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Abstract

This thesis focuses on the research of alternative turbofan architectures for the

Middle-of-Market aircraft category. The alterations to the conventional direct drive

architecture include the adoption of a power gearbox, the substitution of the full-

axial high-pressure compressor with an axi-centrifugal configuration and the in-

stallation of a variable area fan nozzle. The thesis aims to provide a turbofan

architecture optimised for mission fuel burn in a typical Middle-of-Market aircraft

mission profile.

The methodology followed in the realisation of this project starts with a cycle

design optimisation through the application of genetic algorithms, which results in

a Pareto front of optimum individuals in terms of cruise SFC and specific thrust.

It follows a weight and size estimation phase for all the individuals of the Pareto

front. Eventually, the installed performance of the investigated turbofans is as-

sessed through the mission fuel burn analysis. The mission profile adopted in

this study has a range of 3000nm, and it is performed by a 180 seat aircraft type.

The project workflow involves the utilisation of the EPIDOSYS platform, specifi-

cally developed for the assessment of civil turbofans.

The results demonstrate that the adoption of a power gearbox enables a re-

duction of about 2.5% in mission fuel burn relative to the conventional direct drive

architecture. Additionally, above a determined fan diameter, the geared architec-

ture results in lighter turbofans relative to the direct drive. Moreover, the alteration

from a full-axial high-pressure compressor to an axi-centrifugal allows an ulterior

1.2% reduction in mission fuel burn with the additional advantage of a lighter and
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more compact architecture. Eventually, the adoption of the variable area fan noz-

zle component demonstrated a small improvement in mission fuel burn of 0.2%

in the geared turbofans.

Keywords

Alternative Architectures; Axi-centrifugal; Geared Turbofans; Middle-of-Market;
Mission Fuel Burn; Optimisation; Variable Area Fan Nozzle
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Chapter 1

Introduction

1.1 Background

Aviation is a big economic sector in Europe, and it is capable of generating 220

billions Euro and offering 4.5 million jobs. Worldwide, there is an average poten-

tial for a 4−5% growth in air traffic, with high rates mostly in the Middle East and

Asia[1].

The European Commission has studied the development of this sector and has

devised flightpaths to be followed in order to reach determined targets in the

near future: VISION 2020 [2] and VISION 2050 [1]. Given the fact that the first

milestone is considerably near, the attention of researchers nowadays is focused

mainly in the second target.

The whole discussion and targets can be found in Reference [1], here it is pre-

sented a summary of the primary goals regarding the aeronautic propulsion field:

• Reduction 1 of 75% in CO2 emissions per passenger kilometre.

• Reduction of 90% in NOx emissions per passenger per kilometre.

• Reduction of 65% in perceived noise emission.
1Relative to a typical new aircraft in 2000
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In the last decades, there has been a rising concern regarding the environ-

mental impact of transportation and aviation has been affected. This justifies the

fact that some of the most critical targets set by the European Community for the

near future are related to this topic.

Among these main targets, the primary aim of aircraft manufacturer regards

the economic aspect of flying. Generally, the priority is given to the efficiency

and the cost effectiveness of the mission. Since the engine represents one of

the protagonists in the cost definition process, the aims of the aircraft manufac-

turers meet with the engine manufacturers research in improving the efficiency of

their engine continuously and reduce the fuel consumption. This aim reconnects

back with the targets imposed by the European Community since more efficient

engines produce fewer emissions and noise. As it can be seen in Figure 1.1 , the

Figure 1.1: Variation of aircraft fuel burn, emissions and noise with the increase
in fan diameter. [3]

trend along the years has been to increase the fan diameter in order to improve

the engine’s specific fuel consumption and reduce emissions in terms of CO2 and

noise. Along with the increase in fan diameter, additional benefits can be ob-

tained from the utilisation of lightweight materials in the heaviest components of

the engines, such as the fan or the low-pressure turbine (LPT).

2
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1.1.1 Alternative gas turbine architectures

In this thesis the effect of the fan diameter increase in turbofan’s performance

is studied. Additionally, architectural modifications are introduced to the conven-

tional direct drive turbofan in order to assess their impact on performance. The

alternative components studied in this project are listed below.

• Fan power gearbox (PGB): it decouples the fan from the rest of the turbo-

machinery on the low-pressure spool; therefore it allows to each component

to rotate at its desired rotational speed.

• Axi-centrifugal high-pressure compressor (HPC): the combination of an ax-

ial and a centrifgual section allows a reduced number of stages in the HPC

with potential benefits in terms of efficiency, weight and length of the whole

engine.

• Variable area fan nozzle (VAFN): the adoption of this component allows

safer operability of the fan during the take-off condition in terms of surge

and flutter.

In this study a conventional direct drive turbofan with a fully axial HPC is taken

as a reference to indicate the most diffused turbofan architecture nowadays. Addi-

tionally, 5 architectures are obtained from the combination of the abovementioned

components; therefore this project assesses and compares the performance of 6

different turbofan archtitectures for the Middle-of-Market engines.

1.1.2 The Middle-of-Market segment

Due to the rapid increase in air transport requirements during the last years, the

sky is getting very crowded very quickly. Airliners want to cover longer distances

and connect more cities directly, without any transfer. Popular routes such as New

York to Los Angeles or Beijing to Shanghai require aircrafts bigger than the typical
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Airbus A-320 or the Boeing B737 but smaller than the long-range Airbus A-350

or Boeing 777. This category of aircraft is called the ”Middle-of- Market” (MoM).

In Figure 1.2 it can be seen that these aircraft can potentially fly from 3000 to

6500 nautical miles and carry from 180 to 350 passengers in single or twin-aisle

configurations. [4]

Figure 1.2: The Middle-of-Market sweet spot in the current civil aircraft market.[5]

The Airbus A-321 is the dominant aircraft of the MoM sector nowadays, while

the B757 represented Boeing, but it is not in production anymore. Having stud-

ied the potentialities of this market, Boeing is planning to build a New Midsize

Airplane (NMA or Boeing B797) that could enter into service around 2025 [5].

1.2 Aim and objectives

The project aims to perform a design space exploration for near future Middle-

of-Market turbofans and deliver fuel burn optimum engine designs for a specific

aircraft application. Moreover, the primary objectives are:

• perform a cycle design optimisation for all the 6 abovementioned MoM tur-

bofan architectures;
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• estimate engine sizes and weights for all the configurations,

• perform total mission fuel burn estimations for a typical Middle-of-Market

aircraft type of mission;

• quantify and evaluate the potential benefits of alternative turbofan architec-

tures.

1.3 Thesis structure

This thesis is divided into five chapters organised in this order:

• Chapter 1 gives a general introduction to the project topic and sets the back-

ground for the development of the project description.

• Chapter 2 gives a resume of the whole literature study that has been con-

ducted by the author to deeply understand the central aspect of the project.

In this chapter, it is possible to find a basic introduction to the aircraft propul-

sion thermodynamic principles, a description of the engine preliminary de-

sign phases, an explanation of the main aspects of geared turbofans and a

generic commentary on the architectural components studied in this project.

• Chapter 3 explains the methodology followed in the realisation of this project.

It offers a description of the cycle design optimisation process, the engine

weight and size estimation and the mission fuel burn studies.

• Chapter 4 presents the results obtained in the project and commentary on

them. All the study cases are explained and widely compared.

• Chapter 5 represents the conclusion of the thesis, and there are some ideas

for future work starting from this project as a base.
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Chapter 2

Literature Review

2.1 Turbofan engine cycle fundamentals

Aircraft have evolved from the first rudimentary internal combustion engines to

high-efficiency turbofans. During this evolution, the challenges that engineers

had to solve changed radically. In the first decades of flights, the critical chal-

lenges were weight, performance and reliability. In the modern times, the same

challenges are still present, but there are new ones related to economics and

environmental issues.

The objective of this section is to give an elementary understanding of the key

thermodynamic concepts that represent the foundations of turbofan engines.

2.1.1 Thermal Efficiency

This particular efficiency generally tells how much of the energy contained in the

fuel that we burn in an engine is effectively converted into shaft power, in the case

of a power generation gas turbine, or into kinetic energy of the gas that moves

through the machine, in an aero engine case.
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A generic definition of thermal efficiency is given by Reference [6]:

ηth =
Use f ul Work
Heat Input

(2.1)

Reference [7] provides a thermal efficiency definition that is suitable for a sim-

ple turbojet:

ηth =
1
2W9V 2

9 −
1
2W0V 2

0
Wf FHV

(2.2)

In this formula, the terms indicated with the subscript ”9” are referred to the nozzle

exit, while V0 is the flight speed and W0 is the air mass flow entering into the

engine.

In the case of a turbofan engine the thermal efficiency can be split into two terms:

• core efficiency

• transfer efficiency.

Reference [7] gives the definitions of both the abovementioned terms.

Core efficiency is given by the ratio between the amount of energy still present in

the gas at the exit of the turbofan core and the total energy available in the fuel:

ηcore =
Wcore(dHis−V 2

0 /2)
Wf FHV

(2.3)

In this expression, the dH term indicates an isentropic expansion of the gas

from the condition at the core exit to ambient conditions.

Transfer efficiency indicates how well the energy is transferred from the stream

passing through the core to the one in the bypass:

ηtr =
Bypass Jet Kinetic Power

Core Power−Core Jet Kinetic Power
=

ηth

ηcore
(2.4)

According to Giannakakis in Reference [8], the transfer efficiency is deter-

mined by the LPT and fan isentropic efficiencies, as well as BPR and pressure
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losses in the bypass and core ducts. Guha has demonstrated, in Reference [9],

that the transfer efficiency is slightly dependent on the specific thrust as well.

Given that the highest influence in the transfer efficiency is given by the isentropic

efficiencies of the fan and LPT, in this project, to simplify the analysis, it will be

considered:

ηtr ' ηis f an ∗ηis LPT (2.5)

2.1.2 Propulsive efficiency

During its flight, an aircraft is subjected to several forces, but in the specific con-

dition of a level flight with a velocity V0 the main forces are two: thrust and drag.

According to Reference [10], the net thrust provided by an engine is the combi-

nation of two terms: momentum thrust and pressure thrust.

F = ṁ(Vj−V0)+A j(p j− pa) (2.6)

To maintain a constant velocity level flight of the aircraft, the thrust must be equal

to the drag, but in the opposite direction. In the condition of a fully expanded

nozzle, the gas pressure at the exit of the engine (p j) is equal to the ambient

pressure (pa), therefore the thrust expression can be simplified to:

F = ṁ(Vj−V0) (2.7)

It is possible to observe from this equation that there are two principal compo-

nents in the simple definition of thrust: the air mass flow (ṁ) and the velocity

difference (Vj −V0). Consequently, there are two ways to obtain the required

thrust:

• small mass flow and high jet velocity,

• high mass flow and small jet velocity.
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It is essential to recognise which one of the two ways is more efficient. According

to Saravanamuttoo [10] the propulsive efficiency ηp is given by the ratio between

the thrust power (F ∗V0) and the sum of the thrust power and the kinetic energy 1

lost in the jet without being used.

Figure 2.1: Velocities and pressures in a level flight turbofan.

For turbofan engines an expression of the propulsive efficiency is provided by

Reference [11]:

ηp =
Speci f ic T hrust ∗V0

1
2(Speci f ic T hrust +V0)2 ∗


(

1
η2

tr
+BPR

)
(1+BPR)

( 1
ηtr

+BPR)2

− 1
2V 2

0

(2.8)

In a turbofan, the separation of the inlet mass flow and the subsequent mixing of

the hot and the cold jets generates jet velocities nearer to the flight speed, thus

improved propulsive efficiency and fuel consumption.

2.1.3 Overall Efficiency

Considering the engine generically as a system in which fuel is introduced and

burnt in order to produce thrust, the overall efficiency of it can be simply defined

as the ratio between the thrust power produced (useful work) and the energy

obtained from the combustion of the fuel. References [7] and [10] provide with a
1This kinetic energy is relative to the earth.
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mathematical expression of this efficiency as:

ηO =
FV0

Wf FHV
(2.9)

Looking at the previous equations of the propulsive efficiency and the thermal

efficiency, an alternative expression of overall efficiency can be derived:

ηO = ηth ∗ηprop = ηcore ∗ηtr ∗ηprop (2.10)

Considering the definitions of each one of the efficiencies that form the overall, it

is clear the dependency of the overall efficiency from the aircraft speed.

2.1.4 Specific fuel consumption

The concept of overall efficiency for aircraft engines can be ambiguous, therefore,

instead, it is preferable to consider the specific fuel consumption (SFC). This term

is defined, in Reference [10], as the ratio between the fuel flow and the thrust

obtained :

SFC =
Wf

F
(2.11)

By introducing this expression in the equation (2.9) and by rearranging, it is pos-

sible to obtain a new definition of SFC as:

SFC =
V0

ηcoreηtrηpropFHV
(2.12)

This equation enlightens a dependency of SFC from overall efficiency, therefore

the specific fuel consumption is intrinsically linked to the flight velocity as well.

Over the years, due to the continuous research in the gas turbines field, specific

fuel consumption values have been improving along with an increase in overall
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pressure ratio and bypass ratio, consequently with a decrease in specific thrust,

as it is reported in Reference [12] and represented in Figure 2.2

Figure 2.2: Turbofan trends in terms of Cruise SFC, Bypass Ratio and OPR from
1970 to 2010.[12]

An additional parameter that has permitted to reach lower SFC values is the

TET. During the years, due to improved techniques in turbine cooling, TET values

have been increasing and this has led to an improvement in overall efficiencies

and specific fuel consumptions. In the chart represented in Figure 2.3, it is en-

lighted the trend to increase the TET along with the improvements in turbine blade

materials and cooling techniques.

During the last years, modern engines have reached OPR and TET values

near to the optimum along with an improvement in compressor and turbine ef-

ficiencies. This means that the remaining margin to improve is narrow. There

is a possibility of increasing the core efficiency by using heat exchangers, but it

is complicated and impractical to implement. Given the impracticability of using

heat exchangers, the most practical method to reduce SFC remains improving

the propulsive efficiency.
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Figure 2.3: Turbine Entry Temperature (TET) values evolution from 1940 to 2010.
[13]

2.2 Engine preliminary design

In the realisation process of a turbofan engine, the outcomes of the preliminary

design phase define its 3 main characteristics: thermodynamic cycle, annulus

design and bearing arrangement.

2.2.1 Mission Analysis

Given the fact that the engine manufacturer receives an input from an aircraft

manufacturer before starting a new project, each new gas turbine design is led

by the requirements of the market, that, in turn, are originated by the aircraft

application. Clearly, the cycle of an engine is determined by the mission followed

by the aircraft on which it is installed.

From Figure 2.4 it is possible to understand which parameter, among SFC and

specific thrust, is more important for different categories of aircraft and engine

utilisation.
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SPECIFIC THRUST

Figure 2.4: Design and performance considerations for aero engines.[14]

The competitiveness of an engigne is related to the values of thermal and

propulsive efficiencies that, combined, result in the SFC. Apparently, considering

the relation (2.11) between SFC and fuel burn, having as an objective lower SFC

means going after lower mission fuel burn. On the other hand, weight is significant

as well, and it also plays a crucial role in the definition of the mission fuel burn.

Consequently, depending on the typology of utilisation that the engine is designed

for, the designers focus the attention on one or another performance parameter.

2.2.2 Single point design

Gas turbines used for power generation perform in a very narrow range of oper-

ating conditions, therefore the cycle for these applications is optimised for the

simple design point. However, all gas turbines are subjected to variations in

pressures, temperatures and spool speeds, thus it means that the off-design be-

haviour is always important to be considered since the preliminary design phase.

2.2.3 Multipoint design

Gas turbines utilised as aero engines have to face various operating conditions

depending on the primary sequences of an aircraft’s mission: taxi, take-off, climb,

descent, land and roll to gate[7]. Among these sequences, there are 3 that set
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cycle limits and requirements and, consequently, are used to intially design the

engine:

• Take-off: requires the highest TET and spool speeds.

• Top of climb: represents the mission phase with the highest demand for

compressors and the maximum OPR value is reached.

• Cruise: in this phase temperatures and spool speeds are relatively lower,

however, because this represents the design point for the engine, significant

importance is given to efficiency; therefore to SFC.

Typically, the design of a civil aircraft engine is considered to be a ”three-point

design”. As mentioned above, the design point is the cruise, and the annulus of

the engine is optimised for this condition. Moreover, the fan is sized to cope with

the air mass flow requirements at the top of climb condition. The hot day take-off

condition is taken as a reference to size the mechanical and the cooling system

because there are present the maximum temperatures and spool speeds.

2.3 Specific thrust and bypass ratio

With the term specific thrust (SFN) we refer to the value of thrust per unit of mass

flow entering into the engine [15].

SFN =
FN
W0

(2.13)

It gives a first idea about the size, volume and frontal area of the engine. Usually

for civil subsonic turbofans, the trend is to go to lower specific thrust values in

order to improve the SFC of the engine. For military applications, instead, the

objective is to get the maximum specific thrust in order to minimise the frontal

area of the engine and make it suitable for supersonic flights reducing its drag .
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As it has been mentioned previously in equation (2.10), the overall efficiency of

a gas turbine is composed of three factors: core efficiency, transfer efficiency and

propulsive efficiency. Reference [11] explains that the core efficiency depends on

the TET, the turbomachinery isentropic efficiency and the OPR, while the transfer

efficiency is a function of the efficiencies of the components connected to the LP

spool. Considering that the improvement of these two efficiency terms has been

the centre of the attention for many years so far, nowadays there’s the necessity

to look at the propulsive efficiency as the primary parameter to affect the overall

efficiency of the modern turbofans.

Considering equation 2.8, it appears that the propulsive efficiency is a function

of the specific thrust (SFN) and it increases as the specific thrust decreases;

therefore, in order to improve the propulsive efficiency, it is necessary to move

towards engine designs with increased fan diameters.

A term that is strictly related to the specific thrust is the bypass ratio, defined

in [16] as:

BPR =
Wbypass

Wcore
(2.14)

It is the ratio between the mass flow that goes through the bypass duct and the

mass flow that enters in the core of the engine.

In Reference [7] is presented a study that aims to enlight the benefits and the

effects caused by the increase in bypass ratio in two significant cases: conven-

tional direct drive and geared turbofans. From this study emerges that increasing

the BPR from 6 to 10 in a conventional direct drive turbofan changes consider-

ably the architecture of the engine. It can be clearly seen in Figure 2.5 that with

the increase in BPR there is also an improvement in SFC and an increase in the

thrust as well. The increase in BPR is linked to the decrease in specific thrust so

it can be seen as the fan diameter increases by 30% going from 6 to 10 in BPR.

The overall architecture of the engine changes as well because the number of

LPT stages goes from 5 to 9 as the BPR increases and the disk shapes of the
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Figure 2.5: Variation in direct drive engine size with increasing BPR. [7]

IPC and LPT stages changes.

It can be deduced from Figure 2.5 that, in order to keep a high polytropic

efficiency, the number of LPT stages has to be increased as the fan diameter

increases. In fact, the aerodynamic loading of the LPT augments with bypass

ratio because of the reduction in fan tip speed consequent of the increase of the

fan diameter. In order to maintain the position in the ideal efficiency line that cuts

the Smith chart (Figure 2.6), to a specific flow coefficient should correspond a

determined stage loading. As the LPT aerodynamic loading increases with fan

diameter, it is necessary to increase the number of LPT stages; otherwise the

polytropic efficiency of the LPT falls.

In Figure 2.7 it is enlighted that if the number of LPT stages is increased

accurately with the increase in BPR, then the SFC gain goes near to the values

predicted by assuming a constant LPT polytropic efficiency [7].

The utilisation of a gearbox decouples the fan rotational speed from the booster

and LPT rotational speeds, therefore it allows reducing the aerodynamic loading

and, due to this, fewer stages of LPT are sufficient for achieving acceptable effi-
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Figure 2.6: Smith diagram used to evaluate turbine stage efficiency. [17]

Figure 2.7: SFC variation as a function of bypass ratio for a conventional turbofan.
[7]

ciencies. Moreover, with the adoption of a gearbox, there is no necessity to move

outwards the flow annulus, therefore the cross-sectional area of a geared turbo-

fan differs significantly from a conventional direct drive one, as it can be seen in

Figure 2.8.
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Figure 2.8: Architectural differences between a geared and a direct drive turbofan
at the same bypass ratio. [7]

2.4 Geared Turbofans

In searching for lower fuel consumption, weight and cost, as well as noise and

emissions reduction, the jet engine manufacturers have reached the limits of the

boundaries in the conventional turbofan designs. Nowadays, the requirements

keep becoming more and more optimistic; thus the manufacturers are pushed

to introduce a step change in the turbofan engines architectures. An up-and-

coming concept that has been investigated for three decades is the introduction

of a gearbox between the fan, acting as the slow spinning side, and the low-

pressure compressor (LPC) and the low-pressure turbine (LPT), acting as the

fast spinning side. This brings to a decoupling of the fan rotational speed from the

rest of the low-pressure spool turbomachinery and allows an additional degree of

freedom to optimise the turbomachinery independently. The fan rotational speed

and pressure ratio are reduced, whereas the LPC and LPT rotational speeds are

increased, bringing these elements to higher efficiencies and lower number of

airfoils. [18]

Wilfert, in Reference [18], considers the utilisation of a gearbox very interest-
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ing because it allows reducing the specific thrust in turbofans, since the fan is

enabled to increase in size, given its ability to rotate at a lower rotational speed

relative to a direct drive case, thus avoiding transonic losses at the tip. The reduc-

tion in specific thrust improves consequently the propulsive efficiency of the tur-

bofan and reduces its specific fuel consumption. The technological level required

for the realisation of a geared turbofan is very high, but engine manufacturers are

looking at it with more and more interest. Some of them have managed to realise

models that are already flying nowadays, such as the Pratt and Whitney PW1000

family.

2.4.1 Comparison with Direct Drive Turbofans

Applying the concept of very low specific thrust to a direct drive engine creates

some limitations due to the weight, length and cost increase of the LPC and LPT.

Figure 2.9: Comparison between a Direct Drive Turbofan (below) and a Geared
Turbofan (above). [19]

In a direct drive architecture, the size increase in the fan and the consequent

reduction in spool speed of the low-pressure shaft brings additional stages in the

LPT turbine, as it is noticeable from Figure 2.9. This is because both the LPC and

the LPT have to provide the work required by a bigger fan with lower rotational

speed; therefore a higher number of airfoils and stages is required. The issue
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presents the opportunity to use a gearbox between the fan and the LPC and LPT

in order to decouple their rotational speeds and not limit the high-speed side, thus

reducing length, weight and cost of the engine. The advantage of reducing the

number of LPT stages is impaired by the additional weight of the gearbox. Overall,

the reduction in LPT weight overcomes the addition of the gearbox, causing a

clear advantage in terms of length and weight in the geared architecture relative

to the direct drive [18].

Figure 2.10: Comparison between a direct drive and a geared turbofan in terms
of noise, TSFC and fuel burn as a function of specific thrust.[18]

In Figure 2.10 it is enlighted the fact that a geared turbofan presents the mini-

mum fuel burn at a lower specific thrust, corresponding to a higher fan diameter,

so it allows us to go beyond today’s values and achieve advantages in terms of

specific fuel consumption and noise emissions.

2.4.2 LPT considerations

The adoption of a gearbox allows to reach the optimal rotational speed in the

LPT; therefore causing a reduction in the stage count to roughly half relative to

a conventional direct drive configuration [18]. Given the higher rotational speed

of the LPT rotor, the disks are subjected to higher centrifugal loads leading to an
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increase in weight. Nevertheless, because of the lower number of stages and

airfoils, the overall LPT weight of the geared configuration is lower than the equiv-

alent in a direct drive configuration. Reference [18] enlights that, at an optimum

bypass ratio for both the cases, the weight of the LPT in a geared configuration

can be reduced down to 70% of the direct drive configuration.

The high rotational speed allows the LPT to be able to achieve higher specific

work output per stage compared to a conventional configuration. A direct conse-

quence of this is that the aerodynamic loading ∆H/u2 can be kept into values that

are lower compared to the direct drive case. This enables the LPT turbine within

a geared configuration to reach a higher efficiency relative to the direct drive.

The rotor high rotational speed presents a considerable challenge from the

mechanical point of view in the design of a geared turbofan LPT. In fact, the

centrifugal load to which the LPT disk is subjected is proportional to AN2 (with

N as rotational speed and A as annulus area); thus it is directly affected by the

increase in rotational speed. [18]

2.4.3 Power gearbox

The power gearbox, within a turbofan, is a component that can undoubtedly en-

able significant advantages compared to direct drive architectures, but it is a com-

plex mechanical system that requires a meticulous design.

The position of the power gearbox in the turbofan architecture is between the

IPC and the Fan. According to Reference[20], the major components in a power

gearbox are:

• fixed star gear support

• sun gear coupling diaphragm

• sun gear
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• planetary gears

• ring gear

• lubrication system

Figure 2.11: Cross-sectional representation of a power gearbox. [21]

Observing Figure 2.11, at the centre the sun gear rotates with a fixed position,

while the planetary gears rotate all around it and are connected to it through the

planet carrier. The ring gear, the largest of the concentric rings, encompasses

the planetary and the sun gears [22][23].

The number of revolutions of each gear relative to the other is known as the gear

ratio [22]. As an example, a gear ratio of 3:1 means that the planetary gears can

achieve 3 revolutions for each complete revolution of the sun gear. According to

References [22][23] the gear ratio is dependent on the ratio between the number

of teeth on the input gear and the number on the driven gear. By varying the

22



Chapter 2. Literature Review

number of teeth and the torque applied to the power gearbox, it is possible to

obtain the maximum efficiency from it.

The type of gearboxes used for the geared turbofans applications has an archi-

tecture with an epicyclic gear. This choice is made because this set configuration

guarantees optimum performance in a relatively compact size [11]. These gear-

boxes are typically single stage non-differential epicyclic gearboxes [11], which

means that all the gears are free to move, except one that is fixed. In Reference

[24], 3 principal arrangements for epicyclic gears are indicated: star, planetary,

solar.

Figure 2.12: The power gearbox of the Pratt&Whitney PurePower family
engines.[25]

Reference [23] explains the advantages and disadvantages of epcyclic gear

systems. The main advantages are:

• the load can be shared between several gears,

• the arrangement is compact and efficient in terms of space and weight,

• the concentric rotation of input and driven gears reduces the bending mo-

ment caused by the radial forces;

however, on the other hand, there are disadvantages:

• the design is complex,
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• in the case of a non-inline assembly, it requires additional gears.

One of the most advanced power gearbox systems is installed on the Pratt &

Whitney engines of the family PurePower. As it can be seen in Figure 2.12, it is

an epicyclic gearbox setup with 5 planet gears.

2.5 Axial and centrifugal compressors

A turbofan can be considered as a combination of various components to deliver a

required thrust for a specified mission delivered by a specific aircraft. This generic

definition gives equal importance to all the components within the system, but an

engine can be seen as an organism that has vital organs. In the mechanical case

of a gas turbine the vital organs are represented by turbomachinery: compressors

and turbines.

Peviously, there have been enlightened differences in the LPT system be-

tween geared and direct drive turbofans and this is one of the main comparisons

that are an object of this project. Moreover, a second significant comparison

regards the high-pressure compression system (HPC). In fact, one of the ob-

jectives of this project is to assess two different architectures of HPC: axial and

axi-centrifugal.

This section aims to give a general explanation of the principal aspects of

axial and centrifugal compressors, enlighting the differences and the similarities

between the two systems.

2.5.1 Axial compressors

Being one of the most critical components in a gas turbine, the axial compres-

sor has been studied for many years, and it is continuously at the centre of the

focus of many studies that have brought this component to improve considerably
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through the years. Consequently, there are thousands of finely written books

and papers about the topic. Among these, References [26] and [27] are widely

recognised as the most significant books concerning axial compressors.

The compression in an axial turbomachinery is composed of two parts: firstly

the fluid is accelerated and then it is diffused; therefore the result is a pressure

increase. The acceleration is accomplished by the rotor, while the diffusion is

obtained by the stator. The increase in velocity is converted into an increase in

pressure thanks to the diffusion process [26].

An axial compressor is usually a multistage machine and the pressure in-

crease obtained by the fluid through each stage is limited, therefore, in order to

obtain the high pressure ratios that are present in the modern turbofans, several

stages are necessary [27], as it can be seen in Figure 2.13.

Figure 2.13: A typical multistage axial compressor [28]

In Figure 2.14 it is depicted how the properties of the fluid change through

an axial compressor. It can be seen that the total pressure and temperature are

continually increasing through the stages, because the rotors are doing work onto

the fluid, increasing its energy. The static pressure increases as well, and this

represents the principal objective of an axial compressor. It has been explained

that the principle of working of an axial compressor is to accelerate and decelerate
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the fluid in order to increase its pressure. That is explicitly confirmed by the

velocity trend that increases through the rotor blades and decreases through the

stator blades.

Figure 2.14: Variation of the properties of a fluid moving through the stages of a
multistage compressor. [29]

2.5.2 Centrifugal compressors

A centrifugal compressor increases the pressure of a fluid firstly by accelerating

it through a rotating impeller, then by converting the kinetic energy into pressure

[30]. In Figure 2.15 it is represented a schematic of a centrifugal compressor. The

fluid enters in the centre and is radially accelerated by the rotation of the impeller.

The deceleration happens in the diffuser by changing the direction of the fluid.

The fluid is then ejected through a discharge nozzle [30].

Centrifugal compressors find various applications in industrial engineering, but

they are also used in gas turbines with a range of pressure ratios that goes from

3:1 to 7:1 [29].

Typically, centrifugal compressors are designed in such a way that the pres-

sure rise is divided half in the impeller and half in the diffuser [29].

The function of the impeller is to introduce energy into the fluid, and it is con-

stituted by 2 parts: an inducer, that collects the flow entering into the compres-
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Figure 2.15: A sectional view of a centrifugal compressor and the thermodynamic
and aerodynamic properties of the fluid. [29]

sor and the radial blades that provide the energy to the fluid by centrifugal force

[29][30].

The function of the diffuser is to convert the kinetic energy into pressure rise.

This is the essential part of a centrifugal compressor, but usually also the most

complicated to design. The design of the diffuser consists of vanes passages

that diverge, therefore the velocity of the flow is reduced and converted into

pressure[29].

In comparison with an axial compressor, the centrifugal is shorter but has

a larger diameter; moreover the flow is turned from the axial direction by 90o.

While the centrifugal is able to provide a pressure ratio higher than 4:1 in a single

stage, the axial compressor have a pressure ratio around 1.4:1 [31]. So, at equal

pressure ratio, more stages of axial, so more weight, are required, while a single

stage centrifugal can be used.

A peculiar characteristic of centrifugal compressors is that they can recover

from a surge condition relatively easily, while for an axial compressor this condi-

tion is catastrophic [31].

In terms of efficiency, Reference [29] indicates the axial compressor as more
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efficient relative to the centrifugal. The same does Reference [31], but he claims

that the efficiency of centrifugal compressors can potentially be higher in the fu-

ture if the same effort is invested in research as it is done for axial compressors.

2.5.3 Axi-centrifugal compressors

Generally, axial compressors are used in conventional turbofans. It is well known

and widely demonstrated, in References [6], [10],[13] , that one way to improve

the overall efficiency of a gas turbine is to increase the OPR. By using axial com-

pressors, this means increasing the number of stages, consequently the length,

weight and size of the engine. This can bring a weight penalty that reflects in

higher fuel burn despite the improved efficiency of the engine itself. A solution to

reduce the weight penalty induced by higher OPR is to move from a ”full-axial”

architecture to an ”axi-centrifugal” one in the HPC. This configuration is realised

by the combination of one or more axial stages with a centrifugal stage[32].

The centrifugal compressor allows pursuing higher OPR without increasing

the number of stages furthermore; therefore realising shorter and more efficient

engines. On the other side, the diameter of the engine may increase because of

the important radial dimension of the centrifugal compressor. Typically, in design-

ing axi-centrifugal compressors, engine manufacturers tend to increase more the

aerodynamic loading on the centrifugal side rather than the axial, pursuing the

benefits from the stability and performance robustness of the radial compressor

[32]. High loadings on the centrifugal compressor also mean high weight of the

disc and diameter of the compressor, so it is important to understand the limiting

point above which the weight penalty of the centrifugal compressor becomes rel-

evant and detrimental for the efficiency improvement. This represents one of the

objectives of this project, that is understanding the weight and size improvements

and limitations that are introduced by the utilisation of a centrifugal compressor

and realise how they affect the efficiency and the fuel burn of the engine.
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2.6 Variable Area Fan Nozzle

It has been demonstrated previously that one of the methods for having more

efficient turbofans is to decrease the specific thrust, this is done by increasing

the fan diameter and leads to an increase in bypass ratio and a decrease in fan

pressure ratio (FPR). This can lead to difficulties in the operability of the fan. In

fact, several References ([33], [34], [35], [36], [37]) agree in indicating a FPR of

1.45 as the minimum below which there may potentially be the problems of surge

and flutter of the fan.

The critical point for the surge and flutter of the fan is represented by the take-

off condition. In fact, at low Mach numbers the ram compression at the engine’s

intake is reduced and this, combined with low values of FPR, brings a pressure

ratio at the bypass nozzle that is lower than the critical one, causing the bypass

nozzle to unchoke. An unchoked nozzle has a reduced flow capacity; therefore

the operating line of the fan moves towards the surge line in the fan map [11][38].

This phenomenon can be graphically seen in Figure 2.16, that represents the fan

map for a very low specific thrust engine. It is clear that at take-off conditions

the operation point moves above the surge line of the fan, therefore the engine

cannot be safely operated.

Generally, the solution to this problem may be found in the implementation of

a variable area fan nozzle (VAFN). This solution allows to control and augment

the flow capacity of the fan nozzle at take-off by increasing its area, leading the

operating point back to the stable zone of the fan map [8][11][38]. Figure 2.17

shows a tested and a prototype application of the VAFN concept for very low spe-

cific thrust turbofans. Despite its clear advantage in terms of fan operability, the

VAFN system adds weight, drag and complexity to the engine. It has actuators

and weight that have to be scaled based on the dimensions of the engine itself.

Consequently, there is the necessity to assess the real advantages and compro-
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mises of this component and this represents one of the objectives of this project.

Figure 2.16: Fan map for a very low specific thrust engine with 3 operation points:
Take-off (To), Cruise (CR), Climb (CL). [8]

Figure 2.17: Left: Prototype of a VAFN with flaps mounted on inclined fixture
elements [39]. Right: Pratt&Whitney PW1000G with VAFN [40]

30



Chapter 2. Literature Review

2.7 State-of-the-art turbofans

The turbofan architectures that are defined ”alternative” in this project in some

cases have already been developed, but they are not as much diffused as the

direct drive fully axial HPC one, that represents the most utilised turbofan con-

figuration for civil aircraft nowadays. Therefore, it is significant to provide some

examples of the effective applications of the alternative architectures considered

in this project.

Regarding the geared turbofans, NASA started looking at the development

of this architecture alredy in 1977 with the QCSEE project [20]. The aim of this

project was to provide two geared turbofan architectures for civil applications de-

signed for being installed over or under the wing.

Over the years, different tests were conducted in order to assess the feasabil-

ity of this architecture, but few cases resulted in an effective application of it in

civil aircraft turbofans. An example of geared turbofans utilised nowadays is rep-

resented by the Pratt&Whitney PurePower family of engines, which first flight can

be dated back to 2016 [41]. In Figure 2.18 it is represented a longitudinal view

of a component of this family, in which is clearly visible the position of the PGB

between the IPC and the fan. Moreover, the presence of the PGB allows a config-

uration of the LPT with only 3 stages. It can be seen from Figure 2.17 that the one

of the components of the PurePower family of engines has been designed with

a VAFN configuration as well. Nevertheless, the manufacturer did not consider

profitable to proceed with its development; therefore it remains just a prototipe at

the moment.

A peculiar example of a geared turbofan equipped with an axi-centrifugal com-

pressor is the Honeywell TFE731. It is a two-spool turbofan specifically designed

for business jets, but it has also some military declinations. As it can be seen

in Figure 2.19, the low-pressure compressor is full axial and presents 4 stages,
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Figure 2.18: Longitudinal section of a PW1000G. [42]

while the high-pressure side is represented by a single stage centrifugal compres-

sor. The HPT is a single stage while the LPT can have 3 or 4 stages, depending

on the engine version [43]. Another peculiar characteristic of this engine is rep-

resented by its combustor. In fact, considering the flow exiting radially from the

centrifugal HPC, in order to reduce the length and the losses introduced by a duct

that brings the direction back to axial, a reverse flow combustor is adopted. In this

way, the flow is brought back to the axial direction while the combustion process

happens.

Figure 2.19: Sectional[44] and longitudinal[45] view of a TFE731 .

Considering the area of application of this engine, it is essential to minimise

the mission fuel burn and the maintenance cost. This explains the choice made

by Honeywell to use a centrifugal HPC and a gearbox because it reduces the
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weight, the manufacturing and the maintenance cost of the engine, due to the

reduced number of components, as it is claimed by Reference [46]. In Table 2.1

are summarised some of the performance and design data of a TFE731-60.

Table 2.1: Performance and design data of a TFE731-60 [46].
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Methodology

In this chapter it is described the workflow followed in the realisation of this project.

The chapter starts with a description of the investigated design space, it follows

a explanation of the procedures utilised for the design space exploration and op-

timisation. Afterwards, it is described the procedure that brings to the weight and

size estimation and mission fuel burn calculation.

3.1 Overview

As it has been declared previously, the design space investigated by this project

regards the Middle-of-Market turbofan category. The airframe investigated is an

Airbus A321 type, Figure 3.1, and the mission targeted has a range of 3000 nm.

The engine design process satisfies the thrust requirements, shown in Table

3.1, in 3 critical points of the mission: take off, top of climb and cruise. The

altitudes, Mach numbers and EOR thrust value for a typical A-321 aircraft have

been found in Reference [47]. From this last value, the CRZ thrust has been

derived using TEOR/TCRZ in Reference [11]. Eventually, the ToC thrust requirement

has been derived from the ratio TToC/TCRZ in Reference [8].

The realisation of this project has involved the utilisation of the EPYDOSIS
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Figure 3.1: Frontal view of an Airbus A321 taken as the reference aircraft model
for this project. In red and black are indicated the fan dimensions analised during
the optimisation process. [47]

CRZ ToC EOR

Altitude [m] 10668 10668 0
DT amb [K] 0 10 15

Mach 0.82 0.82 0.25
Thrust [N] 20500 26000 105000

Table 3.1: Thrust requirements in the main operating points.

(Engine Preliminary Design Optimisation) platform, that is schematically described

in Figure 3.2, designed by the Cranfield University UTC for aero civil engines stud-

ies [11]. The general platform presents a wide range of capabilities, reduced in

this project to the case study interest.

The workflow begins with the definition of the initial inputs, mostly regarding

the requirements of the baseline aircraft. In particular, in this phase are specified

the range, the flight envelope, the mission and the thrust requirements of the

specified aircraft type.

The following step regards the engine simulations from two points of view: the

thermodynamic and the mechanical. In the simulations work the first step is the

cycle design and optimisation, that gives a Pareto front of optimum individuals in

terms of minimum cruise SFC and maximum specific thrust simultaneously, that
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Figure 3.2: The EPIDOSYS platform from which the modules utilised in this
project are derived. [11]

respect the thrust requirements previously defined. Consequently, the thermody-

namic cycles are converted into plausible engines through the utilisation of the

Cranfield University in-house software ATLAS, a modular code that has the capa-

bilities to estimate the weight and size of the main components of a turbofan [48].

Once the engine simulation phase is concluded, there are available a set of

thermodynamic and mechanical data the determine the operation and the size of

the engine in the uninstalled condition. Therefore, in order to asses the engine for

fuel burn, there is the necessity to install it virtually on a proper aircraft and make

it perform a typical mission. This is done by the utilisation of the NASA FLOPS

software, that is able to calculate the installed performance of an enigne including

weight, drag, installation constrains and interference between the nacelle and the

wing [49].
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The end of this process leads to a set of output data regarding SFC, weight,

mission fuel burn and annulus design of the optimal engines for the given mission

requirements.

3.2 MoM engines cycle design optimisation

It can be seen from Figure 3.2 that the start of the workflow of this project is

represented by the cycle design optimisation. This is operated through the EPY-

DOSIS module called CYCLOPS, described in Figure 3.3. CYCLOPS is based

on a PYTHON coded Non-Dominated Sorting Genetic Algorithm II (NSGA II),

explained in details in Reference [50].

Figure 3.3: Schematic representation of CYCLOPS. [11]

Being a genetic algorithm, CYCLOPS backbone is represented by 3 cate-

gories of parameters: decision variables, constraints and objective functions. The

range decision variables and the constraints values need to be defined as an in-

put, while the objective functions require just a definition of ”maximum” or ”mini-

mum” to allow the optimiser to choose the right individuals. The set of decision

variables, constraints and objective functions utilised for this project can be seen
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in Table 3.2.

Decision Variables Constraints Objective Functions

Fan Diameter W max ToC SFC
OPR W min ToC Specific Thrust
Fan tip PR Cooling fractions
TET T30
(VAFN) TET

T41

Table 3.2: Set of decision variables, constraints and objectives for the cycle opti-
misation system.

The range of fan diameters has been defined considering the ground clear-

ances of a typical MoM aircraft, while OPR, fan tip PR and TET are decided

on considerations about the modern technological level of engine manufacturers.

The VAFN is a decision variable only in the models that are equipped with this

component. The decision variables values are referred to the design point condi-

tion, except the VAFN that is used only during the take off for the safe operability

of the fan.

The constraints are specified considering modern technological limitations of

engine manufacturers, since this project is looking at engines that can potentially

be introduced in the market in the near future.

Since the primary aim of this thesis is to provide an engine model optimised

for mission fuel burn, the SFC needs to be minimised during the optimisation

process; therefore the minimum SFC individuals for each value of specific thrust

are considered.

Each combination of the decision variables gives an engine model that is then

introduced in TURBOMATCH, a Cranfield University in-house software capable

of simulating engine performance in design and off-design conditions [51]. If the

model can be simulated in the 3 points of interest (CRZ, ToC and MTO), then

the results in terms of SFC and specific thrust are stored. If the model can’t be

simulated in the 3 points, it is discarded.
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3.2.1 MoM enignes simulation

The software used to simulate all the engine cycles is TURBOMATCH, a Cranfield

University prorietary code, written in FORTRAN in 1974 [51], capable of assess-

ing engine performance in design point, off-design and transient. The off design

calculation, as well as the transient, is based on the balance in mass and energy

among all the engine components carried out iteratively. The component behav-

iors in design point and off design are described by the experimentally derived

maps included in the software library [51].

The engine architecture is built through bricks. Each brick represents a single

component in the engine and it simulates the behavior of it. The combination

and the simulation of each component gives the final performance of the enigne

in terms of gross and net thrusts, specific fuel consumptions, specific thrust and

fuel flow. Each brick has an inlet and an outlet station to position it into the engine

architecture. Moreover, it is described by the brick data that contain the properties

of the component represented. Depending on the brick characteristics, it can

require additional engine vector data and deliver engine vector results [51].

The modularity given by the bricks allows TURBOMATCH to carry out per-

formance evaluations for various engine architectures. This represents the main

motivation for the use of TURBOMATCH for a project in which different engine

architectures are involved.

3.2.2 Engine models

Since the project involves the introduction of alternative engine architectures, it

is useful to compare these with conventional ones in order to understand what

are the advantages. Therefore, in this project, 6 different engine models will be

considered:

• Axi-centrifugal HPC Geared Turbofan with Variable Area Fan Nozzle (AXC
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GEAR VAFN),

• Axi-centrifugal HPC Geared Turbofan with Fixed Area Fan Nozzle (AXC GEAR

FIX),

• Axi-centrifugal HPC Direct Drive Turbofan with Variable Area Fan Nozzle

(AXC DD VAFN),

• Axi-centrifugal HPC Direct Drive Turbofan with Fixed Area Fan Nozzle (AXC DD

FIX),

• Axial HPC Geared Turbofan with Fixed Area Fan Nozzle (AX GEAR FIX),

• Axial HPC Direct Drive with Fixed Area Fan Nozzle (AX DD FIX).

The models reflect the combination of the different alternative architectures

that this project aims to assess: axi-centrifugal HPC, PGB and VAFN. This num-

ber of cases has been chosen in order to understand and explain what changes in

performance and size are introduced by each one of the alternative architectures.

In order to assess the advantages, relative to a conventional case, introduced

by the utilisation of an axi-centrifugal HPC, two of the models are replicated with

fully axial HPCs.

Moreover, for the axi-centrifugal cases, the models are realised with and with-

out a VAFN, to understand if this solution is able to give some real advantages.

Eventually, the models are equally divided between geared and direct drive to

assess the effects introduced by the adoption of a PGB in different architectures.

Figure 3.4 presents a schematic representation of the baseline turbofan model

utilised in this project with the indication of the architectural alternatives studied

in this project.
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A common characteristic of all the models is the inlet. The division between

the air mass flow that enters into the core and the part that enters into the by-

pass is realised through a splitter positioned immediately behind the intake. This

splitter divides the mass flow entering the engine according to the bypass ratio

value that is given to the model. Downstream there is the fan. It represents the

primary protagonist of the performance of a turbofan, and it is important to simu-

late it as close as possible to the reality, in order to capture with high confidence

the behaviour of the engine itself. As it can be seen from Figure 3.5, a fan blade

doesn’t present the same pressure ratio along its span, but has a higher one at

the tip and lower at the hub. TURBOMATCH is a 0-D code, therefore it is not able

to catch this difference in pressure ratio along the blade. In order to estimate as

much realistically as possible the fan performance, it is divided into two bricks, a

hub and a tip, which are treated by the code as two different compressors, with

two different maps.

Figure 3.5: Pressure distribution along the span of a fan blade. [11]

Another significant aspect of the engine models realisation is the design of

the secondary air system. As it has been stated in precedence, turbine cooling

is one of the most important aspects that has led to the efficiency improvement

of gas turbines along the years. It is equally essential to simulate them in the

adequate manner and to choose the right position within the engine model. In

this case, the positions of the cooling bleeds are different between the axial and
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the axi-centrifugal models. In the full axial models, the HPC is divided into 4

parts and in each one of the separations there are bleeds exporting cool air to the

turbines. The turbine stage in which the cooling air is transferred depends on the

pressure and the temperature that are present at the position in which the bleed

is in the compressor. Undoubtedly, the pressure of the station in which the bleed

is positioned should be higher than the one in which the cooling air is delivered

and the temperature should be low enough to guarantee the right heat exchange

without requiring high amounts of mass flow from the compressor.

In the axi-centrifugal model, since the number of axial stages is reduced

thanks to the introduction of the centrifugal stage, the position of the bleeds can’t

follow the same scheme as the full-axial configuration. In fact, in this case, the

separation between the axial and the centrifugal compressor becomes a useful

position for the low-pressure bleeds and the rest of them are located behind the

centrifugal HPC. Here there are the bleeds for the HPT rotor and NGV cooling.

The geared models present an appropriate bleed for the cooling and the seal-

ing of the power gearbox that is located before the HPC position.

In the VAFN models, the exit area of the bypass nozzles becomes a variable

that changes during the EOR phase to simulate its opening.

3.2.3 Thermodynamic cycle design

Starting from the specified mission requirements, there’s the need to design the

thermodynamic cycle that allows to respect them. As it has been stated previ-

ously, this project follows a three-point design process. Among these conditions,

the cruise (CRZ) is chosen as the design point, while the other two are treated

like off-design cases.

To design an engine specific targets and limitations are required. The targets

are set by the aircraft manufacturer that needs a determined engine to perform

a specified mission. On the other side, the limitations can be determined by dif-

43



Chapter 3. Methodology

ferent aspects. From the structural point of view, the ground clearances of the

aircraft on which the engine is designed to be installed can set the limits in terms

of fan diameter and overall size of the engine. From a cycle point of view, there

are constraints on the operating temperatures set by the turbine cooling tech-

niques and material limitations. Eventually, there are constraints on the efficiency

values of the components within the engine given by the technological level of the

manufacturer.

The thermodynamic cycle design follows the process created by Mourouzidis

and explained in details in Reference [11]. This process involves the building of an

engine performance model and its simulation through TURBOMATCH matching

the thrust requirements at design point and in the two off-designs. The outcome of

this process is a set of output parameters for different fan diameters that creates

the design space of interest.

It is important to specify that in this project it is considered constant the ratio

of pressure ratios in the core compressors, since it is out of scope an optimisation

based on the core compressors work split.

The polytropic efficiency of the HPT is considered constant as well among all

the engine architectures investigated. This is due to the fact that the HPT turbine

is the only component that remains invariant among all the models; therefore its

characteristics don’t deviate considerably. Eventually, a polytropic efficiency suit-

able for the considered technological level has been adopted and kept constant.

For the models equipped with an axi-centrifugal HPC, the polytropic efficiency

estimation of the centrifugal section is based on the results carried out from AT-

LAS.

3.2.4 Turbomachinery efficiencies estimation

The performance of a gas turbine is highly dependent on turbomachinery effi-

ciencies. Therefore, it is essential, in order to achieve as much realistic results as
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possible, to correctly estimate the efficiencies.

In turbomachinery, there is a primary distinction between mechanical and ther-

modynamical efficiencies. This project focuses on the thermodynamic aspect

of the efficiencies; therefore the mechanical ones are considered constant and

strictly related to the technological level of the manufacturer. In the thermody-

namic side, there are two principal elements: isentropic efficiencies and polytropic

efficiencies.

The isentropic efficiency evaluates how near to the ideal work is the one that

the turbomachine is doing [26].

The polytropic efficiency can be considered as the value of the isentropic ef-

ficiency of a single stage with a pressure ratio that is infinitesimally higher than

unity [26].

The fan tip polytropic efficiency estimation is based on the process developed

by Mourouzidis in Reference [11]. This process considers the fan tip polytropic

efficiency as a function of:

η f an tip poly = f (a,b,γ,Mrel f an tip,FPR,ψ f an tip) (3.1)

where a and b are constants. The parameters from which η f an tip poly depends

are known for each combination of decision variables during the cycle design

optimisation process.

The axial compressor polytropic efficiency estimation process utilises a Cran-

field University UTC in-house PYTHON code based on the information and equa-

tions found in References [10] and [26]. The process starts with multiple inputs

regarding flow properties at the inlet as well as geometrical characteristics of the

compressor. Afterwards, the number of compressor stages is calculated and it fol-

lows a stage by stage design process that defines the de Haller numbers, Mach

numbers distribution and the space-to-chord ratios. Eventually, rotor and stator
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blades are designed and their efficiency is estimated taking into consideration

profile, secondary and annulus losses. Once the efficiencies of the blades are

calculated, the polytropic efficiency of the whole compressor can be estimated.

The LPT polytropic efficiency estimation is again based on the method de-

veloped and explained in details by Mourouzidis in Reference [11]. This process

estimates the LPT polytropic efficiency based on the Smith diagram, in Figure 2.6,

therefore the stage flow factor φ =Va/U and the stage loading factor ψ = ∆H/U2

are necessary. For the geared models the stage loading factor is considered

constant through the whole turbine and equal to ψLPT stage mean; therefore the flow

factor is the only one that needs to be calculated in order to estimate the poly-

tropic efficiency of the LPT. For the direct drive models the stage loading factor is

not considered constant anymore but need to be calculated as well as the stage

flow factor. In the direct drive cases is the enthalpy drop per stage ∆HLPT stage that

is assumed constant during the process.

3.2.5 Estimation of turbine cooling fractions

As the thermodynamic cycles change during the design space exploration, so do

the temperatures; therefore there is the necessity to account for the variability

in turbine cooling requirements. In this project the turbine cooling fractions are

calculated exploiting the method explained in details in Reference [52].

Mourouzidis [11] simplifies the equations indicated in Reference [52] by intro-

ducing thechnology terms (from C1 to C5):

Convective Cooling
Wcool

Wcore
=C1

ε0

1− ε0
(3.2)

Film and Convective Cooling
Wcool

Wcore
=C2

(C3ε0−C4)

C5(1− ε0)
(3.3)

The term ε0 that appears in these equations represents the cooling effectiveness,
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while Wcore represents the the mass flow just upstream the bleed valve.

The technologic factors include terms like the space to chord ratio, cp ratios, swirl

angles and Stanton numbers. This values are considered constant and assumed

based on the technological level of the engine manufacturer.

3.3 MoM engines weight and size estimation

This process is operated through the utilisation of ATLAS, which is a Cranfield

University in-house software, created in FORTRAN, that allows estimating weight

and size of different engine architectures. The whole process starts with a flow

path design and successively it moves to the design of the single engine’s com-

ponents. The detailed explanation of this software, made by Lolis, can be found

in Reference [48], whereas in this section just an overview will be given.

A peculiar characteristic of ATLAS is its modularity. In fact, the engine is di-

vided into its fundamental components, each one of them is a module within the

ATLAS code. This allows the code to be polyhedric, thus being able to assess

different configurations and being suitable for future modifications just by adding

new modules. As it can be seen in Figure 3.6, the main components of the en-

gine form the principal modules. Each principal module has then submodules

containing singular characteristics of the represented component.

Generally, the fan represents the heaviest module in a turbofan, and it is com-

posed by the disk, the blades, the nose cone, the casing and the connecting

hardware. The turbine and the compressor modules are similar between them,

and they differ from the fan module in the absence of the nose cone charac-

teristic. The combustor module comprises characteristics regarding the cooling

passages, the pre-diffuser, the dump diffuser and the dome. ATLAS has the

capability of estimating weight and size of the three principal combustor config-

urations: annular, tubular and tubo-annular. Moreover, ATLAS has the capability
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Figure 3.6: Principal engine modules and their submodules included in the ATLAS
code. [48]

to evaluate also the ducts present within the engine, the frames and the shafts.

The auxiliary systems weight is determined based on the simplistic assumption

that it can be considered as an additional 10% on the overall engine weight, as it

is demonstrated in References [53] and [54]. For each component a material is

indicated, and ATLAS has a library with all the properties of all the most repre-

sentative aeronautical materials.

In order to start a preliminary weight and size estimation for a specific engine

model with ATLAS, it is necessary to provide two input files:

• performance input,

• geometry input.
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Each component is positioned within the engine configuration through two station

numbers: inlet and outlet. In the performance input for each one of the principal

engine modules it has to be indicated, in the inlet and outlet positions, the values

of mass flow, total pressure, total temperature, FAR (fuel-to-air ratio) and WAR

(water-to-air ratio). These values can be easily derived from the TURBOMATCH

output file and are necessary for ATLAS in order to define component pressure

ratios, efficiencies, temperature ratios and other performance-related parameters.

The geometry input file contains the geometrical and mechanical specifica-

tions of each one of the components within the engine. Depending on the com-

ponent considered, the specifications that need to be indicated may vary.

Based on the input data, by using work compatibility and mass flow continuity

equations, ATLAS defines initially a gas path and then it starts designing the en-

gine annulus. The turbomachinery design process is iterative and finishes when

the technological limitations and targets are met by the critical parameters.

The ducts are estimated assuming them as two concentric cones. Their length

are defined thanks to the duct angle and the length to inlet height ratio given as

input. The thickness is derived by assuming it as a pressure vessel [11]:

tduct =
p D

2σyield
(3.4)

The component casing thickness is designed to be safe even in case of a blade

failure and it changes between different components as the blade kinetic energy

changes.

The shafts are simply considered as concentric and with increasing length

going from the outer to the inner. The main assumption is that the shafts have

constant thickness and the maximum stress at which they are subjected is calcu-

lated through:

σmax =

(
16 Ptransmitted Dout

ω π(D4
out−D4

in)

)
(3.5)
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The rotating discs are designed by determining firstly the minimum volume,

then the minimum weight shape to satisfy the limitations in tems of stress to which

the disk is subjected. This approach follows the guidelines dictated by the NASA

WATE method [55]. The same method is also applied in estimating the weight

of the frames, which are the support struts and lugs within the engine. The ap-

proach considers 4 frame configurations and, for each one of them, the weight is

determined following a specific function that relates the square of the radius with

the weight of the component.

3.3.1 Nacelle weight estimation

The nacelle represents a significant influence in the engine installed performance;

therefore it is important to evaluate its size and weight. In this project, it has been

followed the method developed by Jackson in Reference [33] that estimates the

weight of the nacelle based on its principal dimensions, indicated in Figure 3.7.

Figure 3.7: Schematic representation of the main dimensions of a turbofan na-
celle. [33]

WTnac = πknac(2Lcdc +Lbda +2Lada) (3.6)

The value of the surface based nacelle density (knac) is taken from state-of-the-

art MoM turbofans. The length and diameter values involved in this fomula are

referred to 3 components: the nacelle (Lc and dc), the bypass (Lb) and the core
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cowl (La and da). The calculation of these parameters is based on a simplified ap-

proach that correlates them to the fan inlet tip diameter, as explained in Reference

[11].

Due to the fact that in this project there are some models equipped with a

variable area fan nozzle, it is necessary to account also for its weight. In this case

the weight is estimated assuming a translating cowl configuration for the VAFN.

Based on the empirical correlation developed by Mourouzidis in Reference [11],

it is possible to determine the weight of this component simply by adopting a

quadratic dependence of the VAFN weight from the fan tip diameter, as it can be

observed in Figure 3.8.

Figure 3.8: Correlation between the fan diameter and the VAFN component
weight. [11]

In this way, by knowing the fan tip diameter value and the proportionality coef-

ficient (a), it is possible to account for the weight of the VAFN component.

3.4 MoM engines mission fuel burn calculation

The conclusion of the project’s cycle is represented by the mission fuel burn cal-

culation, where the engines are evaluated in their installed performance. The fuel

burn its a direct indication of how well an engine behaves when it is actually op-

erated in the mission it has been designed for. The installed performance in fact
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includes weight, size and drag considerations that are not included in the thermo-

dynamic cycle simulations. Moreover, the fuel burn gives a direct indication of the

operating cost of an engine.

Since this project considers 6 different engine architectures, the same number

of mission fuel burn studies are made for the whole range of individuals indicated

as optimums by the optimiser. All the engines are mounted on an aircraft similar

to an Airbus A-321, represented in Figure 3.9, performing a 3000nm mission, that

is similar to the A-320 mission schematically resumed in Figure 3.10.

Figure 3.9: Airbus A-321 frontal view with part of the main aircraft geometry val-
ues indicated. [47]

The mission profile followed in this study resembles a typical civil aircraft mis-

sion. It also considers a fuel reserve for diversion cases.

In the NASA FLOPS Manual [49] it is possible to find all the detailed infor-

mation about the processes implemented within the software and the equations

exploited. In this section, the objective is to give an overall glance over this soft-

ware and its capabilities. FLOPS is a unique software that includes engine cycle
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Figure 3.10: Typical A-320 aircraft type mission profile. [56]

analysis, propulsion data, weight estimation, noise estimation and cost analysis

[57]. It has been developed by NASA with the aim to assess the impact of the

introduction of novel technologies at a preliminary design level. The software is

composed of a central module that can call 8 other modules. The relationships

between these models are schematised in Figure 3.11.

Each one of the modules is able to estimate a specific aspect of the aircraft

performance during its typical mission. The capabilities are various: engine cycle

analysis, weight estimation, aerodynamics, propulsion data analysis and noise

estimation. All these aspects are estimated during all the phases of the mission

and this allows the software to compute mission fuel burn and cost analysis. The

cost doesn’t refer only to the mission but also to the building of the whole aircraft

that performs it [57].

In order to evaluate the engine performance, the software requires an engine

deck intended as a combination of fuel flow and net thrust values at different

flight conditions and throttle settings. Despite NASA FLOPS has the capability
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Figure 3.11: The FLOPS modules and their relationships. [57]

of creating automatically an engine deck, in this project it has been decided to

calculate it and insert it as an input. The engine deck layout adopted in this

analysis is shown in Table 3.3.

Altitude Mach Number min LP PCN max LP PCN Points

10668 0.85 0.8 max T30 5
9144

0.85 - 0.6 - 0.4 0.8 max T30 56096
3048
914 0 0.8 max static Thrust 5

0 0
0.25 0.8 max static Thrust

max EOR Thrust 5

Table 3.3: Engine deck layout adopted for the mission fuel burn analysis in NASA
FLOPS.

The engine deck is created by the combination of different altitudes, Mach

number and throttle settings, that in this case is represented by the low-pressure
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spool non-dimensional rotational speed (LP PCN). For each altitude and Mach

number, 5 different points are created from the minimum LP PCN value to the

maximum. The range of LP PCN considered goes from a common minimum of

0.8 to a maximum that is calculated differently depending on the altitude. From

cruise to 3048 m of altitude the max LP PCN is the one that allows the engine

to reach the maximum T30 value. At low altitudes, the upper limit of the LP PCN

values is the one that allows the engine to obtain the maximum net thrust at static

or EOR conditions, depending on the Mach number considered.

Once the engine deck is given as an input, the propulsion data scaling and

interpolation module uses linear and non-linear interpolation to scale the provided

data to the requested thrust.

The mission performance module uses the data derived from the other mod-

ules (weights, propulsion data and aerodynamics) to assess the performance.

This module can calculate optimum conditions for: climb profiles, cruise altitude

or Mach number and lift-drag ratio for descent [49].

The program control module, through the use of the secondary modules, can

analyse design point simulations as well as optimise a certain configuration for

specified design variables, that in the case of the aircraft are represented by wing

and fuselage geometry, while in the engine are the FPR, OPR, TET and BPR

[49].

In this project, it has been used an automatic deck generator and FLOPS

launcher developed within the Cranfield UTC. Its operations are explained in the

scheme represented in Figure 3.12. Basically, the mission fuel burn analysis is

conducted for all the range of engines that compose the Pareto front in the opti-

misation process, after having estimated their weight and length through ATLAS.

In order to generate the engine deck, it is necessary to provide engine cycle data,

which are derived from the outputs of CYCLOPS. For each one of the engines,

the deck is generated. Since the FLOPS software requires input data in terms of
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aircraft geometry, represented in Figure, and mission (indicated in Appendix A),

engine weight, size and deck, three different input are collected and introduced

into the input file. The origin of the inputs depends on their characteristics; it may

be ATLAS for the engine weight and size or simply the public domain for the air-

craft and mission data. Eventually, FLOPS creates an output file in which various

performance results are collected. Among these results there are also the indica-

tions about the mission fuel burn, that is the interest of this analysis. The mission

fuel burn results are then collected and post-processed.

Figure 3.12: Workflow utilised in the project for the mission fuel burn analysis.
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Results and discussion

In this chapter, the results of the project are exposed and commented, follow-

ing the workflow previously discussed in the Methodology chapter. The whole

chapter can be divided into 3 main sections. The first one presents the results of

the design space exploration and cycle design optimisation. The second section

contains the results of the engine weight and size estimation. Eventually, the third

section presents the results of the mission fuel burn analysis.

4.1 Cycle design optimisation results

In order to allow the optimiser to cover all the design space with individuals, it is

necessary to define the decision variables ranges, as it has been mentioned in

the Methodology. For the design space of interest, the selected ranges are listed

in Table 4.1.

Decision Variable Range

Fan diameter [m] 1.95-2.35
OPR 40-65
TET at CRZ [K] 1500-1650
FPR tip 1.2-1.6

Table 4.1: Decision variable ranges applied in the cycle design optimisation.
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The fan diameter range has been determined considering the ground clear-

ances of an Airbus A-321 and its available space under the wing. To this it has

been added the assumption of optimised engine integration and nacelles that

would allow in the future bigger fan diameters than the actual ones. Moreover,

the possibility of new MoM aircraft introduction, reported in Reference [5], in the

near future has pushed the upper boundary to higher values suitable for new

airframes.

The upper limitation in the OPR range can be calculated based on the maxi-

mum T30 at the EOR condition determined in the constraints set. The lower value

has been selected in order to keep a wide range and not to neglect any potential

optimum solution.

The ranges in TET and FPR have been selected to be wide enough to create a

high number of combinations without affecting negatively the computational time.

4.1.1 Axi-centrifugal HPC geared turbofan cases

The first set of results regards the axi-centrifugal geared turbofans. This model

has been analysed in two versions with and without the VAFN component. Since

the results were very similar in trends and absolute values, the author has es-

tablished to represent both the cases into the same charts, with darker (VAFN)

and lighter colours (FIXED). In all the charts, the discrepancies between the two

models will be enlightened and explained. It is important to clarify that the x-axis

in each one of the charts presents a decreasing specific thrust in the positive

direction.

In Figure 4.1 there are plotted the SFC and main temperature values variations

with the decrease of specific thrust. In this case, the normalisation of all the cycle

parameters is done by taking the axi-centrifugal HPC FIXED turbofan with the

smallest fan diameter as a baseline. It can be seen that, as the specific thrust

reduces, therefore as the fan diameter increases (as it represented in Figure 4.2),
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Figure 4.1: Variation of SFC and cycle determining temperatures as a function
of specific thrust for the axi-centrifugal HPC geared cases. The SFC values are
normalised with the SFC of the AXC GEAR FIX with the smallest fan diameter.
The temperature values are normalised with the T40 limit.

there is a decrease in SFC for both the FIXED and the VAFN cases, with a higher

drop for the second case, as it will be explained later in this chapter. Remaining

in Figure 4.1, it can also be noticed how the optimiser pushes the T30 and T40

values for all the optimum engines to the limits imposed by the constraints. The

limits in both the cases are the same, since they are defined by the technological

level of the manufacturer, and it has been assumed to be constant through all the

cases. These two temperatures are essential due to the fact that they determine

crucial cycle parameters. In fact, considering that T30 is the temperature at the

exit of the HPC, its value determines the maximum OPR that can be reached by

the engine. Meanwhile, T40 determines the BPR of the engine. In fact, if we

consider a certain fan diameter with a specified fan pressure ratio, the mass flow

at the engine inlet is defined as well as the fan power requirement. Since T40 is
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Figure 4.2: Variation of BPR, fan diameter and core size as a function of specific
thrust for the axi-centrifugal HPC geared cases. The baseline is represented by
the AXC GEAR FIX with the smallest fan diameter.

the maximum temperature within the cycle and it determines the specific power

of the core, for a specified fan power requirement it determines the core mass

flow as well. Eventually, it determines the BPR, since the mass flow at the inlet

of the engine is previously fixed. Moreover, it can be seen that the T40 values

at ToC and CRZ are increasing going to lower specific thrust. In fact, the core is

reducing and the BPR increasing as we move towards lower specific thrusts, as

it can be seen in Figure 4.2; therefore the core specific power needs to be higher,

thus T40 increases.

It has been mentioned before that the core size decreases as we go to lower

specific thrust values. This brings to a consequent increase in BPR, as it can be
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seen in Figure 4.2. Moreover, in Figure 4.2 it can be noticed that the reduction in

core size of the VAFN case is higher than the fixed counterpart and the increase in

bypass ratio is consequently higher. The reason for that is the fact that increasing

the fan nozzle area at take-off increases the gross thrust produced by the engine,

and the net follows as well. In this case, the net thrust requirement at take-off

is fixed and, therefore, for a fixed T40 at EOR and a fixed core specific power,

less core mass flow is required; hence the core can be smaller. The decrease

in core size is always limited by the turbine cooling requirements at EOR. In fact,

sufficient core mass flow has always to be available at EOR to guarantee the

required core power and turbine cooling air.

In Figure 4.3 there are represented the OPRs in the three main design points.

The absolute values and trends in both the VAFN and the FIXED cases are sim-

ilar. With the decrease in specific thrust, both the cases present an increasing

OPR in ToC and CRZ with the same slope angle, while the OPR at EOR remains

nearly constant. It can be noticed a peculiar characteristic in both the cases in

the very low specific thrust region. In fact, in this region the OPR values at CRZ

are crossing the EOR ones, becoming higher.

In Figure 4.4 are represented the efficiency values. It has been mentioned

previously that going to lower specific thrust causes the T40 values and OPRs

at CRZ to increase. Since the thermal efficiency is a function of OPR and TET

at cruise, as it has been widely demonstrated in literature ([6][10] [13][21]), it

improves as well. Moreover, the results confirm the improvement in propulsive

efficiency going to lower specific thrusts, since the BPR increases and the jet ve-

locities decrease. It can be noticed a difference between the propulsive efficiency

of the VAFN case compared to the FIXED one, with the first being slightly higher.

This can be explained thanks to the considerations made before, based on the

results shown in Figure 4.2. In fact, as it has been said, the VAFN case goes

to slightly smaller core sizes relative to the FIXED, therefore it has bigger BPR
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Figure 4.3: Variation of OPR at EOR, ToC and CRZ as a function of the specfic
thrust for the axi-centrifugal HPC geared cases. The OPR values are normalised
with the OPR at TOC of the AXC GEAR FIX with the smallest fan diameter.

values and, consequently, marginally better propulsive efficiency. The same can’t

be said for the thermal efficiency, where the two models present very similar re-

sults. In fact, as it can be seen in Figure 4.1 and Figure 4.3 there are no relevant

differences in the values of TET and OPR at cruise in the two cases; therefore the

thermal efficiency does not present different values. Transfer efficiency presents

a slight increase going to lower specific thrust values. Since it is proportional to

the polytropic efficiencies of the fan and LPT, the adoption of a gearbox helps to

obtain high absolute values, because it allows the two components to run at their

optimal rotational speeds.

Eventually, the VAFN case presents an overall efficiency slightly higher than

the FIXED counterpart since, at the same values of thermal and transfer, it has

a marginally better propulsive efficiency. Overall, the SFC improvement at cruise

allowed by the implementation of the VAFN is substantially limited. This can still

represent a small advantage combined with the higher thrust provided at take-

off and the safe operability of the fan. On the other hand, the disadvantages
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Figure 4.4: Variation of efficiencies as a function of specific thrust for the axi-
centrifugal HPC geared cases. The efficiency values are normalised with the
transfer efficiency of the AXC GEAR FIX with the smallest fan diameter.

are multiple as well: higher weight and drag penalty as well as increased cost

and complexity. In conclusion, it is necessary to assess properly this system

prior the implementation, because the advantages aren’t clearly overcoming the

drawbacks.

4.1.2 Axi-centrifugal HPC direct drive turbofan cases

In this case, the main difference with the previous one is the fact that the power

gearbox has been removed, nevertheless both the VAFN and the FIXED configu-

rations are represented by different markers and shades. Figure 4.5 presents the

Pareto fronts for the two direct drive cases indicating a reduction in SFC going to

lower specific thrust values. The temperatures T40 and T30 are pushed to the

limits at EOR, while T40 at cruise and ToC increases with the decrease in specific

thrust for the same reasons described in the axi-centrifugal geared case.

The decrease of specific thrust leads to an increase in the fan diameter and a
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Figure 4.5: Variation of SFC and cycle determining temperatures as a function of
specific thrust for the axi-centrifugal HPC direct drive cases. The SFC values are
normalised with the SFC of the AXC DD FIX with the smallest fan diameter. The
temperature values are normalised with the T40 limit.

reduction in the core size, with a consequent increase in BPR, as it is represented

in Figure 4.6. In the same way it was described in the axi-centrifugal geared case,

the adoption of the VAFN component allows the core to shrink more relative to

the FIXED case; therefore Figure 4.6 shows higher core reduction in the VAFN

that, at the same fan diameter, leads these engines to higher values of BPR.

Figure 4.7 presents the trends in OPRs with the reduction of specific thrust.

The same increasing trends in OPR at ToC and CRZ that were present in the

geared case can be seen in the direct drive case, with the OPR at EOR being
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Figure 4.6: Variation of BPR, fan diameter and core size as a function of specific
thrust for the axi-centrifugal HPC direct drive cases. The baseline is represented
by the AXC DD FIX with the smallest fan diameter.

almost constant along the whole range of specific thrust variation. The peculiar

intersection of the OPR values at CRZ and EOR is present also in this case as it

was for the geared models.

Figure 4.8 represents the variation in efficiencies with the reduction of specific

thrust. The increase in fan diameter causes the propulsive efficiency to increase.

The increase in TET and OPR causes the increase of the thermal efficiency going

to lower specific thrust values. The overall efficiency increases as well since it is

a function of the propulsive and thermal efficiencies. Because of the higher BPR

values that they can reach, the propulsive efficiency of the VAFN cases appears to

be around half a per cent higher than the FIXED counterpart. This, consequently,

creates a discrepancy in the overall efficiency values, with the VAFN ones being
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Figure 4.7: Variation of OPR at EOR, ToC and CRZ as a function of the specfic
thrust for the axi-centrifugal HPC direct drive cases. The OPR values are nor-
malised with the OPR at TOC of the AXC DD FIX with the smallest fan diameter.

Figure 4.8: Variation of efficiencies as a function of specific thrust for the axi-
centrifugal HPC direct drive cases. The efficiency values are normalised with the
transfer efficiency of the AXC DD FIX with the smallest fan diameter.

slightly higher than the FIXED. The transfer efficiency presents a nearly constant

value across all the range of specific thrust. Nevertheless, its absolute values
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result lower than the geared cases because of the lower polytropic efficiencies

in the LTP and fan in the direct drive models relative to the geared ones, as it

will be explained later in this chapter. This brings to an intersection between

the propulsive efficiency and the transfer efficiency values at low specific thrust

values.

4.1.3 VAFN effect on running lines

It has been mentioned previously, in the ”Literature review” chapter, that, in the

very low specific thrust region, fan operability issues could arise during the EOR

condition, in particular surge and flutter. The adoption of a variable area fan

nozzle could represent a remedy for these issues. Nevertheless, this compo-

nent adds weight, cost and complexity to the engine architecture; therefore an

in-depth analysis should be performed prior to its implementation. In this project,

a visual check of the surge margin in the fan maps has been conducted in order

to deliberate about the necessity of a VAFN.

In Figure 4.9 it is represented the fan map of the axi-centrifugal direct drive

fixed turbofan with the largest fan diameter in the Pareto front. A bypass nozzle

area variation is then applied to the model to simulate the effect of a VAFN on the

EOR running line.

It emerges that the EOR running line of the fixed nozzle area model moves

towards the surge region, nevertheless a sufficient surge margin is still visible. In-

creasing the fan nozzle area conducts effectively the operating point to the max-

imum fan efficiency region, causing an improvement in SFC and increasing the

surge margin.

The same analysis can be conducted for the geared turbofans. Figure 4.10

represents the fan tip map for the axi-centrifugal geared fixed turbofan with the

maximum fan diameter in the Pareto front.

In this case it is again visible a shift of the EOR running line towards the surge
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Figure 4.9: Fan tip map of an axi-centrifgual HPC direct drive turbofan.

Figure 4.10: Fan tip map of an axi-centrifgual HPC geared turbofan.

region, nevertheless the surge margin remains still acceptable. An increase in

the fan nozzle could bring the EOR operating point back to the maximum fan

efficiency region, where it is present the design operating point.

Eventually, in both the geared and direct drive cases it has been demonstrated

that there is no apparent necessity to adopt a VAFN due to operability issues in

terms of fan surge. Nevertheless, flutter issues need still to be analysed, but it

goes beyond the interest boundaries of this project.
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4.1.4 Axial HPC geared turbofan case

The crucial difference between these cases and the previous ones is represented

by the configuration of the HPC, that, in this case, is a full-axial compressor.

Having already demonstrated the major differences between the VAFN and the

FIXED versions in the axi-centrifugal models, the axial model is considered only

in the FIXED configuration with both the geared and the direct drive options. The

analysis of the full axial cases follows the same steps as the axi-centrifugal ones.

In Figure 4.11, the Pareto front, resulted from the optimisation process, shows

a reduction in SFC with the decrease in specific thrust. The optimiser has pushed

the values of T40 and T30 at EOR at their respective limits. Moreover, as it was

for the axi-centrifugal cases, also in this case the values of T40 at CRZ and EOR

show a positive slope with the reduction of specific thrust.

Figure 4.11: Variation of SFC and cycle determining temperatures as a function
of specific thrust for the axial HPC geared case. The SFC values are normalised
with the SFC of the AX GEAR FIX with the smallest fan diameter. The tempera-
ture values are normalised with the T40 limit.

Figure 4.12 represents the increase in fan diameters and the reduction of the
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core size with the decrease in specific thrust. The consequence of these trends

is an increase in the BPR values going to the low specific thrust region.

Figure 4.12: Variation of BPR, fan diameter and core size as a function of spe-
cific thrust for the axial HPC geared case. The baseline is represented by the
AX GEAR FIX with the smallest fan diameter.

Figure 4.13 shows the trends in OPRs as the specific thrust decreases. Even

in this case, there is an increase in OPR at CRZ and TOC, while the EOR value

remains constant, due to the fact that the optimiser pushes the T30 values to the

limit. It is again visible the crossing between the OPR values at CRZ and EOR at

low values of specific thrust. The trends in OPR at CRZ and ToC present a visible

positive slope at the high values region of specific thrusts and they flatten at the

low values of specific thrust.

In Figure 4.14 there are represented the variations in the efficiencies with the

reduction in specific thrust.

Similarly to the previous cases, the thermal, the propulsive and, consequently,

the overall efficiencies increase with the decrease in specific thrust. The thermal
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Figure 4.13: Variation of OPR at EOR, ToC and CRZ as a function of the specfic
thrust for the axial HPC geared case. The OPR values are normalised with the
OPR at TOC of the AX GEAR FIX with the smallest fan diameter.

Figure 4.14: Variation of efficiencies as a function of specific thrust for the axial
HPC geared case. The efficiency values are normalised with the transfer effi-
ciency of the AX GEAR FIX with the smallest fan diameter.
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increases because of the increase in TET and OPR at cruise, as it can be noticed

in Figure 4.11 and 4.13, while the propulsive because of the increase in fan diam-

eter, observable in Figure 4.12. The transfer efficiency presents a slight growth

with the decrease in specific thrust.

4.1.5 Axial HPC direct drive turbofan case

This section presents the charts resulting from the analysis of the axial direct

drive models. Figure 4.15 represents the Pareto front with the reduction in SFC

Figure 4.15: Variation of SFC and cycle determining temperatures as a function of
specific thrust for the axial HPC direct drive case. The SFC values are normalised
with the SFC of the AX DD FIX with the smallest fan diameter. The temperature
values are normalised with the T40 limit.

as the specific thrust decreases. In the same way and for the same reasons of the

previous cases, there is an increase in the T40 at CRZ and ToC with the reduction
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of the specific thrust, while the values of T30 and T40 at EOR are pushed to the

limits.

The decrease in specific thrust is accompanied by an increase in fan diameter

and reduction of core size that leads to an increase in BPR, as it can be seen in

Figure 4.16.

Figure 4.16: Variation of BPR, fan diameter and core size as a function of specific
thrust for the axial HPC direct drive case. The baseline is represented by the
AX DD FIX with the smallest fan diameter.

In the same way it happened in the previous cases, the reduction of the spe-

cific thrust leads to an increase in the OPR values at TOC and CRZ, while the

EOR remains constant. It is again present a crossover between the OPR at CRZ

and EOR at the low region of specific thrust values, as shown in Figure 4.17. In

this case, as it was for the axial geared one, there is a reduction in the slope of

the OPR curves at CRZ and ToC and they flatten in the low specific thrust region.

Figure 4.18 shows the increase of propulsive efficiency with the decrease of

specific thrust. The increases of T40 and OPR at CRZ lead the thermal efficiency
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Figure 4.17: Variation of OPR at EOR, ToC and CRZ as a function of the specfic
thrust for the axial HPC direct drive case. The OPR values are normalised with
the OPR at TOC of the AX DD FIX with the smallest fan diameter.

Figure 4.18: Variation of efficiencies as a function of specific thrust for the axial
HPC direct drive case. The efficiency values are normalised with the transfer
efficiency of the AX DD FIX with the smallest fan diameter.
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to increase as well going to lower specific thrust values and consequently, the

overall efficiency augments as well. Since this is a direct drive case, the trans-

fer efficiency results lower in absolute value relative to the geared counterpart

because of the lower polytropic efficiencies of the fan and LPT, as it will be ex-

plained later in this section. In the same way it happened for the axi-centrifugal

direct drive case, also in the axial direct drive there is an intersection between

the propulsive efficiency and transfer efficiency curves in the low specific thrust

region.

4.1.6 Cycle designs comparison

A primary comparison that can be made at this point is between the SFC val-

ues of the different architectures analysed in this study. In Figure 4.19 the cruise

SFC curves are normalised with the value of the highest SFC among all the mod-

els that belongs to the AX DD FIX model with the smallest fan diameter. The

values indicated on the right side represent the reductions in the minimum SFC

allowed by the modification of the axial HPC direct drive FIXED architecture. The

introduction of the power gearbox gives a reduction in the minimum SFC value

of 2.31%, moreover the modification of the HPC architecture to an axi-centrifugal

one in the geared turbofans allows an additional reduction of 1.2%. Eventually,

the installation of the VAFN component can provide an additional advantage in

the minimum SFC of 0.2%.

In order to make comparisons between different SFC values, it is significant

to have in mind how this value is determined. In multiple literature sources ( [6],

[10], [13], [21]) it is possible to find a simple expression of SFC:

SFC =
V0/QR

ηpηth
(4.1)

Considering that the engines are designed to fly at the same velocity at cruise
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Figure 4.19: Comparison of the variation of SFC as a function of the specific
thrust for all the models studied.

(V0) and that the fuel heating value (QR) is the same in all the cases, equation

4.1 leads to the conclusion that different SFC values are caused by variations in

thermal and propulsive efficiency. Based on this last statement it is possible to

make comparisons between the different engine architectures in terms of SFC at

design point.

4.1.6.1 Comparison between VAFN and FIXED configurations

Starting with the differences between the VAFN and the FIXED models, it emerges

that in both the geared and the direct drive axi-centrifugal cases the VAFN com-

ponent provides a decrease in SFC. Observing Figures 4.4 and 4.8, there are

no significant changes in the thermal efficiency, since the OPR and TET values

are similar between the two architectures. What causes the SFC values of the

VAFN configurations to be lower is the propulsive efficiency. In fact, it has been

explained previously that the VAFN configuration allows reducing the core dimen-
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sions more than the FIXED one, therefore, at the same fan diameter, it allows a

higher BPR. Since a higher bypass ratio determines an improvement in propul-

sive efficiency, the VAFN architectures give a small advantage in SFC relative to

the FIXED ones.

4.1.6.2 Comparison between axi-centrifugal and axial HPC configurations

Another significant difference that can be noticed in Figure 4.19 is between the

axial and the axi-centrifugal architectures in both geared and direct drive con-

figurations. The difference in this occasion cannot be imputed to the propulsive

efficiency, since the difference between the two architectures is present in the en-

gine core and not in the values of fan diameter, BPR or transfer efficiency. In fact,

in both the geared and direct drive declinations the axi-centrifugal and the axial

architectures reach similar propulsive efficiency values.

Since there is a difference in the core architecture of the engines, the discrep-

ancy in the SFC values can be justified by looking at the thermal efficiencies. It

has been proven in several literature resources ([6][10][21]) that the thermal ef-

ficiency depends on the TET and OPR values in the cycle. Since there are no

significant changes in the TET values between the two considered architectures,

the differences in the thermal efficiency are given by different OPR values. In Fig-

ure 4.20 there are represented the values of OPR at cruise for the axi-centrifugal

and axial geared and direct drive models. In this case the variations are relative

to the minimum of the OPR values belonging to the AX DD FIX model with the

smallest fan diameter. In order to make more readable the chart and more un-

derstandable the trends, a quadratic interpolation has been used to eliminate the

scatter in the data.

Overall, the OPR values of the axi-centrifugal models result higher than the

respective axial models. The highest OPR at CRZ is reached by the geared axi-

centrifugal engine followed by the direct drive configuration. In the axial models
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Figure 4.20: Variation of OPR at CRZ as a function of the specific thrust for the
axi-centrfugal and axial HPC geared and direct drive models.

a similar behaviour can be observed, with the geared configuration having higher

OPR values than the direct drive. This can be justified by looking at the values

of polytropic efficiencies of the HPC for the different architectures in Figure 4.21.

In this case, a nominal polytropic efficiency has been taken as a reference to

normalise all the other values.

The axi-centrifugal HPC architecture reaches higher values of polytropic ef-

ficiency compared to the full axial counterpart in both the geared and the direct

drive cases. In fact, the axial section of the axi-centrifugal HPC presents rela-

tively low hub to tip ratios, therefore is less affected by the aerodynamic losses

and presents higher values of polytropic efficiency, eventually mitigated by the

lower values in the centrifugal section. The last stages of the full-axial HPC have

hub to tip ratio values near the maximum limit, therefore they suffer more from

aerodynamic losses, penalising the performance of the whole HPC and causing

lower values of polytropic efficiencies.

In the direct drive models, the polytropic efficiency values are lower than the

geared ones. This is due to the fact that the HPC is loaded more, since the IPC
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Figure 4.21: Variation of HPC polytropic efficiency as a function of specific thrust
for axi-centrifugal and axial architectures.

has to rotate at the fan rotational speed; therefore it can provide lower pressure

ratios. More loading on the stages of the compressor causes lower polytropic

efficiencies.

A simple expression of polytropic efficiency is given by Saravanammuttoo in

Reference [10]:

ηp =
ln(P2/P1)

γ−1
γ

ln(T2/T1)
(4.2)

Considering firstly the geared models, it has been said that the axi-centrifugal

architecture allows higher OPR values at cruise than the full-axial configuration.

Two causes can explain this phenomenon.

The first cause is the lower polytropic efficiency value in the HPC. In fact,

equation 4.2 demonstrates that the polytropic efficiency relates the pressure ratio

to the temperature ratio across the compressor. If we now think about the EOR

condition, the optimiser pushes T30 at the limit value for both the architectures,

as it demonstrated in Figures 4.1 and 4.11. The components before the HPC

compressor are the same in both the architectures; therefore it may be assumed

79



Chapter 4. Results and discussion

that the total temperature and pressure at the inlet of the HPC are equal. Equation

4.2 demonstrates that at the same temperature ratio, a lower value of polytropic

efficiency leads to a lower pressure ratio. The polytropic efficiency of the axial

models is lower than the one of the axi-centrifugal; therefore the pressure ratio

across the HPC is lower as well and the OPR results in lower values. Eventually,

a lower OPR in EOR implies lower values also in CRZ and ToC.

The second cause that limits the OPR in the axial architectures is represented

by the hub-to-tip ratio of the blades in the last stage of the HPC. In fact, in order to

reach higher pressure ratio across the HPC in the axial case, an additional stage

may be required, but its hub-to-tip ratio may be over the maximum limit, resulting

detrimental to the polytropic efficiency due to the high impact of the aerodynamic

losses.

Considering the direct drive models, the above consideration limits even more

the pressure ratios reachable by the engines, since the polytropic efficiencies are

even lower. Moreover, since the pressure ratios in the HPC are generally higher

in a direct drive configuration, the consideration about additional HPC stages may

be even more limiting. In fact, in order to reach OPR values similar to the geared

cases, the pressure ratio in the HPC have to compensate for the reduction in

the pressure ratio of the IPC. This requires higher loading on each stage but

even more stages. In a situation in which the core size is decreasing with the

specific thrust the hub-to-tip ratio of the last blade becomes critical, therefore it is

detrimental for the efficiency to add more stages in the HPC.

4.1.6.3 Comparison between geared and direct drive configurations

The SFC difference between geared and direct drive models can be justified with

considerations in both thermal and transfer efficiencies. From the thermal point

of view, the fact that the direct drive models can reach lower OPR levels at cruise

affects negatively the thermal efficiency.
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On the other side, the considerations about the transfer efficiency lead to the

analysis of the polytropic efficiencies of the fan and LPT. To simplify and clarify

the explanation of the differences between the geared and the direct drive config-

urations, only the axi-centrifugal architectures are considered in this subsection.

Since there is no significant difference in the fan and LPT components between

the axial and the axi-centrifugal architectures, the same observations are valid

in both the cases. In Figure 4.22 are represented the polytropic efficiencies of

the fan and LPT of the axi-centrifugal geared and direct drive configurations.

The values are normalised with the fan and LPT polytropic efficiencies of the

AXC GEAR FIX model with the minimum fan diameter.

The fan polytropic efficiency increases in both the direct drive and geared

cases with the increase in fan diameter, but the absolute values of the direct drive

models are lower. This is caused by the absence of the gearbox that allows the

fan to rotate at its optimum rotational speed; therefore obtain higher polytropic

efficiency values.

On the LPT side, the geared models present repeatedly higher values of poly-

tropic efficiencies relative to the direct drive cases. Observing the Smith diagram

in Figure 2.6, it can be noticed that, for a determined value of stage loading factor

(∆H/U2) there is only one value of flow coefficient (Va/U) that allows the turbine

to stay in the line of the optimum polytropic efficiencies. In the case of the geared

turbofans, the optimum flow factor can be maintained by changing the gear ratio,

while in the direct drive case it increases with the fan diameter since a slower

rotational speed is required and, if the stage loading factor is fixed, the polytropic

efficiency drops rapidly. In this analysis, the stage loading varies with the fan di-

ameter in order to optimise the LPT performance in accordance with the number

of LPT stages.

Since the transfer efficiency is a function of the fan and LPT polytropic efficien-

cies, it is lower in the direct drive cases relative to the geared and this explains

81



Chapter 4. Results and discussion

Figure 4.22: LPT (above) and fan (below) polytropic efficiency variations as a
function of the fan diameter for the axi-centrifugal HPC geared and direct drive
engines.

the trends previous presented in Figure 4.8. A lower transfer efficiency leads to a

lower overall efficiency of the cycle; therefore to a higher SFC value.

4.1.6.4 Overview of comparisons

Once the differences in the SFC values have been explained, it is significant to

quantify in terms of percentages the advantage that one architecture can give

relative to another. In order to do so, Table 4.2 presents all the average SFC

percentual differences among all the models analysed in this study. The negative

sign in the values represents an advantage, while the positive a disadvantage in
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terms of SFC.

Table 4.2: Percentual differences between the optimum SFC values among all
the architectures studied.

The best architecture in terms of SFC is the axi-centrifugal geared equipped

with a variable area fan nozzle. The axial direct drive FIXED architecture presents

the highest values of SFC among all the models. In general, the difference be-

tween the VAFN and FIXED models is less than 0.5%, between the axi-centrifugal

and the axial models is lower than 1.5% and between the geared and direct drive

models is lower than 2% in the axi-centrifugal models and 2.31% in the axial ones.

The SFC indicates the uninstalled performance of a turbofan. Therefore, the

sequent step is to assess the installed performance of all the architectures, which

means to analyse the mission fuel burn. In this analysis, the weight and size

of the engine becomes an important parameter and influences the performance.

After the mission fuel burn analysis, a similar matrix will be built to understand the

variations between the unistalled and the installed performance that are caused

by the engine size and weight.
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4.2 Engine weight and size estimation results

The process that follows the cycle design optimisation is the engine weight and

size estimation, as it has been explained in the project workflow in Methodology.

In particular, a Matlab code has been created in order to compile the correct input

files and successively launch ATLAS for all the individuals in the Pareto front. In

order to reduce the computational time, one engine each 5 in the Pareto front has

been assessed; nevertheless it resulted sufficient to develop trends in weight and

size and make comparisons between different configurations. Since the process

is automatic, a manual check has been conducted for different engines covering

all the range of fan diameter variation in order to control that the outcome was

realistic and consistent.

The result of ATLAS is the bare weight of the engine without the nacelle; there-

fore in this project the nacelle weight is estimated by the NASA FLOPS software

during the mission fuel burn. This leads to the fact that all the sequent weight

comparisons are made on the bare engine. Since NASA FLOPS does not esti-

mate the weight of the VAFN component, a weight penalty has been introduced

on the engine models that are equipped with it.

In the following charts, the results have been normalised with the weight and

length values of the engine with the smallest fan diameter in the considered range

taken as a baseline.

4.2.1 Axi-centrifugal HPC geared engines

Starting from the axi-centrifugal geared FIXED models, it is possible to observe

in Figure 4.23 that the weight increases almost linearly with the fan diameter. The

same trend can be seen for the engine’s length as well, but with a lower slope. In

this case, in all the range of fan diameter variation there has been no change in

the engine configuration that has remained as follows: 3 stages of IPC, 3 stages
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of axial HPC plus 1 of centrifugal HPC, 2 stages of HPT and 3 stages of LPT.

Figure 4.23: Weight and length variation as a function of the fan diameter for the
axi-centrifugal geared FIXED models. The model with the smallest fan diameter
is taken as a baseline.

Figure 4.24: Weight and length variation as a function of the fan diameter for the
axi-centrifugal geared VAFN models. The model with the smallest fan diameter is
taken as a baseline.

What has been observed for the FIXED models applies for the VAFN as well.
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In fact, in Figure 4.24 it can be seen that the weight and length increase almost

linearly with the fan diameter. The configurations of the engines across the whole

fan diameter range has not changed and it has been equal to the FIXED models.

4.2.2 Axi-centrifugal HPC direct drive engines

Figure 4.25: Variation of weight and length (above) and configuration (below) as
a function of the fan diameter for the axi-centrifugal direct drive VAFN case. The
model with the smallest fan diameter is taken as a baseline.

In the direct drive axi-centrifugal models, similarly to the geared ones, there
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is an almost linear trend in the increase of the engine weight and length with the

incrementation of the fan diameter, as it can be seen in Figure 4.25 for the VAFN

cases and in Figure 4.26 for the FIXED ones.

Figure 4.26: Variation of weight and length (above) and configuration (below) as
a function of the fan diameter for the axi-centrifugal direct drive FIXED case. The
model with the smallest fan diameter is taken as a baseline.

However, in the direct drive models the trends show step climbs at the fan

diameters at which there is an addition of an LPT stage. In fact, in the direct drive

cases the configuration does not remain constant across the whole range of fan
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diameter variation, but it presents an increase in the number of LPT stages from

5 to 7 as the fan diameter augments. Moreover, also a variation in the weight and

length slopes can be observed with the addition of the 7th LPT stage.

4.2.3 Axial HPC geared engines

The fully axial geared architecture shows the same behaviour as its axi-centrifugal

counterpart. In fact, as it can be noticed in Figure 4.27, the weight and the length

of the engines increase linearly with the fan diameter.

Figure 4.27: Weight and length variation as a function of the fan diameter for the
axial geared FIXED models. The model with the smallest fan diameter is taken
as a baseline.

No step climbs can be observed in this case, since in the fan diameter variation

range considered there has not been any configuration change in the engines.

The configuration has been constant as follows: 3 stages IPC, 10 stages HPC, 2

stages HPT and 3 stages LPT.
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4.2.4 Axial HPC direct drive engines

These engines follow the same behaviour of the previous architectures analysed.

Figure 4.28: Variation of weight and length (above) and configuration (below) as
a function of the fan diameter for the axial direct drive FIXED engines. The model
with the smallest fan diameter is taken as the baseline.

In Figure 4.28 it can be seen that the weights and lengths of the engines

increase with the increase in fan diameter. Similarly to the axi-centrifugal direct

drive models, there is a step climb in the trend at the fan diameter in which there
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is an addition in the LPT stages. However, in this case the configuration with 6

LPT stages covers a higher range of fan diameters relative to the axi-centrifugal.

Moreover, the transition to a 5 stages LPT architecture occurs at a fan diameter

otuside the interest range of this analysis.

4.2.5 Weight and size comparisons

Since the aim of this project is to assess different engine architectures from a

mission fuel burn prospective , it is significant to compare weights and sizes, due

to the fact that they are part of the parameters that influence the mission fuel burn.

This section is divided into two subsections in which two main comparisons are

made: geared versus direct drive and axi-centrifugal versus axial models. In order

to have a common base for the axial and axi-centrifugal cases and to keep the

comparison clear and concise, only the FIXED models will be considered in these

comparisons, since the difference relative to the VAFN models is represented only

by the weight penalty introduced by the VAFN component.

4.2.5.1 Geared and direct drive models

It is a common belief that one of the main advantages in a geared turbofan is

the weight and length reduction due to the reduced number of LPT stages. The

anlysis conducted in this project confirms the second assertion, while the first

depends on the fan diameter considered. This can be seen in Figures 4.29 and

4.30, which charts have been normalised with the weight and length of the lowest

fan diameter direct drive turbofan.

In both the axial and axi-centrifugal architectures, at low values of fan diam-

eters the direct drive configuration presents a lighter weight compared to the

geared. This is caused primarily by the weight of the power gearbox that is not

completely mitigated by the reduced number of LPT stages, since the difference
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Figure 4.29: Variation of weight and length as a function of fan diameter for
the axi-centrifugal geared and direct drive models FIXED. The baseline is rep-
resented by the AXC DD FIX model with the smallest fan diameter.

Figure 4.30: Variation of weight and length as a function of fan diameter for the
axial geared and direct drive models FIXED. The baseline is represented by the
AX DD FIX model with the smallest fan diameter.

in the number of stages between the geared and ungared cases is still limited.

Despite having fewer stages than the direct drive architecture, the LPT discs in
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the geared case weight more than the direct drive ones, since the rotational speed

in the LPT is higher.

At high values of fan diameter the geared configuration starts to show an ad-

vantage in terms of weight relative to the direct drive one. In fact, in both the axi-

centrifugal and axial architectures there is an intersection of the weight curves,

with the geared one passing below the direct drive. In fact the increase in fan

diameter requires additional LPT stages in the direct drive configurations, while

the geared once can almost maintain the same LPT configuration by changing

the gear ratio; therefore the weight penalty introduced by the power gearbox and

the LPT discs remains similar to the low fan diameter cases, while in the direct

drive architectures the LPT weight keeps increasing. In both the axi-centrifugal

and the axial cases the intersection happens in a region in which the direct drive

configuration presents 4 LPT stages more than the geared one.

In terms of length, both the axi-centrifugal and the axial architecture show a

clear advantage of the geared configuration relative to the direct drive. The differ-

ence increases at higher fan diameters because of the addition of LPT stages in

the direct drive configurations.

4.2.5.2 Axi-centrifugal and axial models

From the weight and size estimation process conducted in this project the axi-

centrifugal architecture results in a lighter engine in all the range of fan diameter

variation considered, for both the geared and direct drive configurations. This can

be seen in Figure 4.31 and 4.32, which have been normalised with the weight

and length of the axial model with the smallest fan diameter.

In the range from 2.16 m to 2.19 m of fan diameter in the direct drive configu-

rations, the axial models result being lighter than the respective axi-centrifugals.

This is due to the fact that the axi-centrifugal direct drive models requires a transi-

tion to 7 stages of LPT at a lower fan diameter value. In fact, at the same number
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Figure 4.31: Variation of weight and length as a function of fan diameter for the
axial and axi-centrifugal geared FIXED models. The baseline is represented by
the AXC GEAR FIX model with the smallest fan diameter.

Figure 4.32: Variation of weight and length as a function of fan diameter for the
axi-centrifugal and axial direct drive FIXED models. The baseline is represented
by the AX DD FIX model with the smallest fan diameter.

of LPT stages the axi-centrifgual configuration results always lighter than the axial

counterpart. In the geared models, across the range of fan diameters of interest,
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the axi-centrifugal architecture results averagly 1.5% lighter, with the difference

increasing going to higher fan diameters, and 15% shorter. In the direct drive

axi-centrifugal models the advantage in terms of weight is similar to the geared

ones. In terms of length the axi-centrifugal models result 17% shorter at low fan

diameters and 13% in the high values region.

The differences in weight and length given by the axi-centrifugal architecture

are primarily imputable to the HPC component. The advantage in terms of length,

compared to the axial architecture, is significant, while the same cannot be said in

terms of weight. In fact it is true that the centrifugal is more compact than the axial

compressor, but only in the longitudinal direction. Considering the radial direction,

the centrifugal compressor stages goes to much higher diameters, therefore the

centrifugal loads on the disc increase, leading to a weight much more elevated

than a single axial stage.

4.2.5.3 Overall comparison

Figure 4.33 presents an overall comparison between the weights of all the archi-

tectures investigated in this project. The engine with the smalles fan diameter

among all the axi-centrifugal HPC geared FIXED models has been taken as a

reference for this comparison.

In the lower fan diameters region the direct drive models resulted lighter than

the geared counterparts. The lowest weight values in this region belong to the

axi-centrifugal HPC direct drive FIXED model. Moving towards higher fan di-

ameter values, there’s the crossing between the curves and the geared models

start being lighter than the direct drive ones. At the highest fan diameter value

considered in this study, the architecture that presents the lowest weight is the

axi-centrifugal HPC geared with a FIXED area fan nozzle.
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Figure 4.33: Engine weight variation as a function of the fan diameter for all the
models considered in this study.

4.2.6 Engine annulus designs comparison

Among the capabilities of ATLAS there is also the possibility to represent schemat-

ically the annulus design of the engines. In figure 4.34 there are exposed 4 differ-

ent annulus designs representative of all the turbofan architectures studied in this

project. The models chosen are the ones with the highest fan diameter. It can

be noticed that the turbofans with axi-centrifugal HPC architecture appear to be

shorter in both the gerared and direct drive declinations. The principal difference

comes out in the HPC section, in fact in the axi-centrifugal models it appears

more compact in length but it has a higher frontal area in the centrifugal com-

pressor part. The direct drive engines differ from the geared mainly in the LPT

component. In fact, the absence of the power gearbox brings a higher number of

LPT stages as well as thinner and lighter discs. The geared models present fewer

stages in the LPT, but since they rotate faster, the discs are thicker and heavier

than the direct drive counterpart. Moreover the mean diameter of the last stages

of the LPT is higher in the direct drive cases relative to the geared ones.
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4.3 Mission fuel burn results

It has been described in the Methodology chapter that the step that follows the

weight and size estimation is the mission fuel burn analysis. An automatic system

has been utilised in order to create the engine deck for each individual, compile

the input file and run NASA FLOPS, eventually collecting the outcomes. The

mission profile has a range of 3000 nm and the aircraft utilised is the Airbus A-

321 for each one of the engines investigated.

In Figure 4.35 there are plotted the mission fuel burn curves as a function of

the fan diameter for all the architectures investigated in this study. The mission

fuel burn values have been normalised with the highest value belonging to the

engine with the smallest fan diameter among the axial direct drive engines. For

each curve the minimum point is indicated with a star.

Figure 4.35: Mission fuel burn variation as a function of fan diameter for all the
models investigated.

With the increase in fan diameter, the Pareto fronts of all the engines were

showing a continuous reduction of the SFC values. In fact, the SFC curve indi-

cates the uninstalled performance of the engine, without taking into consideration

the weight and size penalties that come out once it is installed on the aircraft.

From the analysis of the MFB curves, it appears clearly that the gain obtained

by reducing the specific thrust is not illimited, but there is a fan diameter that al-
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lows the engine to obtain the minimum fuel burn. Above this diameter value, the

penalties in terms of weight and drag dominate the gain in SFC; therefore the

MFB values start increasing again. This behaviour can be seen among all the

architectures analysed in this study. It can be noticed that the transition from a

direct drive to a geared architecture, for the same core configuration, shifts the

minimum MFB fan diameter towards higher values. The same observation can

be made for the transition from a FIXED to a VAFN configuration. In fact, in both

the direct drive and geared axi-centrifugal HPC architectures the introduction of

the VAFN brings the optimum fan diameter to a higher value.

On the right side of the chart in Figure 4.35 there are indicated the advantages

in minimum MFB introduced by the modification of the engine architecture. Con-

sidering the conventional direct drive axial HPC with a FIXED fan area nozzle as

the starting point, it can be seen that the introduction of a gearbox to this archi-

tecture leads to a reduction of 2.65% in MFB. Moreover, if the HPC configuration,

in the geared architecture, is modified from a fully axial to an axi-centrifugal one,

an additional 1.2% reduction can be obtained in the minimum MFB. Eventually, if

a VAFN is installed on the axi-centrifugal HPC geared architecture, the minimum

MFB is reduced by another 0.2%. This brings to an overall reduction of 4.05% in

the minimum MFB if all the alternative component investigated in this project are

included in the turbofan architecture.

The percentual differences between the minimum MFB values of all the archi-

tectures investigated are represented in Table 4.3. A negative sign indicates an

advantage in MFB of an architecture over the other, while a positive indicates a

disadvantage.

There are variations in the differences compared to the uninstalled perfor-

mance matrix. A first difference that can be seen in the MFB curves relative to

the SFC ones is that the VAFN and FIXED model curves are not parallel anymore

but they become incident at low values of fan diameter. In fact, in this region of
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Table 4.3: Percentual differences at the minimum MFB value among all the archi-
tectures investigated.

fan diameter the weight of the engine is lower, as it has been demonstrated in

the weight and size estimation section, therefore the penalty introduced by the

VAFN component takes a significant percentage of the engine weight, therefore

the small efficiency advantage given by the VAFN component is almost cancelled

because of the higher engine weight. On the high fan diameter region the weight

of the engines becomes higher as well, therefore the penalty introduced by the

VAFN component becomes less important; therefore the VAFN engines present

a MFB advantage of around 0.2% in the geared cases and 0.4% in the direct drive

configurations.

The advantage of the axi-centrifugal architectures relative to the axial ones

has increased to 1.2% in the MFB values. This means that the thermodynamic

advantage of the axi-centrifugal models has been slightly improved also by the

mechanical advantage of lighter and shorter engines.

In general, the advantage of the geared cases relative to the direct ones re-
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sults improved in the installed performance. In the weight and size estimation

section it has been demonstrated that up to a certain fan diameter the direct drive

models were lighter than the geared counterpart, but this matrix takes into con-

sideration the difference between the minimum fuel burn values that occurs at fan

diameters in which the geared configurations are lighter. Moreover the weight of

the entire aircraft increases in the direct drive models, because of the additional

fuel that is needed to complete the mission.

Overall, the study of the mission fuel burn reveals that the optimum engine

in mission fuel burn for the Middle-of-Market type of aircraft is represented by

the axi-centrifugal HPC geared architecture. In this architecture the adoption of

the VAFN component can lead to a slight gain in MFB at the high values of fan

diameter, but doesn’t result necessary for the fan operability in terms of surge at

take-off.

The architecture with the highest mission fuel burn is the axial HPC direct

drive. Actually it represents the turbofan architecture most utilised in the Middle-

of-Market sector nowadays; therefore, depending on the type of architectural

modifications that are made on this engine, this study shows that different lev-

els of advantages in MFB can be obtained.
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Conclusions and future work

This project focused on the optimisation and comparison of near future turbo-

fan architectures for the Middle-of-Market sector. The analysis was conducted

on a preliminary design level utilising the EPYDOSIS platform developed by the

Cranfield University UTC. Overall, the outcomes demonstrate the potential ad-

vantage of the geared architectures over the direct drive ones. Moreover, among

the geared turbofan, variations in the HPC from a full axial architecture to an

axi-centrifugal demonstrate an ulterior improvement in mission fuel burn.

5.1 Significant outcomes

The major outcomes of this project are listed below:.

• For a specific set of thrust requirements and technological level assump-

tions, the exploration of the design space demonstrated that the reduction

of the specific thrust leads to a continuous reduction in SFC, while the mis-

sion fuel burn reaches a minimum point. The reduction in specific thrust

goes with the increase in fan diameter; therefore the main parameter that

affects the performance of the turbofans in this project appeared to be the

fan diameter. Moreover, the weight and size estimation process demon-
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strated that these two parameters are dependant on the fan diameter as

well.

• The cycle design optimisation process showed that, apart from the fan di-

ameter, other three parameters affect significantly the performance of the

engines:

1. T30 determines the maximum OPR that the cycle can reach;

2. T40 determines the BPR value of the turbofans;

3. the technological level, intended as maximum allowed metal temper-

ature on the turbine blades, determines the turbine cooling require-

ments.

• The geared architectures demonstrated superiority in terms of SFC and

mission fuel burn relative to the direct drive ones. In the axial HPC architec-

ture the difference, between the geared and the direct drive configurations,

in optimum SFC values resulted 2.31%, while in minimum MFB 2.65%. In

the axi-centrifugal HPC architecture the differences resulted about 2% in

optimum SFC and 2.2% in minimum MFB.

This superiority is primarily caused by the higher transfer efficiency due to

the better fan and LPT polytropic efficiencies in the geared architectures.

Moreover, an advantage to the geared architectures appeared to be also

given by the higher OPR values achievable.

From a weight point of view, the direct drive architectures resulted in lighter

engines in the low fan diameters region, but the increase in the number

of LPT stages with the increase in fan diameter caused a crossover in the

weight curves that resulted in lighter geared architectures in the region of

high fan diameters. In length, the geared architectures demonstrated an ad-

vantage relative to the direct drive ones in the whole range of fan diameters.
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• Among the geared turbofans, the adoption of an axi-centrifugal HPC allows

the engines to achieve higher OPR values, resulting in an advantage on

the thermal efficiency that leads to a improvement in SFC of 1% and in

minimum MFB of 1.2% . Moreover, the geared turbofans with axi-centrifugal

HPC architectures resulted around 1.5% lighter and 14% shorter compared

to the axial counterparts.

• The adoption of a VAFN component demonstrated the possibility to reduce

more the core size compared to the FIXED configuration. This allowed

higher BPR values that lead to slightly improved propulsive efficiencies rel-

ative to the FIXED configurations. The advantage in the optimum SFC and

minimum MFB resulted small, around 0.2% in the geared and 0.4% in the

direct drive models. Overall, the safe fan operability in terms of surge at the

EOR condition, for the geared and the direct drive models, eliminated the

necessity of a VAFN in this range of specific thrust.

5.2 Future work possibilities

This project has started a preliminary design analysis on a class of turbofans that

will gain significant importance in the following years because of the growing in-

terest that the aircraft manufacturers are showing in the Middle-of-Market sector.

This thesis presents several starting points for future researches that can expand

and improve its results. The future work possibilities that are worthy to be carried

on according to the author are listed below:

• Expand the current analysis. In fact, following its aim, this project is fo-

cused only on SFC, weight and mission fuel burn analysis. In order to have

a more complete view of the different architectures and their comparison,

further aspect should be analysed:
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– Emissions: it represents one of the most important parameters in tur-

bofan performance nowadays and comparing different architectures

can lead to the identification of the ”greenest” one;

– Operating costs: in the Middle-of-Market sector the cost is what leads

the choice of an engine relative to another. The geared architectures

demonstrated an advantage in MFB but, in economic terms, it can be

reduced by a higher maintenance cost of the PGB. Among the geared

turbofans the axi-centrifugal HPC architecture presents a lower number

of components; therefore it may lead to a reduced initial and mainte-

nance cost of the engine. The cost analysis can overturn completely

the comparison made on the MFB basis and explain the reasons the

airliners may opt for one architecture rather than another.

• Include core work split in the optimisation process. In fact, this analysis

found out that the full-axial HPC architecture was limited in the pressure

ratios it could reach because of the size of the blade in the last stage. If

a variable core work split could have been used, the outcomes could have

been different since the pressure ratio distribution could have retarded the

pressure ratio limitation on the HPC to higher OPR values.

• Include an estimation method for the centrifugal compressor poly-

tropic efficiency. In this project, the polytropic efficiency of the centrifugal

compressor has been estimated in a basic way by matching the values given

by ATLAS. A future research may benefit from a more complete estimation

method that varies the polytropic efficiency of the centrifugal compressor

during the design space exploration.

• Examine the aerodynamics of the axi-centrifugal HPC. It was not in the

intentions of this project to define the aerodynamic interactions between the

axial and the centrifugal sections in the axi-centrifugal HPC. It would be
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of primary importance to examine in depth, through 3D CFD methods, the

interactions between these two parts in order to assess the real feasibility

of such a design.

• Examine in depth the VAFN architecture. This project demonstrated that

the VAFN component, despite adding weight, cost and complexity to the ar-

chitecture, isn’t strictly necessary for the specific thrust range analysed and

it does not provide a significant MFB advantage. A more in-depth analysis

can demonstrate higher improvements that overcome the disadvantages. A

significant research could be the optimisation of the fan nozzle areas along

the whole cruise to improve fan performance.
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Appendix A

NASA FLOPS input data

Parameter Value

Wing mounted engines 2
First class PAX 16
Second class PAX 169
Wing span [ft] 111.549
Fuselage Length [ft] 146
Fuselage width [ft] 13
Fuselage depth [ft] 13.4
Horizontal tail area [sq ft] 333.681
Horizontal tail sweep angle [deg] 29
Horizontal tail aspect ratio 5
Horizontal tail taper ratio 0.256
Horizontal tail thickness-chord ratio 0.11
Vertical tail area [sq ft] 512.9
Vertical tail sweep angle [deg] 34
Vertical tail aspect ratio 1.82
Vertical tail taper ratio 0.303
Vertical tail thickness-chord ratio 0.176
Wing area [sq ft] 1317.41
Wing thickness-chord ratio 0.11
Wing taper ratio 0.24
Wing sweep angle [deg] 25
Range [nm] 3000
Cruise Mach number 0.82

Table A.1: NASA FLOPS input data regarding the aircraft geometry. [47]
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