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Resumo 

 

A taxa de utilização de veículos aéreos não tripulados tem aumentado exponencialmente nos últimos 

anos. As missões para as quais são construídos possuem diferentes requisitos, sendo necessário 

definir o sistema propulsivo mais adequado para cada operação. Embora existam atualmente no 

mercado motores certificados, o seu custo é muitas vezes proibitivo quando comparado com o da 

aeronave ou com o orçamento que lhes é atribuído. 

Neste contexto, o trabalho conducente a esta dissertação, elaborado na organização CEiiA, pretende 

focar-se no desenvolvimento de um banco de ensaios instrumentado que caracterize sistemas 

propulsivos, permitindo a sua rodagem – etapa obrigatória e independente do sistema adquirido. A 

solução concebida deverá ser extremamente versátil, permitindo a sua utilização no desenvolvimento, 

avaliação e rodagem dos sistemas propulsivos de outros veículos existentes na organização, como é 

o caso dos sistemas propulsivos para bicicletas, scooters e automóveis elétricos. 

As características principais da estrutura foram definidas com base nos limites existentes face às 

especificações dos componentes. Em seguida, procedeu-se à criação do modelo tridimensional, 

através do software CATIA V5, assinalando-se o pior cenário de teste, os pormenores estruturais a 

serem produzidos e os sensores selecionados para a medição das grandezas de interesse. A sua 

validação estrutural foi conduzida através de uma análise de elementos finitos, recorrendo ao software 

NASTRAN. 

A execução deste estudo, que inclui a análise das frequências naturais da estrutura, permitiu validar 

o banco de ensaios, fundamentando a escolha dos componentes e dos respetivos materiais e, 

consequentemente, garantindo que as forças aplicadas são suportadas pela configuração estrutural 

selecionada. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Palavras-chave: Análise de Elementos Finitos, Banco de Ensaios, CATIA V5, NASTRAN, 

Sistema Propulsivo, Veículos Aéreos Não Tripulados.  
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Abstract 

 

The unmanned aerial vehicles rate of use has increased exponentially in recent years. The missions 

for which they are built have different requirements, so it is necessary to define the most appropriate 

propulsion system for each operation. Although there are currently certified engines in the market, their 

cost is often prohibitive when compared to the platform or the budget allocated to them. 

In this context, the work conductive to this dissertation, elaborated in CEiiA organisation, intends to be 

focused on the development of an instrumented test bench that characterises propulsion systems, 

enabling their break-in – mandatory stage and independent of the acquired system. The conceived 

solution must be extremely versatile, allowing its use during the development, evaluation and running 

of propulsion systems for other existent vehicles in the organisation, such as propulsion systems for 

bicycles, scooters and electric cars. 

The main characteristics of the structure were defined based on the existing limits concerning the 

components specifications. Then, the three-dimensional model was created, using CATIA V5 software, 

and the test worst-case scenario, the structural details to be produced and the sensors selected to 

measure the quantities of interest were pointed out. Its structural validation was conducted through a 

finite element analysis using NASTRAN software. 

The execution of this study, which includes the structure natural frequencies analysis, provided the 

validation of the test bench, substantiating the choice of the components and their materials, and hence 

ensuring that the applied forces are supported by the selected structural configuration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: CATIA V5, Finite Element Analysis, NASTRAN, Propulsion System, Test Bench, 

Unmanned Aerial Vehicles.  
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Chapter 1 

1 Introduction 
 

 

Most of the professional Unmanned Aerial Vehicles (UAV) Propulsion Systems use two-blade or  

three-blade propellers and are powered by Direct Current (DC) Electric Motors or mini spark ignition 

Internal Combustion Engines (ICE) so it is quite important to study their performance and compare them 

(to know exactly which one is the best for a certain aim, such as endurance or maritime surveillance 

missions) in order to obtain the maximum range possible and reduce their costs. 

This Master’s thesis is about their characterisation. Thereunto a test bench was modelled and then 

structurally assessed at CEiiA facilities. By using a compatible software one can test and obtain relevant 

data through the Data Acquisition (DAQ) System, when the test bench is completely assembled. 

 

CEiiA is an Innovation and Engineering Centre that was created in 1999 with the goal of supporting 

the competitiveness of the Portuguese automotive industry. Nowadays it aims at enhancing the 

competitiveness of mobility industries through international cooperation between universities and 

industry. Its daily mission is to be a global reference on research, design, development, manufacture 

and testing of products and services for mobility worldwide industries. It operates in the global market 

with a subsidiary in Brazil and Engineering teams in France, Spain, England, Switzerland and Italy. 

In 2008, CEiiA took part in the Leonardo Helicopters (formerly AugustaWestland) Research, Design 

and Engineering (RDE) program by creating an Aeronautics Engineering team. Currently, CEiiA is a 

highly regarded supplier of this Anglo-Italian helicopter constructor in its most complex project: 

development and certification of AW609 tilt-rotor aircraft. The acquaintance with this program allowed 

CEiiA to lead the national participation in the development of Embraer multi-task KC-390 aircraft. These 

experiences allowed the establishment of an international reference Engineering team with collective 

capacity to participate in any aeronautical development program in the World, such as the ongoing 

projects that include participation in the French Dassault Falcon 5X Program and the Swiss Marenco 

SH9 Program. 

The future is to exploit these skills in the development of large-scale programs in technologically 

advanced sectors that, in addition to aeronautics and to the automobile industry, better remunerate the 

human capital, such as offshore and space, following major global trends and providing opportunities 

for the national industry. 

There are over 200 engineers working in CEiiA with the most advanced technologies for Integrated 

Product and Process Development divided into five main fields: Intelligent Systems Engineering, 

Product Engineering; Project Engineering, Manufacturing and Testing. These areas approach 

knowledge about Design, Fluid Dynamics, Structural Analysis, System Installation, System 

Configuration, Materials, Testing and Production of Prototypes. CEiiA also owns a material and 
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structural testing centre equipped with advanced technics for the characterisation and testing of 

composite and metallic structures under different environmental conditions. 

The production of small series is based on rapid prototyping technologies of polymeric or metallic 

components, passing through the machining of several types of materials used in cutting-edge 

equipment. In addition to the production site, CEiiA has an assembly, painting and finishing area. 

CEiiA, which is now the largest employer of aerospace engineers in Portugal, wants to continue to 

make worldwide history using national talent to set the country as a reference in the growth of mobility 

industries, by designing new products, systems and technologies that are entirely developed in Portugal. 

 

CEiiA Unmanned Aerial System (UAS) project, designated as UAS30, started in January 2014 with an 

initial market research. After five months of aerodynamic and structural studies, the production began 

and the first prototype, P1 (Figure 1.1), final assembly took place in July. All tests (ground and flight 

tests) were validated throughout the year and the first flight happened in the end of November. A net 

landing system was developed in March 2015, being validated in June, and a catapult optimisation was 

performed during the summer of 2016. Currently it has more than 100 flight hours. 

In October 2015, the studies for the second prototype, P2, began. By November 2016, after some  

in-between projects, its detailed design (full drawing) was released. The UAS30 P2 production occurred 

from January 2017 to July 2017. 

The main aim of this project is to provide a prompt solution for power lines inspection, maritime and 

territory business needs. 

 

 

Figure 1.1: UAS30 P1 - UAV built and operated by CEiiA 

 

 

This chapter deals with the motivation inherent of this dissertation work and its main objectives. 
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1.1 UAV and their Applications 

 

UAV are aerial vehicles that can take off, fly and land without a human pilot aboard. Generally, a ground 

pilot controls the UAV by using a remote control (remotely piloted aerial vehicle) but there are also 

autonomous vehicles that follow a flight path previously established and programmed by the controller 

(artificial intelligence). These are commonly called Unmanned Aircraft Systems - the system involves 

both ground systems (ground control stations, data links and support equipment) and an aircraft. The 

UAS can carry different types of payload, as for example cameras, communication equipment, sensors 

and weaponry. 

The usage of UAV is quite ancient. It is said the first time ever to launch an UAV was in 1849, when 

the Austrians bombed the city of Venice using 200 pilotless balloons, as illustrated in Figure 1.2 [1]. 

 

 

Figure 1.2: Austrian bombardments hit the church of San Geremia in 1849 [2] 

 

Nevertheless, the UAV were not only used for carrying bombs but also cameras since the U.S. Army 

Signal Corps used them for aerial photography, back in 1956 [3]. This event was a great revival in the 

war aviation history because, from that moment on, surveillance could be done without risking people’s 

lives. 

Nowadays, UAV have a huge amount of applications, which can be divided in two main groups [4]: 

 

 Command, Control, Communications, Computers, Intelligence, Surveillance, and 

Reconnaissance (C4ISR) UAV - from which Agriculture, Aerial Imaging and Topographic 

Inspection, Civil Engineering Activities, Flight Dynamics Testing, Mapping, Monitoring (Power 

Line Inspection in Figure 1.3, for instance) and Rescue stand out in non-military applications [5] 

[6] – that are characterised by medium or long range/endurance, medium to high altitudes, 

medium to high subsonic speeds, sensor and communication payloads; 

 Unmanned Combat Aerial Vehicles (UCAV) that are characterised by medium range and 

endurance, medium altitude, medium and high subsonic speeds and weapon payloads. 
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Figure 1.3: UAV Power Line Inspection [7] 

 

 

1.2 Motivation 

 

The process of selecting, characterising and running propulsion systems is a fundamental step for the 

UAV design. Although there is a market for certified propellers and engines/motors with a complete 

datasheet characterisation, their cost is often prohibitive when compared with the cost of the platform or 

with the allocated budget. On the other hand, non-certified propeller systems are manufactured for 

hobbyists and do not include extensive data sheets - many of these do not even have performance 

information at all. In addition to this, a break-in stage must not be discarded, independently of the 

selected engine. 

In this context, it is essential to develop a designing project of a propulsion system test bench, which 

will consist in choosing the most suitable devices (selection of sensors such as load cells and a 

tachometer), the bench design, its assembly and testing. It is an innovative project since there is no test 

bench with these characteristics in the market. 

Moreover, the test bench might be immediately applied in other CEiiA design areas. 

 

 

1.3 Objectives 

 

This dissertation intends to develop a test bench for the characterisation and running of UAV propulsion 

systems. 

Firstly, a 3D design model must be created and then it should be validated through a  

stress–strain analysis. It is expected, at the end of this thesis, to get a test bench where one can install 

a UAV propulsion system and characterise it by collecting its main electric and mechanical parameters 

during the testing operation, i.e., Rotational Speed, Torque, Engine Temperature, Static Thrust, Fuel 

Consumption and Vibration. Furthermore, the test bench must be able of having the engine running 

during the testing process.  
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1.4 Work Methodology 

 
Figure 1.4 illustrates the work steps sequence to be carried out throughout this job. The optimisation 

phase is highlighted because it is supposed to be part of the work to be developed in the future. 

 

 

Figure 1.4: Work Steps Flowchart 

 

1.5 Thesis Outline 

 

The present chapter talks about the gist of UAV and their applications, the thesis motivation and its 

main objectives and, lastly, about the work methodology implemented during this project. 

The second chapter (UAV Propulsion System Overview) provides a summary of some existing test 

benches, in which some of their features are highlighted, and addresses a general review about the 

Propellers, the Electric Motors used in UAV and a summary on the Engines goal. It also introduces a 

brief comparison between the two power sources previously mentioned (Engine vs Motor). 

In the Test Rig Conceptual Design chapter (third chapter), one can find an enumeration of the limits to 

be tested and the test bench structural requirements. 

The Test Rig Detailed Design chapter (fourth chapter) shows all the test bench details, including the 

specifications of the engine to be tested and all the sensors selected for equipping it. 

In the Stress and Structure Natural Frequencies Analyses chapter (fifth chapter), it is possible to find 

a validation of the design at hand through a Finite Element Method (FEM) analysis, which includes the 

theory behind each procedure performed. The test bench structure natural frequencies are briefly 

assessed in the end to validate the propulsion system operating conditions. 

Finally, the accomplishments achieved with this dissertation and some hypothetically improvements 

for it are presented throughout the Conclusions chapter (sixth chapter).  
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Chapter 2 

2 UAV Propulsion System Overview 
 

The UAV propulsion system main role is to supply the required power to propel the aircraft for every 

flight stage. It has two major components: the propeller and the electric motor/engine. 

A test bench is an environment used to examine, by simulations, the correctness of a design or model 

since it provides several basic functions to assess the performance of the device under test. Its main 

purpose is to save time, effort and money through the ability to verify ideas and their implementation. 

Test benches are greatly used by manufacturers and drive system designers. 

The development of a test bench is based on four goals [8]:  

 Efficiency; 

 Flexibility; 

 Reusability; 

 Reflection of the environment where the system will operate in. 

 

2.1 Thrust Stands 

 
Most of aero models fanatics want to achieve the best performance for their aircraft. For this, they use 

a thrust stand to test their engine-propeller system (Figure 2.1). 

A regular thrust stand is capable of testing propellers for aero models connected to small brushless 

electric motors, by measuring their efficiency. 

 

 

(a) Hobby Usage [9]         (b) Professional Usage [10] 

Figure 2.1: Examples of Thrust Stands 
 

These stands have several advantages for the customers: 

 the calibration can be performed; 

 the lightweight; 

 the compactness (small dimensions);  

 the fact of having an integrated Electronic Speed Controller (ESC) and a liquid-crystal display.  
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Despite that, they are not the most desirable test bench for the whole UAV engine analysis since the 

data collected is not complete - thrust, rotational speed, torque and efficiency info only. Moreover, they 

only stand 5kg of thrust and work with small electric motors; therefore, they are too tiny for regular UAV 

engines. According to some customer reviews these test benches are not even accurate [9] – this can 

be due to not having a fixation system like a heavy flat base [10]. 

 

2.2 Internal Combustion Engine Test Benches 

 

The most common engine test benches use dynamometers (also known as dynos). These devices are 

used to collect power and torque output data. They can either be directly coupled to the engine or tighten 

by using gears, chains or belts. 

There are two major types of dynamometers in terms of data extraction: Inertia and Steady State [11]. 

 

2.2.1 Acceleration/Inertial Dynamometers 
 

The term “Inertia” is due to the engine effort to accelerate the flywheel - an inertial mass. These dynos, 

whose elements are represented in Figure 2.2, require a full power engine run, from idling to maximum 

drive shaft rotational speed, so that one can collect the entire torque diagram [12] – it describes how 

fast the engine accelerates the connected mass under the designed power regime. Since power (P) is 

directly associated with torque (Q) and rotational speed (n), by equation (2.1), the power evolution is 

easily calculated when the torque diagram is obtained [13]. 

 𝑃 = 𝑄 × 𝑛 (2.1) 

 

Knowing that torque depends on the inertial mass and on the drive shaft rotational acceleration, α, it is 

simple to calculate instantaneously the flywheel torque using the next equation 

 𝑄 = 𝐼 × 𝛼 (2.2) 

 

where I is the flywheel-drive shaft assemblage moment of inertia. 

 

 

Figure 2.2: Inertial Dynamometer Elements [14] 
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2.2.2 Steady State Dynamometers 
 

Steady State dynos use an electronic load cell that measures the torque applied by the engine to the 

absorber - brake used to hold the engine against the open throttle at a constant speed [15]. Depending 

on the power absorber type, one can find three steady state dynos categories: fan dynamometers (the 

fan produces a load against the engine), eddy current dynamometers (electromagnetic brakes, Figure 

2.3) and electric motor dynamometers (the motor loads the engine) [11]. 

 

 

Figure 2.3: Eddy Current Dyno Configuration (adapted from [16]) 

 

 

2.3 Scientific Experiments 
 

In view of the importance of the engine/motor-propeller assembly scientific characterisation, some 

solutions have been produced in the laboratory environment in which both steady state and dynamic 

state (inside wind tunnels) research tests have been performed. 

 

 

 

2.3.1 Low Reynolds Propeller Performance 
 

 

There could be found three studies regarding this approach, all of them using electric motors. 

In the first test stand, the creator opted for a dynamic state solution with three main sections: one inside 

the wind tunnel (“Propeller Balance”), responsible for collecting data related to rotational speed, torque, 

thrust and medium dynamic pressure (wind tunnel air data); another outside the wind tunnel for data 

acquisition (“Signal Conditioning”) and a computer for data sampling analysis (“Signal Processing”) [17].  

The next figure (Figure 2.4) illustrates the system schematic. 
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Figure 2.4: First Test Bench Schematic Overview [17] 

 
In the second one, the executor decided to create a static state test bench to measure the same 

properties as the last one: propeller thrust, torque and rotational speed. These were obtained through a 

load cell, a torque transducer and an infrared system (emitter plus receiver). It can measure the room 

temperature and the atmospheric pressure as well. The data was acquired and processed by a DAQ 

system linked to a computer. There was an aerodynamic protection structure to avoid any kind of 

disturbance from the airflow produced by propeller (prop wash) to the sensors installed behind it, which 

were the load cell and the torque transducer [18]. 

In the last one, the tester used a subsonic dynamic state environment to assess the performance of 

several propellers. The test stand was designed to measure torque, thrust, rotational speed and free 

stream speed. Its configuration can be seen in Figure 2.5. 

 
Figure 2.5: UIUC Subsonic Wind Tunnel [19] 

 
The test bench equipment and final configuration can be seen in detail in Figure 2.6. 
 

 

Figure 2.6: Third Test Bench Apparatus [19] 
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2.3.2 Characterisation of Propulsion Systems 
 

This assessment was conducted in India. The tester built two test benches (Figure 2.7): one for electric 

motors, in a dynamic state environment, and another for ICE. The torque, the static thrust and rotational 

speed were measured using the electric motor (propeller analysis) and the ICE test rig valued the 

specific fuel consumption. 

 

 

 (a) Electric Motor Testing in the Wind Tunnel       (b) ICE Testing 

Figure 2.7: Bombay Institute Test Benches [20] 

 
For the Electric Motor test stand, there were two configurations (independent tests): horizontal set-up 

for power/torque assessment, in Figure 2.8, and vertical set-up for thrust measuring, in Figure 2.9 [20]. 

 

 

Figure 2.8: Power Measurement Set-Up [20] 

 

 

Figure 2.9: Thrust Measurement Set-Up [20]  
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2.4 Propeller 

 

The propeller is the aircraft element that converts the engine rotational movement to thrust, i.e., 

conversion from mechanical energy provided by the engine to the power needed to pull the aircraft 

forward. Its aerodynamic features can be fairly compared to wings, both in terms of structure (leading 

edge, trailing edge, side edges and airfoil) and kinetics [21], as shown in Figure 2.10 and Figure 2.11 

respectively. 

 

 

 

 

Figure 2.10: Propeller blade structure (adapted from [21]) 

 

 

 

 

Figure 2.11: Propeller thrust [21] 

 

 

There are three main features that characterise a propeller: Pitch, Diameter and Performance. For 

further information, see subappendices A.1 and A.2. 

 

 

2.5 Direct Current Electric Motor 

 
Electric motors convert electrical energy into mechanical motion. They are electromechanical systems 

characterised by specific parameters, such as torque, current and voltage. These can be obtained using 

a dyno and a power analyser [22].  

DC motors are fed by direct current electrical energy (stored in batteries, for instance). The motors 

commonly used in model aircrafts are Outrunner Motors (Figure 2.12), which are known for having their 

shell revolving around the inside windings – the outer part is the rotor [23]. 

 

 1 – leading edge 

 2 – trailing edge 

 3 – airfoil  

 4 – side edge 
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Figure 2.12: Outrunner Motor for model aircrafts [24] 

 

 

There are two main types of DC Electric Motors: Brushed and Brushless. For further information, see 

subappendices A.3 and A.4. 

 

 

2.6 Spark Ignition Internal Combustion Engine 

 
An internal combustion engine is a machine designed to convert the chemical energy contained in the 

fuel into mechanical energy, by means of a combustion process, to produce a force. These engines are 

reciprocating engines (repetitive piston motion and cyclic combustion) and the fuel ignition and burning 

happen inside them. The piston is connected to a crankshaft, which converts linear motion to angular 

motion. As the piston shifts inside the cylinder, this rotation produces a torque to the output shaft.  

In a Spark Ignition Engine, the air and the fuel mix together and a spark plug ignites the mixture [25]. 
 

 

 
Figure 2.13: DA-50 - the engine mounted in CEiiA UAS30 [26] 

 

 

There are two main types of Spark Ignition Internal Combustion Engines: four-stroke and two-stroke. 

For further information, see subappendices A.5 and A.6.  
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2.7 Brief comparison between DC Electric Motors and Spark Ignition ICE 

 

Selecting the most suitable propulsion system for an UAV is an accurate and rigorous process. For 

this reason, a comparison between electrical and mechanical solutions must be made. 

Generally speaking, electric motors have higher efficiencies (80% to 90%) than ICE (20% to 30%) and 

they do not need a transmission system (gears) to move through their full speed as they have a wide 

range of operating speeds at constant torque output, resulting in lower weights and easier maintenance. 

Full torque can be provided from stationary condition, i.e., from 0 Rotations Per Minute (RPM), as shown 

in Figure 2.14 [27]. 

 

 
Figure 2.14: Electric Motor and ICE - Torque vs RPM (adapted from [27]) 

 

In terms of environmental impact, electric motors are considered to produce no air pollution since there 

are no emissions during their operation and electricity can be generated from several renewable 

supplies: photovoltaics, concentrated solar power, wind power and hydropower - zero emission systems 

[28]. This is a huge advantage compared with ICE that produce a massive amount of pollutants such as 

carbon oxides (COx), nitrogen oxides (NOx), sulfur oxides (SOx) and particulate matter (PM). 

Furthermore, electric motors are very quiet, avoiding any chance of noise pollution [29]. 

However, Electric Motors require a battery pack as power supply. Its weight is a big penalty for 

aerospace applications by decreasing the aircraft power-to-weight ratio. Another problem is the fact that 

batteries have a lower energy density compared to liquid fuels and low autonomies: maximum flight time 

is between two and three hours. High temperatures can have a negative effect on battery life and low 

temperatures instantaneously reduce the battery capacity [28].  
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Chapter 3 

3 Test Rig Conceptual Design 
 

 

The test bench must be designed so that it is possible to accurately characterise different types of UAV 

engines, both electric motors and internal combustion engines. Thus, it is essential to conceptualise the 

structure independently of the type of propulsion system to be assembled. For easier usage and 

stowage, it must be portable and simply installed. 

Its most important technical specifications will be revealed throughout this chapter. 

 
 

3.1 Testing Limits 

 

As described in subchapter 1.3, it is expected to measure several quantities. These output parameters 

have a direct dependency on the set to be tested and installed in the test bench: the Rotational Speed 

and Temperature depend solely on the engine/motor (power source) selected because the propeller 

does not affect the system rotational speed (imposed by the engine/motor itself, through its shaft) and 

the temperature on the engine/motor surface (per the team leader, the airflow caused by the propeller 

movement is not enough to reduce drastically this temperature). On the other hand, the fuel 

consumption, the thrust, the torque and the set vibration depend on the propulsion system 

(engine/motor-propeller set) chosen. 

The fuel consumption is mainly dependent on the power source but the propeller installed is 

responsible for the drag created and it influences this consumption. The thrust is purely produced by the 

propeller – without it there is no propulsion force – but the force value also depends on the power source 

installed. The torque is solely caused by the engine; however, the propulsion system torque is calculated 

by multiplying the engine torque and propeller efficiency. The system vibration is totally dependent on 

both the power source and the propeller installed since one certain propeller can reduce the power 

source shaking effect or vice-versa [30].  

The following figure represents the dependency previously described. 

 

 

Figure 3.1: Output Parameters dependency 
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Per state of the art study, the sensors selection must consider expected maximum values and establish 

the limits of each parameter, i.e., the maximum measurement values. The Table 3.1 presents these 

values and highest expected are based on the products owned by CEiiA whose data was provided by 

the team leader. 

 

 Expected Maximum Value Maximum Measurement Values 

Rotational Speed 8400RPM 195000RPM 

Torque Unknown 20kN or 500kgf 

Thrust 12kgf 500kgf 

Temperature 140˚C 1200˚C 

Fuel Consumption Unknown 0.3L/min 

Vibration Unknown 3250Hz 

 
Table 3.1: Limits of the Parameters to be measured 

 

The test bench is scalable (the position of the engine support system varies, and thus engines with 

different sizes can be installed) so its structural limits shall be defined by the propulsion system 

constraints. The propeller diameter, the distances between the bolts that fix the motor (bounded by a 

rectangular shape) and the fuel tank dimensions are the most suitable restraints for it. Per products 

owned by CEiiA data, the ranges of these parameters can be found in Table 3.2. 

 

 Range 

Propeller Diameter 9’’ to 24’’ 

Vertical Distance between Bolts 37.7mm to 66mm 

Horizontal Distance between Bolts 49.8mm to 78mm 

Fuel Tank Dimensions 295mm x 134mm x 92mm (constant) 

 
Table 3.2: Dimensional Constraints Ranges 

 

 

3.2 Structural Requirements 

 

The manufacturing details, the sensors positioning and the definition of the entire rig structure must be 

considered for this test bench design. Therefore, looking at other concepts for the same purpose can 

help improving the project global view and provide new ideas for the general concept. 

At the same time this thesis was being done, another was developed at Universidade da Beira Interior 

as part of the partnership between this institution and CEiiA. This thesis intends to convert the Desert 

Aircraft DA-35 UAV engine carburettor to electronic injection. The structure being used for the 

characterisation of this engine can be seen in Figure 3.2. 

This framework looks to be unfinished and too simple for testing propulsion systems to be mounted to 

the UAS30 platform: it lacks safety (protective structure), scalability, size and a system capable to 

measure the engine torque. 
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Figure 3.2: Universidade da Beira Interior Test Bench for the DA-35 

 

Engine Start-Up Process 

 

There are no special requirements for electric motors since they only need a battery and an ESC to 

get started. On the other hand, the starting process for ICE, besides needing an electric power supply 

as a starter, can either be similar to starting an engine used in the First World War airplanes, where the 

propeller must be rotated by hand (Figure 3.3) and this requires enough space to insert a human forearm 

to reach and spin it, or it needs an electric starter (also known as RC Starter) that also requires enough 

space to be inserted and used. 

 

 

Figure 3.3: DA-35 Engine Hand Start-Up 

 

Fuel Tank Position 

 

The fuel tank should be situated above the engine, in a higher position, so that the gravity can have a 

positive effect on the fuel flow. This option avoids an engine choking situation because it is less 

propitious to having flow rate changes. 
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Exhaust Caution 

 

It is extremely important to select an ideal position for the engine keeping in mind that the exhaust 

must have an open space to blow the combustion gases away. Since it reaches high temperatures it 

must be kept distant to avoid any chance of human injury. The exhaust should be pointing downwards 

taking advantage of gravity benefits. 

 

 

Protection Frame 

 

Safety is one of the most relevant subjects among human professional activities. For this reason, it is 

essential to provide a protection source during every test procedure. Putting a cage around the test 

bench helps avoiding situations in which human lives may be in jeopardy, such as structure collapse or 

having the propulsion system detached from the main structure and free to hit whatever/whoever is 

ahead of it, is pivotal. 

It is important that the protective measures do not interfere with the engine operation and with the 

airflow which goes towards the propeller. 

 

 

Casters (wheels) with brakes 

 

The test bench is supposed to be portable. Thereby, a wheel system must be mounted at the bottom 

of the main structure. It should be considered that, due to propulsion forces and vibrations, the test 

bench tends to move during testing. To avoid this, the casters (wheeled devices) must have a braking 

system that helps immobilising the entire structure. 

There are no special requests regarding the material and quality of wheels assembled. Ones that can 

sustain any damage caused by metal debris are preferable. 

 

 

Tools Storage Compartment 

 

A test bench requires constant adjustment and calibration. Having the necessary tools nearby to fix 

and repair the equipment comes in handy. Thus, adding a drawer to the test bench structure is a 

remarkable benefit.  
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Chapter 4 

4 Test Rig Detailed Design 
 

 

In this chapter the sensors selection and the test bench details will be expounded. Through a Computer 

Aided Design (CAD) model developed using CATIA V5 software, the test bench features are displayed 

in detail, helping in its future construction and final assembly. Figure 4.1 illustrates the test bench layout. 

 

 

Figure 4.1: Test Bench Layout 

 

4.1 Engine Specifications 

 

Desert Aircraft DA-50 (Figure 2.13) is a spark ignition ICE and the most powerful engine to be tested 

and it is fixed by four M5 bolts. It is a 2-stroke engine and, per manufacturer website, its data-sheet 

information is [31]: 

 
Engine Displacement 50cc 

Engine Power 5hp 

RPM at maximum Power 8400 

Engine Weight (includes standoffs) 1.42kg 

Bore 42.6mm 

Stroke 35mm 

Length 170mm 

Bolt Circle 30mm 

4 Propeller Bolts 5mm diameter (each) 

Vertical Distance between Bolts 66mm 

Horizontal Distance between Bolts 78mm 

 
Table 4.1: DA-50 Engine Specifications 
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Knowing that 5hp = 3728.5 W, the torque produced by this engine when the power value is maximum 

can be calculated using equation (2.1), resulting in: 

 

 𝑄𝑃 𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥
𝑛𝑃 𝑚𝑎𝑥

=
3728.5 × 60

8400 × 2𝜋
= 4.24𝑁𝑚 (4.1) 

 
There is neither power curve nor torque curve for this engine, and therefore the maximum torque 

cannot be calculated - one of the main reasons this test bench is being developed. Hence, the value 

obtained in equation (4.1) will be used for structural analyses, keeping in mind that the calculated Margin 

of Safety (MS) cannot be low so that the structure can sustain the maximum torque. The minimum limit 

Margin of Safety will be 1 – it is not any kind of information provided by the team but it is one way of 

ensuring that the structure will have no problems under higher torque values or other types of loads that 

were not originally planned. Moreover, this minimum threshold allows having some initial optimisation 

regarding the design weight reduction in case the structure is eventually coupled to the UAS30 platform. 

Besides this, the system maximum torque always depends on both the engine and the propeller since 

the rotational speed value is limited by the propeller RPM range and its efficiency makes the torque 

value vary. Thus, a propeller efficiency of 100% will be considered as a conservative approach measure. 

 

4.2 Sensors Selection 

 

The sensors used were selected through an analytic hierarchy process that can be described in four 

sequent steps [32]: 

 
1) Specify the problem and establish the knowledge required to solve it; 

2) Arrange the decision hierarchy from the top level (primary aim) to the lowest level (alternative 

plan), going through a wide perspective of the objectives (intermediate levels); 

3) Set up pairwise comparison matrices in which the upper level element confronts itself with 

the immediate below level elements; 

4) Perform a repetitive process for every element in which the priorities generated from the 

comparisons are used to assess the immediate below level priorities. After this, add up the 

weighed values for each element to get its global priority (defined by the overall value) and 

determine the general picture (which element suits the situation better). 

 

The priorities values are obtained by solving the following matrix equation [33] 

 [𝐴] {𝑢} = 𝑘{𝑢} (4.2) 
 

where [𝐴] is the pairwise comparisons matrix, {𝑢} is the priorities absolute values vector and 𝑘 is the 

highest of the eigenvalues of [𝐴]. 

Cost, Dynamic range, Resolution, Size and Ease of installation and use were the categories chosen 

for this selection. As shown in Figure 4.2, the UAS team decided that the sensors Ease and Cost were 

the most substantial matters in this assessment.  
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Figure 4.2: Categories priorities values 

 

Data Acquisition System 

 

The UAS team owns several Raspberry Pi boards (Figure 4.3) and uses them to acquire data from the 

sensors installed in the system. Once it can also test the sensors selected for the test bench, it is not 

necessary to make an assessment to select a DAQ system. 

 

 

Figure 4.3: RB Pi board 

 

 

Rotational Speed and Vibration 

 

A piezoelectric commercially available off-the-shelf was the choice for rotational speed measuring. It 

allows to measure rotations up to 195000RPM [34]. The priorities obtained for the five sensors pre-

selected are presented in Figure 4.4. 
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Figure 4.4: Rotational speed sensors overall priorities 

 

 

The piezoelectric (Figure 4.5) is a great asset for the test bench because it can measure both rotational 

speed and vibration at the same time, according to the UAS team Electronics Engineer. 

 

 

 

Figure 4.5: Piezoelectric 

 

 

Torque 

 

For torque measuring, a Load Cell compatible with Raspberry Pi boards was chosen (mostly because 

it is a cheap and easy installation solution) since its priorities were the highest (Figure 4.6). 
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Figure 4.6: Torque sensors overall priorities 

 

This load cell output is a very low voltage that cannot be detected with precision by the  

analogue-to-digital converter, and therefore an instrumental amplifier is needed, according to the team 

Electronics Engineer. An INA125 Operational Amplifier (OpAmp), previously owned by the UAS team, 

was the one selected. The assembly of these two components can be seen in Figure 4.7. 

 

 

Figure 4.7: Load Cell connected to the OpAmp 

 

Thrust 

 

The Load Cell compatible with Raspberry Pi boards obtained the highest priority value for thrust 

measuring as well (Figure 4.8). It also requires an amplifier to increase its output voltage. 
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Figure 4.8: Thrust sensors overall priorities 

 

Engine Temperature 

 

A thermocouple K was the sensor selected for this role (Figure 4.9). It also needs to be connected to 

the OpAmp. 

 

 

Figure 4.9: Engine Temperature sensors overall priorities 

 

 

Figure 4.10 shows the thermocouple three-dimensional model. 

 

 

 

Figure 4.10: Thermocouple model  
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Room Temperature 

 
The UAS team already owned an Infrared Thermometer (MLX90614), whose three-dimensional model 

can be seen in Figure 4.11, that is very useful for room temperature measuring – legitimate ease of 

installation and use (using a Raspberry Pi board).  

 

Figure 4.11: IR Thermometer model 

 

Fuel Consumption 

 
The most thorough way to measure the fuel consumption is using a flow meter. However, they are 

generally costly and hard to install because they require a tube system. For this reason, the Sensirion 

flow meter was dropped and the load cell was selected (the priorities were very even, per Figure 4.12). 

 

 

Figure 4.12: Fuel Consumption overall priorities 

 
The load cell system works as a weighing scale, so knowing the fuel density, the fuel tank weight, the 

initial and the final fuel set (fuel plus fuel tank) weights is enough to calculate the fuel consumption 

during the engine operation. The fuel mass is given by 

 𝑚𝑓𝑢𝑒𝑙 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑢𝑒𝑙 × 𝜌𝑓𝑢𝑒𝑙 (4.3) 

 

and, thus, its volume can be calculated using the following equation: 
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 𝑊𝑓𝑢𝑒𝑙 = 𝑚𝑓𝑢𝑒𝑙 × 𝑔 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑢𝑒𝑙 × 𝜌𝑓𝑢𝑒𝑙 × 𝑔⇔  𝑉𝑜𝑙𝑢𝑚𝑒𝑓𝑢𝑒𝑙 =
𝑊𝑓𝑢𝑒𝑙

𝜌𝑓𝑢𝑒𝑙 × 𝑔
  (4.4) 

 

To get the fuel consumption value, one only needs to time the engine running and calculate the fuel 

volume using equation (4.4). This load cell also requires and OpAmp to amplify its output voltage. 

 

Global Selection 

In sum, besides requiring a computer, the test bench needs 1 DAQ system, 4 OpAmp and 6 sensors: 

1 Raspberry Pi board, 4 INA125, 1 piezoelectric, 3 Raspberry Pi load cells, 1 Thermocouple type K and 

1 Infrared Thermometer. 

 
 

4.3 Test Bench Structure 
 

The test bench structure is divided in two main parts: main structure and protection structure.  

 

4.3.1 Main Structure 

 
The structure is composed of several elements that are mostly welded together and its main goal is to 

withstand the whole test bench set, which includes the motor, the fuel tank and sensors. 

 

Framework 

It is composed of twenty-two 2mm thick 45mm × 45mm and one 2mm thick 60mm x 40mm steel 

rectangle tubes (Figure 4.13), built according to EN 10305-5:2016-03 steel tubes standard [35]. 

 

 
(a) 45mm x 45mm steel tube   (b) 60mm x 45mm steel tube 

Figure 4.13: Structural Steel Tubes 

 
 

Casters 

The caster selected for enabling the test bench rolling movement is shown in Figure 4.14. This wheeled 

device provides a braking system (black part at the right top) and its wheel has a rubber protective layer 

that works as a shield against any potential damage. 
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Figure 4.14: Selected Caster 

 

Fasteners 

 
All the screws and nuts assembled are hex head since this type is the most appropriate and common 

in the aeronautical industry [36]. Figure 4.15 displays all the components selected. 

 
Figure 4.15: Test Bench Fasteners 

 

There are 12 M5x16 steel screws, 1 M5x25 steel screw, 1 M6x35 steel screw, 6 M5x12 steel riveted 

nuts, 12 steel lock washers, 5 R10 washers, 1 M6 nut and 2 M5 to M6 threaded rods. 

 

Thrust Measurement 

 
For this measurement, there is a cylindrical shaft (in blue) that passes through a pillow block (in green), 

both made of AISI 1045 Steel. The engine Thrust is measured by using a load cell, installed at the end 

of the cylindrical shaft, with a maximum capacity of 20kgf (the team leader pointed out that this type of 

engines usually produce a maximum propulsion force of 12kgf), placed right after the pillow block as 

shown in Figure 4.16. 

 

 
Figure 4.16: Thrust measuring Load Cell  
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The vertical screw acts as a safety device (“fuse”) in case the fixing system yields while testing the 

engine, avoiding the propulsion system to be entirely set free. 

 

Torque Measurement 
 
The set is composed by the cylindrical shaft that is fixed to the pillow block in which there are two nylon 

tubes (the purple component in Figure 4.16 represents one of the two) that allows the shaft to rotate. 

Around this shaft there are four plates, made of AISI 1045 Steel: three for structural reinforcement and 

the longest for the sensor installation. The arm designed to measure the torque is 150mm long, as 

shown in Figure 4.17. 

 

 
Figure 4.17: Torque arm length 

 
Thus, the force applied on the load cell for the torque value in equation (4.1) can be calculated by: 

 𝐹𝑙𝑜𝑎𝑑 𝑐𝑒𝑙𝑙 =
𝑄𝑃 𝑚𝑎𝑥
𝑎𝑟𝑚

=
4.24

0.15
= 28.267𝑁 =

28.2667

9.81
𝑘𝑔𝑓 = 2.881𝑘𝑔𝑓 (4.5) 

 
Therefore, a load cell with a maximum capacity of 5kgf is used for measuring the Torque and positioned 

as Figure 4.18 shows. 
 

 
Figure 4.18: Torque measuring Load Cell  
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Fuel Consumption Measurement 

 
To measure the fuel consumption, a weighing scale system is used. This set is composed by a load 

cell and a 2024 T3 Aluminium plate (fixed on the load cell by a welded M5 screw) and is installed at the 

top of the test rig structure, fixed to a structural tube using another M5 screw. Figure 4.19 displays the 

this set configuration. 

 

 
Figure 4.19: Fuel Consumption measuring set 

 
Since the fuel tank mass is 240g (info provided by the team leader), its full capacity is 3L and the fuel 

density (around 0.77 kg/L) is lower than the water density (1kg/L), the maximum weight on the plate will 

be around 3kg (by excess). Therefore, a load cell with maximum capacity of 5kgf was selected for this 

task. 

 

Rotational Speed, Vibration and Temperature Measurements  

 
The piezoelectric device measures both engine rotational speed and vibration. It must be placed on 

the engine surface in order to feel its shake. The thermocouple must touch the engine as well, to properly 

measure its temperature. The position of these components can be seen in the following figure. 

 

 

Figure 4.20: Rotational Speed, Vibration & Temperature measuring set  
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Storage Compartment 

 
A 750mm × 740mm wooden drawer (Figure 4.21) was designed to fit at the test bench structure 

bottom. It can be used to store the maintenance tools and the propulsion system spare parts. 

 

 

Figure 4.21: Test Bench Wooden Drawer 

 

4.3.2 Protection Structure 
 

This protection structure is composed of twelve 2mm thick 45mm × 45mm steel rectangle tubes 

welded together, built according to EN 10305-5:2016-03 steel tubes standard [35], and five metallic nets 

(represented in yellow in Figure 4.22) designed to avoid something getting hit by the propeller in case it 

gets loose. 

 

 

Figure 4.22: Test Bench protective structure  
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Chapter 5 

5 Stress and Structure Natural Frequencies Analyses 
 

 

Using analytical calculations and FEM software (HyperMesh, HyperView and NASTRAN), it was 

possible to validate the test bench design by sections (Figure 5.1). 

Firstly, the fuel tank structural set was assessed. For this, several idealisations were taken into account, 

namely, considering some components (fixing screws, load cell and connection between the aluminium 

plate and the fuel tank gravity centre) as cantilever beams, which are structural elements with two ends: 

one fixed and the other completely free. In this sense, the next subchapter is purely dedicated to the 

theory behind the cantilever case. 

Secondly, the structure where the engine is fixed was evaluated in terms of stress and displacement 

caused by both the propulsion force and the engine torque. This analysis was carefully conducted since 

it was a great asset to the engine firewall installed in the UAS, which is made of aluminium. 

Finally, the framework natural frequencies were obtained to assess the dynamic interaction between 

the power source and the structure. 

 

 

Figure 5.1: Test Bench sections to be studied 

 

 

FEM Theoretical Principles 

 

Mathematical models are developed to be analytical descriptions of a structure physical behaviour, 

usually using very complex equations that can be applied to non-simple domains (geometries and 

materials), to aid the assessment of many existent problems in engineering. A numerical simulation is 

often performed using a computer system and numerical methods to help designing and manufacturing 

industrial structures. 
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The basic idea of the finite element method is to divide a domain into a collection of subdomains (finite 

elements), assumed to be geometric regions where equations are solved and afterwards assembled 

using inter-element relationships, i.e., a process to transform a big problem into a set of simpler and 

smaller problems, obtaining an approximate solution [37]. 

This procedure can lead to three different types of modelling errors: 

1. “Geometry” errors that depend on the domain division precision; 

2. Approximation errors that depend on the chosen interpolation functions, which are a linear 

combination of known functions and unknown coefficients, obtained through the process of 

satisfying the governing equations in a weighted-integral sense (these equations are derived 

using the interpolation theory); 

3. Assembly errors that appear when the equation system is finally assembled. 

 

 

5.1 Fuel Consumption Measuring System 

 

 

The only external force acting in this situation is the fuel tank weight (around 3kg that equals 29.43N 

using 9.81ms-2 for the gravitational acceleration). Thus, this analysis started by calculating the fuel tank 

centroid (its centre of gravity). For doing this, the fuel tank was divided in simple geometrical sections 

on its midplane, because it is a symmetric body, and each centroid coordinate was calculated by using 

the next equation [38] 

 

 �̅� =
∑ 𝐴𝑖  𝑥𝑖  𝑖

𝐴𝑡𝑜𝑡𝑎𝑙
 (5.1) 

 

 

where 𝐴𝑖 is the area of each section, 𝑥𝑖 is the centroid coordinate of each section and 𝐴𝑡𝑜𝑡𝑎𝑙 is the total 

area of the fuel tank on its midplane. 

 

5.1.1 Stiffness Assessment 
 

As a preliminary analytical study, all the fuel tank set components were assumed to be beams with 

circular cross sections with the same radius as the fixing M5 screws, i.e., 2.5mm. This is certainly a 

rough approximation, yet an enlightening and fair way to understand the kinematics concerning this 

problem. The following figure illustrates the simplification established from the design model (bear in 

mind that there are two M5 screws holding the load cell – one welded to the rounded aluminium plate 

and another fixed to the tube). 
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Figure 5.2: Fuel Tank Set Analytical Analysis Simplification 

 

 

In this simplification, there are four beams (in light green) that represent, from left to right, the fixing 

screw, the load cell, the welded screw and, lastly, the connection between this screw and the fuel tank 

centre of gravity (CG). The only existent external force is the fuel tank weight (in red) that is applied at 

the CG and, at the furthest left bottom point (node 5), the structure is totally fixed, i.e., all the six degrees 

of freedom are constrained, because the screw cannot move at all around at that position as the tube 

under is entirely steady. 

The primary aim is to evaluate the structure stiffness by calculating each connection point displacement 

and rotation. Since it was assumed that each part of this structure behaves like a beam and admitting 

each link between them is perfectly merged, these values can be obtained following a continuous 

calculation procedure where the previous displacement and rotation values are added up to the next 

beam. 

 

The first step is separating and individualising all the four beams. The assessment shall be started by 

picking one of the two outermost beams and analysing its equilibrium, i.e., perceiving what are the 

moments and the forces applied at its ends. In this particular case, it is easier to pick the one from the 
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left (beam that connects node 5 to node 4) since the results are already known due to the fully 

constrained point – there is no freedom, therefore all results will be zero.  

For this beam, it is apparent that there will be a compressive axial force (negative z direction) and a 

moment (M4) normal and towards the figure (positive y direction) applied at its upper end, due to the 

arm between the node where the force is applied (node 1) and the fully constrained node. Hence, for 

the analytical calculations, the effects of the force and the moment shall be separately considered and 

then the results obtained for each case shall be combined. This process leads to the principle of 

superposition, which is only valid if each load effect is linearly related to the load that produces it and 

the deformation that results from that load is small enough such that it does not affect the application 

conditions of the remaining loads [39]. It is expected to have little deformations because the load applied 

is considerably small and the components will never leave the elastic domain. Thereby, this principle is 

applicable to the whole structure. 

The following beam (nodes 4 and 3) will be fully constrained at node 4 and will have a smaller moment 

(M3) than the previous one because the arm between nodes 3 and 1 is shorter. The fuel tank weight will 

surely be felt at this beam end as well, but in this case as a shear force (vertical force). 

The beam that connects node 3 to node 2 will have the moment M3 applied too and the fuel tank weight 

as a compressive force, both at node 2 end. The beam will be fixed at the node 3 end. 

Lastly, the remaining beam will be a different case from the preceding ones mainly because it is slightly 

inclined from the vertical. Therefore, the fuel tank weight shall be decomposed in two components: one 

towards the beam and another perpendicular to it. The axial one will be a compressive force and the 

other will be a shear force, both felt at the node 1 end. The other end will be completely fixed, avoiding 

the beam to be underconstrained. 

 

The next figure shows how the internal forces and moments distribution behaves throughout the entire 

structure. The two vertical beams were rotated ninety degrees positively in the y direction so that it could 

be easier to analyse them, meeting the standard configuration. The analysis for each beam calculations 

is presented after the figure, following the cantilever beam case. 

 

 

Figure 5.3: Beams forces and moments distribution 

 



34 
 

Since there will be axial forces, shear forces and moments applied at the ends of the four beams, 

different equations are required for obtaining the wanted displacements and rotations, that is to say, the 

correct equations shall be applied for obtaining the nodes deflections and slopes. One shall bear in mind 

that the previous values for both the deflection and the slope must be added up to the following beam 

case, i.e., the next beam results depend on the values obtained for the prior beam. 

 

If Timoshenko contribution is neglected for the case where there is only a shear force P applied at the 

beam end, Bernoulli equations can be used for deflection and rotation calculations, respectively, since 

the outcome is the same as assuming that the beam is infinitely rigid in shear, that is to say [40] 

 𝐾𝐴𝐺 = ∞ (5.2) 

 

where 𝐾 is the Timoshenko Shear Coefficient, 𝐴 is the cross-sectional area and 𝐺 is Shear Modulus. 

The term 𝐾𝐴𝐺 is known as Shearing Rigidity. For a circular cross section, one has 

 𝐾 =
6(1 + 𝜗)

7 + 6𝜗
 (5.3) 

 

 

as the result for the Shear Coefficient, where 𝜗 represents the Poisson’s Ratio. The Shear Modulus can 

be obtained through (for isotropic materials, like metals) [41]: 

 𝐺 =
𝐸

2(1 + 𝜗)
 (5.4) 

 

 

When the extra term 
𝑃(𝑥−𝐿)

𝐾𝐴𝐺
 is neglected, both Timoshenko beam theory result and Euler-Bernoulli 

theory result for the cantilever static case are the same.  

When there is solely a moment M applied at the end of the beam, it is under a pure bending condition, 

i.e., there are no axial, shear and torsional forces in the structure. Since the shearing effect no longer 

exists, Timoshenko theory does not apply anymore. Thus, Euler-Bernoulli theory equations are used for 

this case. The deflection and the slope at the end A where the moment M is applied (in absolute value) 

are respectively given by: 

 𝑦𝐴 = −
𝑀𝐿2

2𝐸𝐼
 (5.5) 

 

 𝜃𝐴 =
𝑀𝐿

𝐸𝐼
 (5.6) 
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For the axial loading cases, i.e., for the beams with an axial force F applied at the end, if the resulting 

normal stress (which is equal to the axial force divided by cross-sectional area) does not exceed the 

elastic limit, Hooke’s Law can be applied. Hence, the strain is equal to [42]: 

 휀 =
𝜎

𝐸
=
𝐹

𝐸𝐴
 (5.7) 

 

 

The displacement caused by this force at the end A can be obtained using equation (5.8), where 𝐴 is 

the cross-sectional area. The displacement happens in the x direction. There is no rotation generated 

by axial forces. 

 𝛿 = 휀𝐿
𝛿=𝑥𝐴
⇔  𝑥𝐴 =

𝐹𝐿

𝐸𝐴
 (5.8) 

 

The deflections and rotations of nodes 4, 3, 2 and 1 were calculated based on the principle of the 

superposition through the analytical equations previously presented. This results were calculated for the 

coordinate system of Figure 5.2. It was known beforehand that there would not be any rotations in both 

x and z directions and there would be no deflections in y direction, turning this analysis into a 2D 

problem. The Free Body Diagram (FBD) for this problem is displayed in Figure 5.4. 

 

 

Figure 5.4: FEM Simplification Model FBD 

 

This body can be divided into the four elements indicated and then each element can be studied 

separately in terms of balance of internal forces. In the beginning, what is known is that the only external 

force applied is the fuel tank weight, it is applied at the furthest top point and the Single Point Constraint 
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(SPC) located at the bottom will react to this force through a positive vertical force and a negative 

moment in the y direction (counter clockwise) – this moment appears due to the distance between the 

SPC point and the point of application of the force.  

 

By starting with element number 1 to assess the internal forces distribution throughout the structure, 

one can obtain the following individual FBDs for the whole structure, including the forces and moments 

felt by each point. 

 

 

Figure 5.5: FEM Simplification Model Internal Force and Moment distribution 

 

 

For element number 1, the distance in x direction between point A and point B (𝑑𝑥 𝐴𝐵 1) is equal to 

5.247mm. Thus, knowing the force value and considering the coordinate system in Figure 5.4, the 

moment 𝑀1 can be calculated. 

 𝑀1 = −𝐹 × 𝑑𝑥 𝐴𝐵 1 = −29.43 × 5.247 = −154.416𝑁𝑚𝑚 (5.9) 
 

 

Since there is no other vertical force besides the fuel tank weight, the reaction felt by point B (that 

belongs to the same element) is equal to the applied force. Thereby: 

 𝑅 = 𝐹𝑎𝑝𝑝 = 29.43𝑁 (5.10) 

 

 

For element number 2, both values are already calculated in equations (5.9) and (5.10). 
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In element number 3, a new moment will appear due to the reaction force 𝑅. This element length is 

equal to 40mm, i.e., 𝑑𝑥 𝐴𝐵 4 = 40𝑚𝑚 . The expression for 𝑀2 is: 

 𝑀2 = 𝑀1 − 𝑅 × 𝑑𝑥 𝐴𝐵 4 = −154.416 − 29.43 × 40 = −1331.616𝑁𝑚𝑚 (5.11) 

 

 

Finally, for the last element (number 4), both values are the same as the previously calculated in 

equations (5.10) and (5.11). 

A FEM model was then produced to validate the analytical results obtained, as shown in Figure 5.6. 

 

 

 

 

Figure 5.6: FEM Simplification Model 
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For this model, 4 CBARs elements were used to represent the beams. A CBAR is a 1D element with 

two nodes and six degrees of freedom per node, three translations and three rotations, which uses 

Timoshenko Beam Theory for obtaining the values for the displacements [43]. The property selected for 

these elements is PBARL (L stands for the cross sections library) and their cross section was selected 

as ROD. PBARL is a Simple Beam Cross Section property that refers to a MAT1 material (isotropic 

material) and the ROD cross section is circular. A SPC was applied at node 5 to all the degrees of 

freedom to symbolise the clamped end and the force applied at node 1 represents the fuel tank weight. 

Figure 5.7 introduces a CBAR element geometry. 

 

 

Figure 5.7: CBAR Element Geometry and Coordinate System [44] 

 

Besides adding up the results for each one of the three cases (only shear force, only axial force and 

pure bending) presented above using the principle of the superposition, the effect of the prior node 

rotation in the next node total deflection could not be neglected, i.e., by having the prior node rotating, 

the next node experienced an extra displacement due to the length between the two nodes (beam length 

that works as an arm), just as described in the next equation [45] 

 𝑏𝑒𝑎𝑚 𝑙𝑒𝑛𝑔𝑡ℎ × 𝛾 = 𝛿 (5.12) 

 

where 𝛾 is the prior node rotation and 𝛿 is the contribution of the prior node in the next node total 

deflection. 

 

The analytical results were compared to the ones obtained using NASTRAN solver and the deviations 

calculated. These results can be seen in Table 5.1 and the deviations in Table 5.2. 



39 
 

Node 5 4 3 2 1 

Displacement x [mm] 0 5.897x10-3 5.897x10-3 9.227x10-2 4.454x10-1 

Displacement z [mm] 0 -5.525x10-5 -1.874x10-1 -1.875x10-1 -2.256x10-1 

Rotation y [rad] 0 1.600x10-3 6.444x10-3 6.773x10-3 7.394x10-3 

Total Displacement [mm] 0 5.898x10-3 1.875x10-1 2.090x10-1 4.993x10-1 

 
Table 5.1: Simplification Beam Model Analytical Results 

 

Node 5 4 3 2 1 

Deviation displ x [%] 0 1.138x10-4 2.390x10-2 1.433x10-3 1.135x10-3 

Deviation displ z [%] 0 1.761x10-5 1.761x10-2 1.763x10-2 1.447x10-2 

Deviation rot y [%] 0 9.095x10-5 5.775x10-5 1.449x10-4 2.501x10-4 

Deviation total displ [%] 0 1.138x10-4 1.762x10-2 1.447x10-2 3.858x10-3 

 
Table 5.2: Simplification Beam Model NASTRAN Deviations 

 

 

By assessing the tables, one can assert that the FEM model confirms the analytical results with a 

maximum deviation of 0.0239%. The maximum deflection felt by the entire structure is equal to 0.5mm. 

 

 

As a matter of fact, the fuel tank structure does not behave as a set of linked beams: the load cell 

sensor and the connection between the welded screw and the fuel tank centre of gravity are assumed 

to be entirely rigid. In other words, their stiffness is very high and therefore the full structure will act 

differently from what was established before. Only the screws can be modelled as perfect beams 

because it is known that they can yield when put under situations of high tension forces – compressive 

forces are easily bearable for them. Hence, the diagrams presented in Figure 5.3 are not valid anymore 

and must be changed: 4-3 node and 2-1 node elements will not feel the deflection caused by forces and 

moments but only the rotation effects (rigid elements), i.e., the displacement of nodes 1 and 3 will be 

only due to the prior nodes rotation, calculated using equation (5.12), and this nodes slopes will be 

exactly the same as the previous ones since these elements do not bend. This configuration will make 

the analytical problem easier than the previous problem studied, in which every element was considered 

as a beam. 

 

 

In terms of FEM, there were some obvious changes regarding the model to be created, owing to the 

fact that two beams were replaced by rigid elements. The structure was then designed using 2 CBARs 

(in light blue) and 2 Rigid Body Elements 2 (RBE2, in pink), as shown in Figure 5.8. 

The CBARs represent the screws that fix the load cell to the both ends of the structure (subject to axial 

forces and bending moments) and the RBEs represent both the load cell, the fuel tank and the aluminium 

plate that bears it (these two stand together in one RBE) because these components are assumed to 

be totally rigid, as mentioned before. The force applied represents once again the fuel tank weight and 

the application point is, naturally, the fuel tank centre of gravity. 
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Figure 5.8: Fuel Tank Set FEM Design 

 

 

Once connected to a structure, a RBE only delivers either forces or displacements to it. There are two 

main types of connection elements on NASTRAN: RBE2 and RBE3. The first one is commonly 

considered to be infinitely stiff, transforms an applied moment into forces and only transmits 

displacements to the structure it is connected to, while the second is an interpolation element, obtained 

through equations, that does not insert any additional stiffness to the model. This element either 

measures or transmits forces and moments to the structure [46]. 

 

The analytical results obtained for this model are presented in Table 5.3. 

 

Node 5 4 3 2 1 

Displacement x [mm] 0 5.897x10-3 5.897x10-3 2.896x10-2 1.237x10-1 

Displacement z [mm] 0 -5.525x10-5 -6.405x10-2 -6.415x10-2 -7.427x10-2 

Rotation y [rad] 0 1.600x10-3 1.600x10-3 1.929x10-3 1.929x10-3 

Total Displacement [mm] 0 5.898x10-3 6.432x10-2 7.038x10-2 1.443x10-1 

 
Table 5.3: Fuel Tank Model Analytical Results 
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As expected, the results for the model with the rigid elements are smaller than the all bars model since 

it is more constrained due to the global structure stiffness (0.14mm vs 0.50mm). The NASTRAN 

deviations were also calculated as in the previous model. 

 

Node 5 4 3 2 1 

Deviation displ x [%] 0 1.138x10-4 8.236x10-3 1.628x10-3 2.663x10-4 

Deviation displ z [%] 0 1.761x10-5 1.086x10-4 1.079x10-4 2.523x10-4 

Deviation rot y [%] 0 9.095x10-5 9.095x10-5 2.403x10-4 2.403x10-4 

Deviation total displ [%] 0 1.138x10-4 1.769x10-4 3.653x10-4 1.289x10-4 

 
Table 5.4: Fuel Tank Model NASTRAN Deviations 

 

By evaluating the values presented in the tables, one can say that this FEM model confirms once more 

the analytical results with a maximum deviation of 0.008%. As previously referred, the maximum 

structure deflection is equal to 0.14mm. 

 

 

Using HyperView, a stress analysis post-processing software, it was possible to notice the fuel tank 

weight effect on the structure by plotting the final deformation (colourful), with a deformed shape scale 

value of 100 applied (100 times higher than the real deformation value), versus the underformed shape 

(black line). This comparison can be observed in the following figure, in which the displacement results 

are listed on the left. 

 

 

 

Figure 5.9: Fuel Tank Set Deformed Shape vs Underformed Shape  
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5.1.2 Strength Assessment 
 

As shown in Figure 5.5, both vertical elements, which represent the two M5 fixing screws used in the 

fuel tank structure set, are only under the effect of axial forces and bending moments, so any chance of 

having shear effects can be excluded. Since the axial forces are inwards, there will be solely 

compression and, for this range of applied forces, there will be no problems for the screws to sustain 

the low compressive load. However, for the bending moment it is a totally different situation. The M5 

fixing screws are made of AISI Type 304 Stainless Steel that has a yield tensile strength of 215MPa and 

an ultimate tensile strength of 505 MPa [47]. Knowing the applied moment, one can obtain the applied 

stress, with the second moment of area, 𝐼, calculated using the following equation [48]: 

 𝐼 =
𝜋

4
× 𝑟𝑎𝑑𝑖𝑢𝑠4 (5.13) 

 
For the M5 screw on the right (element number 2), the moment felt has a value of -154.416Nmm. 

Thereby, the applied stress is: 

 𝜎𝑎𝑝𝑝 (2) = −
𝑀1 × 𝑟𝑎𝑑𝑖𝑢𝑠
𝜋
4
× 𝑟𝑎𝑑𝑖𝑢𝑠4

= −
−154.416 × 2.5

𝜋
4
× 2.54

= 12.58𝑀𝑃𝑎 (5.14) 

 
This value is very low compared to the critical ones mentioned before and, therefore, this screw is 

inside the stress value safe range, i.e., the load applied does not put the screw in jeopardy, nor in an 

elastic deformation situation and much less in fracture. For the other M5 screw (element number 4), the 

moment felt is equal to -1331.616Nmm. Hence, the applied stress is: 

 𝜎𝑎𝑝𝑝 (4) = −
𝑀2 × 𝑟𝑎𝑑𝑖𝑢𝑠
𝜋
4
× 𝑟𝑎𝑑𝑖𝑢𝑠4

= −
−1331.616 × 2.5

𝜋
4
× 2.54

= 108.51𝑀𝑃𝑎 (5.15) 

 

Once again, the value obtained for the stress applied is much lower than the yield and the ultimate 

values. So, this screw will be also safe like the other one. Despite being within the safety range, it is 

interesting to calculate the Margin of Safety, a common factor used in aircraft design. It is given by [49]: 

 𝑀𝑆 =
𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 − 𝜎𝑎𝑝𝑝 

𝜎𝑎𝑝𝑝 
=
𝜎𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒
𝜎𝑎𝑝𝑝 

− 1 (5.16) 

 
In this case, the allowable stress value equals the ultimate tensile strength value. Thus, for the screw 

on the right: 

 𝑀𝑆𝑙𝑖𝑚 (2) =
505

12.58
− 1 = 39.1 → 𝑀𝑆𝑢 (2) > 1 (5.17) 

 
And for the other screw: 

 𝑀𝑆𝑙𝑖𝑚 (4) =
505

108.51
− 1 = 3.7 → 𝑀𝑆𝑢 (4) > 1 (5.18) 
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5.2 Thrust and Torque Measuring System 
 
Before analysing the set through a FEM model, i.e., meshing and applying both constraints (by 

assessing the boundary conditions) and forces to the designed model, some calculations must be made 

to evaluate the stress condition of its supports. 

 
 

5.2.1 CATIA Design 
 
The expected value for the propulsion force is 117.72N, that is the same as 12kgf (see Table 3.1). It is 

going to be directly read by the sensor located at the end of the cylindrical shaft so it is not relevant for 

this evaluation. However, the torque produced by the engine will create a downwards vertical force at 

the lateral sensor position, indicated in Figure 5.10. Two nylon tubes (in purple, the aft one is invisible 

in the figure) situated inside the pillow block will react this force and consequently transmit it to the four 

screws (A, B, C and D) positioned at the bottom plate. These screws fix this set to the main structure. If 

the force is purely vertical, there will be no bearing stress at pillow block base or/and at the structure 

tube in which the pillow is fixed (no shear forces). 

 

 

Figure 5.10: Forces and screws positions for calculation 
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The magnitude of the force applied on the torque sensor is expected to be 28.267N, according to 

equation (4.5).  

 𝑅𝑠𝑒𝑛𝑠𝑜𝑟 = 28.267𝑁 (5.19) 

 
Knowing this, it is possible to calculate the forces the screws will be subject to. 
 
The engine, through its rotating shaft, exerts a certain amount of torque. This torque is carried by the 

vertical steel plate the engine is fixed to until it reaches the torque sensor (via the torque sensor steel 

plate) and the nylon tubes (via the shaft that is welded to the vertical steel plate). The sensor produces 

a reaction force Rsensor, the front nylon tube produces a reaction force R1 (felt by the front shaft area) 

and the aft nylon tube produces a reaction force R2 (felt by the aft shaft area), as displayed in Figure 

5.11. 

 

 
Figure 5.11: First Torque Load Path 

 
The reaction forces R1 and R2 are then transmitted to the pillow block structure via the nylon tubes. 

The pillow block front area (front nylon tube location) will feel a force Ffront and the pillow block aft area 

(aft nylon tube location) will experience a force Faft. These forces will be then reacted by four reaction 

forces at the pillow block bottom screws locations (equal to the forces exerted by the screws): RA, RB, 

RC and RD. These load path can be examined in Figure 5.12. 

 

 
Figure 5.12: Second Torque Load Path 
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One can start by computing the forces on the nylon tubes. For this, an equilibrium of moments in the y 

direction must be done either at the front or at the aft positions. By setting the equilibrium at the front 

position, the following equation can be obtained (considering the aft force to be downwards): 

 

 ∑𝑀𝑦 𝑓𝑟𝑜𝑛𝑡 = 0⇔ 28.267 × 𝑑𝑥 𝑓𝑟𝑜𝑛𝑡 − 𝐹𝑎𝑓𝑡 × 𝑑𝑥 𝑎𝑓𝑡 = 0  (5.20) 

 

Knowing the design distances between the points, it is possible to get the value for the aft force (positive 

sign means it is indeed downwards): 

 

 28.267 × 34.836 − 𝐹𝑎𝑓𝑡 × 100 = 0⇔ 𝐹𝑎𝑓𝑡 = 9.847𝑁 (5.21) 

 

Since the force applied on the sensor should be counteracted by the two nylon tubes, the front force 

can be easily computed (positive sign means the force is upwards): 

 

 𝐹𝑓𝑟𝑜𝑛𝑡 − 𝐹𝑎𝑓𝑡 − 𝐹𝑠𝑒𝑛𝑠𝑜𝑟 = 0⇔𝐹𝑓𝑟𝑜𝑛𝑡 = 9.847 + 28.267⇔ 𝐹𝑓𝑟𝑜𝑛𝑡 = 38.114𝑁 (5.22) 

 

An analogy for the bottom plate and pillow block set can be made, regarding the equilibrium of forces 

in the z direction. Thus, considering all the screw forces to be downwards, one gets: 

 

 ∑𝐹𝑧 = 0⇔−𝐹𝐴 − 𝐹𝐵 − 𝐹𝑐 − 𝐹𝐷 + 𝐹𝑓𝑟𝑜𝑛𝑡 − 𝐹𝑎𝑓𝑡 = 0 (5.23) 

 

That is the same as: 

 

 𝐹𝐴 + 𝐹𝐵 + 𝐹𝑐 + 𝐹𝐷 = 28.267𝑁 (5.24) 
 

The equilibrium of moments in direction y at the aft point can be then established (A&D are in the same 

x position, 𝑑𝑥 𝐴 , and B&C are in the same x position, 𝑑𝑥 𝐵 ): 

 

 ∑𝑀𝑦 𝑎𝑓𝑡 = 0⇔ 𝑑𝑥 𝐴 (𝐹𝐴 + 𝐹𝐷) + 𝑑𝑥 𝐵(𝐹𝐵 + 𝐹𝐶) − 𝑑𝑥 𝑎𝑓𝑡 × 𝐹𝑓𝑟𝑜𝑛𝑡 = 0  (5.25) 

 

By symmetry, it is noticeable that: 

 

 𝐹𝐴 = 𝐹𝐷  ⋀  𝐹𝐵 = 𝐹𝐶 (5.26) 
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Thereby, rewriting equation (5.23), one obtains: 

 

 2 × 𝐹𝐴 + 2 × 𝐹𝐵 = 28.267𝑁⇔𝐹𝐴 =
28.267

2
− 𝐹𝐵 (5.27) 

 

Substituting the values of the design distances, 𝑑𝑥 𝐴  and 𝑑𝑥 𝐵 , and the previous result in equation 

(5.25), the force at the point B can be calculated: 

 

 2 × 15 × (
28.267

2
− 𝐹𝐵) + 2 × 85 × 𝐹𝐵 − 100 × 38.114 = 0 ⇔ 𝐹𝐵 = 24.196𝑁 (5.28) 

 

The force at point A can be then calculated using equation (5.27): 

 

 𝐹𝐴 =
28.267

2
− 24.196 = −10.062𝑁 (5.29) 

 

Finally, all the forces exerted by the screws are (negative sign means the force is upwards): 

 

 𝐹𝐴 = 𝐹𝐷 = −10.062𝑁  ⋀  𝐹𝐵 = 𝐹𝐶 = 24.196𝑁 (5.30) 

 

These forces are exactly the opposite of the forces that the structure feels, i.e., the front part of the 

bottom plate (B&C points) is going up and the rear part (A&D points) moves down. 

The screws situated at B and C are under a tension load, the limit Margin of Safety can be determined 

likewise it was calculated for the fuel tank fixing screws, using equation (5.16). Since the forces exerted 

have the same value, the Margin of Safety will be the same. The applied stress is equal to: 

 𝜎𝑎𝑝𝑝 (𝐵) = 𝜎𝑎𝑝𝑝 (𝐶) =
𝐹𝐵
𝐴
=

𝐹𝐵
𝜋 × 𝑟𝑎𝑑𝑖𝑢𝑠2

=
24.196

𝜋 × 2.52
= 1.232𝑀𝑃𝑎 (5.31) 

 

 

Hence, the limit Margin of Safety is: 

 𝑀𝑆𝑙𝑖𝑚 (𝐵) = 𝑀𝑆𝑙𝑖𝑚 (𝐶) =
505

1.232
− 1 = 408.9 → 𝑀𝑆𝑢 (𝐵) > 1  (5.32) 

 

 

As mentioned in the end of subchapter 4.1, the torque value considered is not the maximum. 

Nevertheless, for calculation purposes, the analysis is linear, and therefore CEiiA UAS team can 

extrapolate the values after the engine test if the linearity is kept (far from yield values). 
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5.2.2 FEM Simplified Approach Model 
 

A FEM model was created as a preliminary step to validate the results from the previous calculations. 

Due to some geometry simplifications, the design distances used in the calculations were slightly 

modified but, theoretically (based on the equations on the preceding page), the forces exerted by the 

screws keep unchanged. The only values that might vary a little are the forces felt by the front and aft 

points because the arm distances are different when equations (5.20) and (5.22) are applied since the 

geometrical simplifications change these distances values. This model is displayed in the next figure. 

 

 

Figure 5.13: Propulsion System Simplified Approach FEM model 

 

In this model, the engine CG is represented by a point linked to four aluminium shock absorbers (in 

blue: bar elements, 1D elements) by one RBE2 (in orange: rigid element) and one RBE3 (in orange: 

interpolation element). The RBE2 connects the master node (geometrically coincident with the point 

representing the engine CG), where the engine torque is applied, to the slave nodes along the 2 and 3 
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degrees of freedom (translations in the y and z directions, respectively), guaranteeing that only the 

forces in the y and z directions are transmitted. The RBE3 connects a dependent node (geometrically 

coincident with the point representing the engine CG but not merged with the RBE2 master node), where 

the propulsion force is applied, to four independent nodes (merged with each correspondent RBE2 slave 

node) along the degree of freedom number 1 (translation in the x direction), guaranteeing that the force 

in the x direction is transmitted. 

Each shock absorber is connected to a M5 screw (in yellow: bar element, 1D element) that fixes the 

engine to a vertical steel plate (in berry colour: shell elements, 2D elements). 

This plate is bonded to four steel plates: three of them are completely similar, whose aim is to 

strengthen the structure, and the other one attaches the torque sensor to the structure (in brick colour: 

shell elements, 2D elements). 

This torque sensor is represented by a SPC constrained along the degree of freedom number 3 

(translation in the z direction) so that it can measure the force produced by the engine torque, as 

described in sub subchapter 4.3.1. 

The shaft is represented by six CBARs. The first three on the right (Figure 5.14) are merely used to 

merge the plates to the shaft itself. The fourth one links these three to the fifth CBAR and to the RBE2 

that is connected to the pillow block top part along the degree of freedom number 3. The fifth connects 

the previous CBARs to the last one (sixth) and to another RBE2 that is attached to the pillow block 

bottom part also along the degree of freedom number 3. The sixth finishes the shaft outline and joins it 

to a SPC that represents the thrust load cell. Both RBE2 master nodes belong to the shaft CBARs and 

the slave nodes are part of the pillow block 2D mesh (in green). There are only two RBE2 in the 

connections between the shaft and the pillow block because the accuracy for the forces results would 

decrease with a higher number of RBE2 used since the forces start to be unrealistic: instead of only 

having vertical forces that represent the shaft either pulling (aft) or pushing (front) the pillow block, there 

would be a mixing situation where the shaft was pulling and pushing the pillow block at the same time, 

in the same position (aft or front). 

 

 
Figure 5.14: Shaft CBARs Outline in white 



49 
 

After being carried all over the pillow block, the force concentrates in four SPCs located at the pillow 

block base. These SPCs have each of their degrees of freedom (1 to 6) fixed because they symbolise 

the screws used to fix this structure to the main test bench frame, avoiding it to either move or rotate in 

any direction. 

Regarding the propulsion force, it follows the same path as the engine torque but, after reaching the 

vertical plate, it goes throughout the shaft CBARs and finally stops at the propulsion force load cell, 

represented in this model by a SPC fixed in both 1 and 2 degrees of freedom. The propulsion force is 

purely axial in the x direction so, supposedly, fixing the degree of freedom number one should be enough 

to measure the force value accurately. Nevertheless, the degree of freedom number 2 must be fixed to 

avoid any chance of having rigid body motion – this is the reason why a SPC fixed in the same degree 

of freedom is located at the middle of the vertical plate. 

The other 1D elements used are CBARs that represent the aluminium shock absorber, the steel screws 

which fix the engine to the vertical plate (in berry colour) and the cylindrical shaft. These elements have 

PBARL property and their cross section is ROD, i.e., they have a circular shape, as mentioned before. 

The remaining steel structure is modelled using 2D elements and every single one of them has 

PSHELL property. To avoid any error with its bending behaviour, the mesh is exclusively composed of 

CQUAD4 (four-node element) elements to the detriment of CTRIA3 (three-node element) because these 

are Constant Strain Triangles elements and their usage must be avoided [50]. The element size should 

be selected considering the Thin Plate Theory: to respect the concept, the two dimensions (element 

size) of the quadrilateral must be much longer than the thickness value [51]. For this to happen, the 

usage of cube elements must be prevented. 

The CQUAD4 is a Quadrilateral Plate Element with four nodes and the PSHELL is a Shell Element 

Property that sets the membrane, bending and transverse shear properties of the 2D elements 

composed of a MAT1 material (isotropic material). Figure 5.15 shows the geometry of this element. 

 

 
Figure 5.15: CQUAD4 Element Geometry and Coordinate Systems [52] 

 



50 
 

Figure 5.16 displays the HyperView image where the displacements, in mm, are tabled for the analysis 

run with this mesh. 

 

 

Figure 5.16: Propulsion System Simplified Approach Model Displacement Results 

 

The colourful part represents the deformed shape of the propulsion system set, with a deformed shape 

scale value of 50. On the other hand, the black lines represent the initial underformed shape of this set. 

The range of values presented seems to be plausible for this model, considering the force and moment 

values initially applied at the furthest right point. However, to confirm that the designed set is working 

properly when both the force and the moment are applied at the same time, a comparison shall be made 

between the analytical results previously calculated and the results obtained after running the simulation 

for the model displayed above. The SPC (four M5 fixing screws, both thrust and torque load cells, the 

extra SPC for avoiding rigid body motion and the point where the force and the moment are applied) 

forces results obtained using NASTRAN can be seen in the next table. 

 

 

Table 5.5: Simplified Approach Model NASTRAN SPC Forces (screw nodes forces highlighted) 

 

Comparing the values inside the red rounded box and the results obtained in equation (5.30), one can 

tell they have the same order of magnitude. 
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In Table 5.6, where negative sign means the force is downwards, the results were organised and the 

deviations (in percentage) were also determined. 

 

 NASTRAN Analytical  

Position Force Value [N] Force Value [N] Deviation [%] 

A 8.6585 10.0622 13.95 

B -22.2796 -24.1957 7.92 

C -22.2796 -24.1957 7.92 

D 8.6585 10.0622 13.95 

 
Table 5.6: Screw Results and Deviations for the Simplified Approach Model 

 

The NASTRAN values seem to be quite low for the screws under tension, regarding the maximum 

force value they can sustain. To corroborate this, the limit Margin of Safety shall be calculated: 

 𝑀𝑆𝑙𝑖𝑚 (𝐵)𝑁𝐴𝑆𝑇𝑅𝐴𝑁 = 𝑀𝑆𝑙𝑖𝑚 (𝐶)𝑁𝐴𝑆𝑇𝑅𝐴𝑁 =
505 × 𝜋 × 2.52

22.2796
− 1 = 444.1 > 1 (5.33) 

 

 

In order to assure the quality of all results, a load path analysis shall be produced and then compared 

to NASTRAN results. It gives a general idea about how the applied forces propagate throughout the 

entire structure until reaching the SPCs, as displayed in Figure 5.17. 

 

 

Figure 5.17: Shaft and Pillow Block Load Path 

 

The NASTRAN results for the symmetric values (negative sign means the force is upwards) for both 

pillow block front and aft forces are highlighted in Table 5.7. 

 

 

Table 5.7: Simplified Approach Model NASTRAN Front and Aft Forces Values  
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These results are not far from the ones (absolute values) obtained in equations (5.21) and (5.22), 

having the same order of magnitude, and therefore the deviations can be easily determined, as shown 

in the following table. 

 

 

 NASTRAN Analytical  

Position Force Value [N] Force Value [N] Deviation [%] 

Front 38.8563 38.1141 1.95 

Aft -10.5888 -9.8471 7.53 

 
Table 5.8: Front and Aft Forces and Deviations for the Simplified Approach Model 

 

 

This seems to turn the model simulation into a good representation of the reality. Notwithstanding this 

appraisal, the stress results must also be evaluated so that the total simulation assessment is complete. 

The simulation was run and then the stress results were extracted from it, using HyperView. For the 

bottom part of the propulsion system (pillow block), the results, in MPa, are displayed in the following 

figure. As in Figure 5.16, the black-line edge defines the pillow block underformed shape. The deformed 

shape scale value applied for this case was 8000. 

 

 
Figure 5.18: Simplified Approach Model Pillow Block Stress Results 

 

 

For the reinforcement, vertical and torque plates (top part), the stress results obtained can be seen in 

Figure 5.19, also in MPa. The deformed shape scale value applied is the same as in Figure 5.16.  
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Figure 5.19: Simplified Approach Model Plates Stress Results 

 

 

It is noticeable that the stress values for the pillow block can be neglected when compared to the stress 

concentration on the plates since they are made of the same material. 

Although the forces values verisimilitude looks to be reliable, the stress distribution on the torque 

sensor plate seems very rough because only a concentrated stress area was expected nearby the 

connection between the vertical and torque plates. It lacks accuracy so its definition is not regarded to 

be enough to allow trusting thoroughly in this model. 

The next step to overcome this impasse would be to refine the mesh, i.e., create a new mesh with a 

smaller element size. However, as mentioned right before Table 5.6, the part thickness cannot be equal 

to the CQUAD length so that the Thin Plate Theory is respected. In this situation, the mesh size is 

already too small to be reduced and therefore this 2D FEM model shall be discarded. The solution is to 

make a 3D model, apply the same load cases and simulate it. 

Nonetheless, this study gives an idea about the expected maximum stress (31.18MPa) order of 

magnitude. This can be confirmed with analytical calculations by assuming the torque plate as a 

cantilever beam clamped at the shaft edge. 

The plate is 87.3mm long (the point where the sensor force is applied and the point where it is welded 

to the vertical plate defines its boundary), its average width, w, is 45.5mm (considering the initial and 

the final widths, adding them up and dividing the result by two) and it has a thickness, t, of 3mm. 

Assuming a rectangular cross section, the second moment of area is given by [53]: 

 𝐼 =
𝑤𝑡3

12
=
45.5 × 33

12
= 102.375𝑚𝑚4 (5.34) 

 

The maximum stress is then calculated, setting 𝑦 equal to half the thickness, and the result obtained 

for the sensor force in equation (4.5). Hence, one gets: 
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 𝜎𝑚𝑎𝑥 = |−
𝑀𝑦

𝐼
| =

𝑀𝑡

2𝐼
=
𝐹𝐿𝑡

2𝐼
=
28.267 × 87.3 × 3

2 × 102.375
= 36.16𝑀𝑃𝑎 (5.35) 

 

 

This value does not differ much from the one obtained through the simulation run on HyperMesh so 

the analysis produced was an informative way to clarify what should be expected for the structure under 

the effects of the propulsion force and the engine torque. The deviation obtained is equal to: 

 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 =
|36.16 − 31.18|

36.16
× 100% = 13.77% (5.36) 

 

 

For assuring that the structure does not fail under these load conditions, the limit Margin of Safety shall 

be determined. The components are made of AISI 1045 Steel, as mentioned in sub subchapter 4.3.1, 

that has a yield tensile strength of 450MPa and an ultimate tensile strength of 585MPa [54]. Thus, one 

gets for this case: 

 𝑀𝑆𝑙𝑖𝑚 𝑝𝑙𝑎𝑡𝑒 =
585

36.16
− 1 = 16.2 > 1 (5.37) 

 

 

As it was previously clarified, the Torque Plate is planned to be welded to the Vertical Plate. Despite 

the careful design and to conclude this subchapter, it would be a diligent study to assess whether this 

welding process is necessary or not. Assuming it is not fixed to the vertical plate, what changes from 

the previous case is the plate total length: instead of 87.3mm, it will be 150mm long. Hence, the 

maximum stress for this case is: 

 𝜎max𝑛𝑜𝑡 𝑤𝑒𝑙𝑑𝑒𝑑 =
𝐹𝐿𝑐ℎ𝑎𝑛𝑔𝑒𝑑  𝑡

2𝐼
=
28.267 × 150 × 3

2 × 102.375
= 62.13𝑀𝑃𝑎 (5.38) 

 

 

Since the value for the maximum stress almost duplicates when the torque plate is not welded to the 

vertical plate, it is preferable to keep the initial plans and fix it. As a matter of fact, it is the best choice 

because it provides additional hardness that helps the entire structure to sustain any kind of extra 

stresses caused by the engine vibration and/or any effects of forces that, hypothetically, are not being 

considered in this study, increasing the structure lifespan. For this situation, the limit Margin of Safety 

would be equal to: 

 𝑀𝑆𝑙𝑖𝑚𝑖𝑡 𝑝𝑙𝑎𝑡𝑒 𝑛𝑜𝑡 𝑤𝑒𝑙𝑑𝑒𝑑 =
585

62.13
− 1 = 8.4 > 1 (5.39) 

 

Although it still is a safe configuration, the Margin of Safety almost reduces to half compared to the 

result for the welded plate.  
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5.2.3 FEM Detailed Model 
 

A detailed model was then created to surmount the problem arisen with the 2D mesh stress distribution. 

The geometry simplifications made in this 3D mesh were much less severe when compared to the ones 

applied in the simplified model production. Thus, the results for the front and aft forces were expected 

to vary less for the current model and hence the forces felt by the screws would have lower deviations 

than the ones presented in Table 5.6. The detailed model can be seen in the following figure. 

 

 

Figure 5.20: Propulsion System Detailed FEM model 

 

Like in the simplified model, one RBE2 and one RBE3 connect the engine CG to the four aluminium 

shock absorbers. Both the rigid body elements are represented in green and the shock absorbers 

appear in wine colour. Once again, the RBE2 links, along the translations in the y and the z directions, 

the node where the engine torque is applied (the master node, geometrically coincident with the point 
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that represents the engine CG) to the slave nodes so that only the forces in these directions are 

transmitted. On the other hand, the RBE3 links, along the x translation, the node where the propulsion 

force is applied (the dependent node, geometrically coincident with the point that represents the engine 

CG but not the same as the RBE2 master node) to the four RBE2 slave nodes (independent nodes) so 

that the forces in this direction can be transmitted. 

Once more, each shock absorber CBAR element is connected to a fixing M5 screw CBAR element (in 

yellow). However, this time each fixing screw is attached to the steel vertical plate (in blue) through a 

RBE3 (also in green) along all degrees of freedom, i.e., each screw CBAR element touches the plate 

along the three main directions (x, y and z), where the dependent node is the end of the CBAR near the 

plate and the independent nodes are part of the vertical plate 3D mesh. This mesh is composed of 

CHEXA elements with HEX8 configuration - brick-shape components with six faces, eight nodes and 

three degrees of freedom per node (only translations), whose geometry is shown in Figure 5.21. Solid 

(3D) elements do not have any rotational degree of freedom because they cannot be twisted with ease, 

when compared to 1D elements or 2D elements [55]. 

 

 

Figure 5.21: CHEXA HEX8 Element Geometry and Coordinate System [56] 

 
As mentioned before, the vertical plate is welded to other four steel plates (also in blue). The three 

reinforcement ones are also modelled using CHEXA elements with HEX8 configuration but the one that 

attaches the torque sensor to the structure is modelled using both CHEXA with HEX8 configuration and 

CPENTA with PENTA6 configuration elements (Figure 5.22) - triangular prisms, components with five 

faces, six nodes and three degrees of freedom per node (only translations). 

 

 

Figure 5.22: CPENTA PENTA6 Element Geometry [55] 
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With the view to accurately measuring the torque, the sensor is represented by a SPC constrained 

along the translation in the z direction (feeling a vertical force) but, in this model, the torque sensor steel 

plate hole is completely represented so the SPC cannot be directly applied on the mesh. To overcome 

this hurdle, the node where the SPC is located (the master node) is connected to the mesh (slave nodes) 

through a RBE2 (in green) along all degrees of freedom (translations and rotations in the x, y and z 

directions). 

Such as in the simplified model, the force felt by the sensor is transferred throughout the shaft (also in 

blue) to the pillow block (in gold colour). The shaft is purely composed of CHEXA with HEX8 

configuration elements and the pillow block mesh is the same as the one used in the simplified model. 

These two components are linked together along the translation in the z direction (as already studied in 

sub subchapter 5.2.1, the force transmitted is merely vertical) through six RBE2 (in green, inside the 

pillow block hole), three at the front and three at the aft, in which every master slave belongs to the shaft 

mesh. The six RBE2 have five slave nodes each (thirty in total), only along the degree of freedom 

number 3 (translation in the z direction), that are part of the pillow block 2D mesh. 

After being carried around the pillow block, the force goes directly to the four bottom SPCs that denote 

the four fixing M5 screws positions. All their degrees of freedom are fixed, not allowing them to either 

rotate or move in any of the three main directions. 

The propulsion force produced by the propeller goes throughout the shaft until reaching the SPC 

located at its very end. This SPC has its translations in the x and y directions fixed and, just like the 2D 

model, there is another SPC located at the middle of the vertical plate with its translation in the y direction 

to avoid the rigid body motion. 

All the 1D and 2D elements used in this model have the same features and properties as the ones 

described in the sub subchapter 5.2.2. 

The displacements, in mm, obtained for the analysis run with this 3D mesh can be seen in the following 

HyperView image. 

 

 

Figure 5.23: Propulsion System Detailed Model Displacement Results 
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Like in the previous HyperView images, the black lines symbolise the propulsion system initial 

underformed shape and the colourful components represent the deformed shape, where each colour 

corresponds to a certain displacement value presented on the left side scale. The deformed shape scale 

value used for this case is 50. 

Identically to the 2D mesh case, the values displayed seem to be convincing results and a comparison 

between this analysis and the theory shall be also made. So, the SPC forces results were taken from 

the NASTRAN F06 file and displayed in the next table. 

 

 

Table 5.9: Detailed Model NASTRAN SPC Forces (screw nodes forces highlighted) 

 

Since the order of magnitude of these values is the same as the one of the results in equation (5.30), 

the deviations can be calculated and presented all together with the NASTRAN results in a table, 

where the negative sign means that the force is downwards. 

 

 NASTRAN Simplified NASTRAN Detailed Analytical  

Position Force Value [N] Force Value [N] Force Value [N] Deviation [%] 

A 8.6585 9.2090 10.0622 8.48 

B -22.2796 -23.3409 -24.1957 3.53 

C -22.2796 -23.3409 -24.1957 3.53 

D 8.6585 9.2090 10.0622 8.48 

 
Table 5.10: Screw Results and Deviations for the Detailed Model 

 

Comparing these deviations with the ones presented in Table 5.6, one can tell that the 3D model is 

much more accurate in terms of carrying the torque load to the fasteners since the results obtained from 

the analysis are more similar to the theoretical values than the ones from the simplified FEM analysis. 

The load path in this model is the same as the one drawn in Figure 5.17, i.e., the torque is felt by the 

sensor and by the shaft that touches the pillow block in two points. At last, the forces from these two 

points are carried throughout the pillow block until they reach the screw nodes, where the SPCs are 

located. In brief, the image displays the way the force propagates until it gets to the joints. 

As mentioned before, the connection between the shaft and the pillow block is made by six RBE2, 

three located at the front position and three at the aft position, in which thirty slave nodes are used (five 

per each RBE2), and, therefore, the total force is calculated by adding up the force values in the z 

direction of every one of these nodes. This fact can lead to extra deviations during the force 

transmission. The NASTRAN F06 file results are shown in the following table, where the front nodes are 

numbered between 60000 and 62500 and the aft nodes are numbered between 70000 and 70100. 
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Table 5.11: NASTRAN Detailed Model Front and Aft Node Forces Values 

 

These values have to be added up to obtain the total front and aft forces. After this sum is made, the 

deviations can be calculated. These values are shown in Table 5.12. 

 

 NASTRAN Simplified NASTRAN Detailed Analytical  

Position Force Value [N] Force Value [N] Force Value [N] Deviation [%] 

Front 38.8563 39.5325 38.1141 3.72 

Aft -10.5888 -11.2661 -9.8471 14.41 

 
Table 5.12: NASTRAN Front and Aft Forces and Deviations for the Detailed Model 

 

After examining the information contained in the table, one can say that the RBE2 usage affects 

negatively the deviations, comparing to the solution used when the results displayed in Table 5.8 were 

obtained. However, the total torque force does not suffer any significant change and what matters in this 

analysis is calculating the forces felt by the fasteners when the engine is running, not how precisely the 

force is carried along the structure – in this respect, the 3D model offers and guarantees more accuracy. 

 

Concerning the stress analysis, the detailed model should be gingerly assessed since this was the 

main reason why the simplified model was insufficient to describe the study at hand. Hyperview was 

once again used to extract the results from the simulation and the stress values, in MPa, for the pillow 

block (2D mesh) can be examined in Figure 5.24. 
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Figure 5.24: Detailed Model Pillow Block Stress Results 

 

Like before, a deformed shape scale value was applied (8000) and the black-line edge represents the 

pillow block initial underformed shape. This stress distribution is much smoother than the one obtained 

with the 2D model. 

For the 3D mesh components (CPENTA and CHEXA solid elements), i.e., for the plates and shaft set, 

the stress results are presented in the next Hyperview image. 

 

 

Figure 5.25: Detailed Model Plates Stress Results 

 

The deformed shape scale value applied is the same as the one applied for the displacement analysis 

whose results are presented in Figure 5.23 and the stress values are also in MPa. The pillow block 

stress results are again negligible compared to the solid component results (same material). 

In Figure 5.25, on the left-hand side, the results for the entire 3D mesh are displayed, i.e., the complete 

stress distribution is shown. On the right-hand side, a maximum 15MPa filter was applied to the results, 

highlighting the areas where a high stress concentration can be found besides the connection point 
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between the Torque Plate and the Vertical Plate - the expected stress concentration red spot that 

became grey when this filter was applied. 

 

These results (maximum value of 39.13MPa) seem to be easily bearable for steel plates and tubes 

within a 3mm to 5mm thickness range. Thus, it is possible to examine and evaluate the force flux in both 

axial and shear directions throughout the pillow block surfaces using HyperView 2D Element Force 

command – the only 2D mesh (shell) used in this model was applied to the pillow block so this is the 

only component to be studied in this flux analysis. 

 

The next figure shows the force flux (the force values are in Newton) throughout the whole pillow block 

structure, where the dark components are the ones being examined: on the left-hand side, its top part 

is the system under test, whereas, on the right-hand side, its bottom part is the system under test. The 

top part is oriented with its cylindrical coordinate system and the bottom part is oriented with the global 

coordinate system. Thus, in the top part examination the Elemental System (own cylindrical coordinate 

system) was the one selected and in the bottom part examination the Analysis System (global) was the 

chosen one. 

The compression forces colours are associated with the values with negative sign and the tensile 

forces colours are associated with the positive sign. 

 

 

Figure 5.26: Detailed Model Pillow Block force flux 

 

As mentioned before, the torque force is transmitted from the shaft to the pillow block top structure 

through six RBE2. The three at the front pass a vertical force upwards on and the other three pass a 

downwards force on. Per equations (5.21) and (5.22), the force at the front position is higher than the 

force felt at the aft position. Thus, it was expected to have a high-tension force distribution at both ends 

of the pillow block top part, only axial forces at the middle and a mix of axial and shear forces at the 

remaining space. At the middle, the forces would be purely tensional, whereas the other would be both 
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compression and tensional forces. These forces would concentrate (compression) on the area where 

the front and aft forces were transmitted. 

After being transmitted all over the top part, the force is carried to the bottom part until it reaches the 

fasteners. It was expected to have a vertical force flux on the vertical steel sheets surface with some 

mixture of both axial and shear forces at their middle area, because it is the position where they are 

welded to the other vertical steel sheets, and a high force concentration where the front and aft forces 

are transmitted (area where both parts are welded). The bottom steel sheet should only feel axial tensile 

forces. 

 

This explanation can be easily comprehended by looking at the following figure where the orientation 

and the direction of the force flux is represented by the red arrows and the forces transmitted by the 

RBE2 are the two black arrows – the arrow at the front is longer than the aft arrow because the force is 

higher. The different areas are marked and separated by black dash lines and the force flux is symmetric 

in the x direction. 

 

 

 

Figure 5.27: Pillow Block Force Flux 
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Per CATIA Design (sub subchapter 5.2.1), there are three reinforcement plates that strengthen the 

structure the engine is attached to. To conclude this subchapter, it would be a zealous study to 

investigate whether these additional plates produce the intended effect. 

 

To analyse the way the structure without these three plates behaves under the same conditions, in 

which the engine is running and generates both a force and a torque that spread all over the test bench 

structure, a simulation was set up and run on HyperMesh. The displacement (in mm) and stress (in 

MPa) results extracted using HyperView can be found in the two following images where the deformed 

shape scale value is equal to 50 and the initial underformed shape of the set is defined by the outer 

black line edge. 

 

 

Figure 5.28: Propulsion System Detailed Model without Plates Displacement Results 

 

 

Figure 5.29: Propulsion System Detailed Model without Plates Stress Results 
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When comparing these two result lists with the values displayed in Figure 5.23 and Figure 5.25, one 

can tell that the displacements are the same and the maximum stress value increases a little bit – instead 

of having 39.13MPa as the maximum stress value, the structure feels a 39.20MPa stress at the same 

spot now. Thus, despite the plates effect on reducing minimally the maximum stress value, one 

concludes that the reinforcement plates can be withdrawn from the structure, allowing the company to 

save money and time. 

However, this situation should follow carefully what was pointed out in the “Torque Plate not welded to 

the Vertical Plate” case (at the end of sub subchapter 5.2.2): although the plates do not have a huge 

effect on decreasing the stress felt by the structure around the Vertical Plate, they provide extra strength 

to the whole structure without increasing its total weight significantly. This fact provides a structural 

support to bear any vibration effects and forces that might not be considered in this analysis. 

 

5.3 Structure Natural Frequencies Analysis 

 
The assessment of the dynamic interaction between a component and the whole set is one of the 

reasons why the structure natural frequencies are computed since, in case the frequencies are close, 

the component operation can make the structure collapse by taking it into a failure situation. 

The engine, which is a rotating machine, is installed on the test bench structure (supporting 

component), so it is essential to verify whether the engine operating frequency range (up to 

8400RPM=140Hz) meets the structure natural frequencies, a condition that can put the system in 

jeopardy, or whether the engine testing procedure is totally safe in terms of structural damage [57]. 

The framework tubes are made of S235JR steel [58]. Their mechanical properties are: density equal 

to 7850kgm-3, Poisson’s Ratio equal to 0.3 and Young’s Modulus equal to 190GPa (conservative 

approach) [59]. Knowing this, it is possible to compute the structure natural frequencies. Figure 5.30 

shows the first four natural modes of the structure. 

 

 
Figure 5.30: Test Bench Structure first four Natural Modes 
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The engine maximum operating frequency is 140Hz, so one shall be careful when testing the engine 

for a rotational speed value equal or below 8400RPM. The structure first four natural frequencies 

correspond to 2772RPM, 2859RPM, 3825RPM and 10073RPM. Thus, it can be concluded that only the 

first three are dangerous speeds for the system, and therefore testing the engine under these regimes 

should be prevented, i.e., setting the engine rotational speed to ranges from 2700RPM to 2900 RPM 

and from 3800RPM to 3900RPM must be avoided.  
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Chapter 6 

6 Conclusions 
 

 

In the last chapter, the thesis final conclusions are presented. 

 

 

6.1 Achievements 

 

With the elaboration of this dissertation, it was possible to accomplish a fully designed test bench model 

on CATIA V5 that includes all the necessary sensors to perform the required tests for the entire UAV 

propulsion system characterisation. Moreover, this test bench is scalable, i.e., adjustable to different 

types of motors: various power outputs, sizes and typologies (combustion or electric). 

Hence, CEiiA as an organisation can eliminate the costs associated with the acquisition of a certified 

propulsion system (whose costs are often prohibitive), allowing this test bench to simultaneously perform 

the characterisation, the engine break-in and an eventual certification of the propulsion system acquired 

for the project. Additionally, since it enables the characterisation and testing of engines/motors of 

bicycles, scooters and electric cars, which are products under development in the organisation, this test 

bench is a versatile solution. 

 

For this purpose, a thorough study of test benches solutions was made, both in terms of market 

products and academic experiences, reaching the conclusion that the existing models were not many 

and none could satisfy the goal of having both thrust and torque measurements at the same time for a 

reasonable platform total price. For this reason, a deep reflection on the test bench features and the 

protective measures to be taken when testing the propulsion system was performed to formulate the 

conceptual design, by defining the system testing limits and enumerating the requirements for the test 

rig structure. 

 

The selection of sensors based on the requirements imposed by the project was the starting point for 

the detailed design, ensuring that their cost respected the allocated budget. Hence, an exhaustive 

market research was necessary and a selection analytical hierarchy process was made using a 

MATLAB software code, culminating in the selection of a piezoelectric for both rotational speed and 

vibration measurements, a 20kgf load cell for measuring the propeller thrust, two 5kgf load cells for fuel 

consumption and torque measurements, a thermocouple for measuring the engine temperature and an 

infrared thermometer for measuring the room temperature. 
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After considering this entire device selection, a market research was carried out on structural 

components so that it was possible to define the global test bench configuration and design. The main 

structure base frame was composed of 2mm thick steel rectangle tubes, the fasteners were chosen per 

aeronautical industry standards and the casters were selected in view of moving the whole rig around 

CEiiA workspace and providing the essential drag during testing. Due to the material prices, all the 

measuring systems components were made of steel but the aluminium plate that supports the fuel tank. 

The protection structure main frame was composed of 2mm thick 45mm × 45mm steel rectangle tubes 

and five net cloths. 

Thus, using CATIA V5, it was possible to obtain a three-dimensional rig model whose configuration 

allows measuring the propulsion system rotational speed, thrust, torque, temperature, vibration and fuel 

consumption at the same time, contains enough space to store the tools required for any maintenance 

needed and, lastly, provides protection in case the system gets loose and easy mobility since it is 

completely portable. 

 

Then, a few FEM structural analyses were performed to this test bench critical areas so that its 

robustness could be virtually guaranteed and validated, proving it can sustain the worst-case scenario 

for CEiiA UAS propulsion system. These computer simulations, in which the Fuel Consumption, Thrust 

and Torque Measuring Systems were the units under test, used HyperMesh as the pre-processor, 

NASTRAN as the solver and HyperView as the post-processor. 

 

The Fuel Consumption Measuring System analysis, for the worst-case scenario of having the fuel tank 

completely full which corresponds, by excess, to a maximum weight of 3kg, provided a robustness 

validation of the structure where the fuel tank is installed and the fasteners used to attach the system to 

itself and to the main structure frame. The analytical calculations initially done were validated through a 

very simplified FEM model that underwent the three stages mentioned in end of the previous paragraph. 

For its stiffness assessment, the maximum displacement value obtained was 0.14mm with a deviation 

of 0.008%. On the other hand, for its strength assessment, the minimum limit margin of safety obtained 

for the fasteners selected was equal to 3.7. 

 

The Propulsion System Measuring System analysis also allowed to achieve a complete structural 

robustness validation. A strength analytical assessment was carried out to understand how the loads 

were transmitted throughout the system structure and then analytical calculations were done regarding 

the forces that are felt by the joints situated at the pillow block bottom. Another rough strength analytical 

assessment was performed to the critical area of the structure: connection between the torque plate and 

the vertical plate. 

The FEM simplified model, which is only composed of 1D and 2D elements, validates every analytical 

calculation done and provides a better understanding about the way the forces are carried inside each 

component, how they are transmitted internally, by assessing the Von Mises stress distribution and the 

force flux. 
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The FEM detailed model, on the other hand, is composed of 1D, 2D and 3D elements (the latter are 

especially applied to the critical areas) and was created for the better improvement of the results 

accuracy. 

Both models underwent a simulation whose applied thrust was equal to 12kgf and the torque applied 

was 4.24kNm, values that correspond to the most powerful CEiiA engine. However, it is relevant to 

remember that this test bench is scalable, allowing other engines to be mounted and tested. For that 

simulation, based on the analytical calculations, the results were: the thrust sensor sustained a force of 

117.720N, the torque sensor felt a 28.267N force, the fasteners installed at positions A and D support a 

force of 10.062N, the fasteners installed at positions B and C support a 24.196N force and the limit 

margin of safety obtained for the fasteners under tension was equal to 408.9. 

In addition to these simulations, two supplementary assessments were performed: using the simplified 

model design, a configuration without the torque plate welded to the vertical plate was analytically 

examined and, using the detailed model design, a configuration without the three reinforcement plates 

was virtually tested. 

For the first case, the margin of safety for the completely welded structure was equal to 16.2 but this 

parameter dropped to 8.4 for the not welded plates configuration, which is a limitation. So, it was 

concluded that the first option was the most suitable for the structure since welding is an easy and fast 

process and it does not increase substantially the overall manufacturing price. 

For the second case, since the results for the stiffness and strength assessments are almost the same 

for both configurations, it was concluded that it is possible to remove the three plates, turning this model 

into a hypothetically cheaper and easier solution. Notwithstanding, they make the entire structure harder 

and stronger, providing additional support to sustain forces and vibration effects that can occur during 

testing, without increasing much the total structural weight. For this reason, the plates should be kept in 

place. 

 

Finally, a natural frequencies analysis performed to the test bench structure allowed to infer that the 

engine can safely operate within its rotational speed range when the value is away these ranges: from 

2700RPM to 2900 RPM and from 3800RPM to 3900RPM. If someone intends to test the engine for 

these rotational speed values, the structure shall be modified. 

 

Although the achievements above were great knowledge assets, there is always something to be 

improved and developed in a hypothetical future project. 
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6.2 Future Work 

 

Although the test bench design was structurally validated through a FEM model, it can likely be 

improved by reducing the margins of safety, which can be achieved by changing the fasteners, the fixing 

systems and the thickness of the structure built (plates and pillow block), for optimising the structure 

weight, as an example. It should be practically confirmed that the dimension of the holes for the 

adjustable engine holders are the most suitable possible. In case of any intention of testing the engine 

for the rotational speed values equal to the structure natural frequencies, the framework must be 

modified by installing a suitable damping system or changing its configuration. 

 

 

In terms of FEM analysis, an upgrade of the detailed model regarding the number of RBE2 used for 

connecting the shaft to the pillow block top part should be made because the forces obtained are a little 

bit unrealistic (not as much as the ones obtained with the simplified model). Thus, instead of using 

RBE2, when modelling linear contacts should be applied. 

Another way to theoretically improve the final FEM model is to solely use 3D elements for the entire 

structure, i.e., to convert the shell mesh applied to the pillow block into a solid mesh. 

Furthermore, an ADAMS software modelling should be produced to help verifying the force 

transmission throughout the entire structure, obtained through the analytical calculations, and assessing 

the load transient due to the engine start-up and shutdown. 

 

 

Finally, in order to physically assess the test bench, the step to be taken next is to create a production 

manual and follow it to build the entire rig, including the protection structure. In case it proves to be a 

success, further investment can be made regarding data filtering techniques and sensors selection. A 

more accurate and precise set of sensors can provide a more stable data that represents a progress in 

terms of future results analysis.  



70 
 

Bibliography 
 
 

[1]  R. Naughton, "Monash University Engineering," 2 February 2003. [Online]. Available: 

http://www.ctie.monash.edu.au/hargrave/rpav_home.html. [Accessed 15 February 2017]. 

[2]  "War History Online," [Online]. Available: https://www.warhistoryonline.com/war-articles/top-10-

greatest-aerial-battles.html/. [Accessed 16 February 2017]. 

[3]  P. M. Company, "Popular Mechanics Magazine, June 1956," p. 144, June 1956.  

[4]  J. R. Nelson, "Development of Engines for Unmanned Air Vehicles: Some Factors To Be 

Considered," Institute for Defense Analyses, Alexandria, 2003. 

[5]  "UAV Applications," Ascending Technologies, [Online]. Available: http://www.asctec.de/en/uav-

uas-drone-applications/. [Accessed 16 February 2017]. 

[6]  "AERO-UAS30," CEiiA, [Online]. Available: https://www.ceiia.com/aero-uas30. [Accessed 16 

February 2017]. 

[7]  Aibotix GmbH – Part of Hexagon Systems, [Online]. Available: 

https://www.aibotix.com/industries/case-studies. [Accessed 17 February 2017]. 

[8]  A. Tiwari, "SlideShare - Testbench Development," 19 March 2011. [Online]. Available: 

https://www.slideshare.net/Abhishekt11/test-bench-development?qid=b4b3d26c-3add-4afd-b236-

583e4e26960d&v=&b=&from_search=7. [Accessed 27 February 2017]. 

[9]  "HobbyKing," Turnigy Thrust Stand and Power Analyser v2, [Online]. Available: 

https://hobbyking.com/en_us/turnigy-thrust-stand-and-power-analyser-v2.html. [Accessed 28 

February 2017]. 

[10]  "RCbenchmark," Tyto Robotics Inc., [Online]. Available: https://www.rcbenchmark.com/. 

[Accessed 28 February 2017]. 

[11]  H. Brogueira, "Design of a Test Bench for Micro Combustion Engines," Instituto Superior Técnico, 

Lisboa, 2016. 

[12]  D. B. Johnson, N. M. Newberger and I. C. Anselmo, "Vehicle drivetrain test stand and method of 

controlling same". United States of America Patent US 8590369 B2, 26 November 2013. 

[13]  J. B. Heywood, "Internal Combustion Engine Fundamentals," New York City, McGraw-Hill, Inc., 

1988, p. 46. 



71 
 

[14]  M. Triches Jr, S. N. Y. Gerges and R. Jordan, "Reduction of squeal noise from disc brake 

systems using constrained layer damping," Journal of the Brazilian Society of Mechanical, vol. 

XXVI, no. 3, p. 341, August 2004.  

[15]  H. Nakanishi, S. Noguchi and Y. Ogawa, "Engine testing apparatus and map preparing method 

for an engine testing apparatus/vehicle testing apparatus". United States of America Patent US 

20040040374 A1, 4 March 2004. 

[16]  FUTEK Advanced Sensor Technology, Inc., [Online]. Available: 

http://www.futek.com/application/torque-sensor/Torque-Motor-Test-Stand. [Accessed 20 March 

2017]. 

[17]  M. Pankaj, "Propeller Performance Measurement For Low Reynols," Wichita State University, 

Wichita, 2005. 

[18]  R. W. Deters and M. S. Selig, "Static Testing of Micro Propellers," in 26th AIAA Applied 

Aerodynamics Conference, Honolulu, 2008.  

[19]  J. B. Brandt and M. S. Selig, "Propeller Performance Data at Low Reynolds Numbers," in 49th 

AIAA Aerospace Sciences Meeting, Urbana, 2011.  

[20]  K. Kotwani, S. Sane, H. Arya and K. Sudhakar, "Experimental Characterization of Propulsion 

System for Mini Aerial Vehicle," in 31st National Conference on FMFP, Kolkata, 2004.  

[21]  J. C. Rodrigues, "Aeromodelismo Teórico e Prático," Lisboa, Serviço de Publicações da 

Mocidade Portuguesa, 1964, pp. 52-54. 

[22]  A. M. Harrington and C. Kroninger, "Characterization of Small DC Brushed and Brushless 

Motors," Adelphi, Army Research Laboratory, 2013, pp. 1-6. 

[23]  Sam Unmanned Tech, "Brushless motors - how they work and what the numbers mean," Drone 

Trest, 11 October 2014. [Online]. Available: http://www.dronetrest.com/t/brushless-motors-how-

they-work-and-what-the-numbers-mean/564. [Accessed 31 March 2017]. 

[24]  "Park 300 Brushless Outrunner Motor," Horizon Hobby, [Online]. Available: 

https://www.horizonhobby.com/airplanes/motors/park-300-brushless-outrunner-motor--1380kv-

eflm1150. [Accessed 31 March 2017]. 

[25]  J. B. Heywood, "Internal Combustion Engine Fundamentals," New York City, McGraw-Hill, Inc., 

1988, pp. 1-5 & 12-19. 

[26]  "DA Engines > DA-50," Desert Aircraft, [Online]. Available: 

https://www.desertaircraft.com/collections/da-engines/products/da-50r. [Accessed 23 February 

2017]. 



72 
 

[27]  Porter and Chester Institute, "Electric Motors for Electric cars and Hybrids," [Online]. Available: 

http://slideplayer.com/slide/5767138/. [Accessed 28 June 2017]. 

[28]  "What are the pros and cons of electric motors vs. internal combustion engines?," Sustainable 

Living beta, 30 June 2013. [Online]. Available: 

https://sustainability.stackexchange.com/questions/1061/what-are-the-pros-and-cons-of-electric-

motors-vs-internal-combustion-engines. [Accessed 3 May 2017]. 

[29]  M. Härtl, "Emissions," Internal Combustion Engines (ICE) - Summer Term 2016, pp. 7-12, 18 

April 2016.  

[30]  M. S. Triantafyllou and F. S. Hover, "Maneuvering and Control of Marine Vehicles," Maneuvering 

and Control of Surface and Underwater Vehicles (13.49), pp. 51-53, 5 November 2003.  

[31]  "DA Engines > DA-50," Desert Aircraft, [Online]. Available: 

https://www.desertaircraft.com/collections/da-engines/products/da-50r. [Accessed 29 May 2017]. 

[32]  T. L. Saaty, "Decision making with the analytic hierarchy process," Int. J. Services Sciences, vol. 

I, no. 1, p. 85, 2008.  

[33]  A. Rangone, "An analytical hierarchy process framework for comparing the overall performance of 

manufacturing departments," International Journal of Operations & Production Management, vol. 

16, no. 8, p. 109, 1996.  

[34]  DFRobot, "Piezo Element Specifications," Shanghai, 2016. 

[35]  "Steel tubes for precision applications ― Technical," Austrian Standards Institute, Vienna, 2016. 

[36]  Center for Naval Aviation Technical Training, "Aircraft Hardware - Chapter 6," Pensacola, CNATT 

Rate Training Manager, p. 8. 

[37]  J. N. Reddy, "An Introduction to the Finite Element Method (Third Edition)," New York, McGraw-

Hill, 2006, pp. 1-14. 

[38]  F. Beer and R. Johnston, "Vector Mechanics for Engineers Statics, Ninth Edition," New York, 

McGraw-Hill, 2009, p. 227. 

[39]  F. Beer and R. Johnston, "Mechanics of Materials, Sixth Edition," New York, McGraw-Hill, 2012, 

p. 95. 

[40]  J. M. Gere and S. Timoshenko, "Mechanics of Materials, Second SI Edition," New York, Springer 

Science+Business Media LLC, 1987, pp. 407-413. 

[41]  M. A. Meyers and K. K. Chawla, "Mechanical Behaviour of Materials, Second Edition," New York, 

Cambridge University Press, 2009, p. 77. 



73 
 

[42]  F. Beer and R. Johnston, "Mechanics of Materials, Sixth Edition," New York, McGraw-Hill, 2012, 

pp. 67-68. 

[43]  NASA, National Aeronautics and Space Administration, "The NASTRAN Programmer's Manual," 

Washington, D.C., NASA Scientific and Technical Information Office, 1972, pp. 4.87-17 - 4.87-24. 

[44]  MSC Software Corporation, "MSC NASTRAN Quick Reference Guide," 2013, pp. 1374-1378. 

[45]  J. N. Reddy, "Solutions Manual for An Introduction to The Finite Element Method (Third Edition)," 

New York, McGraw-Hill, 2005, p. 120. 

[46]  MSC Software Corporation, "Linear Static Analysis User’s Guide," Chicago, 2014, pp. 338-351. 

[47]  MatWeb, LLC., "ASM Aerospace Specifications Metals Inc., AISI Type 304 Stainless Steel," ASM 

Aerospace Specification Metals Inc., [Online]. Available: 

http://asm.matweb.com/search/SpecificMaterial.asp?bassnum=mq304a. [Accessed 9 August 

2017]. 

[48]  F. Beer and R. Johnston, "Mechanics of Materials, Sixth Edition," New York, McGraw-Hill, 2012, 

p. A9. 

[49]  J. M. Gere, "Mechanics of Materials, Sixth Edition," Belmont, Thomson Learning, Inc., 2004, pp. 

39-40. 

[50]  Altair Engineering, Inc., "Practical Aspects of Finite Element Simulation, A Study Guide," 2015, 

pp. 182-183. 

[51]  Altair Engineering, Inc., "Practical Aspects of Finite Element Simulation, A Study Guide," 2015, p. 

110. 

[52]  MSC Software Corporation, "MSC NASTRAN Quick Reference Guide," 2013, p. 1527. 

[53]  F. Beer and R. Johnston, "Mechanics of Materials, Sixth Edition," New York, McGraw-Hill, 2012, 

p. A8. 

[54]  MatWeb, [Online]. Available: 

http://www.matweb.com/search/datasheet_print.aspx?matguid=193434cf42e343fab880e1dabdb1

43ba. [Accessed 30 August 2017]. 

[55]  Altair Engineering, Inc., "Practical Aspects of Finite Element Simulation, A Study Guide," 2015, p. 

216. 

[56]  MSC Software Corporation, "MSC NASTRAN Quick Reference Guide," 2013, p. 1451. 

[57]  MSC Software Corporation, "MSC NASTRAN Dynamic Analysis User’s Guide," 2012, p. 46. 



74 
 

[58]  "Tubos de Precisão de Aço," Grupo Ferpinta, [Online]. Available: 

http://www.ferpinta.pt/index.php?cat=3&id_item=1450. [Accessed 15 September 2017]. 

[59]  "Data Table for:Carbon steel:S235JR," Steelss - Special Steel Suppliers, 7 November 2011. 

[Online]. Available: http://www.steelss.com/Carbon-steel/s235jr-.html. [Accessed 15 September 

2017]. 

[60]  "Aviation Exploration - Propellers," [Online]. Available: 

https://sites.google.com/a/calhounisd.org/aviation-exploration/propellers. [Accessed 23 February 

2017]. 

[61]  Wikipedia, [Online]. Available: 

https://en.wikipedia.org/wiki/Advance_ratio#/media/File:Aircraft_propeller_diameter.svg. 

[Accessed 23 February 2017]. 

[62]  T. C. Corke, "Design of Aircraft," New Jersey, Pearson Education, Inc., 2003, pp. 150-151. 

[63]  A. M. Harrington and C. Kroninger, "Characterization of Small DC Brushed and Brushless 

Motors," Adelphi, Army Research Laboratory, 2013, pp. 15-18. 

[64]  "DC Motors," CVEL - Clemson Vehicular Electronics Laboratory, [Online]. Available: 

http://www.cvel.clemson.edu/auto/actuators/motors-dc.html. [Accessed 29 March 2017]. 

[65]  Devki Energy Consultancy Pvt. Ltd., "Best Practice Manual - Electric Motors," Vadodara, 2006, p. 

3. 

[66]  "The UAV Guide," 25 April 2014. [Online]. Available: 

http://wiki.theuavguide.com/wiki/Brushless_Electric_Motor. [Accessed 31 March 2017]. 

[67]  Chainsaw Journal, 10 December 2015. [Online]. Available: http://www.chainsawjournal.com/what-

is-a-brushless-motor-and-how-does-it-work/. [Accessed 29 March 2017]. 

[68]  D. Swanson and K. Perski, "Designing a MCU-driven permanent magnet BLDC motor controller: 

Part 1," STMicroelectronics, 13 July 2008. [Online]. Available: 

http://www.embedded.com/print/4007628. [Accessed 29 March 2017]. 

[69]  Encyclopedia Britannica, Chicago: Encyclopedia Britannica, Inc., 2007.  

[70]  N. Hall, "4-Stroke Internal Combustion Engine," NASA, 5 May 2015. [Online]. Available: 

https://www.grc.nasa.gov/WWW/K-12/airplane/engopt.html. [Accessed 24 February 2017]. 

[71]  M. Härtl, "Thermodynamic principles," Internal Combustion Engines (ICE) - Summer Term 2016, 

pp. 20-26, 18 April 2016.  



75 
 

[72]  B. Lin, "Two-stroke engines - a summary," 18 June 1999. [Online]. Available: 

http://brucelin.ca/scooters/twostroke.html. [Accessed 24 February 2017]. 

[73]  "Two-stroke engine," Wikipedia, [Online]. Available: https://en.wikipedia.org/wiki/Two-

stroke_engine. [Accessed 24 February 2017]. 

[74]  J. N. Reddy, "An Introduction to the Finite Element Method (Third Edition)," New York, McGraw-

Hill, 2006, pp. 261-278. 

 

 

  



76 
 

Appendix A Propulsion System Details 

Propulsion System Details 

 Propeller Pitch and Diameter 

 

There are two types of pitch: geometric (theoretical) and effective (real). The second is smaller than 

the first one, as shown in Figure A.1. 

The geometric pitch is the distance the propeller should advance in one entire revolution (in a viscous 

medium, behaving like a screw [21] ) whereas the effective pitch is the distance it actually advances 

[60]. Since the propeller faces a more compressive and elastic medium, there are losses that produce 

a shorter travelled distance: the difference between both is called slip [21]. 

 

 
Figure A.1: Propeller Slippage [60] 

 
The blades are always twisted. The reason is, if the blade had the same geometric pitch throughout 

their length, at cruise speed the sections near the hub could have negative angles of attack causing the 

tips to be stalled since, in a system that rotates around one central point, the outer parts travel faster 

than the inner parts (Figure A.2). In other words, propeller blades are twisted to keep thrust more nearly 

equalised along its length, by changing the blade angle depending on the existing differences in 

rotational speed. These twisting variations in the geometric pitch allows the propeller to have a relatively 

constant angle of attack under cruise conditions [60]. 

 

 

Figure A.2: Twisting effect along the blade length [60]  
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Values within the range of 1° to 4° lead to the most efficient lift/drag ratio. However fixed-pitch 

propellers usually vary from 0° to 15° at cruise speed because there are constant changes in the relative 

airstream. In sum, propeller angle of attack depends on both propeller rotation about its central axis and 

its forward motion [60]. The propeller diameter is the diameter of the circumference produced by 

rotational movement of the propeller tips. In case of a two-blade propeller, this diameter is the distance 

between both tips, as shown in Figure A.3 [61]. 

 

 
Figure A.3: Schematic of propeller diameter [61] 

 

 Propeller Performance 

 
It is quite important to evaluate the propellers performance so that one can compute a comparison 

between them. Knowing that the engine power can be calculated using (2.1), the propeller efficiency, η, 

which depends on the thrust output and the shaft power, can be obtained using the next expression 

[62]. 

 𝜂 =
𝑇ℎ𝑟𝑢𝑠𝑡 𝑃𝑜𝑤𝑒𝑟 𝑂𝑢𝑡𝑝𝑢𝑡

𝑃𝑜𝑤𝑒𝑟 𝑆ℎ𝑎𝑓𝑡 𝑂𝑢𝑡𝑝𝑢𝑡
=  
𝑇𝑠𝑡𝑎𝑡𝑖𝑐  ×  𝑉

𝑃
  (A.1) 

 
These quantities rely on the propeller geometrical properties (such as the diameter and the chord) and 

the operation conditions (rotational speed, n, density, ρ, and true airspeed, V). To produce a comparison 

between propellers, it is essential to execute a dimensional assessment based on coefficients regarding 

thrust and power. The following expressions describe the Power (cP), Torque (cQ), and Thrust (cT) 

coefficients. 

 𝑐𝑃 =
𝑃

𝜌𝑛3𝐷5
 (A.2) 

 𝑐𝑄 =
𝑄

𝜌𝑛2𝐷5
 (A.3) 

 𝑐𝑇 =
𝑇𝑠𝑡𝑎𝑡𝑖𝑐
𝜌𝑛2𝐷4

 (A.4) 

 
Since the advance ratio (J) is given by [62] 

 𝐽 =
𝑇𝑟𝑢𝑒 𝑎𝑖𝑟𝑠𝑝𝑒𝑒𝑑

𝑇𝑖𝑝 𝑠𝑝𝑒𝑒𝑑
 =

𝑉

𝑛𝐷
 (A.5) 
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one can obtain the following expression for the propeller efficiency, by combining the previous equations. 

 𝜂 = 𝐽
𝑐𝑇
𝑐𝑃

 (A.6) 

 

 Brushed Motor 

 

This category of electric motors contains a stator (permanent magnets, fixed polarity magnets), a rotor 

(includes an armature wound and electronics), brushes (which tasks are to grasp the commutator and 

to transfer the electric current to it) and an internal electrical commutator that reverses the polarity of the 

wire coils when they face the magnetic force (all these elements are displayed in the next figure) - a 

mechanical way of switching the phase of the windings in order to keep the motor running. These motors 

can be made small, light and cheap, having its speed controlled by DC voltage. The armature wound is 

made of copper coils (windings). When these are energised, half of the armature will have an induced 

magnetic north pole that will be attracted to the south poled magnet while the other half (south pole) will 

be attracted to the north poled magnet. These attractions cause the armature to rotate towards 

equilibrium, in its axis direction. As it approaches its magnetic equilibrium position, the commutator 

instantaneously reverses the wire coils polarity and the rotor keeps rotating towards a new equilibrium 

position. This process runs repeatedly [63]. 

 

 
Figure A.4: Brushed DC Motor Components [64] 

 

There are four main types of brushed motors: Shunt Wound, Separately Excited, Series Wound and 

Compound Wound. Their biggest disadvantage is the possibility of creating a short-circuit owing to the 

accumulation of brushes powder on the windings [65]. 

 

 Brushless Motor 

 

The term brushless indicates the lack of brushes. In fact, brushless motors do not have either brushes 

or commutators. Electronics are required to switch the phase of the windings and are contained in the 

stator - ESC board [66]. Their speed controller is very complex (they cannot be controlled by a DC 

voltage input, due to the need for a switching polarity circuit - leading to high costs) and as heavy as the 

motors themselves, culminating in a weighty and expensive product.  
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There are two winding configurations in this type of synchronous electric motors (Figure A.5 (b)): the 

delta and the wye (Y) – the last one is easier to manufacture and allows the motor to reach higher torque 

values. To work properly the number of poles/permanent magnets (an even number usually) must not 

be a multiple of the number of stators. The voltage application over two of the three phases of the motor 

allows the motor to work duly. This execution causes the stators associated with the remaining phase 

to create a magnetic field and then the permanent magnets, attracted by the coils, cause the rotor to 

rotate, generating a repetitive phase shifting where the rotor chases the magnetic field created by the 

stators [63]. 

 

 

(a) Recent Brushless DC Motor Components [67]      (b) Winding types [68] 
 

Figure A.5: Brushless DC Motor Layout 
 

 Four-Stroke Engine 

 

The term “four-stroke” comes from the fact that there are four piston movements (strokes) before the 

entire engine firing sequence is repeated (combustion cycle). The four stages are: Intake stroke, 

Compression stroke, Power stroke and Exhaust stroke, as illustrated in Figure A.6. 

 

 

Figure A.6: Four-stroke Engine cycle schematic [69] 
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The cycle, known as Otto Cycle, begins with the intake stroke as the intake valve is open. The air-fuel 

mixture goes into the combustion chamber and pushes the piston towards the crankshaft. The exhaust 

valve is closed and the electrical contact switch (spark plug) is open. 

When both valves are closed, a completely closed vessel containing the air-fuel mixture is formed in 

the combustion chamber. During the compression stroke, the piston goes up and reduces the volume, 

compressing the mixture. When the volume is the smallest, the switch is closed and electricity flows 

through the plug. 

 

At the beginning of the power stroke, the electrical contact is suddenly open, causing the plug to 

produce a spark at the top of the combustion chamber, which ignites the air-fuel mixture. The fuel 

combustion produces exhaust gases that pushes the piston down since the intake and exhaust valves 

remain closed. The force on the piston is then transmitted by the piston rod to the crankshaft. During 

this stroke, the volume occupied by the gases is increases and the pressure decreases. 

At the end of the power stroke, the piston is located at the far left. Heat that is left over from the power 

stroke is now transferred to the water in the water jacket until the pressure approaches atmospheric 

pressure. The exhaust valve is then opened by the cam pushing on the rocker arm to begin the exhaust 

stroke. 

 

During the exhaust stroke the cylinder is clean by throwing out the gases. At the beginning, the cylinder 

and combustion chamber are full of exhaust products. Right after the exhaust valve is open, the exhaust 

gases exit the engine. At the end of this stroke, the exhaust valve is closed and the engine starts a new 

cycle [70]. 

 

Thermodynamically, the Otto Cycle (constant volume cycle) can be divided in four separated 

processes (Figure A.7): isentropic compression, isochoric combustion, isentropic expansion and 

isochoric cooling. These processes are altogether represented either in a pressure-volume (p-V) 

diagram or in a temperature-entropy (T-S) diagram, where qin stands for the specific heat input, qout 

stands for the specific heat output, TDC is the abbreviation for Top Dead Centre (highest piston position) 

and BDC is the abbreviation for Bottom Dead Centre (lowest piston position). 

 

 

 

Figure A.7: Otto Cycle Thermodynamic Diagrams [71] 
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During the isentropic compression, the piston goes from the BDC position to the TDC position (the 

working medium is compressed to its minimum volume, also known as clearance volume compressing 

the air in the combustion chamber and increasing the temperature. 

Since it is an isentropic process, there is no heat involved between stages 1 and 2. Thus, one can write 

 𝑞12 = 0 = 𝑢2 − 𝑢1 − 𝑤12 (A.7) 

 

where 𝑢  stands for the specific internal energy and 𝑤  stands for the specific work. The difference 

between the two values of internal energy is given by 

 𝑢2 − 𝑢1 = 𝑐𝑣 (𝑇2 − 𝑇1) (A.8) 

 

where 𝑐𝑣 stands for the specific heat capacity at constant volume. Thereby: 

 𝑤12 = 𝑐𝑣 (𝑇2 − 𝑇1) (A.9) 
 

In the isochoric combustion, there is a heat input at constant volume (which represents the combustion) 

that causes an increase of pressure and temperature. It is assumed that the combustion process is 

running so fast that the whole process happens while the piston rests at the TDC position. Since the 

work (W) between two stages can be calculated by (V means volume) 

 𝑊𝐴𝐵 = −∫ 𝑝𝑑𝑉

𝐵

𝐴

 (A.10) 

 

there is neither work input nor output since the volume of the combustion chamber remains constant 

(isochoric process). Thus: 

 𝑑𝑣 = 0 → 𝑑𝑤 = 0 → 𝑑𝑞 = 𝑑𝑢 →  {
𝑤23 = 0

𝑞23 = 𝑐𝑣 (𝑇3 − 𝑇2)
 (A.11) 

 

Over the isentropic expansion, the combustion products move the piston to the BDC position and both 

temperature and pressure decrease. Since the process is assumed to be adiabatic, there is no heat 

losses in this process. Following the conjecture of equations (A.8), (A.9) and (A.10), one can obtain: 

 𝑤34 = 𝑐𝑣  (𝑇4 − 𝑇3) (A.12) 

 

Finally, in the isochoric cooling there is a constant volume heat rejection which may be termed as blow 

down (exhaust gases are expelled), where the pressure decreases to the initial pressure value. No work 

is done during this process because the volume of the combustion chamber remains constant. 

Therefore, for transition 4-1 one can have [71]: 

 𝑑𝑣 = 0 → {
𝑤41 = 0

𝑞41 = 𝑐𝑣  (𝑇1 − 𝑇4)
 (A.13) 
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In sum, the Otto Cycle essential expressions and their respective processes can be found in  

Table A.1. 

 

 

Table A.1: Otto Cycle Specific Work expressions [71] 

 

 Two-Stroke Engine 
 
The two-stroke engine mixes the air and the fuel up at the same time as it pushes out the exhaust 

gases (this mixture includes small portions of oil – quite noticeable exhaust smell). Because of this, 

there are only two strokes: downstroke (Power/Expansion) and upstroke (Intake/Scavenging). 

 

 
Figure A.8: Two-stroke Engine cycle schematic [69] 

 
In the first one, after ignition occurs, the combustion products expand, forcing the piston down. As the 

piston moves downwards, exhaust blowdown begins. 

In the second, as the pressure starts dropping inside the cylinder, intake slots at the side of the cylinder 

are uncovered, letting the air and the fuel in. This mixture pushes out the remaining exhaust gases and 

fills the cylinder. On its way up, the piston quickly covers the intake and exhaust ports, compresses the 

mixture and the cycle starts again once the ignition occurs. This can be seen in the previous figure. 

The two-stroke engines can be designed without valve trains and other components, such as oil pumps 

and distributor drives, resulting in a simpler and cheaper system [72]. For aero models or UAV, this type 

of spark ignition engines is more suitable, compared to four-stroke engines, since they are lighter and 

more compact (reduced number of moving parts). Besides that, they have a higher power-to-weight 

ratio (power being available in a narrow range of rotational speeds), which provides a faster control of 

the vehicle attitude [73].  
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Appendix B  MATLAB Analytic Hierarchy Process Code 

 

 

 

 

%clears command window and workspace 

clc; 

clear all; 

 

%table import 

%table must be in a separated excel sheet and must be a square matrix 

importfile('filename.xlsx','Sheet_name'); 

 

%calculates all eigenvalues and eigenvectors 

[V,D]=eig(data); 

 

%shows the highest eigenvalue 

Eigenvalue=D(1) 

 

%calculates the sum of the main eigenvector components 

tot=0; 

for index = 1 : size(V,1) 

 

tot=tot+V(index,1); 

end 

 

%calculates and shows the weighted main eigenvector 

EigenVector=V(:,1)/tot  

MATLAB Analytic Hierarchy Process Code 
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Appendix C NASTRAN Bar Element 

NASTRAN Bar Element 

 Theoretical Definition 

 

On NASTRAN solver software, a bar element is defined as a simple beam element used to form a 

connection between two nodes [44]. The complete beam element behaviour, also known in FEM 

analysis as frame element behaviour, is the superposition of two separated behaviours: bar element, in 

which there is solely axial displacement, and standard beam element, in which there are both shear 

displacements and rotations [74]. Figure C.1 illustrates this formulation. 

 

 

Figure C.1: Superposition of both bar and beam elements to obtain a frame element [74] 

 

To calculate the node displacements (𝑢 and 𝑤) and the node rotation (𝑆), each element follows a matrix 

system where the multiplication between the stiffness matrix and the displacement vector equals the 

force vector, i.e., [𝐾]{𝑢} = {𝐹}. 

For the bar element, one has 

 
2𝐸𝐼

𝜇0ℎ
3
[
𝜇 −𝜇
−𝜇 𝜇 ] {

�̅�1
�̅�2
}
𝑒

= {
�̅�1
�̅�4
}
𝑒

 (C.1) 

 

where ℎ is the element length, 𝜇0 =
12𝐸𝐼

𝐺𝐴𝐾ℎ2
 and 𝜇 =

𝐴𝜇0ℎ
2

2𝐼
 (𝐴 stands for cross-sectional area). 

 

 

On the other hand, for the beam element, the following can be written 
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2𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

3

[
 
 
 
6 −3ℎ𝑒

−3ℎ𝑒 2ℎ𝑒
2𝛴𝑒

−6 −3ℎ𝑒
3ℎ𝑒 ℎ𝑒

2𝛳𝑒
−6 3ℎ𝑒
−3ℎ𝑒 ℎ𝑒

2𝛳𝑒

6 3ℎ𝑒
3ℎ𝑒 2ℎ𝑒

2𝛴𝑒]
 
 
 

{

�̅�1
𝑆1̅
�̅�2
𝑆2̅

}

𝑒

=

{
 
 

 
 �̅�2
�̅�3
�̅�5
�̅�6}
 
 

 
 
𝑒

 (C.2) 

 

 

where ℎ𝑒 is the element length, 𝜇𝑒 = 1 +
12𝐸𝐼

𝐺𝐴𝐾ℎ𝑒
2 , 𝛴𝑒 = 1 +

3𝐸𝐼

𝐺𝐴𝐾ℎ𝑒
2 and 𝛳𝑒 = 1 −

6𝐸𝐼

𝐺𝐴𝐾ℎ𝑒
2 . 

 

Thus, by assembling both (C.1) and (C.2) together, the matrix system for the frame element is: 

 

[
 
 
 
 
 
 
 
 
 
 
 
 
 
2𝐸𝐼

𝜇0ℎ
3
𝜇 0 0

0
12𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

3

−6𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

2

0
−6𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

2

4𝐸𝑒𝐼𝑒𝛴𝑒
𝜇𝑒ℎ𝑒

−2𝐸𝐼

𝜇0ℎ
3
𝜇 0 0

0
−12𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

3

−6𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

2

0
6𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

2

2𝐸𝑒𝐼𝑒𝛳𝑒
𝜇𝑒ℎ𝑒

−2𝐸𝐼

𝜇0ℎ
3
𝜇 0 0

0
−12𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

3

6𝐸𝑒𝐼𝑒
𝜇𝑒ℎ𝑒

2

0
−6𝐸𝑒𝐼𝑒
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𝜇𝑒ℎ𝑒
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𝜇 0 0

0
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0
6𝐸𝑒𝐼𝑒
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2

4𝐸𝑒𝐼𝑒𝛴𝑒
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𝑆1̅
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𝑆2̅}
 
 

 
 
𝑒

=

{
  
 

  
 
�̅�1
�̅�2
�̅�3
�̅�4
�̅�5
�̅�6}
  
 

  
 
𝑒

 (C.3) 

 

 Calculation Example of Two-Beam L-shaped Structure 

 

Hereby, an example using the matrix system described before is presented. Figure C.2 shows the 

structure to be studied. 

 

 
Figure C.2: Two-Beam L-shaped Structure 

 
The force applied is equal to 100000N. Both complete beams (frames) have a ROD cross section with 

a 5mm radius, a Young’s Modulus of 200GPa and a Poisson’s Ratio of 0.3. The vertical beam length is 

7.3721mm and the horizontal beam length is 40mm. Since the vertical beam is rotated -90º (first node 

at the clamping position) from the standard configuration (horizontal with the first node at the left 



86 
 

position), a rotation matrix must be applied to obtain the final stiffness matrix. This rotation matrix is 

given by (𝛼 is the rotation angle): 

 

 
𝑇 =

[
 
 
 
 
 
𝑐𝑜𝑠𝛼 𝑠𝑖𝑛𝛼
−𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼

0 0
0 0

0 0
0 0

0 0
0 0

1 0
0 𝑐𝑜𝑠𝛼

0 0
𝑠𝑖𝑛𝛼 0

0 0
0 0

0 −𝑠𝑖𝑛𝛼
0 0

𝑐𝑜𝑠𝛼 0
0 1]

 
 
 
 
 

 
(C.4) 

 
The final stiffness matrix for the vertical element will be: 

 𝐾𝑓 = 𝑇
𝑇𝐾 𝑇 (C.5) 

 
To find the global displacements, a global stiffness matrix must be assembled using both final stiffness 

matrices of the two beams. Then a matrix system similar to (C.3) shall be solved. 

The results for this example, considering the coordinate system drawn, are shown in Table C.1. 

 
 

Node Bottom Left Right  

Displacement x [mm] 0 1.1072 1.1072 Matrix 

System 
Displacement z [mm] 0 -0.0469 -34.554 

Rotation y [rad] 0 0.3004 1.1152 

Displacement x [mm] 0 1.1072 1.1072 Analytical 

Calculation 
Displacement z [mm] 0 -0.0469 -34.554 

Rotation y [rad] 0 0.3004 1.1152 

Displacement x [mm] 0 1.1072 1.1074 FEM 

Analysis 
Displacement z [mm] 0 -0.0469 -34.582 

Rotation y [rad] 0 0.3004 1.1152 

 
Table C.1: Displacement and Rotation Results 

 
 
The matrix system and FEM model confirm the analytical results since the values for the three cases 

are very similar. 

 

 

Note: for the rotation calculations, Timoshenko Beam Theory was applied. However, it is important to 

clarify that slope is not the same as rotation  Slope=
𝑑𝑦

𝑑𝑥
=rotation(𝜃)+addition shear term. Therefore, 

due to the shear effect, Timoshenko considers an additional (
𝑑𝑦

𝑑𝑥
)
𝑇
 that can be translated as a cross 

section deformation. This deformation is the same throughout the whole beam, at each fraction with 

length 𝑑𝑥, and it cannot be regarded as an extra beam rotation. As mentioned before, every beam 

fraction warps in the same way so there is no rotation at the beam end relatively to the previous beam 

fractions. Hence, Timoshenko additional term only affects the beam deflection and the beam rotation is 

obtained by applying Bernoulli rotation equation. 
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The deviations for the FEM model results can be seen in Table C.2. 

 

Node Bottom Left Right  

Deviation displ x [%] 0 0.0004 0.0236 Matrix 

System 
Deviation displ z [%] 0 0.00001 0.0814 

Deviation rotation y [%] 0 0.0004 0.0004 

Deviation displ x [%] 0 0.0004 0.0236 Analytical 

Calculation 
Deviation displ z [%] 0 0.00001 0.0813 

Deviation rotation y [%] 0 0.0004 0.0004 

 
Table C.2: Deviations for NASTRAN Displacement and Rotation Results 
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Appendix D Test Rig Connection Layout 

Test Rig Connection Layout 

 Test Rig Schematic 

 

By looking at Figure D.1, it is noticeable that the measurement system created can be divided into four 

essential stages which comprise of electronic devices: Engine/Motor Set to be tested (in light blue, 

yellow and red), Sensor Platform (in light grey), Signal Conditioning (in dark grey) and Signal Processing 

(DAQ, in green, and computer).  

 

 

 

Figure D.1: Test Bench Schematic 

 

 

The Engine/Motor Set is composed of the propeller, the engine/motor and the fuel tank/battery. When 

testing an electric motor, the yellow and the red (this represents the fuel feed line) are erased from the 

schematic because there is no fuel tank installed for that configuration. Usually, the battery stands by 

the motor. Therefore, they can be both represented in one single block. 

The Sensor Platform includes all the sensors selected for the test bench. Part of this stage is connected 

to signal conditioners (operational amplifiers) since some sensors require signal amplification. These 

conditioners form the Signal Conditioning system. 

Lastly, there are the DAQ system and the computer with the proper software installed on it. These 

devices are responsible for processing every signal provided by the sensors. This phase is known as 

Signal Processing stage.  
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 Wiring Diagram 

 

The electrical assembly is easily understandable with a diagram that indicates every connection to be 

made among the DAQ system, the sensors and the amplifiers. The following figure shows the intended 

wiring layout for the test bench design at hand. 

 

 

 

Figure D.2: Test Bench Wiring Diagram 

 

 

All the sensors are connected to a microcontroller (MCU - a Raspberry Pi Board in this case) and have 

at least three pins: one for the power supply (+5V), another for the ground (0V) and the other for their 

analogue output. The load cells and the thermocouple require an OpAmp (INA125) each to amplify the 

analogue signal (range between 0V and +5V) they emit, as reported in subchapter 4.2, and the 

connection to the controller is done through it. The infrared (IR) thermometer transmits a binary digital 

signal, the reason why it is linked to the controller via two wires (information provided by the team 

Electronics Engineer). 

Before testing the test bench for the first time, all sensors must undergo a rigorous calibration 

procedure. 
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