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Outer pitch diameters of gear and pinion respectively
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Axial force

Radial force

Equivalent force

Net face width

Geometry factor for bending strength
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kf:

KF:

Kf:
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CHAPTER 1: Initiation

1.1 Introduction

Personnel lifting operations have been a crucial as pect of various different
industries. The need for efficient and effective lifting methods has become
increasingly important, particularly in high -altitude scenarios such as
mountainous terrains, high -rise buildings, and during natural disasters.
Whether f or rescue or other purposes, specialised equipment and training

are required for such operations and the lack of suitable devices has been a

persistent challenge.

While there has been a significant amount of research into the development
of human VTOL, es pecially for high altitude rescue operations, virtually no
solutions have been implemented for real world use. The only existing
solutions in use today are aerial lifting platforms, which have been in use
since the mid 20th century and are limited in acces sibility and height while
simultaneously being expensive. The work done by the ModMans
Engineering group aims to address the lack of solutions by developing a gas
powered propeller device, designed to lift users for high altitude operations.
The use of a gas powered propeller device has potential to overcome many
of the challenges faced by other VTOL that are currently being researched or
are in use today. These challenges primarily being viability, accessibility and

cost.

A gas powered VTOL has the potent lal to address these challenges by
providing a solution that is versatile in a variety of different settings, at a

relatively low cost. The utilisation of an internal combustion engine (ICE)

provides significant benefits over alternative power sources such as electric
motors which are commonly seen in multicopter aircraft such as commercial

drones. Aerial devices with ICE engines can carry significantly more payload
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than an electric battery system. In fact, this difference is so great, when

comparing caloric energy density of batteries and liquid fue Is, american

physicist and former US secretary of energy, Steven Chu, found that the
energy density of liquid fuels is greater than lithium ion batteries by two

orders of magnitude [1]. This characteristic of ICEs makes them suitable for

use in VTOL desig ned for high altitude operations which require high
payloads and reliably long flight times. It is important to mention that the
characteristics of ICE are prone to change based on a variety of factors (i.e.
Operating temperature, fuel mixture, ambient pre ssure, etc.) Itis also evident
that ICE possess slow response times in addition to causing significant
vibration and noise. This vibration paired with the slow response times of
engines, make stabilisation of a VTOL difficult to manage with a propulsion

system solely utilising ICEs. As a result of these characteristics, many studies

have developed and investigated the use of engine control systems to ensure

flight stability in different environments. Research was also conducted into

the design and structur e of propellers. Generally, studies have found that
larger propeller diameters result in greater thrust but require more power to

turn, while higher pitch can increase acceleration but lower efficiency. The

number of blades also affects performance, with m ore blades providing
greater lift and stability but also producing more noise and requiring more

power. It is apparent that the trade -offs between these factors can vary

depending on the design requirements of a specific application.
1.2.2 Engine Choice

ICEs have been widely used as power sources for a variety of applications,
including propeller devices such as drones and other aerial vehicles. The
most common types of ICEs used in propeller devices are gasoline engines,
diesel engines, and turbine engin es. Reviewing existing research and
existing solutions, one can evaluate the suitability of these main engine

types for use in a propeller VTOL.
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Gasoline engines have been a popular choice for propeller devices due to

their high power -to -weight ratio, hi  gh fuel density, and relatively low cost.

In existing literature, the majority of multi propeller devices using a
combustion propulsion system utilise gasoline engines. A study focused on

the design and implementation of a gasoline -electric hybrid propulsi on
system for a multi  -rotor system concluded that the use of gasoline engines
results in long flight times and extended range. However, the thrust to

weight ratio and thermal efficiency of these engines are poor, meaning they

are less efficient at converti ng the energy in fuel into usable power. This
results in higher fuel consumption as well as higher emissions. One potential
redeeming factor is that a vast variety of gasoline engines exist, making them

a popular choice for hobbyists and small -scale applic ations. Two stroke
engines specifically are popular in scaled applications due to their
simplicity, low cost and high power to weight ratio. In fact, researchers at

the University of Ovida in Spain, utilised a twin two stroke engine found in

RC aircraft f or their scaled model [2]. The engine choice was primarily based

on the high specific output power of the engine of 11.3hp with a weight of

only 2.5kg [3].
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Figure 1.1 DLE111 Twin Two Stroke Gasoline RC Model Engine

Diesel engines are known for their hig h thermal efficiency, long lifespan, and
lower fuel consumption compared to gasoline engines. While common for

use in large aircraft, the use of diesel engines, as well as the literature is

limited in smaller scale. One study focusing on the benefits of Hy brid Diesel -
Electric Propulsion for small scale VTOL aircraft, notes the advantage of

diesel to be the high energy density of diesel fuel relative to energy density

of batteries [4]. Moreover, diesel engines can run on a large number of
different heavy fue Is such as biodiesel [5]. Unfortunately, the major
downside is the fact that diesel engines are often significantly heavier and

more expensive than gasoline engines. The study was partnered with
Cosworth, a prominent engine manufacturer, who provided their AG two
stroke diesel engine for use due to its notably high output power. The output

of the engine was 12bhp, however the total weight was over 20.5 Ibs or around

9 kg [6]. This specific output power is considered good with a diesel engine,

however when ¢ ompared to the RC gasoline engine above, the Gasoline

engine generates 3.5 times more power per weight. This significantly higher
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weight plus larger size attributed with diesel engines makes them generally

unfavourable for small -scale operations.

Turbin e engines offer high power -to -weight ratios, high reliability, and low
maintenance requirements, making them a popular choice for larger, more
powerful propeller devices. There also exists micro turbine engines which

have been used in actual small scale dr one applications. One existing
solution developed by a company named FusionFlight is the JetQuad, which

is a quad micro Turbine VTOL drone [ 7]. This drone utilises four micro
turbines to lift a large sui tcase sized drone to perform delivery operations.
These four microturbine engines combine for a total output of 700N, allowing

the aircraft to carry a payload of 16kg, on top of its already hefty 44 kg
weight. Micro turbine engines are versatile and consum e a variety of heavy
fuel such as Kerosene, Jet - A and Diesel. One research study focused on micro
turbine engines for drone propulsion looked into different types of Micro

turbine engines and their use of fuel [ 8]. The study found that the fuel
consumption is higher than piston engines, however when accounting for

power to weight ratio, the fuel consumption is acceptable. Turbine engines

are unfortunately much more ex pensive than piston ICEs. In addition to this,
one needs to obtain multiple engines to ensure stability driving up the cost
substantially. This paired with the lack of fuel efficiency make turbine

engines impractical for small -scale prototype models.
1.2.3 Engine Control

There have been numerous studies focusing on the control systems of
multicopter devices. These studies often include research or investigation on
engine control specifically. Engine control is critical in the design and
development of gasoline powered mult icopter devices, because it directly
impacts the performance, efficiency, and safety of the device. Precise control

of the engine's power output and fuel consumption is necessary to ensure the

drone can lift heavy loads and operate for an extended period o f time while
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also minimising the risk of engine failure or malfunction.

Beginning with fuel to air mixture, fuel injection is a key component of
engine control, the type of fuel injection system used can have a significant
impact on engine control. Electro nic fuel injection (EFI) systems, for
example, use electronic sensors to measure various engine parameters and

an onboard computer to precisely control the amount of fuel injected into

the engine. In contrast, carbureted engines rely on mechanical devices, such

as a carburetor, to mix fuel and air, which can be less precise and responsive.

Many unmanned aerial devices utilising gasoline power rely on carburetors

for fuel injection due to its ease of use. However, this often results in less
intricate control systems that struggle to keep up with changing demands.

An example of this is reflected in the work of Researchers at the University

of Ovida who have implemented a basic throttle control system for a
multirotor aircraft utilising a servo motor and carbur etor [ 2]. While throttle
performance is accurate, with no slack between the servo and the carburetor

lever, it is the author's intention to replace this system with a fuel injection

system for in creased control in a later design.
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Figure 1.2 Throttle control system used by researchers from the University of
Ovida

Researchers from Cheng Kung University in Taiwan developed an engine

controller designed for a hybrid gasoline - electric powered multir otor device.

In this project, the researchers assessed the use of gas power for multicopters

and determined that including a gasoline engine will substantially improve

the lifting power of a VTOL system [ 9]. However, gasoline engines have
characteristics that are naturally unfavourable towards the control of multi

rotor systems, namely their inadequate response time. In addition, the
characteristic s of a gas engine vary with fuel mixture adjustment, ambient
pressure and temperature, as well as the engine's own temperature. Thus,
electric motors are preferred to control the pitch of the device due to the

response time needed for small adjustments.
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Figure 1.3 Engine RPM controller response graph and controller throttle
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output and exhaust temperature from Cheng Kung University [ 9]

With regar ds to engine control, researchers were able to implement an
incremental PID controller to account for different factors such as operating
temperature, to ensure engine output was consistently matched to throttle

inputs. Prior to implementation, the control ler linearization was set by
mapping the throttle input directly to engine rpm output. The
implementation of this system resulted in multiple successful test flights of

the multi rotor system, which were repeated in various different operating

temperatures

In a follow up paper two years later, the researchers further improved the
performance of the engine controller by adding three different modes of the

engine [ 10]. These modes are:  start up, in flight, and shut down respectively.

In addition, one thing to also consider with regards to engine control is the
communication between the flight controller and engine controller. This
communication may be impaired from factors such as engin e vibration.
Engine vibration is also an important factor which will significantly affect

the stability of a system while elevated.
1.2.4 Propeller design and structure

Research on the design of propellers for gasoline - powered engines has been
ongoing fo r many years, with numerous studies focusing on various aspects

of propeller design, such as the number, size, and pitch of the blades, as well

as their spacing and location. Research into propellers suggests that pitch

and diameter may have the largest ef fect on a propeller's performance, with
the pitch affecting the total acceleration of air and the diameter having a

greater effect on the total thrust achieved | 11]. It is noted however, that
greater pitch results in lower efficiency, and propellers with larger diameters

require more power to turn [ 12]. Another major factor of design is the number

of b lades and spacing. The number of blades influences the device's lift
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capacity, stability, and noise level, with more blades generally providing
greater lift and stability but also producing more noise and requiring more
power. One study focused on designin g a VTOL aircraft to carry a payload

found that a hexacopter design has an endurance potentially 60% higher

when compared to a quadcopter of the same width [ 13].

Control
propulsion

Direction
of flight

Lift pre—
propulsion
Lift
propulsion
Control
propulsion

Figure 1.4 Top view of a demonstrator with a hexacopter configuration from

KU Leuven, Belgium

Another One study from the 2016 International Conference on Unmanned
Aircraft Systems discussed the effects of propeller configuration on the
propulsion system efficiency of a multi -rotor system. It was found that three
bladed propellers are less efficient compare d to two blade propellers,
however they result in a lower RPM for the same thrust, making them
potentially viable for reducing noise [ 14]. Pusher vs puller co nfigurations
were also examined and it was found that pusher configurations result in a

small increase in efficiency however, the configuration will ultimately result

in more weight.
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1.3 Structural Considerations

In the design of an intervention for hi gh - altitude rescue operations, many
considerations must be made to the structural stability of the intervention.

As it stands, existing variations can be categorised structurally into two

groups: free -standing, as is the case with aerial ladders and aerial platforms;
and structurally mounted, as is the case with controlled descent devices and

spiral slides. Both of these groups present their own individual challenges

which must be addressed for the successful implementation of an

intervention for high - alti tude rescue operations.

For any free -standing structure, it is crucial to pay attention to the external

forces that the structure will be subject to. The most important forces
pertaining to an intervention for high - altitude rescue operations are forces
du e to dead loads, live loads, and wind loads. Other considerations include

snow load and hydrodynamic loads. The National Building Codes of Canada,

Section 4 demands that all of these loads be considered in the construction

of a high -rise building [10], so itis only logical to consider these loads in the
design of a device meant to rescue people from high -rises. These loads can
create many modes of failure for the intervention, such as toppling, twisting,

or buckling, so specific considerations must be made to prevent these modes

of failure.

One of the most common methods for improving the structural stability of a
freestanding structure is through the usage of guy wires. These are often

seen on tall, thin structures such as radio towers and telephone poles , and
can greatly extend the height of freestanding structures with relatively small
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CHAPTER 2: D esign Process

2.1 Statement of the Problem

The need for a reliable and cost - effective high altitude VTOL has become
increasingly important in recent years. The current options available, such

as aerial lifting platforms and helicopters are often expensive and not easily
accessible. As aresult, the  reis a growing interest in the development of multi
propeller lift devices, such as quadcopters, which can be used for a wide

range of applications such as high altitude lifting or rescue operations. Most

of these existing devices rely on electric motors due to their quick response
time and feasibility for multi propeller platforms. While electric motor and

battery systems have been successful in many applications, they possess

poor power density, which limits the endurance and payload capacity of

these de vices. This limits their practicality for high altitude lifting
operations, which often require longer flight times and greater thrust. The

use of an Internal Combustion Engine (ICE) may be a potential solution to

this issue, as it can provide longer fligh ttimes and greater thrust than current
electric motor systems. Therefore, the purpose of this project is to
investigate the viability of using an ICE in a gas -powered VTOL for high
altitude lifting operations, and to explore the potential benefits and

lim itations of this approach.
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2.3 Preliminary Concept Designs

Figure 2.1 Preliminary VTOL Design

This design was made with the concept of modularization in mind. The
scaled down model of VTOL device will have all the same characteristics as
the actual model. However, to achieve the desired net lift for any application
in the real model, multiple VTOL devices will be used together to support its
payload. Each VTOL device will be aero cooled engine, capable of generating

a net positive thrust.
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Figure 2.2 Preliminary concept design

Starting from the ground the base platform is there to anchor the
syst em. From the base platform there are 4 sets of steel cables which are
attached to the suspended platform. The goal here is to make sure there is
enough tension between the platforms to ensure stability and rigidity. There
is a pulley attached to the suspen ded platform and a cable running from the
pulley, attached to the transport carriage, and connected to a winch on the
anchor. The winch -pulley system is there to actuate the carriage platform
which is on top of the anchor and connected to the frame. The s uspended
platform will then be supported and pulled upwards by a system of VTOL

devices, each carrying a portion of the weight of the system.

2.3.1 Mind Mapping
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Figure 2.3: Mind Map Part 1
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Figure 2.4: Mind Map Part 2
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2.3.2 Black Box Method

VTOL Device
‘ Exhaust ‘ Fuel system ‘
Power Splitter ‘ Carburetor/Air Intake ‘

‘ Propeller Transmission ‘

‘ Engine Gearbox

‘Coolingsystem ‘

‘ Lubrication system
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Figure 2.6 Black box Diagram
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2.3.3 System and Subsystems

Based on the project scope, research and the requirements analysis, a two
stroke engine for the powertrain was pursued. Researching potential
options, the 28SH nitro engine was identified due to its reliability,

accessibility and good power to weight ratio

Figure 2.7 28SH Engine used in the design[  16]

The team then purchased an RC car powered by this engine, as it readily had
components such as the fuel tank, exhau st, gearbox, and chassis to use as a
base to build a quadrotor device from. The figures shown below, outline the

components and features of the platform.
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Figure 2.9 The components of the RC truck [17]

Control System
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Figure 2.13 The APC 13x6.5 inch Electric motor propeller was chosen

2.3.4 Embodiments and Morphological Chart

[18]
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Table 2.2 The Morphological Chart for the VTOL device

VTOL Device

Propeller Transmission

Lubrication

Bevel gears
m

Motor OIl

L

H

(8 3vone, |
» M.I‘Hmpiuw

OlL

» « Lubricates
5 *Penetrates Rust
1 +Cleans

Belts and pulleys

3 oovn e
30y Ao

3%
io
5=

w
E3
g5

L T T
myminl

2.3.5 Evaluation of Concept Designs

40



For the VTOL device, the preliminary design was used as a basis for the
development of all the iterations of the concept designs. The preliminary

design served to demonstrate all the key features that were desired in the

final design of the VTOL device, as well as their relative locations. These key
features included: four propellers arranged in a square pattern, cutouts in the

frame components for weight reduction and to allow the lift generated from

the propellers to pass through the frame. It was also de sired that the

propellers be powered by the OEM universal shaft from the RC car.

Figure 2.14 Cutouts in the frame components
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Figure 2.15 The arrangement of the propellers

Figure 2.16 The approximate relative position of the OEM universal shaft

For the preliminary design, belts and pulleys were considered due to their
ease of implementation when compared to other power transmission

mechanisms such as shafts, gears, or chains and sprockets. Despite this, it
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was still necessary to employ a set of bevel gears, as the plane of rotation of

the OEM universal shaft was perpendicular to the plane of rotation of the

propellers. Within the preliminary design, the belts and pulleys were

attached to the bevel gears in an over - under configuration such that the bel ts
would cause the propellers to counter -rotate against each other. The
implementation of an idler pulley in a slot was considered to act as a

tensioner for the belt.

Figure 2.18 The over -under pulley configuration
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Figure 2.19 The tensioner idler pulley

The next iteration of the VTOL device involved realising the preliminary
design using real -world components. Structural and dynamic analysis
calculations were used to d etermine the size and specifications of the
components required to construct the VTOL device. Considerations were
made specifically to the diameter and lengths of any shafts used, as well as

the diameter and force  -transferring capabilities of the pulleys u sed.

Figure 2.20 Overview of second iteration
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For the central bevel gears, a bevel gearbox with a casing made from
machined aluminium was considered. The machined aluminium casing was
favourable due to how it fully straddles the bevel gears, which helps with the

positioning and alignment of the bevel gears.

S et - < e R ——

Figure 2.21 The aluminium gearbox

It is of note that during the creation of the preliminary design, the size of the

pulley needed to transfer the forces required was severely underestimated.

When re designed to incorporate the pulleys specified by the calculations
conducted, it was determined that the design had two major flaws stemming

from the size of the pulleys increasing the height of the device to beyond

20cm tall. The height of the pulleys caus ed the shafts used to mount the
propellers to become too long to be safe relative to their diameter; and the
excessive height caused the angle of the universal shaft to be raised to an

unacceptable value.
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Figure 2.21 The angle of the universal shaft

For the next iteration of the VTOL device, the belt and pulley power
transmission system was discarded in favour of another shaft and bevel gear
linkage. The main goal of this iteration was to address the height issue of the
previous iteration. The aluminium bevel gearbox was preserved in this
iteration however its orientation was rotated. This iteration reduced the

height of the VTOL device by roughly 10cm from the previous iteration, and

was used in the construction of the prototype of the VTOL device.

Fig ure 2.22 An overview of the final concept design
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CHAPTER 3: Design, Development and

Construction

3.1 Design Considerations

Design considerations for many different components were conducted. This
includes investigations into multiple different solutions for one subsystem.

Each component investigated and designed had multiple iterations which
progressed independently of other c omponents. It was found that some
components were infeasible solutions for the required subsystem as such
some approaches were abandoned and not implemented in the final design.

This occurred for various reasons, notably, improper scale of application and

lack of accessibility. Nevertheless, design and development work for all
components investigated are found within this chapter, as well as in
Appendix A.2.

3.1.1 Powertrain - Shaft design

The objective of this process is to design a power delivery system w hich
transfers the output of the engine transmission and splits it evenly into two

output shafts to which the propellers will be attached to.

The design criteria for the shafts are to be structurally stable, minimise
potential vibrations and to provide re liable power transmission while

remaining compact

Over the span of the project, the powertrain design of the system progressed
through three iterations, beginning with the use of a pulley belt system and
finalising on a system solely using shafts. Over th ese iterations, significant
improvements were made on the design, with increased support for reduced
bending and increased factor of safety (FOS). The design choice to use shafts
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Figure 3.4 The location and magnitude of the torque

In iteration 3 specifically, there existed three support bearings in line with
each other, leading to a statically indeterminate problem. To circumvent this,
the bearin g located in the middle of the other two was discarded. This choice

leads to a more conservative calculated FOS compared to the actual FOS.

1 Graphs not to scale
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Table 3.1 Design iterations of Power train shaft design

1 Pulleys attached to driveshafts with belts NA Maximum bending
transmitting power to propellers. Relatively moment of shaft is too
high L/D ratios with only two bearings high, requiring at least 4
supporting axial and bending loads. 15mm shaft for yield and

fatigue safety factors.

2 Smaller length shafts with pulleys located |Decreased L/D ratio. Symmetry of structure
on the sides outside of the bearings, disrupted with pulley on
reducing bending moments and ensuring a[Use of three bearings ovelthe bottom half, requiring
straight axis. two results in  muchlextra  supports  and

greater FOS Withleading to instabilities.
negligible bending
moments

3 Shaft system used instead of pulleys and|Replacement of pulleys NA
belts, with each shaft supported at threejwith  shafts removes
locations and no radial tension forces. slack.

3.1.2 Powertrain - Transmission Gearbox

The objective of this gear design process originates from a problem caused

by the RC car platform used. The transfer case which came with the RC car

was a two stage automatic transmission operated by a centrifugal clutch to

step up or step down depending on the rotational speed of the system. In

addition, the step down of the transm ission system was too great, resulting

in a severely decreased maximum output RPM which was too low for the
application powering the desired propellers. For the design of this device,

complete control over the engine RPM is necessary as the thrust created by

the propellers is proportional to the speed at which they rotate.
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4

Figure 3.7 The CAD model of the replacement gearbox

Figure 3.8 The inside view of the partially assembled replacement gear box
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Figure 3.9 The outside view of the partially assembled replacement gearbox

enG'

Figure 3.10 The replacement gearbox installed

3.1.3 Powertrain - Bevel Gearbox

The stock drivetrain of the RC car platform utilises a differential to transmit
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engine power to the wheels. This drivetrain had implications regarding the
stability of the device, as if one propeller encounters more resistance than

the other one connected to it, the differential will divert power to the
propeller with less resistance. This effect has the potential to start a negative
feedback loop, which would indefinitely continue, progressively amplifying

the instability. Therefore, the objective of the g earbox is to divert the power
from the transmission gearbox and transmit it equally to two drive shafts, no

matter the circumstance.

Figure 3.11 The OEM differential gearbox

To accomplish this task, design calculations were first completed analysing

the bending strength and contact strength required for the task. Using Eq 3.9

to 3.12, the safety factor of the gear bending strength and contact wear can

be found. With these calculations completed, it was decided to pursue a

readily available, aluminium beve | gearbox designed for an 8mm shaft[ 18].
The gearbox is compact and has a 1:1 ratio, while also meeting the

requirements established in the calculations. Fur thermore, the bevel gears
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The design of the pulley system progressed through four iterations, each

utilising different pulley systems, flat belts, V

8mm width tooth profiles

respectively. One of the

recurring

experienced in this design process was the accessibility and cost, as many of

these systems were either very expensive or difficult to procure with long

lead times. Moreover, the initial designs were bulky in size and excessive for

the use case of t his project. As iterations progressed, the size of the pulleys

and cost decreased, however it was found that as the pulley systems became

more reasonable, the stresses on the system increased. Ultimately, it was

decided to not pursue a belt pulley system,

unwanted stresses in the shafts experienced in the final iteration. One can

see generic images of each system in Figures A, B, C and D below along with

specific details for each iteration in Table 3.2.

Table 3.1 Design iterations of Belt Pulley system

-belts, LT timing belts, and GT2

issues

due to the increased and

Iteration Design features Improvements over Problems
previous iteration
1 Flat belts NA The chances of
slippage are too high
to risk.
Would require a lot
more tension to make
work effectively.
2 V-belts Reduced chance of Too rugged and bulky
slippage for the application.
Resulting in higher
Reduced tension frictional losses,
required to operate reducing power
the system output
effectively Costly to implement
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through the length and height of the wings, securing the structure along with
the bearing components, were also added. This substant ially increased the

bending strength of the wing material.

In the final design iteration, each shaft going into the propeller gearbox is

supported by three pillow block bearings and one bearing on the entry into

the bevel gearbox. The central axis of thes e bearings must align perfectly
with one another in order for the shaft to spin freely. However due to a
manufacturing defect in the wings, as discussed in section 3.1.6, one of the

pillow block bearings is misaligned from the rest. So, the decision to rem ove
the bearing closest to the gearbox was made in order to ensure a free

spinning shatft.

The exclusion of this bearing, will result in a reduction of bending support,
however, after the abandonment of the pulley belt system, the radial forces
acting on the shaft have been severely reduced. Thus the bending moments

induced on the shaft are cons idered negligible.

Table 3.2 Design iterations of device body

1 Eight solid and tall wing pieces. N/A Universal joint angle too
Clearance between wingsis high high, making design
weaker.

Wings bulky and heavy

2 Smaller wings which now cover | Reduced bending | Not enough cutouts for
gearbox and other components. stresses, gearbox | thrust  efficiency and

Added threaded rods covered and lubricated, | weight reduction.
reduced imbalances Not enough protection
for bevel gear

transmission

3 Bigger cutouts, for thrust efficiency. Increased efficiency, N/A
Heightincreased to improve bending | gearbox protection and
strength. Bevel gears now enclosed | lubrication. Better
safety due to increased
height
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4 Similar design to

however removal of pillow block
bearing due to manufacturing defect.

iteration three, | Better alignment and | One bearing had to be
tolerance, reduced | removed due to
friction. manufacturing defects,
potentially w eaker
bending strength of the
shaft.

3.1.6 Materials

In the construction of the gas powered multirotor device, the material

selection for

every custom

-manufactured component

was carefully

considered. Candidates for each component were identified, and the pros

and cons were weighed for each material to determ

ine the best choice to

satisfy the budget, scope and schedule of the project. Material selection for

purchased components such as the pulleys and gears were based solely on

availability.

Table 3.3 Manufactured components and candidates for their materials

VTOL Body Shafts Fasteners
Wood Mild steel Zinc plated steel
Metal Hardened steel Black metal oxide

Plastic (3D Printing)

Aluminium

Stainless steel

For the VTOL body, the main concerns for the materials were availability,

cost, strength

-to -weight ratio, and manufacturability. To this end, the

attributes of wood, metal, and 3D printed plastic were considered relative to

each other. Of the three materia

middling strength

Is, wood is the most inexpensive, with a

-to -weight ratio and can easily be used for manufacturing

with simple hand tools or power tools. Metal has the highest strength to

weight ratio, however this comes at both a greater monetary cost co

mpared

to the other two materials, and requires more specialised machinery to be
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used to manufacture the VTOL body. Finally, 3D printed plastic was
considered because barring more exotic materials, 3D printing plastic is also
relatively cheap, and the manu facturing of parts can be entirely automated
through a 3D printer which can quickly produce complex shapes that

traditional machining and manufacturing cannot.

3D printed plastic was chosen as the material for the VTOL body because its

cost, availability, and ease of manufacturing set it above the other two
materials. For 3D printed plastics, the most common plastics used are PLA,

PETG, and ABS. A publicly available analysis of these three materials was
referenced to better understand their three character istics [ 19]. Figures from
this analysis comparing these three materials are shown below. Of the three
materials ABS offers the highest impact resistance, and therm al resistance
however it is the most difficult to 3D print with due to its high thermal

warpage and its emission of toxic fumes. PETG is often considered due to its
relatively high thermal resistance, and because its ductility is useful in
applications wh  ere it is desirable for parts to yield when they fail. However,

it has the lowest tensile and bending strength of the three materials. PLA is

the easiest to 3D print with due to its relatively high thermal stability. It

offers the highest bending and tensi le strengths, but is brittle, is the least

impact resistant, and has very low thermal resistance.
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Figure 3.12 The results of the hook test. The XY testing direction represents

tensile strength while the Z testing direction represents interlayer adhesion
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Figure 3.13 The results of the 3 - point bending test
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Figure 3.14 The results of the impact test

Contemporary innovations in material science have introduced PLA+, which
offers the bending and tensile strength of PLA, with the ductility and thermal

resis tance of PETG, and the impact resistance of ABS, as confirmed by
another publicly available analysis [22]. The comparison of the strength of
PLA to PLA+ from this study is shown in Figure 3.15 below. PLA+ was chosen
because its properties were best suited for the application of manufacturing
the VTOL body. When designing for 3D printing, calculations were made to
determine the minimum required thickness such that each part can
withstand the forces acting upon it. These calculations are shown in Section

3.2.
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Figure 3.15 The impact strength of PLA compared to PLA+

For the machined shafts, various high strength metals were considered on

the basis of cost, availability, and ease of machining. Aluminium was
considered due to its low cost, easy machinability, a nd very impressive
strength -to -weight ratio. However, aluminium was ultimately decided
against because while its strength -to -weight ratio was impressive, its
ultimate strength was far less than that of the other two candidates for shaft

material [ 21]. Because of its properties, hardened steel was considered to be

ideal for the application of producing shafts, however the dif ficulty involved
in machining hardened steel made its usage unfeasible with the given
schedule of the project. Thus, mild steel was chosen for the shafts to be

produced from.

In terms of fasteners, the three most common materials available are all
variant s of steel: zinc plated steel, black metal oxide steel, and stainless steel.
For the fastener material selection, the criteria was based on strength, cost,

availability, and durability. Black metal oxide fasteners are made of steel
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Initially, thrust bearings were chosen to support the axial load of the
propellers as calculations indicated their capability of supporting the loads.
However, they did not prove to be a good design choice because they lacked

the functionality to properly secure the shafts to the structure.

Figure 3.19 Initial thrust bearing concept (left) and Pillow Block bearing

actually implemented (right) [24][25]

Because of this, a design change was made to 90 deg Pillow block bearings
with flanges. These bearings possess mounting holes that allow for the
secur e fastenment of the bearings to the structure. The flanges of the bearing
also had set screws, which could be utilised on the shaft allowing for better

coupling and power transfer.

To accommodate for these bearings, a d -slot was implemented on the shaft
to be used with the set screws. A shoulder was also added onto one location

to prevent the shaft from sliding through the bearing.
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https://khkgears.net/new/gear_knowledge/gear_technical_reference/lubrication-of-gears.html

. Reduction Ratio below 10| Reduction Ratio over 10
Rotgtalon H i =
of Pinion (PSI ) cSt Viscosity cSt ISO Viscosity
(rpm) 40C) Gk (40T) Grade
Below |Lessthan30| 5-234 [ 150.220 | 180-279 | 220
30-100 | 180-279 | 220 | 216-360 | 220.320
300 INoreman100] 279-378 | 320 | 360-522 | 460
300 |Lessthan20| 81-153 | 100,150 | 117-198 [ 150
- 20-75 | 117-198 | 150 | 180-279 | 220
1000 Myorethan7s | 180-279 | 220 | 279-378 | 320
Looo |Lessthan10| 54-117 | 68.100 | 50-153 |68.100.150
' 10-50 | 59-153 |68,100.150| 135-198 | 150
2000 'Noethan0 | 135-198 | 150 | 189-342 | 220.320
5000 |Lessthans| 27-36 32 41- 63 46
' 5-20 | 41-63 46 50-144 | 68.100
3000 '\orethan20 | 59-144 | 68,100 | 95-153 | 100.150
More than | Lessthant | 9-31 [ 101522 [ 18-32 [ 2232
1-10 | 18-32 | 2232 | 20-63 | 3246
000 I esthanio| 29-63 | 3246 | 41-63 46
Figure 3.22 Recommended oil viscosity for use of closed gears [ 26]

Copies of calculations regarding lubricants can be found in Appendix A.2
3.1.10 Personnel Frame

The objective of this design process is to develop a system that will attach to

the lift device for users to be transported up or down. The design criteria for

the development of this device are as follows: Firstly, the structure must, at

the minimum, be able to support the maximum payload of the VTOL device.

The structure must be stable enough to be us ed safely during operations, and
not add any significant drag forces during operation in order to maintain
stability of the system. Moreover, the structure should be collapsable and

easily portable such that it does not need to be assembled or disassembled

entirely in the process of deployment or retraction between uses.

There were three different sections of the frame which saw design revisions.
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The top piece, the payload frame, as well as the bottom piece each saw

multiple iterations each which were some what independent of each other.

However, design choices of one component would ultimately affect the
other. The initial concept employed a lifting platform powered by an external
motor. This idea was abandoned as the focus of the project shifted towards a
focus on the development of the propulsion system for the VTOL, rather than
the lifting system as a whole. As such, the frame was simplified to just be an
external support frame, with a centred rope, built for modularity. The entire

frame is tapered out, w ith a half angle of 4 degrees.

The twist angle of the frame was calculated utilising the geometrical
relationship seen in Figure 3.x. Once this is calculated, the tension horizontal
tension components required to cancel out the moments caused about the

top of the frame due to environme ntal forces was determined using Eq 3.16.

F +X -axis

v W +Y-axis

Phase 1 Phasze 2 Phase 3

Figure 3.23 Visualisation of tension components resisting torsion

L

Figure 3.24 Diagram showing relation of twist angle and arc length
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8 nylon wires (4 on the
outside, 4 guiding wires) Each
capable of withstanding 170 N
of tension.

Spacers placed in between
wires with the goal of adding
structural rigidity.

Prevent wires from becoming
tangled

Table 3.5 Design iterations of Payload Frame

Overly complicated
and not needed

Reduced to 3 nylon wires
running along the outside of
the frame

Spacers are still implemented
between each wire.

Simplified design
and improved
rigidity.

Table 3.6 Design iterations of the bottom frame

Square platform with reels on
each corner and slot for 2
winch motors used to raise and
lower lifting platform.

Bulky and not space
efficient

Design time needed
to ensure each reel
works individually
was excessive

Triangular design with central
spool powered by a motor
which will assist in raising and
lowering the platform.

More compact and
easier
deployment/retracti
on

Ultimately reel
system for lifting
platform was
abandoned

Upside down cone shape for
increased structural soundness

Improved structural
soundness

Increased size over
previous generation
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Figure 3.23 Iteration progression of lifting structure from left to right:

iteration one, iteration two and iteration thre e
3.1.11 Propellers and Thrust Curves

In order to assess the chosen set of propellers for the lift device, the potential
thrust generated by the propellers must be compared with the thrust
required to lift the device. The thrust generated by propellers is
proportionally related to their rotational speed. Thus, the theoretical thrust

of each propeller along with the horsepower required to drive the propeller

can be calculated. These propeller loading numbers have been accurately
simulated and provided by th e manufacturer within the propeller

specifications [ 25].

Both the load and thrust can then be plotted against propeller RPM, as seen

in Figure 3.24 and Figure 3.25 below.

78


https://www.apcprop.com/files/PER3_13x65E.dat

THRUST(N)

PWR (HP)

THRUST(N) VS RPM

150

100

50
L

Figure 3.24 Plo t of Thrust versus propeller RPM
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Figure 3.25 Plot of Propeller load versus propeller RPM
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Figure 3.26 Plot of Propeller torque versus RPM

According to specifications of the final concept model, the mass of the
platform is estimated to be 5.3kg which equates to a weight of approximately

52N. Thus the thrust generated by all four propellers must equate to 52N to
start generating lift. Using th is estimate, the required engine power and

output RPM to generate lift can be calculated.

It should be noted that the chosen engine is able to produce 3.6Hp at its peak,
however, a loss of lhp is assumed to account for losses as well as the
unknown engine  load curve. Thus, the max load the engine will be able to

support is assumed to be 2.6hp.

Assuming there are four propellers to generate 52N of thrust, each individual
propeller would need to generate 13N. According to load curves provided by
the propelle r manufacturer, an RPM of just over 6000 is needed to generate

13N of thrust. This amount of thrust would require an engine load of 0.472hp,
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well within limits. Utilising 2.6hp as the maximum load which the engine can
handle, the maximum output RPM achieva ble by the system is estimated to
be approximately 10000 RPM.

Therefore, based on these values from the load graph, the ideal operating
range of the device will be 6000 RPM to 10000 RPM.

3.1.12 Propeller Gearbox

The objective of this component is to transmit the power coming out of the
bevel gearbox and transmit it to the propeller shafts. The design criteria are
to ensure a system which transmits this power reliably with low friction and

component stress.

A beve | gear approach was chosen in replace of the belt pulley system
mentioned in section 3.1.4. Once the previous approach was abandoned,
bevel gear drive was explored and implemented due to the significantly

better efficiency using drive by gear in compariso n to pulley and belt drive
[28].

The biggest challenge with this design approach is ensuring the gears are

secure and supported, s uch that they mesh accurately during operation.
Many factors including the weight of the shafts and the loads exerted on

them, along with vibration need to be accounted for in the design. To solve

this problem, set screws were implemented to the gears to s ecure their
location on the shaft. In addition, shoulders were added to the shafts at

strategic locations being bearings to limit the amount of play the shaft
experiences through the bore. Lubrication, as mentioned in section 3.1.9, was

also added to reduc e the friction between the gears as much as possible. A
gearbox cover was made to prevent debris from entering and jamming the

gear meshing while also ensuring lubricant does not fly out.
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Figure 3.27 Propeller gearbox design without cover

3.1.11 Fasteners

The objective of this design process is to ensure the secure fastening of all
structural components of the device. An analysis of the forces on the device
was completed and it was determined that with regards to fasteners, the
forces acting on the thread s holding the propeller are greater than at any
other location, while also being most prone to vibrations. With the final
design layout, the forces experienced by all other fasteners on the device
were determined to be negligible. Due to this, the focus of fastener design
and selection was with regards to propeller fasteners as this area was
determined to be a critical location of the shaft. The design criteria for this
selection process is to ensure the propellers are properly secured during
operation, by  taking into account the potential thrust and vibrations

experienced by the fastener.
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vital that the factor of safety of these components was adequate as these
were key structural components that not only supported the propellers, but

gears and shafts to transmit powe r from the engine to the propellers. For the
FEA analysis of the wings, they were treated as being fastened to the chassis

via the four screw holes in the middle of the wing. A downward force was
applied to either end of the wing, approximating the reactio n force from the
lift generated by the propellers. The FEA analysis confirmed that the 3D
printed wing pieces can withstand a force of 17N with a factor of safety of 23.
These results were confirmed both by the structural analysis calculations
pertaining t o the wing pieces, and by destructive testing performed on
prototype specimens. The results of the FEA analysis are shown in Figure
3.29.
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Figure 3.29 Finite Element Analysis of PLA bottom front wing

Secondary to the wing pieces, FEA was also conducted o n the gears which

were 3D printed for the transmission gearbox. The primary forces considered
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were shear stress on the teeth of the gear. As a worst - case-scenario analysis,
the shear stress experienced by the gear was concentrated on a single tooth

of the gear. The goal of this analysis was to confirm that the teeth of the 3D

printed gears can withstand the shear stress they are expected to undergo.

As shown in Figure 3.30, it was demonstrated by the FEA that a single tooth

of the 3D printed gear can withst and a shear stress of 313.1 Pa with a

minimum factor of safety of 1.9.
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Figure 3.30 Finite Element Analysis of Transmission Gears

Thirdly, FEA was performed on the Evac frame. The top ring of the Evac
frame was considered for the FEA as it was the critic al location for the entire
evac frame assembly. The FEA analysis confirmed that the 3D printed pieces

for the evac frame can withstand a total force of 20N with a factor of safety

of 59.
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FOS
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Figure 3.31 Finite Element Analysis of Top Piece of Lifting Frame

Finally FEA was conducted on the steel chassis of the VTOL body. The FEA
analysis confirmed that the steel chassis can withstand a torque of 8Nm with

a factor of safety of 3.2.
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Figure 3.32 Finite Element Analysis of Drone metal frame.

From the figures  above, it has been shown that the results from the FEA are
congruent with the structural and dynamic analysis calculations that were
performed. The FEA confirmed what was demonstrated with the

calculations; that all components analysed meets or exceeds the demanded
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canthen be used to determine the engine behaviour under varying loads. The
carburetor opening is dependent on the angle of the throttle trigger, so it is
commonplace to gather data to determine a ratio between the size of the
throttle opening in relation to the angle of t he throttle trigger. A

methodology for gathering this data is discussed in section 4.1.2.

Fuel system study needs to be done, with fluid dynamics, to ensure there is
enough backpressure feeding fuel back into the engine so that the engine
does not run lean or too rich; as in the former this it will lead to reduced
engine power output, increased operation temperature, and faster wear of

parts.
3.4.2 Mechanics Study

Another consideration is mechanics study; moments of inertia of various
components need to be determined to determine how nimble the system is

and how it will react under different lo ads and speeds. This information can
help in optimising the design of the drone to ensure it meets its intended use

case while maintaining optimal performance. Both rudimentary calculations

and basic physical testing was used to determine the moments of i nertia of
individual components for the system. A description of the procedure for this

testing is described in section 4.2.6. It is important to note that a proper
mechanics study involves extensive application of metrology, which is out

of the scope of t  his project.
3.4.3 Powertrain Analysis

In addition to the mechanics study and powertrain analysis, it is also

important to measure vibrations near critical components such as where the

wings attach to the drone body. Vibrations can cause stress and fatigu e in
components, leading to premature failure or reduced performance.
Therefore, vibration analysis is necessary to ensure that the drone is

operating within safe and acceptable limits.
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CHAPTER 4: Benchmarking and

Results

4.1 Design of evaluation procedure

4.1.1 The Workstand

To streamline the process of assembly and testing, a workstand was
construct ed to both suspend the VTOL device, and secure it in that
suspended position. It was important that the stand suspend the VTOL

device enough that work could be done to the underside of the VTOL device
unhindered. It was also vital that the work stand could hold down the VTOL

device when it was eventually tested and benchmarked.

Various mechanisms were considered for securing the VTOL device including
tie straps, wingnuts, and even electromagnets. Ultimately, it was decided
that a custom -designed draw latch ~ mechanism would be best suited not only
due to how well it can secure the VTOL device to the workstand, but also how
quickly the VTOL device could be attached to and detached from the stand

using the draw latches.
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Figure 4.1 Draw latch mechanism.

The w orkstand was constructed using a custom -modelled 3D printed block
with 3D printed draw latches on both sides. The draw latches were assembled

using 10 -32 screws of various lengths. The 3D printed latches would hook
directly onto the chassis to secure it to the workstand. The base of the
workstand was constructed out of scrap 2x4 wooden planks, which were cut

to length and assembled using deck screws.

Figure 4.2 The CAD model of workstand.
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Figure 4.3 Exploded view of the workstand.
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Figure 4.4 The functionality of the draw latch mechanism.
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Figure 4.6 Angle increments on the trigger angle jig

The throttle gap distance jig was simply a piece that mounted onto the
existing components of the engine system next to the crank -slider for the
throttle opening. A ruler was printed to scale and pasted onto the jig to
measure the distance that the throttle opening crank -slider travelled per

angle of tilt of the trigger.

Figure 4.7 The throttle gap measurement tool
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https://docs.google.com/spreadsheets/d/1N3FKFt1YQTLZQk9D35n0CydbFDxBMlFX/edit#gid=1792148081







The results of the radiator and crankcase temperature measurements were
conclusive, as both components achieved a steady state temperature during
break -in and operation at an ambient temperature of 32°F. After calibrating

the air/fuel mixture, the engine was run at 50% throttle and reached a steady -
state temperature of 220°F at an ambient temperature of 48.2°F with wind
conditions of 5 km/h. Stable operation was achieved by the crankcase at a
temperature of 165°F. Both the radiator and crankcase did not exceed their

operating temperature of 200°F. The graph showing these results is shown in

Figure 4.8.
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Figure 4.11 The ra diator temperature vs time.
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Crank Case Vs Time

o 157 +-30.2x + 2.73x"2 R? = 0.952
200
150 7 -
o I
£ L
100 P
P ;
g i ® ;
C .
g
&) 50
0
0 2 4 6
Time (min)

Figure 4.12 The crankcase temperature vs time.

Temperature data obtained from the centrifugal clutch was inconclusive due

to the clutch failing during operation. It was determined that the OEM clutch,

which employed nylon pawls, could not properly sustain the load demanded,
causing the clutch to contin uously slip and generate excessive heat from
friction. At failure, the clutch had reached a temperature of 520°F. The graph

showing these results is shown in Figure 4.9.
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Clutch Casing Vs Time

[ ] 518 + -151x + 13.8x"2 R? = 0.997
600
]
L
400 ~
g Y
2
[@)]
=
8 [
&}
5 200 —@
=}
5 [ ]
O
- ]
0
0 2 4 6
Time (min)

Figure 4.13 The clutch gearbox temperature vs time.

The engine gearbox, bevel gearb ox, and propeller gearbox were well within

their operating temperature limits. The engine gearbox posed the only

concern for operating temperature, due to its proximity to the centrifugal

clutch and radiator fins; components with a relatively high operatin g
temperature. Nevertheless, all three gearboxes did not exceed their
respective operating temperature ranges. The steady - state temperatures for
the gearboxes were 73°F, 66°F, and 65°F, respectively. The graph showing

these results is shown in Figure 4.10.
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Engine Gearbox vs Time
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Figure 4.14 The engine gearbox temperature vs time.
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Figure 4.15 The bevel gearbox temperature vs time.
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Propeller Gearbox Vs Time
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Figure 4.16 The propeller gearbox temperature vs time.
4.3.5 Results from Fastener Torque Testing
Due to the vibrations involved with the VTOL d evice, it was vital to ensure

that the fasteners used to construct the VTOL device would not vibrate loose

during operation. Shown in Table 4.3 is the data collected pertaining to the

measured torques of various fasteners on the VTOL frame subsequent to

op erating. The torque test was used to prove the efficacy of the Dap Tank
Bond threadlocker, which was advertised to absorb vibration. Being that the
measured torque values were within 10% of the desired 5Nm, it could be

stated that the threadlocker served its purpose.
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4.3.7 Results from Vibration Testing

In this study, an inertial measurement unit (IMU) was used to measure the

angles of rotation around the X, y, and z axes of a nitro engine drone. The IMU

was placed on the body of the drone, including the engine, the fr ont wing
furthest from the engine, the back wing closer to the engine, and the gearbox

located beside it. As the equipment to measure vibrations such as strain

gauges was lacking, the IMU was affixed somewhat loosely, which enabled
guantification and quali fication of vibrations by observing changes in the
reported angles. The results showed that the vibrations increased with

throttle increase. Moreover, the big peaks on the graph indicated that the

gearbox was not rotating smoothly at all times. This explai ns why the
gearbox seemed to get stuck at some points relative to how smooth it was on

other parts of the rotation. It is important to note that these measurements

were made with the engine idling, and the vibrations are expected to increase

with increased throttle.
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Figure 4.17 Engine
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Figure 4.17 Gearbox
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CHAPTER 5: Discussions and

Conclusions

5.1 Discussion and Comparison to existing designs

The system analysis and benchmarking tests completed and showcased in
chapter 4 provide a comprehensive evaluation, based on the originally
established design criteria. Each test performed, provides insight into the
efficiency and performance of the subsys tems comprising the VTOL device.
Analysing and interpreting the results from the benchmarking evaluations,

lead to generally positive implications for the use of ICEs for a VTO.

When comparing the results to performance metrics, the scaled model
achieves the required level of performance for material strength, physical
footprint as well as safety. To achieve these metrics, thoughtful and
thorough design procedure was undertaken, reflecting well on the
calculations and considerations taken for each subsyste m. Moreover, these
results imply that the design of a versatile and accessible lifting solution is
plausible. This suggestion comes from the fact that the scaled model was able
to achieve all proportion and physical constraints without sacrificing FOS.
Th e compact footprint of the model, allows the device to operate in limited
access areas, unlike current existing solutions, such as aerial lifting
platforms which are gargantuan relative to the model. Therefore, the

versatility of the device is established.

In contrast, the scaled model did not meet the set criteria for payload
capacity, as well as the operation and thermal endurance. Analysing the
results within section 4.3, it is clear that these results are caused by several
reasons. Firstly, examining t he payload capacity, the VTOL was unable to

meet the targeted thrust values. This is ultimately due to the fact when
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conducting the evaluation, the OEM nylon clutch was unable to sustain the

loads exerted by the powertrain. These excessive loads caused the clutch to
continuously slip, resulting in sudden power loss. This slippage prevented

the transmission of kinetic energy from the engine, and instead converted

the engine's kinetic energy solely into thermal energy. This excessive
thermal energy would then burn the clutch entirely, ultimately causing the
failure of the thermal performance metrics as well. Investigating this mode

of failure, it is apparent that an extensive metrology of system components

should have been conducted prior to benchmarking. This study would serve
to provide a risk analysis of each mechanical component. While in the system

analysis procedure, a mechanics study of the entire system was curated and
planned. However, due to substantial time and budget constraints, it became
unfeasibl e. As such one promising area for future improvements would be

the conducting of a performance analysis of each mechanical component. In

addition to this, metal aftermarket performance clutches were investigated

and procured for use within the powertrain. It is expected that if the OEM
clutch was replaced, the device would potentially be able to generate enough

thrust. This is determined as even with the low transmission efficiency, a

propeller RPM of 5000 was achieved, close to the target RPM values.

Exam ining the endurance of the device next, the device was calculated to

have an estimated operation time of 23 minutes based on a fuel consumption
evaluation. These values fall slightly short of the desired goal of 30 minutes.

When compared to multi propeller systems examined within the literature
review, the operation time of the model is underwhelming. However, this is

mainly due to the small fuel capacity of the system, as the measured fuel
consumption of the device is more than satisfactory. This is reflec ted in the
fact that if the fuel tank was increased to 750ml, the operation time would
substantially increase, matching and exceeding the devices examined in

literature [9].

One significant area for improvement would be the power transmission
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efficiency. In the current design, the powertrain utilises three different
gearboxes to transmit the power from the horizontal plane, into the vertical
plane. This must be done as there i s only one power source in the system,
which must be transmitted into four different directions. This excessive
amount of power transmission, results in a significant loss of power, and
ideally should be avoided. As such, one recommendation is the use of
multiple different power sources. Utilising a system with multiple separate
engines would allow for a simpler powertrain design, ultimately reducing the
losses experienced in the system. This approach is heavily seen within the
literature, as virtually all VTOL solutions utilising ICEs for power, rely on
multiple different power sources. These are usually either brushless DC

motors or a separate engine all together. It is also important to note that the

An investigation into the vibration of the systemto e valuate the stability was
also conducted. Based on the evaluation, it was determined that the vibration
experienced by the system would be negligible during operation. It is
important to note however, that one cylinder engines are unbalanced, and a
potenti al method for improving stability may be to utilise even numbered

cylinder engines.
5.2 Conclusions and Recommendations

The culmination of work completed in this project leads to the confirmation
of several conclusions and recommendations. Overall, based o n the research
conducted, as well as the results observed in the evaluation of the scaled
model, the development of a gas -powered propeller device has shown
promise for personnel lifting operations in high - altitude scenarios. However,
further research and development is required to make a definite
recommendation on the technology. It is abundantly clear that the benefits
of internal combustion engines such as high power density make this power
source viable for use in aerial lifting operations, which requir e high payload
and long operation times. In spite of this, there are numerous characteristics
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https://www.getfpv.com/learn/fpv-essentials/motor-propeller-rotation/
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