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Abstract 

This study aims to propose a hybridized version of a propulsion system for a 10-passenger aircraft 

and compare it to a conventional (reference) aircraft which uses a fossil fuelled turbofan for 

propulsion. The hybridized powertrain includes a fossil fuelled gas turbine, which is only used for 

producing electricity, coupled in a series configuration with a battery storage, that provide power 

to two electrically ducted fans. 

The comparison mainly aims towards total energy consumption and carbon dioxide emissions; 

hence, these are aimed to be reduced in the hybridized solution. The aircrafts are compared when 

flying the same pre-defined route that is a 900 km long distance, cruising at an altitude of 7500 m 

at 150 m/s. Rate of climb, climb speed and descent angle are optimized, with regards to energy 

demand. The hybridized propulsion system is evaluated in three different scenarios, that is: 2020, 

Near Future- and Advanced Future scenario, which contain different component properties that 

address different future predictions. 

An experiment is conducted with a small scale electrical ducted fan, operating in a wind tunnel, to 

measure different quantities such as power and thrust. These results are then scaled up and used 

as design parameters for a proposed fan design that is of sufficient size to propel the hybridized 

aircraft. 

The results show that the hybridized concept, at design conditions, proves feasible in all scenarios. 

The mass of the aircraft increases as the hybridized system is introduced, but nevertheless the 

fuel consumption decreases where the reduction depends highly on energy density of the 

batteries. 
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Sammanfattning 

Målet med den här studien är att föreslå en el-hybridiserad version av ett framdrivningssystem 

för ett passagerarflygplan om 10 personer, och jämföra det med ett konventionellt (referens) 

flygplan som använder fossildrivna turbofläktmotorer för framdrift. Det el-hybridiserade 

framdrivningssystemet består utav en fossildriven gasturbin vars syfte är att generera elektricitet, 

kopplat i en seriell konfiguration med ett batterilager, som förser två elektriskt drivna 

kanaliserade fläktar. 

Jämförelsen syftar framförallt till energiförbrukning och koldioxidutsläpp; därav, målet är att 

reducera dessa i el-hybrid lösningen. Flygplanen jämförs när de presterar samma förutbestämda 

rutt som är 900 km lång, har en kryssning altitud på 7500 m i 150 m/s. Andra rutt parametrar är 

optimerade, med hänsyn till energiförbrukning. Det el-hybridiserade framdrivningssystemet är 

utvärderat i tre olika scenarier, som är: 2020- , Near Future- och Anvanced Future scenario, som 

alla innebär olika komponentegenskaper som representerar olika framtida förutsägelser. 

Ett experiment är utfört med en småskalig elektrisk kanaliserad fläkt, som körs i en vindtunnel, 

för att mäta kvantiteter som effekt och framdrivningskraft. Dessa resultat är sedan skalade upp 

och använda som designparametrar för en föreslagen fläkt design som är tillräckligt stor för att 

driva det el-hybridiserade flygplanet.   

Resultaten visar att det el-hybridiserade konceptet, under designförhållandena, visar sig vara 

möjlig i alla scenarier. Vikten av flygplanet ökar när det el-hybridiserade konceptet är applicerat, 

men bränsleförbrukningen minskar ändå, där mängden reducerat bränsle i allra högsta grad 

beror på energi-densiteten i batterierna.  
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1 Introduction 

First some background information is provided about the aviation industry and brief introduction 

of different propulsion engines and other aircraft subsystems, as well as propulsion method. The 

More Electric Aircraft (MEA) concept is then introduced, followed by the hybrid concept which is 

being investigated in this project. Finally, the objective and methodology for the project are 

described. 

Tasks are divided between the two students working on this project. Fredrik makes most of the 

code for the flight route analysis as well as being the main person responsible for the experiment 

setup and analysis. Gestur does most of the background studies and the design of the fan and fan 

blade, along with scaling up the model. Both are involved in most decisions and calculation 

procedures. Writing of the report is mostly divided the same way. 

1.1 Background 

Currently the aviation industry is producing 12% of emissions from all transport sources, 

contributing to around 2% of human’s CO2 emissions with 859 million tonnes of CO2 emitted in 

2017 [1]. Air transport increased rapidly in the recent decades, in 2016 air travellers summed up 

to around 3.8 billion and in 2035 it is predicted to increase to 7.2 billion passengers. As flights are 

getting cheaper, due to more efficient planes and competition, lower income classes are able to 

travel more via airplanes than before with traffic increasing the most in the Asia-Pacific region 

(including Asia, Australia, and New Zealand) [2].  

The Carbon Offsetting Scheme for International Aviation (CORSIA), put forward by the 

International Civil Aviation Organization (ICAO), is a scheme developed for airlines to mitigate the 

carbon emissions from their fleet by “financing a reduction in emissions elsewhere” [3]. Hence by 

burning more fuel and emitting more CO2 the airlines suffer financially, not only because of the 

investment requirements to meet the CORSIA mitigation measures but also due to higher fuel 

prices, which have been rising the recent years and are forecasted to increase in 2019 [4].  

Weight plays a vital role in energy need of aircrafts and by reducing aircraft’s empty weight by 

1%, fuel consumption will be improved by 0.25-0.75% [5]. Aluminium has been the largest share 

of material in civil airplanes but composite materials are taking over as they are even lighter than 

aluminium, in fact Boeing’s new 787 is composed of 50% composite content [5], [6]. 

The car industry has been moving more towards electrification in the recent years and with 

further development in components the aviation industry will probably follow; already there are 

small fully electrified aircrafts airborne [7]. It has the potential to be more environmentally 

friendly and as technology matures it will become more economically feasible as well.  

Different types of propulsion engines are available, and each has its characteristics. The following 

are the ones that are considered and should be known for this thesis project. 
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Jet 

The turbojet was invented in the 1930s and is essentially a gas turbine engine consisting of an 

inlet, compressor, combustor and a turbine. Air enters the compressor where it is compressed, 

then fuel is burnt in the combustor which then flows through the turbine (that is driving the 

compressor). The air-fuel mixture exits the turbine at high speed, often through a nozzle, which 

produces the thrust to push the aircraft forward according to Newton’s second and third laws of 

motion. An afterburner is sometimes used with jet engines, but that is a low-efficiency combustor 

situated downstream of the turbine, before the nozzle, where fuel is injected in the hot air-fuel 

mixture and the remaining oxygen in the mixture burns the fuel to produce even more thrust. This 

is mainly used in military aircrafts where short bursts of afterburning is used in combat or to 

overcome sharp increase in drag when breaking the sound barrier, with one commercial 

application exception of the Concorde [8], [9]. 

Propeller (Turboprop) 

Propeller engines are mostly used for smaller aircraft applications and cargo planes as their 

efficiency decreases when the aircraft speed increases [10], and the speed requirements for these 

applications are not high. Propellers work on the principle of moving large amounts of air, but 

where the air speed is relatively low. Propellers usually have two or more blades and can be 

powered by a piston engine or a jet engine, then called “turboprop”. Turboprops consist of the 

same components as a basic jet engine but have a propeller in front of the compressor, which is 

also driven by the turbine but usually with a reduction gearbox in-between. The blades of the 

propellers are relatively long (longer than turbofan blades), and as the radius increases the 

relative velocity at the tip increases and reaches sonic speed before the aircraft itself. This results 

in worse aerodynamic properties where shockwaves can form, deteriorating the engine 

performance and is the main reason why the turboprop is used for slower flight applications [11]. 

The propellers provide most of the thrust, but the exhaust from the engine “can contribute to as 

much as 20% of the total thrust” [12].  

Some advantages and disadvantages of turboprops are [11]: 

Advantages Disadvantages 
• High fuel efficiency, more than turbofans 

at relatively low speed (650 m/s) 
• Vertical take-off and landing (VTOL) is 

possible and has been applied [13] 
• High take-off thrust so take-off ground roll 

can be shorter 

• Much noise and vibrations 
• Limited to subsonic and low altitude 

flights (below 30,000 ft.) 
• More components, higher weight 
• Gearbox can demand frequent 

maintenance intervals  

Turbofan 

Larger commercial airplanes today usually have a ducted fan incorporated in the jet engine, called 

turbofan engines. Instead of the propeller there is a fan which has more and shorter blades, 

providing different characteristics from the propeller and the working principle is, moving 

smaller air mass but at higher speed. The air coming into the engine goes through the fan where 

some of it enters the engine (core) and the rest is deviated around the core, not reacting to any 

fuel but is serving two purposes; producing thrust and cooling the engine. The ratio of the air going 

around the core to the air going into the core is called Bypass Ratio (BPR).  Machines with high 

BPR (less air into core) are more efficient than ones with low BPR, as the extra energy needed to 
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power the fan is compensated greatly with the extra thrust. High BPR turbofans are almost as fuel 

efficient as turboprops but can operate at higher speed and are therefore used in high speed 

transport applications [14]. The BPR of civil transport aircrafts is usually high where specific fuel 

consumption (SFC) is one of the main parameters, especially in long haul flights. Typical values 

are 4-6 [15]; the successful engine CFM56 has for example, in various versions, a BPR of around 

5.3 and those engines are widely used [16]. A new, more efficient machine is the Rolls Royce Trent 

1000 which was designed for Boeing 787. Having a BPR of 10 and higher, the fan generates over 

85% of the thrust and the engine is 20% more fuel efficient than the ones in Boeing 767 [17], [18]. 

Afterburning can also be applied on turbofans. Turbofans can have gearboxes but more often have 

two- or three-spool configurations where the low- and high-pressure compressors and turbines 

rotate on different shafts. This is applied to allow different rotational speeds of fans to the turbine 

powering the compressor as it may not be as efficient having the same rotational speed. Due to 

the shorter blades of fans versus propellers, the rotational speed can be higher before the flow 

turns transonic. This is better for various reasons, such as mechanical stress being less, and the 

flow might avoid shockwaves due to lower velocities. Furthermore, the noise is reduced as the 

flow velocity decreases, but the main cause of the noise is most probably originated in the 

compressor [11], [19]. A simple schematic of a turbofan is shown on Figure 1-1, where main 

components are marked. 

 

Figure 1-1. Simple schematic of a turbofan. 

Turboshaft  

Turboshaft engines differ from the previous mentioned two engines in such a way that the hot 

exhaust gases, from the turbine powering the compressor, are not used for creating jet thrust but 

to drive another turbine (power turbine). The power turbine then supplies shaft power to a 

propeller. This engine configuration is used in helicopters [11]. 

Propeller Attachment 



Chapter 1. Introduction  4 

Most passenger airplanes have a tractor-type attachment of the propeller/fan, i.e. the 

propeller/fan sits in the front of the attachment point, while the pusher-type attachment has the 

propeller/fan behind the attachment point. The different attachment types are shown in Figure 

1-2. The pusher configuration is further discussed in Chapter 2.6. 

 

Figure 1-2. Different attachment types of propeller/fan, (a) showing pusher and (b) showing tractor. Adapted from fig. 
10.25 in [20]. 

Subsystems 

In a conventional aircraft there are, according to [21], four main non-propulsive (or secondary) 

power systems: 

• Pneumatic power, extracts hot, compressed air from compressor to power 

Environmental Control Systems (ECS) and Wing Anti-Icing (WAI). 

• Mechanical power, powering various pumps and other mechanically driven subsystems. 

• Hydraulic power, mainly powering actuation systems and other systems, such as landing 

gear and braking. 

• Electrical power, power avionics, lighting and other commercial loads.  

The ECS is seeing to that the environment inside the aircraft is within accepted limits, such as 

temperature and pressure. Air is bled from the compressor of the engine to provide hot, 

compressed air, which is cooled down and used to provide climate comfort as well as WAI. Most 

aircraft have an Auxiliary Power Unit (APU) from which the pneumatic system can also draw air 

from. The APU is a small additional gas turbine running a generator to provide electricity for the 

aircraft [22]. 

Boeing´s 787 Dreamliner, a state-of-the-art passenger aircraft, has increased fuel efficiency 

compared to earlier Boeing aircraft designs which is partly due to the replacement of most 

pneumatic systems with electric systems. There are numerous advantages of replacing pneumatic 

systems [23]: 

• Power production is more efficient, as compressed air is not being bled from turbine. 

• Power electronics require fewer components, increasing reliability and reducing 

maintenance costs as well as weight. Pneumatic system is maintenance intensive. 

• Electronic systems draw exactly the amount of power needed but pneumatic often 

generate more power than needed. 

• Electronic systems are easier to monitor and control. 
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• WAI is significantly more efficient with an electronic system than a pneumatic and 

requires approximately half of the power of a traditional system. Exhaust holes are needed 

for the pneumatic air, so implementing an electronic system reduces drag. 

The MEA concept introduces electrical motors replacing some/all of the secondary power 

systems, increasing efficiency, control and reliability. The mechanical and hydraulic systems are 

robust but require more components and heavier infrastructure than power electronics. The 

latter also provides good monitoring and control while removing the need for corrosive fluids and 

leakage, which often is difficult to detect. However, the power density is lower than that of 

hydraulics, and short circuits can cause fire [21].  

Energy Storage 

Several methods of storing energy are available, but the one chosen for this project is battery 

storage. Choice of battery for aviation applications depend on many factors, but the most 

important one is specific energy; how much energy can be stored in a unit of mass/volume. The 

goal of this project is to find a solution where the propulsion system delivers the required power 

and satisfies all load- and safety needs but is as light as possible to reduce power need; so specific 

energy of batteries is a governing factor in relevant hybrid applications. 

Different types of batteries exist but the most commonly used batteries in electric/hybrid vehicles 

today are the so-called Lithium-ion batteries, or Li-ion. Lithium is non-toxic and light, making it a 

good candidate for batteries and is in fact considered the most promising metal for battery 

production. Li-ion batteries have rather good specific energy values; for NCA it goes up to 250 

Wh/kg. Different types of Li-ion batteries are listed in Table 1-1 [24].  

Table 1-1. List of few Lithium-ion battery types and their abbreviation. 

Abbreviation Materials 
LCO Lithium cobalt oxide 
LMO Lithium manganese oxide 
LFP Lithium iron phosphate 
NCA Lithium nickel cobalt aluminium oxide 
NMC Lithium nickel manganese cobalt oxide 

Many Electric Vehicles (EVs) today use NMC while Tesla uses NCA in their cars. These two types 

excel in specific energy, NCA outperforms NMC while the latter has higher lifetime. NMC is 

predicted to have the highest market share in 2030, followed by LFP and NCA. LFP doesn’t provide 

good specific energy characteristics but is safe and the materials used are abundant and 

environmentally friendly. LCO performs well but has severe safety issues [24]. For aviation 

application the NCA is promising these days. 

The EV- and aviation industries have synergies, as the goal is to reduce weight and increase 

performance of batteries for vehicles to have longer range and power, comparable to their fossil-

fueled counterparts. The Tesla Model S P100D is an electric sports car with one model type 

featuring 102 kWh battery, able to reach 100 km/h in 2.4 seconds [25], indicating high-power 

batteries. Tesla has different sizes of batteries; one is 85 kWh that weighs 618 kg, resulting in 

around 138 Wh/kg [26], while the 102 kWh battery has specific energy of around 176 Wh/kg [24]. 

This battery is used as basis for one scenario, and the C-rate used to scale batteries for the other 

scenarios, this is introduced further in Section 3.1.3.  
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Sion Power is developing lithium metal batteries, claiming to reach 500 Wh/kg [27], aimed 

towards for example unmanned vehicle systems (UVS) and EVs. Their product is 10.8x10x1 cm 

with maximum continuous discharge of 60 A and pulse discharge rate of up to 100 A. The batteries 

are not yet commercially available, but these batteries are used as basis for one future scenario. 

Certain limitations apply to the assumptions made in this project. Cycle life of batteries are not 

considered, nor its cost. Degradation of batteries happens in all conditions but if operation 

conditions are tough, such as high or low temperatures, degradation can be faster. The different 

types of Li-ion rely on different materials which vary in abundancy. To keep costs low the most 

abundant materials should be used, but environmental aspects also play a role as some materials 

are corrosive and not environmentally friendly. Lithium itself could be a bottleneck in the future 

if usage of Li-ion batteries increases [28]. These factors should be considered for future 

application, but the scope of this thesis project is limited to only consider the specific energy and 

power of batteries.  

Future energy sources, such as wind and solar, are intermittent energy sources, so energy storage 

can help with the intermittency problems and controlling energy output. Energy storage is 

therefore evolving fast now as it is becoming a crucial factor in most energy systems and future 

passenger aircrafts will possibly be independent of fossil fuel. Battery-Supercapacitor Hybrid 

devices are being investigated. They are still not comparable to advanced batteries in performance 

but can potentially outperform them in the future with both higher energy- and power density 

[29]. Lithium-Sulfur (Li-S) battery cathodes are very promising, as sulfur is an abundant material, 

which could lead to lower costs and the energy density can be up to five times that of Li-ion 

batteries [30]. OXIS is working on Li-S batteries and have achieved 400 Wh/kg at cell level, 

whereas the theoretical maximum of Li-S is 2700 Wh/kg [31]. Lithium-air batteries also have large 

potential but will not be commercially available for the next years.  

Cost Index 

The cost index (CI) is an index that airlines use to optimize their flight routes, and is defined as 

𝐶𝐼 =
𝑇𝑖𝑚𝑒 𝑐𝑜𝑠𝑡

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡
 (1) 

where time cost is the cost for the flight duration and fuel cost of fuel consumed during flight. This 

is used to optimize the flight speed and flight duration. Fuel is a large factor of an airline’s 

expenses, but its price is also varying with the world market price of fuel. Other costs are for 

example wages of staff and maintenance of components, which both can depend on flight hours. 

Indirect costs can be the reputation of the airline; punctuality might affect amount of sold tickets. 

These costs fall under the category of time cost and must be considered and compared with the 

fuel cost for each flight route. When fuel prices increase it might get more economically feasible 

to reduce fuel usage by flying a bit slower at a better fuel efficiency rate [32]. 

1.2 Objective 

One step further than MEA could be the hybrid concept investigated in this thesis. The gas 

turbine(s) are then moved inside the fuselage where their only purpose is to generate electricity. 

By doing so, and by replacing various subsystems with power electronics, the number of 

components can be reduced, making the system simpler and easier to maintain and possibly 

decreasing weight. There is a trade-off; a generator and a power converter need to be installed, as 
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well as a battery bank (or some type of energy storage) which serves as a buffer between 

generator and load. By implementing this, and under-dimensioning the gas turbine, it can run on 

or close to an optimal operational point during most of the flight and the battery bank can meet 

the excess load when necessary. 

Batteries are heavy and sizing of the battery bank is an optimization problem which is addressed 

in this thesis project. Furthermore, if all subsystems are replaced with power electronics, there’s 

no need for bleeding air from gas turbine and it can be used only for producing electricity, 

increasing thermodynamic efficiency. The APU can then be removed completely as the main 

engines produce all electricity required. 

To sum up the objectives, the aim of this project is to design and present a feasibility study of a 

powertrain for a hybrid aircraft (type B) and compare the fuel consumption to a similar 

conventional aircraft (type A), which is a passenger aircraft with 10 passengers and uses a 

turbofan engine for propulsion with specific data presented later in the report. The powertrain 

for type B consists of the following components: 

• Gas turbine 
• Generator 
• Power converter 

• Battery bank 
• Motors 
• Electrical ducted fan (EDF) 

The final goal is to show if there is a solution for the hybrid propulsion system that is more feasible, 

in terms of fuel consumption and emissions, than the conventional one. Furthermore, by 

introducing an EDF the noise from the aircraft should be reduced, making it a more appealing 

application for both people in the aircraft as well as people on the ground. 

The weak links in the systems are to be highlighted and future prospect for those to be 

investigated. Furthermore, an experiment is conducted with a small EDF where various quantities 

are measured and used for scaling up and designing a full-sized fan for the hybrid aircraft. 

1.3 Methodology 

Literature study is performed to investigate current hybrid and electrical aircraft projects and to 

understand the main systems in an aircraft. As the thesis project is about a hybrid aircraft, the 

MEA concept should be familiar, and power electronics are investigated. 

Excel™ is used for calculations and optimizations but MATLAB™ is the chosen software for making 

plots. Variables that are optimized are climb speed, rate of climb (RoC), descent angle, battery 

bank size and gas turbine size. 

An experiment is conducted with a small EDF which is made to measure various quantities that 

are, along with geometrical properties, converted into non-dimensional parameters that are used 

to scale up and design a full-sized fan. 

A proposed design of a hybrid powertrain is developed, where the main components are sized and 

optimized. 

The building materials of the aircraft are not considered, the total weight is assumed from the 

weight of the following: 
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• Same dry weight, that is the mass of the aircraft body without engines or fluid (fuel), for 

both aircrafts which is the dry weight of type A 

• Same cargo weight, assuming ten passengers and two pilots of average 80 kg, each 

passenger with 20 kg of luggage 

• Extra 20 kg assumed for food and drinks 

• Fuel weight for type A is calculated as 664 kg, further explained in chapter 3, engines for 

type A are 2 x 350 kg  

This sums up to 7144 kg, so a total weight of 7000 kg is assumed for type B as a starting point. 

Due to lower fuel requirements and different components, the total weight for type B is different.  

 Scenarios 

In this chapter the components in the three different scenarios are explained. The properties of 

each component are further explained in Chapter 3.1. 

Three scenarios are set up for simulation: 

2020: Available technology is used, and aircraft is flight-ready in 2020. The component 

specifications are: 

• Batteries: current Tesla batteries, assuming some improvements where specific energy is 

set to 200 Wh/kg. 

• Motor: EMRAX 348 with power density of 4.6 kW/kg. 

Near Future (NF): Technology being developed now and expected to become available within ten 

years. The specifications are: 

• Batteries: Lithium variation, possibly Lithium-Sulfur, with specific energy of 500 Wh/kg.  

• Motor: Siemens SP260D with power density of 5.2 kW/kg. 

Advanced Future (AF): Further into the future than the NF scenario where significant 

improvements have been made to components required. Types of components are not necessarily 

specified but rather properties which are assumed to have been achieved. 

• Batteries: Undefined technology with 1000 Wh/kg. 

• Motor: Siemens SP260D with power density of 5.2 kW/kg. 

 Sensitivity Analysis of the Model 

Sensitivity analysis is made in each scenario where the effects from changing the initial mass and 

flight route length are investigated. The values are presented in Table 1-2.  

Table 1-2. Variables and their values for each scenario in sensitivity analysis. 

Variable 2020 NF AF 

Initial mass [kg] 6000-7000-8000 6000-7000-8000 6000-7000-8000 

Flight route Length 
[km] 

700-900-1100 700-900-1100 700-900-1100 



9 
 

 

2 Flight route 

In this chapter the different parts of the flight route are defined, and the calculations performed 

are explained in this. The optimization scheme of the flight route is then presented, and finally 

design aspects are addressed. 

The process of start to a full stop after landing can be divided into a few phases, and the following 

describe a simplified flight route, depicted in Figure 2-1. 

Take-off Climb – Cruise – Descent Landing 

Ground roll: From aircraft 
standing still until take-off is 
reached; that is rotation 
speed is reached and tires 
leave the ground. 

Transition: The phase 
between ground roll and 
climb, where aircraft 
accelerates to climb speed 
and is reaching the climb 
angle. 
 

Climb: Aircraft climbs up to 
cruising altitude. 

Cruise: Aircraft has reached 
cruising altitude. This is 
usually the longest phase of 
the process and is often at 
constant altitude, but altitude 
can vary during the cruise. 

Descent: Aircraft descends 
from cruising altitude 
towards ground level. 

 

Approach: First phase of 
landing, where obstacles 
must be cleared, and 
approach angle is reduced. 

Flare: Aircraft decelerates 
towards touchdown speed 
and angle is decreased 
further (landing equivalent to 
the transition phase) 

Ground roll: Aircraft touches 
the ground, rolls free for a 
short while before brakes are 
applied and full stop is 
reached. 

 

Actual flight routes consist of more phases, for example; a take-off for regular commercial flights 

is divided into various segments, where a standard take-off procedure has been developed for air 

traffic control (ATC) to have control of the airports. Law and safety also play a roll, for example, if 

a twin-engine aircraft is taking off and one engine fails, it has several minimum requirements to 

complete the take-off in order to avoid impact with obstacles near the airport [33].  

In this thesis the flight path is simplified as the main focus is on the propulsion system and having 

an actual path will not be a make-or-break factor since both concepts will be compared when 

flying the same route. The path then consists of ground roll, climb, cruise and descent, where 

descent is defined until the point of contact with ground. To account for variations in air 

conditions while climbing and during descent, and to evaluate energy need of the ground roll, the 

distance of all four procedurals are divided into 1000 nodes when doing the calculations. The path 

is then a discontinuous process where transition between procedurals happens instantaneously 

and a schematic is shown in Figure 2-1. Ground roll after landing is not considered to have a 

significant energy demand, due to no thrust is needed and time interval is relatively short, and is 

therefore neglected. The total flight distance of the route that the propulsion system will be 

dimensioned for is 900 km. Furthermore, it is assumed that the take-off and landing will take place 

at sea level while the cruising altitude is set to 7500 m. 
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Figure 2-1. Flight route. 

There are four forces that govern flight calculations for aircrafts; thrust, drag, lift and weight. 

When these four forces are in balance, the thrust required to propel the aircraft can be found, and 

Figure 2-3 shows how these forces act on an aircraft during climb. Lift force is defined as 

perpendicular to flight direction and drag is parallel to flight direction (in the opposite direction) 

and these forces are defined as the following [34]: 

Lift and drag forces are the two factors which define how much thrust is required for propelling 

an aircraft. Lift and drag forces are defined as [35] 

𝐷 =
1

2
𝜌𝑉2𝐴𝑤𝐶𝑑  (2) 

𝐿 =
1

2
𝜌𝑉2𝐴𝑤𝐶𝐿 (3) 

where ρ is the air density, V is the velocity of the aircraft, Aw the area of the wings and Cd,L the drag 

(‘d’) and lift (‘L’) coefficients, respectively. Various types of drag are considered in aerodynamical 

design, but in this project drag is simplified to only equation (2), [35]. Drag coefficient Cd depends 

on for example shape of the airfoil, and assuming an uncambered airfoil the equation is given as 

𝐶𝑑 = 𝐶𝑑,0 + 𝑘 𝐶𝐿
2 (4) 

where Cd,0 is the zero-lift drag coefficient, which varies between aircrafts, and k the drag due to 

lift, or induced drag [35]. These values vary between aircrafts and are a function of various design 

features. Since no specific design of the aerodynamics of the aircraft is included in this project, 

both these values are roughly assumed to 0.03, based on data from different types and sizes of 

aircrafts [36]. 

CL is assumed 1 at sea level and changes with altitude and velocity; that is further explained in the 

following subchapters. At cruise altitude it is defined from eq. (3), where lift is equal to weight of 

the aircraft. Density of air changes with altitude and the procedure to calculate density is 

explained in Section 2.2. 
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2.1 Take-off 

During take-off Vrot (speed of rotation) is important to find, as it is the speed required for the lift 

force to overcome the weight of the aircraft. During ground roll the acceleration is considered 

constant and force balance is used to find Vrot where the weight of the aircraft is equal to the lift 

force where the transition starts. 

𝑊 = 𝐿   =>    𝑚 ⋅ 𝑔 =
1

2
𝜌𝑉𝑟𝑜𝑡

2 𝐴𝑤𝐶𝐿 (5) 

In equation (5) the lift coefficient is set to 1. The acceleration needed to achieve Vrot at a specific, 

predefined ground roll distance, is calculated from (6), where V0 is zero as plane starts at 

standstill. 

𝑉𝑟𝑜𝑡
2 = 𝑉0

2 + 2𝑎𝑆𝐺𝑅 (6) 

To find the thrust needed in each part of the ground roll, a force balance gives 

𝑇 − 𝐷 − 𝜇(𝑊 − 𝐿) = 𝑚 ⋅ 𝑎  =>    𝑇 = 𝑚𝑎 + 𝐷 + 𝜇(𝑊 − 𝐿) (7) 

Ground roll friction coefficient µ for dry concrete/asphalt is 0.03-0.05 (typical for a hard runway 

is 0.03) and for wet concrete/asphalt it equals 0.05 [37]. To take a bit conservative approach, µ is 

set to 0.05. The take-off process is shown in Figure 2-2. 

 

Figure 2-2. Take-off process. Adapted from [38]. 

Transition is not considered in this report, so the aircraft is assumed to go directly from ground 

roll to climb-phase where it climbs with constant velocity and RoC. If there are obstacles relatively 

close to the airstrip this might affect the required take-off speed and climb angle. Horizontal 

distance from the end of the transition phase to an obstacle must be at least 15 m for a small civil 

aircraft [37]. This is neglected as well, and aircraft is assumed to have enough horizontal distance 

during climb to avoid all obstacles. 

The speed during take-off and transition should be around 10-20% higher than the stall speed of 

the plane [37]. This is not considered, the minimum rotation speed is found and at the next time 

step the climb phase is instantaneously reached with a fixed RoC, climb angle and speed. Finally, 

the aircraft is assumed to be running with the required amount of fuel and battery bank, to 

complete the route, when ground roll starts. 
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2.2 Climb 

The simplified climb procedure in this thesis is with a constant RoC and climb speed from the 

point where Vrot is achieved. To evaluate the thrust needed in the climb, a force balance is applied, 

and the following equation is obtained. 

𝑇 = 𝑚𝑔 𝑠𝑖𝑛(𝛾) + 𝐷 (8) 

Drag (D) is a function of air density that is varying with air temperature which is a function of 

altitude. To account for this, temperature is calculated as a function of altitude. International 

standard atmosphere (ISA) standard temperature for a given altitude can be found with a simple 

rule of thumb that says: Temperature at a given altitude can be estimated if one doubles the 

number of thousand feet of altitude, then subtract 15 from that and put a minus sign in front of it. 

Further on, ISA standard temperature at sea level is always 15 degrees Celsius [39]. From that, 

the air density at each altitude can be calculated by assuming air to be an ideal gas and using the 

ideal gas law: 

𝜌 =
𝑃

𝑇𝑅
 (9) 

The pressure used in the ideal gas law to calculate the air density is found with the following 

equation [40]: 

𝑃 = 101325 ∗ (1 − 2.25577 ∗ 10−5 ∗ 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒)5.25588 (10) 

where altitude is in meters and the standard pressure at sea level is 101325 Pa according to ISA 

[41].  

Drag is also a function of the lift coefficient, which changes during the climb. The lift required 

during climb is known, so equation (3) is used to find the lift coefficient: 

𝐿 = 𝑚𝑔 𝑐𝑜𝑠 𝛾   =>    𝐶𝐿 =
2𝑚𝑔 𝑐𝑜𝑠 𝛾

𝜌𝑉𝑐𝑙
2𝐴

 (11) 

The lift coefficient then changes with altitude, as the density changes. This in turn affects the drag 

coefficient, according to equation (4). Here a discontinuity appears in the model, as the lift 

coefficient is not 1 at the first climb node as it is in the transition node before (last node of ground 

roll). The lift coefficient changes from first to the last node of the climb, where another 

discontinuity appears as an instantaneous change in velocity happens when first node of cruise is 

reached. Each quantity in the climbing part’s force balance is presented in Figure 2-3. 
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Figure 2-3. Schematic of climb principle, velocities marked in blue and forces in black. 

 

2.3 Cruise 

Cruise-climb is more fuel efficient than level cruise. This is based on the Breguet range equation, 

where the aircraft gradually increases altitude while cruising to maintain the lift coefficient, which 

changes with decreasing (fuel) weight. This is usually not permitted for transport aircraft due to 

ATC as it would make it harder to organize flight routes. A “stairstep” cruise may be allowed, 

where altitude is increased in steps [37]. Having a hybrid aircraft with less fuel burn decreases 

the loss in aerodynamical efficiency if level flight is kept. Level cruise is used in this project and 

the cruise is assumed to be a steady state operation where the thrust needed is equal to the drag 

working on the aircraft, thus yielding the following equation. 

𝑇 = 𝐷  =>    𝑇 =
1

2
𝜌𝑉𝑐𝑟𝑢𝑖𝑠𝑒

2 𝐴𝑤𝐶𝑑 (12) 

The density used in the cruise phase is then the air density at cruising altitude calculated 

according to equation (9) and (10). The drag coefficient is calculated like in the climb section, but 

with the cruise velocity. 

2.4 Descent 

The force balance during descent is similar to the one during climb except the weight is now 

reducing thrust required: 

𝑇 = 𝐷 − 𝑚𝑔 𝑠𝑖𝑛(𝛾′) (13) 

where 𝛾′ is the descent angle, shown on Figure 2-1. Descent velocity varies with conditions, such 

as wind speed and requirements from ATC, but often in passenger flights during descent the 

engines are kept idle, producing minimum thrust as the plane can glide down and fuel 

consumption is at minimum [42]. The velocity is assumed constant and less than cruise speed, but 
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higher than climb speed, so it is fixed to 120 m/s. Same method for calculating lift coefficient is 

applied here as in the climb calculations. 

2.5 Optimizing Flight Route  

To find the route that requires least amount of energy an optimization is done by varying RoC, 

descent angle and climb speed. These values are assumed constant, along with cruise speed.  

Cruising velocity is given by FMV supervisor during a meeting, (February 15 2019, Erik Prisell, 

Swedish Defence Materiel Administration, Strategic specialist Aero Propulsion, Power & Energy 

conversion), to be around 150 m/s (540 km/h). That is fairly slow compared to a turbofan-

powered aircraft but comparable to a turboprop-powered aircraft such as Cessna Denali, which 

makes a good reference as it can take 8-11 passengers and its maximum cruise speed is just under 

150 m/s [43]; as mentioned in Background the propeller-type engines fly slower than fan-type 

engines.  

To determine which RoCs should be evaluated, one must investigate the requirements that are at 

hand. As mentioned above, the transition part consists of four parts, depicted in Figure 2-4. The 

legislation says that during the second segment: “The steady gradient of climb may not be less than 

2.4 percent for two-engine airplanes” [44]. This is a minimum requirement for segment two, which 

is lower than the climb gradient after take-off procedure. For a climb speed of 100 m/s, this results 

in a RoC of 2.4 m/s. As the flight route consists only of one constant climb section, the lowest RoC 

evaluated is set to 5 m/s. Note that what the legislation says concerns aircrafts with the critical 

engine inoperative (engine failure during ground roll), but within this thesis project, this criterion 

is used as if both engines are operative. According to some online forums, the average RoC for the 

larger passenger aircrafts is around 2000 ft/min (roughly 10 m/s), give or take maybe 1000 

ft/min, so on the interval of 5-15 m/s [45], [46], [47]. This might not be the most economically 

feasible option, as pilots need to consider the comfort and safety of passengers as well. RoC is then 

evaluated in segments of 1 m/s until 15 m/s. 

The descent angle in regular flight traffic today is, according to “the rule of three” about 3 degrees 

[48]. Taking that into account, the lowest descent angle is set to 5 degrees in the optimization as 

in the AF scenario it is beneficial to have a steeper descent when running in wind turbine mode. 

The descent angle is then evaluated in segments of 1 degree, from 5 to 15 degrees, in all scenarios 

to keep them comparable. 

Finally, the climb speed (true air speed) is optimized with regards to total energy consumption, 

evaluated from (rounded) speed of rotation and in segments of 1 m/s. 
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Figure 2-4. The four segments of take-off [49]. 

The optimization process is iterative, and the steps are the following. 

1. RoC and descent angle are evaluated in a matrix, such that for each RoC and descent angle, 

with a fixed climb speed, the total propulsion energy requirement is calculated where only 

one set of RoC and descent angle should give the lowest value.  

2. With those values as input to the model, the climb speed is then varied from 𝑉𝑟𝑜𝑡 

(rounded), with increments of 1 m/s, until the energy need has reached its lowest value 

and starts increasing again. 

3. This gives a new fixed climb speed input to the RoC-Descent angle optimization and the 

process is repeated until solution converges.  

This optimization is done with a fictive total weight of the aircraft of 7000 kg, with the motivation 

that the mass of the aircraft has a linear relation to the thrust, and consequently the energy 

needed, so the trend is the same independently of the mass. 

2.6 Design Aspects 

Propulsion can be acquired by either using a tractor-type or pusher-type of propulsion. This is an 

important factor in designing the aircraft but as only design of the drivetrain for the aircraft is the 

goal of this thesis project this is neglected. Looking at some ongoing projects in the aviation field 

that focus on electric propulsion, pusher-type seems to prevail. Eviation’s Alice [50] is a fully 

electrified nine passenger commuter aircraft with one pusher propeller at the aft of the plane and 

two pusher propellers on each wing and Ampaire’s TailWind [51], a similar size aircraft with both 

fully electrified and hybrid versions, features a ducted pusher-fan at the aft. Figure 2-5 and Figure 

2-6 show drawings of those two aircrafts where the pusher configuration is clearly seen. 
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Figure 2-5. Schematic of Eviation's Alice [52]. 

 

Figure 2-6. Ampaire's TailWind. Photo courtesy of Ampaire Inc. [53]. 

Various methods are available for achieving higher aerodynamical efficiency, such as winglets, 

which reduce drag and wing tip losses, increasing lift. Boeing’s 737 MAX has in fact double 

winglets, turning upwards and downwards, and Boeing claims “the new 737 MAX AT winglet is the 

most efficient ever designed for a production airplane” [54]. As drag is reduced winglets aid in 

saving fuel but there is always the trade-off between increased efficiency and increased weight. 
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3 Propulsion system 

The main scope of this thesis project is to evaluate an alternative propulsion system, applied to an 

aircraft called type B. This type B aircraft will be compared with regards to energy performance 

along with CO2 emissions to a conventional aircraft called type A, flying the same route. 

First the conventional reference aircraft is introduced, followed by the hybridized concept and its 

various components. Finally, the optimization model is introduced. 

Type A, conventional propulsion system 

Specifications for the conventional aircraft are presented in Table 3-1. 

Table 3-1. Specifications of reference aircraft, type A. 

Specification type A aircraft 
Wingspan 17 [m] 
Length 17 [m] 
Wing area 30 [m2] 
Empty weight 5300 [kg] 
Max Take-off Weight 10200 [kg] 
Crew 2 
Passengers 10 
Engine 16 [kN], (3500 lbs) (x2) 
Engine weight 350 [kg] (x2) 
Electrical power 2*10 [kVA] 
Range 900 [km] 
Alt cruise 9000 [m] (30000 ft) 
Fuel Jet A-1 

To compare fuel consumption between the two aircrafts, the Thrust-specific-fuel-consumption 

(TSFC) needs to be defined. To get TSFC for type A aircraft, a graph of specific fuel consumption 

as a function of altitude, Mach number and net thrust is provided by the supervisor at FMV during 

a project planning meeting (February 15 2019, Erik Prisell, Swedish Defence Materiel 

Administration, Strategic specialist Aero Propulsion, Power & Energy conversion), which is shown 

in Figure 3-1. 
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Figure 3-1. Specific fuel consumption as function of Mach number and net thrust. (Note: The Mach number in the graph 
for “Max cruise thrust” should be between 0-1, not 0-10) 

From this graph, the SFC can be derived for each procedure throughout the flight route. To get the 

TSFC during each procedural, the Mach number and altitude are needed as input. Since the 

altitude changes during the climb and descent, an average altitude is used for these two 

procedurals. The Mach number is defined as the fraction of the actual speed to the speed of sound, 

and is calculated with the following equation 

𝑀 =
𝑉

𝐶
 (14) 

The speed of sound varies with local conditions and is calculated with the following equation 

𝑎 =  √𝛾𝑅𝑇 (15) 

where 𝛾 is the ratio of specific heats and considered constant and equal to 1.4, R is the gas constant 

for air, also considered constant and equal to 286 J/kgK and T is the static temperature. Since the 

ground roll is the only procedural having acceleration, an average speed will be used for this 

procedural. Before the fuel consumption can be calculated, the time in hours is needed for each 

procedural which will be an output from the Excel™ model. 
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The TSFC from the graph is given in units of pounds of thrust and pounds of fuel. In order to get 

kg of fuel, the thrust that is given from the model, that is in kN, must be converted to pounds and 

the fuel mass must be converted to kg. Since 1 kg is equal to 0.4536 lb, and 1N is 0.225 lb, the 

following equation is used to calculate the fuel consumption in kg. 

𝑘𝑔𝑓𝑢𝑒𝑙 = 𝑇𝑥  [𝑁𝑡ℎ𝑟𝑢𝑠𝑡] ∗ 0.225 [
𝑙𝑏𝑡ℎ𝑟𝑢𝑠𝑡

𝑁𝑡ℎ𝑟𝑢𝑠𝑡
] ∗ 𝑇𝑆𝐹𝐶𝑥 [

𝑙𝑏𝑓𝑢𝑒𝑙

𝑙𝑏𝑡ℎ𝑟𝑢𝑠𝑡 ⋅ ℎ
] ∗ 𝑡𝑥[ℎ] ∗ 0.4536 [

𝑘𝑔𝑓𝑢𝑒𝑙

𝑙𝑏𝑓𝑢𝑒𝑙
] (16) 

Type B, hybridized propulsion system 

An arbitrary hybridized powertrain for aircraft application like this can be connected in either 

series or parallel arrangement. The advantage of the parallel arrangement, is that there is only 

one electrical machine required; the gas turbine shaft is connected to work in tandem with the 

electrical motor to run the ducted fan, eliminating the requirement of the generator. However, the 

series connection is chosen in this project as one main gas engine is preferred and will run during 

the whole flight and when the power output is more than required, the batteries can be charged, 

and the electricity used later. This configuration also allows the possibility to run the ducted fans 

in “wind turbine mode”, where energy can be generated through the ducted fans to load the 

batteries. This would also be possible with the parallel configuration with a more sophisticated 

mechanical design, for example a multi spool engine. A fundamental sketch of the series (a) and 

parallel (b) connected hybridized powertrains are depicted in Figure 3-2. 

 

Figure 3-2. Series (a) and parallel (b) configuration of hybridized powertrains. Adapted from [55]. 

The gas turbine is only serving one purpose: generating electricity. This is different from a 

conventional aircraft system where the gas turbine is used for propulsion, producing electricity 

and supplying hot, compressed air. The electricity is then led through the power converter from 

which it goes to both the electrically ducted fans (EDFs) and to power all subsystems in the 

aircraft.  
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The battery bank’s purpose is to be a buffer between the gas turbine and the load. The system is 

designed to operate the gas turbine on its optimal point as much as possible during flight. The gas 

turbine is thus providing the base load much of the time while the battery is peak-shaving 

(meeting the excess load).  

3.1 Components 

A common criterion for all ingoing components is that they are reliable, efficient and preferably 

of low weight. This is to make the hybridized concept profitable, compared to the reference 

aircraft, and applicable in the aviation industry.  

 Gas turbine 

The desired power generation source should be a robust machine with a high power-to-weight 

ratio. A machine of this kind, already used in the aviation industry and mentioned above, is the 

turboshaft engine. The specific engine for this application is a tailor-made turboshaft engine and 

not an existing one. This approach is known as using a “rubber engine” [56] in the design phase of 

an aircraft, which means that the engines specifications is not fixed to more than estimations of 

characteristics like; SFC and power-to-mass ratio, as in this case. This approach is chosen to be 

able to scale the engine size up and down in the model that is developed in Excel™ for the 

optimization. 

To find reasonable number of SFC and power-to-mass ratio for the rubber engine, three existing 

proposed turbo shaft motors are investigated with regards to various power outputs, relatively 

high power-to-weight ratio, and low SFC. The power outputs of the selected turbines are based on 

an initial calculation of the flight route with a proposed mass of the type B aircraft of 7000 kg. 

Rough initial estimation shows that the highest power demand is during ground roll and peaks at 

about 1500 kW but only for a short period of time, while the cruise demands around constant 

1000 kW.  Since energy storage will be used for peak-shaving, and peak demand varies with mass 

and other parameters, engines with power output of around 1000 kW are considered. 

CTS800 

CTS800 is a motor developed by LHTEC (Light Helicopter Turbine Engine Company) that is a joint 

venture company between Rolls-Royce and Honeywell. They first developed the T800 for the 

United States army and the commercial and exported motor is called CTS800. 

Honeywell TPE331 

TPE33 is a motor, today built by Honeywell, but developed in the 1960’s by Garrett AiResearch 

for the military. The TPE331-series include 18 models and 106 configurations [57], but the two 

TPE331 motors being applied in this thesis project is the TPE331-14GR and TPE331-12JR. 

Technical data for the considered engines is presented in Table 3-2 [58]. 
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Table 3-2. Technical data for the reference shaft engines. 

 Shaft power 
[kW] 

SFC @ max. continuous 
power. [kg/kWh] 

Mass 
[kg] 

Power-to-mass 
ratio [kW/kg] 

CTS800-2 1015 0.273 150 6.78 
TPE331-14GR 1285 0.31 281 4.57 
TPE331-12JR 858 0.318 181 4.73 

By having these three engines shown in Table 3-2 as guidance, a power-to-mass ratio and SFC has 

been chosen to be 6.78 kW/kg and 0.273 kg/kWh, respectively, at a maximum power of 1000 kW. 

This engine is assumed to be running on JET A-1 fuel, the same as type A. This fuel has a heating 

value of 43 MJ/kg [59]. From this information together with the assumed SFC, the efficiency of the 

rubber engine can be calculated at maximum continuous power and is 31%.  

The rubber engine should be designed such as it has an optimal operation point at 80% part load, 

where it should operate most of the time and therefore still be able to handle full load a longer 

period of time in case of a failure in the system. The thermal efficiency at the optimal operation 

point is assumed to be 5% higher than at full load. Furthermore, the lowest possible part load 

operation point is 30% of maximum power and at this point the engine is assumed to have a 

thermal efficiency of 10%. These assumptions are based on an interview with a lecturer at Royal 

Institute of Technology (April 15, 2019, Miroslav Petrov, Royal Institute of Technology, 

Department of Heat and Power). From this, an efficiency curve has been fitted to a spline to get 

the efficiencies throughout the entire operation register, the efficiency behaviour curve is shown 

in Figure 3-3. 

 

Figure 3-3. Efficiency curve of gas turbine showing efficiency as a function of partial loading. 



Chapter 3. Propulsion system  22 

 Power Electronics 

The electronics in general are a very important part in a MEA and must be carefully designed. The 

scope of this thesis project does not include detailed design of electronics, only main components 

are investigated and their primary properties used in the model, such as power output and power 

density, while other aspects are neglected, such as voltage, current, frequency, resistance and all 

wiring.  

The scaling of the power electronics will also have the “rubber” approach. In this case it is the 

power density of the generator, motor and power converter that are of importance. From an 

interview with Doctoral students on Electrical Power and Energy Systems department at Royal 

Institute of Technology (KTH), it was assumed that the motor and generator are scaled better than 

linearly to the favour of the power capacity per mass unit due to the axial flux of the magnetic field 

(March 19 2019, Stefan Stankovic and Konstantina Bitsi, Royal Institute of Technology, Division 

of Electrical Power and Energy Systems). It would however have a bigger impact on the size of the 

machine since the cooling requirements would change when scaling the power up and down. Since 

the cooling is out of the scope of this thesis project it will not be considered. The same goes for the 

power converter, the scaling would probably be better than linearly with regards to power 

capacity per unit mass and is highly dependent on the material science behind the fabrics that it 

is built of. Since the power converter already has a high power density it will not be a crucial factor 

for this project. To take a moderate approach and to rely on the rubber concept of scaling, the 

power density of the motor, generator and power converter are scaled linearly.  

Generator/Motor 

The motors driving the ducted fans are also desired to be able to work as generators. This would 

make it possible to have the same type of machine as generator and motor in the propulsion 

system, which would make it easier for maintenance work and to hold spare parts. To have the 

same type of machine as motor and generator would also open up the opportunity to use the fans 

to extract energy from the passing air during the descent (wind turbine mode) to charge the 

batteries. Cooling needs of components, along with the possible change in performance when 

running the motors as generators, are addressed but not included in model. For the 2020 scenario 

the EMRAX motor is chosen as it is currently commercially available, but since the one from 

Siemens has higher power density but is not currently commercially available, it is chosen for the 

future scenarios Revolutions per minute (RPM) of the motors are assumed to match the need of 

the fan and no gearbox needed. 

EMRAX is making electrical motors for various applications, including aviation, indicating 

reliability and high power density. The motor type is of axial flux synchronous permanent magnet, 

which could also work as a generator where the specifications are the same as for motor operation 

mode. EMRAX 348 is their largest standard motor available today and it can deliver up to 200 kW 

continuous power and have a peak power of 400 kW, with a mass of 39-40 kg [60]. There are a 

few types of this motor and these power outputs can be reached if the motor is running on 400VDC 

with combined air and liquid cooling. A feasibility study should be done to find if it would be more 

feasible to have combined cooling for the motor, since the increased power output might not 

compensate for the extra weight of pumps, heat exchangers and cooling fluid. Since this motor is 

used for powering fans and will have easy access to cold air at high altitudes, the air-cooled version 

is chosen for this thesis project. However, the continuous power output given in the specification 
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sheet depends on the temperature of the cooling air (reference temperature is 25°C) and since 

temperature of the air during flight will (mostly) be less than that, a continuous output of 180 kW 

is assumed. Furthermore, a constant efficiency of 98% is assumed for both motor and generator 

operation mode. Specification of the EMRAX 348 motor can be seen in Table 3-3 [60]. 

Siemens SP260D is chosen for the future scenarios. It is used in their small electric aircraft Extra 

330LE, providing 260 kW. The motor is oil cooled, but in this thesis project it is assumed to have 

the same cooling mechanisms as the EMRAX motor but still maintain its power output and 

properties. Siemens and Airbus have a development agreement regarding hybrid-electric 

propulsion systems, where Siemens is providing the motor so these small high power density 

motors will become more visible in the aviation industry soon [55], [7]. The specification for 

SP260D are presented in  . 

Table 3-3 [7]. 

Table 3-3. Main specifications of the motors/generators. 

 
Mass [kg] Power [kW] 

Power density 
[kW/kg] 

Efficiency [%] 

Siemens 
SP260D 

50 260 5.2 95 

EMRAX 348, 
Low Voltage, 
Air Cooled @ 

25°C 

39 
400 (peak)/170 

(continuous) 
4.6 (assuming 

180 kW) 
92-98 

Power converter 

The power converter regulates the output power from the generator and either feeds it to the 

ducted fan or to the storage. The power converter needs to be dimensioned to be able to handle 

the peak power from the gas turbine. Siemens, in collaboration with Magnus Aircraft Corp., is 

developing a small fully electric aircraft where Siemens provide the SD104 inverter, with 

dimensions of 47x94x141 mm, weighing 900 g with propulsive power of 57 kW [55]. This is the 

one that will be adapted in this project. The power converter is assumed to have no losses.  

 Energy storage 

The gas turbine is chosen/designed to operate at optimal operation point majority of the flight, 

which requires an energy buffer between the engine and the motors. This way the gas engine does 

not need to be as powerful as the energy storage could provide extra power when required, for 

example during ground roll. Current investigated electrified aviation projects are using batteries 

as storage and hence only batteries are considered in this thesis project. 

As Tesla is one of leading companies in EV’s, their battery in the Model S P100D is chosen as the 

basis for the 2020 scenario. As the battery technology is evolving fast, an energy density of 200 

Wh/kg is assumed for the 2020 scenario, compared to the actual value of 176 Wh/kg. 

A similar product to the Sion Power battery, mentioned in Background, is considered for the NF 

scenario, where 500 Wh/kg is used. For the AF scenario no specific battery type is considered but 

some new or improved types of batteries are assumed where the specific energy is arbitrarily 

assumed to be 1000 Wh/kg, for seeing the possibilities with having high energy dense batteries. 
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Finally, power ratings of batteries vary and should be taken into consideration. The battery in 

Tesla’s Model S P100D car has a maximum power of 576 kW and a size of 102 kWh [24], and this 

is used as a reference. The C-rate of this battery is calculated and then used as a factor to scale it 

linearly with battery size. A C-rate is a measure of how fast a battery is charged or discharged and 

is limited by the amount of current it can handle. For instance, if a battery has 1 Ah and 1 A is 

extracted it would be discharged in 1 hour, therefore has 1 C. If 2A could be extracted, the battery 

could be discharged in 0.5 hours resulting in 2 C. 

The maximum power and battery size are used to derive the C rate, according to the following 

equation. 

C-rate =
𝑃𝑀𝑎𝑥

𝐸𝑆𝑖𝑧𝑒
→

576 𝑘𝑊

102 𝑘𝑊ℎ
= 5.647 ℎ−1 (17) 

To be able to extract more total power from the battery storage, the hybridized propulsion system 

in this thesis project will consist of two battery packages, one for each engine. This gives the final 

conceptual layout of the hybridized propulsion system shown in Figure 3-4. Furthermore, it is 

assumed that the two loads, in this case the electrical ducted fans, are always working 

symmetrical, so that the electrical system will always be in balance. Possible voltage dips in the 

battery caused by a low state of charge is not considered nor the possible cooling need of the 

batteries.  

 

 

Figure 3-4 - Sketch of final serial connection of the hybridized propulsion system 

Charging the batteries is a bottleneck in some applications (EVs for example) and if aircrafts are 

to take-off soon after landing, this could be a problem. Fast-charging solutions might become 

available in the future, but another way to solve this would be to have charged batteries ready at 
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the airport(s). This would of course increase the capital cost as more batteries need to be 

purchased but could serve as a temporary solution. This aspect is out of the scope of this project. 

 Propeller Type 

A ducted fan is chosen as the thrust producer. Although propellers are usually chosen for lower 

speed applications, a ducted fan has several advantages. There are a few projects designing 

electrified/hybrid aircrafts which use ducted fans (mentioned in chapter 2.6), they emit less noise 

and due to shorter blades the motor must rotate much faster for the blade tips to reach sonic 

speed, allowing higher rotational speed but possibly avoiding shockwaves. Finally, having shorter 

blades creates less torque. Furthermore, an experiment is conducted with a ducted fan to gather 

validation data that is used to scale it up to the needed fan size to propel the hybridized aircraft. 

3.2 Optimization Model 

For a type B aircraft to be feasible, the fuel consumption needs to be reduced, and consequently 

the emissions, when flying the predefined route. As mentioned above, the weight of the aircraft 

plays a major roll when it comes to fuel consumption. Therefore, the optimization strategy focuses 

on lowering the dry weight of the powertrain and the fuel consumption, as much as possible. 

To find the optimal sizing of the storage and gas-turbine in the hybridized propulsion system, a 

code is developed in Excel™. In this code, the weight is calculated for all ingoing components of 

the propulsion system which represent the dry weight of the powertrain, and the fuel 

consumption in kg. This is done for various combination of gas-turbine size and storage size where 

the combinations which do not fulfil the energy or power requirements throughout the flight route 

are neglected.  

Since the total mass of the aircraft determines the thrust and consequently the power- and energy 

need to complete the cruise, iterations are needed to get the mass to converge. A mass of 7000 kg 

is used as initial value, which is the total mass of the type A aircraft rounded downwards to the 

nearest 1000 kg. Iterations are run where the mass of the proposed solution of the first iteration 

is used as input to the next, and so on, until the result has converged.  

Maximum amount of iterations is set to 10, and if the mass in one of the scenarios does not 

converge after 10 iterations, a multi variable optimization procedure is applied to that scenario. 

In this case, two optimization variables are used as input, which are the total powertrain mass and 

fuel consumption. These two factors are weighed differently in relation to each other and to find 

the optimal ratio between these optimization variables, a penalty factor is introduced for each 

quantity.  In this case a penalty factor for fuel consumption is set to 10, since that is the most 

important variable to optimize for in this project, and then iterations are run with a penalty factor 

for powertrain-mass varying between 1 and 9. The proposed solution that converges and gives 

the lowest fuel consumption is chosen. This procedural is presented in a flowchart in Figure 3-5. 
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Figure 3-5. Flowchart of the optimization code using multivariable optimization 

The input to the model, in terms of storage and gas turbine, when calculating the total mass are a 

storage size that is varying from 150 to 600 kWh and a gas-turbine size varying from 950 to 1600 

kW with a step size of 10 kWh and 25 kW respectively. Each scenario is evaluated through this 

code to compare the outcome from different possible future trends in terms of development 

within the different technologies being used.  

The following is assumed in the model. 

• Minimum battery state of charge is 20%. 

• Minimum gas turbine load is 30% part load. 

• Optimal gas turbine load is 80% part load. 

• For AF scenario, the EDF’s capacity factor when running in wind turbine mode are 100%. 

This is not possible according to Betz’s law, but it won’t have a big impact on the fuel 

consumption, so a high value will be assumed to try to detect a more obvious gain from 

this property applied in this scenario.  

Efficiencies assumed are: 

• 휂𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 = 85% Propulsive efficiency 

• 휂𝑚𝑒𝑐ℎ𝑎𝑛𝑐𝑖𝑎𝑙 = 98% Mechanical (shaft) efficiency 

• 휂𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟/𝑚𝑜𝑡𝑜𝑟 = 95% Efficiencies of motor and generator 

• 휂𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 = 100% Efficiency of the power converter 

• 휂𝑠𝑡𝑜𝑟𝑎𝑔𝑒 = 100% All energy put into batteries can be extracted 

 Operation Strategy 

To obtain the lowest fuel consumption the optimal operation point of the gas turbine should be 

maintained as long as possible during flight. Power demand between flight parts varies 

substantially however, so the gas turbine must vary its output. To keep it running optimally, 

constant output is favoured so there are three main levels of ramping: Minimum, optimal and 

maximum output. The gas turbine can however work on all operation points between minimum 

and maximum.  
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The strategies for the different parts are introduced below. 

Ground roll 

This is the shortest part and requires high power, therefore gas turbine runs on full load through 

GR and if need be, batteries compensate if load exceeds gas turbine capability. 

Climb 

While batteries still are above their lowest allowed state of charge (SOC) the gas turbine runs on 

its optimal output and batteries provide the rest of the power. If the batteries are drained, then 

GT works on maximum output and batteries are charged with the excess power produced. As the 

cruise requires rather high power for a long time, charging the batteries during climb is beneficial. 

Cruise 

Constant load is assumed, since all factors, such as altitude, density and velocity are kept constant. 

From here, three different operation schemes are evaluated in the model, where the first scheme 

that is sufficient to complete the cruise is selected, and they are evaluated in the following order: 

1. Gas turbine can run on optimum operation point throughout the cruise and the batteries 

are of enough SOC that they can compensate the rest of the energy needed. 

2. Gas turbine can run on 90% of maximum power output throughout the cruise and the 

batteries are of enough SOC that they can compensate the rest of the energy needed. 

3. Gas turbine can run on maximum power output throughout the cruise and the batteries 

are of enough SOC that they can compensate the rest of the energy needed. 

In each case, it is evaluated if the total energy needed throughout the cruise can be covered by one 

of these schemes. If the third operation scheme cannot cover the energy/power need to complete 

the cruise, that configuration is excluded. When the operation scheme is selected, it is applied in 

the cruise calculation. 

Descent 

Since the weight of the aircraft is now reducing the thrust needed, and speed is assumed constant 

during descent, the load is negative (no thrust needed) for the first part of the descent but becomes 

positive when lower altitude is reached and air density increases. Due to safety reasons and other 

aspects, gas turbine is never switched off. Hence, during the first part of descent the gas turbine 

runs on minimum output while the excess power produced is used to charge the batteries. The 

charged batteries can then provide the extra power needed to finish the descent with the gas 

turbine running on minimum output, otherwise the gas turbine matches the load. 

This procedure differs between scenarios. Since the EDFs in the AF scenario can operate in “wind 

turbine mode” energy will be extracted in the first part of the descent, where the load is negative, 

and used to charge the batteries with. 

3.3 Emission Savings 

When the flight route has been optimized, and the configuration and the operation scheme found, 

the emission savings of type B compared to type A can be calculated. Only CO2 emissions are 

considered, and only for fuel consumed during the calculated flight route. 
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As the fuel usage for both types are known, for all scenarios, the emissions can be found by the 

following formula 

𝑚𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 [𝑘𝑔𝐶𝑂2] = 𝑚𝑓𝑢𝑒𝑙  [𝑘𝑔𝐹𝑢𝑒𝑙] ⋅ 𝐶𝐸𝐹 [𝑘𝑔𝐶𝑂2 𝑘𝑔𝐹𝑢𝑒𝑙⁄ ] (18) 

The Carbon Emission Factor (CEF) is set to 3.15 [61], so for each kg of Jet A-1 fuel burnt, 3.15 kg 

of CO2 are produced.  
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4 Experiment 

An experiment is conducted with a small ducted fan, from which results and other parameters are 

scaled up to estimate the performance of a full-sized fan, designed for the type B aircraft. This is 

further addressed in Chapter 5. An analysis of the velocity profile in the inlet tube is performed to 

determine to what degree this tube affects the air flow into the fan. This will be furthered 

explained in this chapter. 

The experiment is conducted in KTH’s laboratory and is done with the fan placed on a table in 

front of a wind tunnel, where wind is blown axially to the fan and different variables are measured. 

The air velocity approaching the fan is limited by the maximum mass flow capacity of the wind 

tunnel and the geometry of the outlet. A reference run of the experiment is done with the EDF 

without any forced wind; this is to be able to detect and account for the drag caused by the setup 

in the wind tunnel that will act in the opposite direction of the thrust generated by the fan.   

The measured quantities during each experiment are: 

• Voltage and current to determine the power demand. 

• Thrust to determine the propulsion efficiency. 

• Total- and static pressure in the fan inlet to evaluate wind velocity upstream of the fan. 

The data is used to calculate velocity to make a velocity profile at the inlet of the fan, along with 

the net thrust given by the fan at different operation points to calculate the propulsion efficiency. 

The flow profile is assumed symmetrical across the middle, hence the traversing over the fan inlet 

are from the middle towards one wall and the results are mirrored for the other half. This is done 

with the assumption mention in Chapter 4.3. 

The errors of the empirical data, that are possible to calculate, are found whereas the errors that 

cannot be calculated are mentioned and touched upon as well but not further evaluated. The 

thickness of the boundary layer is also calculated to evaluate to what extent the empirical data 

can tell about the velocity profile and how much the inlet tube affects the flow before it hits the 

fan. 

4.1 Experimental Setup 

 Components 

The ducted fan is a Dr. Mad Thrust 90mm with 11 blades [62]. This device is mainly used for radio-

controlled aircrafts and technical specifications are presented in Table 4-1. 
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Table 4-1. Technical specification of the electrical ducted fan. 

Dr. Mad Thrust, Technical Specifications 

Construction Material [-] Aluminium Alloy 

Weight [g] 350 

Max RPM 40000 

Motor Type B3648 1700kV 

Max Power [W] 2300 

Max Continuous Power [W] 2100 

Max Voltage (6s) [V] 22.2 

Max Current [A] 92 

Max Thrust [N] 29.42 

The energy source is two car batteries with 12 V and 74 Ah, connected in series to achieve 24V. 

Since the motor has a voltage limitation of 22.2V, two diodes are connected in series to achieve a 

slight voltage drop in the circuit. 

The motor controller is a YEP 100A SBEC Brushless speed controller [63] with specifications 

presented in Table 4-2. 

Table 4-2. Technical specification of the motor controller. 

YEP 100A SBEC, Technical Specifications 
Max Continuous Current [A] 100 
Max Current (10s) [A]  120 
BEC [-] 5.5V/6A Switching BEC 

Since the setup is mainly for radio-controlled aircraft, a turning servo tester is used to be able to 

throttle the EDF without a remote control. This device is connected directly to the motor 

controller that gives the servo an excitation voltage and is then receiving a throttle signal back to 

regulate the power to the EDF. The test circuit is shown on Figure 4-1. 
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Figure 4-1. Electrical scheme of test circuit. 

 Measurement equipment  

The measurement equipment used to measure the concerned quantities are the following: 

• Current: A current shunt is used which is a resistor with predefined value of resistance 

that gives a certain voltage over the shunt for a given current.  

• Thrust: FUTEK Model LSB200 

• Pressure: NetScanner Model 9116 

• Signal handling unit: Keithley model 2701 with a 7706 card 

All the voltage signals from the equipment mentioned above, including the voltage 

measurement, are received in the Keithley bridge. The Keithley device is then connected to a 

computer that is running a LabVIEW™ program that contains formulas for thrust, current and 

power, to convert the voltage signals to the mentioned quantities and gather the data in a .txt 

file. 

The purpose of measuring the static and total pressure conditions is to derive the wind 

velocity into the fan. The total pressure probe is also radially movable, to traverse it across the 

inlet tube and determine the velocity profile at the inlet and possibly detect the boundary 

layer.  

The pressure is measured at five places for the experiment. Three probes measuring the static 

pressure, placed 120 degrees from each other around the inlet tube at the same cross section, 

and one measuring the total pressure. This is shown in Figure 4-2. 
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Figure 4-2. Pressure probes mounted on the fan's inlet tube. 

An additional pressure probe is placed inside the wind tunnel to measure the total pressure. This 

is to be able to derive the wind velocity inside the wind tunnel. The static pressure for the wind 

tunnel is assumed to be the same as for the EDF. 

4.2 Uncertainties 

As in all experimental studies it is of importance to highlight to what accuracies the quantities are 

measured and to mention the obvious flaws of the setup that can be detected by an ocular 

inspection and try to compensate for that if possible. In the following chapter, the flaws of the 

setup and uncertainties of the used measurement equipment are mentioned, and measures taken 

are explained.   

 Setup 

The parts that fasten the fan to the thrust table create a drag in the opposite direction than the 

ducted fan, which needs to be compensated for in the experiment since it is conducted with forced 

wind approaching the fan. The fan is places as much in the centre of the flow channel to avoid 

interacting with the boundary layer of the flow in the wind tunnel and therefore be exposed to a 

free-flowing wind stream. But this is, to some extent, on cost of how much of the structure that 

will be expose to the wind and create an opposite drag. The setup in front of the wind tunnel can 

be seen in Figure 4-3 and Figure 4-5. To estimate the drag from the assembly parts, the 

contributing geometries that is facing the wind must be evaluated. The surface facing the wind, 

along with the dimensions, are shown in Figure 4-4. Figure 4-3 and Figure 4-5 are showing the 

EDF’s position relative the outlet of the wind tunnel.  
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Figure 4-3. Setup in front of the wind tunnel from the side. 

 

Figure 4-4. Ducted fan that is facing the approaching air from the wind tunnel. 
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Figure 4-5. Setup in front of the wind tunnel from above. 

The surfaces that are included in the compensation of the drag is the flat plate holding the fan in 

place. All the small pipes and hoses used for pressure measurement is considered to have such 

small impact that they will be neglected.  

From here, two approached are taken to calculate the drag from the flat plate, one where a general 

drag coefficient for a flat plate is used, and the other one where an empirical drag coefficient is 

used. The empirical drag coefficient is derived from a reference experiment that is conducted 

where the fan is tested without forced wind. From this experiment, the thrust at a certain power 

will be noticed and compared to the thrust measured at the same power in the experiment in front 
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of the wind tunnel. The net difference between these thrusts will represent the drag, from where 

the drag coefficient is calculated with the following equation 

𝐶𝑑 =
𝐹𝑑

𝜌 ∗ 𝑣2 ∗ 𝐴 ∗
1
2

(19) 

where 𝜌 is air density, 𝐴 is the affected area and 𝑣 is the wind velocity approaching the flat plate. 

The other approach will use a drag coefficient of 1.28 [64]. Rearranging (19) to have the drag force 

coefficient, Fd, gives  

𝐹𝑑 = 𝐶𝑑 ∗ 𝜌 ∗ 𝑣2 ∗ 𝐴 ∗
1

2
 (20)  

To calculate the affected area, one must calculate the entire flat plate then subtract the area of the 

inlet. Furthermore, the inlet tube is considered to have no extension from the flat plate in the axial 

direction of the fan. That is done with the following equation 

𝐴𝑡𝑜𝑡 = 𝐴𝑓𝑙𝑎𝑡−𝑝𝑙𝑎𝑡𝑒 − 𝐴𝑖𝑛𝑙𝑒𝑡−𝑡𝑢𝑏𝑒 (21) 

 Measurement equipment uncertainties 

The measurement equipment that is used to collect the data of the concerned quantities also 

contribute to the accuracy of the experimental results and need to be taken into consideration 

when evaluating the results. These uncertainties and their calculations are addressed in Appendix 

A2, where the measurement accuracies of each measurement equipment are evaluated as well as 

the possible human errors involved.  

The used uncertainties of the measurement equipment’s are: 

• Pressure measurement: The NetScanner Model 9116 gives standard deviation of the 

measured pressure as an output together with each logged result. Along with that, the 

manufacture states that the scanner is capable of accuracies up to 0.05% if the device is 

calibrated within six months, which is assumed [65]. This is then the type B uncertainty. 

• Current: The current shunt has a stated type B error of 0.5%, read from the current shunt 

itself.  

• Thrust: FUTEK has a stated type B uncertainty of 0.1% [66] 

• Keithley: The Keithley device has a stated accuracy of ±0.0021% of reading plus range for 

DC measurements [67].  

• DC/DC converter voltage: The DC/DC converter used to give excitation voltage to the 

thrust measurement device is a Traco Power TDN 1-2421WI. It has a stated voltage ripple 

of 30 mV peak to peak [68]. This is a relatively small ripple but could cause the FUTEK 

device to give a small variation in the measured thrust. The error given by the voltage 

ripple from the converter will not be considered in this thesis project. 

• Human errors: Beside the accuracies and random errors from measurement equipment, 

error caused by the people conducting the experiments can also affect the data. They are 

hard to account for in the results but a few of them will be mentioned in this chapter but 

not further evaluated in this thesis project. 

o Length of pressure measurement hosts (Cause lagging pressure changes). 

o Flaws of the experimental setup. 
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▪ Flaws of the experimental setup can cause inaccurate results, such as the 

placing of the EDF in front of the wind tunnel, if the wind stream is not 

approaching at zero angle.  

▪ Fastening of pressure measurement hosts. 

o Reading length measurements inaccurately. 

o Total pressure probe is traversed manually, hence the position of the probe is 

subject to human error, as well as the angle between the probe and incoming flow 

may deviate between measurements. 

4.3 Evaluating data from the experiment 

During the experiment, the data is logged with a frequency of 1 Hz. The pressure measurements 

will experience a time lag of pressure changes due to the length of the pressure measurement 

hoses, which means that the pressure change when going between two operation points will take 

some time to reach the pressure measuring device. Due to this, raw data is sorted out. This will be 

conducted as follows. 

• The five measurements in the middle of the logged section for each operation point is the 

ones taken into consideration, and the first and last few rows of data is taken away. This 

leaves five measurements for each operation points where an average value is calculated 

from, and this will be the representative value for this operation point.  

The velocity over the traversing of the fan must be derived from the measured pressures. To do 

that, the following assumptions will be taken: 

• Static temperature  𝑇 = 20˚𝐶 = 293 𝐾 

• Ratio of specific heat 𝛾 = 1.4 

• Specific heat of air 𝑐𝑝 = 1006
𝐽

𝑘𝑔∗𝐾
 

• Inlet angle of the flow relative the fan is 0˚ 

From this the air velocity can be calculated, by assuming an isentropic relation between the 

quantities: total and static temperature and pressure. By rearranging equation (44) and (45), the 

following expression is used to derive the air velocity 

𝑐𝑎𝑖𝑟 = √(𝑇0 − 𝑇0 ∗ (
𝑃

𝑃𝑜
)

𝛾−1
𝛾

) ∗ 2 ∗ 𝑐𝑝 (22) 

A velocity profile is then presented from these results to try to detect the boundary layer of the 

flow close to the wall.  

The experimental setup can traverse the total pressure measurements from the middle of the flow 

channel till 2 mm from the wall. The boundary layer thickness is calculated to evaluate if the 

measurement probe will be able to detect the boundary layer in the measurements. The 

calculation procedure is shown in Appendix A3. 
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5 Fan Scaling and Design 

The main parameters of the fan and the experiment are scaled up to investigate how a full-sized 

fan performs on the type B aircraft at cruise conditions. Design issues are addressed, and a 

preliminary fan design proposal is put forward. In this chapter, the fan used in the experiment is 

referred to as “experiment fan” and the scaled-up fan as “scaled fan”. 

Main parameters for the scaling of the fan, taken from the experiment fan and experiment 

measurements, are given in Table 5-1: 

Table 5-1. Main parameters of experiment used for scaling. 

Parameter Description 

𝐷 
Outer diameter of the fan (shroud/tip diameter). The diameter of the duct is 
measured and assumed to be equal to the fan diameter, hence tip spacing is 
neglected. 

𝑑 Inner diameter of the fan, or the hub diameter. 

𝑐ℎ𝑜𝑟𝑑 Chord length of the blades. This is roughly measured at midspan of the blade. 

𝑉𝑖𝑛 
Velocity of air into fan. This is calculated based on pressure measurements in 
the duct before air hits the fan. Mass flow is then calculated from this value, 
hence applied to the duct area. 

Dimensional analysis is widely used today for assessing impacts on real scenarios from a model 

scenario. The Buckingham Pi-theorem is such analysis, where dimensionless quantities are used 

to compare effects on model to a real case. There is often a direct relation between the model and 

the real case, and by using this analysis and performing experiments, many dimensionless factors 

that are commonly used for specific applications have been generated [69]. The following factors 

can be used for aircraft engine analysis [70]: 

�̅� =
�̇�√𝑐𝑝𝑇0

𝐷2𝑝0
 

Non-dimensional mass flow. Mass flow can apply both to air and fuel for 
a turbofan. D is a characteristic dimension of the engine and is chosen as 
inlet diameter of the experiment fan in this project. 
 

�̅� =
𝑁𝐷

√𝛾𝑅𝑇0

  
Non-dimensional shaft speed. This is applied to the rotational speed of 
the fan, where N has the units rad/s. 

These factors are considered, calculated with experimental data, as well as the following 

geometrical factors: 

𝐷

𝑑
 

Ratio of diameters used directly to scale up the experimental fan. For 
fans this is typically less than 0.3 [71], but in this case it is 0.4. 

𝑐ℎ𝑜𝑟𝑑𝑚𝑖𝑑𝑠𝑝𝑎𝑛

𝐷
 

Ratio of chord length at midspan to the outer diameter of the fan. This is 
only a design feature applied to the blades and does not affect scaled fan 
performance. 
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Since mass flow for experiment fan is calculated, the non-dimensional value is found with relating 

mass flow with speed, area and density, resulting in 

�̅� =
𝑝𝑖𝑛𝑉𝑖𝑛√𝑐𝑝𝑇0,𝑖𝑛

𝑅𝑇𝑝0,𝑖𝑛

(23) 

Other common factor used for scaling is the Mach number, and pressure ratio could be chosen as 

well. Due to limitations in experiment equipment, a comparable Mach number to the one at cruise 

conditions in the model is not achievable in the laboratory. Therefore, the non-dimensional mass 

flow is not possible to use directly for scaling. 

The pressure ratio for the experimental fan can be estimated from pressure and thrust 

measurements. The pressure ratio for a fan this small is relatively low and is not used as a scaling 

factor. 

The rotational speed of the experimental fan is not measured. However, with data given by 

manufacturer (stated in Table 4-1) the rotational speed can be roughly estimated. The maximum 

power and rotational speed is given, and power to the fan is measured during experiment. The 

following assumption is made: 

𝑃 ⋅ 𝑁 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

where P is power to the fan and N the rotational speed. Hence, the rotational speed of the 

experimental fan at a certain input power can be calculated: 

𝑁𝑓𝑎𝑛 =
𝑃𝑚𝑎𝑥𝑁𝑚𝑎𝑥

𝑃𝑓𝑎𝑛
 (24) 

The non-dimensional shaft speed can therefore be found and is used as a scaling factor, where �̅� 

is kept constant and N for the scaled fan is solved for, using the inlet conditions presented in the 

following chapter. 

5.1 Model 

The goal of the fan design is to obtain the required thrust to propel the aircraft at design 

conditions. The design carried out is only a preliminary one, calculating few of the main factors, 

such as blade angles at three radiuses, and is only designed for cruise conditions while off-design 

evaluation is not considered. The model is developed in Excel™. 

The thrust needed to propel the aircraft at cruise when the mass has the initial value of 7000 kg 

is used as basis for the fan design. During the design procedure it is assumed that two fans are 

used, one on each wing, so the thrust and power requirements for the aircraft are divided equally 

on both fans. The following calculations are based on [72].  

Thrust is a force which is created by accelerating mass, or as Newton’s second law states, change 

in momentum equals force, and the net thrust (referred to as F in this chapter) created by a fan is 

𝐹𝑓𝑎𝑛 = �̇�𝑎𝑖𝑟(𝑉𝑜𝑢𝑡 − 𝑉𝑖𝑛) (25) 
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The flight thrust required (𝐹𝑓𝑙𝑖𝑔ℎ𝑡) at cruise conditions is equal to the drag and is found with the 

cruise calculations in Chapter 2.3. The power required to propel the aircraft is related to the 

thrust, in such a way that 

𝑃𝑓𝑙𝑖𝑔ℎ𝑡 = 𝐹𝑓𝑙𝑖𝑔ℎ𝑡 ∗ 𝑉𝑓𝑙𝑖𝑔ℎ𝑡 (26) 

where the velocity is the flight velocity of the aircraft. The fan thrust (𝐹𝑓𝑎𝑛) must then be equal to, 

or larger than, the flight thrust (𝐹𝑓𝑙𝑖𝑔ℎ𝑡). The rate of kinetic energy the fan adds to flow, or the 

power to the jet, is 

𝑃𝑗𝑒𝑡 =
1

2
�̇�𝑎𝑖𝑟(𝑉𝑜𝑢𝑡

2 − 𝑉𝑖𝑛
2 ) (27) 

The ratio of these two powers gives the propulsion efficiency: 

휂𝑝𝑟𝑜𝑝𝑢𝑙𝑠𝑖𝑜𝑛 =
𝑃𝑓𝑙𝑖𝑔ℎ𝑡

𝑃𝑗𝑒𝑡
 (28) 

In the flight route model this efficiency is assumed constant and equal to 85%. When all 

efficiencies are included the power required to feed the fans is found, thus the power required 

from the hybrid powertrain. 

 Limitations and Assumptions 

The experiment fan has stator vanes downstream of the rotor, which also serve as the structure 

beams, holding the hub in place. As stator vanes downstream of the rotor would add weight it is 

decided to exclude those in the design, having only rotor blades and the flow will swirl when 

leaving the duct. Structure beams are needed to hold the hub in place, but these are assumed to 

be light and not affecting the flow downstream of the rotor. 

The experiment fan does not have a nozzle downstream of the rotor. Nozzles are used to 

accelerate the flow and thereby create more thrust, as when the flow area decreases the velocity 

must increase to maintain a constant mass flow. The design of the scaled fan includes a nozzle as 

it is assumed that the gain in thrust compensates for the increased weight of the duct. Finally, 

number of blades are not considered in these calculations. The following assumptions are made: 

- Ambient air is standing still 
- Inlet velocity is axial 
- Inlet is both adiabatic and, due to 

relatively low Mach number of aircraft and 
for simplifications, it is considered 
isentropic, so no losses are assumed from 
inlet to rotor blades 

- The structure beams holding the hub in 
place are not affecting the flow 

- Shroud radius is considered the same 
as blade tip radius; that is 
geometrically no space between tip 
and shroud 

- Mid span of blade is the design point 
and represents the fan characteristics 

- Soderberg’s relation is used to 
account for losses in the flow across 
the rotor 

- Nozzle isentropic efficiency is 
assumed 95% 

 Process 

Since not enough values are known, the design process is iterative where the isentropic efficiency 

(or the total-to-total efficiency), calculated with equation (62), is the convergence criterion. Note 
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that this efficiency is usually applied to each stage (each stage consists of rotor and a stator), 

where the total efficiency of a turbine/compressor is lower than each stage’s efficiency. But as the 

kinetic energy acquired in the nozzle is utilized, this efficiency is reasonable to apply [73].  

First design values are chosen, then the isentropic compression over the fan is calculated. This is 

used as a basis for the next step, as the isentropic efficiency is applied to the next step and 

iteratively recalculated until the efficiency value converges. The following calculations are based 

on [74]. A schematic of the scaled fan is shown on Figure 5-1. 

 

Figure 5-1. Schematic of the scaled fan with the different design points shown. 

Inputs 

The following are the variable input parameters: 

- 𝑃𝑟 [-] 

- 𝑁 [RPM] 

 

- 𝑟𝑠  [m] 

- 𝑟ℎ [m] 

Pressure ratio 

Rotational frequency of rotor. This is converted to ω [rad/s] which is 

used for all calculations. 

Shroud radius (𝐷/2) 

Hub radius (𝑑/2) 

When D is chosen, the other parameters, except for Pr, are fixed according to the chosen 

dimensionless parameters. Finding the best solution is an optimization problem, which is 

explained later in this chapter. The constants for the air are the following: 

- cp – Specific heat. This changes with temperature but that will not have significant 
effects on the outcome and is therefore considered constant and equal to 1006 J/kg∙K. 

- γ – Ratio of specific heats. This value changes with temperature but only very little in 
the temperature range in this project, therefore it is constant and equal to 1.4. 

- R – Specific gas constant. This is also considered constant and equal 287 J/ kg∙K. 

The calculation procedure is shown in Appendix A4. 
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Optimization 

The thrust required from each fan is known from the set cruise conditions. From that the required 

outlet axial velocity component is found 

𝑇𝑐𝑟𝑢𝑖𝑠𝑒 = �̇�𝑎𝑖𝑟 (𝑐3,𝑥𝑟𝑒𝑞
− 𝑐1) (29) 

The input parameters must then be chosen to meet the outlet parameters. The optimal solution is 

the one that meets the thrust requirement with the lowest fan power required. To find that, Pr is 

varied from 1.1 to 1.8 with a step size of 0.025 and different configurations are evaluated; for each 

Pr, D is varied from 0.6 m to 1.45 m with a step size of 0.025 m, thereby determining the hub 

diameter (d) and rotational speed (N). All inputs are then set, and the calculation procedure 

presented is applied to find the exit axial velocity. The configurations that meet the thrust demand 

and require the least amount of power, for each Pr, are compared to find the optimal solution.  

5.2 Blade Shape 

In the chapter above the design is performed considering only the mean radius of the blade. This 

can be done for a preliminary design, but further measures should be taken for a complete design, 

as parameters such as velocity, density and more change over the annulus. The density of the air 

at the mean radius is then taken as the average density and from it the mass flow is found. When 

the general design of the fan is complete (or one of several iterations) the blade itself can be 

further developed. Designing a fan blade includes determining the twist of the blade to maximize 

the aerodynamical efficiency. This is due to that tangential velocity of a blade’s part is increasing 

with increasing radius, resulting in the highest velocity at the tip. This affects the relative velocity 

of the fluid and must be compensated for to maintain a more optimal operation. Other aspects, 

such as if the blade should be forward or backward swept (or combination of both) and blade 

profile is not addressed. 

The free vortex design is used for determining blade angles, but blade profile, chamber- or chord 

length are not considered. The blade angles are found at three points: Hub, mean radius (mid 

span) and tip. This will determine the blade metal angles at the leading and trailing edge. The 

following conditions need to be satisfied (radial equilibrium of fluid elements) [75]: 

(a) Stagnation enthalpy is constant over the annulus 

(b) Axial velocity is constant over the annulus 

(c) Whirl velocity is inversely proportional to the radius 

The flow and blade angles at radius r at both leading and trailing edge can then be determined by 

utilizing the conditions mentioned above. By applying Equation (57), the tangential velocity 

component can be determined at each radius of the blade at the trailing edge, hence condition (a) 

is satisfied. Since axial inflow is assumed at design point, this component will be zero for leading 

edge at all radiuses according to condition (b). 

When applying Equation (57), the blade speed must be calculated for each cross section. The blade 

speed u will increase from hub to tip, as the radius increases, which will decrease the swirl of the 

flow along the blade and therefore fulfil condition (c). Blade speed at each radius r can be 

calculated by 

𝑢𝑟 = 𝑟𝑟𝜔 (30) 
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From here, the tangential velocity component in the relative frame of reference, 𝑤𝜃, can be 

calculated for the trailing and leading edge by equation (49), and from there the metal angle, 𝛽, 

for the leading edge can be calculated with  

𝛽1,𝑟 = 𝑡𝑎𝑛−1 (
𝑤𝜃1,𝑟

𝑐𝑥1
) (31) 

and similarly, for the trailing edge 

𝛽2,𝑟 = 𝑡𝑎𝑛−1 (
𝑤𝜃2,𝑟

𝑐𝑥2
) (32) 

The radiuses are shown on Figure 5-2 and chord length is indicated, but chord length can alter 

with radius; the blades on the fan used in the experiment conducted in this project have 

decreasing chord length along the radius, like depicted on Figure 5-2, but that is not a necessary 

feature. 

 

Figure 5-2. Front and side view of fan blades.
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6 Results 

6.1 Final flight route 

RoC, descent angle and climb speed 

Figure 6-1 shows the solution after the iterations with the optimized climb speed but in all cases 

the results are the same; lowest evaluated values of RoC and descent angle, 5 m/s and 5° 

respectively, give the lowest energy requirement. With the resulting RoC and climb speed the 

climb angle is 3.45°. The matrix used for generating the plot is presented in Table A-1 in Appendix 

A5. 

 

Figure 6-1. Flight route energy demand as a function of RoC and descent angle.  

The energy demand for the flight route increases logarithmically as a function of RoC, as shown in 

Figure 6-2. By choosing the optimal RoC, the energy savings are almost 43 kWh compared to a 

flight route with a RoC of 10 m/s, and 57 kWh with a RoC of 15 m/s. 
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Figure 6-2. Flight route energy demand as a function of rate of climb. 

Figure 6-3 shows the energy need of the flight route as a function of climb speed, where the 

optimal speed is 83 m/s. 

 

Figure 6-3. Plot of flight route energy need as a function of climb speed. 

The ground distance, maximum thrust and maximum electrical- power and energy need for the 

fan for each procedural is shown in Table 6-1. Maximum thrust is required at take-off (last node 
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of ground roll). These values are the basis for the fan design, where thrust requirement at cruise 

conditions is divided into two fans. 

Table 6-1. Flight route results for initial aircraft mass of 7000 kg, showing ground distance, max thrust, electrical power- 
and energy requirements of the fan for the different procedurals. 

Procedural 
Ground distance 

[km] 
Max thrust [kN] 

Max electrical 
power of fan 

[kW] 

Electrical energy 
of fan [kWh] 

Ground roll 0.75 21.56 1318 5 
Climb 124.37 9.05 902 352 
Cruise 689.25 6.30 (const.) 1152 (const.) 1471 

Descent 85.73 2.48 358 19 

6.2 Type A 

By following the calculation procedural shown in Chapter 3, the operation points can be fetched 

from Figure 3-1 in the same chapter. This is shown in Figure 6-4 below, where the TSFC is 

highlighted for each procedural during the route.  

 

Figure 6-4. Specific fuel consumption as function of Mach number and net thrust including the operation points. 
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The necessary input, given from the model and Figure 6-4, to calculate the fuel consumption is 

given in Table 6-2. 

Table 6-2. Summary of type A flight results. 

Procedural/variable 
Altitude 

[ft] 

Speed of 
sound 
[m/s] 

Actual 
speed 
[m/s] 

Mach 
number [-] 

TSFC 
[lbf/lbT*h] 

Time 
[h] 

Ground roll Sea level 344.00 42.23 0.12 0.46 0.01 
Climb 12303 324.84 87.00 0.20 0.46 0.42 
Cruise 24606 309.31 150.00 0.48 0.56 1.27 

Descent 12303 324.84 120.00 0.46 0.53 0.20 

This results in the following fuel consumption for the conventional aircraft, shown in Table 6-3. 

Note that the thrust needed in the descent is negative for the first part of the descent, 

approximately from the cruising altitude down to half the cruise altitude, which cannot be 

accounted for with the TFSC graph. But since the fuel consumption is relatively low for this 

procedural, it does not have any significant impact on the results even though it is roughly 

approximated. This is done due to the lack of information about fuel consumption during descent 

for this specific reference aircraft. 

Table 6-3. Type A fuel consumption results. 

Procedural Fuel consumption [kg] 
Ground roll 7 

Climb 176 
Cruise 469 

Descent 12 

Total 664 

6.3 Type B 

The results from each scenarios iteration along with the proposed solution is presented in this 

chapter. All scenarios converge eventually but not at the same rate or by using the same 

optimization approach. Scenario 1 and 2 need a multi variable approach in order to converge. The 

behaviour of the ingoing components in the hybridized propulsion system during the flight route 

are also presented for each scenario. 

Note that in the plots that shows the behavior of the powertrain during flight, the x-axis is not 

scaled in time but in nodes. So each procedural is divided into 1000 nodes each, hence a high 

power output of the battery will not affect the battery’s SOC as much in the ground roll as in the 

cruise for instance, since the cruise procedural is during a longer period of time.  

 2020 Scenario 

This scenario does not converge after 10 iteration when using single variable optimization, this is 

shown in Figure 6-5. 
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Figure 6-5. Iteration with single variable optimization for 2020 scenario. 

When multiple variable optimization is introduced it converges according to Figure 6-6 where it 

can be concluded that it converges in the same fashion for all different mass penalties except for 

mass penalty one. They did however converge to the same solution, which gives a total aircraft 

mass of 7983 kg.  
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Figure 6-6. Iteration with multi variable optimization for 2020 scenario. Note that 10:X means the ratio of how the 
penalty factors are weighted against each other, where 10 is the weight factor for fuel and X for powertrain mass. 

The optimization model proposed a 150kWh battery storage together with a 1250kW gas turbine, 

using operation scheme 2 during the cruise. This configurations behaviour during the flight is 

shown in Figure 6-7. The total fuel consumption during the flight is 506 kg of fuel.  

 

Figure 6-7. Behavior of the powertrain during flight in 2020 scenario. Note that the x-axis is not scaled in time but in 
nodes. 
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 Near Future Scenario 

The NF scenario’s mass for the aircraft does not converge by using single variable optimization 

either, it keeps oscillating for 10 iterations which is shown in Figure 6-8. When a multi variable 

optimization approach is taken for this scenario as well, shown in Figure 6-9, is converges but to 

different masses, depending on which powertrain mass penalty that was applied. 

 

Figure 6-8. Iteration with single variable optimization for NF scenario. 
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Figure 6-9. Iteration with multi variable optimization for NF scenario. Note that 10:X means the ratio of how the penalty 
factors are weighted against each other, where 10 is the weight factor for fuel and X for powertrain mass. 

Since these results converge to different powertrain masses, it is of interest to also look at the fuel 

consumption to determine the best configuration, since the fuel consumption is the main objective 

for minimisation in this thesis project. The fuel consumption for each configuration that give the 

mass outputs in Figure 6-9, is shown in Figure 6-10. 
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Figure 6-10. Iteration with multi variable optimization for NF scenario, showing fuel mass. Note that 10:X means the 
ratio of how the penalty factors are weighted against each other, where 10 is the weight factor for fuel and X for 

powertrain mass. 

Since Figure 6-9 and Figure 6-10 shows that there is an overlap of a few results with different 

powertrain mass penalties, another plot is shown in Figure 6-11 that is a superposition of 

powertrain mass and fuel consumption for two different penalties that did converge. 
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Figure 6-11. Iteration with multi variable optimization for NF scenario, showing fuel and aircraft mass for two different 
mass penalties. Note that 10:X means the ratio of how the penalty factors are weighted against each other, where 10 is 

the weight factor for fuel and X for powertrain mass. 

As seen in Figure 6-11, the iteration running with a powertrain mass penalty of 4 gives the solution 

with lowest fuel consumption during the flight, even though it has a higher total mass, that is 7391 

kg compared to 7357 kg. This optimization proposed a configuration consisting of 175kWh of 

battery storage with a 1200kW gas turbine using operation scheme 2 during the cruise. The 

behaviour of this configuration during the route is shown in Figure 6-12, where the total fuel 

consumption during the flight is 486 kg of fuel.  
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Figure 6-12. Behavior of the powertrain during flight in NF scenario. Note that the x-axis is not scaled in time but in 
nodes. 

 Advanced Future Scenario  

The AF scenario converges when using single variable optimization, this iteration is shown in 

Figure 6-13. The final proposed configuration gave a total aircraft mass of 7474 kg. 

 

Figure 6-13. Iteration with single variable optimization for AF scenario. 
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This optimization proposes a configuration consisting of 560kWh battery storage together with a 

1075kW gas turbine, using operation scheme 1 during the cruise. The behaviour of this 

configuration during the flight is shown in Figure 6-14. The total fuel consumption during the 

flight is 394 kg.  

 

Figure 6-14. Behavior of the powertrain during flight in AF scenario. Note that the x-axis is not scaled in time but in 
nodes. 

 Fuel and Emission Savings 

With type A using 664 kg of fuel owing to a total emission of 2092 kgCO2, every scenario 

introduces fuel- and emission savings, which are presented Table 6-4. 

Table 6-4. Emission savings of type B aircraft for each scenario. 

Scenario 
Fuel consumption 

[kg] 
Emissions 
[kgCO2] 

Emission savings compared to type A 
[kgCO2] 

2020 506 1593 499 

NF 486 1530 562 

AF 393 1239 853 
 

 Components 

The mass contribution for all components to the aircraft and the powertrain is shown in this 

chapter. Table 6-3 shows the mass of the batteries and gas turbines for each scenario, along with 

the total fuel consumption during the flight. 
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Table 6-5. Summary of each scenario’s components. 

Type B 

Scenario 
Total 

aircraft 
mass [kg] 

Battery 
specific 
energy 

[Wh/kg] 

Battery 
mass 
[kg] 

Motor/generator 
power density 

[kW/kg] 

Gas 
turbine 
power 
density 

[kW/kg] 

Gas 
turbine 

mass 
[kg] 

Fuel 
consumption 

[kg] 

2020 7983 200 750 4.6 6.78 184 506 

NF 7357 500 350 5.2 6.78 177 486 

AF 7474 1000 560 5.2 6.78 159 393 

Type A 

Type A 7154 ------------------------------------------------------------------------------ 664 

To further reveal the powertrains mass contributors, Figure 6-15 shows the mass of each 

component of the aircraft and the share of each ingoing component of the powertrain for each 

scenario. 

 

Figure 6-15. Mass contributors to the Type B aircrafts total mass and powertrain. 
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 Summary 

Table 6-6 shows the summary of the main parameters for each scenario. 

Table 6-6. Summary of main parameters for each scenario. 

 

Total 
aircraft 

mass 
[kg] 

Battery 
size 

[kWh] 

Battery 
mass [kg] 

Gas 
turbine 

size [kW] 

Fuel 
consumption 

[kg] 

Max/cruise 
thrust [kN] 

Max/cruise 
electrical 

power need 
of fan [kW] 

Electrical 
energy 
need of 

fan 
[kWh] 

2020 7983 150 750 1250 506 27.4/6.6 1788/1193 1936 

NF 7357 175 350 1200 486 23.6/6.5 1479/1166 1878 

AF 7474 560 560 1075 394 24.3/6.5 1534/1171 1888 

6.4 Experiment 

In this chapter, the experimental results are presented. The presented data from the experiment 

will be the velocity profile over the fan at 2 operation points, along with the error bars. A thrust 

curve will also be presented for the same operation points.  

 Velocity profiles 

According to equation (41), the Reynolds number for maximum and minimum power are 304038 

and 254049 respectively.  This means that the flow into the EDF is turbulent during all operation 

points in the experiment, and equation (42) and (43) is used to calculate the hydrodynamic entry 

length and boundary layer thickness. These results are presented in Table 6-7. 

Table 6-7. Flow characteristics into the EDF 

Power Min Power Max Power 
Hydrodynamic entry 

length [mm] 
3151.48 3247.26 

Boundary layer 
thickness at probe 

[mm] 
1.30 1.26 

Since the probe can be traversed only until 2 mm from the wall, the boundary layer is not expected 

to be exposed in the velocity profile. The velocity profiles in relation to the fan for three operation 

points are presented in Figure 6-16. The data from the measurements are fitted to a smooth spline 

in MATLAB™ with a smoothing parameter of 0.1415, and the expanded uncertainties are included 

in the plot.  
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Figure 6-16. Velocity profiles for minimum- (1002 W) and maximum (1476 W) power. 

 Thrust & Power 

To evaluate the net thrust given by the fan, the drag caused by the assembly parts holding the fan 

in place during the experiment need to be considered. This is done with the two different 

approaches presented in Chapter 4.2.1. 

The first experiment gives a thrust difference of 15.03 N at 1000 W, resulting in an empirical drag 

coefficient of 𝐶𝑑 = 1.17. 

This empirical and theoretical drag coefficients are used to calculate the drag caused by the flat 

plate throughout the experiment with equation (20), and the results of the drag throughout the 

experiment are shown in Figure 6-17. 
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Figure 6-17. Drag caused by the flat plate in front of wind tunnel, derived with theoretical- and empirical drag coefficient. 

This drag is calculated and added on the thrust generated by the fan. The net thrusts, calculated 

with the two different approaches as a function of power, are presented in Figure 6-18. 

 

Figure 6-18. Thrust as function of power for both drag coefficients. 
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The ratio of thrust per power for the two different approached of drag coefficient is presented in 

Figure 6-19. 

 

Figure 6-19. Ratio of thrust generated per power fed to the fan. 

The propulsion efficiency of the fan throughout the experiment, for the net thrust calculated with 

both drag coefficients, are presented in Figure 6-20.  

 

Figure 6-20. Propulsion efficiency throughout the experiment for both drag coefficients. 
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  Sensitivity to uncertainties 

All measurements that have a combined uncertainty can be evaluated with a sensitivity analysis. 

This is calculated with (53) and is presented in Figure 6-21. 

 

Figure 6-21. Calculated quantity’s sensitivity to measured data. 

The results from this are the following: 

• The air velocity in the EDF is most sensitive to static pressure measurements.  

• The velocity in the wind tunnel is most sensitive to static pressure measurements most of 

the time during the experiment, except for one operation point at 1101 W where the total 

pressure is the most sensitive measured quantity.  

• The EDF power are most sensitive to current measurements throughout the experiment. 

6.5 Fan Scaling and Design 

The results of the flight route give a thrust requirement of 3150 N from each fan, which is the 

design criterion. 

Scaling parameters 

The scaling factors considered are presented in Table 6-8. The mass flow in the model is calculated 

from the inlet geometry and velocity, as the dimensionless mass flow cannot be directly applied, 

but if the dimensionless mass flow is multiplied with 2.84 for all configuration, the mass flow 

matches, hence �̅�𝑚𝑜𝑑𝑒𝑙 = �̅� ⋅ 2.84. 
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Table 6-8. Resulting values of scaling parameters. 

Parameter Value 

�̅� =
�̇�√𝑐𝑝𝑇0

𝐷2𝑝0
 0.329 

�̅� =
𝑁𝐷

√𝛾𝑅𝑇0

 1.709 

𝐷

𝑑
 2.500 

𝑐ℎ𝑜𝑟𝑑𝑚𝑖𝑑𝑠𝑝𝑎𝑛

𝐷
 0.233 

Optimization 

The optimization results are shown in Table 6-9. The full tables for the results are presented in 

Table A-3 and Table A-4 in Appendix A6. The power applies to one fan, hence the total power 

needed is over 1.55 MW. 

Table 6-9. Fan design results, divided into geometrical, flow and fan parameters. 

Geometrical parameters 

D [m] d [m] s [m] d3 [m] 

1.23 0.49 0.37 1.01 

Flow parameters 

Pr [-] �̇� [kg/s] 𝑐𝑥,3 [m/s] 
𝑐𝑥,3𝑟𝑒𝑞 

[m/s] 

1.125 82.81 188.2 188.0 

Fan parameters 

N [rpm] Ffan [N] P [kW] 
Choked 
nozzle 

4224.4 3161 776.4 No 

The results of the efficiencies are presented in Table 6-10.  

Table 6-10. Resulting efficiencies in fan design. 

Efficiencies 

휂𝑡𝑡 [%] 휂𝑝 [%] 휂𝑝𝑟𝑜𝑝 [%] 

91.87 92.01 74.59 

Since the annulus area across rotor is constant, and the flow is compressed, the total velocity 

decreases to satisfy the conservation of mass principle. The tangential velocity increases, which 

decreases the axial flow even more. Since the fluid is more compressed and has more energy after 

the rotor, the velocity recovers in the nozzle. The relative inlet tip velocity is at Mach 0.999, or 

almost sonic. The values for the velocity components are presented in Table 6-11, while the angles 

are presented in Table 6-13. 



Chapter 6. Results  62 

Table 6-11. Resulting velocity components of the rotor. 

Component 𝑐𝑥 [m/s] 𝑐𝜃 [m/s] 𝑤𝜃 [m/s] 𝑤 [m/s] 
𝑢𝑚𝑒𝑎𝑛 
[m/s] 

𝑢𝑡𝑖𝑝 

[m/s] 

Rotor inlet 150.0 0.0 -189.7 309.7 189.7 271.0 

Rotor outlet 135.1 49.4 -140.2 194.7 189.7 271.0 

Blade Shape 

The radiuses of the blades are presented in Table 6-12 and the flow and blade metal angles in 

Table 6-13. The chord length at mid span, according to the scaling parameter, should be 0.286 m. 

Table 6-12. Blade radiuses. 

Blade radiuses [m] 

Root (hub) 0.25 
Mid span 0.43 
Tip (shroud) 0.61 

Table 6-13. Flow and blade metal angles. 

Angles [deg] Hub Mid span Shroud 

𝛼1 0.0 0 0.0 

𝛼2 32.6 20.1 14.4 

𝛽1 -35.8 -51.7 -61.0 

𝛽2 -9.2 -46.1 -60.2 

3D-drawings of the proposed blade design, made in Autodesk AutoCAD 2019TM, is shown on 

Figure 6-22 and Figure 6-23. Note that these figures only reveal the metal angles and the twist of 

the blade; thickness of the blade, airfoil shape and chord length are irrelevant. 
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Figure 6-22. 3D-drawing of the proposed blade design, seen from leading edge. 

 

 

Figure 6-23. 3D-drawing of the proposed blade design, seen at two angles from trailing edge. 
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6.6 Sensitivity Analysis of the Model 

In this chapter, the results of the sensitivity analysis are presented where the optimization model 

is run in the same fashion as when generating results for type B aircraft, but by varying dry mass 

and length of the flight route. The results for 2020-, NF- and AF scenario are presented in Table 

6-14. 

Table 6-14. Results of sensitivity analysis for all scenarios. 

 
6000 kg initial. 

mass 
700 km dist. Original 1100 km dist. 

8000 kg initial. 
mass 

Scenario 2020 

Storage size 
[kWh]/Gas 
turbine size 

[kW] 

150/1200 150/1200 150/1250 150/1275 160/1350 

Operation 
scheme during 

cruise 
2 2 2 2 2 

Aircraft mass 
[kg] 

6799 7826 7983 8123 9312 

Fuel 
consumption 

[kg] 
486 390 506 618 546 

Fuel 
consumption 

difference 
from original 

[kg] 

-20 -116 - +112 +40 

Scenario Near Future 

Storage size 
[kWh]/Gas 
turbine size 

[kW] 

590/1025 600/975 175/1200 590/1200 570/1225 

Operation 
scheme during 

cruise 
1 1 2 1 1 

Aircraft mass 
[kg] 

7008 8040 7391 8374 9415 

Fuel 
consumption 

[kg] 
375 290 486 522 448 

Fuel 
consumption 

difference 
from original 

[kg] 

-114 -196 - +36 +38 
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6000 kg initial. 

mass 
700 km dist. Original 1100 km dist. 

8000 kg initial. 
mass 

Scenario Advanced Future 

Storage size 
[kWh]/Gas 
turbine size 

[kW] 

600/975 520/975 560/1075 590/1150 600/1150 

Operation 
scheme during 

cruise 
1 1 1 1 1 

Aircraft mass 
[kg] 

6329 7273 7474 7657 8721 

Fuel 
consumption 

[kg] 
357 290 394 500 421 

Fuel 
consumption 

difference 
from original 

[kg] 

-37 -104 - +106 +27 
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7 Discussion 

Flight Route 

Climb speed and RoC differs between aircrafts, ambient conditions and more, and are not constant 

from lift-off to cruise. This makes it hard to find concrete values for passenger aircrafts, but the 

RoC is usually higher for larger passenger aircrafts so even though 5 m/s is the most efficient value 

in this model, it might not be practically feasible, as ATC might require aircrafts to reach certain 

altitude within a time limit when there is traffic around airports. The total energy demand of the 

flight route is not very sensitive to the climb speed, if flight time is to be decreased the climb speed 

can be increased for low cost of energy need. The total energy demand is however much more 

sensitive to RoC; by increasing climb speed by 22 m/s while maintaining the same RoC the 

increase of energy need is 67% of that if increasing RoC to by 5 m/s and maintaining same climb 

speed.  

The descent angle is realistic according to the rule of three but is not constant throughout the 

descent in reality. Most of the descent is then likely similar to a real case, but a long descent is 

favourable as gravity pulls the aircraft down and the wings allow it to glide, so minimum power is 

needed in most of the descent. Increasing the descent angle is a waste of energy, as the gliding 

possibility is not utilized fully. There are limitation to the glide; the wing cannot be stalled so a 

certain velocity must be kept. The thrust needed also increases as altitude decreases, due to higher 

density of the air. Descent conditions must be optimized with regards to flight conditions and the 

CI, but a long descent with the aircraft gliding down is a feasible option, if ATC allows it. 

Hybridized Propulsion System 

Type B aircraft with a hybridized propulsion system seems to get heavier than the conventional 

one. This might be a problem, depending on to what extend the aircraft body can withstand a 

higher mechanical stress. If this concept is applied, it might be the case that the aircraft body must 

be modified to withstand a bigger mass for the powertrain. However, this is outside of the scope 

of this thesis project and the aircraft is assumed to be able to handle the increased mass of the 

powertrain. 

Besides the lower fuel consumption and emissions, due to the adaption of the hybridized concept, 

it could also give a more resilient powertrain. Since the hybridized concept has two power 

sources, batteries and gas turbine, they could act as backup systems for each other. For instance, 

if the battery system fails, the aircraft could slow down the cruise speed and keep flying to the 

closest landing strip with only the gas turbine. On the other hand, if the gas-turbine fails, the 

distance that the aircraft could run on batteries is highly depending on during what procedural in 

the flight it happens since the batteries SOC is varying throughout the route. It should be noted 

that an average altitude is applied when calculating the SFC for the type A aircraft during climb 

and descent, but this affects the total fuel consumption to some extent. 

It seems like the model decreases the battery size as soon as the multi variable optimization is 

introduced. This is probably caused by the big penalty the mass increase gives from introducing 
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more batteries since the mass-to-energy ratio of them are high compared to the gas turbines 

power-to-mass ratio.  

Results show that the 2020 scenario proposes the heaviest aircraft with the highest fuel 

consumption. However, the batteries are the biggest weight contributor to the powertrain, 

compared to the NF scenario that has a lower fuel consumption but whereas the fuel is the biggest 

mass contributor to the powertrain. The AF scenario gives a higher mass than NF scenario due to 

the vastly increased battery size. But it does however decrease the fuel consumption with about 

19% compared to NF. Utilizing the wind turbine mode does not affect the fuel consumption, 

however, it increases the SOC of the battery at landing. This could prove useful, but if the design 

complexity of the system increases significantly by implementing this option, it is most likely an 

unfeasible option. 

Applying a hybridized propulsion system could require a trade-off; by using more electricity to 

charge the batteries before take-off means more electricity must be produced. Around the world 

there are many fossil-fuelled power plants from which the electricity for the aircraft could come 

from. The environmental aspect backfires when this is the case as renewable sources are not used 

for generating the electricity. This will improve in the future when more sustainable power plants 

will prevail. A future thorough life cycle assessment (LCA) analysis on the electricity provided to 

the aircraft would be interesting to see and compare with the situation today. 

The AF scenario using wind-turbine-mode during the descent does not save any fuel since the gas 

turbine is already running on minimum load during the descent. But it does on the other hand 

provide more charge to the batteries before landing, which means that the batteries needs less 

charge before they are used again and therefore less external energy need to added to the 

hybridized aircraft.  

Experiment 

The net thrust produced by the EDF is derived by compensating for the drag caused by the flat 

plate holding the fan in place. This is however not the only part causing drag, but the part causing 

most of the drag and therefore the only one included in the analysis. 

Theoretical drag coefficients given in literature are derived empirically and are dependent on the 

geometry, but also the surface roughness and thickness of the material. Geometry is therefore the 

only properly common property between the theory and the experiment in this project. 

When applying this theoretical drag coefficient in the experiment conducted in this thesis project, 

a higher net thrust is given than when the empirically derived drag coefficient is used. This leads 

to a propulsion efficiency of above 100% which indicated that the theoretical drag coefficient 

gives, to some extent, unreliable results in terms of thrust and propulsion efficiency.  

The propulsion efficiency calculated by using the empirically derived drag coefficient gives a more 

reliable propulsion efficiency. The behaviour is the same for both approaches, but the magnitude 

of the propulsion efficiency when using the empirically derived drag coefficient is lower and more 

realistic which indicates that this is closer to reality.  

Table 6-7 shows that the boundary layer thickness at the measurement probe is smaller than the 

minimum distance the probe can traverse to the wall. This means that the boundary layer is not 
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revealed in Figure 6-16. Table 6-7 also show that the hydrodynamical entry length is far further 

downstream than the measurement probe is placed. The velocity profiles showed in Figure 6-16 

are therefore only revealing the profile in the middle of the undeveloped flow, hence the low 

difference in velocity in these figures. These results indicate that the inlet tube does not have a 

significant impact on the flow of air approaching the actual fan.  

Fan Scaling and Design 

The geometry of the scaled fan is probably a bit different from the final design if it were continued. 

The hub-tip ratio is usually lower for fans in turbofan engines today. The optimal solution has a 

pressure ratio of 1.125, which is very low, as modern turbofans usually have a pressure ratio of 

over 1.5. This results in a power requirement of almost 800 kW for each fan, which is more than 

expected, and more than is used to calculate the power required by the powertrain in the flight 

route model. The resulting propulsion efficiency is also lower, which is one factor in the reason 

for the increased power. 

All these results are relying on still air and good conditions, which will not be the case for most of 

an aircraft’s flight time. When the air starts having velocity in some direction, for example at 

cruise, everything changes drastically and the power requirements increase; the performance of 

the fan deteriorates when the inlet conditions are not an axial laminar flow.  

In addition to the decrease of fan performance, the weather would affect the whole flight route in 

general. The aircraft will deviate from the set flight route when wind hits it from any other 

direction than from axial direction (straight to nose or from behind the aircraft). Taking this into 

account in future studies, the flight speed and CI should be addressed. Since environmental impact 

is a large factor in this project, it is likely that the most fuel-efficient flight route would be chosen 

as operation strategy so the CI would be set to zero. This might also be essential for a hybrid 

concept to be a competitive option in aviation as it increases the relevance of batteries. 

Sensitivity Analysis 

The 2020 scenario is not sensitive to aircraft mass but the flight distance has significant effects as 

fuel consumptions varies with over 100 kg of fuel consumption. The optimized configurations do 

not vary much. 

The NF scenario is more sensitive for both variables, but the configurations alter drastically 

between the sensitivity variables. The savings for a shorter flight route or lighter aircraft are 

significant, but increasing the mass or flight length does not affect fuel consumption nearly as 

much. 

The AF scenario is more similar regarding sensitivity to the 2020 scenario than the NF scenario. 

Configurations do not change much, and the flight length has the main effect on fuel consumption. 
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8 Conclusions 

The increase in flight route total energy demand is much more sensitive to RoC than climb speed, 

so RoC should be kept low, if ATC allows, and climb speed increased if flight time is to be reduced. 

The descent angle, according to the rule of three, gives a feasible option and should be used if 

conditions allow. 

The results show that the type B aircraft has a lower fuel consumption for all three scenarios, 

where AF scenario has the lowest, followed by the NF scenario. The battery’s power density plays 

a major roll on the results and to how big battery storage that is proposed in the optimization 

model. A consequence of this is that the fuel consumption decreases in the type B concept as the 

power density of the batteries increases with the scenarios. However, the aircraft’s total mass 

increases with a hybridized powertrain in all three scenarios. 

The results indicate that a hybridized powertrain for aviation application could prove feasible, in 

terms of fuel and emission saving, even with the predicted technology available already by 2020. 

AF-, NF- and 2020 scenario are showing a decrease of 41%, 27% and 24% of fuel saving 

respectively, consequently reducing emissions during flight. However, these results are relying on 

the optimal design conditions, and during a real case scenario the results would deviate.  

The performance of the powertrain components will improve in the future but the battery is by 

far the most limiting factor. If the component properties of the AF scenario will be similar to what 

is expected in this report, a hybridized concept is clearly an interesting concept with great 

possibilities. 
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9 Future Studies 

Even though not all details are included in this study, the results show that there is a significant 

margin in terms of fuel reduction. The 2020- and NF scenarios need a more detailed study to 

conclude if the technology considered in those scenarios is sufficient to make the hybridized 

propulsion system a reality. A few topics that could be investigated in future studies are presented 

in this chapter. 

9.1 Solar Photovoltaic Panels 

Solar photovoltaic (PV) panels could be installed on the roof of the fuselage and/or the wings 

which would charge the batteries. This would mean an increased capital cost, weight and 

complexity of the whole system but a possible reduction in engine size, or at least in fuel usage. 

The energy generated by the panels could also be used to power only specific systems, like 

avionics or some passenger systems such as entertainment systems. 

PV panels typically have efficiency of under 20% and solar radiation at the surface of the earth 

can be around 1000 W/m2 during day. If 18% efficiency is assumed, with solar radiation of 1000 

W/m2 and wing area of 30 m2, where the whole wing is covered in solar panels, it’s possible to 

obtain 5.4 kW from the panels. This can be higher when flying above the clouds, as no scattering 

from the clouds interferes with the radiation. With optimizations this option could prove feasible. 

9.2 Thermodynamic Cycle 

Recuperators utilize the exhaust air to pre-heat the air before entering the combustion chamber, 

increasing combustion efficiency. This unit does not need to consume much space and is a feasible 

option for aviation. Furthermore, the exhaust air, still relatively warm, could be used to de-ice the 

wings. This would include extra piping and possibly the extra weight might render it unfeasible.  

Intercooling is another function used to increase engine’s efficiency. Compressed air is cooled 

down before entering a second compression stage. Since the air is rather cool at airplane’s cruising 

height the outlet air could provide enough cooling for this to be feasible. As before, this would 

require extra piping; the piping could be led along the outside of the fuselage using forced 

convection for cooling. The same goes in this case that the extra piping might increase the weight 

too much. 

9.3 Off-design Operation of the Fan (Dynamic Flight 

Conditions) 

To take this project to the next step, off-design of the fan must be investigated to see how off-

design operation of the fan would affect the results of energy need and fuel consumption, as the 

fan would not operate as efficiently if the prevailing wind has an inlet angle for instance.  
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9.4 Economic and LCA analysis 

Economic analysis is not conducted in this study, making it is impossible to say anything about 

the possible economical gain or loss by applying this concept. A thorough LCA on the electricity 

provided to the aircraft would be interesting to see and compare with the situation today to see if 

this concept will be even more CO2-efficient in the future as the electricity production might 

become more environmentally friendly.  

Another aspect that could be added to this project is to include the SOC that the batteries have 

when the aircraft has landed, to further evaluate how well each scenario are performing, since 

landing with a higher SOC would be better than landing with a completely drained battery as less 

external electricity  is needed to re-charge the batteries before take-off.
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Appendix 

A1. Gas turbine strategy 

Everything is calculated in Excel™, but a representative code is shown for clarification below. 

GT = Gas Turbine size (100% power) [kW] 
GTo = Optimal gas turbine load (set by the optimal %) [kW] 
GTmin = Minimum gas turbine load (set by the minimum %) [kW] 
Pg = Gas turbine output at each node [kW] 

  
BP = Battery Power [kW] 
BS = Battery Status [kWh] 
BSmin = Minimum battery status (set by the minimum %) [kWh] 
BSmax = Maximum battery status (battery size) [kWh] 
Dumpload = Battery is full and gas turbine produces excess power, then 
           energy needs to be dumped 

  
E_cruise = Energy need of cruise [kWh] 

  
load = Load at each node [kW] 
t = Time during each node [s] 
___________________________________________________________________________ 

%% Takeoff 
Pg = GT     % Gas turbine works on full load 
if load > GT 
    % then battery compensates: 
    BP = load - Pg 
    BS = BS(@t-1) - BP*t/3600 
end 
___________________________________________________________________________ 

%% Climb 
if load > GTo 
    if BS > BSmin % if battery bank is not below minimum charge 
        Pg = GTo 
        BP = load - Pg 
        BS = BS(@t-1) - BP*t/3600 
    elseif load > GT 
        Solution doesn't work 

    else % (load is between GTo and GT) 
        Pg = GT 
        BS = BS(@t-1) + (Pg-load)*t/3600 
        % Dumpload if batteries are 100% SOC 
    end 
else 
    Pg = GTo 
    BS = BS(@t-1) + (Pg-load)*t/3600 
    % Dumpload if batteries are 100% SOC 
end 
___________________________________________________________________________ 

%% Cruise 
if E_cruise <= GTo*t_cruise + (BS-BSmin) 
    % if running gas turbine on GTo and battery compensates is enough for 
    % covering cruise demand 
    Pg = GTo 
    BP = BS(@t-1) - BP*t/3600 
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elseif E_cruise <= GT*0.9*t_cruise + (BS-BSmin) 
    % if running gas turbine on 90% and battery compensates is enough for 
    % covering cruise demand 
    Pg = GT*0.9 
    BP = load - Pg 
    BS = BS(@t-1) - BP*t/3600 
elseif load <= GT 
    % Gas turbine can cover load 
    if BS > BSmin % if battery bank is not below minimum charge 
        Pg = GTo 
        BP = load - Pg 
        BS = BS(@t-1) - BP*t/3600 
    else % otherwise gas turbine matches the load 
        Pg = load 
    end  
else 
    if BS > BSmin % if battery bank is not below minimum charge 
        Pg = GTo 
        BP = load - Pg 
        BS = BS(@t-1) - BP*t/3600 
    else 
        % here, load is higher than GT, therefore this solution would not 

          work 
        Pg = load 
    end 
end 
___________________________________________________________________________ 

%% Descent 

  
if load <= GTmin 
    Pg = GTmin 
    if BS < BSmax 
        BS = BS(@t-1) + (Pg-load)*t/3600 

        % Dumpload if batteries are 100% SOC 
    else % Battery is full 
        BS = BSmax 
    end 
elseif load > GTmin & BS > BSmin 
    Pg = GTmin 
    BP = load - Pg 
    BS = BS(@t-1) - BP*t/3600 
else 
    Pg = load 
End 

  



Appendix  81 

A2. Experiment Uncertainties 

The uncertainties of an arbitrary measurement can be divided into two different categories, type 

A and type B uncertainties. Type A is based on repeated measurements of an experiment and is 

calculated as the experimental standard deviation of the mean. To do that, the experimental 

standard deviation is needed, and that is defined according to the experimental mean. To calculate 

the experimental mean, the following equation is used. This is done for all measured quantities.  

𝑞 =
1

𝑛
∑ 𝑞𝑖

𝑛

𝑖=1

(33) 

where n is the number of measurements. The experimental standard deviation can then be 

calculated with the following equation. This is done for voltage and current, the pressures have an 

experimental standard deviation as output from the NetScanner device.  

𝑠(𝑞𝑘) = √
1

1 − 𝑛
∑(𝑞𝑖 − 𝑞)2

𝑛

𝑖=1

(34) 

Then the experimental standard deviation of the mean can be calculated with the following 

equation, which is done for all quantities  

𝑠(𝑞) =
𝑠(𝑞𝑖)

√𝑛
= 𝑢𝐴(𝑥𝑖) (35) 

Type B uncertainty is based on calibration reports of the instrument, which in turn can come from 

type A uncertainties, but is of importance. These two can then be used to calculate a combined 

uncertainty of the experimental results. The type B standard uncertainty is calculated with the 

following equation and is done for all measured quantities.  

𝑈𝐵(𝑥𝑖) =
𝑈

𝐾
(36) 

Where U is the given uncertainty from the manufacture and K, that is the critical value, is a function 

of the confidence interval. In this thesis project, all results will be calculated with a 95% 

confidence interval, therefore K is equal to 2.  

For quantities that are calculated with a formula including different units, an expanded 

uncertainty will be used. To do that, the combined uncertainty is first needed. A combined 

uncertainty takes the ingoing uncertainties into account. Since the ingoing variables in this case 

are uncorrelated, they will be calculated according to the following equation. This is done with the 

power and velocity calculations.  

𝑢𝑐
2(𝑦) = ∑[𝑐𝑖 ∗ 𝑢(𝑥𝑖)]2

𝑛

𝑖=1

 where 𝑐𝑖 ≝
𝛿𝑓

𝛿𝑥𝑖

(37) 

The expanded uncertainty is then given as 

𝑈 = 𝑘 ∗ 𝑢𝑐(𝑦) (38) 
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But since the partial derivative that defines the sensitivity coefficient can be hard to find for 

certain functions, a finite derivative can be calculated numerically [76]. The sensitivity coefficient 

can be calculated numerically with the following equation 

𝐶1 ∗ 𝑢(𝑥1) ≈ 𝑓(𝑥1 + 𝑢(𝑥1), 𝑥2, … , 𝑥𝑛) (39) 

This is done for each uncertainty to get the combined uncertainty. From that, the expanded 

uncertainty can be calculated with the K value for 95% confidence interval. All uncertainties will 

be presented in the plots with the same unit as the concerned quantity being plotted.  

The fraction of each square sum of all ingoing component of the combined uncertainty over the 

total square sum tells which quantity that the measurement is most sensitive to in terms of 

accuracy. This will also be evaluated and presented in the results and is calculated with the 

following equation and is done for power and velocities.  

[𝑐𝑖 ∗ 𝑢(𝑥𝑖)]2

∑ [𝑐𝑖 ∗ 𝑢(𝑥𝑖)]2𝑛
𝑖=1

(40) 
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A3. Calculating Boundary Layer Thickness 

The boundary layer thickness is calculated to evaluate if the measurement probe will be able to 

detect the boundary layer in the measurements.  

To calculate the boundary layer thickness, the characteristics of the flow need to be determined 

and this can be done with the Reynolds number. Laminar flow occurs when the Reynolds number 

is smaller than 2300 and turbulent flow occurs when it is bigger than 4000. In between those 

values is the transitional flow, where the characteristics of the flow is difficult to determine.  

Reynolds number for a pipe flow can be calculated with the following equation [77] 

𝑅𝑒 =
𝑐𝑎𝑖𝑟 ∗ 𝑑ℎ

𝑣
 (41) 

where 𝑑ℎ is the hydraulic diameter and 𝑣 is the kinematic viscosity, that is 15.29 ∗ 10−5 [𝑚2 𝑠⁄ ] 

for air at 20°𝐶 [78]. A flow entering a pipe will take a certain distance downstream the pipe to 

develop a fully developed flow with its final flow profile. This distance is called the hydrodynamic 

entry length. This can be calculated with the following equation and compared to the distance 

downstream the pipe that the probe is placed [79]. 

𝐿ℎ,𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 4.4 ∗ 𝐷 ∗ 𝑅𝑒

1
6 (42) 

where D is the pipe diameter. To calculate the boundary layer thickness at the distance from the 

pipe inlet to the measurement probe, the pipe is assumed to interact as a flat plate with the fluid 

molecules due to the expected thin thickness of the boundary layer in relation to the pipe diameter 

[80]. The thickness of the boundary layer at the distance x from pipe inlet can then be calculated 

with the following equation [81]. 

𝛿𝑥 =
0.37 ∗ 𝑥

𝑅𝑒

1
5

(43) 

Where x is the distance downstream the pipe where the measurement probe is places, that is 42.5 

mm. This is evaluated with the distance of 2 mm which is the closes distance that the probe can 

be placed to the wall.   
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A4. Fan Design 

Inlet conditions 

The inlet conditions are known; as the cruise altitude is known, the temperature and pressure of 

the air is calculated. The ambient air is considered still so these values are the total values, and the 

relative speed of the air to the rotor is therefore equal to cruise velocity. The inlet is assumed to 

have no losses, hence 

𝑝𝑎 = 𝑝1 

and  

𝑇𝑎 = 𝑇1 

The total condition are calculated as 

𝑇01 = 𝑇1 +
𝑐1

2

2𝑐𝑝
 (44) 

where 𝑐1 is the cruise velocity. Total and static pressures have an isentropic relation, so total 

pressure is found from 

𝑇01

𝑇1
= (

𝑝01

𝑝1
)

𝛾−1
𝛾

 (45) 

The specific volume (thus density, as 𝜌 = 1/𝜈) and speed of sound are calculated with static 

conditions, respectively 

𝑝1𝜈1 = 𝑅𝑇1 (46) 

𝑐𝑠,1 = √𝛾𝑅𝑇1  (47) 

Rotor inlet 

When D is chosen the rotor inlet conditions are defined, both fluid and geometrical. Static and total 

enthalpies are derived from the following equation: 

ℎ [
𝐽

𝑘𝑔
] = 𝑐𝑝 ⋅ 𝑇 (48) 

where static enthalpy depends on static temperature, and total enthalpy on total temperature. 

The following equations give the geometry and mass flow of the inlet. 

Mean radius: 𝑟𝑚 =
𝑟𝑠 + 𝑟ℎ

2
 Blade length: 𝑠 = 𝑟𝑠 − 𝑟ℎ 

Rotor velocity 
at radius x: 

𝑢𝑥 = 𝑟𝑥𝜔 Mass flow: �̇� =
1

𝜈1
𝐴1𝑐1 = 𝜌1𝐴1𝑐1 

Area (of 
annulus): 

𝐴1 = 2 𝜋 𝑟𝑚 𝑠   

The velocity triangle is determined by the following: 
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𝑤𝜃,1 = 𝑐𝜃,1 − 𝑢 (49) 

Since inlet flow is axial, 𝑐𝜃,1 is zero and 𝑐𝑥,1 = 𝑐1 . The inlet flow angle and the relative angle are 

then found by 

𝛼1 = 𝑡𝑎𝑛 (
𝑐𝜃,1

𝑐𝑥,1
) (50) 

𝛽1 = 𝑡𝑎𝑛 (
𝑤𝜃,1

𝑐𝑥,1
) (51) 

Rotor outlet 

When Pr is chosen the rotor outlet condition can be found. Typical fan pressure ratios are not very 

high; civil application usually have around 1.5-1.8 [74], [71]. The Pr is applied to the total pressure 

levels, thus 

𝑝02 = 𝑃𝑟 ⋅ 𝑝01 

For the first iteration the isentropic compression is calculated, where the total temperature 

downstream of rotor is found by 

𝑇02𝑠

𝑇01
= (

𝑝02

𝑝01
)

𝛾−1
𝛾

 (52) 

Isentropic enthalpy difference over rotor can then be found by 

𝛥ℎ0𝑠
= |𝑐𝑝𝑇01 [1 − (

𝑝02

𝑝01
)

𝛾−1
𝛾

]| (53) 

and as the mass flow was found before, power required by the fan can be calculated 

𝑃𝑓𝑎𝑛 = �̇� ⋅ 𝛥ℎ0𝑠
 (54) 

Fan is essentially a compressor, hence the load coefficient can be defined as 

𝜓 =
𝑐𝜃,2 − 𝑐𝜃,1

𝑢
 (55) 

The flow coefficient can also be defined as 

𝜓 =
𝛥ℎ0

𝑢2
 (56) 

Combining these two equations, and having 𝑐𝜃,1 = 0 𝑚/𝑠, the equation for 𝑐𝜃,2 becomes 

𝑐𝜃,2 =
𝛥ℎ0

𝑢
 (57) 

For the first iteration, Δℎ0 is the isentropic enthalpy change which is corrected in next iterations. 

As the experiment fan has approximately constant annulus area from rotor inlet to duct outlet, the 

scaled fan annulus area is kept constant. This requires additional iterations to find the correct 

velocity at rotor outlet. By guessing 𝑐2 the static conditions at rotor outlet can be determined from 
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equations (44) and (45), and therefore density calculated. Knowing the annulus area and mass 

flow, the axial velocity component, 𝑐𝑥,2, can then be found from 

𝑐𝑥,2 =
�̇�

𝜌2𝐴2
 (58) 

𝑐𝑥,2 can also be calculated from equation (59) after guessing 𝑐2, as 𝑐𝜃,2 is known. Using the Goal 

Seek function in Excel™ to change the value of 𝑐2, the difference between the results of the two 𝑐𝑥,2 

is calculated, and when a chosen minimum difference of 0.001 m/s is reached the solution is 

found. Now the velocity triangle downstream of the rotor can be completed where 

𝑐2 = √𝑐𝑥
2 + 𝑐𝜃,2

2  (59) 

and 

𝑤𝜃,2 = 𝑐𝜃,2 − 𝑢 

The flow and relative angles are then found like at rotor inlet. The velocity triangles are depicted 

in Figure A-1. 

 

Figure A-1. Velocity triangles for rotor inlet (1) and outlet (2). c represents the flow-, u the rotor- and w the relative 
velocity of the flow. 

As the velocity triangles are complete the losses are found by applying Soderberg’s loss 

correlation 

휁 = 0.04 + 0.06 (
휀

100
)

2

 (60) 

where 휀 is the deviation of the flow in degrees. Regarding the design of the rotor, everything is in 

terms of relative values, hence the deviation is the relative deviation, or 

휀𝑟𝑜𝑡𝑜𝑟 = 𝛽1 − 𝛽2 

The loss over the rotor is then 

𝛥ℎ𝑙𝑜𝑠𝑠,𝑟𝑜𝑡𝑜𝑟 =
1

2
 𝑤2

2 휁𝑟𝑜𝑡𝑜𝑟 (61) 

Finally, the isentropic (total-to-total) efficiency is found by 



Appendix  87 

휂𝑡𝑡 =
𝛥ℎ0𝑠

𝛥ℎ0𝑠
+ 𝛥ℎ𝑙𝑜𝑠𝑠,𝑟𝑜𝑡𝑜𝑟

 (62) 

Further iterations 

Further iterations then apply the newly found efficiency on the enthalpy change over the rotor as 

𝛥ℎ0 = |
1

휂𝑡𝑡
𝑐𝑝𝑇01 [1 − (

𝑝02

𝑝01
)

𝛾−1
𝛾

]| (63) 

from which a new tangential component of the flow is found with (57) and the same procedure as 

before is used to find the new 𝑐2 and complete velocity triangles.  

Now the actual total temperature at rotor outlet is found from the total enthalpy, derived from the 

enthalpy change as 

𝑇02 = 𝑐𝑝 ⋅ ℎ02 (64) 

where ℎ02 is found from 

ℎ02 = 𝛥ℎ0 + ℎ01 (65) 

Finally, the power required to run the fan is found the same way as before, with equation (54). 

Since all velocity components and total temperature is known, static conditions are found and the 

procedure is the same as the first iteration; finding the loss coefficient and enthalpy loss, resulting 

in a new isentropic efficiency. This is repeated until convergence criterion is satisfied. 

When the isentropic efficiency has been found the polytropic efficiency (or small-stage efficiency) 

can be found. The polytropic efficiency of compression is greater than the isentropic efficiency, 

but this is due to the fact that as the isobars on a T-s diagram are diverging as entropy increases. 

The difference between the isentropic and polytropic efficiencies is small at pressure ratio close 

to one, but increases as pressure ratio increases. Isentropic efficiency is not a valid comparison 

factor between compressors as two machines with the same polytropic efficiency but different 

pressure ratios have different isentropic efficiencies, hence the polytropic efficiency is rather used 

[82], [83]. The polytropic efficiency can be found from the real expansion: 

𝑇02

𝑇01
= (

𝑝02

𝑝01
)

1
𝜂𝑝

 
𝛾−1

𝛾
 (66) 

which, when solving for the polytropic efficiency, yields 

휂𝑝 =
𝛾 − 1

𝛾

𝑙𝑛(𝑝02 𝑝01⁄ )

𝑙𝑛(𝑇02 𝑇01⁄ )
  (67) 

Nozzle 

At the outlet of the nozzle the flow is exposed to the ambient pressure, hence the static pressure 

of the flow is equal to the ambient pressure and the difference between the static and total 

conditions gives the exit velocity of the flow (jet velocity). The ambient pressure is the same as at 

the inlet and is the pressure for still air at the cruise height, so 
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𝑝3 = 𝑝𝑎 = 𝑝1 

As the nozzle is adiabatic the total temperature is constant over nozzle, so total temperature of 

rotor outlet equals the one of the nozzle outlet. The same does not apply to the pressure as there 

are losses on the way, which result in some total pressure loss. The isentropic efficiency of the 

nozzle is assumed to be 95%. 

Isentropic expansion from point 2 to 3 gives the isentropic static temperature at point 3, T3s: 

𝑇02

𝑇3𝑠
= (

𝑝02

𝑝3
)

𝛾−1
𝛾

 (68) 

Using the isentropic efficiency of the nozzle the actual static temperature is found from 

휂𝑛𝑜𝑧𝑧𝑙𝑒 =
𝑇03 − 𝑇3

𝑇03 − 𝑇3𝑠
 (69) 

where 𝑇03 = 𝑇02. Then the total pressure at point 3 can be found from the isentropic relation 

𝑇03

𝑇3
= (

𝑝03

𝑝3
)

𝛾−1
𝛾

 (70) 

and the jet velocity is then found from 

𝑇03 = 𝑇3 +
𝑐3

2

2𝑐𝑝
 (71) 

The tangential component of the flow is assumed constant from point 2 throughout the nozzle, the 

axial component, which is the exit velocity required to find the thrust produced, is found from 

𝑐3
2 = 𝑐3,𝑥

2 + 𝑐𝜃2
2  (72) 

Figure A-2. T-s diagram of the flow from the rotor inlet to the nozzle outlet. The figure is 

exaggerated to show the path and the different points more clearly.Figure A-2 shows the T-s 

diagram for the flow across the fan and nozzle. 
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Figure A-2. T-s diagram of the flow from the rotor inlet to the nozzle outlet. The figure is exaggerated to show the path 
and the different points more clearly. 

Thrust produced from each fan is then 

𝑇𝑓𝑎𝑛 = �̇�𝑎𝑖𝑟(𝑐3,𝑥 − 𝑐1) (73) 

Since all static conditions are known, as well as mass flow and axial velocity, the specific volume 

can be found, thus density and area of the outlet. 

One important aspect at this point is to check if the nozzle is choked; that is if speed of sound is 

reached at the nozzle outlet. This is based on the pressure difference of the inlet and outlet of 

nozzle, where the critical pressure ratio tells if this point is reached: 

𝑝02

𝑝𝑐
=

1

[1 −
1

휂𝑛𝑜𝑧𝑧𝑙𝑒
(

𝛾 − 1
𝛾 + 1)]

𝛾
𝛾−1

 (74)
 

This shows that the critical pressure ratio depends only on γ and the nozzle isentropic efficiency. 

If the nozzle is choking the jet velocity is sonic and cannot exceed that (unless a convergent-

divergent nozzle is implemented, which is not used in passenger aircrafts flying at subsonic speed, 

therefore not considered). 
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A5. Results – Flight Route Optimization Tables 

The results for the RoC-Descent angle matrix are shown in Table A-1. The values in the matrix are 

the flight route energy requirements in kilowatt-hours and the lowest value is highlighted in blue. 

Table A-1. RoC and descent angle optimization matrix results. 

Energy 
[kWh] 

Rate Of Climb [m/s] 

Descent 
angle 
[deg] 

5 6 7 8 9 10 11 12 13 14 15 

5 1847 1861 1871 1879 1885 1890 1894 1897 1900 1902 1904 
6 1863 1877 1887 1895 1901 1905 1909 1913 1915 1918 1920 
7 1881 1895 1895 1913 1919 1923 1927 1931 1933 1936 1938 
8 1897 1911 1921 1929 1935 1940 1944 1947 1950 1952 1954 
9 1910 1924 1934 1942 1948 1953 1957 1960 1963 1965 1967 

10 1920 1934 1945 1952 1958 1963 1967 1970 1973 1975 1977 

Table A-2 shows the full table for the optimized climb speed with the values presented in Table 

A-1 as input, where the optimal values are highlighted in blue. 

Table A-2. Climb speed optimization matrix results - full table. 

Climb speed 
[m/s] 

Flight route 
energy 
[kWh] 

Climb speed 
[m/s] 

Flight route 
energy 
[kWh] 

61.00 1875.46 84.00 1846.79 

62.00 1872.94 85.00 1846.92 

63.00 1870.54 86.00 1846.92 

64.00 1868.26 87.00 1847.54 

65.00 1866.10 88.00 1848.03 

66.00 1864.05 89.00 1848.63 

67.00 1862.12 90.00 1849.36 

68.00 1860.30 91.00 1850.20 

69.00 1858.60 92.00 1851.17 

70.00 1857.01 93.00 1852.26 

71.00 1855.54 94.00 1853.47 

72.00 1854.18 95.00 1854.80 

73.00 1852.94 96.00 1856.26 

74.00 1851.80 97.00 1857.84 

75.00 1850.79 98.00 1859.54 

76.00 1849.88 99.00 1861.38 

77.00 1849.10 100.00 1863.33 

78.00 1848.42 101.00 1865.42 

79.00 1847.86 102.00 1867.63 

80.00 1847.41 103.00 1869.98 

81.00 1847.08 104.00 1872.45 

82.00 1846.87 105.00 1875.06 

83.00 1846.77   



Appendix  91 

A6. Results – Fan Scaling and Design 

The optimization results are shown in Table A-3, with the optimal solution highlighted in blue. 

Each line shows the optimal solution for that pressure ratio, but the results for the different 

configurations for that pressure ratio is presented in Table A-4. 

Table A-3. Fan design optimization results – Full table. 

Pr [-] D [m] d [m] 
N 

[rpm] 
�̇� 

[kg/s] 
𝑐𝑥,3 

[m/s] 

𝑐𝑥,3𝑟𝑒𝑞 

[m/s] 
P [kW] d3 [m] 

Choked 
nozzle 

1.100 1.35 0.54 3833.2 100.58 181.7 181.3 781.3 1.13 No 

1.125 1.23 0.49 4224.4 82.81 188.2 188.0 776.4 1.01 No 
1.150 1.15 0.46 4499.9 72.98 194.0 193.2 800.0 0.93 No 
1.175 1.10 0.44 4704.4 66.77 199.2 197.2 836.5 0.88 No 

1.200 1.05 0.42 4928.4 60.84 203.8 201.8 856.2 0.83 No 

1.225 1.00 0.40 5174.9 55.19 208.0 207.1 860.8 0.78 No 
1.250 0.98 0.39 5307.6 52.46 211.7 210.0 897.4 0.76 No 
1.275 0.95 0.38 5447.2 49.80 215.0 213.2 926.2 0.73 No 
1.300 0.93 0.37 5594.4 47.22 218.0 216.7 947.6 0.71 No 
1.325 0.90 0.36 5749.9 44.70 220.5 220.5 962.1 0.68 No 
1.350 0.90 0.36 5749.9 44.70 222.8 220.5 1026.5 0.68 No 
1.375 0.88 0.35 5914.1 42.25 224.7 224.6 1030.4 0.66 No 
1.400 0.88 0.35 5914.1 42.25 226.3 224.6 1089.9 0.66 No 
1.425 0.88 0.35 5914.1 42.25 227.7 224.6 1148.8 0.65 No 
1.450 0.88 0.35 5914.1 42.25 228.8 224.6 1207.2 0.65 No 

1.475 0.85 0.34 6088.1 39.87 229.6 229.0 1193.7 0.63 No 
1.500 0.85 0.34 6088.1 39.87 230.2 229.0 1247.6 0.63 No 
1.525 0.85 0.34 6088.1 39.87 230.6 229.0 1301.1 0.63 No 

1.550 0.85 0.34 6088.1 39.87 230.7 229.0 1354.1 0.63 No 
1.575 0.85 0.34 6088.1 39.87 230.6 229.0 1406.6 0.63 No 
1.600 0.85 0.34 6088.1 39.87 230.3 229.0 1458.8 0.63 No 
1.625 0.85 0.34 6088.1 39.87 229.7 229.0 1510.5 0.63 No 

1.650 0.88 0.35 5914.1 42.25 229.0 224.6 1655.0 0.65 No 
1.675 0.88 0.35 5914.1 42.25 228.0 224.6 1708.9 0.65 Yes 
1.700 0.88 0.35 5914.1 42.25 226.8 224.6 1762.5 0.66 Yes 
1.725 0.88 0.35 5914.1 42.25 225.5 224.6 1815.8 0.66 Yes 
1.750 0.90 0.36 5749.9 44.70 223.9 220.5 1977.0 0.68 Yes 
1.775 0.90 0.36 5749.9 44.70 222.1 220.5 2032.6 0.68 Yes 
1.800 0.93 0.37 5594.4 47.22 220.1 216.7 2205.5 0.70 Yes 

 

Table A-4. Results for the different configurations for the optimal Pr of 1.125 – full table. 

D [m] d [m] s [m] 
chordmid 

[m] 
N 

[rpm] 
�̇� 

[kg/s] 
𝑐𝑥,3 

[m/s] 

𝑐𝑥,3𝑟𝑒𝑞 

[m/s] 
P [kW] d3 [m] 

0.60 0.24 0.18 0.140 8624.8 19.9 188.2 308.6 186.3 0.49 
0.63 0.25 0.19 0.146 8279.8 21.6 188.2 296.1 202.1 0.51 

0.65 0.26 0.20 0.152 7961.3 23.3 188.2 285.1 218.6 0.53 
0.68 0.27 0.20 0.158 7666.5 25.1 188.2 275.3 235.7 0.55 

0.70 0.28 0.21 0.163 7392.7 27.0 188.2 266.5 253.5 0.57 

0.73 0.29 0.22 0.169 7137.7 29.0 188.2 258.6 272.0 0.60 

0.75 0.30 0.23 0.175 6899.8 31.0 188.2 251.5 291.0 0.62 
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0.78 0.31 0.23 0.181 6677.2 33.1 188.2 245.0 310.8 0.64 
0.80 0.32 0.24 0.187 6468.6 35.3 188.2 239.2 331.1 0.66 
0.83 0.33 0.25 0.193 6272.6 37.6 188.2 233.9 352.2 0.68 
0.85 0.34 0.26 0.198 6088.1 39.9 188.2 229.0 373.8 0.70 
0.88 0.35 0.26 0.204 5914.1 42.3 188.2 224.6 396.1 0.72 
0.90 0.36 0.27 0.210 5749.9 44.7 188.2 220.5 419.1 0.74 
0.93 0.37 0.28 0.216 5594.4 47.2 188.2 216.7 442.7 0.76 
0.95 0.38 0.29 0.222 5447.2 49.8 188.2 213.2 467.0 0.78 
0.98 0.39 0.29 0.228 5307.6 52.5 188.2 210.0 491.9 0.80 

1.00 0.40 0.30 0.233 5174.9 55.2 188.2 207.1 517.4 0.82 
1.03 0.41 0.31 0.239 5048.6 58.0 188.2 204.3 543.6 0.84 
1.05 0.42 0.32 0.245 4928.4 60.8 188.2 201.8 570.4 0.86 

1.08 0.43 0.32 0.251 4813.8 63.8 188.2 199.4 597.9 0.88 
1.10 0.44 0.33 0.257 4704.4 66.8 188.2 197.2 626.1 0.90 
1.13 0.45 0.34 0.263 4599.9 69.8 188.2 195.1 654.8 0.92 

1.15 0.46 0.35 0.268 4499.9 73.0 188.2 193.2 684.3 0.94 

1.18 0.47 0.35 0.274 4404.1 76.2 188.2 191.3 714.3 0.96 
1.20 0.48 0.36 0.280 4312.4 79.5 188.2 189.6 745.1 0.99 

1.23 0.49 0.37 0.286 4224.4 82.8 188.2 188.0 776.4 1.01 
1.25 0.50 0.38 0.292 4139.9 86.2 188.2 186.5 808.4 1.03 
1.28 0.51 0.38 0.298 4058.7 89.7 188.2 185.1 841.1 1.05 
1.30 0.52 0.39 0.303 3980.7 93.3 188.2 183.8 874.4 1.07 
1.33 0.53 0.40 0.309 3905.6 96.9 188.2 182.5 908.4 1.09 
1.35 0.54 0.41 0.315 3833.2 100.6 188.2 181.3 943.0 1.11 
1.38 0.55 0.41 0.321 3763.5 104.3 188.2 180.2 978.2 1.13 
1.40 0.56 0.42 0.327 3696.3 108.2 188.2 179.1 1014.1 1.15 
1.43 0.57 0.43 0.333 3631.5 112.1 188.2 178.1 1050.7 1.17 
1.45 0.58 0.44 0.338 3568.9 116.0 188.2 177.1 1087.8 1.19 

 

A7. Results – Velocity profiles 

The velocity profiles of the fan during the experiment for all operation points, between the ones 

showed in Figure 6-16, are presented in Figure A-3 to Figure A-6. 
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Figure A-3. Velocity profile at 1101W EDF power. 

 

Figure A-4. Velocity profile at 1230W EDF power. 
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Figure A-5. Velocity profile at 1312W EDF power. 

 

Figure A-6. Velocity profile at 1387W EDF power. 


