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Abstract

This thesis details the mechanical design, manufacture, and flight testing of a sub-2.5kg UAV pro-
totype. While the aircraft configuration is designed for supersonic flight, the goal of this work
is to evaluate the low-speed flight characteristics and to prove positive stability and control at
low speeds. Low-speed testing will evaluate the applicability of established design techniques—
developed for full-scale, crewed aircraft—to small-scale, high-speed UAVs. Review of literature
and preliminary results led to a focus on the prediction of lateral stability characteristics, especially
vertical tail volume coefficient (VTVC). Flight testing of the prototype did not yield sustained
flight; however, data collected during takeoff attempts provide valuable information about the be-
haviour of the design. These data indicate that the aircraft was laterally unstable, contradicting
the vertical tail design determined from VTVC sizing methods. Analysis of VI'VC for existing
tailless delta-winged aircraft and comparison with the MUFASA aircraft showed that VTVC is
insufficient as an early design parameter for small-scale, high-speed designs. A novel parame-
ter, the fuselage-normalized tail volume coefficient, is proposed for use in conjunction with the
conventional VTVC. Taken together, these two parameters provide a more complete prediction of
lateral stability for small UAVs with supersonic design configurations. Future development work
on this project could benefit from a detailed lateral stability study, thorough engine intake design,

and improvements to the launch rail used to accelerate the aircraft.
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Chapter 1

Introduction

Ever since the first successful attempts at flight in the early 1900s, engineers and dreamers have
pushed the boundaries of speed and altitude. Whether to fulfill a military or scientific mission,
or simply because they could, incredible feats of engineering working towards human flight have
expanded our knowledge of materials, fluid dynamics, and countless other areas of research (An-
derson, 2002). Whether humans as of the 21st century have “mastered” flight is difficult to say
with certainty, but the ubiquity of modern air jet transports and their impressive safety records
are strong arguments in favour. The next significant challenge it seems is to bring a return to
supersonic civil transport in an economically viable way with acceptable environmental impact
(Candel, 2004; Weit et al., 2021). To that end, research into low sonic boom technology (Alonso
and Colonno, 2012; Maglieri et al., 2014), environmentally sustainable fuels (Blakey et al., 2011;
Holladay et al., 2020), and design feasibility (Henne, 2005; Sun and Smith, 2017) has acceler-
ated in recent years. Despite recent advances, the development and production of any commercial
aircraft is an extremely costly enterprise, even for the relatively mature commercial jet market (Al-
tfeld, 2016; Rodrigue, 2020). In 2001 Boeing is quoted as stating that the total cost to develop the
777 jetliner approached $12 billion USD (Altfeld, 2016). The Airbus A380 and Boeing 787 are
reported to have cost $14.4 and $13.4 billion USD, respectively, to develop (Rodrigue, 2020). The

cost of a similar project with the added complexity of supersonic flight is very likely to be greater



(Altfeld, 2016).

The utility of high-speed uncrewed aerial vehicles (UAVs) has them poised to become a crucial
tool in the future development of supersonic aircraft (Cai et al., 2014). Inexpensive to produce,
quick to modify, and lower risk than crewed aircraft are all attributes that lend well to the develop-
ment of experimental concepts.

To assist with the development of the technologies required for a new supersonic transport air-
craft, the use of UAVs as a research platform shows promise in reducing development costs while
advancing the scientific field (Cai et al., 2014). By testing new technologies on a smaller-scale plat-
form with low operating costs, companies can significantly reduce uncertainty in the development
cycle and reduce their overall risk (Sobron et al., 2021). Significant challenges must be addressed
by researchers before high-speed UAVs can be rapidly and reliably deployed as development tools
for larger aircraft concepts and technologies (Hassanalian and Abdelkefi, 2017).

Boom Supersonic, an American company developing a new supersonic passenger jet, is first
building a smaller-scale crewed aircraft as a technology demonstrator before completing develop-
ment of the larger passenger jet (Boom Supersonic, 2022). This demonstrator is scheduled for first
flight testing in 2023. As far back as 1974, NASA was using a high-speed drone aircraft termed
BQM-34E for research into supersonic flight and the testing components for such aircraft (Eck-
strom and Peele, 1974). The BQM-34E was seen by researchers as an intermediate step between
wind tunnel testing and full-scale, piloted flight testing. The research also focused on the tran-
sonic speed range where wind tunnel testing is difficult (Eckstrom and Peele, 1974). A supersonic
UAV capable of performing in-flight experiments has the potential to advance technologies such
as novel intake systems while significantly reducing costs (Wilson et al., 2015). While supersonic
wind tunnels cannot accurately recreate atmospheric conditions (Surber and Robinson, 1983), an
experiment installed in a supersonic UAV is by definition exposed to atmospheric conditions. At
the time of writing, there are no documented UAV flights achieving supersonic speeds in the open

literature. This gap in research capabilities is the motivation behind the present work.



1.1 The MUFASA Project

The Multi-purpose Uncrewed Fixed-wing Advanced Supersonic Aircraft (MUFASA) project is a
joint effort between the University of Calgary and Atlantis Research Labs Inc. (ARL). The project
intends to develop and fly a small-scale supersonic uncrewed aerial vehicle (SSUAV). This SSUAV
will be used as a research platform for advanced propulsion and intake technologies. Research
work to date includes initial conceptual design with scaling and feasibility analysis (Dalman, 2021;
Dalman et al., 2021), partial detailed design of a sub-25 kg model (Gair et al., 2020), and a control-
lability evaluation of the aerodynamic shape using simulation tools (Durante, 2023; Durante et al.,
2022). Initial layout and sizing was performed by a collaborative team of faculty, undergraduate,
and graduate level students. A comprehensive study examining the feasibility of a supersonic UAV
was completed using SUAVE to determine an appropriate aircraft scale (Dalman, 2021; Dalman
et al., 2021). Mission profiling was completed to determine maximum range and top speed at var-
ious scales. The aerodynamic shape studied by Dalman (2021) has been termed “MUFASA A”.
Future versions with significant aerodynamic changes will be given subsequent letters, “MUFASA
B”, etc. The team performed detailed design of this shape and completed the first stages of fabri-
cation in the 2019-2020 academic year. This partially-constructed first prototype has been termed
“MUFASA A.2”. Further analysis led to the decision to create a smaller, low-cost version to accel-
erate the development cycle and achieve first flight as soon as feasible. MUFASA A.1 (referred to
informally as Simba) is a scaled-down version of MUFASA A.2 constructed as conventionally as
possible using CNC-cut foam and readily-available hobby-grade electronics and electric propul-
sion. This construction method closely mimics hobbyist remote control (R/C) aircraft in an effort
to reduce risk by using proven methods.

MUFASA A.1 and A.2 are intended to prove the aerodynamic shape at lower speeds and iden-
tify challenges as early as possible to mitigate the risk of building a large-scale, expensive aircraft
of an unproven configuration. Figure 1.1 shows the external shape of the MUFASA A aircraft.
Table 1.1 provides an overview of existing and future MUFASA versions. The overall configura-

tion and shape of the airframe is based on early concepts and direction from the project sponsor,



Atlantis Research Labs (ARL). Future work will explore the use of composite materials at a larger
scale to further increase speed and range performance. Data and experience gained from manufac-
turing and flying MUFASA A versions will inform the development of MUFASA B. This will be

the first version intended to achieve supersonic speeds.

Table 1.1: MUFASA project aircraft versioning scheme. The focus of the present work is high-
lighted in bold.

Version Description

MUFASA A Aerodynamic shape evaluated for scaling and feasibility
MUFASA A.1 0.62-scale low-speed demonstrator, 2.5kg maximum
MUFASA A.2 1.0-scale, aluminium airframe, 25kg maximum

MUFASA B Aerodynamic shape optimized for performance (future work)
MUFASA B.1  1.0-scale, carbon fibre airframe (future work)

The present work is focused on the construction of the simplest possible version of the MU-
FASA A shape in an attempt to assess the low-speed performance and general viability of the
aircraft. At this early stage of the development program it is also desirable to gain experience with
flight testing and data collection for effective analysis. To that end, the following research question
is posed: are early-stage design methodologies for aircraft configuration and basic stability suitable
for a first prototype SSUAV with a delta-winged planform?

To answer that question, the following research objective was formulated: experimentally
assess the effectiveness of early-stage design methodologies for aircraft when applied to delta-
winged SSUAV configurations. Specifically, the design methodologies related to propulsion and
aerodynamic stability will be targeted. To achieve this research objective, the following research

methodology will be used:

1. Apply conceptual design guidelines for aircraft control configuration and stability.

2. Complete manufacturing design of the provided aerodynamic shape to incorporate all re-

quired components such as flight control electronics and propulsion systems.

3. Fabricate a low-cost, rapidly-iterable prototype aircraft for flight testing.



4. Create and execute a low-speed flight test plan to enable validation of the design tools used

to develop the aircraft.

5. Perform initial analysis of the collected flight data to assess low-speed stability and handling

characteristics and provide recommendations for future work.

Chapter 2 summarizes a number of recent projects in the open literature with an experimental
focus and stated goals of flight testing high-speed or supersonic UAVs. In the same chapter a
selection of background knowledge is introduced with emphasis on challenges pertinent to delta-
winged aircraft and small scale flight. The design and construction methods for the aircraft are
described in Chapter 3 along with a number of design calculations relevant to stability parameters
which are affected by the detailed design and manufacture of the aircraft. Ground testing of the
propulsion system is detailed in Chapter 4. Then, Chapter 5 details flight test attempts and presents
the results of initial data analysis collected from flight attempts. Although sustained flight was not
achieved, critical lessons were learned in flight testing and from data analysis which will help
guide the future of the project. Finally, conclusions of the present work and recommendations for
the future of the project are discussed in Chapter 6. The launch rail system developed for use with

MUFASA A.1 is described in Appendix A.



Figure 1.1: CAD image of the initial aerodynamic shape under consideration.



Chapter 2

Literature Review

Scientific progress and outcomes of similar high speed UAV projects are reviewed here to identify
challenges and inform solutions important to the MUFASA project. A selection of challenges
significant to MUFASA and other SSUAVs are then presented and their importance highlighted.
Known issues including roll reversal and diminished lateral stability experienced by delta-winged
aircraft at low speeds are discussed. Challenges related to small-scale aerodynamics including the
reduced effectiveness of control surfaces and flow separation over wings at low speeds are also
presented.

Despite the current ubiquity of UAVs, there is still debate among researchers on how to properly
define and categorize them (Stocker et al., 2017; Stansbury et al., 2015; Hassanalian and Abdelkefi,
2017). The precise definition of “small-scale” is also open to interpretation (US Joint Chiefs of
Staff, 2019). To maintain consistency within the MUFASA project, the definition of a UAV set
forth by Franke (2015) and used by Durante (2023) will also be used here:

“An airborne vehicle which does not carry a human operator, which may be piloted
remotely, follow a pre-programmed flight path, fly autonomously, or a combination of
all three. It is designed to be recoverable and carries a lethal or non-lethal payload.
Nonrecoverable vehicles and projectiles such as ballistic vehicles, cruise missiles, and

artillery projectiles are not considered UAVs.” (Franke (2015), p. 54)



In JP 3-30 Joint Air Operations the US military attempts to class “Unmanned Aircraft Systems”
into groups by gross takeoff weight, normal operating altitude, and speed (US Joint Chiefs of Staff,
2019). The present work falls into the class including UAVs under 20 1bs (9.1 kg) and slower than
100 kts (51.7 m/s). This classification covers a large portion of possibilities including MUFASA
A.1. The planned MUFASA B would fall into a high category given that its flight speed is projected
to exceed 100 kts. As with many attempts to classify technology, it seems unlikely that a single,

universal system for UAVs will be widely adopted (Stansbury et al., 2015).

2.1 Existing High-Speed UAV Projects

There are relatively few published SSUAV or high-speed UAV projects in the open literature. Ta-
ble 2.1 presents a sample of those in the open literature which are reviewed here. Only two of
the projects include powered flight testing in the published work. None have achieved supersonic

flight. Figure 2.1 shows images of the UAVs discussed here.

Table 2.1: List of existing SSUAV projects and some key parameters. Date ranges are taken from
the dates of published works.

Project Lead Organization Outcome Dates
NEXST  Japan Aerospace Exploration Agency Glide flights to Mach 2.66 1998 - 2019
Ohwashi  Muroran Institute of Technology Powered flight to 58 m/s 2005 - 2021
Pohox Federal University of Minas Gerais Conceptual only 2013 - 2017
GOJETT  University of Colorado-Boulder Constructed, never flown 2011 - 2012
R-UAV University of Washington Low speed flights performed 2012 - 2016
SCALOS NASA Ongoing 2021 - 2023

One of the earliest SSUAV research projects was first published in 1998 by the National
Aerospace Laboratory in Japan (Sakata, 1998). Titled the National EXperimental Supersonic
Transport (NEXST), it was intended to develop and establish advanced design tools for the next
generation of supersonic transport aircraft (Sakata, 2002). The group published multiple works

on CFD tools and other computational design studies for supersonic transport aircraft (Ito and



(a) Ohwashi, adapted from Mizobata et al. (b) R-UAV in 2021, adapted from Nelson et al.
(2014). (2022).

k\jﬂ‘— ) o

(c) NEXST-1, adapted from (d) Pohox, adapted from Bar- (e) GOJETT, adapted from
Machida et al. (2007). bosa et al. (2014). Livne et al. (2017).

Figure 2.1: SSUAV concepts (not to scale).

Nakahashi, 2002; Iwamiya, 2002; Chiba et al., 2012, 2008). They also conducted a number of
experimental tests starting with wind tunnel testing in 1999 (Yoshida et al., 2002) on the unpow-
ered NEXST-1 with natural laminar flow (NLF) wings. NEXST-1 was launched by a solid rocket
booster and allowed to glide while collecting data at approximately Mach 2 (Ohnuki et al., 2006).
The NEXST program investigated aircraft weighing approximately 2000 kg with a wingspan of
4.7 m (Ohnuki et al., 2006). After a failed test flight of glider NEXST-1 in 2002, resources planned
for the jet-powered NEXST-2 were reallocated to rebuild NESXT-1 (Yoshida, 2009). NEXST-2
was never built and the program was replaced by other work focused on demonstrating other su-
personic technologies, primarily drag reduction and sonic boom minimization (Yoshida, 2009).
The D-SEND (Drop test for Simplified Evaluation of Non-symmetrically Distributed sonic boom)
project was part of these efforts (Honda and Yoshida, 2012). The majority of the published work
relates to the guidance and control of the UAV which was dropped from a balloon to reach super-
sonic speeds in the test phase (Kawaguchi et al., 2012, 2017; Ninomiya et al., 2016, 2018). This
work is closely related to the S3TD (Silent Supersonic Technology Demonstrator) by the same

group (Chiba et al., 2012). The D-SEND#2 UAV achieved an unpowered flight speed of Mach 1.3.



Figure 2.2: CAD model (top) and Schlieren image (bottom) of the Ohwashi M2011 configuration
with narrowed fuselage taken at Mach 1.1, adapted from Yamazaki et al. (2019)

Another relevant project in Japan is the result of work by the Muroran Institute of Technology
in collaboration with the Japan Aerospace Exploration Agency (JAXA). One of the goals was to
address the short supersonic flight time limitation of the NEXST program by adding air-breathing
propulsion. Nicknamed “Ohwashi”, the project began with the development of a counter-rotating
axial turbofan engine (Minato et al., 2007) and followed with a constructed prototype which flew
successfully in August 2010 (Mizobata et al., 2011). It reached a maximum speed of 58 m/s,
less than Mach 0.2, but was shown to have adequate stability and control characteristics in low
speed flight (Mizobata et al., 2014). The model flown, dubbed M2006, had a wingspan of 1.6
m and a total mass of 27 kg. The latest published work (Ueba et al., 2021) focused on fully
autonomous control including takeoff and landing sequences. The control scheme was tested on a
3 kg purchased RC aircraft with an airspeed of approximately 20 m/s (Ueba et al., 2021). Another
publication from the group is focused on reducing transonic drag by modifications to the fuselage
using the area rule for supersonic wave drag minimization (Yamazaki et al., 2019). The narrowing

or “bottlenecking” of the fuselage near the largest wingspan area had a positive impact but was
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less positive than predicted. Figure 2.2 shows the Ohwashi geometry and a Schlieren image from
a Mach 1.1 wind tunnel test, confirming the presence of shocks at the abrupt geometry changes
where the fuselage narrows. Smoother transitions in the bottleneck region are planned to reduce

drag due to shocks and separation in this region (Yamazaki et al., 2019).
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Figure 2.3: Pohox configuration drawing, adapted from Magn and Barbosa (2013).

A team in Brazil first published work in 2013 describing the configuration of a supersonic UAV
dubbed “Pohox” (Magn and Barbosa, 2013) with the stated purpose of being a flying test bed for
an experimental multi-cycle engine (Gabaldo et al., 2016). The group makes reference to the X-
15 experimental aircraft as a reference for validation of prediction techniques, in particular drag
performance. While the roles of the Pohox and the X-15 are similar, the scale is vastly different.
The X-15 had a wingspan of 6.8 metres (Thompson, 2003) compared with the proposed 0.44 m
wingspan of the Pohox (Magn and Barbosa, 2013). To the best knowledge of the author, only two
publications on the Pohox are available in the open literature, with a handful more related to the
experimental engine (Gabaldo et al., 2016, 2017). The early configuration drawings of the Pohox
concept show a relatively thick fuselage with extremely short wings. Figure 2.3 shows an early
drawing of the Pohox concept. No other images of the design were found in the published works.

The Graduate Organization Jet Engine Technology Team (GOJETT) at the University of Col-
orado Boulder first published a paper in 2012 introducing work towards a supersonic UAV (Walter

and Starkey, 2012a). Their stated goal was to "build the worlds fastest 50kg unmanned aerial sys-
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tem (UAS)” while incorporating an afterburner, variable area nozzle, and fluidic injection thrust
vectoring. The project intended to make use of the resulting aircraft as a research test bed for top-
ics such as sonic boom minimization, storm penetration, thrust vectoring and control algorithms
(Walter and Starkey, 2012b). Controls analysis by Wienke (2011) suggests that the GOJETT aero-
dynamic shape is laterally unstable without a vertical tail. Since 2012, no further published work
has been made available on the GOJETT project. No successful flight tests were documented.

The University of Washington has a program led by Dr. Eli Livne aimed at the rapid devel-
opment of small research UAV's by undergraduate students aided by experienced mentors and the
Boeing Company (Livne et al., 2017). This program, termed R-UAYV, led to the publication of a the-
sis by Langston (2015) on the low-speed stability and control of a tailless supersonic configuration.
The work began as a full-scale aircraft designed for Mach 1.8 flight with 10 passengers and was
subsequently scaled down to 1/16th size to study subsonic characteristics, in particular the low-
speed handling (Langston, 2015). That work showed that a combination of angled canards in con-
junction with trailing edge flaps and drag devices can effectively control a supersonic-configured
aircraft at low speeds with no vertical tail. Active control was required to maintain lateral stability
(Langston et al., 2016). The R-UAV project has produced nearly a dozen different models of the
aircraft since work began, some build by undergraduate teams and some by researchers. Images of
some of these models are shown in Fig. 2.4.

Results and lessons from the R-UAV project at the University of Washington are contributing to
a NASA-led initiative called SCALOS (Supersonic Configurations A LOw Speed) (Nelson et al.,
2022). Wind tunnel testing at the University of Washington was conducted on a large number of
supersonic transport aircraft configurations (Nelson et al., 2022). The understanding and accurate
prediction of low-speed handling of supersonic configurations has been identified as a critical
design point for supersonic transport aircraft and is a stated research focus of the project (Livne
et al., 2017). As this project is relatively new, the published research is minimal; only papers on
model geometry and aerodynamic results (Ting et al., 2022) and correlation studies between test

and simulation results (Mavriplis et al., 2022) are available at the time of writing.
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Figure 2.4: Various R-UAV models constructed and tested at the University of Washington,
adapted from Nelson et al. (2022).

2.2 SSUAYV Technical Challenges

Certain documented technical challenges appear in literature which are critical to the present work
and the development of SSUAVs in general. Section 2.2.1 discusses aerodynamic features of delta
wings. Their method of vortex lift production is introduced along with challenges experienced in
low-speed flight. Roll reversal and lateral instability of delta-wing configurations is of particular
importance to the present work. Challenges surrounding aerodynamics at smaller scales compared
to conventional supersonic aircraft are treated in Section 2.2.2. The reduced effectiveness of con-
trol surfaces in low-Reynolds flight and the increased friction drag component at small scale are

discussed.

2.2.1 Delta-winged Aircraft

Delta-winged aircraft rely on a fundamentally different aerodynamic principle for lift genera-
tion than conventional-winged aircraft. Conventional wing lift is described well by the Kutta-
Joukowsky theorem using inviscid, incompressible flow (Schlichting and Truckenbrodt, 1979).
The intricacies are not subject to detailed treatment here, but it is sufficient to understand that

airflow incident on an airfoil shape results in a pressure differential between the upper and lower
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surfaces. This pressure difference acting on the surface area of the airfoil results in the lift force.
By contrast, a delta wing generates lift by the formation of a pair of vortices extending from the
leading-edge root downstream to the trailing edge (Hoerner, 1985). This “vortex lift” is a viscous
phenomenon not predicted in linear potential flow such as the Kutta-Joukowsky theorem (Gud-
mundsson, 2022b). Hoerner (1985) goes on to state that “these vortices exert a large influence on
the lift characteristics of the delta wing, especially at high angles of attack”. Figure 2.5 shows an
illustration of the vortices present on the upper surface of a delta wing at sufficient speed and angle

of attack (AoA) to generate vortex lift (Hoerner, 1985).
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Figure 2.5: Illustration of delta wing vortices critical in lift generation, from Hoerner (1985).

As delta wings generate lift differently than conventional wings, they also experience “stall”
differently. A stall is defined for a conventional wing as a loss of lift due to flow separation
(Hoerner, 1985). A delta wing stalls when the vortices present on the upper surface break down or
“burst” and cause a loss of lift (Schlichting and Truckenbrodt, 1979). The vortices first break down

aft of the trailing edge, moving forward towards the trailing edge as AoA increases. This gradual
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break down results in a more gradual loss of lift than the abrupt loss characteristic of conventional
wings (Truckenbrodt, 1954). Figure 2.6 shows experimentally determined lift curves for various

aspect ratio planforms. The delayed stall of the 0.83 and 1.61 aspect ratio models is due to vortex

lift.
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Figure 2.6: Experimentally-determined lift curves for delta wings of various aspect ratios, Re ~
7 x 10°, from Truckenbrodt (1954).

A feature of the vortex lift generated by delta wings is a significantly expanded range of an-
gles of attack which generate usable lift; the stall angle for a given speed is much larger than for
conventional wings. Where a non-delta planform with a typical NACA airfoil might stall between
15-20° AoA (Selig, 1995), a delta-wing planform can exhibit a stall angle greater than 35° (Earn-
shaw and Lawford, 1964). It is important to note that the stall angle is influenced by more than

just planform shape; airfoil profile, Reynolds number and other factors also play a role (Anderson,
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1999). Delayed (high AoA) stall is important for allowing delta winged aircraft to fly at reduced
speeds during takeoff and landing sequences in particular. Without this delayed stall characteristic,
aircraft such as fighter jets would have unreasonably high takeoff and landing speeds and require

much longer runways.

Roll Reversal

On a delta wing at a high AoA, there exist regions of unsteady flows with varying degrees of sepa-
ration which are asymmetric between the two wings (Gursul, 1994; Lorinz, 1980). These unsteady
flows can contribute to the reduced effectiveness of conventional control surfaces (Greenwell and
Wood, 1994). In this condition a delta wing is still producing lift (i.e. it is not fully stalled) but the
vortices are beginning to break down near the trailing edge, creating unstable and unpredictable
lift characteristics. Consider a roll-right command where the left aileron deflects downward. On a
delta with with a partially burst vortex this deflection further disrupts the vortex and can exacerbate
the loss of lift (Maines et al., 2009). This wing then drops, causing an uncommanded roll-left or
“reversing” the commanded roll. Various methods of controlling vortical flows are under inves-
tigation in search of ways to improve stability and control of delta wing aircraft (Gursul, 2004;
Pfnur et al., 2020; Polhamus, 1986). Research related to roll reversal of delta wings is important
to the development of future supersonic aircraft; improvements to stability through flow control
could reduce the required size of tail surfaces, thereby reducing drag and improving performance
and efficiency.

The F-14 is an example of an aircraft with known roll reversal and lateral stability issues (Gera
et al., 1981). Aircraft carrier landings are an extreme situation demanding precise control at very
low speeds. A flow visualisation study of the F-14 by Lorinz (1980) showed vortex asymmetries
and instabilities at high AoA conditions with no sideslip. Vortex flow was present over the highly-
swept inboard wing section, even with the wings extended as in landing configuration. The addition
of a sideslip or crosswind component will further destabilize the vortex flow field, exacerbating the

control and stability challenge. In a single engine landing where the thrust imbalance causes a
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yaw towards the inoperative engine, airflow over that same wing is disrupted by the nose and by
“adverse sidewash from the windward vortex” (Lorinz, 1980). In this situation the Navy flight
manual for the F-14A instructs pilots to control roll using rudder input instead of aileron input
(US Naval Air Command, 2004). An aileron deflection down on the wing with already disturbed
airflow can cause a further loss of lift and thus a roll reversal.

Reports also show that researchers were developing stability augmentation systems targeted at
low speed, high-AoA flight using the F-14 as a demonstrator (Gera et al., 1981). Other, potentially
simpler methods of improving low speed handling were explored, including an aileron-rudder in-
terconnect system (Kelley and Enevoldson, 1981). The aileron-rudder interconnect system showed
significantly improved control in landing configuration (Bihrle and Meyer, 1976). The research
was motivated by reports from pilots of excessive adverse yaw following lateral stick (aileron)
inputs on final approach (Kelley and Enevoldson, 1981). Earlier research also explores the chal-
lenges of roll reversal and directional control with delta-winged aircraft (White and Innis, 1959;
Johnson and Boisseau, 1953). Both of those studies discuss adverse sideslip and poor roll control

at high AoA.

Lateral Stability Challenges

Connected to the challenge of roll reversal is the issue of lateral stability for delta wings. The
F-14 case demonstrated the disastrous effects of excessive adverse sideslip at low speeds. Much
earlier, in the 1950s, Convair was developing some of the earliest delta-winged aircraft for super-
sonic flight (Mendenhall, 1983). Engineers at Convair spent significant resources investigating low
speed handling characteristics and attempting to improve controllability (Tempelmeyer and Os-
borne, 1955). In particular, free-flight wind tunnel studies using scaled models of the YF-102 were
performed (Johnson and Boisseau, 1953) to evaluate low-speed handling and stability at various
angles of attack approaching stall. They found that near stall (conditions typical of a carrier takeoff
or landing) the model became laterally unstable and directionally divergent. Various configuration

changes were tested. A configuration with leading-edge slats and a vertical tail 40% larger than the
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original design resulted in satisfactory stability (Johnson and Boisseau, 1953). At the same time
however, the adverse sideslip characteristics remained potentially “objectionable at high angles of
attack” (Johnson and Boisseau, 1953). The information gained from this study informed the design
of the F-102A model. Compared with the YF-102, the F-102A had a longer fuselage, longer tail
moment arm, drooped leading edge, and chordwise wing fences near the semispan of each wing
(Boisseau, 1955). The results were a significant improvement in the directional stability of the
aircraft at high angles of attack. Once again, the researchers experimented with increased vertical
tail sizes and found increased stability with the larger tail, particularly near stall conditions. Pre-
viously produced F-102 aircraft were modified to include some of the improved stability features
that resulted from these wind tunnel studies (Mendenhall, 1983).

This issue of lateral stability with delta-winged aircraft is not limited to the early days of super-
sonic flight, but is a topic of significant current research (Colgren and Loschke, 2008). The control
of tailless aircraft and delta wings is the subject of many recent publications (Stenfelt and Ringertz,
2009; Ciliberti et al., 2017; Goodman, 2014). Tailless aircraft are typically seen as advantageous
for sonic boom minimization and improvement of stealth characteristics. Challenges remain with
the accurate prediction of stability and control characteristics, and flight testing either outdoors or

in a wind tunnel remains the most effective way to determine these characteristics (Morelli, 2012).

2.2.2 Small-Scale Effects

Comparison of flight conditions across aircraft of varying size and speed is facilitated by Reynolds
number, the ratio of momentum to viscous effects on the fluid flow (Gerhart et al., 2016). Air-
craft are typically characterized by the mean aerodynamic chord length (MAC, described in Sec-
tion 3.1.1). MAC is used because flow over the wings to produce lift is of primary concern for
aircraft designers (Hoerner, 1985). Reynolds number increases linearly with aircraft speed and the
chord of the wings. It follows that aircraft such as UAVs operate at Reynolds numbers multiple
orders of magnitude lower than crewed aircraft. Takeoff speeds for a full-scale fighter jet are al-

ready considered low-Reynolds conditions (Polhamus, 1986), thus UAVs experience an extreme
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example of low-Reynolds flight.

High performance military jets with wide operating envelopes are known to suffer performance
degradation in low-Reynolds-number flight (Gera et al., 1981; Luckring, 2010). Their requirements
dictate that design be focused on high-speed performance, however they must still reliably fly
slow enough to take off and land. Significant research has been conducted in search of ways to
delay flow separation on jet aircraft in particular (Maines et al., 2009; Luckring, 2002; Hummel,
2004). One counter to the effects of flow separation in low Reynolds flight is an airfoil profile
optimized for performance at those conditions. Targeted airfoil profiles have been explored and
developed for use at low Reynolds numbers, notably by Selig and Guglielmo (1997), and Drela
(1989). Data indicates that very large performance improvements have been obtained from such
design work. Unfortunately, these airfoils are typically optimized for high-lift, low-speed flight to
optimize efficiency, endurance, and stability (Selig and Guglielmo, 1997). This makes them less
applicable to the development of SSUAVs. A trade-off decision must therefore be made between
low-speed stability and high-speed performance.

An extension of the reduced performance of airfoils in low Reynolds flight is a loss in effec-
tiveness of control surfaces. Results from Prudente and Cavalieri (2007) show that, for UAVs
operating in a lower Reynolds number regime, the relative effectiveness of trailing edge flaps is
significantly reduced compared to larger aircraft. For a number of reasons, this change in aero-
dynamic behaviour is significant. Experimental results from wind tunnel tests conducted on a
flapped wing model at Reynolds numbers between 5.9 x 10* and 2.13 x 10 showed reduced ef-
ficiency compared with methods developed for full-scale aircraft (Prudente and Cavalieri, 2007,
Prudente, 2005). In addition to the reduced efficiency, the wing at low Reynolds numbers exhib-
ited earlier stall characteristics than would be expected for larger-scale aircraft. At a neutral AoA,
Prudente and Cavalieri report boundary layer separation (visible with wool tufts) for flap deflec-
tions of -15°, 15°, and 30° throughout the investigated range of Reynolds numbers. The authors
also investigated the reduction in lift curve slope of airfoils at reduced Reynolds numbers. Their

results are said to agree with statements made by Schlichting and Truckenbrodt (1979) and at-
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tribute the reduction in lift to the increased displacement thickness associated with boundary layer
flow at reduced Reynolds numbers. This reasoning is aligned with other available reports (Mueller
and DeLaurier, 2003). Increased displacement thickness on the upper airfoil surface effectively
reduces the camber of the airfoil due to the increased dominance of viscous forces over inertial
forces. Schlichting and Truckenbrodt (1979) also show increased friction drag at lower Reynolds
numbers, again indicating that smaller-scale UAVs have greater drag and viscous effects relative
to their size.

The effects of both the reduced lift slope and reduced flap effectiveness are important the de-
velopment of SSUAVs. The reduced lift slope disproportionately affects the vertical stabilizers
responsible for lateral stability. Initial vertical tail sizing done using conventional early-stage
methods could result in an undersized tail and marginal lateral stability. Reduced effectiveness
of vertical stabilizers should lead a designer to increase the size of the verticals, move them aft to
increase moment arm, or a combination of the two.

Reduced flap effectiveness has a particularly large impact on the MUFASA shape; the trailing
edge flaps are responsible for two axes of control. Both roll and pitch control are provided by trail-
ing edge plain flaps acting as “elevons”. As with the vertical tail, early-stage sizing methods for
ailerons/elevators are targeted to full-scale, crewed aircraft (Raymer, 2018). The significantly re-
duced effectiveness could lead to an aircraft with insufficient pitch and roll authority. Additionally,
the flow separation characteristics of the deflected plain flap are cause for concern. Flow separation
indicates a stalled airfoil condition (Anderson, 1999) and a loss of lift. When a trailing edge flap,
designed for control authority, enters a stall under deflection a loss of controlled flight is likely to
follow. It is known that flow separation over airfoils occurs more readily at low-Reynolds num-
bers (Hoerner, 1985), making this condition more common and more detrimental with small-scale

aircraft such as MUFASA.
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Chapter 3

Aircraft Design & Construction

The MUFASA aerodynamic shape was predetermined before the present work began. The focus of
this work was the completion of detailed mechanical and manufacturing design while preserving
the overall shape to produce a rapidly manufacturable prototype for early flight testing. The shape
of MUFASA A is intended to balance performance against the manufacturability of a prototype
design. In a field where early development tools are imprecise and potentially unsuitable at the
present scale of aircraft, a rapid development cycle with an emphasis on testing of non-optimized
designs is desirable to avoid wasting resources fine-tuning a design that could be fundamentally
flawed. By testing a prototype that shows promise and represents a step in the right direction it
is possible to validate existing design processes and provide feedback early in the development
timeline where significant changes are less costly and easier to execute. MUFASA A.1 is a scaled-
down, low-speed demonstrator sized to accommodate commercially-available electric propulsion
and flight controllers.

The aerodynamic design with respect to stability, control surface sizing, propulsion require-
ments, and related parameters was not examined further by the author in the interest of prioritizing
experimental testing. Section 3.1.1 gives a basic description of the stability considerations affected
by the manufacture of the aircraft, primarily related to the location of the centre of gravity (CG)

and the effects on longitudinal stability. A review of early-stage vertical tail sizing methods is pre-
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Figure 3.1: MUFASA A.1 V1 planform and general layout with key dimensions in millimetres.

sented in Section 3.1.3. Vertical tail sizing has a substantial effect lateral stability and adverse roll.
This review was conducted after the completion of the second day of unsuccessful flight attempts
in an effort to understand the behaviour of the aircraft. A description of the minor design refine-
ments made to the aircraft after the first day of unsuccessful flight attempts follows in Section 3.4.
Section 3.3 gives a detailed description of the method of construction and other design decisions
made in the manufacture of the prototypes. Section 3.4 details the changes made to the aircraft
following the first set of test flight attempts. The versions are referred to as MUFASA A.1 V1 and
V2, respectively.

The MUFASA aircraft is a single-engine, double-delta wing design with a single pitot air intake
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on the nose. Pitch and roll control comes from twin elevons on the trailing edges of the wings acting
as both elevators and ailerons. Yaw control and stability is provided by twin, all-movable vertical
tail surfaces located on the upper wing surfaces. Takeoff is facilitated by a launch rail to eliminate
the weight and drag penalty of landing gear and the need for a runway. The belly of the fuselage is
reinforced with a glass-fibre composite to facilitate a belly landing on a grass surface. Figure 3.1
shows the layout of the original design (V1) with some key dimensions.

The electric ducted fan (EDF) selected and used for flight testing consists of a 12-blade, 70
mm-diameter fan with a brushless DC motor rated for a power of 1700 watts (Turbines-RC, 2021).
The fan and motor were purchased as a kit manufactured by JP Hobby. Manufacturer specifications
claim a thrust output of 2.35 kg (23.0 N) (discussed further in Section 4.2). At full power the fan
rotates at approximately 50 000 rpm, powered by an electronic speed controller (ESC) at 22.2
volts. The minimum required thrust for the aircraft was determined to be 10.5 N from simulations
performed by Dalman (2021) and by Durante (2023). With a target all up weight (AUW) of 2.5
kg maximum, the selected EDF would give a thrust to weight ratio of slightly less than unity. This
is similar to fighter jet aircraft with supersonic cruise capabilities (Crosby, 2020). Estimates by
Dalman (2021) and simulations by Durante (2023) indicate that the stall speed is approximately 20
m/s for an engine thrust of 10.5 N. Thrust significantly affects stall speed as the vertical component
of thrust contributes to lift at high AoA. Takeoff speed was set at 22 m/s, or 1.1 times the stall speed
(Raymer, 2018).

The control electronics for the aircraft were selected after discussion among team members to
ensure that the appropriate features were available and that all accessory interfaces were compati-
ble. It was also important to ensure that the appropriate data parameters could be collected for fur-
ther analysis of the flight tests. These data parameters are discussed in Section 5.1. The controller
also needed to be compatible with the Ardupilot open-source autopilot software suite (ArduPilot
Dev Team, 2023). A Holybro Durandal flight controller was selected for data collection and au-
topilot control as it contains a wide array of sensors including redundant gyroscope/accelerometers,

magnetic compass, barometer, and onboard processing capabilities (Holybro, 2021). The Durandal
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has a separate GPS module located away from other electronics for accuracy and configurable ports
for interfacing with air data, 900 MHz telemetry and radar altimeter modules. The pulse-width
modulation (PWM) servo ports are sufficient for the present controls configuration with room for
future expansion. A final deciding factor for selecting the Durandal over other options was the
package shape; the lower profile shape was much easier to fit in the available space compared with
other controllers having a cube-shaped exterior.

The chosen airfoil profile belongs to the NACA 6-series set of airfoils. NACA 6-series air-
foils were developed with a focus on maximizing laminar flow in the design operating envelope
to minimize drag for a small range of lift coefficients (Abbott and von Doenhoff, 1959). This low
drag at design conditions makes them well-suited to high-speed flight. Some drawbacks exist in-
cluding poor stall behaviour, large pitching moments, and large drag in off-design flight conditions
(Cantwell, 2013). The complete designation for the airfoil used here is NACA 64(0.3)08 a=0.5. A

breakdown of the meaning of each term is given in Table 3.1.

Table 3.1: Explanation of NACA 64(0.3)08 a=0.5 airfoil used for MUFASA A.1

Design Parameter NACA Digit Meaning
Location of Maximum Thickness 4 40% along chord
Design Lift Coefficient (AoA=0) 0.3 ¢ =0.03
Thickness/Chord Ratio, Max 08 8%
Design Laminar Flow Percentage a=0.5 50%

The bulk of the present design work focused on the structure and build method for the airframe.
A number of engineering design requirements were taken into account when detailing the struc-
ture. The following points represent the key requirements of the manufacturing design. Further

discussion of the specific design decisions made is presented in Section 3.3.

* Weight must be kept to a minimum while maintaining sufficient strength to handle flight
loads.
* The final airframe must be an accurate representation of the aerodynamic shape being stud-

ied.
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* Vulnerable parts should be field replaceable in the event of a crash.

* Electronics must be protected from impact and arranged to minimize interference between

sensors, antennas and high-current wires.

* The CG must be adjustable and within acceptable margins for static pitch stability.

3.1 Aircraft Control Characteristics

Despite receiving a complete aerodynamic shape as an input to the project, it was necessary to
gain a general understanding of flight stability parameters before completing the detailed design of
the aircraft. Aircraft textbooks define the stability of any system as the tendency of the system to
return to an equilibrium state either at rest or in uniform motion (Etkin and Reid, 1996; Roskam,
1998; Anderson, 1999). Review of the literature makes it clear that aircraft flight dynamics is
a dedicated speciality with extremely complex and interconnected or “coupled” parameters. An
entire thesis by Durante (2023), conducted in parallel with the present work, is dedicated to the
controllability and handling of the MUFASA shape. A simplified treatment of aircraft stability is
found in Raymer’s “Aircraft design: a conceptual approach”. This thesis examines portions of the
early stages of the design process and includes methods based in part on past, flight-proven aircraft

for verification (Raymer, 2018).

3.1.1 Pitch Stability

For the purposes of manufacturing design, and within the author’s scope of work, the primary
concern is stability in pitching motion or “longitudinal stability”. The reasons for this are two-

fold:

* Overall static stability is most significantly influenced by longitudinal (pitch) stability (Etkin

and Reid, 1996)

* Aircraft CG location is the primary factor affecting static pitch stability (Roskam, 1998)
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The static longitudinal or pitch stability of an aircraft is governed primarily by the relative lo-
cation of the centre of gravity and the neutral point or aerodynamic centre. The neutral point is the
chordwise location of the center of gravity which results in neutral stability (Hoerner, 1985). How-
ever, the neutral point location can change with changing AoA, making it an inconvenient reference
point. The preferred reference point is the aerodynamic center (AC), defined as the chordwise lo-
cation where pitching moment is constant with respect to AoA (Schlichting and Truckenbrodt,
1979). Positive static stability is achieved by locating the centre of gravity of the aircraft ahead of
the aerodynamic centre (Roskam and Lan, 1997). The distance forward from the AC to the CG
is known as static margin (SM) and is typically expressed as a percentage of MAC. An aircraft
is considered to have positive static pitch stability if the aircraft returns to nose-level flight after a
momentary disturbance pushing the nose up or down is applied and removed. Static margin can be
expressed by equation 3.1, presented here as defined by Raymer (2018):

_ _ Civta
SM:an—Xcg:—CM
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3.1

where X,,, and X, are the longitudinal positions of the neutral point and centre of gravity, re-
spectively. Cyy, and C,, are the coefficients of pitching moment and lift with respect to AoA,
respectively. The negative ratio of the two coefficients requires that the pitching moment acts to re-
store equilibrium as opposed to diverge from equilibrium. Static margin is normally expressed as a
percentage of MAC. 10-15% is often given as the typical static margin for general aviation aircraft
(Raymer, 2018; Nelson, 1998). In general, a larger static margin will serve to increase longitudinal
stability at the expense of control responsiveness (Newman and Swaim, 1986). Excessive static
margin must be overcome by large elevator inputs to maintain control authority, resulting in flight
at the edge of control and with large trim drag effects (Kroo, 1994; Cook and de Castro, 2004).

A transport jet at its aftmost allowable CG (least stable condition) typically has at least 5-
10% static margin (Jenkinson et al., 1999); safety is the primary concern in this case. Where
extreme maneuverability is required (i.e. fighter jets), zero or even negative static margin can

drastically increase turn rates, however advanced stability computers are required to compensate
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for the statically unstable configuration (Loschke, 2003). 15% static margin was used as the target
value for MUFASA A.1 to provide the best chance of successful flight, balancing stability with
control authority. The approximate relative locations of the aerodynamic center and centre of

gravity are shown in Fig. 3.2.
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Figure 3.2: Side view of MUFASA A.1 showing target CG location and aerodynamic centre for
approximately 15% static margin.

3.1.2 Calculation of Mean Aerodynamic Chord

The mean aerodynamic chord of a wing is a convenient parameter that is used to represent the
behaviour of a complete wing. As noted by Raymer (2018), “What makes the MAC special is that
it somehow acts as if all the area of the wing is concentrated on that chord.”

Aerodynamically, MAC is defined as the chord length which yields the aerodynamic moment
about the aerodynamic centre when multiplied by the wing area, dynamic pressure, and moment
coefficient (Anderson, 1999). This length is important for longitudinal wing positioning; the sub-
sonic aerodynamic centre is located at approximately the quarter-chord point of the MAC, typically
known as 0.25MAC (Raymer, 2018). This is the neutral point used for locating the centre of gravity

to ensure static pitch stability.
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Gudmundsson (2022b) uses the term mean geometric chord (MGC) in place of MAC. MGC
is a more accurate description of the term derived from the planform geometry. The MGC is
fundamentally the chord length at the geometric centroid of the planform area (Yates, 1952). MAC
is the dominant term used in literature, even where authors are using MGC. The present work
follows the same convention of using MAC throughout.

The calculation of mean aerodynamic chord for a double-delta wing aircraft such as MUFASA
is more complex than a typical tapered wing with moderate sweep angle. Detailed equations and

diagrams are found in Gudmundsson (2022b) and partially reproduced in Fig. 3.3.
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Figure 3.3: Diagram and equations necessary for MAC calculation of a double-delta planform.
Diagram and equations from Gudmundsson (2022b)

The equations shown in Fig. 3.3 are the result of integrating over the planform area to deter-
mine the spanwise location of the geometric centroid. Intermediate coefficients a, A, B, C, D are

used to simplify the final equation. Parameter k is a ratio defining the spanwise location of the
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discontinuity in planform. S is the planform area, b is the full wingspan, and c,, ¢, c¢; are the chord
lengths at the reference line, discontinuity, and wingtip respectively. These equations are used to
calculate first the spanwise location of the geometric centre Y3, 4. Then the appropriate equation

from Eq. (3.5) & Eq. (3.6) is used to determine mean aerodynamic chord cp; ¢

_ _ Y,
it Yiac <Y, then caac =cr(cp—cr) A%AC (3.5)
b
if Yyac <Y, then cyac=cp+ SR (Yarac — Yp) (3.6)
b/2 — Y,

Table 3.2 lists the parameters used to calculate MAC for MUFASA A.1 following the method
described above. Changes to the planform from V1 to V2, fully described in Section 3.4, decrease
the MAC length and shift its location further outboard on the wing. The primary effect of this
change is a shift in the location of 0.25MAC further aft by 35 mm. This shortens the vertical tail
moment arm (Section 3.1.3) and changes the target location for the centre of gravity to achieve

static pitch stability (Section 3.1.1).

Table 3.2: Calculation parameters for MAC of MUFASA A.1

Dimension MUFASA A.1 V1l MUFASA A.1V2
Wingspan, b 663 mm 760 mm
Planform Area, S 0.241 m? 0.274 m?
Reference Chord, ¢, 775 mm 775 mm
Discontinuity Chord, ¢, 322 mm 355 mm
Tip Chord, ¢; 55.8 mm 54.5 mm
Discontinuity Span, Y}, 161 mm 163 mm
Calculated MAC Span, Yy ac 112 mm 128 mm
Calculated MAC, cprac 461 mm 443 mm

3.1.3 Lateral Stability

The lateral stability of an aircraft is governed primarily by the effects of the vertical tail. Act-
ing similar to a weathervane, the vertical tail surface is designed to provide a side-force (yawing

moment) to turn the nose of an aircraft into the wind (Gudmundsson, 2022a). A larger vertical
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tail situated further aft of the centre of gravity will provide greater stability than a smaller surface
further forward. Initial sizing of the vertical tail is typically performed using the tail volume coeffi-
cient method. The same method is used for horizontal tail sizing on conventional aircraft; with no
distinct horizontal tail the analysis does not apply to MUFASA. Equation 3.7 is used to calculate
the dimensionless vertical tail volume coefficient. The product of vertical tail moment arm [y, and
surface area Sy is non-dimensionalized by the wingspan b and planform area S. Raymer (2018)
states that wingspan and planform are used as they are most directly related to the wing yawing

moments which must be countered by the vertical tail to achieve directional stability.

Wi =—7%— (3.7)

Table 3.3 shows the calculated values of vertical tail volume coefficient for MUFASA A.1.
Changes to the aircraft from V1 to V2 had the effect of moving the 0.25MAC point and neutral
point further aft. This shortened the vertical tail moment arm used in calculating tail volume coef-
ficient, indicating reduced vertical tail effectiveness. The tail was not enlarged for V2 to maintain
the low-drag design and because simulations indicated that the aircraft remained laterally stable.
A complete discussion of lateral stability for the MUFASA shape and other tailless delta-winged

aircraft can be found in Section 5.4.3.

Table 3.3: Calculation parameters for vertical tail volume coefficient of MUFASA A.1

Dimension MUFASA A.1 V1 MUFASA A.1V2
Wingspan, b 663 mm 760 mm
Planform Area, S 0.241 m? 0.274 m?
Vertical Tail Moment Arm, Iy 1 188 mm 133 mm
Vertical Tail Area, Sy 0.0398 m? 0.0398 m?
Vertical Tail Volume Coefficient, Vi ¢ 0.0468 0.0254

The value of vertical tail volume coefficient does not singularly predict the lateral stability of
an aircraft. It is used extensively by designers as a first-approximation of tail size in the conceptual
design phase (Nicolosi et al., 2017). The tail sizing process is described by Anderson (1999) as

“one of the most empirical and least precise aspects of the airplane design process”. A helpful
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review of tail sizing statistics and methods, focused on the vertical tail, was published in 2013 by
Barua et al.. Table 3.4 compiles suggested vertical tail volume coefficients given in various texts for
the categories most relevant to the present work. Despite differences across aircraft types, it is clear
that there are established guidelines known to lead to stable and controllable aircraft. However, no

establish guidelines specific to the design of SSUAVs are available in the open literature.

Table 3.4: Suggested vertical tail volume coefficients from various authors. Table adapted from
Barua et al. (2013)

Aircraft Type Raymer Roskam Howe Schaufele
General Aviation, Single Engine  0.040 0.043  0.050 -
Transport Jet 0.090 0.079  0.090 0.038-0.120
Supersonic Cruise Aircraft - 0.062  0.065 -
Military Fighter 0.070 0.077 - 0.041-0.130

While these suggested coefficient values are a useful starting point, more can be learned from
comparison to specific aircraft with similar configurations to MUFASA. Tail volume coefficient
is not typically published as a specification of an aircraft. Wingspan and wing surface area are
generally published, while vertical tail area and moment arm can be obtained from geometric anal-
ysis of scaled, three-view drawings of aircraft. In The Anatomy of the Tail, Gudmundsson (2022a)
presents a table of tail parameters for nearly 80 aircraft of various transport roles. Unfortunately,
no measurements of supersonic or delta-winged aircraft were included. A cursory review of tail
volume coefficients from Gudmundsson (2022a) indicates a positive correlation between increased
tail volume coefficient and the potential for thrust imbalance and differential drag due to engine
failure. Twin-engine turboprops appear to have the largest vertical tail volumes, along with the
BAE-146. The BAE 146 is a quad-engine regional jet (Barua et al., 2013); clearly a large thrust
imbalance is possible with an outboard engine shut off and adding to drag. This thrust imbalance
is countered by the larger vertical tail of these aircraft, relative to other transport planes.

As with any design decision, tail sizing is a trade-off. The larger the vertical tail or longer
the tail moment arm the greater the inherent stability of the aircraft (Ciliberti et al., 2017). An

excessively large tail can lead to reduced handling quality for the pilot by over damping any lateral
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motion (Nelson et al., 2022). A larger tail also incurs a significant drag penalty. Designers must
choose the optimal point which creates adequate stability without excessively penalizing speed and

efficiency.

3.1.4 Elevon Sizing

MUFASA derives both roll and pitch control from a single pair of elevons. The detailed sizing of
elevons for roll control is a complex endeavour requiring dynamic analysis of forces and moments
from control surface deflection (Raymer, 2018). Final sizing in large aircraft must even consider
wing stiffness to avoid roll reversal due to wing twisting under elevon/aileron deflection (Pearson
and Aiken, 1944). This form of roll reversal is not of concern here due to the short wingspan of
MUFASA and the small elevon forces required to roll the low-inertia aircraft. Initial sizing of the
elevon surfaces follows historical guidelines, shown in Fig. 3.4, to obtain a first estimate. Further
analysis, performed by Dalman et al. (2021) in advance of the present work, was used to obtain the
sizes used for manufacture.

The elevons as installed in both versions of MUFASA A.1 are identical in size to reduce the
design change work required. On V1 this corresponds to a 9.8% chord ratio (based on MAC) and
a 72% span ratio. Changes to the planform kept chord ratio largely unchanged (10.2%) and re-
duced the span ratio to 61%. Historical sizing guidelines in Fig. 3.4 suggest that these elevons are
somewhat undersized, particularly based on chord ratio. Simulations performed indicate that MU-
FASA A.1 maintains adequate roll authority regardless of the comparison to historical guidelines
(Durante et al., 2022). One possible explanation is that they very small roll inertia of the aircraft

reduces the need for large ailerons to maintain adequate roll authority (Durante, 2023).

3.2 Intake Sizing

The design of the intake for any aircraft is an important task that can have a large effect on perfor-

mance (Imfeld, 1974). The intake is by necessity a large frontal surface area to ensure adequate
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Figure 3.4: Historical aileron sizing guidelines, adapted from Raymer (2018).

air delivery to the engine; this area must also be minimized to avoid an excessive drag penalty.
As always, a trade-off must be made to find the optimal performance level. When a gas turbine
engine is the propulsion source, consideration must be given to a condition known as a compressor
stall (Greitzer, 1980). Compressor stall occurs when an instability in the engine airflow “stalls” all
or some of the inlet compressor blades and starves the engine of airflow, resulting in a partial or
total loss of power (Sams, 1975). Advances in compressor design have significantly reduced the
occurrence of compressor stall in modern engines, however interactions between the intake system
and the engine are critical to the performance of the system (Smith, 1996). In the case of an EDF,
power to rotate the fan blades is not dependent on sufficient airflow to sustain combustion; the elec-
tric motor only requires airflow for cooling. The blades of an EDF can still experience stall and
lose the majority of their efficiency if upstream static pressure drops too low (Zhang and Barakos,
2020). As the present aircraft is limited to low subsonic speeds, refinement of the intake design

for performance is not completed here. In future, significant effort will be necessary to efficiently

33



couple a turbojet engine to the pitot intake system and minimize risks such as compressor stall
(Cole, 1974).

For conventional jet engines speeds a simple ratio of intake capture area to engine air mass flow
rate is provided by Raymer (2018). At subsonic speeds below approximately mach 0.85 this is a
constant value of approximately 0.0051 %Z (square metres of capture area per kilogram of airflow
required). Using Rankine-Froude momentum theory formulated for a ducted fan (Gudmundsson,
2022c) the mass flow rate of air in the EDF is estimated to be 0.298 kg/s. Combined with the
capture area ratio from Raymer, a circular capture diameter of 44 mm is suggested. Subsequent
thrust testing using a nose cone with this inlet diameter showed significant thrust losses that were
unacceptable for flight testing. Thrust tests were then performed both with the nose cone removed
and with a straight length of pipe to approximate a larger inlet diameter with a similar length to the
actual pitot inlet. This testing made it clear that the small inlet diameter was the source of a large
portion of the losses. A redesigned nose cone with an inlet diameter equal to the diameter of the bell
mouth on the front face of the EDF was manufactured to increase available thrust. This new nose
cone would certainly come with a sacrifice to the top speed of the aircraft, however maintaining a
rapid development cycle was prioritized over optimization and the larger drag penalty was accepted

in order to continue to flight testing as soon as possible. Details of the thrust testing data analysis

methods and results are described in Chapter 4.

3.3 Construction Method

MUFASA A.1, the small scale demonstrator of the MUFASA shape, was scaled to minimize the
cost and time to manufacture. The method of construction is selected for the same purpose. A
rigid foam airframe mimics the construction of hobbyist remote-controlled (R/C) aircraft. By
emulating such an established build method, the intent was to remove as much uncertainty as
possible from the build process, and to allow for quick changes to the design. The material used

to manufacture the airframe is an expanded polystyrene (EPS) foam typically used for insulation
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purposes (Plastifab, 2019). This material was chosen for a number of reasons, largely related to

availability and material performance:

Readily available in custom-sized blanks for CNC milling of components.

Locally manufactured to minimize lead time and uncertainty due to global supply chain

challenges.

Highly machinable with quality CNC router tooling.

Readily accepts a variety of adhesives and coating options for finishing operations.

Extremely lightweight and durable.

The highly machinable nature of the EPS foam was confirmed by a series of test cuts in a
sample block provided by the supplier. Cuts were made on a CNC router with extremely sharp
tooling, a high rotational speed, and sufficient feedrate to cut thicker chips instead of shavings.
The machining strategy is informed by the structure of EPS foam, and the mechanisms of material
removal. EPS foam consists of small beads of polystyrene packed together; mathematical models
typically approximate these beads as hexagonal cells (Jose Angel et al., 2013). Two methods of
removal exist when machining the foam: bead removal and bead transsection (Gote et al., 2022).
Bead removal occurs when sufficient friction is present on the cutting implement to tear the bead
away from its neighbours. From simple test cuts with both used and new tooling it was observed
that new tooling left a significantly smoother surface finish and effectively eliminated bead tear-
out. Worn tooling with a less keen edge tended to tear beads away from the parent material instead
of cutting cleanly through. It was also observed that higher rotational speeds and a higher feedrate
(resulting in thicker cut chips) left a smoother surface finish. Figure 3.5 illustrates the achievable
surface finish of a machined EPS component with the selected machining parameters. Feed rate
and surface speed are shown, 1375 ft/min surface speed corresponding to 21000 rpm with a 0.25
inch tool diameter fed at a rate of 0.004 inches per flute. The depth of cut (axial engagement) was
set to match the length of flutes on the tool to maximize material removal rate (MRR); the soft EPS

foam results in very small spindle loads and poses no risk of tool breakage. Material removal rates
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up to 60 cubic inches per minute were achieved. For comparison, an MRR of 9 cubic inches per

minute is typical for mild steel (Kalpakjian and Schmid, 2009).

FACTORY
SURFACE FINISH

MACHINED - |SURFACE SPEED 1375 ft/min
SURFACE | |FEED RATE 0.004 in/flute

Figure 3.5: Detail of EPS foam machined surface finish and factory surface finish. Contrast
enhanced to highlight bead boundaries.

The ease of bonding and finish-coating the foam was also considered when selecting the ma-
terial. Water-based clear polyurethane (PU) coatings proved ideal for finishing exposed surfaces.
The PU product was very easy to apply with no runs or drips, posed no environmental or safety
hazard, and sanded smooth with minimal effort. The very low viscosity of the coating allowed
it to impregnate a short distance below the surface of the component, increasing hardness and
durability. Attempts with epoxy coatings typically resulted in runs and drips in the finish, and the
epoxy was too viscous to penetrate into the porous EPS surface. The epoxy required significantly
more effort to sand away imperfections, and added significantly more weight to the assembly than

the thinner PU coating. Similarly, the ability to adhesively bond foam components to each other
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and to 3D printed plastics was important to consider. Adhesive bonding with many thermoplastic
materials is particularly difficult due to their non-porous nature and the poor wettability of plastics
(Chawla, 2012; Kalpakjian and Schmid, 2009). This issue was more critical when considering the
3D printed plastic side of the bond as the strength of the epoxies exceeded the strength of the EPS
parent material. A qualitative test of a bond between EPS foam and a 3D printed PETG compo-
nent was conducted early in the material selection process. Using only moderate surface cleaning
and a plastic-specific epoxy, the resulting bond was significantly stronger than the EPS. As shown
in Fig. 3.6, the joint did not fail at the bond line, rather it tore away a layer of the foam parent
material. This bonding characteristic, coupled with the performance and ease of application of the
water-based PU coating, supported the foam construction method as optimal for this prototyping

application.

Figure 3.6: Post-failure image of bond strength test between EPS foam to 3D printed PETG.
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Rapid implementation of design changes in the final assembly was a key factor in choosing
EPS foam construction. Where a more typical UAV prototype might use carbon fibre composites
for the airframe, CNC-carved foam does not require a complete new set of lay-up moulds when a
small design change is made. The cost of manufacturing a prototype from carbon fibre or similar
composite materials is significantly higher than the foam construction used here. The cost of the
foam is approximately the same for both options; a composite airframe requires negative-space
moulds of the same size as the positive-space components. An early estimate concluded that
the materials cost for a carbon fibre airframe would be approximately $2000, assuming minimal
wasted material and the use of existing equipment such as vacuum bagging pumps (Gair et al.,
2019). By contrast, the foam cost for a single airframe was approximately $100. While a carbon
fibre airframe would be significantly more durable than the chosen foam option, the additional
cost and manufacturing lead time outweighed the durability advantage. The overall project would
benefit most from a rapid development cycle.

A final key factor in selecting EPS foam construction for the prototype was airframe weight.
Initial estimates of the mass of a carbon fibre airframe were calculated from basic surface area
parameters. Assuming a hollow carbon fibre airframe with no internal reinforcement, the airframe
can be broken into components of fuselage and wings to estimate the amount of carbon fibre fabric
required to form a skin. Using typical values for the areal weight of CF fabric, fabric-epoxy ratio,
and a common quasi-isotropic 4-ply layup (Chawla, 2012) the airframe would have an estimated
mass of 1.68 kg. With a goal 2.5 kg for the takeoff mass of the aircraft it is simply not feasible
for the empty airframe to consume more than two-thirds of the mass budget. By comparison,
the foam-only airframe has an estimated weight of just 0.58 kg from the computer-aided design
(CAD) model with appropriate material properties applied. This extreme lightweight construction
is critical to the present prototyping phase. A lower weight translates into a lower takeoff and
stall speed (Anderson, 1999) and thus a greater chance of a successful flight test. Table 3.5 shows
the mass and construction method of each airframe structural component. The following section

describes how the aerodynamic shape was divided into elements for manufacture.
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Table 3.5: Mass of manufactured airframe components

Component Material Mass
Nose Cone EPS 1495 ¢
Fuselage Assembly EPS 3023 ¢
Avionics Panel EPS 143¢g
Main Panel EPS 1042 ¢
Trailing Edge Caps (each) PETG 562 ¢
Elevons (each) PETG 147 g
Vertical Stabilizers (each) EPS 132 ¢
Verticals Servo Mounts (each) PETG 83¢g
EDF Mount PETG 70¢g

3.3.1 Division into Structural Elements

When considering options for material and manufacturing method it is important to think ahead
to the limitations of the methods under consideration. The most obvious limitation of the chosen
foam construction is the 3-axis CNC router available for use. The cutting tool is constrained to a
vertical orientation and can only remove material from the top of the workpiece. Additionally, the
length of commercially available cutting tools is limited. Considering the long internal channel and
pockets making up the pitot intake and battery compartments, it was clear that a single component
construction was not possible. The 3-axis movement and tooling length limitations were resolved
by bisecting the airframe into upper and lower halves for machining separately. This allows the
internal features to be machined in the first operation, then the stock flipped over and located on
the flat mid-plane surface for machining of external features.

The requirement for easily replaceable parts posed a more significant challenge. Ideally, both
the wings and the nose cone would be field-replaceable. The nose cone is split from the main
fuselage body where the taper of the nose cone meets the straight cylinder of the fuselage (see
Fig. 3.7. A step is cut into the foam to locate the two parts together with a friction fit to ensure
accurate alignment. Thus, the nose cone is manufactured in upper and lower halves to permit
machining of the internal features and then attached to the fuselage with a friction fit and tape for

field-replaceability. By making the nose cone so easy to replace and quick to manufacture, the
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nose cone can be considered a deliberately sacrificial part. In the event of a loss of power in-flight
it would be preferable to guide the aircraft in nose-first. The nose cone would deform to absorb
the impact energy, thereby protecting the majority of the airframe and the fragile electronics and
batteries. The fuselage is likewise split on the mid-plane for machining in the same manner as the
nose cone. Upper and lower halves are then permanently mated together with a foam-safe spray
adhesive to form a solid component with all necessary internal features. Included in the machined
fuselage halves are dowel holes to assist in accurately locating the two pieces relative to each other.
The general process for creating, splitting, and machining the foam components is laid out below.

The components are shown in Fig. 3.7 in an exploded view and Fig. 3.9 as-assembled.

1. Generate complete airframe 3D model including internal features in CAD program.
2. Split model into upper and lower halves on the mid-plane in CAD model.

3. Split apart nose cone, avionics access panel, and main access panel.

4. Machine internal features of the component.

5. Flip stock with cut internals over, locating the part on the mid-plane surface.

6. Re-reference CNC machine to align internal and external component features.

7. Machine component external features to completion.

8. Permanently bond together upper and lower nose cone halves and fuselage halves.

The concept of field-replaceable wings was explored early in the design maturity. With thin
cross-sections near the tips, the wings are clearly vulnerable to damage in the event of a crash or
even a rough landing. A typical aircraft with wings made separately from the fuselage features
a carry-through spar to transmit loads between the two wings (Megson, 2007). In the case of
MUFASA A.1, a standard spar would inevitably interfere with airflow in the intake. The addition
of a non-straight spar to work around the intake while also carrying loads between wings would
have added significant complexity to the design, both in analysis and manufacture. Assuming

that a sufficiently strong and manufacturable spar was designed to accommodate the intake, the
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Figure 3.7: Exploded view of airframe components. All parts shown are EPS foam except where
noted.

challenge of rigidly and accurately affixing the wings to the fuselage remains. A minimum of
two attachment points is necessary to fully constrain the wing, three would be preferable given
the long chord length where the wing root meets the fuselage. A simple method can be found on
large-wingspan UAVs such as the Skywalker X8 (UAV Systems International, 2022) used by the
author and colleagues for avionics testing and flight test training. Shown in Fig. 3.8, two carbon
fibre tubes pass through the fuselage and into each wing. The spars mate to reinforced holes in the
wings; inserting the spars into bare foam holes repeatedly would cause the foam to compress and
the holes to become oversized, resulting in wing misalignment.

Already the removable wing system has taken the fuselage structure from two machined com-

ponents (upper and lower fuselage halves) to six; upper and lower halves of both wings and the
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fuselage. Then a system must be designed to retain the wings on the spars, tight to the fuselage. To
preserve the aerodynamic shape being tested there should not be any mounting features exposed
to the airflow over the wings, an added constraint which further increases complexity. After con-
sidering the options for potential structural designs for removable wings it was decided that the
additional challenges stemming from the design, manufacture, and validation testing of the remov-
able wing concept were not worth the increased cost, time, and uncertainty. The simplicity of only

two fuselage halves with integral wing sections was chosen as the preferred option.

CARRY-THROUGH
WING SPARS

Figure 3.8: Fuselage and wing components of the Skywalker X8 commercial UAV, showing the
wing attachment spars running directly through the fuselage. Image from SpexDrone (2023)
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3.3.2 Thin Sections

While the EPS foam material is a strong choice for the bulk of the airframe, it has limitations near
the trailing edge where the wings become extremely thin. In this area there are additional stresses
placed on the structure from the attachment of the elevon servo, elevon hinge, and vertical stabilizer
servo. There is the additional challenge of mounting the servos to the foam wings, along with the
hinge line of the elevons. The hinge line is not located directly on the surface nor on the mid-plane
of the wing (Gair et al., 2020), further complicating the installation. These features make the parts
very difficult to manufacture manually or with CNC-cut foam. 3D printing was an obvious solution
for accurate manufacture of components with complex geometry. Fused-filament fabrication (FFF)
3D printing is a technology enables fast, accurate manufacture of complex geometries including
thin sections (Dudek, 2013). It is relatively inexpensive, simple to learn, and can incorporate all
of the required geometries into a single component. The trailing edge caps are 3D printed from
polyethylene terephthalate glycol-modified (PETG) as a single piece then permanently bonded to
the main fuselage/wing assembly with epoxy. Dowel holes are incorporated in the design to assist
in maintaining alignment while the epoxy cures. See Fig. 3.7 for an illustration of the 3D printed
trailing edge caps.

The choice of PETG for 3D printed parts was informed by discussion with experienced individ-
uals and basic research into the mechanical properties of common 3D printing materials. The most
common and least expensive material is polylactic acid (PLA). It prints easily with relatively low
temperatures, but is relatively brittle and prone to cracking under deformation (Ngo et al., 2018).
Two similarly available and inexpensive alternatives were available, PETG and acrylonitrile buta-
diene styrene (ABS). ABS is commonly found in plastic automotive panels and water/sewer pipes
(Olabisi and Adewale, 2016). PETG is similar to the PET used in disposable plastic water bottles,
but with chemical alterations to lower melting temperature and crystallization to improve perfor-
mance in heated operations such as thermoforming and 3D printing (Guessasma et al., 2019). ABS
is known to be more difficult to print from its tendency to warp (Ramian et al., 2021), and carries

potential health hazards from volatile organic compounds (VOCs) and particulates emitted during

43



printing (Ryan and Hubbard, 2016). Hazards associated with 3D printing of PETG are significantly
lower (Wojnowski et al., 2022). For these reasons, PETG was chosen as the preferred material for

the trailing edge caps and other small airframe components.

Figure 3.9: Airframe structure consisting of individually machined EPS foam components and 3D
printed trailing edge caps in green and red.

3.3.3 3D Printed Components

In addition to the thin sections described above, certain components of the airframe were 3D
printed. Any components attached with threaded fasteners (i.e. control servos) would be diffi-
cult to secure directly to the foam airframe. In these locations a 3D printed bracket was designed
to provide a large surface area for adhesive bonding to the airframe while accepting the threaded
fasteners neccessary to attach the component. The EDF and vertical tail servos were both mounted
in this manner. The elevon servos were also attached with threaded fasteners, but their mount was

integrated directly into the 3D-printed trailing edge caps and not a separate component.
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3.4 Version 2 Design Refinements

Following the first set of flight attempts, described in Section 5.2, it was clear that the present state
of the design was not likely to lead to sustained, stable flight. Analysis of video recordings and
flight computer data prompted the conclusion that the required takeoff speed was too high. Most
of the changes made were intended to reduce the minimum flight speed. For clarity, the airframe
first flight tested in March 2022 is known as MUFASA A.1 V1. After design refinements were
made the second airframe manufactured for flight testing became known as MUFASA A.1 V2. For
brevity they will simply be referred to as V1’ and V2’ in this document.

One of the main challenges experienced related to the relatively high required takeoff speed.
Estimates of the minimum control speed provided by Dalman et al. (2021) and Durante (2023)
show that the aircraft should be able to maintain steady, level flight at 10° AoA at a speed of ap-
proximately 22 m/s. Potentially lower speeds could be achieved with additional power given the
delayed stall characteristics of the delta wings; simulations showed that the EDF used here did not
have enough thrust to maintain speed at AoA greater than 10°. This high takeoff speed is exac-
erbated by any increase in aircraft weight (see equation 3.8 below). Given the known challenges
of controllability at low speeds (see Section 3.1.3) minimizing takeoff speed became an important

goal.

L= Cr(0.5pV%)S (3.8)

For steady flight, the lift L generated by the aircraft must equal its weight, governed by the lift
coefficient (', air density p, square of the velocity V' and wing area S. For a given aircraft at a
given AoA both lift coefficient and wing area are fixed; only reducing mass can reduce velocity
required.

The first change made was to decrease the weight of the aircraft. Since ballast was required
to located the CG for suitable static margin, eliminating the need for ballast was an obvious goal.

Feedback from the pilot suggested that active yaw control was not necessarily required for this air-
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craft. Review of commercially available R/C aircraft and published literature agreed that sufficient
control was possible with fixed vertical stabilizers and no rudder (Mitikiri and Mohseni, 2018;
Stenfelt and Ringertz, 2009). Fixing the verticals in place eliminated the servo motor controlling
each of the verticals, a total of 132 grams for approximately 5% weight savings. The location of
these servos, aft of the neutral point of the aircraft, served to shift the centre of gravity forward at
at the same time, further reducing the need for ballast.

To further reduce the required takeoff speed and shift the neutral point aft, some minor changes
were made to the planform. The wingspan was increased by approximately 15% from 663 mm
to 760 mm and the trailing edge forward sweep angle reduced from -17° to -6°. This has the
dual effect of increasing planform area for lift generation and shifting the aerodynamic centre of
the planform further aft. The planform area increased by 13.7% as a result of these changes. A
simple approximation of lift, holding all other values constant in Eq. (3.8), indicates that the larger
planform should reduce velocity required by 7%. These planform changes can be seen in Fig. 3.10.

The change in location of the aerodynamic centre can be approximated using the change in
mean aerodynamic chord. In subsonic flight, the aerodynamic centre can be reasonably approxi-
mated as one-quarter of the way along the MAC, usually termed 0.25MAC (Gudmundsson, 2022b).
The MAC for V2 is shorter than for V1 by 15.7 mm, however it is located further outboard on the
wing and therefore further aft, moving the aerodynamic centre aft by 35.2 mm. This affects longi-
tudinal stability by altering the reference point for calculating static margin - the aftmost allowable
CG location moves with the aerodynamic centre.

The final change made to the airframe to assist with CG location was to shift the battery mount
location. Some minor geometry changes were made to the model which allowed the batteries to be
mounted 5 mm closer to the nose of the aircraft. The batteries are the single heaviest component
in the aircraft, each one weighing nearly as much as the bare fuselage assembly. They can be
mounted anywhere in a range of locations along the longitudinal axis of the aircraft to help with
positioning the CG.

A summary of the changes made for the V2 aircraft is provided in Table 3.6. The result-
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Figure 3.10: Comparison of V1 and V2 wing planforms. Note that the V1 planform is shown with

the original small intake not used in flight testing.

Table 3.6: Summary of changes to MUFASA A.1 from V1 to V2.

Parameter V1 V2
Wingspan 663 mm 760 mm
Trailing Edge Sweep -17° -6°
Planform MAC 461 mm 443 mm
Planform Area 0.241 m? 0.274 m?
Vertical Stabilizers Active Movable  Fixed
Minimum Control Speed (est) 22 m/s 19 m/s
Battery Mount Shifted 5 mm forward
Flyaway Weight 2480 g 2281 g

ing aircraft with these changes implemented was approximately 8% lighter despite increasing the

wingspan and planform area. The weight savings came from removing the ballast weight (131

g) required and removing the two servos driving the vertical tails. With the increased wing area,

lighter aircraft and thus reduced minimum flight speed, the refined V2 aircraft has an improved

chance of successfully achieving stable flight.
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Chapter 4

Ground Testing & Results

Ground testing of aircraft systems prior to flight is a key step in building towards first flight. The
relative simplicity of the MUFASA A.1 systems and use of commercially-available components
reduces the complexity of the testing required. Quantitative testing was conducted on the engine
to ensure that adequate thrust was available for flight. Function checks were conducted on all
electronics and control servos as the components were received to verify their operation. These
minor checks were conducted as part of the engine thrust testing campaign as most components to

be checked were also required for thrust testing.

4.1 Electronics Function Checks

Function checks of the avionics systems on the aircraft ensured that each component was correctly
installed and configured. Prior to thrust testing the electronics were all installed in the airframe as
if for flight testing. The batteries were connected and the 900 MHz wireless connection established
to the ground station computer. The wireless connection between the aircraft and ground station
enabled real-time monitoring and adjustment of all sensors and parameters. Once established, the
remaining function checks could be performed.

The air data sensor was connected to the pitot tube in the nose cone and compressed air blown

across the pitot port to ensure that the pressure change was registered by the software. Without
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in-flight calibration the pitot tube will not accurately measure airspeed; a check of the function is
all that can be completed at this stage. Alternative methods of airspeed sensor calibration were not
considered as airspeed is not required for early controllability evaluations.

Moving the completed assembly outside allowed the GPS module to establish a satellite signal.
GPS accuracy level is quantified by the horizontal dilution of precision (HDOP) (Specht, 2022).
HDOP is a measure of the quality of a GPS location signal dependent on many factors, with a
lower number indicating a better position fix. Ardupilot documentation specifies that an HDOP
less than 2 is sufficient for flight (ArduPilot Dev Team, 2023).

Control servos were connected to the Durandal flight controller for range of motion and ori-
entation checks. Because the elevon servos are installed in mirrored orientations, the command
signal to one must be reversed in the software configuration. In the V1 aircraft with movable ver-
tical tails the range of motion of the vertical stabilizer servos was electronically limited to + 5° to
prevent contact with the fuselage. Control commands from the pilot’s transmitter were compared
with control surface deflections for orientation and range of travel. The elevons demonstrated a
range of + 40°, varying linearly with PWN signals from 1250-1750 ps.

The radar altimeter was tested simply by holding the airframe level at a known distance above
the ground and comparing the actual distance to that measured by the sensor. Measurements at
close range (<1 m) and medium range (<10 m) both showed sufficient accuracy to deem the radar
altimeter to be functioning as expected.

With the completion of electronics function checks, quantitative thrust testing of the EDF could

then be completed to experimentally determine available thrust for flight testing.

4.2 Engine Thrust Testing

Following the selection and purchase of the EDF (electric ducted fan) for propulsion of MUFASA
A.1 it was necessary to complete baseline performance testing. Testing of the actual thrust output

of the EDF is useful for comparison to the manufacturers claimed data, as well as for improving
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estimates of in-flight drag. Results can also be used to inform future EDF selection decisions; if
the present model of EDF produces only a certain percentage of the claimed thrust it is reasonable
to conclude that other models from the same manufacturer are likely to similarly under-perform.

Any differences between the claimed or rated thrust and measured thrust are could be the result
of various factors. The first is the air density where tests were conducted; at local altitude air den-
sity in Calgary is approximately 12% lower than at sea level. If manufacturer tests were conducted
at or close to sea level the additional air density will result in a higher thrust rating (Gudmundsson,
2022c¢). The use of different control electronics from the manufacturer when testing was performed
could affect the power available to the motor. Varying conditions such as temperature of the batter-
ies and ambient air density could impact performance. Geometry affecting airflow at the inlet and
outlet of the fan would also have a substantial effect on thrust output. It was observed early in the
testing cycle that significant losses were occurring due to the long intake of the aircraft. Analysis
of these data prompted the increase in the nose cone inlet diameter discussed in Section 3.2.

In lieu of a more conventional approach to a thrust test setup using a hanging or floating frame
with load cells, a simple hanging pendulum was used to measure engine thrust (Runyan et al.,
1992). Cost and complexity were minimized by eliminating measurement electronics with the
exception of a digital camera to record video. The aircraft and engine test rig were suspended
from a frame using brightly coloured string. The string used was light and flexible enough to
impose no restriction on the movement of the hanging test setup and therefore introduce as little
error as possible. For a test rig of a known mass, calculation of thrust produced is simple when
the deflection angle of the string is measured. Thrust produced is the weight of the test rig in
Newtons multiplied by the tangent of the deflection angle of the string relative to vertical as shown
in Fig. 4.2. In Fig. 4.1 the pair of strings in a V-shape at the front of the aircraft are visible,
providing stability, while the single rear string is vertical and used to measure angular deflection.

Using the video recording from each test run it was possible to obtain a continuous measure-
ment of the thrust produced throughout. A Matlab program was written to process the video

frame-by-frame. In each frame the pixels containing the string were identified by RGB colour
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Figure 4.1: Image of static thrust test setup showing strings suspending the aircraft.

values and a linear line was fit to those pixel locations. The slope of that line gave the angle of
deflection and thus the thrust produced. Continuous monitoring of thrust was advantageous in
that small variations over a long period of time could be observed. For example, whether thrust
remained constant over the life of the batteries was of interest. Lithium-polymer (LiPo) batteries
typically maintain a relatively constant voltage during discharge with a sharp decline near com-
plete discharge, however efficiency can vary with temperature (Salameh and Kim, 2009). Heating
of the batteries during discharge could cause a decline in power over the duration of a flight.
While not indicative of in-flight thrust where there is a non-zero forward airspeed, static thrust
curves are useful for flight simulations and can assist with estimating aircraft drag and maximum
airspeed (Durante, 2023). Two main tests were conducted related to engine thrust. First, the EDF
was set to throttle levels from 0 to 100% in defined increments to develop a basic thrust curve
correlating throttle setting in PWN (pulse width modulation) signal to static thrust. The second
test was a maximum run time test while measuring peak thrust. This was used to ensure that
the aircraft’s peak available thrust would not diminish significantly near the end of a flight. If,

as batteries neared empty the available thrust were substantially reduced the pilot may not have
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Figure 4.2: Video frame from thrust testing using string angular deflection.

the ability to safely abort a landing. Battery temperature was monitored for a number of rapid
discharge tests to ensure that temperatures did not exceed manufacturer specifications.

Figure 4.3 shows the thrust curves for each test. Thrust values for each step of the ramp-up
to full throttle are given in Table 4.2. The thrust curve of test 2 shows the overall loss of thrust
due to decreasing battery level and temperature build-up in the electronics. Over the course of
135 seconds the static thrust output dropped by 0.75 N. The batteries reached a maximum of 48°C;
maximum operating temperature for LiPo batteries is typically given as 60°C (Common Sense RC,
2017). The test was ended with approximately 10% battery remaining to protect the batteries from
an under-voltage condition.The ramp up to maximum throttle for each test shows good consistency
between the two test runs; repeating the same throttle setting reliably reproduces the same amount
of thrust. Initial overshoot at each throttle level is due to momentum carrying the plane past
equilibrium on the string. After each throttle increase the plane was steadied by hand to give the
most stable reading possible. A 100-point moving average was applied to the raw data thrust data

to remove excessive high-frequency noise from vibrations and inaccuracies in determining string
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Figure 4.3: Static thrust test curves for MUFASA A.1 V1, EDF as installed in airframe, 83 mm
inlet.

Table 4.1: Measured static thrust for EDF installed in flight configuration.

Thrust Measured [N]
Throttle Setting Test 1 Test 2

[%]

0 0.01 0.00

20 3.65 3.58
40 6.93 7.01
60 9.06 9.12
80 10.50 10.49
100 12.59 12.60

4.3 Discussion

Static testing performed on the EDF showed a significant measured thrust deficit when compared

with manufacturer claimed values. There is no remedy to this issue apart from purchasing a larger
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EDF with the understanding that it will likely underperform manufacturers expectations. Analysis
here is instead focused on the losses incurred by the long pitot intake used in the aircraft design.

Thrust test results in Table 4.2 compare each tested configuration with the bare engine and
the manufacturer’s claims. As the thrust losses due to the pitot intake are of interest, values are
shown with a percent difference to the bare engine instead of to manufacturer’s specifications. The
original nose cone had a 45 mm diameter inlet, sized using capture area methods from Raymer
(2018) and detailed in Section 3.2. Thrust losses of 40.5% were observed in this configuration with
a maximum of 9.7 N thrust produced. A nose cone with a larger capture area was manufactured
and tested with an 83 mm-diameter inlet. This inlet size matches that of the bell mouth of the EDF.
Thrust losses of 22.7% were observed with a maximum recorded thrust of 12.6 N. This marks
a significant improvement over the original nose cone design, but remains a large source of lost
thrust.

The measured maximum thrust gives the aircraft a thrust to weight ratio (7'/W) of 0.52-0.56,
depending on takeoff weight. While lower than initially intended, this ratio falls between values
for a typical transport aircraft (7'/TW = 0.25-0.3) (The Boeing Company, 2019) and a typical fighter
jet such as the F-22 Raptor (T'/WW = 0.62) (Malloy et al., 2002). Simulations showed that the thrust
deficit resulted in a reduced top speed but minimum control speeds remained acceptable (Durante,
2023). The decision was made to proceed with flight testing and leave a comprehensive pitot intake
design to future work.

The precise cause of losses in the intake has not been positively identified. Possible sources
of loss for a subsonic intake condition include inlet separation and duct friction (Goldsmith and
Seddon, 1993). Inlet lip separation occurs when an incident flow must turn sharply around a thin-
lipped inlet into the diffusing section (Goldsmith and Seddon, 1993). Separation is unlikely at the
lip of the MUFASA intake as there is no diffuser section. Approximately halfway along the intake,
where the batteries are located, separation is almost certain to occur. Where the geometry opens up
to provide space for wiring and battery installation there is effectively a step diffuser on the sides

of the inlet (see Fig. 3.7. Separation occurring at this location accounts for a portion of the inlet
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losses.

The second source, duct friction, is unavoidable for any intake design. Friction along the walls
of the inlet duct is mainly dependent on the mass flow rate of the air and the surface roughness of
the inlet (Seddon and Goldsmith, 1999). For a short inlet with a large fan diameter (e.g. nacelle-
mounted engines on transport jets) frictional losses will be much lower than for an intake that is
many fan diameters long. These frictional losses could be reduced for the present design with
careful treatment of the inlet components to improve surface roughness.

Importance was placed on the continued timely build of the aircraft for flight testing. Future
work to more closely examine and mitigate thrust losses in the pitot intake will be essential to
maximizing performance in future flights. A design with more available space could provide a
pitot intake uninterrupted by wiring and battery components. Changes to construction methods
could also improve the surface roughness of the inlet, significantly reducing frictional losses. A
series of experiments using various inlet lengths with differing surface finishes could be used to

isolate the sources of loss for the present configuration and inform future development.

Table 4.2: Measured static thrust for small and large intakes compared with manufacturer data.

Inlet diameter Inlet length EDF thrust Difference to

Configuration [mm] [mm] [N]  adjusted value
Manufacturer claimed - - 23.0 14.1%
Manufacturer, adjusted for altitude - - 20.2 -

Bare engine (bell inlet) 83 0 16.3 -19.3%
Original nose cone 45 964 9.7 -52.0%
Enlarged inlet mouth 83 964 12.6 -37.6%
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Chapter 5

Flight Testing & Results

The culmination of the design and prototype-build process of any aircraft is the first flight. Two
flight days with five total flight attempts make up the testing completed with MUFASA A.1. Ver-
sion 1 (V1) attempts occurred in late March 2022 with two launches. Version 2 (V2) attempts
occurred in early October 2022 with three launches. None of the attempts resulted in sustained,
stable flight. Data collected in flight nonetheless provides valuable insight into the behaviour and
controllability of the aircraft. Insufficient lateral stability and asymmetric wing stall exacerbated
by control surface deflection are discussed in detail in Section 5.4 as key outcomes of the flight test

data.

5.1 Flight Test Plan

The flight test plan for the MUFASA A.1 aircraft was developed to ensure that data gathered would
inform future work in developing design procedures for SSUAVs and refining the MUFASA air-
craft in particular. The challenges associated with SSUAV development discussed in Section 2.2.1
help to guide the goals of the testing plan with respect to data collection and flight maneuvers. As
the onboard flight controller automatically records all sensor data and parameters for each flight,
careful selection of the specific analysis variables was not required prior to flight. The main re-

quirement was determining which flight maneuvers were necessary to collect as much relevant data
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as possible.

Before completing data gathering maneuvers, the autopilot system requires tuning to enable it
to accurately and reliably fly the aircraft. Tuning flights in general consist of the pilot repeatedly
oscillating the plane about a single axis of motion while the autopilot module “listens” to the
response relative to the inputs provided. It uses this time to adjust the PID (Proportional-Integral-
Derivative) controller gains to match the system (aircraft) being controlled. Table 5.1 lists the
tuning flights required to correctly calibrate the autopilot for control of MUFASA A.1, drawn
from the Ardupilot documentation (ArduPilot Dev Team, 2023). A significant challenge in tuning
MUFASA A.1 stems from the very short flight time. To ensure adequate remaining battery life
for landing, each flight is limited to 3 minutes. Where a more typical R/C aircraft with 20-30
minutes of endurance could complete tuning in a single flight, MUFASA A.1 requires a minimum
of six flights. The final flight listed is a complete test of the autopilot system additional to what is
recommended; a successful return to launch (RTL) command with the aircraft circling overhead is
considered the end of tuning according to the the Ardupilot documentation (ArduPilot Dev Team,

2023).

Table 5.1: Summary of flight computer parameters collected for further analysis.

Flight Tuning Purpose Description

1 No tuning Pilot feedback - controlability

2 Calibrate airspeed sensor Fly circles

3 Autotune, roll Rock wings

4 Autotune, pitch Porpoising (nose up-down)

5 Autotune, yaw Side to side inputs

6 Verify tuning Activate RTL - plane to circle overhead

7 Complete autopilot test ~ Execute autonomous mission - T/O to landing

From the list of hundreds of parameters and variables that the autopilot system records (ArduPi-
lot Dev Team, 2022), the twelve listed in Table 5.2 are of primary interest. They include the inputs
from the pilot’s controller, outputs to the servos, GPS data, and various parameters related to air-
craft attitude and speed. The data rate varies by parameter. GYR and ACC are gyroscope and

accelerometer raw signals, respectively. They capture minute changes in aircraft attitude but are
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also susceptible to high frequency noise, mainly from engine vibration. For this reason the Du-
randal unit is supplied with specialized mounting pads which limit vibrations transmitted from the
airframe to the inertial measurement unit (IMU). Collected GYR and ACC raw signals at 2000
Hz are also filtered internally by the IMU chip (TDK InvenSense, 2021) to remove sensor noise.
Filtered gyroscope and accelerometer outputs are then passed to the extended Kalman filter (EKF)
at a rate of 50 Hz. A thorough treatment of the operation of an EKF is outside the scope of this
work (Ribeiro, 2004). In general, a Kalman filter is a mathematical formulation that combines
information from multiple sources to determine the state of a system, also called a linear estimator.
An extended Kalman filter is a version used to apply similar techniques to a nonlinear system such
as an aircraft in flight (Kobayashi et al., 2005). The EKF combines data from the IMU, GPS, air-
speed, magnetic compass, and barometric pressure sensor to provide the best possible prediction of
the state of the aircraft at a rate of 21 Hz. EKF methods have the advantage of being resistant to the
failure of individual sensors. Sensor readings which differ from their expected value by more than
a defined margin are rejected as sensor error and are not permitted to contribute to the estimation
of aircraft state (ArduPilot Dev Team, 2020).

For the purposes of this analysis, the estimated state of the aircraft recorded in parameter XKF1

is used for plotting the flight path.

5.1.1 Pre-flight Checks

As part of the larger planning process for flight testing, checklists were created to guide the proce-
dure to ensure that (1) the aircraft is ready for flight and (2) the required parameters and data are
recorded for analysis later on. The first checklist is termed the “maintenance log” and is completed
by the flight controller before power is applied to the aircraft and after the aircraft has been recov-
ered. The second checklist is termed the “flight log” and is largely completed after power has been
applied to the aircraft by the base station attendant.

The maintenance log ensures that the aircraft is mechanically fit for flight. The aircraft is first

inspected for damage and any deficiencies noted and corrected. The aircraft is then weighed with
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Table 5.2: Summary of flight computer parameters collected for further analysis.

Parameter  Data Rate Purpose

ACC 2000 Hz Accelerometer outputs, raw accelerations along XYZ axes

AETR 25 Hz Normalised control surface outputs, pre-mixing

ARSP 10 Hz Airspeed data

ATT 21 Hz Attitude, internally calculated from gyro data

BAT 10 Hz Battery data including measured voltage and current draw

CTUN 25 Hz Controller tuning parameters (e.g. desired and achieved roll, pitch,
yaw)

GPS 5Hz GPS status, location, and speed data

GYRO/GYR1 2000 Hz Gyroscope outputs, rotations about XYZ axes

IMU 50 Hz Inertial Measurement Unit, combines data from multiple sensors
to determine position & orientation

RCIN 25 Hz Inputs from RC controller (pilot) to flight controller

RCOU 25 Hz Outputs from flight controller to servos

XKF1 21 Hz Estimated position & orientation from extended Kalman filter

all components installed and the centre of gravity measured. Ballast weights are added to the nose
cone as required to place the centre of gravity in the appropriate location. CG measurements are
taken using a special fixture which rests the tail of the aircraft (at the wing trailing edge) on a
fulcrum and places the forward fuselage of the aircraft on a scale. Since the mass of the aircraft
and the distance between fulcrum and scale are known, calculation of the CG location trivial. A
chart, indicating the scale reading for optimal and aftmost allowable CG locations for a range of
aircraft weights, is used for quick reference to remove calculation error in the field and keep time
between flights to a minimum.

The serial number of each component used is recorded prior to each flight. Each individual
manufactured piece (nose cone, fuselage, avionics panel, main panel, and vertical stabilizers) is
serialized. Battery numbers, sides (left or right), and voltages are also recorded. Each checklist
records flight date, flight number, and the name of the individual completing the check to maintain
accountability.

The flight log is completed separately by the base station attendant. This person is in control of
the flight control software via high-frequency (HF) radio link to the aircraft along with the weather

station and the plans/goals for each flight. The base station attendant records the Ardupilot software
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version, weather conditions including pressure and wind readings, the flight mode in use, and the
condition of the GPS signal. As a double check due to the importance of the location of the CG,
the base station attendant also records the centre of gravity as measured. A one-line summary of
the flight goal is recorded in the flight log along with any notes/feedback called out by the pilot or
other observations. Immediately prior to launch the bungee tensions and launch rail pull distances
are called out and recorded.

To assist with correlating flight data with particular maneuvers in post-analysis, the precise
time that the flight controller is powered on is recorded. Other events such as the arming of the
propulsion system, ground checks of flight control movements, and any changes to flight mode are
also recorded. After flight the general result of the test is recorded in each log, in particular the

observed flight path and a description of any damage incurred.

5.1.2 Weather Conditions for Flight

The current work resulted in two days of attempted flights, one with each version. MUFASA A.1
V1 was first tested on March 26th, 2022. After the design refinements and rebuild, MUFASA A.1
V2 was tested on October Sth, 2022. The main criteria for selecting an acceptable flight day was
wind conditions. Selecting a day with low winds provides the best chance of achieving successful
flight.

A review of relevant published works did not reveal a concrete rule for determining allow-
able crosswind conditions for flight operations, particularly for small-scale aircraft. Despite the
maturity of commercial aviation technology, criteria for defining crosswind component limits and
mitigation techniques for large aircraft are still being studied and revised to improve safety (Kriis,
2016). With full-scale aircraft, the limiting factor in a crosswind takeoff or landing situation is
known to be pilot skill rather than airframe limitations (Cessna, 1972; Cashman, 2014). Regard-
less of pilot skill, both American FAA and European EASA regulations require that commercial
airliners have a demonstrated safe crosswind component of 20 knots at 90-degrees for both takeoff

and landing (FAA, 2022; EASA, 2021). Knowing that small-scale aircraft such as MUFASA A.1
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are more sensitive to wind conditions than their full-scale counterparts (Etele, 2006; Mohamed
et al., 2014), a stricter crosswind limit was imposed for the present work. Absent published data
to inform specific limits, the decision was made to rely primarily on the experience of the test pi-
lot. Their significant experience flying similarly configured hobbyist R/C jets was the best source
available to determine acceptable flying conditions. Discussions with the pilot and other project
members resulted in a limit of approximately 15 km/h (4.2 m/s) and a target of less than 10 km/h
(2.8 m/s) (B. White, personal communication, February 2022).

Temperature limitations were primarily considered based on the comfort of individuals as-
sisting with flight testing days and the requirement for fine motor skills and manual dexterity.
Some pre-flight and repair operations cannot be performed with gloves on, thus days forecast with
below-freezing temperatures were not considered for flight testing. The performance of electron-
ics in cold weather was also considered in planning test days. Manufacturer recommendations for
management of batteries at low temperatures were followed and the batteries were pre-warmed to
room temperature before flight. The inertial measurement units in the flight controller are factory-
calibrated at a particular temperature and have heaters to maintain accuracy. The IMU heater was
able to maintain optimal temperature during each flight attempt; the reported IMU temperature
never deviated from the target of 45°C by more than 0.1°C. Other paremeters, such as airspeed
data, are calculated by the flight controller taking ambient temperature into account and need not

be so tightly controlled.

5.2 MUFASA A.1V1

The first flight testing day for V1 was the first day of acceptable weather conditions following
completion of the airframe build. The as-flown condition of the airframe is shown in Fig. 5.1. Wind
forecasts were within the chosen acceptable range for flight. Temperature conditions were colder
than ideal but deemed acceptable to minimize delays in project timeline. Potentially negative

effects on the batteries were limited by ensuring that they were kept at room temperature and
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installed in the plane as late as possible, after all other pre-flight checks were completed. As part
of the pre-flight checks, ballast was added to the forward-most point of the nose cone to locate the
centre of gravity within acceptable limits for pitch stability. Details on the conditions for flights 1
& 2 can be found in Table 5.3. Descriptions of the flight attempts are given below with analysis
to follow. Wind directions are shown as the direction from which the wind is incident; a 0° wind
would be blowing directly from the north. For example, a headwind launch into a west (90°) wind

requires a launch rail heading of 90°.

Table 5.3: Summary of Flight Conditions - MUFASA A.1 V1 Test Flights.

Flight Number V1-F1 V1-F2
Flight Mode Manual Manual
Ardupilot Version 4.1.7 4.1.7
Launch Time 09:53 10:32
Air Temperature (°C) -1.9 0.5
Station Pressure (kPa) 92.69 92.63
Wind, Speed Heading Gust (m/s) 3.7 116°5.4 4.8135°5.4
Launch Rail Heading 70.7° 74.8°
Launch Rail Inclination 10° 10°

5.2.1 V1 Flight Descriptions

At the moment of launch for flight V1F1, the pilot imparted a significant elevator-up command
in an effort to gain altitude and thereby time to recover should the plane become unstable. The
aircraft responded quickly to the pitch input but immediately lost airspeed. At the peak of climb,
approximately 5 m above ground level, the nose attitude leveled off before continuing into an
unrecoverable dive. The aircraft rolled while diving and struck the ground nose first. Despite this
violent landing, damage was limited to a fracture of the nose cone (see Fig. 5.2). There was minor
ingestion of dirt and grass by the intake requiring cleaning of the EDF blades. The nose cone was

replaced and the remainder of the plane inspected and cleaned prior to the next flight.
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Figure 5.1: Photo of V1 airframe before flight testing. Main and avionics access panels removed
to show internal components.

Figure 5.2: Photo of V1 airframe condition after flight 1. Note the split along the nose cone bond
line with no damage to the remainder of the airframe.

For the next flight it was decided to that the pilot would maintain a more level flight attitude
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off the launch rail. This would allow the aircraft to gain additional speed before attempting to gain
significant altitude, reducing the possibility of losing airspeed and stalling the aircraft as in flight
VI1F1. Flight V1F2 was launched approximately 40 minutes after flight VIF1. The configuration
of the aircraft for flight VIF2 was the same as that of the previous flight with the exception of
the replaced nose cone (both nose cones were identical). At the moment of launch the aircraft
remained nose-level but started to roll almost immediately to the left. After entering a steep bank
to the left, the aircraft began to lose airspeed and stall. It rolled inverted before striking the ground,
snapping off the starboard wing trailing edge cap and both vertical stabilizers. The green trailing
edge cap is visible on top of the EDF in Fig. 5.3. The servo mount for the starboard vertical was
torn out of the wing assembly. Damage to the aircraft was deemed beyond feasible repair and the

testing day ended.

Figure 5.3: Photo of V1 airframe condition after flight 2.

5.2.2 V1 Flight Data

The lack of a successful, sustained flight shifts the analysis focus from general flight characteristics
to a breakdown of the takeoff sequence to determine the cause of the mishap. Despite a total of less

than 5 seconds in the air, the data collected during initial flight attempts provides valuable insight
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into the characteristics of the aircraft. Careful review of the flight data alongside video recordings
is first used to verify that the data collected aligns with the physical behaviour of the aircraft.

Flight V1F1 data are plotted in Fig. 5.4. The same plots are shown for all flights for direct
comparison. Figure 5.6 shows the aircraft trajectory as a series of video frames superimposed on
a base image. flight times are shown to aid in correlating the aircraft position to the data plot. The
aircraft attitude and speed are plotted in the upper graph while control commands and roll rate are
plotted in the lower graph. The moment of release is easily established from both the roll rate and
measured pitch parameters. A pull sideways on the launch rail is required to release the cradle
for launch. This sideways pull imparts some minor oscillations in roll (t=0.35-0.8 s). At the same
moment, the initial jerk of acceleration from the bungee imparts an additional 6 degrees of nose
up attitude while still on the cradle. The initial spikes in roll rate settle out during launch and the
pitch attitude returns to match the launch rail angle immediately after the aircraft clears the cradle
at t=0.8 s. At this point the aircraft reaches its maximum speed of 18.4 m/s for the flight. As is
visible from the speed plot, the aircraft steadily slows down immediately after leaving the launch
rail. Two factors contribute to create this result: the immediate and steep pitch-up after launch and
the significant delay in the onset of maximum throttle. A delay of 0.72 seconds occurs between the
first throttle command to the onset of maximum power. By the time maximum thrust is reached
at t=1.3 s the aircraft has slowed to 15.3 m/s. The delayed throttle response is due to the starting
delay of brushless DC motors such as the one used in the EDF (Matsui, 1996). This starting delay
can be minimized by setting the EDF to a non-zero rotational speed before launch.

Flight VIF2 data are plotted in Fig. 5.5 the the aircraft trajectory images shown in Fig. 5.7.
V1F2 shows a more moderate initial trajectory with no major elevator input to cause an initial
climb. The same throttle delay exists as was present in the first flight - the issue was not identified
and addressed until video footage and flight data were reviewed in the days following testing. After
launching (t=0.69 s) at 19.0 m/s and before the power reaches maximum the aircraft slows to 18.8
m/s as the pitch attitude levels off. Once full thrust is reached at t=1.11 s the aircraft appears to

accelerate slightly with the nose 1-2° above horizontal; this indicates that there is enough thrust
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to accelerate in a gentle climb. As the aircraft pitches up further (> 3°at t=1.29s) the EDF is
unable to produce enough thrust to maintain speed. The data also show a significant roll to the
left immediately after leaving the launch rail (t=0.69 s). This roll was uncommanded and likely a

result of the wind incident from right of the nose at 135°. The uncommanded roll is discussed in

detail in Section 5.4.

Figure 5.6: Aircraft trajectory during flight V1F1.

: ! t=0.7s

Figure 5.7: Aircraft trajectory during flight V1F2.
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5.3 MUFASA A.1V2

Flight attempts for MUFASA A.1 V2 occurred on October 5th, 2022 following the completed
rebuild of the aircraft incorporating design refinements discussed in Section 3.4. Moderate tem-
peratures and very low morning winds made for a good opportunity for flight attempts. The week
prior, on September 29th, a trip was made to the flight testing site and the launch rail was set up.
The team made it so far as to arm the throttle for the aircraft but eventually canceled the test as
winds picked up and it began to rain. Delays had been incurred earlier as the wind direction shifted
dramatically by more than 120° and the launch rail had to be re-oriented. Table 5.4 provides a
summary of the conditions for each V2 flight attempt.

The previous issue encountered with the long delay in thrust onset after advancing the throttle
was addressed with a refined launch procedure. As the countdown begins, the pilot advances the
throttle to approximately 50%, then rapidly to 100% at the moment of release. At 50% throttle
there is sufficient friction to retain the aircraft’s position on the cradle. The previously experienced
throttle delay was effectively eliminated, with the aircraft reaching full power at or before the end
of the launch rail in each test.

The Durandal flight controller as installed in the V2 airframe was misaligned by 3.5°. All yaw
angles have been adjusted to show the correct headings. There was no measurable misalignment
in V1.

Table 5.4: Summary of Flight Conditions - MUFASA A.1 V2 Test Flights.

Flight Number V2-F1 V2-F2 V2-F3
Flight Mode Manual Manual Stabilize
Ardupilot Version 4.1.7 4.1.7 4.1.7
Launch Time 08:44 11:20 12:18
Air Temperature (°C) 5.8 16.2 17.8
Station Pressure (kPa) 93.32 93.37 93.39
Wind, Speed Heading Gust (m/s) 0.3 83.6°2.6 4.2117.1°6.8 4.8 120.0° 6.5
Launch Rail Heading 43.8° 100.2° 95.3°
Launch Rail Inclination 10° 6.5° 6.5°
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5.3.1 V2 Flight Descriptions

Flight V2F1 began with a large nose-up command before reaching the end of the launch rail,
causing a brief, rapid ascent and a significant loss of velocity. The loss of airspeed proved unre-
coverable. The aircraft rolled aggressively to the right, then over-corrected to the left and became
inverted. The aircraft had very little airspeed at this point and fell belly-first to the ground. Both
wings broke away from the fuselage on impact. Figure 5.8 shows a photo of the airframe after
field repairs; note the black seams of epoxy near the wing root. The remainder of the aircraft was
largely intact and ready for further testing without substantial repair. Video footage of V2F1 with
a telltale (hanging ribbon) in the background shows that there was effectively zero wind at the time

of flight.

- "‘-

Figure 5.8: Photo of V2 airframe after repairs from first flight.

Flight V2F2 occurred after repairs were completed and the launch rail re-oriented to more
closely match the wind direction. The launch rail inclination angle was reduced from 10° to 6.5°
to provide the aircraft with a lower AoA on launch with the goal of gaining more speed after leaving
the rail. For this flight the pilot was instructed to allow the aircraft to fly with as little control input
as possible. Leaving the control surfaces undeflected and observing behaviour can be valuable in

evaluating the inherent stability of the aircraft, and it was speculated that smaller control inputs
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would minimize the likelihood of an over-correction and inversion similar to flight V2F1. The
aircraft nose remained relatively level after leaving the launch rail. A slow, uncommanded roll to
the left started immediately after clearing the cradle. This was accompanied by a yaw to the left.
Despite roll inputs to level the wings, the aircraft continued to roll to the left. After reaching a roll
angle of approximately 45° and a sideslip angle greater than 10° the aircraft was unrecoverable and
struck the ground nose first before rolling over the right wingtip. Figure 5.9 shows the damage to

the wingtip. The nose cone was also damaged and required replacement before further testing.

Figure 5.9: Photo of damage to V2 wing tip after flight 2.

Flight V2F3 required significant field repairs to the right wingtip in particular. Effectively all of
the wing outboard of the elevon had been snapped off in the previous crash. The missing piece was
recovered and re-attached using tape with wooden stir sticks for alignment and reinforcement. The
right vertical stabilizer also required replacement. While the wing alignment was likely imperfect,
it was decided that collecting imperfect data was preferable to ending the testing day at that point.
The flight mode was also changed from MANUAL to STABILIZE. STABILIZE mode does not

attempt to maintain a particular flight attitude, rather it attempts to limit the maximum attitude rate
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of the aircraft. It is intended to prevent over-correction by the pilot where an excessively fast roll
or pitch input might become unrecoverable. The flight path observed in flight 3 was remarkably
similar to that of flight 2. The aircraft started a slow, uncommanded roll to the left immediately
after leaving the launch rail. Despite control inputs commanding roll right, the uncommanded roll
left continued, accompanied by a yaw to the left. Once the wings reached approximately 40° roll
left the aircraft inverted and struck the ground. This crash snapped the right wing in half, including
the right elevon and hinge line (see Fig. 5.10). This damage was deemed beyond feasible repair

and the testing day ended.

Figure 5.10: Photo of damage to V2 wing tip after flight 2.

5.3.2 V2 Flight Data

Flight data collected from V2 attempts is plotted in Fig. 5.14 and is limited to the launch sequence
and one to two seconds of motion before the aircraft strikes the ground in each case. Images

displaying the trajectory are shown in Fig. 5.11. Flight V2F1 is very similar in trajectory to flight
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V1F1 with the short climb immediately off the launch rail (t=0.91-1.27s), loss of forward airspeed,
and roll to inversion before the ground strike. The obvious difference is the much larger roll
experienced in V2F1 at the peak of the climb near t=1.3 s. The aircraft rolled past 90° to the right
(t=1.77 s), then reversed in response to aileron input from the pilot and rapidly over-corrected to
a complete inversion in the opposite direction at t=2.52 s. This roll response with the elevons
deflected upwards indicates that some measure of roll authority exists. Section 5.4.2 discusses the
importance of elevon deflection with respect to roll control.

Flights V2F2 and V2F3 show remarkably similar trajectories. Both are displayed in image
series’ in Fig. 5.12 and Fig. 5.13. The primary difference from a control standpoint is that V2F2
was fully manual, while V2F3 had STABILIZE mode enabled. Flight V2F2 data show positive
acceleration with a steady nose up attitude (t=0.80-1.42 s), plotted in Fig. 5.15. An uncommanded
roll to the left is present beginning immediately after leaving the launch rail. The aircraft leaves
the launch rail at 21.6 m/s (t=0.77 s) with an 11.7° nose up attitude. 0.7 seconds after leaving
the rail the pitch attitude stabilizes at 5.3° nose up with a speed of 23.0 m/s. Past this point
the uncommanded roll to the left accelerates and surpasses 26° left wing down (LWD). Control
commands to counter the roll are ineffective and the aircraft inverts (t=1.8 s) and strikes the ground.

Flight V2F3 in STABILIZE mode shows a similar trajectory, plotted in Fig. 5.16. The aircraft
leaves the launch rail at 21.9 m/s with a 10.1° nose up attitude (t=0.74 s). It accelerates to a
maximum of 23.3 m/s at t=1.25 s as the nose steadily drops to 3° above horizontal. The same
uncommanded roll left is present as in other flights. The roll rate plot shows that the aircraft
responds to the autopilot attempt to maintain the wings level; roll rate approaches zero at around
30° LWD (t=1.1-1.2 s). As yaw angle exceeds approximately 15° nose left (exacerbating the
crosswind component) the roll accelerates again and the aircraft inverts (t=1.76 s) before striking

the ground.
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Figure 5.11: Aircraft trajectory during flight V2F1.
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Figure 5.12: Aircraft trajectory during flight V2F2.
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Figure 5.13: Aircraft trajectory during flight V2F3.
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Figure 5.14: Analysis of various parameters on takeoff, flight V2-F1. Note the elevator-up com-
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Figure 5.15: Analysis of various parameters on takeoff, flight V2-F2.
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5.4 Discussion

While testing of the aircraft did not result in a successful flight, valuable lessons were learned
which will inform the ongoing efforts of the MUFASA project. The substantial data collected
while the aircraft was in motion (during launch, powered forward flight, and uncontrolled descent)
are enough to provide valuable insight into why the aircraft was uncontrollable and what can be
done in the future to achieve stable flight.

The majority of the discussion presented here is focused on flights V1F2, V2F2 and V2F3 as
each has a similarly level trajectory. These flights all share a common trait in the uncommanded
roll left after leaving the launch rail. Despite short flight duration, the data collected in level flight
with two versions of the aircraft are invaluable for comparison. First, an analysis of the takeoff
speed and ability of each aircraft to accelerate is discussed. The takeoff attitude (orientation) of
each is then analyzed to explore the cause and effect of the uncommanded roll left. Finally, the

effectiveness of the vertical stabilizers and resulting lateral stability characteristics are explored.

5.4.1 Takeoff Speed

The speed of the aircraft off the launch rail is critical in ensuring that sufficient lift is produced
to sustain flight. Simulations of each version of the aircraft were performed by Durante (2023) to
determine the minimum control speed for each configuration. Minimum control speed is defined
as the minimum speed at which the aircraft can maintain steady flight. Thrust level and control
surface deflections determine the minimum forward velocity and corresponding AoA. The vertical
component of thrust contributes to lift; because the EDF used for MUFASA A.1 provides less
power than anticipated, thrust is the limiting factor. Simulations with increased thrust showed that
a lower minimum speed was possible with a higher AoA. The minimum control speeds for V1 and
V2 were determined to be 22 m/s and 19 m/s respectively, each at approximately 10° AoA using
the listed takeoff weights for each version.

The reduction in minimum control speed from V1 to V2 is due to the reduced takeoff weight
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and the increased wing area. While the changes made between versions did not result in a suc-
cessful flight, the reduced weight did improve acceleration after launch and allowed the aircraft
to reach a maximum speed of 23.1 m/s in flights V2F2 and V2F3, compared with 19.2 m/s in
flight V1F2. These speeds are taken from the output of the extended Kalman filter (EKF) in the
flight controller and correspond to ground speed. Airspeed in flight is not known as the airspeed
probe was uncalibrated; calibration requires steady flight in circles to average out wind speeds and
correlate airspeed with ground speed from GPS and EKF data.

Flight tests using V1 both left the launch rail below their minimum control speed and had
insufficient excess thrust to accelerate before control was lost. Incident wind at approximately 5
m/s 60° from the nose brings the calculated airspeed to 21.7 m/s. Anderson (1999) suggests that
liftoft speed be 10% faster than the stall speed. The V1 flights were effectively at the minimum
control speed, however liftoff typically occurs at a higher speed to provide some margin for pilot
error and measurement uncertainty. It is possible that V1 might have achieved sustained flight
with sufficient thrust or a higher launch speed. V1 was calculated to be more laterally stable (see
Section 5.4.3 and Durante (2023)) than V2 and showed less adverse yaw due to crosswind. V1 was
also more able to counter crosswinds with the movable vertical stabilizers in place of the fixed fins
on V2. Whether the control surfaces could have provided sufficient authority to overcome wind
conditions and other flight uncertainties is difficult to determine and not in the scope of the present
work.

Launch speeds for V2 flights were all above the reported minimum control speed of 19 m/s.
During flight V2F2 with a 4.2 m/s headwind at 17° off the nose the maximum airspeed is calculated
to be approximately 27 m/s, above the speed required for liftoff according to Anderson (1999).
With this information it can be concluded that takeoff speed was not the limiting factor in the V2
flight attempts. The following analysis of takeoff attitude, primarily yaw due to crosswind and

sideslip, provides insight into why the V2 flights were unsuccessful.
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5.4.2 Takeoff Attitude

Analysis of the flight attempt data shows a consistent pattern of the aircraft aggressively rolling
and yawing away from any crosswind component on takeoff. Flight V2F1 data are plotted in
Fig. 5.14. A comparison between flights V2F2 and V2F3 is particularly revealing, plotted in
Figs. 5.15 and 5.16 respectively. The trajectory of the aircraft and plots of the corresponding
data are remarkably similar despite the difference in flight plan; V2F2 used MANUAL mode with
the controls left untouched until the pilot needed to intervene, while V2F3 had STABILIZE mode
active from the beginning of launch. In STABILIZE mode the flight computer attempts to maintain
the wings and nose at level attitude. It has no control over throttle in this mode; throttle was
maintained at maximum for all flights. Despite attempts to correct the adverse roll experienced,
the aircraft continued to roll out of control in both cases.

From flight V1F1, it is clear that the aircraft has substantial pitch authority. During this flight
the pilot commanded a significant nose-up attitude before the aircraft left the rail; at the moment
of takeoff the elevator command was maximum deflection nose-up with 4.2% aileron command
LWD. The aircraft responded to the aileron command with a roll to 21.8° LWD at 0.2 seconds after
takeoff. The aggressive pitch-up command resulted in a rapid nose-up rotation from the 10° launch
angle to a maximum of 43.6° approximately 0.75 seconds after takeoff. At this point the speed of
the aircraft was 13.6 m/s, below the minimum control speed of 20 m/s. At the peak of the climb
the roll rate exceeded 220°/s to the left. With little forward airspeed and minimal altitude, the pilot
was unable to recover control. The response to roll inputs shortly after takeoff indicates that, when
elevator-up command is present, the elevons have measurable roll authority.

Flight V2F1 also indicates that the aircraft has some level of roll authority with elevator-up
deflection. On takeoff, when both elevons are deflected upwards, a small difference in deflection
angle results in a roll response in the correct direction. Recall from Section 3.1.4 the large propor-
tion of trailing edge occupied by the elevons; a disturbance of airflow due to elevon deflection will
affect airflow over the entire wing. The elevons used for both roll and pitch control on this aircraft

are analogous to a plain flap used as a high-lift device on other aircraft (Anderson, 1999). While

81



a flap has the benefit of increasing the maximum lift coefficient of a wing, it also decreases stall
angle when deployed (see Fig. 5.17). The flap deflection downwards increases airfoil camber and
increases the effective AoA. When a plain flap functioning as an elevon is deflected downward on
a wing already near stall conditions it is likely that the flap will experience flow separation and
vortex bursting (Maines et al., 2009). With a burst vortex, the effectiveness of the flap is near zero
and the wing will stall and lose lift (Roskam and Lan, 1997). The loss of lift on the wing with the
downward-deflected elevon causes a roll reversal and, in the case of MUFASA A.1, a roll out of

control.
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Figure 5.17: Lift curves of a NACA 6-series airfoil with sealed plain flap. Adapted from Roskam
and Lan (1997).

The uncommanded roll to the left exacerbates the adverse yaw experienced by the aircraft,
which in turn exacerbates the uncommanded roll. Circular plots in Figs. 5.18 to 5.20 describing
flight V2F2 show the progression of aircraft yaw angle after takeoff. This sequence of yaw angles
along with uncommanded roll indicate the severity of the yaw stability challenges with MUFASA
A.1. A description of the sequence follows. The launch rail was oriented at a heading of approxi-

mately 96°(6° south of east). As the aircraft leaves the launch rail the nose is pointing 4.4° to the
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Figure 5.18: Velocity, heading, and wind direction vectors for V2F2 immediately after takeoff.
Corresponding roll angle of +8.6°(right wing down).

right of the direction of travel. This indicates that some misalignment exists between the launch
cradle, launch rail, and airframe. The necessary clearance in the launch cradle bearings is the most
likely cause. Approximately 0.5 seconds after takeoff the heading is effectively unchanged while
the velocity has has come right to align with the nose of the aircraft. During this same period
the aircraft rolls from +8.6° (right wing down) on takeoff to -13.0° (left wing down). The aircraft
direction of travel reaches the south-most heading of 101.1° at the next data point, 0.56 seconds
after launch. At this point the roll rate is -63.5 degrees per second toward left wing down. Just
0.34 seconds later the nose of the aircraft is 13.5° left of the direction of travel with a roll angle
of -46.0° (left wing down). When these extreme roll and sideslip angles are considered together

with the wind direction and the recorded video footage it is clear that the wings have stalled and
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Figure 5.19: Velocity, heading, and wind direction vectors for V2F2 as the velocity direction and
nose heading pass through alignment. Corresponding roll angle of -13.0°(left wing down).

the aircraft is entering a spin (Weissman, 1973). Given sufficient altitude, recovery from a spin
is normally possible (Nowak and Solies, 2000) and is indeed a training topic for pilots (Transport
Canada, 2003). At less than five meters above ground there was no possibility of a spin recovery
during the MUFASA flight attempts. A review of the video footage at this point shows the aircraft
rolling until the wings are beyond perpendicular to the ground and the nose contacting the ground
at 1.1 seconds after takeoff.

In contrast to V2-F1, flights V2-F2 and V2-F3 show effectively zero roll control authority. In
each of these later flights there is a significant, uncommanded roll to the left which was unrespon-
sive to roll inputs from the pilot. No elevator command was given, thus any roll-right command

would place the left elevon below the centreline of the wing. At the same time, a crosswind coming

84



° (N
r o MUFASA_Al1_V2F2

Heading, wind, and velocity vectors
t=1.5237
Maximum yaw rate, nose left

wet®
L

....
.t

270°
W)

180° (S)

Figure 5.20: Velocity, heading, and wind direction vectors for V2F2 at moment of maximum yaw
rate to the left. Corresponding roll angle of -46.0°(left wing down).

from approximately 20° right of the nose provided additonal airflow to the right wing and increas-
ing lift on the right. Incident crosswind would have disrupted airflow over the left (downwind)
wing, similar to a yawed cylinder (Pantelatos and Mathioulakis, 2004). Based on literature sources
and comparing the fuselage diameter Reynolds number, the nose cone would not have experienced
complete flow separation but would have significantly affected airflow over the downwind wing
(Wetzel et al., 1998; Hoang et al., 1997). With strong airflow over the right wing and disrupted
flow over the left, a lift imbalance existed creating a roll-left moment. At the same time, crosswind
airflow over the vertical stabilizers incident from the right caused a rolling moment in the same di-
rection due to their position above the centerline of the aircraft. Both the pilot and flight controller

attempted to counter this roll with a roll-right aileron command. Deflecting the left elevon down
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to counter the adverse roll was the only option available to an aircraft with no rudder control. This
situation is precisely where US Navy pilots are instruction to use yaw inputs to correct roll as dis-
cussed in Section 2.2.1 (US Naval Air Command, 2004). By deflecting the left elevon downward

the left wing experienced a further loss of lift and the roll became unrecoverable.

5.4.3 Lateral Stability & Vertical Tail Volume Coefficients

The unsuccessful flight attempts described here led to the discovery that the MUFASA A.1 shape
as-built was laterally unstable. The circular sideslip plots discussed in Section 5.4.2 show the
nose of the aircraft yawing away from incident crosswind; the nose of a laterally stable aircraft
would yaw into the wind. This indicates that the vertical tail surface area and moment arm were
insufficient to counteract the adverse yaw due to crosswind and sideslip, contributing to a loss
of control. Recall that vertical tail volume coefficient (VITVC), discussed in Section 3.1.3, is a
predictor of lateral stability employed as a comparison to similar aircraft.

The VTVC calculated for MUFASA was within the suggested range (see Table 3.4) for a
single-engined aircraft without extreme manoeuvrability requirements. By the measure of VTVC,
MUFASA A.1 V1 has an appropriately sized tail and V2 has a tail slightly smaller than typical.
Simulations performed by Durante (2023) initially indicated that both aircraft were laterally sta-
ble, albeit by a small margin in the case of V2. In the interest of preserving the high-speed design
intent, the tail size was not increased for either aircraft. A comparison of conventional tail vol-
ume coefficients for various tailless delta-winged aircraft is shown in Fig. 5.21. A “tailless delta”
aircraft has a vertical stabilizer but no horizontal tail separate from the wing itself.

Simulations were re-checked after flight test data indicated that both aircraft were laterally
unstable. An error was found to have been made in the reference frame which reversed the sign of
the relevant lateral stability coefficient. What the team thought was a stable aircraft was in reality
unstable in yaw. While this was an unfortunate oversight, both simulation and flight data now

contradict the VTVC prediction of a stable aircraft.
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Figure 5.21: Calculated conventional tail volume coefficients based on (Eq. (3.7)).

Fuselage-Normalized Vertical Tail Volume Coefficient

Accepting that the MUFASA aircraft were laterally unstable as-built indicates the possibility that
conventional VTVC alone is insufficient as an early design tool for small-scale, high-speed con-
figurations. Proposed here is a novel, fuselage-normalized VTVC intended to supplement the
conventional VTVC. In place of the wingspan and wing area as in Eq. (3.7), the fuselage length
and surface area are used to non-dimensionalize the tail size parameters (Eq. (5.1)). While V1
and V2 tails were within typical parameters based on conventional TVC, the tails are substantially
undersized based on fuselage-normalized TVC. Figure 5.22 shows the result of calculations of
Vvt fuse Tor the same sample of tailless delta aircraft. A key consideration here is the relatively
large fuselage area of MUFASA compared with larger aircraft of a similar configuration. If the
wingspan of MUFASA were scaled up to match the Concorde jet (Rech and Leyman, 1997), its
fuselage would be 1.7 times larger than that of the Concorde. This represents a substantial surface

area ahead of the neutral point which is not accounted for by conventional VTVC. The fuselage-
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normalized VTVC takes into account the larger fuselage area proportion of small-scale delta wings
to improve early predictions of lateral stability.
lyrS
VTOVT 5.1)

Vi _
VI Juse lfuseSfuse

Similar to conventional VIVC in Eq. (3.7), lyr and Sy are the moment arm and surface
area of the vertical tail while 7, and Sy, are the fuselage length and surface area, respectively.
Absent detailed data on actual fuselage areas, each aircraft was assumed to have a cylindrical

fuselage for this simple calculation.
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Figure 5.22: Calculated fuselage-normalized tail volume coefficients based on Eq. (5.1)).

While neither coefficient alone can fully predict lateral stability, fuselage-normalized TVC pro-
vides an additional early design parameter for comparison to existing aircraft. Had this parameter
been used early in the design process for MUFASA A.1 the lack of stability might have been

identified and corrected.
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To begin establishing a baseline of acceptable values for fuselage-normalized TVC, its geomet-
ric mean with conventional TVC is calculated and shown in Fig. 5.24. Both versions of MUFASA
A.1 fall below the 95% confidence interval for \/m based on the sample aircraft.

Two other aircraft in the sample fall below the 95% CI of the combined coefficients. Both the
SR-71 Blackbird and the YF-102 Delta Dagger have values of 0.027, below the 95% CI of 0.0302.
Both were subjected to extensive scrutiny before becoming production aircraft. The YF-102 un-
derwent significant wind tunnel testing following early flight test issues with directional stability
and roll coupling (Mendenhall, 1983). The vertical tail was enlarged and fuselage lengthened to
improve lateral stability for the production F-102A model (Johnson and Boisseau, 1953; Boisseau,
1955). The F-102A produced with the enlarged vertical tail also included an aileron-rudder inter-
connect system to improve handling. The production version falls within the 95% CI of Vi1 fyse.

The SR-71 Blackbird has a value of / Vi 7 Vi 7 ruse slightly below the 95% CI, similar to the
YF-102. In early development the aircraft, then known as the YF-12, did not have a chine on the
forebody of the fuselage. Rich (1974) explains in detail the positive effects that the chine had on
lateral stability, in large part due to the reduction of flow separation and drag on the forebody which
previously contributed to adverse yaw. An illustration of the effects of the chine on crossflow is
shown in Fig. 5.23. In the lower diagrams in Fig. 5.23 the fuselage is illustrated with no chines.
Rich explains that the addition of the chine elongates the fuselage cross-section and helps develop
“strong vortex flow at the chine edges”, significantly improving the directional stability at nonzero
AoA. Wind tunnel tests with and without the chine were repeated with and without vertical tails
to ensure that the forebody effects were significant (Rich, 1974). The chine also served to move
the neutral point forward, increasing the effective moment arm for the vertical tails to act on and
further increasing lateral stability. A sophisticated stability augmentation system was also used on
the SR-71 to assist the pilot in maintaining control (McMaster and Schenk, 1974). Each of these
effects improves the stability of the SR-71 and is not accounted for in either vertical tail volume
coefficient. Initial sizing coefficients are not intended to account for these effects, however this

information explains how the SR-71 was able to maintain stable flight despite early indications of
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marginal lateral stability.

AT ANGLE OF ATTACK
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P

Figure 5.23: Tllustration of chined forebody effects on crossflow for the SR-71, adapted from Rich

(1974).

Some aircraft have significantly larger tail volume coefficients than the confidence interval
would suggest is necessary. The Mirage 5, F-106A Delta Dart, and B-58 A Hustler all fall above
the upper 95% CI. This does not indicate an unstable aircraft. Rather, these aircraft have more

inherent stability than others at the cost of a larger drag penalty. The more conservative tail sizing

sacrifices top speed to improve directional stability characteristics.
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Figure 5.24: Geometric mean of conventional and fuselage-normalized tail volume coefficients
for various tailless delta aircraft.
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Chapter 6

Conclusions & Recommendations

A small-scale, high-speed uncrewed aerial vehicle (UAV) was designed, manufactured, and flight
tested. Several established early-stage design guidelines intended for full-scale aircraft were as-
sessed for applicability to the present configuration.

Analysis found that conventional tail sizing methods based on tail volume coefficient were
insufficient in sizing the vertical tail for high-speed small-scale aircraft, contributing to lateral in-
stability. While MUFASA A.1 had a proportionally-appropriate vertical tail for the wing span and
area, the tail was vastly undersized relative to the fuselage area which is presented to any cross-
wind or sideslip component. Comparison of MUFASA A.1 tail sizes showed a significant differ-
ence to full-scale aircraft of all configurations. It is recommended that future initial sizing work
on small-scale high-speed (UAVs) include calculation of both established and fuselage-normalized
tail volume coefficients as discussed in Section 5.4.

Empirical design methods for determining intake capture area on jet engines were unsuitable
for an electric ducted fan using a pitot-style intake at the present scale. Losses due to capture
area were much larger than initially expected and were partially alleviated when intake area was
increased to match fan diameter. Further study is required to create methodologies for sizing EDF
intakes and determine optimal design configurations incorporating NACA intakes, blow-in doors,

or similar features.
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6.1 Recommendations & Future Work

Lessons learned in conducting the present research can provide helpful insight for future initiatives
to further the field of small-scale, high-speed UAVs in general and the MUFASA project in par-
ticular. Experimental testing has provided the team with important guidance on the best ways to

conduct further research and design activities.

6.1.1 Flight Testing Improvements

The flight testing portion of the research was relatively smooth from an operations perspective
thanks to careful planning and collaboration between individuals. Improvements can still be made
to a number of aspects of testing days.

The launch rail was effective in consistently accelerating the plane and releasing it cleanly into
the air. Unfortunately the design meant that it was time-consuming to re-orient the rail to adjust for
changing wind conditions. For an aircraft so sensitive to crosswind components, launch orientation
is critical. It would also be advantageous to use a launch rail capable of accelerating the aircraft
to significantly faster than the minimum control speed. This allows more margin for error and
significantly reduces the challenge of low speed control by allowing the launch cradle to stabilize
the aircraft through the very low speed range. A rail which can be more readily moved to account
for wind changes and launch at greater speeds would de-risk this portion of the flight sequence.

Given the flight testing record of MUFASA A.1, an aircraft with increased durability and/or
improved modularity could significantly reduce the interval between flights and increase the num-
ber of crashes before a testing day is forced to end. An aircraft which can more readily survive a
crash can be re-launched much more quickly than one requiring significant repairs. MUFASA A.1
was built for minimum weight and manufacturing complexity, however future versions may ben-
efit from trading that simplicity for a somewhat heavier but significantly more durable airframe.
Improving modularity by ensuring that fragile components such as wingtips, trailing edges, and

verticals are easily replaceable will also help to accelerate the flight test process.
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6.1.2 Aircraft Improvements

Substantial improvements to the aerodynamic design are available for future implementation to
improve performance and stability. The present work focused on the manufacture of an existing
design with minimal refinements implemented between versions. Further design work incorporat-
ing additional stability study and aerodynamic performance predictions will increase the chances
of success in future flights. Leveraging simulation data can be an important tool for fine-tuning
of a design, however simulations should always be checked against known quantities and relations
for validation.

The lateral stability of the aircraft could be significantly improved by reducing drag on the
fuselage area presented to a crosswind. Implementing a chine-like feature on the forebody and
blending the wings to the fuselage could provide a measurable improvement without significantly
increasing drag from increased vertical tail area.

While thrust available to the aircraft in flight was able to show some acceleration, very little
excess thrust was available which severely limited the ability of the aircraft to recover from an
imperfect launch or compensate for adverse flight conditions. Increasing the available thrust at the
expense of flight endurance appears an attractive option for achieving an initial successful flight.

The intake of the aircraft which incurred substantial thrust losses is an area with the potential
for significant performance gains. Work to reduce these losses will improve the efficiency of the
existing configuration and allow for either a decrease in mass budget allocated to the propulsion
system or a notable increase in flight endurance. Any improvement in endurance time will substan-
tially improve the rate of data collection for further study and thus the advancement of the project

as a whole.
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Appendix A

Launch Rail - Description & Operation

The launch rail used to accelerate MUFASA A.1 for takeoff was custom designed and built by the

author for the purpose. The requirements of the rail are as follows:

Reliably accelerate the aircraft to 22 m/s for takeoff

Portable using a pickup truck

* Can be set-up by at most 2 people in a minimum of time

Durable enough for repeated used over a series of launches in a single day

* Minimal cost and complexity to reduce design effort and maintain budget

Commercially-available launch rail options were explored early in the project. While effective
and reliable, this option was prohibitively expensive. A custom-built option was the only option.
To minimize distraction from the main project of fabricating the aircraft, the design was reduced
to the simplest possible form. The portability constraint was deemed the least flexible, setting a
hard limit on the packed size of the launch rail.

The completed design consists of a 6-metre-long section of strut channel with removable sup-

ports for positioning and transport. Purchased roller bearings, normally used to install a door in a
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track made of strut channel, are used to permit movement of the cradle along the channel. The cra-
dle is a custom-built aluminium carriage providing the interface between the rail and the aircraft.
A Y-shaped yoke supports each end of the aircraft, with the nose yoke engaging to a hook on the
airframe to accelerate and smoothly release the plane on launch. Acceleration force is provided
by a twinned bungee cord approximately 23 m long and pre-tensioned with a cam-buckle strap. A
hand-crank winch draws the cradle to the tensioned position. The winch is connected to the cradle
through a load cell to provide tension measurements. A quick-release buckle connects the load cell
to the cradle and facilitates release under tension.

Figures A.1 and A.2 show the launch cradle with the aircraft in place and with the yokes
folded after takeoff, respectively. Both yokes fold under the momentum of the cradle stopping as it
contacts the bump stop to allow the aircraft to take off unimpeded. Both yokes rotate on bushings
with preload friction adjustable using bolt tension. Some friction is required on the front yoke to
prevent the yoke rebounding on release and impacting the tail of the aircraft.

Figure A.3 shows a schematic of the launch rail configuration used for flight testing. The setup

procedure is as follows:

1. Determine launch orientation and location.

2. Secure launch rail in place with ground stakes and sand bags. Install cradle followed by

guide pulley/bump stop assembly.

3. With cradle at takeoff end of rail, measure 125 feet in takeoff direction and secure bungee

anchor with ground stakes and sand bags.

4. Attach bungee cord to static rope and cam-lock buckle as shown in Fig. A.3. Attach pre-

tensioning webbing to bungee anchor.

5. Attach launch cradle to winch as shown in Fig. A.3 Detail and turn load cell on with no

tension.
6. Apply slight tension to the winch such that the cradle is not in contact with the bump stop.

7. Set bungee pre-tension to 270 N by pulling the free end of the pre-tensioning webbing
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through the cam buckle.

8. Record the pre-tension value and the cradle position on the rail using the measuring tape

attached to the side of the rail.

9. Crank the winch to bring the cradle to the rear of the launch rail and record tension and

position as above.
10. Position the aircraft on the yokes, ensuring that the fuselage hook is engaged with the front
yoke.

At this point the launch rail is ready for release. As knots tighten with use, the flight log has

fields for recording both ”final” and “release” tensions. Final tension is recorded after cranking the

winch, and release tension is recorded immediately prior to release.

Figure A.1: Launch cradle with airframe resting on yokes. Note that the airframe hook to interface
with the forward yoke is not pictured here.

Figure A.2: Bare launch cradle with yokes folded down (after-takeoff condition).
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A.1 Validation Testing

Following fabrication, the launch rail underwent thorough validation testing. This testing proved
the reliability and repeatability of the rail by successive launches of a basic analogue for the aircraft
itself. A 3-inch-diameter cardboard tube with 3D printed adapters to replicate the fuselage diameter
was inexpensive and suitably similar to the aircraft. An appropriate weight was placed inside the
tube and secured in place to replicate the planned centre of gravity of the aircraft. Mimicking
the weight, balance, and shape of the aircraft facilitated testing of the speed performance, hook
interface reliability, and support yoke stability aspects of the design.

Speed performance was evaluated by the use of high-speed video recordings. A series of video
frames, like those shown in Fig. A.4, recorded at a known frame rate permits speed calculations.
The launch rail was painted with coloured sections 80 mm long as a reference scale. These sections
are visible in Fig. A.4 as orange rectangles. The speeds measured at the takeoff-point on the launch
rail were consistently calculated to be within 5% of the 21 m/s target speed using the final design

of the launch rail and cradle.
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Figure A.4: Video frames from a launch rail test. Orange painted sections 80 mm long serve as a
scale facilitating speed measurement using video frame rate.
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