holes in them gave inconclusive answers, so 1f we want reliable results we need to

perform a new test.
If a new test is performed then we need to use a test cap/flange to stop the edges from shredding, and use a
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different method of eutting the sample pieces if possible to try and elininate this risk. As discovered during
this test. do not use an industrial saw with a hydraulic side press, this will compress the tube and break up
the lavers.
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Integration test

Date: dd/mm/yyyy

PROoO~PU %: 11210

Tt

2101212

Purpose:

The purpose of this test was to assemble the internal structure of our rocket Birkeland, to see if everything
fit together, and to get a notion of the process and steps necded to efficiently assemble the sub-systems.

Participants:

Simen Flatter Flo, Robert Kalrud, Stian Alseth, Einar Bergslid, Trond Steinagard, Mikkel Gisleberg

Test Equipment & Set-Up Description:

The test was conducted using 3D-printed representations of the components, as well as actual purchased or
produced components. Screws, tape and adhesive were used to mount many of the components together.
Tools, such as screwdrivers, wrenches and drlls, were used to aid the assembly process.

The test was set up in a fashion of having components, tools and fasteners on a table, and working on
assembly of ditferent subsystems at different tables.

Safety concerns:

Mone

As-Ran Test Procedure:

The test procedure went as follows:

®  All components were laid out and sorted by the subsystems.

e Groups of twoe worked on each subsystem, with one person doing assembly, and the other taking
notes.

o  The people doing the assembly, assembled the systems in the ovder they had thought up while
designing the system. Each step was noted into an assembly checklist, and improvements were
added under way.

o  When the subsystems had been assembled, they were mated together to the final configuration.

o The final configuration of the inner structure was then iserted into the forward airframe, to check
the fit.

Test Criteria:

Test criteria Success' Failure
All modules can be assembled separately. Success
Modules are able to be connected together in a Success
final configuration,
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Eventual design flaws identified. Success

Solution to the design flaws and further Success
improvements are applicable.

The inner structure assembly fits into the outer Failure
structure.
Creation’ Improvement of assembly checklists for Success

assembly in the future.

Test Resules:

Design flaws uncovered:
. The CO2-cartridge in the HAWK crashed with the hawk plate.

Holes in the hawk plate were not compatible with the hawk mounting screws.

The hawk plate allowed for too much rotation of the hawk when tugging on the arming pin.

The slit in the COPV mounting brackets were too narrow to fit the 12 mm wide clamp bands

through.

The lid for the SRAD Battery Pack did not fit after mounting the pack to the avionics mounting

plate.

6. The altimax battery shell had one more hole than needed for assembly.

7. The altimax battery pack crashed with the radio voltage regulator

8. When mounted to the recovery plate, the rails in the recovery module made the module not fit
inside the airframe.{Figure 43)

Q. Two of the radionor antennas are unnecessarily long.

0. Cable management becomes more difficult after fastening the mounting plate to the rails.

11. Cables and antennas make it harder to fasten the mounting plate to bulkheads/rails.

2. The ends of the radionoer antennas have no fastening method.

[3. The screws for the MCES crashed with the Hawk-body (Figure 42)

14. The recovery valve bracket does not reach all the way to the bulkhead

15. The holes in the recovery valve bracket are too close to the bending point

6. 6 holes/serews between bulkheads is unnecessary and may result in unwanted displacement.

[ 7. The flexible hose in the SEAD PBSS was not oriented as intended.

18. The quick connect for the pump crashes with the 3d printed mount (Figure 50)

18. The recovery valve bracket hole had to be filed down to fit the valve

20. The serve motors on the MCRS crash with the holes for the PBSS

21. We are missing a clamp band that prevents up-and-down movement

B iba

LA

Flaws in assembly procedures:
. The SEAD PBSS is difficult to assemble part-by-part in the module
2. We can not tell which rails should have the COPY ears on them

3. Mounting direction of the avionics bulkheads is not obvious,

Each module, meaning payload. avioniecs and recovery module, were successfully assembled separately
(Figure 51, 52 and 53)
The modules were successfully connected (Figure 54)

The inner structure was unable to fit inside the airframe in its entirety, due to the flaw mentioned in bullet
point 8 above, together with known discrepancies on the dimensiones of 3D-printed parts, compared with
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their actual design dimensions.
Assembly checklists were made, and the final checklists for the competition will be heavily based on these.

Discussion of Results:

Improvements of design {numbering corresponds with test results):
. Change design of the hawk plate (Figure 41)

Make the hawk mounting holes in the hawk plate countersunk

Change the design of the hawk plate (Figure 41)

Widen the slit in the COPV mounting brackets to 12 mm

Make room in the avionics mounting plate for remowval of battery pack lid

Remove one hole from the altimax battery shell

Change the shape of the altimax battery pack to an L

Make the grooves in the recovery plate for the rails deeper

Use the shorter antennas for the radio transmitter

L0, Implement solutions tor cable management in avionics module

L. Implement selutions tor cable management in avionics module

2. Implement fastening solutions for the radio antennas in the avionics module

[3. Use shorter serew for mounting the MCRS to the recovery plate

4. Make valve bracket 2 mm longer

5. Move holes in valve bracket away from the bending point

L6, Reduce the number of holes between bulkheads to 3, and make sure that these holes are drilled
simultaneously during production to ensure the wanted alignment of the holes.

[ 7. Fix the orientation of the flexible hose in the CAD to represent the orientation.

[&. Move the hole of the hose closer towards the edge of the recovery plate

19, Increase the size of the hole by 5 mm

20. Move the holes for the SEAD PBSS closer to the edge of the recovery plate and machine down nuts
on hoses.

21. Add a clamp band on the tapered part of the COPY

R R RN

Improvements to assembly procedures (numbering corresponds with test results):
. The entire SRAD PBSS should be assembled together before going in the main assembly
2. Mark the rails that should have the COPV ears in them
3. Mark the bulkheads to indicate correct confizuration when assembled

Coneclusion:

The test uncovered minor flaws to the design that is possible to improve, and that will make the design and
the assembly process better. This test granted important experence and insight for the assembly crew for
SA Cup, highlighting the importance of ease of assembly, and motivating the team to work on improving
the design for this purpose.
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Fig 40: Component overview

Fig 41: Suggested design improvements to hawk plate  Fig 42: Screw crashing with HAWK
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Fig 43: Rail outside the recovery plate Fig 44: Battery pack lid does not fit

Fig 48: Hard to fasten plate with antennas present
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Fig 54: The Recovery, Avionics and Payload assembled
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Avionics test flight - Andeya Space Center
Date: dd/mm/vyyy

ProPU /==
s 2lololal2]lo]l2]2

Purpose:

The purpose of this test was to determine 1f the avionics stack would reliably retneve and store sensor data
and send telemetry during a medium range rocket flight, in order to retrieve data to finalize the Kalman
filter. We are looking to test a barometer, two IMUS, and a GPS, and a low-cost telemetry system, in
addition to see if the FEM software would send the correct signals for the chute deployments, Another
purpose was to test the ground station software, both backend and frontend.

User(s):

Ane K. H. Morkemo, Even Drugli, Ola Flaata, Rizqi F. Wahyudin, Sverre (3. Kristensen

Test Equipment & Set-Up Description:

== - KB3iPCB
- PDBPCB
- Main battery
- Wires
- Duct tape

= 2x Xbee Pro 53B radio transceiver with wire antenna (on
both the payload and ground station)

- Computer with ground station software (OpenMCT)

- 3D printed casing for housing the components

- 2l CanSat rocket with parachutes & motor (Cesaroni
Prod#-601)

- Parachute for our payload

= (her launch equipment and services provided by Andeya
Space Center (ASC)

Fig 55: The payload.

Safety concerns:

Duse to the risk of an anomaly with the rocket motors, a large safety perimeter should be set around the
launch pad and the possible trajectory for the rocket. The safiety of both the Propulse team and the general
public was handled by the professionals at ASC, which minimized the potential risk. Every safety
regulation from ASC should naturally be followed.
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As-Ran Test Procedure:

We assembled the avionics payload and covered it in duct tape to make it as water-proof as possible. We
also mnstalled some weights to have the paylead weigh about 700 gram. Furthermore we attached the
parachute and turned on the power. Before we put the payload in we waited for confirmation on telemetry
and GPS lock. From then on the professionals at ASC were in charge of handling the rocket launch.
Returning from the launch site with a car we got line of sight of the other side of the mountain, which gave
us telemetry agam. The last coordinates that were given were used to locate and recover the payload.

Test Criteria:

Pass criteria Success! Failure
Successfully retrieve and store FSM state and sensor Success
data from a barometer, IMUs and a GPS on a micro
5D card.
Successfully receiving data from flight computer Sucecess
using the Xbee radio
FSM state switched cormectly ﬁﬂﬂm

Test Resulis:

Figure 56: Longitude and latitude from GPS plotted
with barometric height in Google Earth.
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Accalerometerns
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Fig 57: Acceleration data in flight direction, showing IMU maxing out at 4Gs.
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Fig 58: Barometric altitude and FSM flight states during the flight, shows the FSM stopped progressing
after reaching “Coast™ state.
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Fanite State Machine States
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Fig 59: F5M state, barometric altitude, and acceleration used in the state machine.

We were able to successfully retrieve telemetry data live, mcluding the GPS position. The 5D card file was
recovered without ssues, but we discovered that all the data had been written twice.

Discussion of Results:

All the sensors worked as expected, sampling at 100Hz. We lost the GPS fix around apogee, see Figure 1,
but quickly zot it back. As the GPS antenna vsed was less powerful than the one on Birkeland, we don’t see
this as an 1ssue, and consider it a success. The sampling rate of the GPS was only at around 1Hz, mainly due
to issues using any other baud rates than 2600 bits/s, which slowed it down a lot. This is something we will
try getting to 10 He.

SD card storage also worked mostly as expected. This was done at 50Hz due to some issues with buffer
sizes that couldn™ be fixed in time. This meant that only half of the sensor readings at 100 Hz were actually
stored. However, due to another error in the code. every sensor reading was wnitten to the SD card twice.
The error was found, and the duplicates have been removed in the plots.

The Finite State Machine (FSM) didn’™t perform as expected. as it reached *“Coast " too late and never
continued from there. All the issues were due to mistakes made when implementing the code. Firstly, we
used the z-value instead of y. This resulted in the FSM only reaching “Powered™ at deployment, right after
20s, as the acceleration threshold was 30 m/s"2. Directly thereafter, it detected negative acceleration and
went into “Coast”. Secondly, the altitude used in apogee detection was never updated, which made apogee
detection. These issues were simply made because we didn’t test the FSM software before launch, so we
necd to have more tests to further validate the FSM.

The telemetry system functioned as anticipated and the ground station received telemetry until the payload
went past the mountain behind the launch site. There were some errors with the telemetry, which caused
some data points 1o become corrupted. This error is guaranteed to not come from the payload. but rather the
communication between the two xbee’s.
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The ground station software was tested during thas flight, and all non-corrupted data that was sent to
OpenMCT was visualized. Thus we had no errors with the frontend of the ground station software. The
backend also worked well, but due to errors with the xbee’s we had some problems with error handling.
This is not cnitical as this is not the radio system we are using under competition.

Conclusion:

In conclusion, the test went very well, and resulted 1n a lot of data for tuning the kalman filter. We
discovered bugs with the 3D card writing and FSM implementation, but these didn’t impact the rest of the
system. The telemetry and ground station software also worked as expected.
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Wind tunnel test
PROPU//S= Date: dd/mmivyyy
imn i

oj71o0j21210)121]12

Purpose:

The purpose of the wind tunnel test is to test parachute deployment systems behaviour in realistic
condittons. The test aims to venfy whether:

- The MCRS operates as intended, retaining the main parachute until signalled.

- The optimisation of MCRS is successful.

Participant(s):

Simen Flatter Flo, Hege Grytten, Viljar Engesaet, Kacper Zajac and Mikkel Gisleberg

Test Equipment & Set-Up Description:

The media acquired during the wind tunnel test can be
found here: Link

The test rig assembly consisted of following parts:
- An aluminium base.
- 4 aluminium brackets, strengthened with g steel
threaded rod.
- A fastening rope.
- 3 Carabiner hooks.
- A plastic cylinder to mimic the airframe.
- A recovery plate test article.
- The Main Chute Release System (MCRES).
- Various fasteners.

Avionics setup:
- A camera and servo bracket.
= An activation button.
- A battery pack.
- Spare cables.
- Main printed circuit board (PCB).
- RunCam split 4 camera.
- LED - light strip.

CGeneral information about the test rig assembly:

- The base assembly, hereby chonky base, consists
of several aluminium plates fastened together
with bolts and lock-nuts.

- The chonky base was produced at Bydsen using
500 series Aluminium.

- The tube simulating the airframe is made out of
plastic and stiffencd with gaffer tape.
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Greneral information about the test environment:

The ceiling of the wind tunnel was approximately
10 metres high.

- Ewery part of the test rig had to be fastened as
loose parts would pose a risk to the personnel and
the wind tunnel itself. This resulted in adjusted
test set-up where the swivel links and quick links
were removed. These were replaced with shock
cords.

The cords connecting the parachutes had to be
reduced in length due to tunnel size limitations.
This was solved by implementing knots in the
cords to reduce length.

The pictures on the right aim to represent the composition
of the cords and their respective fastening points. The
parachutes were also connected to the wind tunnels
“floor™/ base, consisting of strengthened steel wire rope,
with a carabiner in case the system was unable to handle
the loads it was subjected to during parachute
deployment.
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Safety concerns:
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Health and safety of members
Precautions were taken in the wind tunnel as instructed by the employees there and we made sure
the test rig was safely mounted with redundant systems.

Metal parts that hit the walls in the wind tunnel
Mitigation: The base was attached to the floor with two carabiner hooks for redundancy in case the
test rig was to fail. The drogue chute was attached with a carabiner hook as well.

The integrity of the Base:

The base was made by us and so we were not certain of the strength/integrity of it.

We did a FEM-analysis to check this. There was done FEM-analysis on both docking part of the MCRS and
the recovery ring. From the analysis we got promising results with Safety Factor of 2 for the recovery ring,
and about 3 for the docking part. With these results we could conclude that it would be safe for us to
proceed with the wind tunnel test.

As-Ran Test Procedure:

Problems during the preparation:
The MCRS had too much friction between the ARMs and was unable to release with the servo motor,

Test number 1 (parachutes only):

The first test was to see how the parachutes would behave in the wind tunnel. The wind speed was set to
80km/h. The drogue chute was thrown out in the wind tunnel which pulled the main chute out. The chord
holding the main chute then snapped.

Test number 2 (full test with avionics and the test rig):
The wind speed in the tunnel was set to 80km/h. The drogue chute was then thrown out and the button to
activate the MCRS was pressed. The test was stopped after 5 seconds as the main chute was not pulled out.

Test number 3 (same setup as test number 2):
The test started like the previous one and the drogue chute was thrown out. The MCRS was activated and it
took about 15 seconds for the main chute to fully deploy.

Test Critenia:

Pass criteria Fail/Success

The MCRS deploys

The drogue- & main-chute deploy

Test Results:
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The takeaways from the first test:
- Do not have knots in the cords as the forces increase there and they may snap. Have extra cords available or
make sure not to have any knots.
- Redundancy is key - it we did not have the drogue chute attached to the carabiner hook the parachutes would
have gone up to the ceiling, which we did not want.

Takeaways from the second test:
- We found out the MCRS did actually release, so we concluded that the main chute needed more time to deploy. This is
what we aimed to check during the third test.

Takeaways from the third test;

The MCRS worked and the main chute was fully deploved after 15 seconds.

The brackets in the test rig were bent and almost all of the pink rope had torn apart. Having two carabiner hooks
underneath for redundancy was key here.

We found out that the storage for the cameras was full so we missed out on video for two successful tests. .

We wanted to do a final test with the airframe shortened down, but since we rushed too much we were not able to
perform the test in a safe manner

Fesults:

The MCRES did deploy and release the parachute successfully, although it can be attributed to the filed down “Lower
Release Arm™ which initially generated friction when the force was applied to the shock cords. The parachute testing, test
number 1, showed how important it is not to have knots in the cord as the overall strength 1s reduced and the cord 1s more
likely to snap. The further tests, number 2 and 3. validated the functionality and strength (as previously simulated and
proven with Finite Element Method Analysis (FEM)) of Main Chute Release System (MCRS). Although the parachute
may take as long as 15 seconds to fully deploy, the system can be seen as fully functional in its current state.

Test critena satisfied and successtul.

Discussion of Results:
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The test shows that the MCRS works in realistic conditions and that the parachutes behave as intended with
the load bearing attachment point. It uncovered a flaw with the lower release arm that has been iterated
upon and mmproved. It also highlighted the importance of proper calculations i length of chords as they will
not behave exactly as one would think in theory.

Conclusion:

In Conclusion the trip was a great success. We confirmed that the MCRS worked in realistic conditions
and that the parachutes deployed.

We also zot a real-life example of how important it is to have redundant systems

Lessons learned: (most of which can be useful to know for the helicopter drop test)

- Check the avionics setup early and not the day before as there can come up problems there
- Update the CAD so we never have to file it again - also buy a automatic file
- Check the video storage and the configuration of SD-cards in the cameras.




O HAZARD ANALYSIS

Hazard Analysis

Introduction

V. APPENDIX

This appendix addresses the hazards that pose a potential danger to personnel related to material handling,

pre-launch procedures, hazards in fhight, and transportation and storage of propellant. Risks to mission
success can be found in the Risk Assessment Appendix D.

The scale used here to indicate the risk level in this appendix consists of five levels: Very low - Low -

Medium - High - Yery high. Risk is the combination of perceived likelithood and consequence.

Category Hazard Possible cause Initial risk Mitigation approach Residual
risk
Material
handling

Carbon Fiber - Incorrect Low Personnel will wear protective Very low
Can cause irmitation | handling gloves and eyewear when
to eye, skin, throat handling the carbon fibe.
and nasal passages.
COz-canisters - Incorrect Low Canisters will be stored out of Very low
unexpected release | handling direct sunlight and away from
Can cause Injury other sources of direct heat.

Will be stored 1in an appropriate

contamer during transport,
Epoxy - Incorrect Low Personnel will wear protective Very low
CE"_“ CHllsD £ye and handling gloves and eyewear when
skin irritation handling the epoxy
Batteries - can Incorrect Low Will ke stored dry and out of Very low
explode due to handling direct sunlight and away from
close proximity other sources of direct heat,
with a heat source, Will ke stored in an appropriate
or due to short container during transport.
circuiting, causing
injury
Propellant - can Incorrect Low; higher The propellant will be stored in | Very low
irritate eyes and the | handling risk due to the | its original packaging until

respiratory tract.
Accidental ignition
Can Cause Serous

potential of
serious injury,
but the

assembly. The propellant will be
handled according to safety
guidelines, manufacturer's
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injury

propellant is
very stable

mstructions for use, and pre
launch checklist. It will not be

and from a stored with combustibles or
well known close to heat sources that might
manufacturer. | cause an ignition.
The
probability of
accidental
ignition is
very low
Microwaves - Standing too Low The transceiver in the rocket has | Very low
Radio transceivers | close to strong a minmmum safety distance at
emit strong radio (1.5 meters when at max power.
electromagnetic equipment
witves around them. The ground station transceiver
Being too close can has a minimum safety distance
cause damage to the of 3 meters in front of the
body in different transceiver, and 0.5 meters from
WHys. the other sides.
By keeping the correct safety
distance from this equipment
personnel should be completely
safe.
Energetics SRAD separation | Incorrect Low; higher Make sure that the arming Low
handling system-Premature handling in due to a self procedures are followed and
separation during addition to developed proper assembly of the
handling {e.g. under | premature subsystem. componentes.
asscmbly or arming of the
walking to launch energetics after
rail) the
Standing in front or | pressurasition
behind of the rocket | of the system.
during the incident
will cause bodily Or
harm.
Incorrect
assembly
Hawks-Prematare | The arming pin | Low Make sure that the arming Vert low

separation during
handling {e.g. under
assembly or
walking to launch
rail)

Standing in front or
behind of the rocket
during the incident

comes loose in
addition to
premature
arming of the
flight
COMpPULET.

procedures are followed.
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will eanse bodily
harm.

Rocket falls off Launch rail Low Launch rail will be inspected Very low
Pre-launch | launch rail and was not betore launch to ensure
causes injury properly everything 1s secured in place
assembled or is and there is no damage done that
damaged might cause the rail to let go of
the rocket, tilt or fall over.
RBocket was not | Low The rail and rocket will be Very low
properly inspected to ensure that the
secured to fasteners are in working order.
launch rail After fastening the rocket. there
will be a last check to ensure the
rocket stays in place.
Fuel grain ignites Personnel fails | Low: the A routine check of the fuel grain | Very low
after the igniter is to check propellant is will be done before it's mnserted
nstalled, causing propellant for | very stable i the rocket.
injury to personnel | eracks and and from a
damage well known
manufacturer.
The propellant | The All handling of the propellant
COmEs in probability of | pre launch will be done
contact witha | accidental according to satety puidelines,
source of heat ignition is manufacturer's instructions for
or static very low use, and the checklist. It will not
discharges be stored with combustibles or
close to heat sources that might
cause an ignition.
lgniter 1s not Medium: the | Correct handling and installation | Low
installed combination of 1gniter while following all
correctly of the igniter | safety regulations
and propellant
pose a higher
risk than the
propellant by
itself
Accidental firing of | Safety pins Low The Hawks are to be armed at Very low
the Hawks during have not been the last moment possible to
preparations inserted minimize the risk of it
Causing injury properly accidentally going off.
Double check the safety pin by
several people on the team.
Storage and | Storage - potential Low Storage will be handled by the Very low

transportatio
nof

of accidental
ignition which can

vendor until the competition,
and will be delivered on site.
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propellants | lead to damage on It will be stored in its original
property and/or packaging until assembly.
personnel
Transportation - Low Transportatton will be handled Very low
potential of by the vendor until the
accidental ignition competition, and will be
which can lead to delivered on site.
damage on property
and/or personnel
Flight The rocket touches | Scenarios Low Preflight checklist ensure that: Very low
the ground at a mentioned 1. Joints are tight before launch.
higher speed than below are ii.Batteries powering the
anticipated, in one further avionics system are fully
or multiple discussed in charged before launch.
segments, and the Appendix D
debns canses injury | Risk
to property and/or assessment.
personnel
The drogue
chute 15 not
deployed
The main Medium Preflight checklist ensure that: Low
chute is not i Joints are tight before launch.
deploved ii.Batteries powering the
avionics system are fully
charged before launch.
Cords and Medium Wrapping the chords with the Low
chutes are “non-tied fishtail braid™ 15 a way
entangled. to ensure a clean unraveling of
the chords and minimize the risk
of entanglement.
Packing the chutes in a
protective deployment bag.
Swivel link attached to the
chords to rotate alongside the
rotation of the rocket.
The rocket Medium The rocket will not be launched | Low
shreds if there 1s a lot of wind.

The mechanical structure is
dimensioned to withstand forces
at max ) and the release forces
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from parachutes.

Rocket strays from | Unstable Medium Launch rail and rocket will be Low
nominal flight path | launch rail inspected before launch to
and endangers ensure everything 15 secured in
property and/or Fins scparate Medium place and there 15 no damage
personell from rocket or done that might affect the

flutters, rocket’s trajectory.

causing the

rocket to be The rocket will not be launched

unstable if there is a lot of wind.

Damage to the | Medium

rocket body

causing

mnstability in

flight
The rocket explodes | Cracks in the Medium; Visual inspection of casing and | Low
during launch or propellant higher risk fuel grain during final assembly
close to the ground, due to the to ensure there 15 no damage.
the debris causing Damage to the | potential of
damage to property | casing SErious Commercial casing and fuel
and/or personnel damage, but grain with proven reliabiliby,

Pmpcllanlz. the propellant | low probability of wrong

breaks off in and casing is | installation if mstructions are

chunks during | fromawell | followed

flight. blocking | known

nuzzle manufacturer

and the
Incorrect probability of
mstallation of | . .cidental

casing and/or
fuel gramn

Motor mount
failure

Owerpressuriza
tion

ignition is low

Follow the instructions for
muotor assembly, inspect the
motor casing threads for damage
or wear, prior to assembly and
adhere to the recommended
safety distance during launch.
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Introduction

The following sections present the completed set of risks to mission success, as well as the mitigation approaches.
Severity, and failure probability after mitigation. are evaluated for every risk on a scale from one to five. Critical
rating is the resulting prodict of these two evaluations to a maximum rating of 25, The risks are sorted according to
the phases described in Section I, Mission Concept Overview. Risks that are present in multiple phases, are only
described in the first phase where it oceurs, Several risks are mitigated by pre-launch procedures, which are
described in detail in Appendix V.E Assembly, Preflight and Launch Checklists. Risks that are related to health and
safety are stated in Appendix V.C Hazard analysis.

Propulse Risk Analysis and Mitigation

Ivlission
Phase

Failure Made

Possible Canse

Adter mitigation

Mishap Failure
Severity probability
1-5 I-5

Mitigation approach

Critical
rating
1-25

Initial

Premature
deployment of
recovery
systems

Faulty software logic with
FAM or restart function,
faulty sensor readings, or
electrical anomaly in the

avionics system.

rd

Improper assembly and
arming

FSM software is
tested extensively,
and should not
deploy chutes before
launch. Restart
mechanism should
not enable a jump to
the wrong FSM state
[ Appendix V..

Test and analysis of
the recovery systeim.
Ensure proper
practice i assembly
and arming
procedures

Failure to arm
AVIDMICE SYSlem

Loss of radie connection

or faulty arming in the
flight computer.

Check wiring with
valtmeter during
assembly and ensure
that the flight
compuier will arm on
the arming signal.

Loss of
COTIMILLECATION
to pround
slation

Signal cormuption due 1o

loosebad wiring,

Check wiring with
voltmeter during
assembly,

Battery is low

Discharged battery

Charge all batteries
ahead of launch day.
Umbilical power
cable at the launch
rail.
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Components do | Poor assembly 2 Ensure fool-proof
not fit together assembly checklists,
and thorough
assembly practice.
Final Recovery Avionics faulty software FEM software is
arming systems deploy. | logic with FSM or restart tested extensively,
function, faulty sensor and should not
readings, or electrical 2 deploy chutes before
fault, launch [Appendix
V.B].
Avionics electrical fault Check wiring during
assenbly.
Becovery separation Follow the assembly
system fault or assembly checklists; Validate
BEHOE. the separation
system.
Lass of Signal corruption due to Check wiring with
communication | loosebad wiring 3 valtmeter during
to ground assembly. When
slation armed, the software
works without radio
connection, allowing
the rocket to still
perform its main
functions.
Loss of Low battery charge or 1 Testng systems and
communication | loosebad wiring to GPS wiring beforehand,
with COTS payloads or tracker. making sure batteries
GPS are charged.
Payload system | Payload runs out of 1: Is not We will ensure that
does not battery: Not enough critical to the battenies are
activate batteries, power drain is | nominal fully charged,
too high flight payload will last 24
hours+ at
MAXIMLM PoWer
drain at max
capacity.
Payload does not L: Is not Testing wiring and
recerve or respond to critical to the rest of the
launch signals; Due to | nominal system beforehand.
bad wiring. flaght
Lift off Modor (LAE. M) | Production failure from 5 Follow pre-launch
explodes Cesaront. Motor procedures and
during launch overpressurized. CrSUre proper storage
before use.
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Failure to Praduction failure from 1 1 Follow pre-launch
ignite Cesaroni of igniter. procedures.
propeilant
Moidor poes Faulty motor rententon 5 1 Validating load
trough or and structure. bearing struciures
destroys the and ensure proper
rocket assembly.
Powered Recovery Avionics faulty software | 3 ] FSM software is 5
flight systems deploy. | logie. faulty sensor tested extensively
readings, or electrical [Appendix V.B).
fault. FSM only uses
accelerometer before
Coasting, no
barometer, and the
Kalman filter
minimizes the effect
aof faulty sensor data
Exposed Loose wiring, dangerous 3 1 There aren't any £
conductive exposed material, heavy loose components
material on vibrations further when assembly is
wires, PCB, or | loosening stuff, finished, especially
similar come in nat with exposed
comact, material. Make sure
possibly all wires and PCBs
shorting or are well isolated.
causing other
damage to the
electronics.
Rocket is Stability margin is too 4 2 Make accurate 8
over-stable; high at large velocities. simulations and
Drastic change analysis of center of
of trajectory. gravity and center of
pressure.
One or more The fins are not 3 2 Assure correct L
fins are accurately aligned leading alignment of fins and
severed. to high angle of attack, or do thorough testing,
are not sufficiently sturdy. flutter and FEM
analysis.
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Coupler breaks | Coupler is too weak and | 4 1 Validate that the 4
during powered | ean not withstand loads coupler can handle
Hight applied during launch the operating torces.
Coasting Recovery Avionics faulty software FSM software is 4
systems deploy | logic, faulty sensor 4 I tested extensively
early. readings, or electrical [Appendix V.B]. The
Fault. Kalman filter
minimizes the effect
af faulty sensor dats.
Coupler does | Too high fnction 4 2 Reduce friction 8
not separate between parts, or not between the parts.
after apogee enough pressure in the Check tor
chamber, airtightness.
Drogue Drogue chute Avionics faulty software | 5 1 FEM software is 5
chute does not logic, faulty sensor tested extensively
deployment | deploy. readings, or electrical [Appendix V.B]. The
fault that causes a Kalman filter
software restar, minimizes the effect
of faulty sensor data.
The software should
handle a restart
[Appendix Y.M]
Main chute Avionics faulty software | 3 1 FaM software is 3
deploys. logee, faulty sensor tested extensively
readings, or electrical [Appendix V.B]. The
fault. Kalman filter
minimizes the effect
of faulty sensor data.
High air pressure after 3 Test extensively and 9
separations leads to that make sure the drogue
the chute bag opens and and main chute are
the main chute deploys properly separated.
Main Chute | Failure of The structure does not 4 1 Ensure 4
Deployment | airframe due to
crack
propagation
from holes in
composite
material.
Main chute Avionics faulty software | 5; Main 2 FSM software is 10
does not logee, faulty sensor chute won't tested extensively
deploy. readings, or electrical release. [Appendix V.B]. The
fault with the servos or causing a Kalman filter
that causes a software minimizes the effect
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restart. heavy af faulty sensor data.
immpact The software should
handle a restart
| Appendix VM|
Servo breaks down before 2: We have | Test the circuit. Order L
execution on the MCRS: two servo | servo froma
Toa high voltage sent incase one | company in Norway
through the servie cansing of them rather than foreign
breakdown break country io get a
down shovter and more
reliable delivery.
Main chute rips | Too high impact force 2 2 Control that the 4
the internal from main chute fasteners can handle
components out | deployment on the the loads they are
of the airframe | recovery module and/or supposed to,
holts.
Chute Tangling of the chute and | 5; Birkeland | 2: This can | Wrap the chutes in a 10
malfunctioning | cords fails to land | happen ie. | certain way that
safely if we pack | ensures a clean
the chutes | unraveling of the
wrong chords and
deployment of the
chute. Use more
swivel links
Chords get torn or the eve Z Use atennis ball o 10
bolt unscrews. Zippering similar on the cord
where the cords
woitld get in comact
with the coupler.
Validate cord
connections.
Landing Avionics Losing connection to the | | 5 Will likely lose 5
rocket contact on landing
since the radio is
line-of-sight based.
We will keep the
radio pointed towards
the rocket to maimntain
contact for as long as
possible.
Airframe Adrframe is not strong 1 2 Make sure the 2
breaks upon enough to withstand airframe and fins are
landing. impact with the ground. produced correctly.
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Blackbox Bad design with poor 2 1 Sturdy constructicn &
breaks upon shock absorption. ta ensure the
high impact blackbox doesn’t

break even if falling
at terminal velocity.
All data is also sent
simulianeously to the
ground station, and
should also be stored
there. Possibly some
backup data on the

5D card as well,
Rocket and The rocket exceeds a 2 2 Validate that the 2
COMpOnents velocity of 9m/s. Wrong COmponents can
destroved by angle of attack for handle a nominal
landing impact. | landing. Landing surface impact; In addition to
ean also influence this validating the
isand, rock, grass, parachute
concrete, efc.) deployments and
function,
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Hawk [oading
Hawk arming is to be done twice.

Hawk safety instructions. If there is time, read aloud to participating members.

NEVER put any part of your body aver the parachute canister cap while there is a CO2 cartridge installed in the system,
MNEVER put any part of your body in line with the open end of the Valve Body when the piston is in the armed position without
a Cartridge Adapter threaded fully into place.

MNEVER test any part of the system unless it is bolted firmly to an immoveable object

ALWAYS ensure that no part of anyone's body is in line with the pressure outlet on the Valve Body when testing the system
without a parachute canister attached.

ALWAYS keep the safety pin in place until you are ready to fly your aircraft. Replace the safety pin as soon as you land.
MEVER fire the valve without a CO2 cartridge in place. Daing so can damage the Cartridge Adapter,
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Scraw bolt s far
car by hand, Use alien
wirench 1o scresw in bolt
until you hear a click from
release arm settling in
14 place,

Wisually verify that the
release arm is armed
properly. You should see
the piston through the sight

16 hale,

Completely remove th
1a arming bolt

Werify that the COZ
cartridge is an unused
cartridge. Preferaby have it
weighed against a used

110 cartridge,

Attach mperah.n'e
sansors an the CO2
1 112 cartridge

146



E ASSEMBLY, PREFLIGHT. LAUNCH. AND RECOVERY CHECKLISTS V. APPENDIX

Winust Ingsertisn of sgras gng
complied master stombly chockisy

Comafyim Adgsmlly cheoitsl

iLicier e Baog fross B

Turs B Equuisser with) magnesc
bt am Eoptimes

sy i SRAD Awionids syilam wdth
ajretic emitch Ched hor connection on groundstaion

27 GPS 8 o Sansorboard Chies sleting grourd stason

Etiall il grevased sLaiiin thal
paplnad i offieng and rocdot = in e

Assembly and Avionics Inspection - Complete
Signature:
Date | Timestamx

147



E ASSEMBLY, PREFLIGHT, LAUNCH, AND RECOVERY CHECKLISTS V. APPENDIX

T 250 T Sheb launch

B bt Bom kunon fadl hass
el Forwaed coirles am atiacked LR
fawrch el 8 80 dog Fanses bol
LI asch Faf o B4 0 gag TRk

400 | fostianai} Wirep cocket i b

Turm oy SIWAL Auspaiis sy wk
i ewicd, Vel oo o
Cirmend wintam, (Chock; e correiEm o6 grrumhi s

| | vimily 5D card isusitul fratirwat ] Corermation tm greand wtatam

Prryinad orims Wity Pkt Wbt 0 NS ey

Grmargl wlatinn corbrom nxhei
kil wlmkar Chee i pn grounésistns

Greaiy mrimrd wi® et DA

A bl gt e, alwlis B
Al g espeel pibod sestly | o bed e iy i e U Lot
A demae ]

Wiy firng e iy et “hof” beon
mrnecing toagerery, by mmairisg the U—-mwn—-ﬂﬂmh-

wrileger acioas Lt vered
ders WAL PSS Wewifp ayaborm armed

Fitrm bne cormecied weth sppsrimoe

.36 fream Bange kisn;
e _

Ay v dhpe groen wiabns

A ekt Boen roand slalon

T W
TR0 flemch Tommand

Sagnature
Date | Timestamp

148



E ASSEMBLY, PREFLIGHT. LAUNCH. AND RECOVERY CHECKLISTS V. APPENDIX

A=k Bange Mawger by presmimon o
]
to Lapech pad

Aol i I e el weh

Putting safey pe intothe

Gafaty pr merted Gock in o ibe
ik an e PAT miftame

51085 Catwfyilly sy Ligors rpd

T Renioue roziel from rak Check that O roshes is sl the rab | Swan | Bwwn | FALse |

Urarrew and rempse the COZ
canskEn
Fromm the bl saltiaiterm

Asperrhiv firem 5.10 Unlowd hasés

Signature:
Diate | Timestamp:

Inspector:
Reader:

Post flight Debreef

Action Description Responsible

13 Takeo pictures of tho rocket Hanmahi

Gather telometry and apogeo infanmiation
14 i a prescntable way Anders FALSE

Signature:
Date | Timestamp:

149



F  ENGINEERING DRAWINGS

V. APPENDIX

lsometric 11

2169

053 J1815 [0 10 (100 [ 40| 1|10 [t0[1a]| 18.87
} L=
| 11?._%_5
Da g bry:

Shiae &prih

Tatherc frarce:
Sean FIRHEr Fop © 645 00 kM

TRigrane r --lla:l'u- Shest
For son-apeuied foleraccay, ouw WE-Ti0 FTA8-1 Fiddain . L ) 2
Pager uze Scaln
Ak ]
(R FEL-H i
T T T I T T I T T T T
I & . | a I A

150




F  ENGINEERING DRAWINGS

V. APPENDIX

o () o =
-+
[ ¥
C-C
¥ L]
g
» |
| an | s
= | :
B T 1
THhi
1]
i -
C -! Parl reww | Hnuigreed by
Figdie Heae T Shae &gt
[Anghne sy iApproved by
Fla = 33 uriees aiberwns wpeahsd Swan Fidtier Fio
R Flateral i Twhecal Rebromee:
GRLL-TS Alijmangm inmen FilHer Fio 0 245 00 B
Taleranne e I X | St
(P for-upmitied Toliresces, sae MS-Fa0 T989-1 Moddel B ;3-’&
Papar nize: | Ecata
o HE |ni
'-F':"-"'Jll-—'- Date | Mersan
it D HE |2
T I T T T T T I I T
o | ' A

151




F  ENGINEERING DRAWINGS

V. APPENDIX

o () o =
-+ &
¥
m 3
lsamelrie 11
. -
* ™
— 1 -
o z
Parl rers | Hnuigreed by
_Li--e-' Hise Tip Shae Bttt
[Anghne sy iApproved by
Fla = 33 uriees aiberwns wpeahsd Swan Fidtier Fio
R Flateral i Twhecal Rebromee: (=
GRLL-TS Alijmangm inmen FilHer Fio 0 245 00 B
Taleranne i | Ehat
(P for-upmitied Toliresces, sae MS-Fa0 T989-1 Moddel B L)
[ : | Bzt
- ‘:-"r ETET] I Iu & i
'-F':"-"'Jll-—'- {Date E'.':rsln-
Hot B e |
1] | L



F  ENGINEERING DRAWINGS

V. APPENDIX

[* _|_..5. | Lt eq dist
7 T T T 1T
—
J==| ®EI TS |
[ —
]
. 11 R L]
-
I g =
- = .
- 1'.3.. —t . = Tl
F m
'
| :P}' ]
i
o
Lial
rd
I'E ull i
i i i |
| ®
lromelric view
- |
] {Parl riss Denmpd by
;PuIlﬂl hé cap Troavd 5 hesmagard
|REughnesy Approved by
n .y alhersns apesified Surar Fldlter Fia § DFOL 2223
| T ke . - i it BabePull. A il i i
|| | Tathrrcal Rafwarce:
| RR-TE Afawadpm Teord Shensgrd /95 B 05 16
| Taleranme i Shee!
(For sor-apeiied folerarces, suw WS-T50 FTA8-1 Pidduin 2
4 | FPager uze Lcaln v
Ak "
| ""“=""-"|IFE_' Dae Iu’lu'ql
| ul Edo e I
| 1 I I | i [ 5 L] . |

153



F  ENGINEERING DRAWINGS

v

APPENDIX

% -

abeq dist

: ———
3
——
idan
lsamelric view
|tz
!F‘-rl rars i axped by
|PI:|||.|-I:| 1) Trowwd 5 hemagard
JLLIE: 23 Apgeoved by
wibenn aihersns apeifind Surar Fldlter Fia 5 3TOL 2223
Ta ferarce:
AR Th Al e Teoael Shemagurd ¢ 95 B B 10
Teigranm: r "lll'{-u Shast
For son-apeuied foleraccay, ouw WE-Ti0 FTA8-1 Fiddain e L. ire
FPager uze Lcaln
Ak L)
e o Date varian
TRk I
I * I 1 l § I Y I T I a



F  ENGINEERING DRAWINGS

| t 1 1 ' ' [
Top View
* Boom View
Left View
I 3
} A
o &
P \
! .
i =|I
W N
i
i
e "
_ ™ |- .
-
L3
-
uw
2] g |
|
18 1 '=|
i
e F,
b
. k4
il
i i
150 Wiew
:Plfl e ¢ Compurand {7 Drasrg mesar Diwaxped by
iBirkefand Vibrabion Parlosd Ok & KKK o 00 Troavd 5 hesmapard
Q REighnast A vid by
Ma = 33 vnbeen slherwns wpesifind -
Paterud Tartwrcal Rufrarce:
ahetl Tevaed Shemagrd ¢ 95 B B 10
Teleranre :4.-,1_;,_ Sht
For soreapetiied dolerasosy, sum ME-ED FT8-1 Fiddaln - i
Pager uze Scaln
Ak 1
- Date varsan.
T3l i
t [ B | 1 [ | ui

155




F  ENGINEERING DRAWINGS

V. APPENDIX

1 ' [ ' [
Fronl View Lel? Wiew 50 View
5 15
IR +
g - I :
— W L1
=l =
|
e
q:
| |
Je
3585 %
3B.85
I
--\.!-'?-—lh—-:--r £ HE Sk TR J
= - -~
o " | L
| . S’
-4
a . a2 :T_ = &
.!'“ ¥ L
- 'R ]
NE
Hote Weld size [a-mil| does not need lo be stcirste
[ hngle & Aofe important,
T M BED 9 e
:Plfl rarw ¢ {ompurant i ¢ Dresmng mosmer Diwaxped by
=Y L3 k) {Arhetand Vibrabian Parlosd Plale / 288 05 Trend 5 henapard
\\‘ & Ruughness Apgoed by
- - Ma = 33 vnbeen slherwns wpesifind -
Fatermi Tathrncat Bufrance:
bt Teorel Shemagerd | 75 B B 10
Talgrame |T:.|.|'.|:|' X e
For son-apeuied foleraccay, ouw WE-Ti0 FTA8-1 Fiddain — .I'-.-'I in
Pager uze Scaln
a3 17
s — e Varsan.
R ESCHE] |
] I 1 I s [; | W T | il

156




F  ENGINEERING DRAWINGS V. APPENDIX

= - M
e}
Fje
¥
e
|
|
|
| Lagph eqg. dist
| | -
ERCS
|
| 7
| | ———
|
|
|l
| N
< A
A0 4 A5
y t
kg
| —
i
leomelric view
éF‘lrIn-‘ i axped by
|PI:|I|.|-I:| hatom cag Troavd 5 hesmagard

| Reugrness
|Ma = 33 unbeen alherwns wpeifind

[60d2- T Atgwaign

:rillr-;nm
o son-apeuied foleraccay, o WE-Ti0 FTA8-1 Fiddain
FPager uze Lcaln
Ak 1
-nu:n-l-uif-—_ 'n.;ré h‘lH:Ill
LA EEGEH i
| £ | J l C i I [ | 7 I al

157




F  ENGINEERING DRAWINGS

V. APPENDIX

w12k

Isometric View (1:2)

& (510
¥
L n
R
= b
-
EF‘lrI e ¢ Cempurand i Drasmg medar i axped by
|l-'|'||l-:: Budbberad £ 7 ¢ 30 Emar Bergsid
E“lmll A vid by
|Ma = 33 S
e R, |15+
|Paterad Tatbrrcal Rafremce:
| ai e 500274 [ingr Bergilid, COBEESED
[Taieranms o [ Y | Sheet
o son-apeuied foleraccay, o WE-Ti0 FTA8-1 Fiddain e !IH
FPager uze Scaln
Ak "
—Hﬂ'ﬂl_iIE IJ-IhE !h'IH:I-I
Ivadcanii |i
I I I T T I T T T
' ] a I




F  ENGINEERING DRAWINGS

V. APPENDIX

pu = o bl o o
I I | I
B3
2t Front View p 55 z
| | 5 |
s i)
T 1 i T T
o 3
L
2.3 Tap View T
| |
-+
C =3 IS =]
; 1 !
L9
EP‘lrI e ¢ Cempurand il Drasmg medar i axped by
il-'rlll-:: Rl o £ 080 Emar Bergsid
| A by
T
Tt o
|Paterad Tatbrrcal Rafremce:
:l-ll.-l'\-hl'- HERE-TH Cinar Bergitil, LARERS5E
| Tuieranpe i '_I|.j.'.. | Tt
(For sor-apeiied folerarces, suw WS-T50 FTA8-1 Pidduin R in
| FPager uze Scaln
Ak |
- Lo
[ Date | Warssan
Ivadvise ]
T T I I I T T I T T T
H I I ! Y I a &




F  ENGINEERING DRAWINGS

150 View

- .4 Flatiered view

F3.L6

:Plfl rrw ¢ Cempurand i Drasrg mesar Diwaxped by
{Brbefand dsmirs Dangra Fade Troavd 5 hesmagard
REighnast A vid by
Ma = 33 vnbeen slherwns wpesifind -
Paterud Tartwecal Rufrarce:
Aljgrangm GERT-TH Trond Shemagord | 95 B B 3
Teigranpe e |'a1'|4. e
For son-apeuied foleraccay, ouw WE-Ti0 FTA8-1 Fiddain e L in
Pager uze Scaln
Ak "
- Date varsian
FRAY Il I
] I & | W T | il

164



F  ENGINEERING DRAWINGS

V. APPENDIX

1 I 1 " [l 1 [
"
10 4
_l'
- Parl rasw: iwaxped by
— = ”--ﬁ——” e =t Fokiler ring Faqrais Rassfad
Apughnesy Appeoaed by
Ma = 33 Trond & haeanerd
wn Fatermd Tasfencat Rafrerce:
Mg §HEZ 16 | Mgt EI1118
Trlgravne St
RS-150 EDRE-1 waidaly i
Scaln:
"
L f Varin
RERHFEH |
] 1 I & [; | T | il




= 33 ke alherwne apeifind

|6mz- 6 Apawaien
: Teigrane

[ Tathoucal Rafwrarce:

F  ENGINEERING DRAWINGS V' APPENDIX
i I : I : T . ] T . I ] 1 :
50 Fromt View
< |
[ ,_:. " = P = v == |:|:
Top View
pul ?.‘: ='
B, = o0 © © © © © © o
e
5 Hr
L 2D J ‘ \‘ L3758
N 9286 4 112.15
1e017 16287 l
17013 =
IS View TZ
Mate: All holes lo be equal size
éF‘lrI rerE i axped by
iﬂ_tln‘_l?:l_ﬁlltrnelhr Reroreery Rl _r-wsrf-m
|REughnesy Appovid by

Teord Shemagerd | 95 0 B9 15

Sheet

o son-apeuied foleraccay, o WE-Ti0 FTA8-1 Fiddain in
Scaln
1"
—Hﬂ'ﬂl_!I'-_I “":“l
I
1 I * I 1 I C l g I X I

162




F  ENGINEERING DRAWINGS

V. APPENDIX

875

Parl rusrs iwaxped by

Popin [-sull Droacied Foagraiy Rassfad

Ruighness Approved By

Ma = 33 Trond & haeanerd

Paterud Tartwecal Rufrarce:

Bljgragm GEET 16 | Fpeir WINININ

Taleranre e :-.||.1'.4. i

AS-150 Flui-1 wacdels e L in
Pager uze Scaln
Ak 11

l-h:ﬁlbu-l"r Dahe VEFE
RELLFEH I

a i | b [ | ¥ | sl




F  ENGINEERING DRAWINGS

V. APPENDIX

Part rars:

e by
Haaguis Amsshad

Feren ket
a = 31 | Trond & hesagard

Faierial: " Tathwucal Rafrerce:

Algrige BIIT TH | Magreis Resshag MRS

Taleranme r "III'{-“ Ehiset

HE-EE 2TEE-1 wackdein e R i
!Pmr e Gealn:
A 2
(TR i




F  ENGINEERING DRAWINGS V. APPENDIX

£ 109 &2 | E:] Parl rusrs Do axgeed by
B Hawk palw By Aassfad

Apughness Ap o b
™ fla = 33 Trand Sharagerd
oL : Fatermi Tathrncat Bufrance:
Myravn 4812 16 | Faepeir M58
Teigrgmne =] St
M- 2401 kel '—"T-}'ﬂ"' 1
L] Pager uze Scaln
I3 "
s tars s
[PATE LT 1
1 t [ “ B | 1 [ | ui

165



F  ENGINEERING DRAWINGS V. APPENDIX

D axped by
Foagraiy Aasshad
Approved by
Trond & haeanerd
Tartwecal Rufrarce:
il-ll.!'\lhl'- LLLES L] Feit Aassras W1
| Thiergan: ; y Sheet
AS-150 Flui-1 wacdels e L in
FPager uze Scaln
Ak 21
RELLFEH I
1 I * I 1 I C l § I Y I T I i




F  ENGINEERING DRAWINGS V. APPENDIX

1 [ ] [ 1 | 1
__E:.G_- | S SR ) S — 1 A—— 1}__ o
e - 1 ] |1 i
| | | 1 [ 1 | 1
Parl rasw iwaxped by
P perk bracket Foagraiy Rassfad
Apughnesy Appeoaed by
Ma = 33 Trond & haeanerd
Fatermd Tasfencat Rafrerce:
Mg §HEZ 16 | Mgt EI1118
Trlgravne St
RS-150 EDRE-1 waidaly i
Scaln:
i
s Tate Verin
AP L EH |
] ] 1 I & [; | W T | il

167




F  ENGINEERING DRAWINGS V. APPENDIX

— - — - — — — —_— — — —_— —_— —— —_— —_— — | —_— — S — - =
60 i 0 =
Parl rasw: iwaxped by
P upper rech bracke| Foagraiy Rassfad
Apughnesy Appeoaed by
Ma = 33 Teond % hasagerd
Fatermd Tasfencat Rafrerce:
Mg §HEZ 16 | e WI1818
Trlgravne — s St
Hiethih £360-1 puckbeln '—"T-}"i"" 191
Pager uze Scaln
L] 21
s — e Varsan.
RERHFEH |
1 t [ “ B | 1 [ | ui

168




F  ENGINEERING DRAWINGS V. APPENDIX

",
e |
"HF i Il s preferred if holes are cul with Ihe laser coller
= = J IT holes sre marwally deilled, round up Fo closest avslable dall hit
By Oo ot exeed Tmm lasger diamefer for the drill bit
'||.-"III
B i [ -
© AN radial holes are & Imm I,:’;,’:,','m,, i
) {Rrugrnes T approed by
|Ma = 33 Trond & haeanerd
19 == S o aa = fie
Mg §HEZ 16 Mgeit FI11918
1 -~ TRigrane e '-||.1'.4 i
=k H-t5d ETNE-1 makiel e L o it
FPager uze Scaln
Ay "
ESak I |
] I L I 1 I L l i I

|-

fom
-
=

169




F  ENGINEERING DRAWINGS

V. APPENDIX

1 1 L] ' ]
2z
==
(Parl ruew iwaxped by
O-sub braceel Foagraiy Rassfad
ARughaness Approved By
Ma = 33 Trond & haeanerd
Fatermd Tasfencat Rafrerce:
Mg §HEZ 16 | Mgt EI1118
Taleranre e :-.l |'.:|'.4. i
AS-150 Flui-1 wacdels e L in
Pager uze Scaln
L] 1
s — e Varsan
TS I
] 1 [; | T | il

1



F  ENGINEERING DRAWINGS

V. APPENDIX

1 1 L 1 i ] [l
A A
Qusck Link Shoulder screw “dumpapp” -
=
T HE Shoulder bolts & Lock nuts
' g f  Serva & tamera housing
[ ME Main docking bolls .1 / Msin chute docking - il '
............. oy ol | o |
it ! F; oz
L i o Sy
An | ! / h
N 1 2%/
L \ '.L‘ - f_,-" —1
1
v J e hodl
&) " -
il Tl Upper release arm
: 'I&"f'" ey 1 7 Lower relesse arm g
5 - s g
Earing-losded release arm L Pt P
- = -
-. > - rel
Hx! - oy 2 P o |
B f ' - o
N | £ __ HAS "POM" latk ful
:-T‘--f;b.. By . &
-""" .5'; A .. 5 i !
b o . LB
- L 1
“€a P
- f“-‘; \
H5-BSMG Serve > . Push are “slesve”
=t MRS "POMT —
E Farl rrm Ounmed by T
Ler Hamedute
LR ST Rpproaid by
Ml = XK rad mireies anrad o cppgit Fame/datn
oL Flaleris- Tethaaal fAnfreme i
e LELLEL]
Tolerace -“l |'-J-| Shesl
Tolersuar for dois-Feberamsenal e el MBS 11601 wuidain L= Wi
L] Magsr wap Exaln: v
o W
o Date versan
| Kk
| P i | [ | " T sl

[+

171



F  ENGINEERING DRAWINGS

V. APPENDIX

1 ! : L 1 [ [
Limkaf ar whhg Iromeine view
38 e 4]
* "m0 138 o o
(TR I-—j Pa 7%
T T = "= ____?_______"i___ = Jr— {
i.
I LT . B —t'-—I W
' g [l ] B 1
W@ R I e | I 1 L N N SIS O o |
o - . = a1 | M
L | =~ L) "
megwrried ki
¥ _stiges fott il
etk S | RN __._.#.. Ptk m—
1 1 -
B
53 75 B0 | &
3 | — T i
BizN
3 LA
! y a0
L 3x @ eq. dest.
] Farl s [T 3 L
Brbefand [eupler CSpen Filter Fro [ R EE NN
Ruighnast A oed by
Ma = 17 mad rmmcrn wveal or appgiit Hame/ sk
oL Fateru Tartwrcal Rufrarce: i
Aljramgm §E0Z-TH Sean FIRHEr Fop © 645 00 kM
Talerane e :-.||.1'.4. i
Teinrsmanr der wis-talwaneeuatie mil K5445 1861 eakdely e L in
L] Pager uze Scaln v
Ak L)
TR EE i
1 P | 1 | b [ | [N T | i

172



252

F  ENGINEERING DRAWINGS

V. APPENDIX

150 View 12

= Lett Wisw

batteq dist

i axped by

Seen FIltler Foo § 25043927
Approved by

Samars Flalter Fio / 1504 2122
Tathrrcal Rafremce:

Sean FIRHEr Fop o 645 00 kM

[Taieranne ,- Theet
Telarees fer esrv-upanbnd Sewmucea: Hi-i00 FPad-9 el ¥ in
FPager uze Scaln
Ak 1
-nu:n-l-uif-—_ 'n.;ré h‘lH:Ill
v I
i [ i [ : [ : [ T o

173




V. APPENDIX

F  ENGINEERING DRAWINGS

PR View

- — — ——— — — —D—

ExML &g dizsbance

Bl oz Bl s

m m mwmkmml
| il
HHHEAE
L Y

ksl

Telarannnr der min-taleaneenat i il /5450 2661

Ma = 33 reed pandra anaal or comphl

Pateru

s

ARighnesy
Alyraren

Telerspe

{Birbgland Haber bulbbead

[Par) s

174



F  ENGINEERING DRAWINGS

Vo APPENDIX
' 1 1 I 4 1 1 1
Back view
w il = i C
B = "l = — 2 e l"_l =
= u-| o Te| = A-A I 5 5
| 4 = | '“'i |
B o 0 i ®
SO | =
e—— — -— —
| 7.5
51.5 51.5 515 Ik I+
|
|
Top s | e
L9.5 51.5 L9 35.25 .
w L wd B A _*
o ; e
: ) = 13 B-B (11|
T Y ":“ -3
0 © 6
BT A
Ul o
s g 18/
- FEZ.EE
£ (1) '
=
~
!Plfl e [T} 3
iBrhetand Laft Fin Brocked - Bliae Mgt 0G0
Augrnesy Aoty
Ma = o§ Samar Flalter Fa / 1R05508
2,25 Hetrad D —
Carten e
ITaieranme e |'.:|'.4. i
4 Teisrsmanr der wis-talwaneeuatin @il K5S448 11861 ewoeen e L in
i Pager uze Scaln
v ax "
LELLCEE |
P | 1 | s By | " T | i

173




F  ENGINEERING DRAWINGS V. APPENDIX

I ! T 1 T . 1 T ' I = T -
Back view
u] F - ;
LA LN = F =y " & 0-o (1l
3 =i| = | > gl . m
I 1 I l T
'Ei}'l 1 | G- o
| !
o [
E
I. .
L 1.5 5t5 518 51.5
Top view
L2 i L 15 495

= i
]
E
251 66
.......... =
Kommentar: Right Fin Bracket er formlik og speilverd av Lefl Fin Bracket,
men raden med Tem hull shal viere gjengel og ikke Torsenkel
i axped by
Shiae Mpeihd G057
Approved by
: Surars Fliler Fia § BW0&522
e | Lo o ottt
l*'lﬂl Tatfrrcal Rafwrwrce
Fi [Taierance Theet
oy Teleranunr dor mhe-taleraneeatin wil 55450 2THE-1 ewoem i
I Scals
" 1"
-n:u-lruif'-_- Versa
i
I * I 1 I C l § I X I T I i

176




F  ENGINEERING DRAWINGS V. APPENDIX

I i | - | ot = I = |

in] =l

;LL'.'.-I‘ of paris in- dssembly

|Part name Shest (Qusntity
|Eentering Ring 2L n
| 'Wedge ENE 1
|Boat Tail [are 1
 Digmeter shal makchs o
Hull i Centering Ring eq Wedge skal malche
- _'...:-'_
-

o -
e
o
-:‘_:_‘_‘__'_"‘EH_FEE
Isometric (1:1)
Sechioned view
EP‘lrI s i axped by T
iﬂlal' Fad &ssémbip Shiae Mqeth
;ulmll A v by
|Ma = 33 unbeen alherwns wpeifind Surar Fldlter Fa
| 1xrnivnisli bl i i i @abe)
| wl Tathrrcal Rafremce
| kbl Th Aljraigm Sean FIRHEr Fop © 645 00 kM
| Taleranme Sheet
(For sor-apeiied folerarces, suw WS-T50 FTA8-1 Pidduin (1Y
| Scaln
m
| —Hﬂ—l_iii'—_-_ |"";"
| It
T I I r T T T I T T ' I I I I T T r T T T
CE— . , . § E— ;

177



F  ENGINEERING DRAWINGS

V. APPENDIX

..!.Ea -

!

9.8

Isometric [1:1)

{Par! rers
[on_
|Anughnesy
|Ma = 33 unbeen alherwns wpeifind
[Rowew T

{6041 T4 Miyravem

Dinaxped by
Shan Aaalh

Tpproed by

|y il Ha

Tathrrcal Rafremce

Mamg/Ht Gmer Flilter Ac ¢ L85 00 BFE

[ T T

{For soneapeiied folerapcey, sum WS-G0 FTAS-1 Fiddain el el | W Wd
FPager uze Scaln
Ak "
BB |i

178




F  ENGINEERING DRAWINGS V. APPENDIX

Isometric [1:2)

Cjengedybde & 7mm

_Lag 35 lite Ifispor som mulig

N B
T i,
¥ L
) - ——
Eﬁ -
T o T | " ]
Ll w I: - e ™
(] s 1= m i .
= o | ™ i o el -&
= =2 | P R
i “: B Ll
L-3
i : el " b
T 1 I
£ .= /
éF‘lrI s Diwaxped by
il,'fnlﬂ'm Rirg) Ahan Ahwlh
| JLLIE: 23 Appeved by
= -+ ™ |Ma = 33 unbeen alherwns wpeifind Tiran FIler Pl
st s Pt L it st | d nd Bl M
|Fataral Tathrrcal Rafremce:
| 6Db1-TE Mljraigm Hamg't!  Soran Fliler Fo 7 bA5 00 ET8
:r|||r;.1|:¢ i '-||..‘|'.. | Sheet
o son-apeuied foleraccay, o WE-Ti0 FTA8-1 Fiddain e !ln'l- e
FPager uze Scaln
Ak "
—Hﬂ'ﬂl_iIE IJ-IhE !h'IH:I-I
P i |i
I I T I I r T T T I T T ' I I I I
G I

. i T s T




F  ENGINEERING DRAWINGS

V. APPENDIX

lsometric (1:1)

|
e | i
A TCRACRESES | S A NN K NS w| ¥ i
(ol i =
= =
17.0H 10
ey
I
= — 1
L}
o,
1 |
k MiDex1 5w | . Bjengedybie 07 Skal passe med Centering fing
EP‘lrI s i axped by
illal'_r_ll _5_-lm_Jl_.|_|_|n
|Ruughnesy Approvied by
|Ma = 33 unbeen alherwns wpeifind cimgr FbiFer Flo
st s Pt L it st e e L
|Fataral Tatbrrcal Rafremce:
| kbl Th Aljraigm Hamg/Ht!  Lewen Filifker Fio [ LES B0 170
| Taleranme | et
(For sor-apeiied folerarces, suw WS-T50 FTA8-1 Pidduin frr &%
| Scaln
m
[ mr———— [varsinn
It
r T I T T ' I I I I T T r T T T
G I ! Y I a i &




O ENGINEERING DRAWINGS

V. APPENDIX

PDB schematics

Main schematics

il
e =k
a Ll w1 A L
- LEl i e
ﬁ]:‘- vii i o
e ) ==
M Wik up—‘
= | T -
E]jﬂl 1 PRI be— o
ma 1 o
£ ot= =
: .: Vi A
.- s
I e |:|-r“"_‘L

Mowfes Gt

Sya_jues md gevey el choas SHEBLS el cucos

™

141




ENGINEERING DRAWINGS V. APPENDIX

2 I 3 i 5
BAT 1P o
A E”T g .
N e
EED o
el RS
EACKT & ;o + EI 4
] s
RELx
1y Y
.
T ] Bex
Y N D
WXL e
5w | il
& g A Bld .
WiV W PRI
m S DI H—
e RS : F TN
T A f[e R | pews  BEC 3|2
w121 E=m = I——'—I_ 4‘-
GHD =
T [SEFE )i ]
= 5 % Y OHD
T o :E:J 12V 12V SW Reoor_ P 3
T on DEOE 98 %1 —3= B Lot volfr ol
reae T Hrv—9 = e ookt
" i B4
sl oy EHE g S| = |ieedl =
15 16 L‘-'—_T %’ fi I ) . oND b e g B GHD
EOYIETIG o | : TI14
i == AL ToRth i P
= 008 Vg
L' AL PR
: ‘ ﬂ'_lgw - s
LE“'"’?":E]__""E' ; ] ?é > = ey
X g ﬁ“&:‘“"!t 1 g r e O L L f
W e T 1 bt _“_Erj% ; 5
[iE] H Al T
— A S o 2 G GND
ﬁ ﬁ 05 ADC 14 oy LS [V Step Up Begulator
& ﬂm _L_
BTG n- 358 EXT. GHD
Apcupme t [ .
Al e T 4
ADC | I o iy
R N o e ay
4 £l 5 Bk PR e —
Ll @D oD
=L 1EEIA1I08 TEV e up reguinbor
& =
ahD
il
S Nmmber Emvmon
A
! [ SR of
Fae: G maren . Headeey T Sckloe | D By
2 | 3 4 5



i ENGINEERING DRAWINGS V. APPENDIX
Header schematics
2 I 3 4 I 3
LIV SWITCH
oD
l
1, L
1 160eF US -] 00sF
L R R voe |- [azv
hafid i hav
—= WOUT oo 8 Javy, #2
R B
b PO frar = i oNe
w ——1
s
e
IV SWITCH
GxD
l
:L:!L *::1
T tooaF um T 100wr
o 5 —La vt VN Jav
VOUT VIN !
i S ey
— ] e ocP g oI 'l"-""'ul'h'u'ﬁ\n'
Va8 PG K il ONE
s ——f
oxp
43] 4
frees
Tl
| Sie Foamber Fevaicn
Ad
|_Dhain. 508 002 |
File' 0 ‘maery Bwachen Soklior |

Switch schematics

183

&

-+




G ENGINEERING DRAWINGS Vo APPENDIX

PDB PCB signal layers

Top layer

GND layer




G ENGINEERING DRAWINGS Vo APPENDIX

PWR layer

= I ¢ BE= TN - B = = O] =

s 0000000

Bottom layer




G ENGINEERING DEAWINGS Vo APPENDIX

PDB PCB top layers

Top overlay

Top solder

18



G ENGINEERING DEAWINGS Vo APPENDIX

PDB PCB bottom layers

Bottom overlay

Bottom solder

187



V. APPENDIX

Payload main board schematics

O ENGINEERING DRAWINGS

H 1 .““—W
EES m_ﬂ. o L .ml
slE ) o8
u.m_lm .
B By B
__“ ﬂ
£ 8 [
b . &
m:nﬂmmm mm
_L LR 3] —— m .
|
i '8 £ : LvogR R Lh A 15
. ’ ez e g
s fefs "__.n._wu alE plE gl
slig BRIl _Lyg g
v§
1 TaiTH
BE BRERER

RERER32337 FEEREEEREEREE

E mﬁﬁﬁ% bw KT

P_ ;._ il

mﬁmw Mm LE

m.m muwmmm _n mmmmmmmmm

AN :m%%t;

A

188

Schematics




G ENGINEERING DEAWINGS Vo APPENDIX

Payload main board PCB signal layers
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Ground station PCB signal layers

Top layer
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GND layer
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PWR layer
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Bottom layer
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Ground station PCB top layers

Top overlay
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Top solder
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Bat_temp PCB bottom layers

Bottom overlay
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Bottom solder
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Bat_temp schematics
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Bat_temp PCB signal layers

Top layer

GND layer
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PWR layer

Bottom layer
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Bat_temp PCB top layers

Top overlay

Top solder
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Bat_temp PCB bottom layers

Bottom overlay
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Constraints and Interfaces appendix

Interfaces

Table 1. Project matrsx that dlusteates the interfaces between systems.

Castgmart -=

e Sbruchus Rcervaiy

Couping, motermount bost sl Coupime AR srbsms. Formars
rame. GOCP M

foroe]

Shoowies money for e ayesem | Aliocaies money for R aywiem Slccaies money dor Te ayuem  Alocaed money for e apaem  Alocwied mosey far e eyem

Constraints and requirements

These requiretnents are imposed by the team, and are in addition to the requirements stated in Bules and
Reguivements [2] as well as Desien fest eveluation amd guide [1]. All requirements prefixed with 8™ indicate that
the requirement is “Self imposed™.

51, Outer Structure
51.1 Functional requirements
S1.1.1 Overall Structural Integrity -

The recket shall be constructed to withstand the operating stresses and retain structural integrity
under the conditions encountered during handling, as well as during {light

S1.1.2 Muasntain o stability margin within limits of SA Cup

51.2 Performunce
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5121 Need an aerodynamic design in order to reach targeted apogee.
S1.2 From other systems and the board

S1.3.1 Need a RF transparent area in the nose cone and fore tube where the radio transmitter
COTS (PS5 15 sifuated.

51.3.2 The parts must be designed in such a way that they can be produced with the equipment
available, and within budget.

51.3.3 Length and diameter must be large enough for all systems to fit inside the rocket.
51.3.4 Must be validated through tests and/or analyses

52, Inner structure

52.1 From other systems and the board

52,11 The parts must be designed in such a way that they can be produced with the equipment
available, and within budget.

52.1.2 The inner structure must be rigid, and withstand forces from multiple directions.
52.1.3 The structure must house the Cesaront CT1 Pro%8 60GXL 21062 (33400-IM

£2.1.4 Avionics and recovery have to be in the same part of the rocket after separation as the
avionics and recovery needs to be able to communicate and deploy the main parachute after the
rocket is splitin two.

52.1.5 Communication lines between avienics and recovery needs enough room and moeunting
povints to be placed and secured properly.

52.1.6 The radio transmitting subsystems of the avionics system must be placed within a
RF-transparent section of the mcket fuselage.

52.1.7 Secure mounting points on both halves of the rocket for the parachutes.
52,18 The rocket needs to withstand an impact with the ground at up to 7.3 m/s.
52.1.9 The inner structure must adapt to the shape of the alrframe.

52.1.10 The inner structure must be arranged in a way that accommosdates a suitable center of
gravity for the rocker.

52.1.11 Must provide adequate space for wires for avionics.

S2.1.12 Must be designed in a way that makes it efficient and simple to assemble and disassemble
during pre-launch procedures,
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52,113 Must be validated through tests and/or analyses

52.1.14 Must be designed for ease of assembly,

53, Recovery
53.1 Functional reguirements

S53.1.1 The recovery system must be able to withstand the experienced forees from the drogue
chute and main chute deployment with a safety factor of 2

53.2 Performance

53.2.1 PBSS must be able to separate the rocket

53.3 From other systems and the board

53.3.1 Recovery must use electrical components compatible with the COTS flight computer
53.3.2 The recovery system needs to be able to fit between the coupler and the payload
53.3.3 Components need to fit within the given inner dinmeter of 124 mm

53.3.4 The parts must be designed in such a way that they can be produced with the equipment
available, and within budget.

53.3.5 Must be validated through tests and/or analyses
53.4 Environmental facrors

53.4.1 Pressure difference between atmosphere and the recavery bay
S4. Avionics

54.1 Functional requirements
S4.1.1 Must be able to send activation signals to recovery systems at the correct time in flight.
54.1.2 Must have state estimation for correctly predicting recovery signal timing
34.1.3 Must be able to handle data input, processing, storage and cutput
S4.1.4 Must be able to safely log data
S4.L.5 Must have data filtering for sensors {Kalman filter)

S4.1.6 Should be able w send lve data from rocket to ground station dusing flight
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54.2 Performance
54.2.1 Should be able to set up and verify avionics system status on launch pad within 10 minutes

54.2.2 Should be able to wire up, assemble and perform initial verification on avionics systems
within 2 howrs

54.2.3 Should be able to run diagnostics on the system remotely from ground station

54.2.4 Should have feedback on system status {Audio, Lights ete.)

54.2.5 Should be a reusable system

54.2.6 Should be able o collect accurate flight data during barsh acceleration/pressure changes
543 Frown other systems and the board

54.3.1 Must physically fit inside the rocket body

54.3.2 Must be able to handfe rapidly changing temperature and pressure

54.3.3 Must be able to handle high G-forces and vibrations

54.3.4 Must have a blackbox like solution for safe data storage

54.3.5 One of the Mlight computers must be SEAD so that our members gain engineering
EXperience.

54.3.6 Must collect data for use in later analysis and development, or for troubleshooting in case
of failure.

54.3.7 Must be designed in such a way that they can be produced with the equipment available,
and within budget.

5438 Should weigh less than 2 kg
54.3.9 Placement and dimensions of components are restricted by other system components
S4.3.10 Must be able to activate recovery systems
54.3.11 Must be capable of operating four servo motors total
543,13 Must activate the separation systern within 11 seconds of apogee.
544 Environmental factors

54.4.1 Should have bateery life to stay powered on the launch pad for minimum 1 hours
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54.4.2 Should have bateery lite to stay powered forat least 30 min after launch
54.4.3 Must survive temperatures ranging from -40°C to 60°C
S4.4.4 Must survive desent conditions (temperatures, humidity, sand)

54.4.5 Must be able to withstand high percentage of humidity caused by altitude increases
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CALCULATIONS AND ANALYSIS

2A .Outer structure:

Ajirframe composite analyze
Problem statement:

During flight the airframe will have quite an amount of force. For a safe flight we need to figure out if the
material used on the airframe; namely Toray TT00s carbon fiber and Zentron 32 738 Glass fiber with UF3369
epoxy, can handle the flight, as well as how many holes we safely can allow in the airframe [4].

Figure:

Assumptions and approximations:

The assumptions used for analytic treatment of a composite material is:
Fiber:

- Homogeneous

- Linearly elastic

- lsoiropic

- Regularty spaced
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- Perfectly aligned
Matrx/Epoxy:
- Homogeneous

- Linearly elastic

- lsowopic

Physical laws:

VI = volume fraction

M = mass fraction

E = tensile modulus/voung™s modulus
G = shear modulus

a, = Tensile strength

a, = Compressive strength

E = Tensile strain

2= density

v = Polsson’s ratio

X! X = Value fiber / Value epoxy

CP = Specific heat
K = Thermal conductivity
CPE = Coefficient Thermal Expansion

X X, =Value carbon fiber [ Value glass fiber
X, /X, = Value longitudinal / Value transverse
X/ X, = Value in plane / Value out of plane

From the properties given by the datasheet of the materials and given the assumptions made we can use the
Following equations to caleulate mechanical properties of the carbon and glass fiber reinforced composite [4]:
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Properties:

Properties of Toray T-T0{s carbon fiber |6]:
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Vg, = 0.58

Py = LB [giem™3 ]
Ty = 4900 [MPa|

Ee = 230000 [MPa]
CP.= 0.7536 [kj'kek)
B = 9372 |wimk]
CTE.=3.8- 10"

ve =026

G = T2784.81 |MPa|

Properties of Lentron 5-2 758 Glass Fiber [T]:

Vi, = 0.55
Py 246 [ glem’)

Ty = 3660 [MPa)
E,, = 6000 [MPa]
CP; = 0.737 [kjikgK]
Ko = 1.1 [w/mk]
CPE, = 000016

vy = 0.23

Gipo= 27741.94 |MPa]

Properties of UF3369 epoxy [8]:

Vg, = 0.42
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Vi, = 0.45
pe = LI8 [glen’]
ey = 92.4 [MPa)
o, = 1460 [MPa)
E; = 3100 [MPa]
v = 0.2

G = 1291.67 [MPa|

Calculations:

g 1.54 [glem’]

E, = 134702 [MPa]
E, = 7246 [MPa]

v, = 0.2348

e = (L01263

Giyy = 4576.52 [MPa]
Giyz = 3733.4 [MPa)
&, = 2880 [MFa)

Ey= 001636

¥, = 0.3925

Er = 00076

p = 1884 [p/em’]
E, =~ 48695 [MPa]

Ey = 659%.19 [MPa]

v, = 02165

Calculated Mechanical properties of carbon fiber reinforced composite:

Caleulated Mechanical properties of glass fiber reinforced composite:
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vy = 002934
Cigy = 3886.00 [MPa]
Giyz = 3274.91 [MPa)

@, = 20354.58 [MPa)

¥, = 0,0331
Xy = 0.3023
¥, = 0.0090

Reasoning, discussion and verification:

FEA on composite material with caleulated material properties will not be accurate. Composite materials are
definitely not isotropic or linear elastic, and material properties largely vary on the alignment of fibers. However
the purpose of the finite element analysis is to give validation comparing it to the compression test done on a test
piece of the airframe and to give an estimate of the mechanical properties. Especially important to keep in nuind is
that glass and carbon fiber are extremely brittle materials, theretore you can expect variations in mechanical
properties on each test ptece. For such brittle material, as a minimuwm at least five test pieces should be tested, the
team however only had two test pieces of both the glass and carbon fiber used on the airframe.

A mesh size of 4 mm was chosen on the Finite element model.

Final resulis:

FEA:
All analyses were done in Ansvs, and tailure is graded with a safety facto where a seore of under 1 means
material failure.

Failure tools used:
- Max strain
- Max stress
- Tsai-Wu
- Puck
- Won Mises

Compression test on forward airframe:

- Fixed support at the edge between forward airframe and coupler, while the load is on the opposite side
where the nose tip and nose cone intersect.
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- With a Force of 75 kN the glass fiber has a failure at the tip of the nose cone. Failure elc translates to
compressive strain failure and the failure is expected in layer 8. The force can be compared to the
forceshitting the nose tip during flight.

- Tocompare the analytical test with the compression test done a2 bylisen it would be beneficial to test
max compression until tailure at the cylindrical part of the forward airframe as well

The glass fiber is now experiencing failure at approximately 100 kN of force, and the failure is expected at the
holes. E12 i a shear failure, and it is most likely to start from the 2 layer. This result compares with the
delamination we experienced at approximately 98 kN at the compeession test. Shear failure also corresponds with
the delamination we experienced at the compression test, however there the failure startet at the ends of the test
piece, not the holes. The ends of the test pieces were however damaged due to machining.
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Compression test on Aft airframe

- On the aft airframe the fixed support is placed at the intersection between the aft airfrane and boat tail,
while the load is placed at the edge between the aft airframe and coupler.
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- Ata force of 1B KN the woven carbon fiber experiences failure, with max strain being concentrated on
the tastening holes for the boat tail and fins. This compares to the compression test done on the carbon
fiber test piece which experienced delamination failure at a force of 190 kM. The same occurred at the aft
airframe as the forward airframe where at the compression test delamination started at the ends and not
at the holes.

Flexural strength test on airframe

= Itis imteresting to calculate how much force the airframe can handle perpendicular to the rocket axes. To
test this the edge that connects the aft airframe and boat tail and the intersection between the nose tip and
nose cone are set as fixed support while the load is acting perpendicular to the rocket's axis on one of the
holes in the coupler. The test is similar toa 3-point bending test. Since a different anpgle of attack wiall
increase the forces working perpendicular to the rockets axis. It is also expected o be some forces
working in this direction when Birkeland turns at apogee and stans the descent.

By & H00 N
Ficed fipport

-—_

000 Max
1675

1.75

1.625

1.5

1375

1.i5

1.125

DEGEET Min

= Ar4500 M a fallure occurs. With a safety factor of 0.8% the faitlure is most probable to occur in the
forward airframe between the intersection between the coupler and the forward airframe and the shear
pin holes. We can also expect failure n the aft airframe, however a smaller area. It can also be observed
a higher concentration of stress on the end of the nose cone for the forward airframe and at the boat tail
and fin holes for the aft airframe.
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Last but not least the finite element analysis shows that the coupler made out of aluminium G152 T6 will
experience a tensile failure before both the carbon and glass fiber reinforced composite with a safety
factor of 087,

Fin analyze
Problem statement:

Birkeland has four fins made out of carbon fiber reinforced composite, using hexply 5582 fiber. The fins are made
using the lay-up method using 21 layvers of 0-90 degrees fiber resulting in a final thickness of 4. 3mm. Using CFD
the most eritical forces working on the finns are found. The finns have a major role in ensuring a safe flight,
therefore it is important to validate the strength of the finns.

Figure:
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Assumptions and approximations:

The assumptions used for analytic treatment of a composite material is:

Fiber:

- Homogeneous

- Linearly elastc

= lsowopic

- Regularly spaced
- Perfectly aligned

Matrix/Epoxy:
- Homogeneous
- Linearly elastic

- Isomropic

Because of these assumptions it is assumed that the composite has lower material properties than what the finite
element analysis gives.

Assumptions from |4

Physical laws:
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Calculation of strain [4]:

Y Szr Sy 0 O - i g i
i 1 4 ll_'::' i F‘
Eu = l&r; 1.‘1”” I.} =1 I‘J'ﬂ ¥ i 4 F
w o W o
E‘H‘ Lll'
Calculating transverse poisson’s ratio: 1
*‘:':'ln ==
E, Gy
U Uy~ —
v = -E-':-
Properties:

E = tensile modulus/voung™s modulus

G = shear modulus

a = Tensile strength

E = Tensile strain

g = density

v = Foisson’s ratio

X/ X = Value fiber / Value epoxy

X/ Xy =Value carbon fiber / Value glass fiber
X, /X, = Value longitudinal / Value transverse
X,/ X, = Value in plane / Value out of plane

= 1.77 [gfcm’)

E, = 67000 |[MPa]

E, = 66000 [MPa)

E = 800 [MPa)

v, = 037

iy = 3886.00 [MPa)
Gyz = 3274.91 [MPa]
a, = 1014 [MPa]

a, = 959 [MPa)

Values from datasheet [9].

Calculations:
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E'-l- o

8
x,

L

036

LOITRS

01027

0443

Reasoning, discussion and verification:

Only the finite element analysis has been completed at this point in time, While the safery factor is high there 13
expected to be a high difference between properties the finite element analysis caleulates and the actual material
properties. However early June we are taking the finns to test both shock and vibration. Especially important is to
validate at which speed the composite induces fin flutter, which will be tested at the same time as the vibeation
and shock test. Small test pleces of the carbon fiber reinforced composite will be sent to Kongsberg Aerospace as

we also have a deal to do extensive imaterial property testing.

Finmal resules:
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The higgest load working on the fin during flight 15 a force attacking perpendicular @0 the rocket’s access. To
represent this load a fixed support 8 placed on both sides of the finn with the purpose of imitating brackes. The
mesh created around the fin has a dimension of 1.5mm.

. Fived Support [ Force: 1000. N
T Components: 010000, N

= Armax ) the perpendicular foree is never expected to exceed 1000M, and as shown below the fin is
expected to have a safety facior of over 4.

- For forees working directly on the wedge angle the fin 18 expected to be stronger, however tested to
validate.
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I Force 11000
Companenty 100000 N
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Coupler

Problem statement:

This analyzes if the coupler can withstand the force applied from the motor to the lip of the coupler. Which isa
worst case scenario and not realistic.

F_‘igu re:

Assumptions and approximations:

For this analysis, the foree from the motor with 15 G is at 4750 N. Which is applied to the lip of the coupler. And
see if the eoupler is structurally strong after the foree is applied.

Physical laws:

Peak motor force = 4750 N

Properties:

Aduminum G0R2-T
Yield strength: 250 MPa
Young's modulus: 6% (iPa
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Properties from |10

Calculations:

Mesh size, Local size
Load type

Load

Restraint

Material

Experienced Load
Safety Factor

Max Displacement

Stress analysis of Coupler

3 mum, 1 mm

Force

4750 M

Clamp

Adu 60E2-T6 (Yield strength: 250 Mpa)
6.14 MPa

40

=100

e Wi DA | W ST

R
(T
]
e
g
=i
7y
i d
el
Sliey  *

i)
e T
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Boat tail
Problem statement:

The boat tail will be the main way of force transfer from the motor to the airframe. FEA was used to insure the
part will be able to sustain the motor force without deforming or breaking.

Figure:

Assumptions and approximations:

It was assumed that the aieframe will not deform significantly. So the interface between boat tail and airframe was
assumed fixed normally on the contact surface. The model was made as one solid part rather than three parns
fastened with threads and screws. As most of the load should be transferred through the centering ring this was
deemed accurate enough.

Physical laws:

FEA

Properties:

HO82-TE yield strength: 280 MPa
Maximum thrust: 4.7 kN

Calculations:

The Boat Tail was validated with a FEA physics simulation in 3DEXPERIENCE. The model was fixed
to the airframe and a force of 5 kN was applied to its interface with the motor lip.
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A maximum force of 9.47 MPa was observed. This gives a safety factor of 280/9.47 = 29.6.

Reasoning, discussion and verification:

The assumptions made may make the result less accurate, but as the safety factor is so high it is considered
unlikely the boat tail will fal.

Finmal results:

The boat tail was deemed steong enough for flight. Being much stronger than necessary the thickness could be
slightly reduced in some places, but this would make the design more complicated and harder to produce.
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2B. Inner structure:

Avienics Module Ring
Problem statement:

The avionics module rings are the main mterfaces between the module and the airframe. In order 1o validate that
the strength of the component is adequate, FEA with the expected forces has been run on the part. A minimum

factor of satety of 2 is expected.

Figure:

-Bearing loads are marked with pink arrows.
-Radial holes along the outer diameter are clanped.
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Assumptions and approximations:

For this analysis, the weight used to find suitable expected forces is the weight of the avionies module. Including
assembled mounting plate, camera mount and rails. Expected G-force during powered flight is 14 (. The module
rings do not hold other loads than the mass of the module. Fastener type used is M4 bolts as shown in figure,
Approximated forces are applied as bearing loads where rails are attached. Holes that fasten to outer structure are
clamped, preventing these surfaces from moving.

Physical laws:

Toral mass of module (excluding module rings): 2.08 kg
Force at 1G: F = mg = 208 * 98] = 2040 N
Force at 14G: 20040 14 = 28560 N

The module has two module rings, with three holes attached to the rails which in turn are attached to the
mounting plate. Theretore, the force applied to each hole is 285.60/6 = 47.6 N

Properties:

Material: Aduminum 6082-ThH
Yield strength: 250 MPa
Elastic Modulus: 70 GPa
Properties from [10]

Calculations:

Von Mises Stress.1 (N_m2)
6,64e+6
5,98e+6
5,32e+6
4,66e+6
- 4e+6
3,33e+6
2,67e+6
2,01e+6
1,35e+6
6.86e+5
2,43e+4
Deformation scale: 1
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Displacement.1 (mm)

0,0103
0,00928
0,00825
0,00722
0,00619
0,00516
0,00412
0,00309
0,00206
0,00103

0
Deformation scale: 1

-Maximum Von Mises Stress: 6.64 MPa
-Maximum displacement: 0,01 mim
-Factor of safety: 250/6.64 = 37.7

Reasoning, discussion and verification:

The ealculated factor of safety is 37.7 and displacement is negligible in relation to function.

FoS af 37.7 well above what is required, but the part will not be altered due to a wanted minimum material
thickness where fasteners are to be used. In addition the current design is cheap and easy to manufacture and has
been proven effective in assembly.

Final results:

Wi see that the moddule ring is able to withstand expected forces with a factor of safety of 37,7, which validates
the strength of the part.

Avionics Rail
Problem statement:

The avionics rails transfer all loads between the mounting plate and the avionics module rings. In order to validate
that the strength of the component is adequate, FEA with the expected forces has been run on the part.
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Figure:

-Bearing loads are marked with pink arrows.
-Holes at the ends are clamped.

Assumptions and approximations:

For this analysis, the weight used to find suitable expected forces is the weight of the mounting plate, including
all componems and the camera mount fully assembled. Expected G-force during powered flight is 14 G. The rails
do not hold other loads than the mass of the assembled mounting plate and camera mount. Fastener type used is
M4 bolts in locations shown in figure. Approximated forces are applied as bearing loads. Holes that fasten o
module rings are clamped, preventing these surfaces from moving.

Physical laws:

Total mass of mounting plate with avionics components: 1.63 kg

Force at 1G: F =mg = 1.63 * 9.8]1 = 16.00 N

Force at 14G: 16,00 % 14 =324 00 N

Forces applied from mounting plate are divided into 6 holes (2 per vail): 2240006 = 174 N

Toral mass of the camera mount with cameras and PCBs: 0,12 kg

Forceat 1G: F=mg=(LI2* 98] = 1.LIEN

Forceat 140 LLI8* 14 = 1652 N

Forces applied from camera mount are divided into 3 holes (1 per rail): 16.52/3 = 53 N

Properties:

Material: Aluminum 6082-Ta
Yield strength: 250 MPa
Elastic Modulies: 70 GPa
Properties from [10].
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Calculations:

Von Mises Stress.1 (N_m2) Displacement.1 (mm)

291e+6 0,00258
I 2,62e+6 0,00233
- 2,33e+6 0,00207
- 2,04e+6 0,00181
- 1,74e+6 0,00155
m— 1,45e+6 0,00129
- 1,16e+46 0,00103
'+ 8,72e+5 0,000775
582e+5 0,000517
291e+5 0,000258
7,58e-24 0
Deformation scale: 1 Deformation scale: 1

-Maximum Von Mises Stress: 2.91 MPa
-Maximum displacement: 0,0026 mm
-Factor of safety: 250/2.91 =859

Reasoning, discussion and verification:

The ealeulated factor of safety is 85.9 and displacement is negligible in relation o function.
FoS of 85.9 well above what is required, but the part will not be altered due to 2 wanted minimum material
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thickness where fasteners are o be used. Material thickness also adds stiffness during pre-launch handling of the
inner structure. Thicker eails help increase the eigenfrequency of the finished assembly. In addition the current
design is cheap and easy to manufacture and has been proven effective in assembly.

Final results:

We see that the avionies rail is able to withstand expected forees with a factor of safety of 85.9, which validates
the strength of the part.

Mounting Plate - Topology Optimization

Probhlem statement:

The mounting plate is used wo fasten avionic components in an orgamized matter. To reduce mass and volume, the
part has been iterated upon using opalogy optimization. The part has been run through a series of stress-analyses
contamning simulated forces where material that is not contributing to structural integraty has been removed. The
part is subsequently validated using FEA to ensure required strength in the generated shape.

Figure:

Initial shape creating flat surfaces to mount components

265



I CALCULATIONS AND AMNALYSIS V. APPENDIX

Haoles and peckets are added where components are to be fastened

Forces are added to the holes (see calculations for values)

Assumptions and approximations:

For the simulation, The gravitational foree of each component is multiplied by 15 G and divided by the number of
holes fastening that component. Most loads are applied to all appropriate holes simultaneously and allotted
automatically by the software. Some loads are manually divided and applied to each hole to acquire load-paths
which lead to better results. This has been discovered through trial and error. Where the mounting plate is
attached to the avionics rails, clamps are added to define where loads ravel,

Priot to simulation, the optimization strategy is chosen. The chosen strategy for the mounting plate has been to
maximize stiffness for a given mass. Optimization constraints are also added to better describe the wanted results.
Here several constraints have been attempted, including frequeney constraint, overhang control, thickness control
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and symmetry control. The latter two have yielded the best results. For the final simulation, thickness control at
minimum 20 mm and symmetry across the ZX-plane was added (see fizure). The given mass that the simulation
aimed for was 50 % of the original weight.

After the shape is generated. A regular FEA is run on the shape with the same clamps and loads as for the
optimization.

Physical Iaws:

The gencral formula used to find the gravitational force on a part during 1G:
F=mg

Properties:

Material: PAT2/PAZ200
Tensile strengzth: 45 MPa
Tensile modulus: 1630 MPa
Properties from [11]

Calculations:

Caleulated forees for all parts mounted to the mounting plate:

Name of part |Weight [g] |Screwcount |Force on each hole [N] |For Part Total [N]
SRAD PCBs 100 & 245 14.72
Ethemet switch 10 4 0.37 1.47
Video encoder 63 2 4.64 927
SRAD Battery

Pack 409 2 30.09 60.18
Ublox antenna 164 2 12.07 2413
Featherweight

GPS 15 2 1.10 24
Altimax G4 13 2 0.96 1.91
Radionor

transmitter 85 4 313 12.51
Altimax battery

casing 95 2 6.99 13.98
Magswitch 1 10 2 0.74 1.47
Magswitch 2 10 2 0.74 1.47
Magswitch 3 10 2 0.74 1.47
Fan 20 2 1.47 2.94
Voltage

Regulator 15 2 1.10 2.21

267



| CALCULATIONS AND ANALYSIS V. APPENDIX

Resulting generated shape after fine tuning the cutting value.

P, o

Maximum Von Mises Stress: 1.27 MPa

Von Mises Stress.1 (N_m2)

1.27e+6
1,14e+6
1,02e+6
8,89e+5
7.62e+5
6.35e+5
5,08e+5
3.81a+5

2.54e+5
1.27e+5

398
Deformation scale: 1
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Displacement.1 (mm)

0,012
0,0108
0,00964
0,00843
0,00723
0,00602
0,00482
0,00361
0,00241
0,0012

0
Deformation scale: 1

Maximum displacement: 0.01mm
Caleulated factor of safety: 48/1.27 =37.8

Mass before optimization: 0.652kg
Mass after optimization: 0.335kg
Mass after optimization{:): 51.4%

WVolume before optimization: 7.007e-04m’
Volume after optimization: 3 .6e-04m’

Reasoning, discussion and verification:

The tepology optimization resulted in reducing the mass and the volume of the mounting plate as intended. The

resulting part was validated, resulting in a tactor of safety of 37_8. The mass goal was not set lower than 50%, as
this was atternpted with non-usable results (e.z. two parts that were not connected). The removed material gives

space for cable management and the shape is ngid enough to not break dunng handling.

Final results:

The topelogy optimized part bad a mass reduetion of 48.6% and was validated to have a factor of safety of 37.8,
rendering the part suitable for its purpose.

Vibration FEA Avionics Module

Problem statement:

To validate the stiffhess of the assembled avionics module, FEA with frequency outputs have been run on the
entire module.
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Figure:

Edges indicated by blue lines are restricted flom moving outwards, simulating contact with the airframe.
For the top rail this is directly upwards.

For the right rail this is 120 degrees to the right.

For the left rail this is 120 degrees to the left.

Assumptions and approximations:

27



| CALCULATIONS AND AMALYSIS V. APPENDIX

These simulations are run with the inner structure only, excluding the avionic components. Including these would
complicate the setup, and may lead to inaccurate results if not restricted correctly. The program used was
3DExperience. The resulting output gives the five lowest eigenfrequencies of the module.

Physical laws:

Mo physical laws have been used during the setup of the simulation. Only restrictions added to the setup affect
the resulis.

Properties:

Material Mounting Plate: Nylon PAT2/PAZ022
Tensile strength: 48 MPa

Tensile modulus: 1630 MPMa

Properties from [11]

Material Rails: Aluminuin 6082-Ta
Material Module Rings: Aluminum 6052-Ta
Material Camera Plate: Aluminum 6082-ThH
Yield strength: 250 MPa

Elastic Modulus: 70 GPa

Properties from [ 10]

Calculations:

Case:  Result OfF Structural Analysis Case.1

Step: Frequency Step.1 b “
Piot: Undeformed Model bl hE
Frame Mode Frequency
2 2 291,462 Hz
3 3 312,197 Hz
4 4 351.325 Hz
5 5 436,792 Hz

The simulation outputs the depicted eigenfrequencies.
The lowest frequency is 196 He, which is a good result.

Rensnuing, discussion and verification:

The results in this tvpe of simulation gives only an approximation of real world results. A physical vibration test
is planned to be performed.

Final resulis:
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The frequency analyzes show that the lowest eigenfrequency of the module is 196 Hz, reducing the vibrational
loads on the strocture.

PV Brackets

Problem statement:

The PV Brackets are the main interfaces between the PV and the recovery rails. In order to validate that the
strength of the component is adequate, FEA with the expected forces has been run on the part. A minimum factor
of safety of 2 is expected,

F_‘lgurt:

Clamp is added to the points the parts are mounted o the rails
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Remote force is added to the face in contact with the PV,

Assumptions and approximations:

In this simulation the approximated force used is the gravitational foree of the PV multplied by 15G. It is
assumed that this foree is equally divided between the four brackets holding the PV,

Physical laws:

F = mg

Total force from PV during 15G:
(.6kg * D8] * |5 = BR3N

This divided in four brackets:
BH.3/4 =22 IN

Thas is the force added to each part.

Properties:
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All parts are 6082-T6 Aluninum
Yield strength: 250 MPa

Elastic Modulus: 70 GPa
Properties from | 10]

Calculations:

Won Misas Stress.1 (N_m2)

5.04e+6
4,548 +86
4,03e+6
3,53e+6
3,02e+6
252e+8
2.02e+6
1,51e+8
1,01e+6
504245

- 300
Deformation scale; 1
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Von Mises Stress.1 (N_m2)

8 63a+6
B8.6Te+6
7.78+86
6.74a8+6
5.78a+6
4 82e+6
3.85a+6
2.89%+6
1,93a+6
9.648+5

835
Delormation scale: 1

Von Mises Stress.1 (N_m2)

854a4+6
B.58e+8
7.B3e+6
G6.68e+6
572e+6
4. 7Te+B
3.82e+6
2.BBo+6
1.91e+6
8.55e+5

1.268+3
Delormation scale; 1

We see that the weakest part experiences a maximum stress of 2.63MPa.
With a vield strength of 250MPa, this results in a factor of safety of 25.9.

Reasoning, discussion and verification:

The calculated factor of safety is 239 and displacement is negligible in relation o funciion.
Fo& of 25.9 well above what is required, but the part will not be altered due to a cheap and easy to manufacture
design which has been proven effective in assembly.
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Final results:

We see that the PV Brackets are able to withstand expected forces with a factor of safety of 25.9, which validates
the strength of the parts.
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2C. Recovery:

Recovery Rail
Problem statement:

The recovery rails transfer all loads between the bulkheads and components. In order to validate that the strength
of the component is adequate, FEA with the expected forces has been run on the part.

Figure:

Assumptions and approximations:

For this analysis, the weight used to find suitable expected forces is the weight of the recovery module. Including
all components, Expected G-force is 1506, The rails do not hold other loads than the mass of the assembled
companents and brackets.

Physical laws:

Total mass of recovery module (excluding bulkheads): 3 kg
Force at 1(i: F=mg = 3 *9H] = 1943 N
Foree at 15G: 29.43 % 15 =441 45 N

The module has three bulkheads, with 7 holes amached to the rails which in tum are attached 1o the bulkheads.
Therefore, the force applied to each hole 1s 441.45/14 = 2943 N

Properties:

Aluminium 6082-Th
Yield strength: 250 MPa
Young's modulus: 62 (iPa
Properties from [ 1]
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Calculations:

Vo APPENDIX

Stress analvsis of Recovery Rail

Mesh size, Local size
Load type

Livad

Restraint

Material

Experienced Load
Safety Factor

Max Displacement

3 mim, 1 mim

Bearing Load (180 deg spread)

N

Clamp

Alu A0EZ-T6 (Yield srength: 230 Mpa)
3.4 MPa

73
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Recovery Bulkhead

Problem statement:

The recovery bulkheads are the main interface between the module and the airframe. In order to validate that the
strength of the component is adequate, FEA with the expected forces has been run on the patt.

Figure:

Assumptions and approximations:

For this analysis, the weight used to find suitable expected forces is the weight of the recovery module. Including
all components, mounting-plate and rails. Expected G-force is 15 G, The bulkheads do not held other loads than
the mass of the module.

Physical laws:

Toral mass of recovery module (including bulkheads): 4 kg
Forceat 1G:F=mg =4 % 98] = 3024 N
Forceat 150G: 39.24 * 15 = 5886 N

The module has two bulkheads, with 3 holes attached to the rails which then holds all the recovery components.
Therefore, the force applied to each hole is 388.6/3 = 1962 N

Properties:

Aluminium 6082-T6
Yield strength: 250 MPa
Young's modulus: 9 (iPa
Praperties from [ 10]
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Calculations:

Mesh size, Local size
Load type

Livad

Restramnt

Material
Experienced Load
Safety Factor

Max Displacement

1

Stress analvsis of Recovery Rail

3, 1 nam

Bearing Load (180 deg spread)

I8 N

Clamp

Alu 60EZ-T6 (Yield strengih: 250 Mpa)
9.93 MPa

25

<LO(H

Cabermane awe |
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HAWK Mounting Plate

Problem statement:

The HAWK mounting plate transters all loads between the components through the plate to the rails. In order to
validate that the strength of the component is adequate, FEA with the expected forces has been run on the part.

Figure:

Assumptions and approximations:

For this analysis, the weight used to find suitable expected forces is the weight of the mounting plate, Including
all components that's connected to the plate Expected G-force is 15 G. The HAWK-plate does not hold other
lads than the mass of the assembled components.

Physical laws:

Total mass of HAWK-plate including components: 0.45 kg
Forceat 1G:F=mg -~ 045 * 081 = 4415 N
Force at 15G: 4145 % 153 = 6622 N

The plate has four mounting holes for components. Therefore, the force applied to each hole is 66.22/4 = 1655 N

Properties:

Aluminium 6082-Th
Yield strength: 250 MPa
Young's modulus: 9 (iPa
Properties from |10
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Calculations:

Vo APPENDIX

Mesh size, Local size
Load type

Load

Restraint

Material
Experienced Load
Safety Factor

Max Displacement

Stress analysis of HAWK Mounting Plate

Alu 60E2-T6 (Yield strength: 230 Mpa)

2 mm, 1 mm

Bearing Load (180 deg spread)
20N

Clamp

[0 MPa
25
<{L{1]
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Forces on MCRS and Recovery Plate

Problem statement:

The forces that act on the components in MCRS and the Recovery Plate are to be found.

Figure:

Figure 1: Main chute docking Figure 2: Upper release arm

r

'll _--_-‘_-—_
s o _"xl
\ I'\ - e _,-"l
~ L]
\\ L |
n
Free body diagram

; AR = pdmmm ; Lt = Hwun

Figure 4: Recovery Plate

Figure 3: Lower release
arm

Fd
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Assumptions and approximations:

Assuming that the system is in mechanical equilibrium. Assuming the release forces from the drogue chute and
main chute are evenly distributed between the aft and FWD based on their weight.

Physical laws:

Equilibrium equations:

EF =0EF =0LF = 0EIM =10
X ¥ =

where F_is the force in the i'th force and M is the torque

Force equations from parachute:

m
F =2 . F
1 I.ITII-'I'II ﬂ'ﬂ
— ™ v .
me, FWD m me

ramd

. Fn = Force from drogue chute on FWD

le T Force from main chute on FWD
Properties:
Giiven from parachute trajeciory calcalations (older version),
Parachute Release force Final descent rate
2 2 /
Drogue thute{FdL_]. 28468 N 27.7 m's
Main clmte{Fm} 45778 N 6.7 m's

The forces presented here are from older caleulations, which give higher forces. This means the calculations here
give worse safety factors than it will be,

Object Weight
mo.. 13,96 ke
mo 14.79 kg
m_ 2875 ke

Calculations:

Fo= 2228 984 68 N=146.45 N=146 N

1 2ETSkg
Froown = e 4577.8N = 2354.98 N = 2355 N
Forces on upper release arm:
Lsing EM: =
FI oo Hz & F.-ti::rﬂ.,..] _ d6as n-.;i;::ﬂs mm . one 03 N

Using EFz =
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F_= =Ez—F1=2I]5.ﬂ3!'|’—145.45."|'=53.53N
z

Controlling the calculation using EME =0

F - J'..1H = Ii.'z-L = 146, 45 N-1dmm — SB. 58 N-35mm = 0N

i
Forces on lower release arm:
Using EF? =
F.1 =F =Lz =008 2N
Forces on the main chute docking:
Fonrwn  ZIS4SE N
F6=F? .- 5 = 1111 41N
Forces on recovery plate:
F:rc\c = Flr:r.FI-‘I-"E'ﬂ-FESE‘L BN
_p _ Faews _ 2354988 _
FF—FE— = s = 1177.5N
Reasoning, discussion and verification:
The distribution seems reasonable
Final resulis:
F =146 N
F,= 205N
1'-'3 = LH. BN
J'r“1 =F_ =99 N
Fﬁ = 1111 N

F =Fa= 1177.5 N

FEA on MCRS components and recovery plate

Problem statement:

The stress and displacement experienced by the following components are to be found:
- Upper release arm
- Lower release arm
- Main chute docking
= Recovery plate
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Figure:

See Forces on MURSN and recovery plate

Assumptions and approximations:

Used Catia 3Dexperience FEA tool and analysis.

Physical laws:

Used Catia 3Dexperience FEA tool and analysis.

Properiies:
Given in Forces on MURS amd recovery plate,
= 146 N
, = 205N
F,=58.58N
F,=F =99%N
F = 1111N

i
F_=F = 1177.5N
7 A

Calculations:

Stress analysis of MCRS - Main Chute Docking

Mesh size 1 mm
Load type Bearing Load (180 deg spread)
Load 11775 M
Restraint Bolt
Material S650MC {Yield strength: 650 Mpa)
Experienced Load 71.1 MPa
Safety Factor 9.1
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Mesh size

Load type

Load

Restraint

Material
Experienced Load
Safety Factor

Vor Mass Sress.1 Nl

1ro=8
Litesd
| dde+fi
} 1 25l
[N 50k ]
LE_Lhy
T 1ega T
EdlesT
AB04 T

| FleaT
1.2
Diiarraation eesie
Stress analysis of MCRS - Lower release arm
I mm
Force
BHe.I M
Clarmp
S650MC (Yield strength: 650 Mpa)
180 MPPa
i
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Von Mises Sireas IiN_rI":PJ

1.6818+8
1Bl
145848
127a+8
1.09=+8
B0Ta4T
T.oao+T
5848547
LE3esT
1.818+T
1,058+4
Dotormraticn sosle 1

Stress analvsis of MCRS — Upper release arm

Mesh size I mm
Load type Bearing Load
Load D662 M
Restraint Clamp and fixed displacement
Material S650MC (Yield strength: 650 Mpa)
Experienced Load 74.9 MPa
Safety Factor LA
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Mesh size, Local mesh
Load type

Load

Restraint

Material

Experienced Load
Max. displacement
Safety Factor

Stress and displacement analysis of Recovery Plate

Von Mises Stress. 1 (N_ma)

7047
B Tda+7
5 G- 7
5248+ 7
& ST
A The+ T
S+ T
2250+ T
1.5+7
Th2as8
S8a4d
Dwlormalion scale: 1

2 mim, 1 i
Bearing Load
TS5 N
Clamp

6082-T6 (Yield strength: 250 Mpa)

10,9 BMpa
< (.01 min
229
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Von Mises Stress.1 (N_m2)

1.09a+7
984846
8,75e+86
- 7.66e48
- 658246
- 547e+86
- 4.38e+6
3,28e+8
2,19e+6
1.09e+6

240
Deformation scale: 1

- =
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Displacement.1 (mm)

0.00283
0,00263
000234
0,00205
0,00176
0,00146
0,00117
0.000878
0,000585
0,000293

0
Deformation scale: 1

Calculation for the SRAD PBSS pressure test

Problem statement:

For the SRAD Pressure Based Separation System (PBSS), a Composite Overwrapped Pressure Vessel (COPY) s
emptied by opening an solenoid valve. The vessel has a volume of 036 liter and is pressurized to 117 bar before
the valve is opened. The calculation is intended to verify the test result from the V.B Pressre Test SRAD PBSS
and therefore validate the calculation of the separation pressure.

Comment: The COPY was used in the SEAD PBSS before it was updated. However the test was performed with
the COPY and therefore the caleulations were also made for this version.

Figure:

P2 T;

COPY Eleciric Valve Manual Vialve Flexible hose
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Assumptions and approximations:

Three assumptions were made:
[.  Theideal gas law applies for the gas in the COPY.,

2. Only the electric valve determines the flow rate, as it is the narrowest point in the system
3. The temperature in the COPY and surrounding are constant.

Physical laws:

Some equations are from [12] and [13).

The Bow rate @ of 4 gas is defined by

1
Q=257 - K, M —= il >2 1)
O=514.K,. | 222 if py < 2 (2)
=dld-Ky- . 1 2 &
T b o

I:13
with 6} = tlow rate | —
5

(=]

K, = specitic How rate of the valve [2]

5
pa = tensity of the gas at sealevel {_EE]
Pr. e = pressure [harl
11, T2 = temperature [K]
Ap=|m — |

Sinee the unit of the pressure is i bar, we use the same in the ideal ghs faw

p-10° V=N kg-T
with V= valume [m:‘]

N = number of gas particles

kp = Boltzmann constant |:£]

Properties:
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Pl =m(t =0) =117 bar
pa =1 bar

P =1 bar
Mi=T"C=20K

Thm T C=280 K
Ty=1"C=288 K

pn = 1,225 kg
m

Vi=0861=136-10"" m*

K,=0.25 11671070
tiin

m*

el
kg =1.981- 108 e

Calculations:

In order to appropriately ealeulate the time for emptying the COPY, the flow rate is considered time
dependent and the equations (1) and (2) ame transformed to A differential equation.
The flow rate €1} corresponds to a negative volume change —f-’[i'}. This volume change results from
the change in the number of gas particles in the COPV over time Ny (1), Since the flow rate is given
in respect to the standard stmospheric conditions, the ideal gas law i wsed with pressure ppe and
temperature Ty,

Nift) k- Tn

Q==V[)=- LA (4

The change of the number of particles in the COPYV Ny (f) leads to the change of the pressure py(t):

0% - pg (1) W3

..ﬁll'rl {1’:' — ﬂ'B . Ti
Tv Vi
= === b0

This results in a fest order Homogeneous Linear Differential Equation

e 1
Ty Vivpn: ig

L)

() =—257- K,

L=

m(t)

for equation (1) with initial value pi (¢ = 0) = p}. The explicit solution

e

i) =pl|]4=:_

hoolds until g (faiia ) = 2p2. Thus up to the time ¢y = = ;'; lu[jﬁ"_)
¥
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For times greater than £, equation (2) will be gsed. Using equation (3), one get the Separable
Ditferential Equation

5 - - Py T!I II ST ——

() =—514- K- T ) —p

Plt] ) s l:"lp'f-'\ F'L.f"l ] —pa
=-|'-_‘i

with with houndary condition py(fa) = 2pz. To get the solution, one has to solve

Piit) t
!
dy = f 1ids
WE-m
.!p; Pynkid
At — =
= pﬂ”r(.-%{_ﬂ,) + i

This sohition applies from £,5q antil py (tepg) = { R ‘”T + ?wm) ;

All in all, we thus obtain

||IrI:ilr. =k f ] 'E' f E r1.-.'||i-:l
@

F[[lr:l i (_ it -:’3-.-.|Iu|| + \J{E} +pa ?“,“h,' < h-nri {1]

2 t = |l|*r|-:!
. 2p
with Faudid = __|: ( J-"lf)
P2
toiel = ET “+Lvalidl

For the given values (see Properties) a time of L,y = 32,4635 was caleulated. This time is needed to

completely empty the COPY,

Reasoning, discussion and verification:

Agsurning that the assumptions (see Assumptions and approximations) made are correct, the solution should be
exact since the differential equations were solved analytically. However, due to the high pressure in the COPY, the
ideal gas law might not be completely valid. The energy exchange of the non-isothermal expansion was not
considered. Furthermore, the impact of the flexible hose on the flow rate and other components are not
considered.

When comparing the caleulation with the experiment, the errors in performing and setting up the experiment must
be taken into account (see W.B Pressure Test SRAD PESS). For example during the filling of the COPY with the
pump, the temperature of the gas probably increased (compared to the atmospheric temperature of T, = 7 °C),

which could also have led to deviations. Likewise, the manual messurement of the time could have led to
discrepancies. However, it can be assumed that the caleulations are very close to reality, since the caleulated time
of £ = 32 5sdoes not differ much from the measured time of L 5m 30. 2 5. This difference probably

originates from the way of measuring. We detected the air flow by the noise that occurs when the air flows out
through the valve. This type of measurement has a high uncertainty, since we assume that there 15 no more
outflow when we no longer hear any noise. Howevet, since in the last seconds the pressure difference is so small,
probably no more outflow was detected during the experiment.

It is assumed that due to the long outflow time, not enough pressure is built up to ensure separation (this is also
confirmed by the V.H Calewlavion for the SRAD PBSS separation pressure). Therefore we replaced the solenoid
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calculated.

valve with a servo-actuated ball valve (K =

20.16 [/min ). For this valve, a time of L e

= 0.405 is

Final results:

Pressure [bar]

Pressure [bar]

Calculations for solenoid valve K 2

Calculations for servo-actuated ball valve K . =

= 0. 251 min
e — pyit): Pressure in COPY
== ley= 32,4633
100 - — p:=1bar
I
I
I
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|
I
|
& i
I
|
40 |
I
i
i
20 I
i
i
i
== |
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|
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i
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1
i
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1
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1
!
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Calculation for the SRAD PBSS separation pressure

Problem statement:

In the SRAD Pressure Based Separation System (PBSS), a Pressure Vessel (PWV) is emptied by opening a valve
and releasing the air into the parachute bay. The parachute bay must contain, ascording to the Constraints and
Requirements of the SA Cup. a venting hole which allows pressure equalization. This calculation is performed to
detertnine the pressure built up in the parachute bay.

Figure:

Pi. T.'l

Venting hole Recovery bay COPV Valve

Assumptions and approximations;

Five assumptions were made:
The ideal gas law applies for the air in the PV and parachute bay.
Only the valve determines the flow rate @ of the PV, as it is the narrowest point in the system.

The temperatures in the PV, parachute bay and surrounding are constant.

The valve opens completely without delay.

The air flow out of the parachute bay only happens through the venting hole, otherwise the bay is
airtight.

R

Physical laws:

Some equations are from [12] and [13).
The How rate £ of a gas 15 defined by

1

— iET’lu‘EEI’u {1]
VRN lmn e

- Ap. LT %
Q=514-K,\| ﬁ if pin < 2 powe (2)

Q =257 'h-v “Pin
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4
with (} = flow rate [T—“n]
H

3
I, = specific flow rate of the valve [ll]
]

, k
iy = density of the gas at seq level [ji]
o

i foun = - and outside pressure |hu|:'|
Tin, T = in- and outside temperature [K)

ﬂf-‘ s |F'||| = f’tml;

Since the unit of the pressare §s in bar, we use the same in the ideal gas law:

pl*-V=N-kg-T
with ¥V = volume [m“]

N = number of gas particles

k5 = Boltzmann constant [%]

C, = 46250.9-Cp - *

B
tooseon "
with (' = specific flow rate of the valve [ gl ]
man

-

1
Iy = specific flow rate of the valve [ Il ]

'y = discharge coefficient

I3 = orifice diameter m]

The following formula ks used for caleulating the speelfic Bow rate Ky of the venting bole:

Properties:

P =pi(t =0) = 117 bar

P = pait = 0) = 0.259 bar

Py =10.259 bar

P =1 bar (normal pressure)

Ty = 30°C = 308 K

=3"C=30 K

Ts=—50°C=213 K

Ty =15°C = 288 K (normal temperatiore)
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pay = 1225 %EI- {mormal density )
Vi =220-107% m?
a=297-107" m*

Dy =300-107% m

Dy =318 107" m

Cy=08

k.
kp=1381-10"%* —
o K

Calculations:

For t'iilt:lll.lllillg the prossire in the HI!NZ-I.]U["IIE" hilj..'_ copuation (1) is transformed to a differential eopation
as done in Calenlation for the SRAD PBSS pressure test, The solution

pu(ty=p} et (3)

with a=357.K, -0%.21

is used for the pressure in the COPY, The pressure in the recovery bay is calculated with the How rate
Qrotal = Q1 — 2
Qu =257 Ky -mr(t) e
Q2 =25 Koz palt) e
Na(t)-ka-Tn _Tn Va

Y, ¢ P o AP el e P
Qlul—u] ""i]urw[ ) H]’"'p_"'.' fJ\' T__l_- fﬂ[fr

which results in o first order Linear Differential Equation (inhomogeneous and non-antonomons)

.IM. T 1
) = N iy (1) = 256 r I
palt) =267 K., ..N 7 .,x"""T'““ 67 Kya - T .,r"_"T“[”

=:ﬂ =:'r

with boundary condition pa(t = 0) = pf. The homogeneos solution is then

p]jl::-ll:u.l{f} = Hd.p—1!
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The partial solution is achieved by the variation of variables;

ph™ " (t) =f"""fM cli

I =
=g~ 7. g.p). [f:tw bt gt
= t
o mit)
All in all, we get
iy i : .
palt) = A-e7" 4 —— pit) (4)

with 4= p.ﬂ'— =3 pI;I {boundary condition). The solution is valid antil py () = 2 paltang). With

=
T =1k

eouation (3) and (4), this result in

; L, 2 p3— 25000
alid = i ;
T R

=¥

For the given values (see Properties) a time of tyug = 0.4205 i= calealated. At this time the pressure
in the bay has reached pa(f,.pa) = 7.05 bar. After this time, equation (2) would need to be used
to determine the How rate from the COPV. However, this leads to a coupled non-linear differential
equation, which cannot be solved analytically. Nevertheless, the pressure of 7.05 bar is already sufficient

Loy Siparite the rocket [T Caleulation for shear rinis ).

Reasoning, discussion and verification:

Deviations from the caleulation to the real conditions could oceur because the ideal pas law does not quite apply
due to the high pressure. Also the assumption that the temperatures do not change (isothermal process) does nol
hold. However, the caleulation for the pressure test showed that these assumptions (which were also made there)
did not lead to large deviations when compared to the experiment.

The time to open the valve could cause errors. [t is assumed that this takes up to 0.5 seconds to open completely
and thus influences the flow rate {,'_-'1. This would result in a reduction of the flow rate and therefore also reduce

the pressure in the parachute bay. To conclude, the calculated pressure is very likely close to the actual prevailing
pressure.

Final results:
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120 - = py(t): Pressure in PV
— D5(t): Pressure in Recovery bay
———— t’h"ﬂ‘"ﬂ' = 0.4205s
100 — p,=7.05bar
80 -

Pressure [bar]
b4

40

T ——— —

20 4
'
=T
0.0 0.2 04 06 0.8 1.0
Time [s]

The graph above show that a pressure of 7.05 bar is achieved after 0.420 seconds, that will allow for separation.

COTS Pressure calculations
Problem statement:

Want to know the pressure inside the packed recovery chamber, as well as the force, from a 33 g CO2 canisters.

Figure:

Set up:

i # 'y F

Pressure =—»
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Assumptions and approximations:

Have assumed the temperature of the CO2 canister is at the same temperature as the atmosphere at apogee, this
will give the worst case.

Have assumed that the C0O2 bas the same temperature under free expansion, as the Joule Thompson coeflicient is
hard to estimate due to the phase change from liguid to vapor. At -50 degrees and | atm the Joule Thompson
coefficient is positive which means there would be cooling. The assumption of no temperature change is wrong,
but partially justified as the CO2 canister will be either warmer or the same as the atmospheric temperature.
Lastly, it is assumed that the recovery chamber is airtight and that there is 1 atm inside the chamber.

-44 degrees celsius 15 used as the absolute worst case temperature at 9144 m.
Have assumed that CO2 is not an ideal gas, but instead follows van Der Waals. And have approximated the
volume of the gas to only be inside the recovery chamber.

Physical laws:

Van Der Waals equation:
(P + a"F_.}"(D’—nb} = nRT,

where p is the pressure, i is the mole, Fis the volume, T is the temperature in kelvin, ¢ is a correction constant
for the attraction force between each particle, & is the correction constant for the volume of each particle and & is
the universal gas constant.

Pressure force eguation:
F=p*A,
where p is the pressure, F is the pressure force and A is the area normal to the pressure force.

Properties:

Anmospheric temperature at apogee: 229 15 K

Wan der Waals constants [14]:
0. 364 Pa * lflraé'l.rﬁrn,nl2
0.0427 m’ fkmol

a
[

Parachute bay valume {empty):
5048 cm’

Cias amount:
COTS: 33 grams qu‘ﬂz

Component Cionmpressibility Volume Compressed Volume
MCRS 0% 162.4 ¢m’ 162.4 cm’
Main chute oy 13665 cm’ 9366 cm’
Drogue chute 30%, 2822 cm’ 197.5 cm’
Shock coords 10%, T6B.0 cm’ 6912 crm'
U-Bolt 0% 7.806 cm’ 7.806 cm
5 Swivel links 0% 15.250 cm® 15.250 ey’
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3 Quick links 1%y %3760 cm’ 83.760 cy’

Calculations:

The packed volume is caleulated by taking the volume of the recovery chamber and subtracting the volume times
the incompressibility of each component. This gives a volume of:

V = 297L.2em"

The Van der Waals equation can be rearranged to express the pressure of the gas:

- nAT n'a
L T Ve

The mole amount can be found by dividing by the molecular mass of carbon dioxide.
n = mfM

Using python, the following results wers obtained:

PBSS Pressure Force

COTS (33g) 4.63 bar 5580 N

Reasoning, discussion and verification:

Secing that the pressure inside the CO2 canister is 59 bar, And, the pressures calculated are way below this, as the
gas has expanded, these numbers seem reasonable. The same holds for the COPY.

Final results:

Expected pressure and pressure force for the different cantridges inside the recovery chamber at apogee is as
follows:

PBSS Pressure Force

COTS (33g) 4.63 bar 55890 N

Since the temperature of the expanded gas is unknowi a plot of pressure force versus temperature was made:
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Pressure of COTS PRSS at different tempratures worst case

6.

604

5.8 4

Pressure [ bar |

527

—— 33gcoZ |
-—= a4ct ||

5.0+

il A 4

] =0y —40 =10 -0 =10 1]
T Emperature [ C* |

Shear screws calculations
Problem statement:

The size and number of nylon 6/6 shear screws needed to prevent unintended and ensure intended separation of
the rocket.

The shear strength of nylon shear screws ranges from §6.20 - 72.40 MPa [ 15]. Pressure forces from the
CO2-canisters are listed in the result table in pressore calewlations. See Caleulation for the SRAD PESS
separation pressuce and COTS pressure calowlations for derivation of these quantities,

Figure:

Shear force: F
Shear strength nylon &6 shear screws: Ts
Diameter serew: d:

Cross-sectional area: A
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F - % J '
" -k B ! {, ~F
-

Figure from: htips:www enrineersedoe com/material science/bolt single shear cales hi [16]

Assumptions and approximations:

. The pitch diameter is used to caleulate the shear cross-section area.
2. We assume that all serews in the same class are identical with the same pitch diameter. Serews with 6g
tolerance with the lower tolerance limit for the pitch diameter will be used in the caleulations.

Physical laws:

= 4
Shear stress: T8 = ——
11:n!l

. " . 11dI

Cross-sectional area circle: A = e

Pressure: p = =
|'1
Combining the three equations above we get the minimum pressure needed to shear the shear serews:
N*Tsd !
Pk = s

min d o

where N is the amount of shear screws and dr is the inner diameter of the rocket.

Properties:

Pitch diameter is found it a table from EnglireersEDGE [17)],

Calculations:
150 metric | Pitch Area Minimumn pressure one shear | Number | Minimum pressure all shear
thread diameter | [mm™2] | screw [bar]* of strength [bar|
designation | [mm] SCIEWs
Lower value | Upper value Lower value | Upper value
M4x0.7 3433 9256 0.51 .55 4 203 223

*Caleulating using Ts=66.2 and Ts~72.4 respectively lower value and upper value

To consider the worst case, the upper value for total shear strength is used to caleulate the factor of safety (FoS)

PBSS Pressure from separation 150} meiric thread | Number of | Safety factor separation
system |bar| designation SCrEWS
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COTS (332) 4.63 bar Mdx.7 4 T 0%

SRAD (50g) 7.05 bar Mdxi).7 4 11

Reasoning, discussion and verification:

Justifying assumptions
I.  Theapproximation of using the pitch diameter is reasonable because the shear cross-section will include

bath the minor and major diameter of the serew.
2. The difference in pitch diameter is due to tolerances when making the screws. This difference 15 under

0. lmm. Making this difference neglectable.
The results seemn valid at fiest glance. Still they will be validated via physical testing.

Final resulis:
For both the pressure systems we get a safety factor above 2 for separation, and therefore the chosen shear screws

are sufficient.

PBSS Pressure from separation | 150 metrie thread | Number of | Safety factor separation
system |bar| designation SCrEWS
COTS (33g) 4.63 bar M4x0.7 4 7 0%
SRAD (50g) 7.05 bar M4x0.7 4 118

Parachute trajectory simulations

Problem statement:

Want to simulate the velocity and release force of the parachute system over time and get a parachure rajectory.
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Figure:

Samme as for chute calculations:

Assumptions and approximations:

Assumed a ISA [18], which briefly assumes that:
®  Adrisanideal pas
®  The atmosphere is stable, and therefore no winds
e The temperature with altitude follows a linear curve, with a Lapse rate of 6,49 K/km in the troposphere
Have assumed the chutes fold out instantaneously.
Have assumed constant Latesst heat for vaporization.
Have assumed no drag from the rocket body, only the parachutes.

Physical laws:

Dirag force equation:
ok -
Fo=5Cpdv,
where F_is the drag force, C _is the drag coefficient, pis the density of the fluid. A is the projected area and v is the

velocity.

Ciravitational acceleration:
aM
gz ==

where M is the mass of the Earth, & is the gravitational constant, and r is the distance from the center of the Earth.
z is included in the r.

Distance from Earth:
r@@ =v, . th tez

where v is the average radius of the Earth, hﬂﬂis the height above sea level and = is the alutude.
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Temperature at altitude:

TEy =T, Tz

where T is the temperature at ground level, T is the ISA lapse rate and = is the altimde.

Clausius clapeyron approximated:

L
e(r) = 611.2exp(5- (G — 7))

Where L is the latent heat for vaporization, R is the gas constant for water vapor and T is temperature in Kelvin.

Pressure at altitude (assumed linear temperature profile):

T 1! Ir_.l'_.“
plz) = p5) .
where P, and Tnis respectively the pressure and temperature at pround level, T is the emperature at an altitude =,

& is the gravitational acceleration at an altitude z, B _is the gas constant for air, T is the ISA lapse rate.

Density at altitude (with water pressure): [ 19|

_ oz} — D3TRe(x)
plz) = ¢ Tiz)
i 1 : ; ! 1
where Cisa constant £ = —, p 15 the pressure at an altitede 2, ¢ is the vapor pressure at = based on relative

atr

humidity w and temperature Tyzh. This formula becomes the ideal gas law when e = 0,

Lastly the acceleration is set to:

_d'i — z} _ F-l-lwu!n - FI'IIIIII
e ﬂ{, m m 7

d ; ; ; o ; ; '
where d—f = ais the acceleration of the system, g is the pravitational acceleration at =, m is the mass and FJ is the

drag force.

Properties:

Parachute constants [3]:

Parachute Dreag coefficient Projected Area
Drogue chute 1.5 0.44 m
Main chute 22 4.53 m’
Atmospheric constants:

Constant Value
R IRT.05 VK *kp

mr
¥ 649 Kikm
R 461.52 VK kg
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L 2.50 MIkg
i BATHLO Nmt/kg?
i 3 AR 10 K ¥k
i 597107 kg
F ok 6371 km
h.m 1402 m
Masses:

Cibyject Weight
m__ 15.05 kg
Mmoo 13,18 kg
mo 28.23 kg

Admospheric values for worst case (June 20th 2021
Parameter Value
Tﬂ 350F
(Atmaospheric pressure) p_ 862 kPa
w [8%

Start herght (apogee): %144 m

Calculations:

Have used pyvthon to implement a numerical equation solver with adaptive step size, which checks local error
based on the (2.3} ordered pair of the Bogacki-Shampine model [20][21]. This method checks if a cerain
tolerance is met locally before accepting a new time step. This method takes in (Tt oYV f. hn. tol) and returns

T, Y. Here t_is the start time. £ is estimated descent time, ¥ is an array of initial values set 1o [0, b |. fisa
a emnel o apOgee

function that returns the derivatives of each parameter in the array y = [v z]. b is estimated step size, but due to

the adaptive step size this changes to meet the set tolerance tol. Throughout the calculations tal = 107" . All
equations used are based on ISA standards.

The Drogue chute deployment was implemented by setting the F | = 0 before a certain condition is met. For the
Drogue chute the condition is set 1o £ = t‘where t:ls the time the drogue chute is deploved. For the Main chute

this condition is that z = 450 m.
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t = 11 gives the following graphs:

Using the Bogacki-Shampine method, the atmospheric values above and with a drogue deployment time of

1
|
S — .
— ]Wj o mHn &
i
E | E 5000 |
Fey |L 2 apmo [ {
- e o1
o T E / |
)
g e I | P |
aqt e o |
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= O jo00
E 000 4 .
m 1
| ]
o1
L] el i) 150 I &4l L) -] bl i) 130 Fie=] 250 il
timel sl timel s
And the worst case values:
Parachute Release force Final descent rate
Drogue chute 159027 N 3016 mis
Main chute 449309 N T34 m's
Main chute (FWD only) - 536 m's

5 : = = =
separaie simulation with m = m
P FWD

Reasoning, discussion and verification:

The results above are reasonable, since the curves are smooth, and also at each point one can dobbel check with
the acceleration equation given above. Winds are being neglected, which might add some noise in the real
trajectory, and the force might increase a little, but the general shape will remain. The result was also compared to
the result using scipy.integrate solve_ivp, and the values were the same up to the Sth decimal place. Lastly it was
compated with OpenBaocket, which calculates the exaet same descent velocity.

Final results:

The worst case values are as given in the table above:
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Parachute Release force Final descent rate

Progue chute 159027 N 3016 mfs

Main chute 4493 09 N 7.34 mu's

Main chute (FWD only) - 536 m's

*separate simulation withm = m

FWD

Other:

Battery Calculations

Problem statement:

How much power and current draw will our systems take in idle, nominal, and full operating states” How will this
impact battery life?

Assumptions and approximations:

Conditions:

- the battery’s munimum voltage of 5% will be used in the power calculations.

- the state of All Systems Operational is assumed to be when Radio, Recovery Servos, Cameras, and MO ane on.
- the state of Nominal Operation is assumed to be when all systems are operational EXCEPT recovery servos.

- the state of Tdle Mode is assumed to be when the MCU is on and the Radio is operating at 50%:.

Calculations:

We initially assume the current drawn by the battery 15 4.7 as seen in Table 10 of [V.N] under Nominal
Operation. With a more realistic valtage of 6V supplied by the battery pack, we use the relationship P~ IV 1o
calculate power usage at 6V,

PiNominal Operation @6V = KiNomnal Operailon®6F = 61 * 4.7 4 = 282 W

Tor calculate the power usage at All Systems Operational, we use the more realistic estimate of 9W total recovery
servo power draw as explained in Table 10 of [V.M]. The total power draw will then be the sum of all the systems’
power deaws at their respective voltages;

Total Power Drow = Radio + Recovery Servay + Cameras (4x) + MOU MAX = 250 + S0+ 12 W+ 328
L2 W

Wi use this to calculate the corrent draw at All Systems Operational based on the minimum voltage of 5V of the
battery pack, using the relationship £ = P70

I AN Svstems Operationall = PrAN Svstems Operational 3V = 31285V = 1264,

We use the same relationship to calculate the current draw at Nominal Operation based on the minimum voltage
of 5V,
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fiNominal Operation) = P{Nominal Operaifon)/5V = 282083V = 5.644.

And we assume that the radio at 50% capacity translates to its power usage halved, to calculate our Idle Mode
power usage, given by the following,

P(ldle Mode) = (0.5)*P(Radio) + PIMCU MAX) = 12.5 + 5.28 = 17.78 = 17.8 (rounded to 1dp).

With a battery of 7Z2Wh capacity, we use the relationship Time (e howrs) = Capacitv/Power Dvaw to calculate
battery life at Nominal and Idle Mode operation:

Tme fin howes (@ Nomitnal Operation) = 72WRAA82W = 2407 h

Time fin hoers @ Tdle Mode) = T2WhATEW = 4.04

Reagoning, discussion and verification;

As of now, testing phases done with the current iteration of our eircuit boards have shown that the system runs on
battery power for long (=4hours) periods of time. Flight time is estimated to be around 15 minutes, but the
systemns may be tuened on for longer than that during the competition. However, with the inclusion of a smart
battery charger, the battery life and power usages calculated above should be able to tolerate field conditions.

Final results:

The final results are given as follows;

Toral Power Draw = Radio 4 Recovery Servaos + Cameras (4x) 4 MOUMAX = 25 + 9W + 2+ 328 =
5128 W

PiNominal Operation @6V = fiNominal Operation) "6V = 61 ¥ 474 = 282 W

P(ldle Mode} = (0.5)*P{Radio) + P(MCU MAX) = 12.5 + 528 = 17.78 = 1 7.8 (rounded to 1dp).
I AN Systems Operational) = PAN Svstems Operational 317 = 31 28/5V = 10.264.

I Neminal Operation) = P{Nominal Operatfon)/SV = 25285V = 5.644.

Time fin howes (@ Nomitnal Operation) = T2WR8.2W = 207 h

Time fin hoers @ Tdle Mode) = T2WhATEW = 4.04

More detailed vse of the above results are seen in Tables 9 and 10 of [V.N]

Necessary memory calculations

Problem statement:

How much data is generated during flight, and what memory capacity is needed to save all that data?

Assumptions and approximations:
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Thime fw afr = I3min - Don't really need to sample at such high speed for 15 min, but being an estimate we prefer
to exaggerate the values rather than doing the opposite.

Loap freguency = T00 Hz - The amount of ilerations our program is estimated to be able to do each second at the
very best.

Number af datagrofnts = 50 - This also simply being an estimate of the number of sampled values cach iteration.

Size of each datapoing = 32 bits - 1t is likely that all data points will end up being floats, with the size of 32 bits.

Calculations:

(3% Glvee) YT ODH=)*(50) *(32bit)= 144Mb or [8MB

Rensnulng_, discussion and verification:

From a test done at Andeaya, this estimation proved to be guite accurate,

Additionally, an 8D chip is likely to be included in the final PCB design. making it possible to save a much larger
amount of data points. An 3D chip is on the other hand a lot slower, and the flash should be able to save all data at
higher loop frequencies. The SI chip should only be needed at lower speeds, at stages when the rocket is not
accelerating towards apogee.

Final results:

The result of the above calculations is 144Mb or 18MB. Flash memory usually contains a memory size in the
power of 2, hence the closest choice, 32MB/256Mb.

Telemetry bandwidth requirements
Problem statement:

Ensure that the radio link will have enough bandwidth to cover our transmission rate needs.

Assumptions and approximations:
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Frame header: 14 octets

IP header size: 20 oetets

TCP header size 20 octets

Target data packet frequency: 100 Hz

Data values per packet: 60 float values (4 octets per Hoat)
Minimum packet size: 64 octets

Video stream bitrate: S000kbps (CBR)

Calculations:

Packets sent by rocket:
Telemetry:

(Frame header + [P header + TCP header + data) * frequency * 8
(14200 20-H(4=600)% LOO*E = 235 200 bits/sec =~ 235.2 kbps

Video streaim:
SO kbps

Total:
5235.2kbps

Packets sent 1o rocket:

Ack packes:

Minimum packet size * frequency * 8
51 204 bits/sec = 51.2 kbps

Total both ways:
5235 2kbps + 51.2 kbps = 5286.4

Reagoning, discussion and verification:

Our datalink’s maximum data rate is 8.5 mbps, which is greater than our reguired rate of 5.2864 mbps.

Final resulis:

The radio (AV.R) is able to cover the transmission rate needs.

Temperature calculations

Problem statement:

Want to find the maximum temperature that the rocket reaches in direct sunlight in the desert. If the ealeulations

get above 60 degrees celsius, measures to cool the rocket down will be needed.

Figure:
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Incoming sunlight

t=2mm

Air and inner structure

Rocket surface (glass fiber)

Convections Radiative heat

Assumptions and approximations:

Assumed that:
& convections dug to wind.
air is constantly removed by convection, so the outside air temperature remains constant.
incoming sunlight is normal to the surface so that all light is absorbed with the highest intensity.
emissivity and solar absorptivity is constant.
the air inside the rocket is heated uniformly.
constant heat capacity.
1 [ heat transter.
the aviomics power is turned completely into radiative heat.

Physical laws:

Black body heating in an environment:
4

).

where a is the absorptivity, f  is the net heat flow, € is the emissivity in the infrared regime (long wavelengths),

® 7 = s i
Lol el Tﬂm

ais the Stefan-Boltzman constant and Fand T is the temperature of the airframe and the temperature of the

environment respectiully.

Heat convection:

"'Irnm.' = h{T - Trrl:r)I|

whete fr is the heat transfer coefficient, A is the surface area and T and
Tm‘i..ﬁ as stated above.

Heating of a surface:

di = jAdt

where o) is heat, [ is the heat transfer, A is the surface area and dt is the time interval, which grows
infinitesimally small.

Heat capacity (isobaric):
¢ = G
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Heat equation 1D
; d7
Jim =W

temperature with depth = into the material.

where ¢ is the heat capacity and {;j?-]pis the change in heat for a change in temperature at a constant pressure.

- . ? ! ; dr . A
where / is the heat transfer, x is the thermal conductivity, A is the surtace area and —. 15 the change in

Propertics:

Environmental parameters/properties:

The values below have meticulously been chosen to yield the worst case scenarios.

Parameter Value
: " 36 °C
T 36
faiiig
o G40 W/ ®
f 2
B 10035 Frp K |23]
jo . 4472 Wim®
R OIRICS
*47% of solar constant = 1367W/m" |22]
= 3N - 340 TH < 430 Wim”2
Paint properties [24):
MName Absorptivity Emissivity
Whate 0.25 (.8%
Cilass Fibre properties [25]:
Property Value
Drensity p 2460 kg/m'’
Thermal conductivity k L35 WimK
Specific heat ¢ 735 Vkp K
Constants:
Constant | Value
@ 5.67*10% Wim' K
h 10 Wim® [26][27]
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Rocket dimensions:
Dimension Value
A 0.777 m*
Z 0,002 m
Calculations:

Rearing the equations above yields:

7 g, : 4 4
i Tl:ﬂjru:n + ';J.nll',unir: — AT + hTrnp e, el zm'}'

This is a differential equation, which is solved using pyvthon with the scipyimtegrate solve ivp method. Using
(el = Je-13, ated = Te-16) over a long peried of time with the properties above the following plot were obtained:

A o
(=] o

s
i

Temperature Qutside [ C ]
H S
[ ] Fd

(1)
=2}
i

L
(=]
i

T T T T T T

0 5 10 15 20 25 30
Time [ min ]

Tor see how long it takes to heat the air inside from the outside, the heat equation ean be written as:
dTﬂ:r Tﬂll_lrﬂr
& = ar

where T is the temperature inside the rocketand T is the temperature of the surface area of the fuselage.

This differential equation can be solved, and yields:
s
¥ o =T . 4 r* Hhre
air o t EIF{ o2 E}’

Here T is assumed constant. Feom the intial value T (0) = T whichimpliesc = T _(0) — T .
[aiFi s amr my ianr ot

Plotting the sclution gives the following plot:
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s s
o =]
i i

=
.5

Temperature Air [ C ]
I o
o Pl

kad
=5}
i

36 -

000 025 050 075 100 125 1.50 175 2.00
Time[s ]

The calculations above vields the following equilibrivm temperaare:;
48.5 °C

Reasoning, discussion and verification:

It seems to take around 15 minutes for the airframe to reach its equilibrium temperature outside. From the second
plot it seems to be a tiny delay of (.10 s between the temperature of the paint and the air inside. These numbers
seem intuitive. The temperature is lower than the internal constraint of 60 ° C,

Final resulis:

The airframe coated in white lacquer will reach an equilibrivm temperature of 48.5 °C in around 15 minutes. This
is the worst case, and the airframe will likely be cooler when at rest.
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PAYLOAD

Abwstract

This document provides a technical overview of the finished payload product. It provides both an
explanation of the payload experiment and an overview of the necessary components, weights, placement, testing
and validation.

Tneroduction

The payload experiment consists of an STM32 NUCLEO-F411RE microcontroller and two [IM42652
IMUs in parallel, so as not to disturb the current in case one of them gets damaged. One of the IMUs will be
tastened with moongel in order to dampen vibrations. The experiment measures the vibrations of the rocket and
compares the values read by the non-dampened IMU to the dampened one.

Componeniy

Table 1 shows an overview of the required components as well as their respective dimensions and weights,

Dimensions  Weight per

Component () obj (g) Amount Total weight (g)

LiPo battery 140x45x 13 175 3 525
NUCLEO-F411RE EXSxTOx 15 i3 l i3
[[M42652 22xllx3 5 2 L
Breakout board 5% 70 21 2 42
SV regulator (221 B 2 1 2
Total weight (g) 589

Table 1! Components overview.

Placemert

The payload itself has a 6.0mm metal plate that spans the length of the internal casing. The two IMUS are
mounted on a breakout board each that will be as long as possible in order to absorb as much vibration as possible.
One of them is mounted on moongel, while the other one is fixed firmly onto the mounting plate as shown in Fig. 1.

Fig. 1! Setup for the two IMUs.

ilw



I PAYLOAD V. APPENDIX

Fig. 2: Realistic rendered demonstration of the IMU setup.

Three LiPo batteries, 140.0mm x 45 Omm x 13.0mm each, are used and located at the bottom of the
payload, as shewn in Fig. 2. The large green slab above the metal plate is the MCU, the two green ones are the
IMUs mounted on breakout boards and the blue cuboids are the batteries.

Fig. 3 Approximation of battery location.

Suftware

The FIFOD buffer on the [IM42632 sensor is utilized in combination with the DMA to attain sensor data at
its maximum output rate. For the given sensor. this is approximately 32 kHz. However, it is implavsible to read at
this sampling rate from both sensors simultaneously, In order to maximize our data frequency, the 2048 Byte FIFQ
buffer on the IMLU will be used. Once the buffer is full, an interrupt is routed set the program on pause such that the
data may be read and uploaded to memory while the buffer fills up again. This buffer stores all sensor readings while
the sensor itself is dormant and the data will be read using DMA {Divect Memory Access) will be urilized to
optimize our data rate. Storing this data will involve the use of FreeRTOS, a real time operating system, that will be
able to generate and prioritize threads.

Fig. 4 shows what will happen when the NUCLEO-F411RE receives a FIFO_FULL interrupi:
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Recere imermupl

S

OniA read data m
FEFO bufer

.

Thiremsd IITI'IE::'

Sore data in an

coni=nts 1o Flash

BITEY

=

coments i S0 card

Fig. 4: Diagram shows what the software will do once an interrupt is received.

Infarmuation storage

All information is primarily stored 1 flash memory on the microcontroller as well as an 5D card for
backup. The SO card poses certain challenges. 3D cards act similarly to microcontrollers and will perform internal
clean-ups at unpredictable points in time. This will be avoided by formatting the contents of the SD card and the

storage data such that the process is executed as infrequently as possible.

Battery capacity

Three LiPo 7.4V 3450 mAh batteries are connected in parallel to drive the whole experiment. This
corresponds to a total of 10035 mAh for the whole system. When used with maximum power consumption settings,
the microcontroller, rogether with the other componesnts, draws a maximum of 15 mA at 5.0 volts. This equates to a

tofal power consumption of 0075 W and an excessive battery run-time of over 100 hours.

Testing and validation

The easiest way of testing the payload is to shake it and check it the readings make infuitive sense. This
test. although very unreliable and susceptible to human ervor, is the fiest step of testing and validating. The payload
will additionally receive a vibration test with the rest of the rocket, and the readings will be compared to the actual

vibrations in order to check reliability,
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hater Siruciure

Heference | System Sub-assembly | Component () Function Material Production | Validation method
miethad
L83 Chuter structure | Mose Hp M lap Reduce serodynamic ferces and retaim 5T Asgembly -FEM
structural imegnty Smeoth ransation 1o Alurminum -CFL
the Forward Adrframe Flight proven
[ R Chuber structure | Moae bp Uppeer Mise Tip Reduce aerodynamic ferces MITE-Th CpL
Abuminum machating
M. MP Chuter structure | Moae bp Blichdle Mose Tip Transler drag foree 1o the acframe TE-Th O
Aluminum machating
O LP Chuber structure | Moae bp Lawer Mose Tip Fasten the nese tap o the airframe 5T Ch
Abumtinum machining
OFFa Cruter structure | Forward hall | Forwand Adrirame Houses the nser Structure and reduce its | Cilass Fiber Filamient -FEM
vihestien vis Fastening poinis; load Fenlron §-2 winding CFL
bearing UF33a9 -Caimprsssion Lest
rzdduce serodynamic Torces and retam SWiad el e
structurad mlegnly
OL.AA Cruter strvctune | Lower hall A Adrinume Huouses the motos, the camera st and Catbon Fiber Frlagmim -FEM
both e Fins and the boat il ane Taray 1=k winding LFD
aitached; LIF33a9 ~Compression best
Lol bearnng SWind el bes
pedduce serodynamic foeces and retam
strwctural megny
OLF Cruter structure | Lowes kall Fars dx} Lower Center of Pressure to increase the | Carbon Fiber Lay-up FEM
slability mangin -CFI
rexluce serodynanic foroes amd retam ~Bendmg test

structural mtegnly (Ao Huier

-inbegraion st
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OLBT Chuter strwcture | Lower hall Huoan eatl Transhering the force From the maotor 1 alh2-Th Asgembly FEM
thee rest ol the rocket, throagh the Aluntinum CFL
airframe

reluce serodynamic forces amd retam
struciural miegnly

OLBT.C | Outer Stoucture | Lower hall Hoal tail centering rmg | Fasten the boat tal w ibe aiclrame. alil2-Th O -FEM

i Transler mator fiorce 1o the atrfmne Aluntinum machaing

OLBT.C | Owiter $teucture | Lower hall Hoal el centering ring | Fasten the centenmg ving b the aiframe | 6082-Te O -FEM

¥ widpe Aluminimm machanng

OLBTE | Ouer Structure | Lower hall Haoal eail Fasten o the centering ring alif2-Th M -FEM

T Ahimnininn inachaiing

OL.CS Chiter strusture | Lower hall Camera shell View of the fins during fight PFETG FDM -FEM
resluce sercdynamic forces and retain -CFDy

struciural imlegrly

OL.CSA | Chiter struwctune | Lower lall Camiera shell Anders Haolds camers 5 and the camera shell & PFETG FDM FEM
M Il place LFD
OL.FB Chuter structune | Lower kall Fam brackens (4dx) Kevpng the fins in place MWTE-Th CrC -FEM
Aluriinum
O Cruter Simcture | Coupler Coupler ~Harcdpasint in separvisen join joint TS-Th Turning Fem
between forward and afl airframe Alurinum Drilling Inpegranon et
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lmner struciure

Belercnce | System Sub-assembly | Component Funciien Muaterial Privfuction Validation method
(M) aveihad

P Inner Panyloawd Py vl -Haowse the payload expermeni Asgembly -FEA

Slructure -Integration best
IRLE Inner Panyload Lavwer Cap -Boeeps payhsad In place B2 T Turnmg § lathe) -FEA

Slructure ~Interface between Paylosd and Avionkes Alumenarmn Dnlling -Integration s

mdule

11 Lnner Payload Fay i Tubg ~Houses the payiosd Bl -Th COTs -FEA

Slruciure Alumenmarmn Dnliimg -InEegralion et
([ N Inner Payload Lipper Cap -Rozeps payhead in place HE2-TH Turnmg ( lathe) -FEA

Structire literface between tube armd threaded rod Alumemurm Dinlling =Inbegralion e
LIrFP Lnner Payload Fay o Plate -Mounking for payload elocironics and battenes | S235JRH Masmi culling -FEA

Slruciure pradde slel Dnliimg -InEegralion et
LT Lnner Payload Flate Tog =[efines the g of the Mounting PMate SI35IRH Turnmg -FEA

Structire prasde gl Dinlling =Inbegralion e
IRTH Inner Panyload ME Threaded =Suppuart struciure BB Cirade COTs =Inbegration Lest

Slruciure Hod -Mounting lor nose Lp Steet
L& Inner AV A0 Henasing the avionic companient Aszembly -FEA

Structure | Module Muodule =Insegration Lest
L& UME Inner Ao Upper Modube | -Emterface between Aviomics module, Paylosd E2-Ta Laser cautling FEA

Structure | Merduli Ptz anl Torwiard alr (rame Adumiriim Dinlling =Integralion Les
Lo LB Inner AV Lavwer Module | -Emterface between Avicnies madule Becovery E2-Ta Lager culling -FEA

Structure | Module Ring msdule and forwand air frame Aduminum Dirlling =Insegration Lest
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LA B Inner Avione Adlores Rail ~Iterface between bulklssads and mounting RR2-Th Cultnitg, -FEA

Structure | Maodule plate Aluminurm Dirulling =Ingegralion Lest
-Ease of assembly
Heference | System Sub-assembly | Component Fumctien Maberial Production Validation method
(£My) mcthod

LA M Inner Avione: Mounting Plate | -Common maunling pomt for avaomics PALZPAZNIN | SLS 3D-pronfing FEA
Structure | Marcule SeTpInEnls Mylen =Inkegratian best

[&.CBC Inner Avionc COTS bathery ~Hiusmg altionax and leatherweight baitery PET{ FM Integration Lest
Structore | Merdule Casimg

[4.CHL limer Avione COTS hatlery -Enclosang the battery PETL Fond Integration Lest
Structure | Merdule lid

[aNEC Dieer Avione Wideo encoder | -Housing the video encoder PET{ Fond Integration Lest
Structore | Medule casing

L4 MEL Laner Avponie Widleo encader | -Enclosang the vadeo encoder PETL Fland “Inbegration e
Structure | Mordule lid

I 5BC Lnaner Avpmie SHAD Bamery | -Heosing four 28000 H-jon cells o the SEALD PETLG Fland ~Inbegrtion e
Structure | Module Pack Casing

I4 5HL Laner Avponie SHAD Bamery | =Toge Isad for the banery pack PETL Fland -l 1E5L
Srruciure | Module Fack Lid

L& sBH Inner AV SHAD Bamery -Fasten oo e back of the banery pack giving PETLG Fland -Integration best
Structore | Module Pack Bottony sccess for the wiring

LA CF Inaer Avonm: Caneem Plate ~Fusteming pomls for cameras B2-Th Laer culling -Inbegralion best
Structure | Module “Coeling for camera PCEs Alumiiim Metal bemding

L4&.CH Lnner Avione Canvera House | -Movable howsang for the camernn allvwing PETG FM -Inbegration best
Srructure | Module alignmint of the lens o akrframe

LA LB Inner Avionc Limng Block =Liming up the camera house with ke hole m PET FIOM =Inbegration best
Structare | Madule the airframe
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IR Inner Recovery Recovery -Housing the recovery componenis Assemmbhly -FEA
Structure | medule Module =Ingegralion Lest
LR MR Inner Becovery Hecomvery -Iterface between Recovery and Avionics k- Ta Wazer-cul -FEA
Structure | Module Muodule Ring Alumimam Inbegration Lest
Reference | System Sub-assembly | Component Fumciien Material Production Validation method
() miethad
LK Inner Becovery Becovery Plae | -Imterface between rails fE2-TE Warer-cul -FEA
Structure | Module -Mounting points Foe MOURS, Aluminum Inbegration Lest
IR R Inner Rocovery Revovery Rails | -Iterlace between bulkbends and recovery RE2-Th Culling FEA
Structure | Merdule {comimdn name || plale Aduminum Diilling =Inkegration bzt
fior Becnvery -Ease ol assembly
Fail A, B, ©)
LR HA Lnner Becovery Fecovery Hall ~lfer Face between bulkbeads and recovery R 2-T6 Cutling -FEA
Structare | Module A Mate Alummum Dirilling -Inbegration test
-Ease ol assembly
IE.EB Inner Becovery Fecovery Rall -Interlace bevween bulkbeads and recovery L ] Cuttang -FEA
Structure | Module B plate Adumiiim Dirlling =InEegration test
-Ease ol assembly
IRRL Inner Becovery Hecovery Raill ~Interface between bulkbeads and recovery Bk 2-Th Cutting -FEA
Structure | Module C plave Aduminurm Dirlling =Ingegration Lest
-Ease of agsembly
B HF Inner Recovery Haiwk Plate B2 T Hending -FEA
Structure. | Module ~Mounting pont for Hawk components Alummarmn Waker-cul =Inbegration best
~SLlTener between two rnls
IR I*H Lnner Rocovery PV Hracket ~Mounting ponl for PV BIR2-Th Waker-cul -Inbegration best
Structuare | Maodule [2x} Alumiurm Dinlling -FEA
IR FE.N Inner Recovery PV mock ~Mounting pont for PV BE2-Th Waker-cul =Inbegration best
Structare | Madule bracket Adumiiurm Dinlling -FEA
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IR FBUN | Inner Recovery PV upger neck Moumting point fisr Y RR2-Th Wakier-cul -Inegralion best
Structure | Module braikel Alumenam Dinlling -FEA

IR lner Recoyery Cable bracket ~Cable managemmen PETC Foa -Integration best
Structure | Module

IR ler Recovery Lmnbilical -Herds the umbalical cond peb m place PETC o =InEegrabion e
Structure | Module Biracket

IR [8 Inner Recovery [-Sub Bracker | -Cable management fE2-TE Water-cul -InEegralion et
Structure | Module -Faster agsembly Alumimam

IR.WEH Inner Recovery Valve Bracket -Koeeps ball valve in place ME2-Th Water-cul =InEegrabion e
Structure | Module ~Mounting for serva Alummarm

LAE MB Lnier Al end Mular -Separates pecovery bay and mober bay 5TE4-H11 Turnmg { lathe) =Integralion Les
Slructure Biualk brerzad allowing separation usig air pressone Aluminum Dirulling

-Mounting pesint fior U-lsele
Keleremee | System Sub-assembly | Component Functien Material Production Validation method
(1M} method

LAEMUR | Inner All end Bl -Bogeps motor cemlerad L ] Turmng { lathe) -FEA

Siructure cenlering g -Ease ol assembly Adumiiim Dirlling
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Hecovery system
Heference | System Sub-ass | Component (Qty) | Function Mlaterial Production Validation methsd
cmbly medhod
R Recovery | MORS | MORS -Releasang the main chute at =450m Assembly Dregy tesst
=Lar bl
=Wl lurmnel 1ese
BRI A Resmvery | MCRS | Upper release aem | -Beeping the main chute m plice Sl Laser cutting Dreq Lt
-Car test
SWimd tunnel 1ot
-FEM
M LRA Recowvery | MORS | Lower rebease arm | -Keeping the upper nelease arm in place Seeed Laser cutting Doy st
=Lar best
=Wt turmne| Les
-FEM
Eh.EA Becowery | MURS Servo ann =Maovmg the hvwer release ann o release the Alurimem Laser cutlling =Drog lest
main chule = ekt
=Wl turme| lest
-FEM
R EM Recovery | MORS | Servo motor <Retating the servo anmn COTS
RMMCD | Recovery | MORS | Main chuste sKevpmg all the compenents For the MCRS 1 Sl Laser cullting Drog lesst
docking (2x) il Mletal hending -Car st
= Antachment point for tlse parmchules Wi lunine| fest
= Ataching the MORS 10 the Recovery plate -FEM
(R plate legge 1] navn)
RERAS Recovery | MORS | Belease anm sprmg | -Keepog the lower armom place Seeld 0TS

(2%}
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Beference | System Sub-ass | Component (Qty) | Fanction Materiad Production Validation e thod
ermbly methaod
RMLREPA | Recavery | MORS Levwer release push | -Extending the lewer rebease ami so e servd
arms (2xh can miake ol with i
RrE Recrvery | MCRS | Shackle ~Allaches the panchates wthe MORS COFS
RSP Recovery | SRAD SHAD PRSS ~Heparates the rocket at apopgee Assembly Ciround best
PHSS =Dirope list
-Inlegration et
BsY Hecowvery | SRAD Prissuwre vessel Pressure vessel mbed Do 200 bar ol pressure LS -Lirourd Lest
PHES =Inlegration test
REPIYA Recovery | SEAD Pressune vissel Aubapiter from Tour-way adapter to L-iube £ =Ciround L
PHES adapier =Integratsn lest
RSPFWA Recavery | SRAD Four-way sdapler Aubapiler from pressiene vessel lo pressure gauge, £ =Liroumd Lest
PHES il meppde and fuhe -Integrataon test
RSPFM Recovery | SRAD Full nipple Fall nappde used o Tl the sysiem Soeel £ =Liround Lest
PHES =Integratsn lest
REFIMG Recavery | SRAD Prissine gauge (g b check the presaure of the sysiem 0TS Ciround List
PHES =Inlegratan lest
REELUT Recovery | SEAD L-Tube Connects the pressure vessel adaprer 1o the 0TS -Circaisd L
PHES mmamual valve =Inlegratsn lest
REPBY Recovery | SEAD Ball valve Acctuaten] valve b separate the rockel a1 apoges 0TS -Circaisnd L
PHSS Do lesst
lnlegration 1esl
RSFRET Recovery | SEAD Bent tube Connects e ball valve o the recovery plae S Cirournd best
PESS -lnlegratsen st
Helference | System Swb-ass | Component (Qry) | Fanclion Mlaterial Production Validation methsd
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enbly el

SPBHEG Recovery | SRAD Big helical gear Connected 1o the hall valve and small belical AG-CF FI¥d =Inlegraton lest
PBEES ear =Ciround Lest

=Diropy lest

RSFSHG Recovery | SEAD Small helical gewr | Compected 0 the serve molar PAG-CF FIrd -lntegrstion test

PESS ~Cironid Lest
=Drogr lest

RH Besivery | Hawk COTS PRSS Bedumbant system 10 separate the rocket at Assembly Cireund Lest
syslam filalkiucs

RH.HE Resivery | Hawk Hinwk body Body for the lhawk OO =Cireaind Lest
syslem

RH.H5M Besivery | Hawk Hiwk sezrvo mador | Activate the OOTS PESS system COTS Cireund Lest
syslem

RH.CS Resivery | Hawk Cainpression Mawes the Prstion OO =Cireaind Lest
sydlem | spring

RH.F Besivery | Hawk Prston Punciires the CO2-canister COTS Cireund Lest
syslem

RH.F Recovery | Hawk Friting Conmects the Hawk e the bent metal prpe Hras CUFTS Uit best
syslem

RH.BMP Recovery | Hawk Bent metal pipe Barves the gas froim the OO2-canister o the LTS Catomrd Lest
syslem revovery bay

RH.BA Recovery | Hawk Belease arm Berved e sctivate the Hawk CUFTS Uit best
sysbom

RH.ES Recovery | Hawk Extension sprig Mo Uhe rebease anm (o nol activated LTS =Citourd Lest
sysbem pticn
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Beference | System Sub-ass | Component ((ty) | Fanction Materiad Production Validation e thod
erbly methaod
RH.HSP Recovery | Hawk Hawk safely pm Keep tlwe Howk safe until o s armed for luneh LTS ~Ciroumd Lest
syslem
R Recovery | Chutes | Parschute system | Parschutes fo gel the rocket down salely Assembly
RO MU Recovery | Chutes M Chute Decrexie desoenirale Kevlar 0TS =Drogy fest
~Car s
RO Recovery | Chutes | Dirogoe Chiate Decrease desceninale and prevent drilt Rk, COTS Do lesl
By lon shrowd = test
bines
RC.LI Resvery | Chstes | L-badi Conect afl b drogie chie and by this Semless steel | COTS Dieg lissl
decnsse descent of afl. Hold Torwand Frame and -Car test
alt b conmectid aller separtion
RC.DB Recovery | Chutes | Deploymient bag Prevent damage on the main chute. Prevem Mg lon 0TS
Larlmg of (e threads om the main chute. Hold
the i chule coimpact belone it s deployed.
RCOL Recovery | Chutes | Qhoack link (3x) Connect conds, chutes and Torwandfalt wbe o Seaimless steel | COTS Dregy st
sach eiber ~Car sy
ROCEL Recovary | Chutes | Swivel ks (5x) Prevent entanglement and spii of Toewand aned Staimless seel | COTS Dreg tesst
all tube L test
ROCECD Recovery | Chutes | Shoek cond straaght | Comnect chutes o (e forwand and afl ube. Blavlar S DIregy st
Tkl =5 st
ROECY Recowery | Chutes | Shoek cond Y Beplace 1w stright eords connected b oa quick Bavlar COTS Dreg tesst
link. Decrease number of parls L test
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Reference 1D
AV
AVFC
AV KH3
AV.PDB
AV ENC
AVETH
AN BB
ANV EW
ANV AM
AN LS
AV MAL
AVMP
AVPCI
AP
ANV
AVPCH
ANV MSL
AVMS2
AVMS1
AVMSH
ANCORY
AVED
AVCanM
AV CAan?
AVCAaM3

Avionics Components
Cimmpunent Ty pe Compoment Valiage | V]
Crnboand radus CREI- | 44-LW 24
SHAD Mght computer KH3 + FDB
Fl.iglll.q.*um:;puh.'r cnpule board FH3 (SEAL)
Power detivery boand P (SEALY
Encader AVCZE
Ethernet switch SwitchBlox Nano
Bilackbax
CiPS tracker Fiatherweight {COTS)

Flight eomputer

GiP'S antenna

Magnetomseler

Magnetic plug

Protection circuit 1 (MCRS)
Protection circuit 2 | SRAL PESS)
Protechion cereuitl 3 (Cam 1 and 2)
Provection circuit 4 (Cam 3 and 4)
Magnelic swilch (SRAD systern)
Magnelic swalch (COTS FC)
Magnetic swaich (COTS wackerp
Magietic socalch ¢ Cansera shell)
Llmibilieal cond

Smart charger

Cammeera |

Camera 2

Camera 3
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Adumax Gd (COTS)
Li-Blox ams-mb
LIS3neL

B2 40

Fizefly split dk
Fizefly split 4k
Rumczm split 3 LITE
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AV.CalMd
AVCAMS
AVCAMS REG
AVCAMS BAT
AR

AG TR
AG.TRCVS
AGTRC.HS
AGTRC.VD
AGTRC.HD
AGTRC.RP
AGETH
AGGEC
AGTRC.PCH

Ieference 1.
PME

RIMUI
PIML2

FHAT
EMOLUNT

Camera 4

Camera §

Carmera shell regulatee

Cameera shell batery

Cirpund racho

Tracking radia meunt

Werlicitl ands sheppar mielor

Hurleomlal axis stepper sisdor
fertival axis Slepper dover

Hurfeomial 2xis stepper dover

Badio Irscker compuler

Ethernet switch

Ciround statin compuler

[ split 3 LITE
Rumczm spla 4

CRE- 159

{SHALY

QﬁHhL‘l 14-65-28-211)
JIHPM-2804-5
THATS1ZRFTG
THATS1ZBFTG
Raspberry pa bt

PO Windows 10011)

Badi irscking PCH PUE (SRAD
Payload Components

Compament Ty pe

Mavin boviare

I0AL 1, dampened

ML) 2, mclarngred

35 Bi-po ballery

Mountmg plate for pay laad
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Trajectory simulation & CFD

1. Trajectory calculations:
Flight analysis Stetind

In October 2021 we launched our previous project “Stetind™ at the European Rocketry Challenge (EUROC). With
the recorded data, we calculate important flight parameters (e.g. altitude and drag coefficient) and compare it with
the flight simulations of OpenRocket, RasAero 11 and RocketPy. This analysis should help us to figure out the right
settings for the flight simulation, unveil critical parameters and determine the deviations in apogee. Furthermore we
use the data to validate the results of the Computational Fluid Dynamics (CFD).

Physical laws:

For calculating the drag coeficient € , we use the drag force

2
Fo= —p A v (1

with the cross sectional area A, the air density p and velocity . We obtain the value of the drag force via the
recorded acceleration a (from the accelerometer) using the equation of mation
F=F+F +F, (2

where F&, = m g is the gravitational force, FT the thrust of the motor and F = ma. For the thrust, we use the

data sheet of the provider (Cesaroni 2106203400).

Simulation programs:

OpenRocket: This simulation program allows o model the rocket exactlv. It calculates the aerodvnamic
properties with the Barrowman equations. However, you only have a limited possibility to adjust the weather and
atmospheric conditions.

HasAero 11 i another flight simulator and works with imperial units. There is only a limited possibility to model
the rocket, which leads to deviations for more complex shapes.

RocketPy is a Python library and is easily customizable. 1t has many options for the atmospheric model (e.2.
weather forecast or reanalysis). The disadvantage of this program is that it does not caleulate the aerodynamic
properties itsell. The drag coefficients (Cd-Curves) for Power Off and Power On must be imported by another
source (OpenRocket, RasAero I or CFDN.

Computational Fluid Dynamics was used to caleulate the Cd-Curves as input parameters for the RocketPy
simulation.

Evaluation:

For the evaluation a Python script was written, which reads out the data from Stetind’s flight and the simulation
programs. It calealates the relevant flight parameters and plots the results.

The acceleration from the accelerometer is plotted and compared to the simulation programs in Figure 1.1 The
acceleration from the flight data is lower compared 1o the simulation programs. This difference can originate feom
a deviation in the COTS motor thrust from the provided data sheet. It is remarkable that the RocketPy sinmulation
shows the same peak in the coasting phase as the flight data. This is the first indication that the CFD data is very
precise.
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Figure 1.1 Flight analysis Stetind: Acceleration

The acceleration, recorded by the accelerometer, is used for caleulating the velocity and altitude. The composite
trapezoidal rule is the method wsed for the integration. The simulations are matching with the flight data, just the
RasAero 1T simulation differs noticeably (see Figure 1.2 right). This difference can be seen better when recording
the drag force.
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Figure 1.2 Flight analvsis Stetind: Velocity and Apogee
For calculating the drag force the equation of motion is used (see Physical laws). The values during the coasting
period are scraped since the theust curve is subtracted, but the real thrust ditfers from the data sheet (see
Acceleration). The Figure 1.3 15 obtained for the drag force where the RasAero data has a discontinuous jump at
burn-out, This is another indication that RasAero 11 is not smitable for the rajectory calculation.
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Figure 1.3 Flight analysis Stetind: Drag Force

The drag coefficient can be caleulated with equation (1). For the air density the International Standard
Atmosphere (1SA) is used. The caleulated Cd-Curve is plotted in Figure 1.4, The noise of the accelerometer data
due to strong vibrations of the rocket amplifies in the Cd data, since these are caleulated over the drag force and
velocity {square) which both are noisy too. However, it is-evident that the curve calculated with CFD {orange)
follows the flight data best. 1t has a slight offset, which most likely originates from neglecting the skin drag.

In the CFD a model for the surface roughness is used with two parameters: Surface roughness height and
constant. Since the value of the second parameter could not be determined, the default settings of zero ronghness
wete used. OpenRocket and RasAero 11 both have large discrepancies in the subsonic/transonic regime.
OpenRocket underestimates the coetficient in the supersonic region, which counteracts the overestimation in the
subsonic regime. RasAero, on the other hand, consistently overestimates the values. The problem is that the
tapered end cannot be modeled exactly with this program, which would lower the drag force. This is another
reasen why RasAero 11 is not used for flight simulation.
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Figure 1.4 Flight analvsis Stetind: Cd-Curve

An additional analysis of the flight simulation programs was carried out. It was mvestigated how stable the
simulations are against changes of the initial parameters. It became very clear that RasAero has some critical
parameters. The Nozzle Exit Diameter is the most unpredictable. Just by changing this parameter, one can reach
space (Karman line). It seems that RasAero 11 not only uses the thrust data sheet provided by the producer, it
seems it uses the Nozzle Exit Diameter to adjust the total impulse.

A ot of iteration were needed 1o find the right value of this parameter so the apogee from RasAero was near the

real apogee.

337




L TRAJECTORY SIMULATION & CFD V. APPENDIX

Flight calculations Birkeland

OpenRocket:

The previous analysis showed that OpenBocket provides the best results by far. Therefore it is mainly used for the
flaght simulations on Birkeland. The OpenRocket file which is used for the analysis is attached to this report
{(“Birkeland ver3-modules.ork). The overview of the most important simulation settings and main results is given
in Table 1.

Launch elevation [m) 1402 Apogee [m] 09162
Atmospheric model [SA Max velocity [m/s) 507
With an initial temperature [*C] 29 {Mach) (1.50)
and initial pressure [mbar) 263
Avg, windspeed [mis] 2 Max acceleration |m/s"2] 123
Standard deviation [m/s] 0.1 O Rail velocity [m/s] 337
Rail angle [*] 6 Time to apogee [s) 42
Rail length [m] 52 Impact time | 5] 347
Impaect velocity [ms) 7.25

Tahle 1.1 Simulation conditions and resulis.

The flight profile is plotted in Figure 1.5, We expect a 6 second burm phase, followed by a 36 second coast phase,
resulting in a 42 second total ascent duration. This correlates well to the 43 second ascent of our previous rocket,
Stetind, which is similar, although lighter, than Birkeland. The predicted apogee is 2162 meters (30 032 fi). The
slight overestimation is intentional. as the analysis showed that the real apogee will most likelv be lower.

= Fligtn path Birkalmnd

——= Butnil o 65 H

=—= Apogee 9163 m

-—= - Appgee ot 42 5

= Main chute at 2808 5
et ot 34T 5

Ajtrude [m]

50 100 150 200 0 w0 o
Tirme [s]

Figure 1.5 Flight simulation Birkeland: Flight trajectory calculated with OpenRocket.
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The velocity and acceleration profile are pictured in Figure 1.6. The powered flight in the first 6 seconds results
i a maximum velocity of 507 m/s. The maximum acceleration 123 = is experienced slightly before the
&

burn-out. At the main chute deployment, the acceleration reaches a peak value of 149 -+ | The values of the main
¥

chute deployment force of 4233 N and the impact velocity of 7.25 = are in accordance with our own
5

caleulations {see Appendix VA Calewlations and Analvsin).
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Figure 1.6 Flight simulation Birkeland: Velocity and Acceleration

The stability margin (SM) is shown in Figuree 1.7, It is the lowest at Rail-Off with 1.78 calibers, but increases 1o
over 2 calibers in 200 milliseconds. Shortly after burn-out, the stability margin reaches its maximum of 5.84
calibers. The racket is in the supersonic regime, where the speed of the rocket is very high. Therefore, the shear
wind would not change the teajectory much despite the high stability,
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Figure 1.7 Flight simulation Birkeland: Stability margin
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Flight caleulations Birkeland CFD :

The aralysis of Stetind showed that the Cd-Curves from the simulations differ sigrificantly feem the real data,
The CFD values matched the shape much better. Therefore 35 Cd-values were calculated for different
Mach-numbers with the CFD {for further details on which mesh and setup was used see CFD appendix below),
Figure 1.8 compares the Curves from OpenRocket and the CFD. As expected, the shapes of the two curves are
quite different. However. the offset in yv-direction (Cd-value) is much higher. This can be explained with the
neglectance of the skin drag. Since the surface roughness is zero (see Flight analysis Stetind), the drag coefficient
is smaller. Furthermore Birkeland has, compared to Stetind. a much higher surface area, which would increase the
skin drag in reality. Therefore the difference between the OpenRocket data and CFD is larger than in the analysis,
If the simulations with RocketPy shall be performed, one has to counteract this effect. For the RocketPy
caleulations the CFD values will be added by a constant factor (0,05}, so that the difference between the
Cd-curves matches with the difference of the curves in the analysis.

{60

= Simuiation Dpenfccket
— CFD

.55

.50

B J—\

.15

430

a2 l—— — - -
02 0.4 08 o LA 12 L4 Le

Mach number

Figure 1.8 Flight simulation Birkeland: Cd-curve; Power-(if

Rocketly:

For RocketPy the adjusted CFD data is used. The advantage of RocketPy is that it can perform a Monte Carlo
analysis. Thereby, parameters can be assigned with an uncertainty. RocketPy will pick a randomized value in that
interval and simulates the flight with the chosen parameters. A huge number of simulations are performed with
changing initial conditions. The apogee is chosen as the investigated result and is thevefore safed after each
simulation. In the end a normal distribution is obtained with a standard deviation. Thus, besides the apogee, an
uncertainty can be specified which results from the uncertainty of the inttial parameter.

In Figure 1.9 the result of a Monte Carlo analysis of Birkeland is plotted. It was assumed that the mass has an
uncertainty of 200 grams, the total impulse of the motor differs by £50 Ns, the elevation by § meters and the
Cd-curves by 0.005. A mean apogee of 9205 meters is observed with a standard deviation of 51 meters. Thus the
result of OpenRocket is in the uncertainty interval of this analysis.

The flight path of one simulation in the Monte Carlo analysis is pictured in Figure 110, It reaches an apogee of
DIHE meters.
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Figure 1.9 Flight simulation Birkeland: Monte Carlo analysis
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Figure 1.9 Flight simulation Birkeland: RocketPy flightpath
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2.Computational Fluid Dynamics:

This is an introduction to the CFD simulations used in this project. A simple presentation of the assumptions and the
simulation setup will be presented. Special attention will be paid to the simulations run at the maximum projected
velocity, as the result of these simulations have been used to validate the structural integrity of the rocket, but the
discussion and validation regarding these largely stay relevant for lower velocity simulations.

Geometry

The outer geometry of the rocker was modeled using CAD, and simplified to make discretization of the fluid domain
easier. Holes and perturbations from the rocket body like mounting lugs, stickers, cameras and screws were excluded
from the model. The rocket nozzle was also excluded. and replaced with a flat plate as can be seen in Figure 1. It is
alse worth noting that because of the simplifications made to the model, the rocket body had 2 symmetry planes.
This was exploited for simulations run at zere angle-of-attack, where the size of the computational domain was
quartered, leading to a deastic reduction in computational demand.

Figure 1: The rocket geometry used for simulations.

Mesh

A number of different meshes were used to discretize the fluid domain for different flow conditions. Most notably,
different bodies of influence were also used to refine the mesh for subsonic and supersonic flow according to the
behavior of the flow in the different domains. As can be seen in Figure 2 and Figure 3. a wider, conical body of
mfluence was used to refine the areas around the nose to adequately resolve the mach waves expected to propagate
in thas area.
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Figure 2: Fluld domain and bodies of influence used for subsonic simulations,

Figure 3: Fluid domain and bodies of influence used for supersonic simulations.

Poly-hexcore mesh was used to discretize the fluid domain as seen in Figure 4. To resolve the boundary lavers along
the rocket body, mflation layvers were added as seen in Figure 5. As seen in Figure 6, the chosen inflation lavers were
larpely capable of keeping the Yplus values in the desired range for wall functions, between 30 and 300, except for
at the very rear of the rocket, namely the trailing edges of the fins, and the flat plate at the back.
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Figure 4: A cross section of the mesh used for supersonic simulations.

Figure 5: A close-up picture of the inflation laver.
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Figure 6: Contour plot of ¥plus values on the surface of the rocket.
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Table 1. A selection of statistics regarding mesh quality

Mach number #of Cells Max. Aspect Min. Orthogonal
Ratio Cuality
0.3 371926 42 0.20
1.5 1 826 295 50 0.20

Some statistics regarding the mesh quality can be seen in Table 1. These meshes are shown because they concern the
meshes that were the least, and most refined respectfully. Both the number of cells, maximum aspect ratio and
ifmum orthogonal quality are kept within the desired range.

Setup

Ansys Fluent 2021 R1 was used to derive numerical solutions on flow analysis of the rocket, where a 3D cylindrical
fluid domain was implemented around the rockel. Double precision was used for all calculations, increasing the
computational demand, but increasing the precision,

All simulations were run at steady state, with a pressure based solver and absolute velocity formulation, Energy and
viscous medels were used for all equations. For the viscous model, k& — w 38T with viscous heating and curvature
correction was used. The density of the air was modeled using the ideal-gas law, and the viscosity was modeled
using the Sutherland law. Because of a lack of empirical data, the roughness height of the surfaces of the rocket was
left at o default of zero, Le. smooth surfaces. The solver s coupled for the pressure-velocity coupling, with second
order upwind for both energy, turbulence kinetic energy, density, and momentum,

Results

In addition to the results presented in the main report, the simulations result in some plots which can be used to
check the validity of the computations, and further investigate the details of the flow.

As seen in Figure 7, the simulation predicts Mach waves propagating from the nose and fins, as well as expansion
fans at the tapering part of the aft. The Mach wave propagating from the leading edge of the fins has a lower angle
than the sweep angle of the fin, leading to larger wake-drag.

-—

Figure 7: Contour plot of Mach numbers around the rocket at Mach 1.5
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In tigure 8, the distribution of static pressure can be studied. The highest pressure of 166kPa occurs at the nose tip,

17

Figure 8: Contour plot of static pressure distribution at Mach 1.5
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DETAILED TELEMETRY ARCHITECTURE

Telemetry and ground station system function

Table 1 - Telemetry and ground station functions

Priority Function Drescription

Main Send arming/disarming signal | Arming or disarming the rocket.

Main Receive and store telemetiy Store all the telemetry data for later use.

Secondary Track rocket Reliably rack the rocket with the radio itself,

Secondary Display relemetry Display telemetry with OpenMOT at the ground station computer.
Tertiary Video siream Video stream from the rocket and display on the ground station.

The purpose of the pround station and telemeiry system 1s fo securely receive and store telemetry data from the
rocket, as well as remote arming of the rocket to prevent premature separation while there are personnel near the
rocket. Telemetry will be displaved live on the ground station. which is beneficial for detecting anomalies such as
the rocket going ballistic and faster recovery of the rocket.

This wear's design will include a radio tracking system, which will keep the ground based directional antenna
pointed towards the rocket at all times. The purpose of this is 10 ensure a more reliable connection between the
ground station and the recket, as well as providing an additional source of position data to aid with recovering the
rocket. This tracking svstem will function as long as the onboard radie is functional, even if the flight computer
fails.

Ground station and telemetry hardware

Table 2 - Radio specifications overview

Rocket radio

Ground station radio

Component name

CREZ-144-LW

CRE2-18%

Connectors Power & Ethernet Power & Ethernet
Voltage range 1032V DC 19-55 ¥V DC
Power draw 25 W 2T250W

Frequency range

4900 MHz to 3900 MHz

4900 MHz to 3200 MHz

Channel width

14 MHz

14 Mhz

Tx power

W

4W
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Antenna gain Dependent on antenna 24 dBi
configuration
Transmission rate 15 Mbps 15 Mbps

The radio system which is used is the CRE2 system from RadioNor, The rocket houses the CRE2-144-LW umi, and
the ground station uses the CRE2-189 unit. This system will provide intemnet protocol based communication
between the rocket and the ground station, and can provide a maximum data rate of 15 Mbvs. Because of the high
frequency the radio operates at, it deastically loses signal when not in line-of-sight. When it has line of sight it has an
operational range of 20 kilomerres while still maintaining 7 Mb's, which was effectively tested during a previous
launch to an aftitude of 9 kilometers. This data rate will be used for both a videostream and telemetry data, of which
a budget is shown in table 3 below.

Table 3 - Radio bandwidth budger

Service Bandwdth
Total radio bandwidth TO00 kbds
Wideo stream S000 khv's
Telemetry 286.4 kbv's®
Remaining 1755.6 kb's

*Assunung telemetry consists of 60 float values being sent at 100 Hz

Ground station and telemetry software

The CRE2 radio system has built-in support for [P routing and the two radios used will be configured to the same
network priot to assembly.

For telemetry data the primary protocol will be TCP, while the videostream will use UDP. Using TCP will ensure
reliability of data in case of failure, and will provide correct data. TCP will require higher overbead and requires
two-way communication, but the radie is designed to handle such use cases. The videostream from the rocket will
be transmitted through an ethernet encoder to the radio aboard the rocket, which will be transmitted using RTSP
(Real Time Streaming Protocol). The dataflow of the ground station and telemetry system is shown in figure 1.
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Figure I - Schematic of the dataflow for the telemetry

The ground station computer will use a python server for handling and saving incoming telemetry data. This data
will be stored as a ISON-format for later uses and will alse be forwarded to a realtime javaseript server at 5 He,
which will then update the telemetry display in OpenMCT. The telemetry points will be saved in OpenMCT and
avatlable for display. All telemetry points can be viewed separately as shown in figure 2 below. Lastly the arming
signal will be sent from a python script on the ground station computer, which will be received by the flight
computer. This will in turn change the state of the finite state machine from idle to armed.

Figure 2 - Screenshot, example telemetry display in OpendCT
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OpenMCT is a great piece of software, mainly becanse of the ease of use and ability to modify the UL With this
functionality we are able to make OpenMCT suwi our goals. It also allows us to show all telemetry in either graphs,
tables or numbers.

Radio # Python script _} Realtime Sarvar

CpenMCT e Feallime Plugn |

Figure 3 - Schematic of the dataflow for the ground software

The software 15 mainly made in python for the backend and handling of telemetry of the rocket, and the frontend is
made out of javascript. The realtime server is also made in javascrpt for compatibility with the realtime plugin for
CpenMCT.

Radio tracker system function

The radio tracker system funclions as a measure to avoid signal loss during the flight and to keep a reliable
connection with the rocket. Although the CRE2-189 is a phased-array radio, it still bas a maximum operating angle
at about 120 degrees. Therefore it s vital that we are able 1o keep it pointed at the rocker with the radio tracker
SYSTer.

Funection Requirement Description

WVertical axis rotation 30 degrees per second Able to track the rocket according to model and
radio signal vector

Horizontal axis rotation 10 degrees per second Able to track the rocket according to model and
radio signal vector

Tracking accuracy b 36 degrees Tracking accuracy according to model and
radic signal vector

Table 4 - Radio tracker reguirements

The tracking software is based on a finite state machine, which will be similar to the rocket’s. The finite state
machine will be controlled from a raspberry pi and will be mounted to the system. A model for the rocket’s flight
trajectory will be used to track the rocket during the ascent and descent. 1f the tracker software and'or hardware
malfunctions, we will be able to manually control it

The radic wracking is based on the radio signal vector, and as such is independent of the rest of the flight data.
Should the flight computer be faulty, or even the data received corrupted, the system will still function based on the
sigmal direction alone, To calibrate the absolute direction of the rocket in relation ro earth's magnetic field it will use
the GPS position of the rocket at the launch pad and the GPS position of the radio transceiver, from there on we will
record how many degrees the mount has turned. This heading combined with the distance to the rocket, which is
alse piven by the radio, we’ll be able to caleulate the rocket’s carrent coordinates at all points in the flight.
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Electrical and mechanical system setup

/ Radio Tracking Mount \

i Tracking PCB
P ' i !
Vertical axis SR A 35V - 5V
Slepper motor e converer
Radlﬂ ", r L A
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St d
stepper motor ol {RPI)
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Ground control B&M Streaming Gensralor = _ .
computer computer { | Driver zignal
Etharnet

Figure 4 - Example electrical system setup

The electrical system is connected together by the radio tracker system PCB. This PCB connects the AG. TRC.RP,
the drivers, the motors and the power supply together. Sinee the driver can become very hot and the temperature in
the environment it will be used is very hot, we have implemented heat sinks to radiate heat away from the driver.
The heat sinks are seen in figure 5 below,
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Figure 5 - Ground station tracker controller

The stepper motor used for the vertical motion is the AG. TRO.VS and the stepper motor used for the horizontal
motion is the AG. TRC.HS, The drivers used for this are the AG. TRC.VD/AG TRCHD drivers. The specifications
are given in appendix 10,

The following table describes the power drasw of the radio tracking mount.

Tital System Draw (Estimate)
Item Max amp draw Max watt usage
AGR T0A 250w
AGTRCVS 30A 108 W
AG.TRC HS 30A 108 W
AGTRCVD / AGTRC HD .86 mA 4.3 mW
AGTRCREP 1.OA 50W

Table 5 - Ground station tracker power draw
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The tracker mount is manutactured in aluminum to make it light and moveable, so it fullfills DTEG 11.3. The
gearing is one to five to increase the force when moving the radio. It is possible to turn the mount 360 degrees
horizontally, but we have limited it to 90 degrees to the right or the left. It is alse limited to 90 deprees vertically. A
sketeh of the ground station tracker mount is shown in fgure 6 below.

f

Figure 6 - Ground station tracker mount shown from below
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Tracking model
OpenRocket simulation data

8000 -

6000 -
£
Q
=]
=
Py

2000 -

ﬂ uf

0 20 40 60 80
Time (5)

Figure 7 - OpenRocket mode] of Birkeland used for tracking

For the racking model we are using data from OpenRocket, which is shown in figure 7 above. This data will give us
the position of the rocket during the ascent and coasting, which should be good enough for the phased array radio’s
internal tracking. To increase the accuracy of this model we are also using the radio’s heading update each seeond 1o
adjust the angle and go to the timestamp which has the closest angle to the updated one. This will be beneficial for
when the model does not represent the flight trajectory of the rocket during ascent and coasting.

The vertical velocity for the racker is set to 30 degrees per second, which should suffice according to the models. A
representation of this is shown in figure & below, Here it is assumed that the bare minimum distance from the launch
site is about 450 meters as stated in DTEG 11.5.

It should be noted that this reguirement most likely will not suffice if the tracker goes ballistic as seen in figure 9
below, however we will still maintain radio connection because of the phased array.

As we enter into the drogue phase, we are completely switching from model tracking to radio vector tracking, since
the velocity of the rocket is low enough to be properly tracked.
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OpenRocket simulation data
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Figure & - Tracker angle and velocity according to model when tracker is 450 m away from launch
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Figure 9 - Tracker angle and velocity assuming the eocket is going ballistic
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DETAILED SOFTWARE ARCHITECTURE

Saoftware architecture overview and RTOS fask specifications

Sensars —= ISR —» Radio
GPS —» ISR —» Semsor I
sampling
SDcard — SDcard
BME — |SR —= Telemetry
*
Sensor fusion m dala i state e w Flash Flash chip
l' I { . MCRS
i o - T Eenvo
RTOS task : -
10 device : S
All shared data § Finite state - -
{ 1 Shared data type f machine » Cameras
@ Data synchronization method |
! DMA complete interrupt > E.'_’EE:'

Figure 1- Overview of the software architecture.

The SRAD software uses a Real-Time Operating System (RTOS), as we have a real-time system that can be
structured into largely independent tasks. Specifically, FreeRTOS is used with the CMS15-RTOS APL The selected
tasks ate specified in Figure | and Table 1.

Table | - RTOS tasks overview

Task Deseription

Sensor sampling Reading data feom buffers from all the sensors, the GPS, and the BMS system,
with different sampling rates depending on the state. The buffers are filled by the
15Ks, and the data is stored in global variables protected by different mutexes.

Funite State Machine Updates the FSM based on estimated altitude and acceleration from Sensor
fusion, and messages from the Ground station. Updates FSM siate. Controls
peripherals that are specific to a state, like activating the recovery servos and
controlling the buzzer.

Sensor fusion Processing sensor data to provide more accurate results,
Flash Store global variables on the flash chip at the same rate as new data is updated.
Telemetry Transmitting data and event messages to the ground station over Ethernet, with

the same rate as new data is updated.

5D card Store all data saved in the flash chip to the 3D card after reaching apogee.
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The data used by all the tasks will be stored as shared variables protected by mutexes, as is shown in Table 2. We
could have utilized quewes to send data from, for example. the Sensor fusion task o the FSM 1ask. However, the
estimated data also needs o be available to the Telemetry and Flash tasks, and this is the case for most of the data.
As the variables are only updated by one task, we tound that this solution worked well for our needs, as long as
theyv're protected by muiexes.

Table 2 - Overview of shared data types / critical sections profected by mutexes

Data type Task to update data Task to use data

Barometer Sensor sampling Sensor fusion, Telemetry, Flash
InMLT Sensor sampling Sensor fusion, Telemetry, Flash
Magnetometer Sensor sampling Sensor fusion, Telemetry, Flash
Grs Sensor sampling Sensor fusion, Telemetry, Flash
Battery (BMS) Sensor sampling Telemetry, Flash

Amnalog barometer Sensor sampling Telemetry, Flash

Analog temperature Sensor sampling Telemeiry, Flash

F3M state FEM Telemetry, Flash

Kalman filter estimates Sensor fusion F3M, Telemetry, Flash

Radio signal (arm/disarm) Telemetry Fabd

Finite State Machine (FSM)

Each of the states in the finite state machine is defined as a class that all include the following tunctions; onEnter(),
onUpdatel), and transitionValid{). With these functions one can easily structure the code so that it is effective and
readable. In order to transition between classes, an integer value ranging from 0 to 6 s defined, starting at the Idle
state which is defined as 0. The transitions between classes are decided based on the triggers in Table 3. These
triggers will be checked in transitionValid{). The functionality of the states, that are presented in the last column in
Table 3, are defined in onEnter() and onlpdated). Which of these depends on whether the function is to happen
once, such as the rocket separation in the Drouge state, or if it is continuous within the state, such as apoges
detection in the Coast state. This is presented more clearly in Figure 2, in which the functions of the states are
separated by entry/ and dof depending on when they are to happen,

FEM Apogee detection algoriiiim
The apogee detection, the most critical transition, consists of a step where the difference between the previous

maximum average altitude and the current average altitude 1s calculated. If this difference is larger than a set margin,
the appogee is detected and the drogue can be deploved.

Table 3 - FSM states and triggers
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State nr. State Trigger Rocket state and functionality
0 Idie Powered on/ Initial state when the rocket is first powered. Microcontrollers
Drearming signal and radio the ransmitter tum on. 1f dearmed. power to the
from (5 cameras is turned off, live stream stops and sampling rate is
slowed down.
| Armed Arming signal from | 5tll on the launchpad. Cameras are powered up, live stream
s begins and logging of data stams with a fast sampling rate.
2 Powered Acceleration = 3g | While the rocket engine is burning. Sets start time for the mach
delay.
3 Coast Acceleration < Q) Motor no lenger burning. Apogee detection begins.,
4 Dirogue Apogee detected After apogee. On entering this state, the servos are activated
and the rocket will separate and the drogue chute will deploy.
Slows down the sensor sampling rate. and starts storing data on
the 51 card.
5 MainChute | Altiude=13001t/45 | Below [500f/450m. Main parachute released upon entering
(m this state.
[ Retrieval Altimude constant When the rocket has landed. Increase the sound of the buzzer.
Cameras will after some time wm ofl to save power,
Apodged delected DROUGE
fmact “"'L'“"““:}d- eniry/ deploy COPV serva, -
/ doicheck alfitude |
| I
SORST | At < 450M1500M
; dof apogesa dataction
1
atsanei s I'II uging aftitude and
veslocity MAIN CHUTE
| eniry/ deploy MCRS
POWERED BB,
Aconleration :-Egl/’ eniry/ starting mach doicheck altitude Constant
| delay timar ahtilxio
Abot signal mm*
Batery IOLE from G5 ARMED 3
Eonnaclied (i — entry! tum off PAWM signal to
. o Biryd rockst powered, anbryl Cameras on, sian BEIVOS,
sampling rale low, serves live stream, increase dof loud buzzer, camaras
in starting positions Arming signal  SEn30r sampling rate tmad off after a whila

tmaim G5

Figure 2 - Overview of FSM states and transitions during normal flight.

Sensor reading

We are using 3P0 with DMA and interrupts for the barometer, magnetometer and both the IMUs, each connected to
their own SP1 buses. This is to make the data transter go as fast as possible. as the polling rate isn't dependent on the
main program, and the CPU doesn’t need to transfer data to memory. This way, the DMA can fill a buffer while the
main program is cunning, only sending an interrupt when the buffer is full. The Interrupt Service Routine (1SR ) then
sends this data to the Sensor sampling task to be stored in shared variables. Then the DMA refills the buffer, while
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the other tasks read from these variables. More information about how the Sensor sampling task works 1s found in
Table 2.

Handling a vestart during [Tight

As mentioned in the Drop Test repott in Appendix VB, during tests the avionics system has happened to restan
when activating the PRSS, meaning there is a non-zero chance this happens during the actual flight at 3A Cup.
Without handling a possible restart, the FSM can get stuck in Idle state without any way of moving forwand or
activating the main chute. Even though this is a hardware issue which has been addressed since the test where it
failed, the software is designed in order to perform its main function of releasing both the parachutes in case this

happens again.

I order for the program to know whether it should start in Idle as normal, or jump to the previously stored FSM
state, we have an additional arming signal called ewafle_restart. When the rocket is in ldle state and ready to launch,
both enafile_restart and the normal coming_signad will be set to 1 by the ground station. Both are initialized to 0 by
default, and can also be changed back to 0 by the ground station if needed. The enable restart variable is then stored
in the external flash chip every loop, along with the FSM state, where they can be accessed after a potential restart.
Both of these are read first thing when starting the program, as shown in Figure 3. The next FSM state after Idle is
then based on whether enafiled_restar was O oor 1 in the previous run of the program. A 0 means the FSM continues
in Idle as normal, waiting for the arming signal to continue, while a 1 enables a jump to the previous FSM state.

The reason we use a separate variable to enable this restart mechanism is because it s a backup solution that is
technically separate from the FSM, as it makes jumping between Idle and cry state possible. We still want the F5M
o work as noemal if emable restart i3 0, as the transitions in the FSM have been validated on multiple test launches.

The risk of doing this is if the F3M state read from flash is faulty, whech would result in unwanted behavior. For this
reason, multiple iterations are read and checked before actually jumping 1o the given state, see the teansition in
Figure 3. This includes ensuring that it's a number between 0/1dle and 6/Retrieval, and if it isn’t the same for every
iteration read, it needs to be a logical change. ex. from 1 to 2 10 3, not 1 to 3. Furthermore, initializing enable_restart
to O ensures that the restart mechanism 1sn’t aceidentally enabled when tuming on the avionics for tests or checkups
during assembly, where it's erocial that the FSM never goes bevond Idle, as it makes recovery activation possible.

Apopes delrcled DROUGE
[mach delay donsl . oiret deploy COPY seve,
dolcheck alinds
CoasT Altibude < 450m/ 15000
dof apoges detection
Accalarmion <D
R — i using altitude and
= state from ki
previous Might.. anlry/ deploy MCRS
POWERED sarve,
dofcheck altitude
r Accelaralion = Mg entry! starting mach Constant
F b ik ! deday fimer AL
L Abar! sgra RETRIVAL
Battery IOLE from G5 ARMED
cannactad : = Jire— ’ ; antry! furn off PYWM signa o
eniry/ rocket powered, entry! cameras on, star EOTYOS
sampling rate low, seros live stream, increase dof qulj b
_ UZZET, CAMeras
in starting positions. Arming signat | Sensor sampling rabe tumisd off after & whils
Feacd snatile faerl Ay
SR from G5

Figure 3 - updated F3M with enabled restart.
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DETAILED ELECTRICAL ARCHITECTURE

L. SRAD Flight Computer Details

The SRAD flight computer consists of two stacked four layer PCBs, they are the KB3 (AV.KB3), and PDB
(AV.PDB). They can be seen in Fig.1 below,

Fig. 1: Picture of the PDB (top) and the KB3 {(botiom) boards.

The KB3 board houses the microcontroller which controls all of the SRAD system as well as most sensors, ethemet
communication circuitry. The PDB houses the Battery Management System (BM3), as well as the GNSS-receiver
and conmections to external peripherals in the SRAD system. Details on the functionality onboard this flight
computer 5 further described in this document.

AL Microcontroller details

The microcontroller used on the hght computer is an STM32ZHTS3ZITE. This is part of the STM32 series HT chips.
which is one of the most powerful ARM microcontrollers available on the consumer market. Noteworthy
specifications for the microcontroller used are listed below in table 1.
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Table 1 - SRAD Flight Computer Microcontroller Specifications

Feature Specification

Architecture Arm® Cortexd-MT 32-bit RISC
Clock speed 450 MHz

Flash memory 2 Mbytes

RAM 1 Mbyte

Used connectivity features

5% 5P1 buses, Dual Quad SPL, Ethernet, 120, 3x UART

B. Sensor details

1. Baromeder - MSSG07-028403

The bareimeter operates with a supply voltage of 1.8 to 3.6 V, and supports both 120 and SP1 for communication.
This model employs a 24-bit ADC to achieve a resolution of 0.13/0.084/0.054/0.036/0.024 given an O3R of
256/51 2/ 1024/20458/40%6. Below in table 2 is a description of the most important electrical specifications,

Tahle 2: Specifications for the M53607-02BAU3 Barometer,

Specification Operating range Absolute min / max MNote Unit
Supply voltage i3 -4/ 4 - v
Peak supply current NiA (N/AY/ 1.4 During conversion mA
Pressure 300 - T100 (NAA S 6000 Full accuracy mbar
Extended pressure 10 - 1200 (M/AY S BO00 Linear range of pbar
ADC

Communication MNiA N 5Pl
protocol
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2 IMLUT - HIM4 2652

The deciding features of this IMU was its low noise density as well as its high data output rate. The IMU can
measure up to 16g acceleration, which will be slightly lower than the expected maximum acceleration force the
rocket will experience. Below in table 3 is a description of the most important electrieal specifications.

Tahle 3: Specifications for the WM426352 IMUL

Specification Operating range | Absolute min / max Mote Unit
Supply voltage i3 -5 4 - v
Current (LEE - 095 M Low-Noise mode A
consumpiion
Linear acceleration +-16 MNIA g (gravitational
acceleration
Angular rate - 20D NiA - dps
Rate noise density 3.8-52 MN/A i 14 He mdpsHz
Acceleration noise T - 100 NiA i 10 He pgh"Hz
density
Communication N/A NiA& - 5P1
protocol

3 IMU - LSM-aD8032

This IMU is capable of measuring up to 32g acceleration. This is an important feature as the rocket will be able to
measure acceleration forces above 16g, which would cover ouwr expected maximum acceleration force under flight.
Below in table 4 is a description of the most important electrical specifications.

Tahle 4: Spec

fications for the LSW-405032 1ML

Specification Operating range | Absolute min / max Maote LUnit

Supply voltage i3 <03/ 4% v

Current (.55 MIA High-performance A

consumpiion mode

Limear acceleration +-32 A g

Angular rate +-20HH} MiA dps

Rate nokse density LR MNiA High-performance mdpa/yHz
miide

Acceleration noise 220 NiA High-performance pgh"Hz

density mode

Communication N/A N/A SP1

protocal
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4 Magnetometer - LISIMDL

This magnetormeter is an all-around solid choice to use as a compass, given its chasacteristics. Below in table 55 a
description of the most important eleetrical specifications,

Tahle 5: Specifications for the LISIMDL Mammetomerer

Specification Operating range | Absolute min / max Mote Unit

Supply voltage i3 03744 v

Current 270 MNIA Ultra-high resolution [T

consumpiion mode

Linear acceleration +-32 N/A g

Angular rate 4= 20D NiA - dps

Rate nosse density s MN/A High-performance mdps/Hz
mode

Acceleration nolse 220 N/A High-performance ugHz

density mode

Communication M NiA &P1

protocol

5 GPE - U-Blox Neo MON

This GPS was chosen because it is able to handle refatively high speeds and acceleration compared to other brands.
This will ke crucial for flight analysis, both in real-time and post-flight when attempting to recover the rocket.
Below in table 6 is a description of the most important electrical specifications.

Table 6: Specifications for the U-Blox Neo MO9N GPS.

Specification Operating range | Absolute min / max Mote Unit
Supply voltage i3 0.5/ 3.6 v
WVoltage ramp on M 20 7 5000 - [TETRY
Voo

VOO _RF voltage WO - 001 NiA v
VOO _EF output MiA (MNIA) S S0 md
current

Communication MiA NiA - UART
protocol
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C. BMS System

The Avionics stack 18 powered through a dedicated Power Delivery Board (PDB), mounted onto the main KB3

i Kristian Birkeland Brain Board). The PDB essentially acts as a large power routing and protection system. It also
houses connectors to penpherals, our COTS GPS module, and voltage regulators. It 15 maindy based on the
BOQ20z655-R1 Battery Gauging Chip, programimed to perform Battery Management Operations under light.

The BO202655-R1 was chosen for its ability to accurately monitor individual battery cell voltages for 2-4
Litthium-based battery cells in senes. Its tasks are outlined in the following paragraphs.

1. Measurement

Current draw and battery cell voltages are measured by the BO202655-R17s Impedance Track™ algonithm, which
integrates cutrent over time through a low resistance shunt. These values will be reported theough the STM32
microcontreller to Ground Station. The battery voltage and current values will also be used w broadcast 1o the Smart
Charger [C (BO24800), which will then provide the right amount of current.,

2. Powe .‘s'ﬁ_.'l_n.l". etited Deliviery

The BO202633-R1 circuit s equipped with MOSFETS to control positive- to negative- terminal connections for
charge (CHG) and discharpe (DS0G). The battery pack will be connected to the PDB Board through an XT60 plug
and Molex Nanotit connectors located at the top of the PDB board as seen in Fig. 1.

The power delivery is done mainly through the board itself. Taking advantage of the board’s 4-lavers, the bottom
two layers are used to distribute power throughout the board. The second boitom laver is the board's power layer,
and is dedicated to providing wide copper races to create high current paths. This is shown in Fig_ 2

Fig. 2: Picture showing the bottom, top. and power layers from left to right. PACK+ is the designator tor the most
positive copper trace in the PDB board, connected to the positive end of the battery plug.
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The bottom layer is used to route power from our voltage regulators to output pins. sending power to our cameras,
radio, and ethernet. A table showing the dependencies of the regulators are histed below,

Table 7: Description of Voltage Regulators used and their dependencies.

Voltage | Regulator Tvpe Component Name Dependencies

25V Linear/ LD BO20Z655-R1 (built-in) DISP pin on the BOZ0Z655-R1

iy Linear/ LD TPETE933IKTTR Logic-level components such as MCU,

sensors and switches

5V Buck 5V, 3.2A Step-Down Yoltage Video encoder, Ethernet switch
Regulator D36V2EFS

24V Boost Pololu 24V Step-Up Voltage Regulator | Radio
U3vVa0r24

12V Boost Pololu 12-W Step-Up Voltage Cameras, Avionics bay fan

Repgulator U3VI0AHY

3. Protection features

The BO202655-R.1 contains electrical protection features that covers Overvoltage, Undervoltage, Overtemperature,
and Overcurrent, These values are programimed into the board during testing. By default, the chip is made to
physically tolerate voltages between 6W-23V_ and a maximum of 74 current.

4. Redundancy

A bypass is included in the design where the pack is able to be charged. Prior testing confirmed this would enable
power to be distributed the same way as using the intended battery plug poing into the BMS, without the possibility
of battery gauging or protection against undesivable situations. This is added to prevent the possibility of power
distribution failure to the Avienics stack due to defects in the Battery Management System.

D. Battery
The battery pack used in the avionics stack will be 4 x 21700 cells in a 252P configuration. With this combination,
the following power charactenistics are obtained;

Tahle &: Characteristics for the 21700 eells used.
252P setup

Tatal capacity 72 Wh
Min-MNominal-Max voltage Sv-T2Iv-B4dv
Max continuous output current® 1455 A

The voltages also fall within operating range of the BMS as referred to in subsection C.3 above. The battery’s
maximum continwous output current is rated at 1433, but this does not mean the system will actually reach this
current. Table 9 describes the power draw of the system as a whole to compare with our battery’s power
characteristics.
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Table 9 - SRAD System power draw

Total System Draw (Estimate)

ltem Voltage Max Amp Draw Max Watt Usage
Radio 12y 21 A I5W

Recovery Servos™ 5V oA 30w

Cameras (4x) 12 ¥ 1A 12w

MCU MAX 33V L6 A 5.28W

TOTAL BAT DRAW T4V 0.75 A Sl W

*The max amp draw value lisied here assumes that the SEAD PBSS servo draws 5A of current. with the MCES
servo drawing LA In practice. the PBSS has never drawn more than 0.8A_ The real estimate will then be much
closer o about 1.EA, which uses about 9W of power instead of the 300W listed above.

Table 10 - SRAD Power usage

Total Power Usage From Batteries

Watts MAX (i All Systems Operational )* 5428 W

Amps MAX (25IF battery, (@3V) 10,86 4

Watts MAX (i@ Nominal Operation)** T W

Amps MAX Nominal*® (252P bat, @35V)) T4 A

Watts (1dle Mode)*** 17.8W

Battery life (252P battery, @ MNominal Operation) 1.94 hours

Battery life (252P battery, @ Idle Mode) 4.04 hours

Battery life Predicted*®=® 2 hours 45man (Idle Mode), 45 min (@MAX nominal

*The values in table 9 above were used to caleulate this value. It assumes that all systems listed in table 9 are

aperational,
#*This is the maximum power draw without the recovery servos operational. 1t will only dreaw power with the

recovery serves for short periods of time, which is about 2-4 seconds,
***This 15 a power draw estimate with only MCUs running, and Radio at 50% power, a very rough estimate of

power draw.
*+¥*Rased on a “realistic” estimate, where the system will be partially at {[dle Mode) for 2 hours and 45 minutes;

power usage at Nominal Operation is used to caleulate the rest of the power left.
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E.PCB Layer stackup
The following figure shows the layout stackups for the KB3 and PDB PCBs,

CORE CORE

Fig. 3: Layout stackups for the KB3 (lett) and PDB (right).

This is a four-layer PCB, containing two combined signal and power planes for each of the sides
of the mainboard. On the KB3, surrounding the central core, two ground planes are included.
Placing the ground plane close to the power plane will create a high impedance bypass filter
isolating the two signal/power planes from one another. A ground plane also being close to the
siznal layer establishes a controlled impedance for the transmission lines, preventing a high
inductance path for return current flow. Placing the ground planes in this manner, no matter
where the trace is run it is always a ground path directly underneath it, further managing current
loops. As mentioned in subsection C.2, the PDB board has one dedicated power layer to ensure
that the top layer receives minimal inductive side-effects from high-current. In addition, the
ground layer is placed between the Top Signal layer and the Power layer to further reduce the
effects of EMI. Vias are used to further increase the quality of connections to ground, reducing
inductive effect and EMI at the cost of only a marginal increase to capacitance.

F. PCB impedance control

KB3 introduces controlled impedance matching on more or less all high speed signals. Different
types of impedance matching on different data lines is listed in the table below.

Table 11: Impedance table for PCB impedance control.

Data line Impedance Type
Ethernet 100 22 Differential
USB a0 0 Differential
Other high speed signals 500 Single ended
(UART, SPL._)
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Impedance matching in transmission lines is done in an attempt to set a consistent impedance
throughout the interconnects. In the case of a perfect matching there is no reflection along the
lines, causing an maximum power transfer downstream from the transmitter to the receiver. The
values for the impedance matching in our case in set to common values, (not calculated) and is
therefore not guaranteed to be set to a perfect matching, however, it is expected to have a better
driver, line, and receiver matching, than not matching at all. High reflection on the transmission
lines could cause an undesired transient response, corrupting the transmission lines. This is
illustrated in the figure below.

L =
4 —
= i
‘; 3 1 —— V(source) |
g & o - V(load)
s 21 . -
S V(desired)
x \
n J T T T

0 20 40 60 80 100 120 140 160 200

Time (ns)

Fig. 4: Voltage-Time graph for impedances in

II. Umbilical Cord

The umbilical cord consists of a magnetic plug and a Smart Charger 1C. Below we find a figure of the magnetic
plug:

Fig. 5 of connections, and of the plug itself
The plug will provide power to the rocket while it is idle on the launchpad, this is to avoid draining the batteries

inside the rocket while its not in Might. During liftofl the magnetic plug will easily be disconnected by the force of
launching as it 1s held in place by refatively weak magnets.

To provide power to the system a Smart Charger IC from Texas Instruments, BQ245300, is used. The Smart Charger
IC is implemented as COTS, using a ready-made evaluation module (EVM) to deliver a constant amount of voltage,
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which will be actively adjusted according to the voltage across the batteries inside the rocket. The charger is planned
to be powered from from a mains supply or a large industrial battery (eg. a car battery). The module is rated to
provide current up 8.1 A_ which compared with the Avionics’ idle current consumption of 7.4 A ensures sufficient
power delivery with acceptable leeway for any spikes.

II1. Circuit protection

On all serve motors intended for the SRAD recovery system and on all cameras, an electronic fuse will be integrated
to protect against electrical faults. This s to ensure any etror during assembly won't result in any permanent damage
tor either the servos/cameras or the rest of the connected SEAD systems. It will also protect the system in case a
critical fault occurs during flight.

The electronic fuse {eFuse) used is a TCKET12ZBML.RF. This eFuse/PMIC 15 located on a small PCB which will be
placed either on top of or nearby the servo motor or cameras it is intended o proteet. To reduce required wiring the
PCBs also functions as a passthrough for power such that multiple cameras/servo motors can be essentially daisy
chained through these PCBs.

Mustration of efuse here
To set thresholds for what parameters the eFuses operate in, passive components on the PCBs are selected with
specitic values. Because the servo motors and cameras run on different voltages and draw different amounts of

current we have set up three variants of eFuses, the protection ranges chosen can be seen in the table 12 below.

Table 12: Protection Limits for Circnit Protection boards

PCB variant 5V MCRS servo 3V, SRADPBES 12V, camera protection
protection protection

Over voltage limit Y Y 13V

Starting operating voltage 45V 45V 1w

Under voltage limat IRV IggV 93V

Overcurrent limit 1A 3A LA

Voltage slew rise time 10 ms L0 ms [0 ms
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I'V. Cameras

Onboard the rocket there will be five cameras in total, one of which will be streamed live to the ground station,
Deetails for each of the five cameras can be found in table 13 below, and a visualization of their positions in figure 6

below,
Table 13: Specifications for cameras used by the Avionics Module
Camera Camera Comp. Resalution Framerate Field of view Live streamed
. model 1D,
1 Firefly split | AV. 3840 x 2160 I FPs 210 or degrees | yes
4k
Z Firetly split | AV IR40 % 2160 30 FPS 210 or degrees | no
4k
3 Runcam AN 1920 x 1080 6l FPS 16l degrees 1o
split 3 lite
4 Runcam AW 1920 x 1080 ol FP'S 1af deprees 1
splin 3 lite
5 Runcam AN IR40 x 2160 INFPS 170 degrees i
splic 4

eCam 1&2

Figure 6: Camera placements in the rocket

I, Camera I and 2

PROJECT
d BHRAEtAD

These two cameras will be recording out towards the horizon with the lens of the camera barely sticking out of the
airfeame. They will both use a very high field of view lens which allows us to see everything around the rocket with
just two carmeras and with minimal protrusions out of the airframe. These cameras will therefore be able to provide
us information about everything that happens to the outside of the rocket, with a main point of interest being
parachute release. Camera 1 will be live streamed to the ground station at 1080p 3046ps, more details on this can be
found in ground station and telemetry appendix [V.L].
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2. Camera 3 and 4

These two cameras will both be placed in the recovery bay on the recovery plate (IR.RP), Camera 3 will be pointed
towards the MCRS mechanism to record its motion during flight. The goal of this camera is to capture the behaviour
of the MCRS system during the entire flight, but certain events such as launch, rocket separation and main parachute
release are especially interesting for post flight analysis. Camera 4 will be pointed out of the airframe and will
attempt to record the release of the main parachute, though it will have limited field of view due to it being inside
the body tube, and the parachute bag potentially being in the way, none the less it will likely be able to capture
interesting data,

Because these two cameras are placed inside the rocket, o small LED Light bar will be located just above camera 3.
This is to provide light for recording, as not much light will be let through the airframe itself.

3, Camera 3

Camera 5 will be placed somewhat outside of the airframe in the camera shell (OL.C3). pointed towards the fins.
The goal of this camera is to record the fins bebavior during flight. While camera 1 and 2 will record the fins as
well, they will be very small in the image due to the inherent distortions which a high FoV lens produces. This
camera, which has much less distortions, also has the fins closer to the center of the image which will provide us
with a much better view.

Because this camera is placed below the separation point of the rocket it is completely independent from the rest of
the avionics system. A block diagram of this svstem can be seen below in figure 7.

Blokk diagram av camera shell
Detatls for this independent camera system can be found in table x below.

Tahle 14: List of Camera shell electronics

[tem Comp. 1T Product name/note

Bartery MV OCAMS BAT 2811 Li-ton pack. Protected [R650 cells
Magnenc switch AV IMMS4 Featherwerght magnetic switch

Voliape regulator MAVCAMS.REG Pololu 12 W regulator

Camera AVICAMS Runcam split 4
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Navigation System Design Document

Written by Even Drugli

PROPU /Se=

FAT MWL)

Profect Birkeland 2022
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Intro

This document describes and discusses the navigation system used on Birkeland.

Crverall goal of the navigation system is to prendide aocurate real-time bformation eheut the vehicle s
position, speed and attitnde Greotation).

The task can mainly be divided into the following:
- Access sensor data
- Filter and fuse data to estimate flight states,
- Identify erroneons sensor data and recover andfor isolate the fault if possible.

Several architectures were considered for the navigational system. The current system consists in short of!
- Full 6 DOF real-time vehicle estimation
- Multiplicative Extended Kalman Filter with 27 state variables.
- GNSS Swstern with online error correction
- Sensor & system fault detection & recovery
- Context-based modeling, which excludes unreliable sensors for given parts of flight.

The main system function of the navigation system is to provide reliable navigational aid to the finite state
machine (FSM). The navigational aid is mainly height, velocity and acceleration data,

The navigation system 15 done as a Master thesis by Even Drugli in spring 2022. The thesis will conclude
with the launch at 5A Cup.

Svsrean grocels

The goals of the system is to:

Provide accurate navigation data

Be as robust as possible, both with regards to real-time navigation and debugging.
Be fairly development friendly and expandable for coming years.

Be a solution that supponts higher and longer flights than 1 0km heighe.
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Intro 2
Swstem goals 2
Abbreviations 3
System fundamentals 4
Reference frames 4
Rotation 4
Sensor package: 4
Multiplicative Extended Kalman Filter 4
KF States 5
Swstem model ]
Context-Adaptive Modeling [/
Sensor & system fault detection & recovery 7
Innovation Filtering ¥
Innovation Sequence Monitoring: ]
Mach-delay 9
In-tlight restart 9
Swstem after apogee 9
References ]
Abbreviations
GINSS Gilobal Navigation Satellite Svstem. For many just "GPS".
MU Inertial Measurement System. Accelerometer and attitude rate sensor (ARS, often called
feyra’).
Magnetometer 3 DOF compass
DOF Degree of Freedom. Number of independent motions/measurements that are allowed to a
body/sysiem.
KF Kalman Filter
MEKF Multiplicative Extended Kalman Filter
ECEF Earth-centered, Earth Referenced
NED North - East - Down
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System fundamentals

Reference frames

For reference frames, ECEF, NED and BODY are used.

ECEF: Global reference frame, which rotates with Earth. Thus, a given landmark on Earth will always have the
same ECEF-coordinate.

NWED: North East Diowen. A local reference frame given geographical references with a self-defined origo. Will be
used for initially defining the launch site.

BODY: Fixed to the vehicle. Origo is defined as the nose tip, mainly due to a shifting Center of Pressure and Center
of Mass. It is also the same reference frame as the Mechanical group.

Revtartion

Rotation/attitude of the vehicle is expressed in Quaternions. This was chosen given its computational efficiency and
no singularities. Quatermons make the Kalman Filter architecture vastly more complicated, as will be described
below.

For visualization and debug purposes, Euler angles is used since it's easier to grasp for humans.,

Sensor package:

The following sensor package is onboard Birkeland:

Low-Ci IMU TIM-42652 Datasheet
High-G IMU LanMaDs032 Dartasheet
GPS NEQ-M9N Standard Datasheet / Comms. Dajashest
Barometer MESBUNT Datasheer
Magnetometer LIS3MDL Datasheet

Table 2 - Birkeland sensor suite

Multiplicative Extended Kalman Filter

A Kalman filter (KF) was chosen as the main estimation algorithm for the system. Further, given the non-lingarities
involved, an extended KF (EKF) was chosen. Due to the use of unit quatérnions as attitude parameterization. a
standard EKF cannot be used. KF operates on vectors, and domg vector addition for quaternions does not preserve
the properties needed for a rotation representation. There are methods w do this®, but a more preferred way is o use
a multiplicative extended Kalman filter (MEKF).

With MEKF an error-state kalman filter is utilized. This filter carries two state vectors, one unfiltered accumulated
state estimate calcolated divectly from the IMU, and one error state estimate, See figure 1. Since the
IMU-aceumulated state estimate will deviate aver time, the kalman filter takes input from all other sensors,
estimiates the error in the IMU-state and continuously corrects and reset the accumulated IMU-states.
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Figure 1: Mulplicative Extended Kalman Filter architecture

MEKF allows much higher frequency updates of flight states since the IMU can rum as an Inertial Navigation
System even when no other sensor data and state corrections are available. This, combined with RTOS, gives us the
possibility to achieve the sample frequencies seen in table X

Frequency
MU Supersampling 1ZkHz
IMU dead-reckoning navigation solution L0 He
Sensor-fused, filter corrected navipation solution 30 He

KF Srates

Table 2 - sample frequencies for filter

The Kalman Filter states used are shown in figure .

Flight states to estimate
1 Pasition X 1 Bias Accl Y 21 | Bias Gyrol £
2 Pasition 12 | BiasAccl Z 22 | Bias hard magnetometer
3 Pasition Z 13 | Bias Gyrol X 23 | Bias soft magnetometer
4 Velocity X 14 | Bias Gyrol Y 24 | Altitude/pressure
5 Velocity Y 15 | Bias Gyrol £ 25 | Gravitational acceleration
6 Velocity Z 16 | Bias Ace2 X
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7 Ang. pos. X I7 | BiasAcclY
# Ang, pos. Y I8 | Bias Acc2 Z
9 Ang. pos. £ 19 | Bias Gyrol X
10 | Bias Accl X 20 | Bias Gyro2 Y

Table 3 - KF states to estimate

Srates explained:

1-3 and 7-9 gives 6 DOF position for the recket

7-9 is Limear velocity

10-21 is standard bias for all IMU measurements. Bias is an “constant” offset error in the measurements, that have a
constant part calibrated out and a dynamic part, which should be estimated.

22-23 is the bias tor the magnetometer. .

24 is pressure. which is used o estimate height.

25 18 to account for changing gravitational acceleration

Bvstem mode!

Acrocket simulator model for the system has been developed both by the author in a separate project and by
Penumbra. Birkeland is also fairly similar to the previous flight-proven Stetind, where we have good flight data.
The biggest unknown in the model is expected to be rotation due to possibly slightly erroneous fin attachment or
-angle. Thes 15 accounted for in the tuning. The thrust curve from the motor is also somewhat unknown and must be
accounted for. The expected drag force on the vehicle is another variable, but it is relatively known from Steting
flight data & matching simulations.

Context-Adaptive Modeling

Barometers are really powerful sensors for sounding rocketry for sub-Karman altitudes. Howewver, for
supersonic flight, which Birkeland will experience. the shockwaves created will drastically affect the
pressure around the vehicle and cause the barometer to give wrong pressure estimates. This was
experienced on Propulse NTNU's last flight with Stetind, the predecessor to Birkeland, where it was
observed a 200 meter altitude drop during max-C). We therefore want to adjust the sensor influence in the
KF based on context. In literature, this method has several names, but is often referred to as
conrtext-adaptive modeling’ or variable-gain kalman filter’.
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All barsmeter measurements

&iouds [

Figure: Bavometer data from Stednd light.
By adjusting the trust in the sensor measurements for parts of the flight where the measurements are considered bad,
other parts of the flight can achieve higher accuracy with correct sensor gain. One paper on other applications using
context-adaptive KF is (Teruyama et al.. 2013).
To ignore these measurements the Kalman Gain must know that these sensors are unreliable. This is accomplished
by increasing the corresponding values for the given sensor in the measurement nodse covariance mateix R, This tells
KF that the sensor will have much higher noise variance than normally. Thus KF will rather use other sensors or
thrust the system model.

Rocket velocity Noise gain &, Baro measurement
v < =275m's* (Mach k=1
0.8}
v > -2T3m/s* 1 < ko
{Mach 0.8}

*exact threshold is not determined, but over mach 0.8 is the transonic phase.

More sophisticated nodse gain functions have been discussed, but deemed not necessary.

Sensor & system fault detection & recovery

A number of fault checks 15 done in real-time te detect abnormalities within the sensor measurements or the filter
Syster.

Sensor validitv-checks:

Direct validity-checking is used to check if sensor values are clearly outside the expected range. Some of these are
caught by the Innovation Filtering (described below) too, but direct error-checking 15 simpler and can be used
without a valid Kalman Filter (e, during smaller tests). Such, it can be seen as real-time unit testing.

Thoughts have been to include flight states (from FSM) as a parameter for these checks, but this is currently not
planned due to the added complexity, i.e. state transition edge cases and in-flight restart.
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Ay tailing checks will raise an appropriate system alert.

Currently the checks done are:

Omly valid if within
System/variable to check
Lower limit Upper limit
At startup & in-flight:
Barometer =50 meters 15 000 meters
GPS fix (position found) | 1
GPS location MA 13 km away test/launchsite
Low-g IML -log log
High-g IMU -32g 32

O startup: (If no in-flight restart capability)

IMU Mounting axes Check cormect axes/peb-mounting.

Barometer Expected ground-level - Expected ground-level 4
5lkm F0m

Magnetometer Check the correct axes.

femovation Filtering

A number of solutions are implemented inline with the EKF o detect abnormalities. Three of these are

Measurement Innovation, Innovation filiering and Innovation Sequence Monitoring.

The Measurement farevaiion is the difference between the true sensor readings and what the siate estimator
estimates. By comparing this value to the covariance of innovations, we get the normalized innovations. We can then
detect if a sensor reading is far outside the expected value window. The thresholds for this must be determined by
testing since the values are nol exactly zero-mean, but around 3 15 assumed a good start, This is called mnovation
filtering, and will be implemented on the system.

When rejecting a measurement in a “normal” EKF, the corresponding rows of H and rows and columns of B must be
excluded from the Kalman gain calculation, error covariance update, as well as the state-vector update.

fnirovation Sequence Moniloring:

By comparing the average measurement innovation over a period against the expected standard deviation,
slowly-building diserepancies between the measurerents and the state estimates can be detected. A threshold can
be set theoretically, but should be set by testing.

If discrepancies are detected, it may be recoverable by doing the same steps as for Innovation Filtering, but in the
worst case, the filter has deviated toe much and must be rejected entirely.
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Mach-delay

A ‘Mach-delay” has been implemented. This is a timer who makes sure that the recovery cannot be activated before
a defined amount of seconds. This is o For Stetind it was until 18 seconds after launch, as apogee was expected
around T+40 sec. This was mainly as a precaution, since the Kalman Filter relied heavily on the barometer data.
Analysis afterwards shows this was the a (at-least near) mession eritical implementation,

The downsides for implementing such a timer is low. The only bad scenario seen is if a mission fatal RUD (ie.
motor disintegration) happens before timeout, and the rest of the strueture can be saved by activating the recovery
system. This scenario is very likely to damage other critical systems or throw the Kalman Filter estimations around,
Thought has been going into being able to override the timer if ie. both GPS, accelerometer and baromerter agree
that the altitude is deereasing. This might be inplemented, but is not pricritized due to complexity (i.e. how to
measure downwards aceeleration after a RUD tips the vehicle rapidly?).

Tn-flight restart

Due to past experience with Stetind and the added complexity of RTOS this vear, the possibility and conseguences
of restarting the mavigation system in-flight must be considered. Restart can happen both on task-level (soft restart)
and on system-level (hard restart).

Restarting mid-flight is 4 quite complex task for the filter. For a full filter restart, the right instial values must be
tound. These can either be gotten from the saved ight data or using the sensors that measure absolute value. That is
the GMNSS, barometer and magnetometet.

System afier apogee

Adfter apogee and rocket separation, the nose incloding the avionics svstem will pomnt downwards, This could create
somewhat erroneous sensor fusion, especially regarding IMUs and the system model. Measures will be taken to
cape with it

Testing and validation

To be sure the system works as intended. testing and validation is essential. This 15 done using Stetind's,
flight data, simulations and other rocket launches. The data from the Stetind flight is used to understand
the expected flight dynamics, as Birkeland will have a similar flight profile. Since the sensor suite and
microcontroller has changed from Stetind, a smaller scale rocket launch to [600 meters has been done at
Andaya Space Center to gather data for simulation with relevant sensors. More validation will be done
with several small rocket launches to 400 meters with the same sensor suite. Combined, this s seen as
enough to fly the system on Birkeland.
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