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ABSTRACT

Today, the air transport industry has become an essential element of globa society by
its great contributions to the wide exchanges of cultures/people and to the rapid growth
in the world economy.

However, on the other hand, the adverse impacts on the environment caused by air
transport, such as air pollution, noise and climate change, are drawing, increasingly,
growing public concern.

In order to address the steady growth in air-travel demand in the next decades through
an environmentally-friendly way and realise the ACARE 2020 environmental goals,
The Clean Sky programme has been launched by European Union over the period 2008
—2013.

The project research, described in this thesis and sponsored by the Clean Sky
programme, aims at evaluating the feasibility of reducing the environmental impact of
commercia aviation through the introduction of changes in the aircraft operational rules
and procedures, as well as the application of the new-generation propfan (open rotor)
engine, based on flight trgjectory multidisciplinary optimisation and analysis of
commercia aircraft.

In order to accomplish the above research objectives, a complete methodology to
achieve and realise optimum flight trajectories has been initialy proposed. Then, 12
component-level models which function as simulating different disciplines, such as
aircraft performance, engine performance, engine gaseous emission, and flight noise,
have been developed or selected/adopted. Further, nine system-level integration and
optimisation models were built. These system-level models simulate flights from
Amsterdam Schiphol airport in the Netherlands to Munich airport in Germany flown by
different types of aircraft through different flight phases with different optimisation
objectives. Finaly, detailed investigations into the flight trgjectory optimisations were
performed, extensive optimisation results were achieved and corresponding description,
analysis and comparisons were provided.

The main contributions of this work to knowledge broadly comprise the following: 1)
the further devel opment regarding the methodology of flight trajectory multidisciplinary
optimisation; 2) previous work on aircraft trgjectory optimisation has often considered
fixed objectives over the complete flight trgectory. This research focused on
representative flight phases of a flight mission with different optimisation objectives,
namely, noise impact and fuel burn during the departure phase; fuel burn and flight time
during en route phase; and noise impact and NOx emission during the arrival phase; 3)
this research has extended the current flight trgjectory optimisations to turboprop and
propfan equipped aircraft. As a result, a relative complete 2D flight traectory
multidisciplinary optimisation spectrum, spanned by primary commercial aircraft types,
primary flight phases and primary optimisation objectives of interest, has been built.
Although encouraging progress have been achieved, this project research, as with any
other research activity, is also only ‘on the way’ rather than coming to the ‘end’ point.
There are till many aspects which can be improved further and there is still much new
research and exploration which can be investigated further. All these have also been
suggested in thisthesis.

Key words:. flight traectory, multidisciplinary, integration, optimisation, modelling,
performance, gaseous emissions, flight noise.
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CHAPTER ONE INTRODUCTION

1.1 Context of the Research Work

Today, the air transport industry has become an essential element of globa society by
its great contributions to the wide exchanges of cultures and people among different
countries as well as the rapid growth in the world economy. It is reported that “air
transport moves over 2.2 billion passengers annually” [1] and “generates a total of 32
million jobs globally (of which 5.5 million work directly in the aviation industry)” [1].
“Aviation’s globa economic impact (direct, indirect and induced) is estimated at US$
3.560 billion representing 7.5% of world Gross Domestic Product (GDP)” [1].

However, on the other hand, the adverse impacts on the environment caused by the air
transport, such as air pollution (such as NOx, CO and UHC, etc.), noise and climate
change (which is related to emissions of CO, and H,0), are increasingly drawing
growing public concern. According to statistics, “air transport’s contribution to climate
change represents 2% of human-induced CO, emissions (and 12% of all transport

sources)” [1] and “flights produce 628,000,000 tonnes of CO, yearly” [1], nowadays.

With the continuous and steady growth in demand for air travel (“increasing 4-5% per
annum over the next 20 years’ [1]), “worldwide, it is estimated that the equivalent of
1300 new international airports will be required by 2050 with a doubling in the
commercial aircraft fleet” [1] and, as a result, the share in the total man-made CO,

emissions contributed by air transport is expected to increase to 3% by 2050 [1].

Therefore, to look ahead, the mission and challenge commercia aviation will face is to
meet the increasingly growing demand for air travel but through an environmentally-

friendly way.

This chalenge has been long realised by the European aviation industry. As a result,
ACARE (the Advisory Council for Aeronautical Research in Europe), in the year 2001,
established the following ambitious targets for the year 2020 (compared to 2000):

= “reduce fuel consumption and CO, emissions by 50% per passenger kilometre”
[1]

»  “reduce NOx emissions by 80%" [1]

»  “reduce perceived noise by 50%” [1]



= “make substantial progress in reducing the environmental impact of the
manufacture, maintenance and disposal of aircraft and related products’ [1]

Aimed at the above targets, the primary contributors to achieve them have been
identified by ACARE. “The predicted contributions to the 50% CO, emission reduction
target are: efficient aircraft: 20-25%; efficient engines. 15-20%; improved air traffic
management: 5-10%" [1].

In order to address the ACARE environmental objectives, “a quantum leap in
performance through a consistent, coherent and holistic approach focusing on the
integration of advanced technologies and validation of results in a multidisciplinary
approach leading to full-scale ground and flight demonstrators’ [1] is required.

The Clean Sky JTI (Joint Technology Initiative) is one of the largest European research
projects ever, with a budget of €1.6 billion, equally shared between the European
Commission and industry, over the period 2008 — 2013 [1], [2]. The main objective of
this unique integrated and coordinated programme is to “speed up technological
breakthrough developments and shorten the time to market for new solutions tested on
Full Scale Demonstrators’ [1] and, therefore, “make major steps towards the
environmental goals set by ACARE and to be reached in 2020” [1].

The following Figure 1-1 illustrates the primary technology domains which have been
defined to achieve the above ACARE goals and these technology domains also

constitute the scope of the Clean Sky programme.

[ ACARE goals | | Technology Domains J

o Engines
Reduced ) Loads & Flow Control
Fuel Consumption (” ) New Alrcralt Configurations
: -*d

(CO; & NOx reduction) 9 Low Weight Configurations
) Alrcraft Energy Management

2 Missien Management

i Engines
i Trajectory Management

External noise (“;“ ) New Alrcraft Configurations
reduction i/) ) Low noise Configurations

0 Rotorcraft Nolse Reduction

J Rotorcraft optimized configuration

*Ecolonomic™ life cycle ( id & Alrcraft Life Cycle

Figure 1-1 Technology domains of Clean Sky programme [1]



And further, all these technology domains have been integrated within Clean Sky into
six Demonstrators, the ITDs (Integrated Technology Demonstrators) and one

Technology Evaluator, as shown in the following Figure 1-2.

og','valuator
o

| ' :
T
% ]
.
"

Figure 1-2 ITDs and technology evaluator [1]

Among the six ITDs [3-8], “Green Regional Aircraft will deliver low-weight aircraft
using smart structures, as well as low external noise configurations and the integration
of technology developed in other ITDs, such as engines, energy management and new
system architectures, Smart Fixed-Wing Aircraft will deliver active wing technologies
and new aircraft configuration for breakthrough, new products; Green Rotor craft will
deliver innovative rotor blades and engine installation for noise reduction, lower
airframe drag, integration of diesel engine technology and advanced electrical systems
for eimination of noxious hydraulic fluids and fuel consumption reduction;
Sustainable and Green Engines will design and build five engine demonstrators to
integrate technologies for low noise and lightweight low pressure system, high
efficiency, low NOx and low weight cores and novel configurations such as open rotors
and intercoolers; Systems for Green Operation will focus on all-electrical aircraft
equipment and systems architectures, thermal management, capabilities for “green”
trajectories and mission and improved ground operations to give any aircraft the
capability to fully exploit the benefits of Single European Sky; Eco-Design will focus
on green design and production, withdrawal, and recycling of aircraft, by optimal use of



raw materials and energies thus improving the environmental impact of the whole
products life cycle.” [1] The Technology Evaluator which is a simulation network will

assess the performance of the technol ogies thus devel oped [1].

1.2 Content of the Research Work

The project research which is described in this thesis, sponsored by the Clean Sky
programme, ams at optimising the two-dimension flight trgjectories of commercial
aircraft by means of a new multidisciplinary optimisation method and, in the meantime,
evaluating the possible benefits brought by the introduction of the new-generation
propfan (open rotor) engine. Compared with the above mentioned Clean Sky
programme, this research which is mainly concerned with the flight mission &
trajectory management is a part of the SGO (Systems for Green Operation) ITD
(Integrated Technology Demonstrator).

This research takes the flight from Amsterdam Schiphol airport in the Netherlands to
Munich airport in Germany as an example, and makes a detailed investigation into the
flight trgjectory optimisations for different types of commercia aircraft, including
turbofan-propelled aircraft, turboprop-driven aircraft and propfan-powered aircraft. The
overal horizonta flight distance covered by this flight mission is over 700 kilometres
and in order to reflect the different priorities in economy and environment concerns
during the different flight parts of this mission, the entire flight profile is divided into
three phases, that is, the departure flight phase, the en route flight phase and the arrival
flight phase with different objective functions. During the departure flight part, fuel
consumption, external noise impact and pollutant emissions (here mainly the emission
of NOx) are of main concern due to the usually higher engine power settings, lower
flight atitude as well as the dense population distributions in the vicinity of airports
(and the aerodynamic noise from aircraft high lift devices makes a contribution to the
adverse impact as well) and, therefore, ideally the three parameters should be selected
as the objective functions for the purpose of multidisciplinary optimisation for this
flight phase. Unfortunately, under the present research conditions only two objective
functions can be selected simultaneously. Based on the consideration that there is some
degree of correlation between fuel consumption and NOx emission (NOx

emission=EINOx x fuel consumption), fuel consumption and external noise impact (in



terms of noise-impact area or noise contour area with SEL not less than 70 dBA) are
treated as the objectives for the purpose of minimisation. As for the en route flight
phase, fuel consumption and flight time concerned traditionally by civil air transport are
once more selected as optimisation objectives because much higher flight atitudes are
implemented during this part, and the concerns about pollutant emissions and especially
about external noise impact become relatively subordinate. When the flight enters into
the 3 phase (i.e., the arrival flight), again the impacts from pollutant emissions and
aircraft/engine noise emerge as the primary concern with regard to the consideration of
the health of the residents around airports. Therefore, in this research, NOx emission
and external noise impact are taken as the optimisation objectives for the purpose of
minimisation. In addition, it is worth noting that taking fuel consumption as one of the
objectives in the first two flight phases for minimisation, is also helpful to reduce the
production of CO, and H,O which contribute to the global climate change — one of the
key issues of concern to the Clean Sky programme and ACARE. The following Figure
1-3illustrates a complete methodology (or called research chain) for the flight trajectory
optimisation as well as the position of this research work in this chain. From the chart, it
can be found that the entire flight trajectory optimisation can be divided into two
sections, i.e., the training (or called calibration) section and execution section. In the
first section (i.e., the training/calibration section), there are two parts. The first part
functions to obtain the corresponding values of flight parameters such as horizontal
flight distance, flight altitude, flight speed (calibrated airspeed (CAS) or flight Mach
number), flight path angle (FPA), pitch angle, bank angle and heading angle from the
optimised results of overall performance parameters, such as fuel consumption, flight
time, external noise impact and pollutant emissions, etc., through the multidisciplinary
optimisation process, and the second part further establishes the correlations between
the above optimised flight parameters and operation parameters of aircraft/engine
combination, such as the positions of control surfaces of aileron, elevator and rudder as
well as engine power ratings. After the training/calibration section, the correlations
between the overal performances expected by a certain flight mission and the
corresponding operation parameters have been well established and then these
correlations are arranged into the control laws especialy for this expected flight. In the

following second section (i.e., execution section), these specially designed control laws



are embedded into the comprehensive control system of aircraft/engine and

implemented subsequently to realise the expected flight performances.
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Figure 1-4 illustrates the basic idea of multidisciplinary flight trgjectory optimisation
used in this research work. Compared to the trgjectory optimisation approach introduced
in the references [9] to [12], obvious differences exist for both in terms of the modelling
procedure. While trajectory optimisation is performed for climb and descent phases by
means of the method described in the above references, the engine power ratings (i.e.,
turbine entry temperature) are given with one or a few constant values. As a result, the
engine net thrust is treated as one of inputs into the aircraft performance calculation
module together with flight altitude, flight speed and aircraft mass, and the horizontal
flight distance covered by flight is obtained as one of calculation outputs from the
aircraft performance module. This approach mainly has two disadvantages: firstly, with
given value(s) in TET, the flight trgjectory optimisation is in fact a strong-constraint
optimisation, which will to a great extent limit the availability of ‘rea’ optimum
solutions. Secondly, during the practical flights, especially for the departure or arriva
flights from or to the airports, there are usually some additiona requirements to aircraft
flight trgjectories. For instance, aircraft are probably asked by local airports to pass
some given waypoints with prescribed flight altitudes and horizontal flight distances.
Under this condition, it is hard for the above optimisation method with fixed TET(S) to
function due to the lack of the direct control to the parameter of horizontal flight
distance. On the contrary, in the optimisation process implemented with the method
used in this research, the flight trgjectory is defined completely by the trajectory
parameters, such as horizontal flight distance, flight altitude and flight speed, while
engine net thrust is treated as one of the calculation outputs from the aircraft
performance module. Although for this method there is still some constraints in engine
power settings, thisis only atype of ‘weak’ constraint with an allowed magnitude range
of turbine entry temperature prescribed based on the engine life consideration, instead
of one or a few fixed values as used in the above approach of references [9] to [12].
Therefore, the possibility to find ‘real’ optimum solutions is greatly increased. In
addition, because the parameter of horizonta flight distance can be directly treated as
optimisation (or design or control) variable for the trgjectory definition, the flexibility of
describing and modelling desired trgectories has also been improved greatly (namely,
the method adopted in this research is suitable not only for the optimisations of the

trajectories with strict requirements in horizonta flight distance, such as the cases with



waypoints mentioned above, but aso for trgjectory optimisation problems without such

demands).

The modelling procedure used in this research can be aso seen in the reference [13].
However, the differences between both lie in that the work introduced in the reference
[13] only focused on the gaseous emission assessment under the condition of a given
flight path, while this research described in this thesis not only applied the modelling
procedure but also combined it with optimiser to perform multidisciplinary flight

trajectory optimisation.

In this project research, a multi-objective Genetic Algorithm (GA) caled NSGA- 11 [14]
is adopted to perform the multidisciplinary optimisation calculation. This algorithm has
the advantage of globa searching and is especialy suitable for solving nonlinear, non-
smooth, non-differentiable and multi-modal (i.e., there are several loca minima or
maxima for an optimisation problem), complicated, multi-objective optimisation
problems, such as the flight trgjectory optimisation in this project research. The
optimisation variables (or caled design variables) involved in the 2D trgectory
optimisation of this research include horizontal flight distance (X), flight atitude (2)
and flight speed (CAS used in the departure and arrival flight phases, or flight Mach
number occurring in the en route flight phase). The optimisation constraints involved in
optimisation processes of this research are, mainly focusing on the departure and arrival
cases, from the requirements of loca airports through SID (Standard Instrument

Departure) chart and IA (Instrument Approach) chart.

Through several rounds of optimisation simulations, a complete set of optimised
solutions, aiming at the optimisation problem spectrum spanned by different types of
aircraft powered by different types of aero engines, and different flight phases with
different optimisation objectives, have been achieved and provided by the research
work. These optimised results are Pareto efficient (i.e., the obtained optimised solutions
for the same optimisation problem are unigue and not dominant over each other and any
improvement in one of the two objectives will have to be realised at the cost of the
degradation in the other objective), and based on these results customers are provided
with the opportunity and freedom to further make their own choices according to the
actual requirements in practice.



Besides the above detailed investigations into the flight trgjectory optimisation, based
on the achieved optimisation results, a comprehensive comparison and eval uation about
the new-generation propfan (open rotor) engine, which is of higher component
efficiencies and higher turbine entry temperature (TET) and will enter into service in
around 2030, in terms of overall performances such as fuel consumption, flight time,
noise-impact area, gaseous emissions (NOx, CO, and H,0 etc.), ismade in this research
project as well, by taking the conventional turbofan engine with 1990’ s technology level
as the reference. The evaluation results indicate that the new-generation propfan engine
has significant advantages in fuel consumption and emissions of CO, and H,O dueto its
higher thermal efficiency and propulsive efficiency, and it can be predicted that the
combination of the new-generation propfan engine with the optimised flight trajectory
achieved by the global optimisation method described in this research work, will
become an important contributor to ACARE 2020 goals or even beyond.

1.3 Contributionsto Knowledge

Through the research work described in this thesis, the main contributions to knowledge

can be identified and summarised as follows:

1) From the known literature published openly so far, it is the first time that the
flight trgjectories flown respectively by turboprop-driven aircraft and propfan-
powered aircraft, for the purpose of city-pair air transport, are optimised based
on multidisciplines with the new optimisation method and multi-objective
Genetic Algorithms mentioned previously as well as actual constraints from the
local airports.

2) From the known literature published openly so far, it is the first time that a
relative complete set of models involving aircraft performance, engine
performance, gaseous emission and noise are included when flight tragjectories
are optimised with the multidisciplinary optimisation method and optimisation
constraints mentioned in item 1) above.

3) From the known literatures published openly so far, it is the first time that the
combination of the new-generation propfan (or called open rotor) engine, which

is planned into commercia service in 2030, with the optimised flight trajectory



4)

5)

achieved by a new multidisciplinary optimisation method is tried and evaluated
to achieve more economical and greener commercia flight.

Inside the SGO ITD project of the Clean Sky programme, it is one of quite few
cases where Artificial Neural Networks (ANNs) and P3T3 method were used to
replace the complicated and time-consuming simulation models of engine
performance and engine gaseous emissions, to alleviate the challenge in
optimisation time costs brought by GAs and speed up the optimisation
processes. By the actual application comparisons, significant benefit in terms of
the optimisation time consumption has been achieved. It has been found that an
optimisation example in this research project with the complicated simulation
models will usually cost three or four days to reach convergence, while the
similar case with substitutive models from ANNs and P3T3 method will only
need around ten hours. For a long time, much longer optimisation time caused
by GAs has been a main problem/obstacle for the wide application of this
optimisation method. The successful usages of ANNSs in engine performance
modelling and multidisciplinary optimisation cases in this research project
provide one promising solution.

Inside the SGO ITD project of the Clean Sky programme, it is the first time that
compressor variable geometry and bleeding is dynamically introduced into
engine off-design operations (that is, these anti-surge measures will be
implemented when required). Previously, for the purpose of simplicity, when the
performance of an engine was modelled, anti-surge measures were often omitted
or an unchanged bleeding was adopted at all engine operating conditions (design
points and all off-design points), and more attention was paid to the ssmulation
accuracies in engine net thrust and SFC (Specific Fuel Consumption). However,
such models will encounter serious difficulties when descent or arrival flights
are performed because of the limitation resulted from compressor surge at lower
engine power ratings (even the model with constant bleeding at al engine
operations cannot also address this problem, due to the relatively small bleeding
amount based on the consideration of performance loss at engine ‘normal’
working points which are free from surge risk). The shortcoming in the engine

performance model will incur unnecessary constraints to the optimisation
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6)

problem so that the real optimum solutions cannot be achieved, or even possibly,
no solutions can be available (especially for the descent or arrival flights). In the
research work described in this thesis, the improvement to this problem has been
done and the anti-surge measures can be applied according to needs, namely,
during the normal flights, such as climb and cruise, where engines operate at
higher power ratings and are free from the surge risk, the anti-surge measures
will be switched off so that engine performance can be guaranteed, and when the
descent or arrival flights are performed, where lower engine power settings are
adopted and compressors possibly face the risk of surge, the anti-surge system
will be switched on automatically during the optimisation process so that engine
safety can be ensured and the descent or arrival flights can be continued.
Doubtlessly, through this improvement, the achieved optimised solutions will be
more reasonable and closer to the practical applications.

Compared with previous work in case modelling by the author (see the reference
[15]) where the horizontal coordinates X of a flight trgectory were fixed and
only flight atitudes and flight speeds can be selected as optimisation/design
variables, again an obvious progress has been achieved in this research work
described in this thesis, that is, when a new optimisation case is modelled,
horizontal flight distance X, flight atitude Z and flight speed (CAS or Mach
number) can all become the options of optimisation/design variables. This
improvement is very meaningful especialy for the optimisations of aircraft
climb and descent flights. From the reference [15], it can be found that with
given values in the horizontal coordinates and just flight altitudes and flight
speeds as the optimisation/design variables, the achieved optimised results in the
climb and descent phases only show the monotonous increases or decreases in
flight altitude and flight speed simultaneously. However, in this research work
described in this thesis, more colourful optimised solutions have been achieved
by the introduction of horizontal flight distances (namely horizontal coordinates
X mentioned above) as possible optimisation/design variables, which essentially
increases the number of dimensions of the optimisation search space. For
instance, as the result of this improvement, aircraft during the climb or descent

flights not only can fly with the simultaneous increases in flight altitude and

11



flight speed but also can adopt other possible flight styles such as accelerated
level flight, decelerated level flight, constant-CAS climb and constant-CAS
descent. Therefore, through this improvement, the optimum solutions with

practical application prospect can be found.

1.4 Structureof the Thes's

The thesis is mainly made up of ten chapters. They are: chapter one “introduction”;
chapter two “atmosphere modelling”; chapter three “aircraft performance modelling”;
chapter four “gas turbine engine performance and modelling”; chapter five “engine
gaseous emissions and modelling”; chapter six “flight noise and modelling”; chapter
seven “multidisciplinary optimisation and genetic algorithms’; chapter eight “system
integration and optimisation modelling — case studies”; chapter nine “optimised results

and analysis’; chapter ten “conclusions and future works’.

In the first chapter of this thesis, the author summarily introduced the background of
this research work, main research content, contributions to knowledge and the structure
of this thesis so as to provide readers with a good overview and an overal
understanding to the whole research work described in this thesis before going into the
details.

Aircraft is the vehicle which is designed to ‘swim’ in air and its power plant — aero
engine - is aso designed to produce thrust required by aircraft by means of air. Air
properties (i.e., the atmosphere performance) have extremely important influences on
design and operation of aero vehicles and are adso the fundament of performance
analyses performed in this thesis. Therefore, the description about atmosphere model

used in this research work isfirstly provided in the second chapter.

Chapter three addresses aircraft performance modelling. In this research work, totally,
three different aircraft types are discussed, that is, 1) the aircraft propelled by two
conventional turbofan engines, which takes the aircraft A320-200 produced by Airbus
as the prototype, and is designated as CUTFDAC (Cranfield University TurboFan-
Driven AirCraft); 2) the aircraft driven by two conventional turboprop engines, which
takes the regional aircraft ATR72-500 built by the French-Italian aircraft manufacturer
ATR (Aerei da Trasporto Regionale or Avions de Transport Régional) as the prototype,
and is designated as CUTPDAC (Cranfield University TurboProp-Driven AirCraft); 3)
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the aircraft powered by two new-generation propfan (or called open rotor) engines,
which takes the aircraft MD90-30 (a twin-engine, short- to medium-range, single-aisle
commercial jet aircraft built by the former American aerospace manufacturer,
McDonnell Douglas) as the prototype, with the substitution of the original two
conventional turbofan engines with two propfan engines, and is designated as
CUPFDAC (Cranfiedld University PropFan-Driven AirCraft). The performance
modelling for each aircraft includes determining the lift and drag characteristics of the
aeroplane such as lift-angle of attack characteristics and lift-drag characteristics (i.e., the
drag polar), as well as action positions of forces imposed on the aircraft during flight,
such as lift produced by main wings and fuselage, gravity, drag, engine net thrust and
tail force by means of kinds of theoretical equations and empirical data. Based on the
above established aircraft performance models, and given the required flight conditions
(such asthe aircraft mass at the start point of aflight segment, the flight altitudes at both
start and end points of this segment, the horizontal flight distance of this segment, the
flight speed and the flight path angle at the start point as well as the magnitude of the
flight speed at the end point), the required engine net thrust for the flight in this segment
and other performance parameters can be determined by the aircraft performance
simulation software APM (Aircraft Performance Model), which is based on the
principle of force and moment balance and developed by Cranfield University. These
calculation results output from APM will be transferred as inputs to the subsequent
module of engine performance simulation and (or) the module of aircraft/engine noise

calculation (if used in case studies) during the flight trajectory optimisation.

The modelling of engine performance is described in the fourth chapter. Corresponding
to above different aircraft models, three different types of aero engine performance
models have also been built in this research work, that is, 1) the performance model of a
conventional high bypass ratio (BPR) turbofan engine which takes the CFM56-5B4
engine developed by CFM International (CFMI) as the prototype; 2) the performance
model of a conventional turboprop engine which takes the PW127F engine made by
Pratt & Whitney Canada as the prototype; and 3) the performance model of a new-
generation propfan (or called open rotor) engine which is based on the research work
from Glenn Research Centre of NASA (Nationa Aeronautics and Space

Administration) published in the reference [16]. Among them, the models of turboprop
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engine and propfan engine are established by means of TURBOMATCH — an engine
performance simulation software developed by Cranfield University. Since the above
TURBOMATCH-based performance models require a longer calculation time when
performed, which will have an important influence on the whole optimisation time cost
when GAs is applied which results in that a large number of evaluations are needed , a
different approach was adopted when modelling the performance of the conventional
turbofan engine, that is, firstly a TURBOMATCH-based engine performance model
was built and was used to produce a large database of the engine performance with the
combinations of variations of flight atitude, flight Mach number and turbine entry
temperature (TET), and then by means of the achieved database severa two-layer
Artificial Neural Networks (ANNSs) can be trained, and as a result, the correlation
relationships which represent the performance of this engine and are required by the
investigated optimisation case can be achieved, such as TET = fi(H, M, F,), Ws = fo(H,
M, F), Te=13 (H, M, F), Ps =14 (H, M, F,)), etc. The application of the above ANNs-
based engine performance in optimisation cases and comparisons with the cases with
TURBOMATCH-based models indicate that the approach can indeed speed up the
calculation speed and effectively reduce optimisation time (certainly, the reduction in
optimisation time in this research work is aso contributed from the gaseous emission
side). In addition, in this chapter, besides the above modelling, the comparisons
between engine models and data from the public domain (except the propfan engine
because this engine is still at the stage of paper research), in terms of engine net thrust
and specific fuel consumption (SFC) at take-off and cruise conditions, as well as engine
performance characteristics such as variations of engine net thrust and SFC with flight
atitude, flight Mach and turbine entry temperature (TET) are also provided. In
optimisation processes performed in this research project, the calculation results from
engine performance models will provide required inputs to the subsequent gaseous

emission prediction model.

The fifth chapter introduces in detail three gaseous emission models which are
respectively used in the above turbofan engine, turboprop engine and propfan engine.
During the modelling process, two different types of modelling approaches were
applied and, correspondingly, two different types of gaseous emission models were

achieved. The first modelling approach is known as PsT3 method. This is a kind of
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empirical estimation method by means of which the empirical correlations between the
engine gaseous emissions at actua flight conditions and the emissions at the SLS
condition can be established. Therefore, in practical applications, so long as gaseous
emission data of the engine at the SLS condition and the air stagnation pressure (Ps) and
stagnation temperature (T3) at the inlet of engine combustion chamber at the
investigated flight condition are known, the gaseous emissions at this flight condition
can be predicted. The emission data of a specific engine at SLS condition can be
achieved through special engine ground test or ICAO aero engine emission databank (if
applicable), and the values of P; and T3 can be obtained through the relevant engine
performance model. The second methodology to model gaseous emissions is a physics-
based method and known as stirred reactor model which predicts gaseous emissions
based on chemica equilibrium calculation and reaction kinetics. The emission
predictions in those case studies where the turbofan engines are applied were performed
by means of P3;T3; model due to the availability of ground emission data for the CFM56-
5B4 engine from ICAO databank, and for the other cases involving the turboprop
engine and propfan engine, the gaseous emission estimations were accomplished
through the stirred reactor models. By reference to the ACARE 2020 environment goals
and the primary challenges air transport is facing in gaseous emissions, the predictions
from the above models mainly focused on emissions of NOx, CO, and H-0.

Modelling and prediction of aircraft/engine noise is the topic of the chapter six. This
chapter starts with the introduction of the adverse impacts of noise on human beings and
community life in terms of physiological and behavioural aspects, as well as the
contribution to the impact from rapidly growing commercia air transport. Then, in the
subsequent second section, noise metrics which are used to measure noise levels are
described including ‘single event noise metrics', such as ‘A-weighted sound exposure
level (SEL)’, * A-weighted maximum sound level (LAMAX)’, ‘effective perceived noise
level (EPNL)’, and ‘tone-corrected maximum perceived noise level (PNLTM)’, and
‘cumulative noise metrics’ like ‘equivalent sound level Le' aswell as kinds of modified
versions of Le;. The third section of this chapter briefly introduces the approaches to
assess the impacts of flight noise on the community quantitatively, such as the
evaluations of ‘contour area, ‘population enclosed’, ‘houses/households enclosed’,

‘noise levels at enforcement points, ‘awakenings, ‘people highly annoyed’, ‘sleep
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disturbance’, etc. In the following sections of this chapter, two simulation software
packages, for the purposes of noise calculation and impact assessment respectively,
designated as INMTM (Integrated Noise Model/Management of Traectory and
Missions) and NoiseLAss developed by Delft University of Technology, the entire
process of noise calculation and assessment and the noise models used respectively for
cases of CUTFDAC, CUTPDAC and CUPFDAC, are introduced. These noise models
are from an empirical noise database named as NPD (Noise-Power-Distance) and by
means of these models, the noise levels perceived by observers can be correlated with
engine power ratings as well as the dlant distances between noise source (i.e. aircraft)
and observers under the defined flight condition. When models are implemented in
optimisation processes, the influence resulted from the differences between actual flight

conditions and the defined condition can be compensated automatically by INMTM.

The seventh chapter addresses the issues of multidisciplinary optimisation problem and
optimisation algorithms. In this chapter, a description about the multidisciplinary
optimisation problem and corresponding mathematical expression are presented first.
Then the primary optimisation algorithms available at present are summarised. Further,
the mathematical characteristics of the flight trgectory optimisation problems
investigated in this research project are analysed and the multi-objective genetic
algorithms (GAs) selected to implement the optimisation tasks of this research project
are introduced. Finally, the description about GATAC (Green Aircraft Trajectory under
ATM Constraints) - a software platform (developed by the University of Malta) through
which component-level models introduced previously can be integrated and

optimisation can be driven - is provided.

The eighth chapter discusses the system-level integration and modelling. In this chapter,
in total nine optimisation models (or cases) are developed. They are: 1) the optimisation
model for the departure flight of CUTFDAC; 2) the optimisation model for the
departure flight of CUTPDAC; 3) the optimisation model for the departure flight of
CUPFDAC; 4) the optimisation model for the en route flight of CUTFDAC; 5) the
optimisation model for the en route flight of CUTPDAC; 6) the optimisation model for
the en route flight of CUPFDAC,; 7) the optimisation model for the arrival flight of
CUTFDAC; 8) the optimisation model for the arrival flight of CUTPDAC,; and 9) the
optimisation model for the arrival flight of CUPFDAC. Besides the moded plots
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provided in this chapter, for each optimisation case mentioned above, selected
optimisation (or design) variables (and their allowed variation ranges), objective

functions, optimisation constraints, GA parameter settings are described as well.

Chapter Nine provides the multidisciplinary optimisation results achieved for the above
nine case studies. These results include running records of optimisation processes, plots
of normalised Pareto area, Pareto frontiers, typical optimum flight trgjectories, overall
performances (in terms of fuel consumption, flight time, gaseous emissions as well as
noise-impact area and noise distributions in the vicinity of loca airports) and segment
distributions of primary parameters, such as engine net thrust, turbine entry temperature
(TET), emission index of NOx etc. Based on these optimised results, the corresponding
analysis for each one of these case studies, as well as the comparison analysis of the
application of the new-generation propfan engine with the conventional turbofan

engine, is also provided in this chapter.

Chapter Ten provides conclusions and discusses future works and suggestions.
Although the research work described in this thesis has made a significant step forward
in the field of flight tragjectory optimisation, like any other research activities, there are
still many aspects which can be improved further, and there is still much new research
and exploration which can be investigated further. All these are discussed in the tenth
chapter.
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CHAPTER TWO ATMOSPHERE MODELLING

It iswell known that the performances of aircraft and gas turbine engines which take, as
a type of mechanical device, atmospheric air as their working fluid are affected
powerfully by local atmosphere properties (or called atmosphere conditions) in terms of
ambient temperature, ambient pressure, ambient density and humidity. Naturaly, the
knowledge of variation and distribution of such quantities is needed for the purposes of
performance analysis and design of aircraft and gas turbine engines as well as pressure
atimeter caibrations and so forth.

However, the real atmosphere is extremely complicated, and “never remains constant at
any particular time or place” [17], therefore, a hypothetical model - Static Atmospheric
Model - has to be adopted as an approximation.

Simply speaking, “Static atmospheric models describe how the ideal gas properties
(namely, pressure, temperature, density and molecular weight) of an atmosphere

change, primarily as afunction of atitude.”[18].

There are severa static aimospheric models published by different organisations and
standards-making authorities for the different application purposes. Among them, two
most frequently used atmospheric models for aviation purposes, namely, International
Standard Atmosphere (ISA) and US Military Standard 210 (MIL 210), will be discussed
here.

2.1 International Standard Atmosphere
“The International Standard Atmosphere (ISA) is an atmospheric model of how the

pressure, temperature, density, and viscosity of the Earth’s atmosphere change over a
wide range of dtitudes’ [19] and “defines standard day ambient temperature and
pressure up to an atitude of 30500m (100066 ft).” [20].

So far, ISA has been published as an international standard by the International
Organization for Standardization (1SO) and the International Civil Aviation
Organization (ICAO) and defined respectively in ISO and ICAO documents 1SO
2533:1975 and ICAO 7488/2. Some other atmospheric models published by other
standards organisations or standards-making authorities are the extensions or subsets of

the same ISA atmospheric model. For instance, the U.S. Standard Atmosphere and
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WMO (World Meteorological Organization) Standard Atmosphere are the same as the
ISO International Standard Atmosphere for atitudes up to 32 km. [19]

2.1.1 Basic assumptions
The ISA model was established based on the following basi ¢ assumptions:

1) The Earth’s atmosphere is comprised of perfect gas which is devoid of dust,

moisture and water vapour and meets the equation of state for the perfect gas:

_ MP
R'T

p (2-1)
Where p is mass density, M is average molecular weight, P is pressure, T is

temperature and R' is the universal gas constant.

2) “The gasis held in place by so called “hydrostatic” forces’ [18]. That is, the force
balance for a layer of gas at some altitude among “the downward (towards the
planet) force of its weight, the downward force exerted by pressure in the layer
above it, and the upward force exerted by pressure in the layer below” [18] is
achieved, which can be mathematically expressed as follows:

el il
B KORr R S
BEREREEEER

Figure 2-1 Hydrostatic for ces balance

PA — (P+dP)A — (pAdh)g, =0

4P = —g.pdh (2-2)

3) Gas properties do not change with time, namely, thisis a static model.
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4)

5)

The air in the model is “still” with respect to the Earth, that is, wind and turbulence

is not considered.
Linear temperature distribution assumption.

In the ISA model, the atmosphere is divided into layers with linear temperature
distributions (or called constant temperature gradient distributions), (see Figure 2-2).
And then values of other properties, such as pressure and density, etc., can be
calculated based on this temperature distribution and basic physical constants and
relationships. Certainly, such temperature distribution is only an approximation to
that of the real atmosphere and the linear distribution assumption can ease some of
the maths. For instance, according to this temperature distribution assumption,
ambient temperature falls with atitude at a constant Iapse rate of -6.5°C/1000m (or -
1.98°C/1000 ft) from Mean Sea Level (MSL) up to the tropopause with 11000 m (or
36089 ft) dtitude, and then the ambient temperature remains at a constant value of -

56.5C (or 216.65K) from the tropopause up to 20000 m (65600 ft).

Base Base Base
Y Level Geopotential Geometric Lapse Base Atmospheric
Y Name Height Height Rate Temperature Pressure
h (in km) Z(inkm) (in°C/km) T (in °C) p (in Pa)
0 |Troposphere 0.0 0.0 -6.5 +15.0 101325
1 Tropopause 11.000 11.019 +0.0 -56.5 22632
2 |Stratosphere 20.000 20.063 +1.0 -56.5 54749
3 | Stratosphere 32.000 32.162 +2.8 -44 5 868.02
4 Stratopause 47.000 47.350 +0.0 -2.5 110.91
5 |Mesosphere 51.000 51.413 -2.8 -25 66.939
6 | Mesosphere 71.000 71.802 -2.0 -58.5 3.9564
7 | Mesopause 84.852 86.000 - -86.2 0.3734

Figure2-2 Layersin thel SA [19]

6) Mean SealLevel Conditions[17].

Ambient Temperature T = 288.15K (15°C).

Ambient pressure Py = 101325 N/m?.
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Density po = 1.225kg/m®,
Speed of sound ay = 340.294m/sec.

Acceleration of gravity go = 9.80665m/sec’.

2.1.2 Modelling of 1 SA

Based on the above assumptions, modelling of ambient temperature, ambient pressure

and density in ISA can be implemented as follows:
a) Temperature modelling

h(m)
1000

T=T,-6.5x , When Om < h < 11000 m

T =216 .65 K, When11000 m < h < 20000 m (2-3)

b) Pressure modelling

In ISA, the standard pressure p at a given dtitude (Pressure Altitude (PA) or
Geopotential Altitude (GA)) can be achieved by pressure modelling, that is, by using
the combination of the hydrostatic equation, perfect gas law and temperature lapse rate

equation.

The hydrostatic equation for a column of air can be expressed as follows based on
Figure 3:

dp=-pgdh (24

p+dp

P

Figure 2.3 Atmosphere element [17]
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The perfect gaslaw is:

p=pRT, (2-5)

Where, R is gas constant.

And then the following basic differential equation can be achieved through dividing the

above equation (2-4) by the equation (2-5):

__pgdh_ -9 4y e
p  pRT RT  ©9

The above differential equation (2-6) indicates the relationship between dh (small

change in pressure altitude h) and dp (small change in pressure).

Therefore, “the relationship between the pressure at a troposphere atitude and sea level
pressure can be obtained by integrating equation (2-6) between hy=0 and h:” [1]

jp % _ _g h dh
mp  R-oT _00065h @7

h
That is, P = Po(1— 0.0065_|_—)5-2561 when Om < h <11000m  (2-8)

0
Where, the units of T and h are respectively K and meter.

Because of the fact that temperature vertical distribution is a piecewise function (see the
above equation (2-3)), so the relationship between the pressure at an altitude above the
tropopause and tropopause pressure can be achieved in asimilar way but integrating the

differential equation (2-6) from the tropopause to this given dtitude above the

tropopause:
h
J, o L
P11 p RTll hyy
_F(h_hn)
Thatis, P=Py€ 7  when 11000m < h <20000m  (2-10)

Where, p11=22632 N/m?, T1,=216.65 K and h;;=11000 m.
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Here, it should be pointed out that the constant value of gravitational acceleration go
(the value of gravitational acceleration at MSL) has been used during the derivation of
pressure model, no matter what the given altitude is. This can be explained as follows:
as a matter of fact, the acceleration of gravity ‘g’ does vary with the change in
geometric dtitude ‘z because of the varied distance from the Earth's centre
accompanied by the varied geometric dtitude ‘Z’. And the relationship between
gravitational acceleration ‘g’ and geometric atitude ‘z’ can be expressed through the
following equation (2-11):

9(2) =

Gm,
T (2-11)

+2)?
During the pressure modelling, a transformation from actual geometric altitude ‘z’ to
geopotential atitude ‘h’ (see equation (2-12)) is adopted so that the problem of varied
‘g’ with geometric atitude ‘'z’ mentioned above is avoided.

ho T2
r+z

e

(2-12)

Geopotential altitude, or called pressure atitude, is an abstraction and of the property:
g(z)dz=g,dh (2-13)
Gm

r2

e

e

Where, 9, =09(0) =

The equation (2-13) indicates that a different altitude-measurement system can be so
defined that the amount of work done by lifting a unit mass through a distance dz at
geometric atitude z with gravitational acceleration g(z) is equal to the work done by
lifting that same mass but through a distance dh and with the unchanged sea-level

gravitational acceleration value go.

That is, the concept of geopotential altitude ‘h’ is based on the ‘work equivalence’, and
when in the atitude-measurement system of geopotential or pressure dtitude, the

acceleration of gravity remains constant with the value of gp.
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c) Density modelling

Based on the above two models, pressure and standard temperature at a given atitude
can be obtained easily and further the standard density can be calculated through the

state equation of perfect gas. p = R_le' :

2.1.3 Atmosphere propertiesdistribution

Figure 2-4 illustrates the assumed vertical distribution of ambient temperature and,
correspondingly, the variations of standard density and ambient pressure with pressure
dtitude (adthough the figure is from the 1976 U.S. Standard Atmosphere, the
distributions are the same as those from ISA up to 32 km altitude which has been

mentioned previoudly).

100 - 100 100
80t 80t 80
g 60 g 60 g 60
Q @ @
E E s
£ 40t E 40¢ E 40}
w w w
20 207 20
0 4 = 0 4 0 4
100 200 300 0 1 2 0 50 100
temperature (K) density (kg/m®) pressure (kPa)

Figure2-4 The 1976 U.S. Standard Atmosphere[18]

2.2 US Military Standard 210

“US Military Standard 210 (MIL210) is the most commonly used standard for defining
likely extremes of ambient temperature versus atitude. This is primarily an aerospace
standard, and is also widely used for land based applications though with the hot and
cold day temperature ranges extended.” [20].
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Figures 2-5 and 2-6 illustrate the comparisons between MIL210 and ISA in terms of
ambient temperature distribution and relative density distribution. From Figure 2-5, it
can be observed that “the minimum MIL210 cold day temperature of 1859 K (-
87.38°C) occurs between 15545 m (51000 ft) and 18595 m (61000 ft). The maximum

MIL210 hot day temperatureis 312.6 K (39.58°C) at sealevel.”[20].
Often, the actual temperature condition under non-standard atmosphere is expressed as

ISAX AT at a given pressure atitude h which is easy for user to know exactly the

actual atmospheric condition and also the deviation from the ISA condition.

In this project research, 1SA is used for performance analysis of both aircraft and gas

turbine engine, and in the meantime, gas turbine performance aso involves non-

standard atmosphere.
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Figure 2-6 density distribution comparison between ML 210 and | SA [20]

2.3 Specific and Relative Humidity

Although “humidity has the least powerful effect upon engine performance of the three
ambient parameters, its effect is not negligible in that it changes the inlet air’s molecular
weight, and hence basic properties of specific heat and gas constant. In addition,
condensation may occasionally have gross effects on temperature.” [20]. On the other
hand, moisture in humid air entering the engine core and combustor also does have
influence on NOy formation rate by reducing the peak flame temperature [21], which
should, and has been, considered during the project research (it will be discussed in
more detail in a later chapter). Therefore, some basic knowledge about humidity
property of atmosphereis still required although it is not included in current commonly-

used atmosphere models.

2.3.1 Specific humidity

Atmospheric specific humidity is defined as: the ratio of water vapour to dry air by

mass (see equation (2-14)), or, the ratio of water vapour to moist air by mass.
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Specific humidity (%) = fn(water content in atmosphere)
< SH =100- Massof water vapor in asample/Massof dry air in thesample

[20].

(2-14)

Usualy, the former definition is used more widely, however, for most practical
purposes the difference is small.

2.3.2 Relative humidity
Relative humidity is specific humidity divided by the saturated value for the prevailing

ambient pressure and temperature (see equation (2-15)).

Relative humidity (%)= fn(specific humidity (%), specific humidity if atmosphere was saturated
at prevailing ambient pressure and temperatre(%o))

< RH=100-SH/SH_,
(2-15) [20].

2.3.3 Calculation equation of Specific humidity

The following formula (2-16) relates specific humidity with relative humidity, ambient
temperature and ambient pressure, which is widely used for specific humidity
calculation in practice.

Specific humidity (%) = fn(relative humidity (%), ambient temperature(K), ambient pressure (kPa))
< SH = 0.622- PSAT - RH/(PAMB- PSAT - (RH/100))

(2-16) [20].

Where, PSAT is the saturated vapour pressure of water at the given ambient conditions
and expressed as:

PSAT(kPa) — (10007+ 346X 10—5 .PAM a . 061121 e(l7.502~(TAMB—273.15)/(TAM B-32.25))
(2-17) [20].

Reference [20] provides another method to determine specific humidity (see Figure 2-7
and Figure 2-8). According to this method, firstly, the specific humidity at a given
ambient temperature and relative humidity but at sea level can be determined through
Figure 2-7; and then a correction factor which takes the difference between the given
altitude and sea level into account can be found from Figure 2-8; finaly, applying the

correction factor to the specific humidity obtained from Figure 2-7 results in the specific
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humidity value required at the given altitude, ambient temperature and relative

humidity.
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Figure 2-7 Specific humidity vs. relative humidity and ambient temperature at sea
level [20]
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Figure 2.8 Correction factor for specific humidity [20]

2.3.4 Distribution characteristics of specific humidity in Earth’s atmosphere

Figure 2-9 illustrates the variation characteristics of specific humidity with ambient
temperature and pressure for the 100% relative humidity in Earth’s atmosphere. From
this figure, it can be observed that “for MIL 210 cold days specific humidity is amost
zero for al atitudes. The maximum specific humidity will never exceed 4.8%, which
would occur on MIL 210 hot day at sea level. In the troposphere, specific humidity for
100% relative humidity falls with pressure dtitude, due to the falling ambient
temperature. Above that, in the stratosphere, water vapour content is negligible, aimost
all having condensed out at the colder temperatures below.” [20]. Usually, the influence

of specific humidity can be ignored when the ambient temperature is below 0.8C or

above 40.8°C for most gas turbine performance purposes.
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Figure 2.9 Specific humidity vs. pressure altitude with 100% relative humidity [20]

2.4 Viscosity

The viscosity of a fluid is a measure of its resistance to gradual deformation by shear
stress or tensile stress and is due to friction between neighbouring parcels of the fluid

that are moving at different velocities.

There exist two related measures of fluid viscosity, that is, dynamic (or absolute)

viscosity and kinematic viscosity.
The dynamic or absolute viscosity is defined in the Newton Law of Friction:
t=pdc/dy (2-18)

Where, 1, dc/dy respectively denote shearing stress and the rate of change of fluid

velocity along the y direction, and p is dynamic viscosity.

The kinematic viscosity is the dynamic viscosity p divided by the density of the fluid p,
that is,

v=w p (2-19)
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“Dynamic viscosity is a function of gas composition and static temperature” [20]. The
following Figure 2-10 illustrates the variations of dynamic viscosity with static

temperature respectively for dry air and combustion products.
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Figure 2-10 Dynamic viscosity versustemperaturefor pureair and kerosene

combustion products[20]

However, the influence of gas composition on the dynamic viscosity can be ignored in
practical applications [20] and the dynamic viscosity can be calculated through the

following formula.

TS 273+C
=), (N-s/m?)  (2-20) [22]
Where, TS denotes static temperature, K; and for air, py = 1.711 X 1075 (N - s/m?)

and C=122 K.

2.5 Gas Constant R

The gas constant appears extensively in formulae relating pressure and temperature
changes. The gas constant for an individual gasis the universal gas constant divided by
the molecular weight with the unit of J/(kg K). The value of the universal gas constant is
8314.3 J(moal K).
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In this project research, gas constant of dry air is applied. The reference [20] gives the
composition of dry air as Table 2-1. And molecular weights of these related constituents
listed in Table 2-1 can be found in Table 2-2.

Table 2-1 Composition of Dry Air [20]

Composition By moleor volume | By mass
% %
Nitrogen (N) 78.08 75.52
Oxygen (Oy) 20.95 23.14
Argon (Ar) 0.93 1.28
Carbon dioxide (CO,) | 0.03 0.05
Neon (Ne) 0.002 0.001

In atmosphere, there exist trace amounts of helium, methane, krypton, hydrogen, nitrous
oxide and xenon. However, for the purpose of this research, these constituents are

negligible.

Table 2-2 Molecular Weights of Constituents [20]

Nitrogen (N>) 28.013 Oxygen (0O,) 31.999
39.948 Carbon dioxide | 44.010
Argon (Ar)
(COy)
Neon (Ne) 20.183

Therefore, the molecular weight of dry air with those constituents listed in Table 2-1
can be achieved through the average of molecular weights of these constituents on the

molar basis. That is,

MWdl’y air = 28.013x 78.08% + 31.999x 20.95% + 39.948 x 0.93% + 44.010 x 0.03% + 20.183x 0.002%

= 28.9615
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Further, gas constant of dry air can be obtained as follows:

_ Riuivesas 83143

avar T MW, 28.9615

R = 287.05 J/(kgK)

dry air
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CHAPTER THREE AIRCRAFT PERFORMANCE
MODELLING

3.1 Aircraft Performance Modelling

This chapter mainly discusses modelling methods and modelling results for the turbofan
propelled aircraft (CUTFDAC), the propfan (open rotor) powered aircraft (CUPFDAC)
and the turboprop driven aircraft (CUTPDAC) respectively, with different aircraft
configurations (i.e., using or not using high lift devices, aswell asthe different positions
of high lift devices if used. These different configurations are denoted as ‘IC’- Initia
Climb, ‘CR’- Cruise and ‘AP - Approach respectively) for the different flight
applications.

Before the detailed introduction about aircraft performance models, it is worth pointing
out that due to the unavailability of BADA dataset at the early stage of the modelling
process, the drag characteristics of arcraft (CUTFDAC and CUPFDAC with the
‘Cruise’ configuration) were estimated based on the methods recommended by the
reference [23], and later related BADA data were available and applied to other
modelling cases, including CUTFDAC and CUPFDAC respectively with ‘Initial Climb’
and ‘Approach’ configurations as well as CUTPDAC with the above three
configurations—‘Initial Climb’, ‘Cruise’ and ‘ Approach’.



3.1.1 CUTFDAC (Cranfield University TurboFan-Driven AirCraft)

CUTFDAC (Cranfield University TurboFan-Driven AirCraft) used in this research
project is a hypothetical short- to medium-range, narrow-body, commercia passenger
jet airliner with typical payload (150 passengers) and range (about 6000 km). This
aircraft was built based on the Airbus A320-200 [24-25]. Figure 3-1 illustrates the
schematic drawing of CUTFDAC and Figure 3-2 shows the geometric measurements of
the A320-200 which constitute the foundation for CUTFDAC performance modelling.

Figure 3-1 CUTFDAC (Cranfield University TurboFan-Driven Air Craft)
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Take the cruise condition of A320-200 as the base to build up the aerodynamic model of
CUTFDAC, that is, flight atitude 11000 meters, flight Mach number 0.78 and ISA.
Further, from Chapter Two (atmosphere modelling), the following parameters can be
obtained:

Ambient temperature: T, = 216.65 K

Ambient pressure:

0. . = py(1-0.0065.1)5%5 —101325. (10,0065 —-202)52561 _ 20630 6Pa
T, 288.15

Ambient density: p, = Pawy ___22630.6 = 0.36390kg/m’
R-T,, 287.05x216.65

Speed of sound: a = /YRT,,, =v1.4x287.05x216.65 = 295.068 m/s
Dynamic viscosity:

1u=1.711><1o*5X(Tamb)l.s>< 273+122
273" T, +122
216'65)1.5 y 273+122
273 216.65+122

=1.4109x10"° (P, -9)

~1.711x 1075 x (

-5
Kinematic viscosity: v =" = 14109107 _ 3 8772410°° = 3.9x10°° m?/s
o 036390

a) Estimation of profile drag coefficient

1) Fuselage
Shape (form) factor F, =1+2.2/2,** = 0.9/, 23

Where, finessratio A, = JE 37.57 _3057 g5
T T 4 [23]

Where, I, ,A, are overdl length and cross-sectional area of fuselage respectively. And
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X

A :%- D?, D, isthe cross-sectional diameter of fuselage. The values of |, and D, can

be found from the above Figure 3-2.

Therefore, K =1+ 22 0.9 =1.07

9.511.5 - 9.513.0

Taking interference factor Q; =1.0 [23]

According to the above flight Mach number and the speed of sound at cruise point, the
true airspeed (TAS) of the aircraft is,

TAS=V_=a-M =295.068x 0.78 = 230.15= 230 m/s

Re number of fuselage, R, = Vo le 230x3757 5 9108

3.9x10°

o0

So, skin friction coefficient of fuselageC; ; can be calculated as follows:

- 0.455
~ (10gy R ) 2™ - (1+0.144- M )%

~ 0.455

" (logy, 2.22x108)%% . (1+ 0.144x 0.782)°%

=1.81x107°

Cf f

[23]
And further, the wetted area of fuselageS,, ; can be expressed as follows:

S = Swet nt Swet c T Swet 1t
= 43.8 + 269 + 100

=413 m?

wet ,f

Here, the entire fuselage is divided into 3 components, namely, nose part, constant

section part and tail cone part, whose wetted areas are accordingly denoted as S

wet,n 1

S

wet,c

and S, ;-

By the measurements to the drawing of A320-200 (see Figure 3-2), the lengths of these

three components can be calculated as follows:

L nose = 13.5mm(measured) x 0.349m/mm(scale) = 4.71m
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L ¢ = 62.3mm(measured) x 0.349m/mm(scale) = 21.7 m

L., =3757-471-21.7=112m

tail
Hence, the wetted areas of these three components of the fuselage can be estimated

through the following simplified equations [26].

Suenose = 0.75xTx Dy x L o, = 0.75x tx 3.95x 4.71= 43.8 m’
Spere = DL, = 1x3.95% 21.7 = 269 m?

Suet =0.72xx Dy x Ly =0.72x tx3.95x11.2 =100 m?

Finally, the contribution to aircraft profile drag coefficient from its fuselage can be

obtained as follows:

Ciy F- QS 1.81x10°x1.07x1.0x413

=6.49x107° (3-1)[23]
S 123.20

CDp,f =

Where, the wing planform area (Spw = 123.20 m?) is taken asS, .

2) Mainwing
~ 230x4.29

Renumber R, =————— = 2.53x10’
‘ 3.9x10 [23]

Skin friction coefficient

0.455

Crw= —246x107° [23
" (logy 2.53x107) 7 - (1+0.144x 0.787)°® [23]

Form (shape) factor F,, = (Fw —1)-cos’ Aggc,, +1 (23]

Where,
Fw =Fuw(t/Che,) =1+33x(t/C,,, ) —0.008x (t/c,,., )" + 27.0x (t/c
=1+ 3.3x10.8% — 0.008 x (10.8%)* + 27.0x (10.8%)°
=1.39 (23]

3
ave,w ave,w ave,w )

t/c is wing average thickness/chord ratio, and its value of 10.8% comes from

ave,w

reference [27].

Agyscw 1S the wing sweepback angle at 50% chord, which equals 20.5° measured from
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the A320-200 drawing (see Figure 3-2).
So, the form factor F,, = (1.39—1) x cos” 20.5° +1=1.34

Consider A320-200 to be of well filleted low/mid wings, hence,

Interference factor Q,, =1'O. (23]

Main wing wetted area S,,,, = S-[1.977+0.52- (t/c,,, )] [28]
Where, the calculation of areaSis asfollows:

Figure 3-3 gives the measured values of main dimensions of the main wing. From this

measurement, the following cal culations can be implemented.

_ (11x 0.349+17.5x 0.349) x (12 0.349)

s =20.8(m?)
2
g, - (4x0349+11x 0.3249) x(305x0349) _ g oy

S0, S, =S, +S, = 20.8+ 27.9 = 48.7 (m?)

And with the further consideration about the wing dihedral angle with the value of
4.92° measured from the aircraft configuration drawing (see the Figure 3-2), the
following area can be cal cul ated,

_ S, _ 487
c0s4.92° c0s4.92°

So, S=S,, x2=489x 2= 97.8(m?)

S, = 48.9m?

Hence,

Suw =S[1.977+0.52- (t/CaNe’W )]
=97.8x (1.977 + 0.52x10.8%)
=199 (m?)
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Figure 3-3 Main dimension measurements of main wing

Therefore, the contribution to the profile drag coefficient from main wing can be

obtained as follows:

CiwFy Qu Suew 246x107°x1.34x1.0x199

=5.32x10"° (3-2)
S 123.2

CDP,W =

3) Vertical tailplane (VTP)

Since the horizonta tailplane (HTP) is treated separately with different reference area
from the wing planform area used by other components in APM (aircraft performance
model), the discussion about its profile drag coefficient will, therefore, appear later in

this section, for the purpose of convenience.

The following Figure 3-4 shows the measurements of VTP from the aircraft drawing

(also see Figure 3-2).

According to the measured tip chord C, from A320-200 drawing (also see Figure 3-2)
and the taper ratio (TR) of VTP provided by the reference [25] (see Figure 3-2), the

value of root chord C, of VTP can be obtained as follows:
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Ct’VTp . 52X 0349

Cr,VTP

TR, = 0.303=

r,vTpP

Hence, C, yrp = % — 5.99 (M)

o.2mm
£
&
VTP s
15.5mm
! t
/ f
Fuselage / ;
A I

Figure 3-4 VTP measurements

And further, the Mean Aerodynamic Chord (MAC) of VTPIs:

2
MAC, s = C, yro XEX 1+ TR + TRy
’ 3 1+ TR+

2
_599x 2 y 1+ 0.303+ 0.303
3 1+ 0.303

=4.27 (m)

So, Renumber R, = 2= MACvre _ 230)(4‘?57 = 2.52x10
| v 3.9x10

0

Further, the skin friction coefficient of VTP,

.- 0.455
T (1090 Reyre)* x (1+0.144-M2)°°

_ 0.455
(I 0g, 2.52x% 107 ) 258 « (1+ 0.144 x 0782 ) 0.65

=2.46x1073
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Assume the average thickness/chord (t/c),.of VTP is the same as that of HTP, that is,

(t/¢) ... =8%, then factor F,, can be calcul ated as follows:
R =1+3.52-(t/c),, =1+3.52x8%=1.2816=1.28

Combined with the measured sweepback angle at 50% chord, namely, A .. =30,
Form factor,
Fore = (Fyrp —1) - cOs* 30" +1

= (1.28-1)xcos?30° +1

And taking VTPinterference factor Q,;, =1.2 (23]

According to the measurement results from VTP (see Figure 3-4), wetted area of VTP
can be calculated as follows:

_ (5.2x0.349+15.5x 0.349) x (16.8x 0.349)
2

S

=21.2(m?%)
So, the VTP wetted area

Syavre = 21.2x (1977+0.52x 8%) = 42.8 (M?)

Therefore, the contribution to profile drag coefficient from vertical tailplaneis:

(Cf,VTP ’ FVTP 'QVTP) : Swet,VTP

CDP,VTP = S
ref

B 2.46x103x1.21x1.2x42.8
123.20
=1.24x10"

(3-3) [23]

4) Nacelle
According to Figure 3-2, the length of nacelleis 4.44m. So, Re number of nacelleis,

~ 230x4.44

"= 29.10° - 2.62x10’
I X
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Then, the skin friction coefficient of nacelleis,

. 0.455
" (10gye Ry )™ x (1+0.144x M2 ) 0%

_ 0.455
(IOglO 2.62x 107)2-58 > (1+ 0.144 x 0.782)0.65

=245x107

[23]

Take the form and interference factor [FQ],, =1.25 (23]

Approximately regard the whole propulsion system including nacelle and engine as a

cylinder, so the wetted area of two nacellesis,
Swen = (@-D-L,)x2=mx(6x0.349) x (10.5x 0.349) x 2 = 48.2 (m?)
Therefore, the contribution to profile drag coefficient from two propulsion systemsis,

c (G [FQl) Suan _ 245x107° x1.25x48.2
o Su 123.20

=1.20x107°  (3-4)[23]

5) Horizontal tailplane (HTP)

The following Figure 3-5 illustrates the measurements of HTP with the same scale of

0.349m/mm as other measurements mentioned previously.
From thisfigure, the planform area of HTP can be determined as follows,

(3x0.349+10x 0.349) x (16 x 0.349)
2

SpIanform HTP —

=12.7 (m?)

And because the dihedral of HTP is 6° (measured), by this consideration, the area

S, e CaN be obtained,

S _ SpIanform,HTP _ 127

- =12.8(m?
ecLHTP Cos6° cos6° (m*)



Figure 3-5 HTP measurements

Because the average thickness/chord ratio of HTP(t/C) . rp = 8%, therefore, the total

wetted area of HTP can be calcul ated as follows,

Swerte = [Sactprp X (L.977 +0.52- (1/C) e 17 )] X 2
=[12.8x (1.977 + 0.52x 8%)] x 2 [28]
=517 (m?)

And next, the skin friction coefficient of HTP will be determined. Before this, Mean
Aerodynamic Chord (MAC) and Reynolds number of HTP have to be calculated first.

2x(Cpyrp = Cirp) X (0.5% C, o + Cy yyrp)

3x(C, +C,)
2x(4.02-1.03) x (0.5x 4.02+1.03)
3x(4.02+1.03)

MAC, o =C, e —

=4.02-

=2.82(m)

Reynolds number of HTP R, = Vo MACm _230x282 _, g6 1y

v 3.9x10°

00
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Skin friction coefficient of HPT,

c 0.455
(1093 Roprp) % x (140144 M )"
~ 0.455
"~ (10g,,1.66x107)%% x (1+ 0.144x 0.78)°%

_ -3

Factor F;;p =1+ 3.52- (t/C),rp =1+ 3.52x8%=1.28 [23], and by measurement, the
sweepback angle at 50% chord of HTPA g rp = 23.57, so the form factor of HTP can

be calcul ated as follows,
Fire = (Farp —1) - €0S" Agge prp +1=(L28-1) xcos’ 235" +1=1.24 [23]
Take interference factor Q. =1.2° [23]

Based on Reference [25], take the vaue of planform area of HTP, naméely,
Syantormpte = 31.5(m*) . And use this area as the reference area to calculate the profile

(parasite) drag coefficient of HTPR,

(Cf HTP * FHTP : QHTP) : Swet,HTP _ 263)( 10_3 x1.24x1.2 x 51.7
Splanform JHTP 315

CDP,HTP -

=6.42x10°
(3-5)
6) Drag of secondary items

As mentioned in the reference [23], the drag of secondary items may be as high as
10% of the profile drag. Therefore, the extra drag resulted from excrescence, surface
imperfections and system instalations is also taken into account in this research in
order to provide as better a modelling accuracy as possible through the following

caculations.

Updated wing profile drag coefficient,
C’DP’W = (1+6%)-Cpp,, =1.06x5.32x 10° =5.64x10° (3-6) [23]
Updated fusel age profile drag coefficient,

Cpps = (1+ 7%+ 2.5%)- Cpp; = (1+9.5%)x6.49x10° = 7.11x10°  (3-7) [23]
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Updated nacelle profile drag coefficient,
CIDP,n = (1+15%)- Cpp, =1.15x1.20x 10° =1.38x10"°  (3-8)[23]
The contribution to profile drag coefficient from system installation,

CDP,wstem =3%x (CDP,f + CDP,W + CDP,HTP + CDP,VTP + CDP,n)

=3%x (6.49x107° +5.32x10°° +1.64x107° +1.24x10 % +1.20x10°®)

=4.77x10™"
(3-9) [23]
Where, C'['DP,HTPiS calculated based on the main wing planform areasS,, o v @ follows:
C"DP,HTP _ (Cf,HTP ' FHSTP *Qure) - Syet e _ 2.63x10°° j—;‘fg’)(l'zx oL7 =1.64x10°°

planform,w
[23]
The contribution from trim drag consideration,

Conain X 3150=Cop i x12320=5x10* x12320

5x107* x123.20
31.50

Hence, Cpp yim = =196x10"°  (3-10)

Where, the calculation of C, ;.. is based on the HTP planform area.

7) Wavedrag

Because the maximum cruise Mach number of CUTFDAC can reach 0.82, therefore
the additional wave drag due to compressibility was also taken into account in this
research. According to the reference [23], the values of this additional drag coefficient
“lie between 5 and 20 drag counts’ (1 count = 1x10). In this study, the value was
assumed to be 14 counts, i.e.,

Cowae=14x10"=1.4x10"° (3-11)
In addition, from the reference [23], aircraft drag coefficient consists of three items,
that is, profile drag coefficient Cpp, lift induced drag coefficient Cp; and wave drag

Cpb wave- Since Cp wave IS Of relatively small magnitude and keeps as a constant, therefore
in this research it was merged into the item of profile drag coefficient as shown in the
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following formula (3-12), for the purpose of convenience.

Finally, according to the above estimation results, the profile drag coefficients for both
major construction (including fuselage, main wing, VTP and nacelle) and HTP

respectively can, therefore, be summarised as follows:

CDP,mc = Z CDP,component (except HTP)
= (CIDP,f + CIDP,W + CDP,VTP + CIDP,n +C

DP,system + CD,wave)

=7.11x102 +5.64x10% +1.24x102 +1.38x10°% + 4.77x10™* +1.4x10°3
=1.72x1072

(3-12)
Coppre = 6.42x107° +1.96x10° =8.38x10° (Based on HTP planform area)
(3-13)
b) Determination of lift coefficient at zero angle of attack Cyp, 4—¢
In light of the estimation method provided in the reference [29], under the condition of
cruise M=0.78 (the geometric properties of main wing required including aspect ratio
AR and sweepback angle at 50% chord can be obtained from the previous section), the

value of C, ,-( can be calculated as follows:

1) Determinethelift slope a,,i,gWith the considerations of actual 3-D flow over main
wing due to the finite wing span and compressibility correction resulted from high

subsonic flight.

ag-cos A 05c

awing - A 2 A
2m-COS 2m-COS
1-M2,-COS2 A 0.5C+l T O.SCl ; T 0.5C

[29]

AR AR

2TtXC0520.5°

Awing = >
_ 2 2 o |2TXC0S20.5 | 2TtXC0520.5
\}1 0.784xc0s420.5 +[ P T —rys

Hence, aying = 6.4613 rad™" = 6.46rad™"

2) Determine the zero-lift angle of attack oy —

According to the reference [29], there is no difference between airfoil and actua finite

wing in terms of the zero-lift angle of attack o; —, (see Figure 3-6). Therefore, the oy -
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of the main wing can be found from its airfoil data. Unfortunately, it is also not easy to
get the information about airfoil which was used by aircraft manufacturers. Reference
[29] points out that the values of the zero-lift angle of attack o;_, for arfoils with
positive camber are “usually on the order of -2 or -3°”. Based on this, -2° is assumed

for the zero-lift angle of attack of the main wing of CUTFDAC in this research work,

I.e.
Up=0 = -2
G
Infinite |
wing '
dapy
/T Oy = 0 = O
|
|
I
|
| ¢,
I Finite
| elliptic
[ ving
!
| a
|
9
= o

Figure 3-6 Zero-lift angle of attack for 2D airfoil and 3D wing [29]

3) Determine the variation of lift coefficient C. with angle of attack a

CL = C1.(0) = tuing * (X = Qo) = 6.46 X (a = (=2 X 7)) [29]

CL=646-a+0225 (3-14)

The lift characteristics of CUTFDAC with the ‘Cruise’ configuration which is
expressed in the above formula (3-14) can also be illustrated in the following Figure 3-
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Figure 3-7 Lift characteristicsof CUTFDAC

4) Determinethe lift coefficient at zero angle of attack Cy, =g

From the above equation (3-14), it can be found that when the angle of attack equals

zero, i.e., a = 0, thevalue of lift coefficient, namely,

CLoeo = 0.225

c) Determinethelift coefficient at the minimum drag coefficient Cp, inp

From the reference [30], it has been known that for the cambered airfoil the minimum
drag coefficient Cypninoccurs at non-zero lift coefficient. Therefore, in order to
determine the drag characteristics, caled drag polar, of the whole aircraft except HTP
in this case, the lift coefficient value at the minimum drag coefficient Cy, 1,i,p 1S needed
to be determined first. At present, a treatment to this issue is to assume that Cy, inp
equals Cp, o= (i.€., zero-AOA lift coefficient). However, the reference [30] points out
that “the value of Cp, ninp IS determined by plotting the drag polar for the wing using
actual airfoil data. If actual airfoil data is not available, as a crude approximation,

assume that the airfoil generates minimum drag when it is a zero angle of attack, and
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that the effect of induced drag isto move Cy, i,i,p t0 avalue halfway between zero and
the value of C;, when a = 0.” Further, the reference [30] aso points out that “this
value of Cy, inp IS then used for the entire aircraft. Thisis done because it is assumed
that the aircraft designer will design the fuselage, strakes, etc., so that they also have
their minimum drag at the angle of attack that puts the wing at its Cy, yinp.”

Therefore, according to the above statement, for the 2D airfoil, it can be assumed that

Cimind = Ci=0, but for the actual 3D finite wing, it will be preferred to assume

CL,0(=0
2 )

CLminD = and this assumption can be applied to the entire aircraft.

So, for this case,

CrLoa=o _ 0225

. 2 =011 (315

CL,minD =

And correspondingly, the angle of attack for this Cy, ,inp Can be determined from the
equation (3-14) asfollows:

0.11 = 6.46 x a' + 0.225

, _ 0.11-0.225 180’

S0, a = —0.018 (rad) = —0.018 x — = —1.03".
6.46 T

d) Determine Oswald's efficiency factors for main wing and HTP

By measurement, the sweepback angle at wing leading edge A |, = 28°,

So, Oswald’s efficiency factor of wing e, ,can be calculated as follows:
eow = 1.78 x (1 — 0.045 x AR%®) — 0.64

= 1.78 x (1 — 0.045 x 9.39%68) — 0.64
= 0.773 (3-16) [30]

As for the HTP, by measurement, the sweepback angle at HTP leading edge
A pyrp 32°, so, Oswald's efficiency factor of HTP e, yrp Can be obtained as

follows:

eonrp = 4.61 X (1 — 0.045 X AR}SY) X (cos A )015 31

LE HTP
=461 X (1 —0.045 % 5'00.68) x (C0532°)0'15 —31
=0.793 (3-17) [30]
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€) Drag characteristics (drag polar) of aircraft (except Horizontal Tailplane (HTP))

Now, based on the above calculations about Cp i, and Cp, nminp @ well as the drag
polar expression for the aircraft with cambered wing, the following equation of drag

polar of the aircraft in this case study can be written as follows:

Cp = CD,parasite + Cp;
1

2
m' (C. — CLminp)

2
= CD,min + K- (CL - CL,minD) = CD,min +

1
— _ 2
=0.0172 + X939 %0773 X (C,—0.11)

=0.0172 + 0.0439 X (C, — 0.11)?  (3-18)

The drag characteristics described by the above formula (3-18) can be also illustrated in
the following Figure 3-8.

Drag Polar of a/c-t
(Cruise configuration)

-§----t-----1
e
1
1
1
1
1
1
1
1
1

¥ >
6 0.08 0.1 0.12 0.14

Figure 3-8 Drag polar of CUTFDAC (a/c-t) - ‘Cruise’ configuration
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f) Drag characteristics (drag polar) of aircraft HTP (Horizontal Tailplane)

.CE

T ARyrp - €nrp

Cpo,utp +

Cpo,utp + Cpiute =

CD,HTP

x C£ =0.00838 + 0.0814 x C?

x 0.793

.50

12.462
1

3

0.00838 +
T X

(3-19)

Figure 3-9 shows the drag polar of HTP expressed by the formula (3-19).

Drag polar of HTP
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Figure 3-9 Drag polar of CUTFDAC (HTP)

CUTFDAC with the ‘ Cruise’ configuration can be summarised in the following Table 3-
53

Based on the above measurements, calculations and analysis, the performance model of
1.



Table3-1 CUTFDAC aircraft model (‘Cruise’ configuration)

Parameters Units Values
Engine section
X-position m 4.14
Z-position m 1.43
Tilt rad 0.0314
Number of engines - 2
Horizontal Tailplane
Span m 12.46
Wing area m’ 31.50
Oswald coefficient - 0.793
Min. drag coefficient - 0.00838
X-position m -16.96
Z-position m -1.40
Aircraft section (excluding HTP)
Span m 34.0
Mean aerodynamic chord m 4.29
Wing area m’ 123.2
Oswald coefficient - 0.773
Min. drag coefficient - 0.0172
Min.-drag lift coefficient - 0.11
X-position m -0.43
Z-position m 0.17
Wing sweep angle (0.5chord) | rad 0.3578
Wing setting angle rad 0.045

Preliminary evaluation of CUTFDAC aircraft model (‘ Cruise’ configuration).

Profile drag coefficient (or zero-lift drag coefficient) of the entire aircraft under ‘ Cruise’
configuration:



By the above calculations,

(Cf,eq X SW)HTP

CDP,HTP = S
p,HTP

That is, ‘drag area’,
(Ceq X SW)HTP = Cppurp X Spurp = 0.00838 x 31.50 = 0.264

So the “equivalent’ profile drag coefficient of HTP based on the planform area of main
wing instead of HTPitself is:

o (Creq X Sw)ypp _ 0.264
DP.HTP ™ Spwing T 12322

= 0.0021

So, the profile drag coefficient of the entire aircraft based on the planform area of main

wing with ‘Cruise’ configuration is:

Cppajc = Cppajet + Chpyre = 0.0172 + 0.0021 = 0.0193

Compared with the following Table 3-2 (for high-subsonic jet aircraft, the profile drag

coefficient varies from 0.014 to 0.020), the value of Cpp 5/ falsinto this range.

Table 3-2 Typical drag valuesfor various air craft types[31]

Cpo e
High-subsonic jet aircraft .014 - .020 75-.85
Large turbo-propeller aircraft .018-.024 .80-.85
Twin-engine piston aircraft .022 - .028 .75-.80
Small single-engine Retractable gear .020 - .030 .75-.80
aircraft Fixed gear .025 - .040 65-.75
| Spray system 060 65-.75
Agriculturd removed
aircrait Spray system 070 - .080 65-.75
installed

The following Table 3-3 shows the calculation results of CUTFDAC with the above
aircraft model at a typical cruise condition (flight altitude: 10668 m, flight Mach
number: 0.78, ISA, initial aircraft mass: 75000 kg, ‘ Cruise’ configuration):
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Table 3-3 Cruise performance of CUTFDAC

EIE&EHEE_QEH?EE Initial Auverage Final
.;;;;;;;";i;"_r & 228612 . 088068 258294 . A88888 271976 . BBaBRA
1:gn‘l:itiu:uu <Y 5 A.aaaaaa A . anpaaa A . 28pasa
(?iitude =L & 18668 . BRBEEA 18668 . BAEBAA 18668 . BBBEEA
%zia airzpeed - 231 439791 231 .439794 231439797

{m g

fquivalent aivspeed H 129 .171586 129.171588 129171589
{msgd
talibrated aivspeed £ 126951484 126 .951486 126951488

ach no. : a.7oa8ea 8. 7iaaaa 8. 7aaaaa
round speed : 231439791 231 .437794 231.43%97137
atcgal speed = a.8aasaa A . a8aaaa 8. aaaaaa

art%nal zspeed (descent) @ A. 800800 B.apRrasa 8. 0800868
mss

lig?t path angle 5 B.sapans B . BRDaeh RS ETEERTEIE ]
Crad
sading angle = B . BAEREA B.8eaaaa #. 8886088
Crad?

EGHMENT

ime interval H 187.798939 £a)
itch angle H B.838421 Crad)
ank angle H B.8Raaaa Crad?

[FORCES

Theust x 37536 .1B6673 CHXY
[Thrust per Engine H 18768 .853347 CHD
e dght % PI5750. A0REEE {H>

PH seconds 484 milliseconds

From the above calculation results, the aircraft lift to drag ratio at this typical cruise
condition is:

L W _ 735750

D= T 375361 00V

According to the reference [23], “Modern airliners using super-critical wing technology

have values around 18 to 22" in terms of the lift to drag ratio (L/D) in the cruise phase.

Therefore, no matter whether from the point of view of aircraft profile drag coefficient
or from the cruise lift to drag ratio, the aircraft model built for CUTFDAC with ‘ Cruise

configuration is satisfactory and reasonable.
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Aircraft model of CUTFDAC with ‘Initial Climb’ configuration

Due to the complexity of high-lift device, this research modelled aircraft under high-lift
device deployment by adopting BADA data properly.

For the ‘Initial Climb’ configuration of A320-200, the estimated value of the profile
drag coefficient (or zero-lift drag coefficient) of the entire aircraft given by BADA
dataset is 0.023, that is, Cpp 5/ = 0.023 [32].

Due to the difference of the BADA database from this project research in terms of the
aircraft modelling method, the above value cannot be used directly but is helpful to

determine the needed value of Cppin,a/c—¢ asfollows:

According to the definition of aircraft profile drag coefficient,

_ Z?:l(cfc,eq'sw)i _ Z?=_11(Cfc,eq'Sw)i+(cfc,eq'sw)tai1 (Cfc,eq'sw)tail

CDP,a/c = S Spow = CDmin,a/c—t + Spow
On the other hand,
(C ce 'Sw) ai
Cppute = %, and 0, (Creeq * Sw)tail = Cpp e * Spit
So, combined with the above two equations,
(Cteeq X Sw)tail Cpp,uTP X Spt
CDmin,a/c—t = CDP,a/c - S = CDP,a/c - S—
Pw Pw
0023 0.00838 x 31.50 0.0209 3 — 20
- 123.2 - ( )

So, with this configuration, the drag polar of aircraft (excluding HTP) can be expressed
as the following formula (3-21) and Figure 3-10.

Cpaje_t = 0.0209 + 0.0439 x (C, — 0.11)*>  (3-21)
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Drag polar of a/c-t (Initial Climb)

Figure 3-10 Drag polar of CUTFDAC (a/c-HTP) - ‘Initial Climb’ configuration

Further, the aircraft model of CUTFDAC under the ‘Initial Climb’ configuration can be
expressed as the following Table 3-4.
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Table 3-4 CUTFDAC aircraft model (‘Initial Climb’ configuration)

Parameters Units Values
Engine section
X-position m 4.14
Z-position m 1.43
Tilt rad 0.0314
Number of engines - 2
Horizontal Tailplane
Span m 12.46
Wing area m* 31.50
Oswald coefficient - 0.793
Min. drag coefficient - 0.00838
X-position m -16.96
Z-position m -1.40
Aircraft section (excluding HTP)
Span m 34.0
Mean aerodynamic chord m 4.29
Wing area m’ 123.2
Oswald coefficient - 0.773
Min. drag coefficient - 0.0209
Min.-drag lift coefficient - 0.11
X-position m -0.43
Z-position m 0.17
Wing sweep angle (0.5chord) rad 0.3578
Wing setting angle rad 0.045
High-lift devices
Parameters | Unit StageO |1 2 3 4 5
dC, - 00.0000 | 0.1500 | 00.300 | 00.4500 | 00.6000 | 00.7500
Clmax - 01.6060 | 1.7560 | 01.906 | 02.0560 | 02.2000 | 02.3500

(Note: the information of high-lift devices in Table 3-4 above is from the reference
[33].)
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Aircraft model of CUTFDAC with * Approach’ configuration

Similar to the ‘Initial Climb’ case, the aircraft modelling of CUTFDAC under the
‘Approach’ configuration was also achieved based on the model under the ‘Cruise
configuration as a baseline and modified by means of the BADA dataset, as follows:

According to the BADA dataset, the profile drag coefficient (or zero-lift drag
coefficient) of the entire aircraft A320-200 under the * Approach’ configuration equals to
0.038, that is, Cpp,a/c = 0.038 [32].

o, CDmin,a/c—t = CDP,a/c - % = 0.038 — % = 0.0359 (3-22)

So, with this configuration, the drag polar of aircraft (excluding HTP) can be expressed
asthe following formula (3-23) and Figure 3-11.

Cpaje_t = 0.0359 +0.0439 x (C, — 0.11)>  (3-23)

Drag polar of a/c-t
(Approach configur ation)
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Figure 3-11 Drag polar of CUTFDAC (a/c-HTP) - *Approach’ configuration

Further, the aircraft model of CUTFDAC under the ‘Approach’ configuration can be
expressed as the following Table 3-5.
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Table 3-5 Aircraft model of CUTFDAC (Approach configuration)

Parameters Units Values
Engine section
X-position m 4.14
Z-position m 1.43
Tilt rad 0.0314
Number of engines - 2
Horizontal Tailplane
Span m 12.46
Wing area m* 31.50
Oswald coefficient - 0.793
Min. drag coefficient - 0.00838
X-position m -16.96
Z-position m -1.40
Aircraft section (excluding HTP)
Span m 34.0
Mean aerodynamic chord m 4.29
Wing area m’ 123.2
Oswald coefficient - 0.773
Min. drag coefficient - 0.0359
Min.-drag lift coefficient - 0.11
X-position m -0.43
Z-position m 0.17
Wing sweep angle (0.5chord) rad 0.3578
Wing setting angle rad 0.045
High-lift devices
Parameters | Unit StageO |1 2 3 4 5
dC, - 00.0000 | 0.1500 | 00.300 | 00.4500 | 00.6000 | 00.7500
Clmax - 01.6060 | 1.7560 | 01.906 | 02.0560 | 02.2000 | 02.3500

(Note: the information of high-lift devicesin Table 3-5 above is from the reference

[33].)
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3.1.2 CUPFDAC (Cranfield University PropFan-Driven Air Craft)

CUPFDAC (Cranfield University PropFan-Driven AirCraft) used in this research
project is a hypothetical twin-engine, short- to medium-range, single-aisle commercial
jet aircraft. Its typical seating ranges from 153 to 172 passengers and the corresponding
flight range is nearly 4000 km. This aircraft was built based on the McDonnell Douglas
MD90-30 [24-25] but powered by two new-generation propfan (open rotor) engines
instead of the original turbofan engines. Figure 3-12 illustrates the schematic drawing of
CUPFDAC and Figure 3-13 shows the geometric measurements of MD90-30 which
constitute the foundation for CUPFDAC performance modelling.

Figure 3-12 CUPFDAC (Cranfield University Propfan-Driven Air Craft)
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Lift characteristics of CUPFDAC

The lift slope for CUPFDAC with swept wing in a compressible flow with the subsonic

cruise Mach number is:;

27xcos 19°

= 6.46rad™! [29]

Acomp = \/

2
1-0.762xc0s219°+[(2mxcos 19°)/(x32.872/112.30)]*+(2mxcos 19“)/(1132'87 )

112.30

Similar to CUTFDAC, sdlect o -, = —2°, so thelift curve of CTPFDAC is:
T

— -1 _(_"°
Cp = 6.46rad ™! x (o — (=2) X —

) = 6.46a + 0.225 (3-24) [29]
S0, Cpgeo = 0.225

The lift curve of CUPFDAC expressed in the equation (3-24) is shown in the following
Figure 3-14.

Lift-coefficient Curve

=== —m———————- F-————————=g- e T S S s s
2u . 0 i

Figure 3-14 Thelift characteristics of CUPFDAC

Drag characteristics of CUPFDAC

1) Profile-drag coefficient estimation of CUPFDAC



Table 3-6 Reference flight condition of profile drag coefficient estimation

Flight altitude 1.08x10* m
Flight Mach number 0.76
Atmosphere condition ISA

Air density 0.374 kg/m®
Dynamic viscosity 1.42x10™ N-s/m’
Aircraft configuration Clean (cruise)

Table 3-7 Main dimensions of CUPFDAC

Fuselage overall length 43.0m
Diameter of fuselage 3.61m
Length of nose section of fuselage 5.03m
Length of tail section of fuselage 10.7m
MAC of main wing 4.08 m
Average t/c of main wing 11%

Ay .5c0f mainwing 19°
Span of main wing 32.87m
Areaof main wing 112.30 m*
Taper ratio of VTP 0.770
Tip chord of VTP 4.28m
Mg scof VTP 41°

Tip chord of HTP 1.07m
Root chord of HTP 3.57m
A scof HTP 26.9°
Areaof HTP 28.4m°
Nacelle overall length 575m
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Table 3-8 Main calculation equations [23]

Reynolds number: R, = %L here, L- characteristic length of investigated component

0.455
(log10 Re)?58(1+0.144M2)0-65

Prandtl-Schlichting formula: C; =

2.2 0.9 . H
Form F=1+ 15 T 350 here A1- Finessratio (for fuselage)

(shape) | F = (F*—1)cos?Agsc+ 1, here, F* =1+

fctor: | 5 5 (£) - 0.008 (E)2 +27.0 (5)3 (for main wing)

Profile drag coefficient: Cpp = _Cststet
ref

a) Fuselage
Taking the overall length of fuselage as the characteristic length, that is, L=43.0 meter.

~0.374 X225 X 43.0

= 2.55x 108
Re 1.42 x 105 2.55x10

0.455
Ce =
£ (log1(2.55 X 108))258 X (1 + 0.144 X 0.762)065

=1.78x 1073

2.2 0.9
11.9115 11,9130

= 1.05

Form (shape) factor F = 1 +

Interference factor Q=1.0

Calculation of wetted area Sye fusdage:

Swnose = 0.75 X T X 3.61 X 5.03 = 42.8 (m?)

Swiail = 0.72 X T X 3.61 x 10.7 = 87.4 (m?)

Asin Table 3-7, the length of constant diameter section of the fuselageis:
Legs = 43.0 — 5.03 — 10.7 = 27.3 (m)

(Note: here, cds — constant diameter section)

Sweds = T X 3.61 X 27.3 = 310 (m?)

Therefore, Sy, fuselage = 42-8 + 310 + 87.4 = 440 (m?)
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Then, the contribution to aircraft profile drag coefficient from fuselageis.

1.78X1073x1.05X1.0X440
112.3

CDP,f = = 732 X 10_3 (3'25)

b) Manwing

Taking the Mean Aerodynamic Chord (MAC) of main wing as characteristic length, that
is, L=4.08 m.

__ 0.374x225x4.08

S = 2,42 X107

Re

0.455

Cr = =248 x 1073
f = Ulog1o(2.42 x 107))258 x (1 + 0.144 x 0.762)065

Form (shape) factor:

F*=1+4+3.3x0.11—-0.008 x 0.112 + 27.0 X 0.113 = 1.40
F=(140—-1) x cos?19"+1 =136

Interference factor Q=1.0

Calculation of wetted area Syet, wing:

(12mm + 17mm) X O'E’nSerm
Sp panel1 = > X (9.4mm X

= 17.4 m?

0.357m>

Here, Ss—planform area; the figures with the unit of ‘mm’ were measured from the 3-
view schematic of aircraft and ‘0.357m/mm’ is the plotting scale.

(3.5mm + 12mm) X 0.357m/mm 0.357m

SP,panelz = ) X <3me X

) = 31.6 m?
Spsingle wing = 17.4 + 31.6 = 49 (m?)

Ssingle wing = s = 49 (m?)

Swsingle wing = 49 X (1.977 + 0.52 X 0.11) = 99.7 (m?)

Therefore, the total wetted area of main wing is:

Swmain wing = 99.7 X 2 = 199 (m?)
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Then, the contribution to aircraft profile drag coefficient from main wing is:

-3
CDP,W — 2.48X107°X1.36X1.0X199 — 598 x 10_3 (3-26)

112.30

c) Vertical Tailplane (VTP)

4.28

Mean Aerodynamic Chord (MAC) is:

VA _ g op 2X(556—428) x (05 X556 +4.28)
e 3% (556 + 4.28) = 495 (m)

Taking this MAC as the characteristic length, that is L=4.95m

~ 0.374 x 225 X 4.95

= =2.93 x 107
¢ 1.42 x 1075

0.455

Cr= —=241%x1073
F = Tlog10(2.93 x 107)]255 x (1 + 0.144 x 0.762)065

Usualy, (t/c) for aircraft tail ranges from 8% to 10%, so, assume the average (t/

Cvrp = 9%.

F*=1+43.52x%x0.09 =1.32
F=(132-1) xcos?41" + 1 =1.18
Interference factor Q=1.2

Calculation of wetted area:

(12mm + 12.5mm) x 0.357 —

m mN 2
S, = > x (11.5mm x 0.357mm) = 18 (m?)

m

(12.5mm X 0.357 —=) x (2mm X 0.357
_ mm MM’ _ 1 59 (m?)

S, =
2 2

S =18 + 1.59 = 19.59 (m?)
Swyre = 19.59 X (1.977 4 0.52 x 0.09) = 39.6 (m?)

Therefore, the contribution to aircraft profile drag coefficient from VTPIs:
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2.41x1073x1.18X1.2X39.6
112.30

CDP,VTP = S 120 X 10_3 (3'27)

d) Horizontal Tailplane (HTP)

m
Tip chord = 3mm X 0.357 —— = 1.07m
mm

Root chord = 3.57m

1.07

Taper ratio = 357 0.3
MAC = 3.57 2 1+0.3+0.32 254

=357 X=X = 2.

377 1+03 (m)
0.374 x 225 x 2.54 151 % 107
= = 1. X
€ 1.42 x 1075
0.455

Ce= =2.67x1073

[log1o(1.51 X 107)]258 x (1 + 0.144 x 0.762)0-65
Assume average (t/c) = 8%, then,
F*=1+43.52x%x0.08 =1.28
F=(1.28—1) X cos?26.9"+ 1 =1.22
Take Interference Factor Q=1.2

Calculation of wetted area:

1.07 + 3.43 m ,
Ssingle tail =~ X (17.0mm x 0.357ﬁ) = 13.7 (m?)

Swisingle tail = 13.7 X (1.977 + 0.52 x 0.08) = 27.7 (m?)
SW,HTP =2X27.7=554 (mz)

Therefore, the profile drag coefficient, based on the planform area of HTP, is:

2.67X1073x1.22X1.2X55.4
28.4

=7.63%x1073 (3-28)

Cpputp =
e) Nacele
Take nacelle overall length as the characteristic length, that is, L=5.75m

_ 0.374 x 225 X 5.75
e 1.42 x 105

=3.41 x 107
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0.455
Ce=
7 [logy(3.41 X 107)]258 x (1 + 0.144 x 0.762)0-65

=236x%x1073

Combined correction factor FQ = 1.25 X (1 + 20%) = 1.50

Calculation of wetted area:

m m 2
Swa =1 x (5.8mm x 0.3575) x (9.5mm x 0.357ﬁ) = 22.1 (m?)

m
1 X 0.357 —= X (3mm + 5.8mm) m
— mm — 2
Swz = - x (6mm x 0.357mm) = 10.6 (m?)

Swsg = 22.1+4 10.6 = 32.7 (m?), here, SE-single engine
Swiotal = 2 X 32.7 = 65.4 (m?)

Therefore, the contribution to aircraft profile drag coefficient from nacelleis:

-3
CDP,N — 2.36X107°X1.50x65.4 — 206 % 10_3, here N-nacelle (3_29)

112.30

f) Contributionsto aircraft profile drag coefficient from secondary items:
Chpw = 6% X 5.98 x 1073 =3.59 x 10™*  (3-30)

Chpre = 7% X 7.32% 1073 =512 x 107*  (3-31)
Chpeins = 15% X 2.06 X 1073 = 3.09 x 10™*  (3-32)
Chp.cockpit = 2-5% X 7.32 X 1073 = 1.83 x 10~* (3-33)

Chp,system = 3% X (7.32x 1072 +5.98 x 1073 + 1.93 x 107% + 1.20 x 107 +
2.06 x 1073) = 5.55 x 10~* (3-34)
C],)P,trim =5X 10_4

5x1074x112.30
28.4

Cop trim = =1.98 x 10~3 (3-35)

Finally, the results are as follows:

Cppaje_t = 7-32 X 1073 +5.98 x 1073 + 2.06 x 1073 + 1.20 x 1073 + 3.59 X
107* +5.12 X 10™* + 3.09 X 10™* + 1.83 x 10~* + 5.55 x 10™* = 1.85 x 1072
(3-36)

Copure = 7.63 X 1073 +1.98 X 1073 = 9.61 x 1073 (3-37)
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2) Oswald coefficient calculation

For mainwing, A g < 30°, S0,

ey = 1.78 x (1 — 0.045 x 9.62°68) — 0.64 = 0.767  (3-38)
For HTP, Ay > 30° and ARypp = 12.242/28.4 = 5.28, s0,

egrp = 4.61 X (1 — 0.045 X 5.28%68) x (cos 35°)%15 — 3.1 = 0.75

3) Lift-dependent drag factor K, and Kytp
1
w = oezxozer - 0-0431 (3-40)
1 1

= =0.0804  (3-41)

m-AR-eyTp 7X5.28%0.75

Kurp =

4) Minimum-drag lift coefficient Cp, in p
CLminp = 0.5%0.225 = 0.113 = 0.11 (3-42)

(3-39)

Therefore, based on the above calculations, the drag characteristics (drag polar) of

CUPFDAC can be described as follows:

_ {0.0185 +0.0431 x (C, — 0.11)?, afc—t
D=

3-43
0.00961 + 0.0804 x Cf, HTP ( )

The drag polar expressed by the above equation (3-43) is shown in the following Figure

3-15 (a) and (b).
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Drag Polar of a/c-t

(Cruise configuration)

Figure 3-15 (a) Drag polar of CUPFDAC (a/c-t) - ‘Cruise’ configuration

Drag polar of HTP
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Figure 3-15 (b) Drag polar of CUPFDAC (HTP)
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Therefore, based on the above measurements and calculations, aircraft performance
model of CUPFDAC with ‘Cruise’ configuration can be summarised in the following
Table 3-9.

Table 3-9 CUPFDAC aircraft model (‘Cruise’ configuration)

Parameters Units Values
Engine section
X-position m -8.82
Z-position m -1.32
Tilt rad 0.0349
Number of engines - 2
Horizontal Tailplane
Span m 12.24
Wing area m’ 28.4
Oswald coefficient - 0.75
Min. drag coefficient - 0.00961
X-position m -16.9
Z-position m -6.14
Aircraft section (excluding HTP)
Span m 32.87
Mean aerodynamic chord m 4.08
Wing area m’ 112.30
Oswald coefficient - 0.767
Min. drag coefficient - 0.0185
Min.-drag lift coefficient - 0.11
X-position m -0.42
Z-position m -0.25
Wing sweep angle (0.5chord) | rad 0.332
Wing setting angle rad 0.053
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Preliminary evauation of CUPFDAC aircraft model (‘ Cruise’ configuration)

Profile drag coefficient (or zero-lift drag coefficient) of the entire aircraft under ‘ Cruise’

configuration:
By the above calculations,

(Cf,eq X SW)HTP
SpHTP

CppHTP =
That is, ‘drag area’,
(Ceq X SW)HTP = Cppurp X Spure = 0.00961 X 28.4 = 0.2729

So the ‘equivaent’ profile drag coefficient of HTP based on the planform area of main
wing instead of HTPitself is:

(Creq X Sw)yrp  0.2729

C; = = = 0.0024
DP.HTP Spwing 112.30

So, the profile drag coefficient of the entire aircraft based on the planform area of main

wing with ‘Cruise’ configuration is:
Cppajc = Cppaje—t + Chpurp = 0.0185 + 0.0024 = 0.0209

Compared with Table 3-2 (for high-subsonic jet aircraft, the profile drag coefficient
varies from 0.014 to 0.020), the value of Cpp 5 fals basicaly into this range.

The following Table 3-10 shows the calculation results of CUPFDAC with the above
aircraft drag characteristics at atypica cruise condition (flight altitude: 10668 m, flight
Mach number: 0.78, ISA, initial aircraft mass. 75000 kg, ‘ Cruise’ configuration):
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Table 3-10 Cruise performance of CUPFDAC

S

E;EEEE;;_E;E;EQ Imitial Auerage Final
Position (XY : 208612.A000A  250294.009008 271976 .00ABEO
boaition (¥ : @.388P00 B .BRARAR . 800060

T itude ¢z . 10668 BEOEBE  10663.006800  10665.080080
oo airspeed : 231.439791 231.439794 231 . 439797
%Eézgalent airspeed 3 129 171506 129 171588 129 .171589
Calibrated aivzpeed 2 126.951484 126 .951486 126.9514%8H
s no. : B.788008 B 780008 B.720008
éEEE;“ speed : 231 . 439791 231439794 231439797
Lateral speed H A.BBEREA A . BREBAEA B. BEAEA
'j::;:inal specd <descent) = a.apaPaa A . BBEaaaa A, ABReaR
%Eg%ét path angle : 9 .3penea B . ABARGA 0.80900p
]:::}:g%ng ang le = B.REREA A . BREBEA B. AREBREA
SEGMENT

e manme @,

Hank angle £ B.BRaRAAA LETET

FoRoES _ N
Thrust : 39821816655 (D

[Thrust per Enginc = 19518908327 LH»

e dght : 735750.000888  <N)

From the above calculation results, the aircraft lift to drag ratio at thistypical cruise
condition is:

L W _ 735750 1885
D T 39021.82

Similar to the case CUTFDAC, according to the reference [3-1] (“*Modern airliners

using super-critical wing technology have values around 18 to 22" in terms of thelift to

drag ratio (L/D) in the cruise phase).

Therefore, no matter whether from the point of view of aircraft profile drag coefficient
or from the cruise lift to drag ratio, the aircraft model built for CUPFDAC with ‘Cruise’

configuration is satisfactory and reasonable.
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Aircraft model of CUPFDAC with “Initial Climb’ configuration

As mentioned before, due to the complexity of high-lift device, this research modelled

aircraft under high-lift device deployment by adopting BADA data properly.

For the ‘Initia Climb’ configuration of MD90-30, the estimated value of the profile
drag coefficient (or zero-lift drag coefficient) of the entire aircraft given by BADA
dataset is 0.024150, that is, Cpp /e = 0.024150 [34].

Due to the difference of the BADA database from this project research in terms of
aircraft modelling method, the above value cannot be used directly but is helpful to
determine the needed value of Cppin,a/c—¢ asfollows:

According to the definition of aircraft profile drag coefficient,

_ Z?:l(cfc,eq'sw)i _ Z?=_11(Cfc,eq'Sw)i+(cfc,eq'sw)tai1 (Cfc,eq'sw)tail

CDP,a/c = S Spow = CDmin,a/c—t + Spow
On the other hand,
(C ce 'Sw) ai
Cppute = %, and 0, (Creeq * Sw)tail = Cppute * Spit
So, combined with the above two equations,
(Cteeq X Sw)tail Cpp,uTP X Spt
CDmin,a/c—t = CDP,a/c - S = CDP,a/c - S—
Pw Pw
= 0.024150 0.00961 x 284 _ 0.0217 3—44
- 112.30 e ( )

So, with this configuration, the drag polar of aircraft (excluding HTP) can be expressed
as following formula (3-45) and Figure 3-16.

Cp,a/c—t = 0.0217 + 0.0431 X (Cp, — 0.11)% (3-45)
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Drag polar of a/c-t
(Initial Climb configuration)

Figure 3-16 Drag polar of CUPFDAC (alc-t) - ‘Initial Climb’ configuration

Further, the aircraft model of CUPFDAC under the *Initial Climb’ configuration can be
expressed as the following Table 3-11.

Table 3-11 Aircraft model of CUPFDAC (Initial Climb configuration)

Parameters Units Values
Engine section

X-position m -8.82

Z-position m -1.32

Tilt rad 0.0349

Number of engines - 2

Horizontal Tailplane

Span m 12.24
Wing area m* 28.4
Oswald coefficient - 0.75
Min. drag coefficient - 0.00961
X-position m -16.9
Z-position m -6.14
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Aircraft section (excluding HTP)
Span m 32.87
Mean aerodynamic chord m 4.08
Wing area m* 112.30
Oswald coefficient - 0.767
Min. drag coefficient - 0.0217
Min.-drag lift coefficient - 011
X-position m -0.42
Z-position m -0.25
Wing sweep angle (0.5chord) rad 0.332
Wing setting angle rad 0.053

High-lift devices

Parameters | Unit StageO |1 2 3 4 5
dC. - 00.0000 | 0.1500 | 00.300 | 00.4500 | 00.6000 | 00.7500
ClLmax - 01.6060 | 1.7560 | 01.906 | 02.0560 | 02.2000 | 02.3500

(Note: In order to make a reasonable comparison between CUTFDAC and CUPFDAC,
the same setting values about high-lift devices for CUPFDAC as those for CUTFDAC

are applied in this project research.)
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Aircraft model of CUPFDAC with *Approach’ configuration

Similar to the ‘Initia Climb’ case, the arcraft modelling of CUPFDAC under the
‘Approach’ configuration was also achieved based on the model under the ‘Cruise
configuration as a baseline and modified by means of the BADA dataset as follows:

According to the BADA dataset, the profile drag coefficient (or zero-lift drag
coefficient) of the entire aircraft MD90-30 under the * Approach’ configuration equals to
0.056050, that is, Cppa/c = 0.056050 [34].

SO, Comina/e—t = Cppajc — ZEHIPXSRL — 0 056050 — 2209282 _ 95362 (3-46)

Sp.w 112.30

So, with this configuration, the drag polar of aircraft (excluding HTP) can be expressed
asthe following formula (3-47) and Figure 3-17.

Cpaje—t = 0.05362 + 0.0431 x (C,, — 0.11)?  (3-47)

Drag polar of a/c-t
(Approach configuration)
23 HE C . G . C T . :
T e e
e s e
gos{ S
0 ———
[ ] 0.02 0.04 0 .08 0.1 0.12 0.14 0.16
e —
PR R I S
Cb

Figure 3-17 Drag polar of CUPFDAC (alc-t) - ‘Approach’ configuration
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Further, the aircraft model of CUPFDAC under the ‘Approach’ configuration can be

expressed as the following Table 3-12.

Table 3-12 Aircraft model of CUPFDAC (*Approach’ configuration)

Parameters Units Values
Engine section
X-position m -8.82
Z-position m -1.32
Tilt rad 0.0349
Number of engines - 2
Horizontal Tailplane
Span m 12.24
Wing area m’ 28.4
Oswald coefficient - 0.75
Min. drag coefficient - 0.00961
X-position m -16.9
Z-position m -6.14
Aircraft section (excluding HTP)
Span m 32.87
Mean aerodynamic chord m 4.08
Wing area m* 112.30
Oswald coefficient - 0.767
Min. drag coefficient - 0.05362
Min.-drag lift coefficient - 011
X-position m -0.42
Z-position m -0.25
Wing sweep angle (0.5chord) rad 0.332
Wing setting angle rad 0.053
High-lift devices
Parameters | Unit | Stage0 | 1 2 3 4 5
dC. - 00.0000 | 0.1500 | 00.300 | 00.4500 | 00.6000 | 00.7500
ClLmax - 01.6060 | 1.7560 | 01.906 | 02.0560 | 02.2000 | 02.3500
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3.1.3 CUTPDAC (Cranfield University TurboProp-Driven AirCraft)

CUTPDAC (Cranfield University TurboProp-Driven AirCraft) used in this research
project is a hypothetical twin-engine turboprop short-haul regiona airliner with the
seating capacity of 68 to 74 passengers and a flight range of around 1300 km. This
aircraft was built based on the ATR72-500 [24-25] of the French-ltalian aircraft
manufacturer, ATR. Figure 3-18 illustrates the schematic drawing of CUTPDAC and
Figure 3-19 shows the geometric measurements of ATR72-500 which constitute the
foundation for CUTPDA C performance modelling.

Figure 3-18 CUTPDAC (Cranfield University TurboProp Driven Air Craft)
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Table 3-13 Reference flight condition

Flight altitude 5181.6 m

Flight Mach number 0.44
Atmosphere condition ISA

Air density 0.7218 kg/m’
Dynamic viscosity 1.6290%-5N-g/m’
Aircraft configuration Clean (cruise)

Table 3-14 Main dimensions of CUTPDAC [35]

Fuselage length 27.13m
Fuselage diameter 2.77m
Wing span 27.32m
Wing panel span'Y 4.73m
Wing panel span'Y 2 8.93m
Wing planform area 62.187 m’
Wing root chord A 2.626 m
Wing panel chord B 2.626 m
Wing tip chord B2 1.556 m
Wing sweep distance S Om

Wing sweep distance S2 0.489 m
HTP span 8.033m
HTP planform area 10.756 m*
HTPtaper ratio 0.6

HTP sweep angle at leading edge 10

HTP sweep distance SS 0.705m
HTP volumeratio 1.05
Distance between both LE's D 14.2m
VTP span 4.883m
VTP planform area 14.904 m*
Nacelle length 3.3m




Lift characteristics of CUTPDAC
According to the reference [29], the lift curve slope of CUTPDAC can be calculated as
follows:
_ 2m- AR
Ty JARZ(1 + tanZgs, — M2) + 4

4 [50-25 1-A o 4 25 1-0.59
Here, tan@s, = tang,s — " [—100 m] =tan(3) — 5 [m 1+0.59] = 0.0309

_ 21X 12
2+,/122(1+0.03092-0.4432)+4

S0, a = 5.823rad™?

o

Similar to CUTFDAC and CUPFDAC, assume zero-lift angle of attack a;_o = -2,
and then the lift characteristics of CUTPDAC can be expressed as follows:

CL = a(a — a o) = 5.823 X (a —(-2"x %)) = 5.823 x (a + 0.0349) =

5.823a + 0.2032  (3-48)
Hence, zero-AOA lift coefficient Cp, ,-o = 0.2032.

Accordingly, thelift curve of CUTPDAC is shown as follows:

Lift-coefficient curve of CUTPDAC

(Clean configuration)
23

L.5-+

Lift Coefficient ('},
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Angle_of Attack o, (degree)
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Figure 3-20 Lift curve of CUTPDAC



Due to at the later stage of aircraft performance modelling, part BADA data became
available. Therefore, related information about the ATR72-500 from BADA was
adopted directly.

According to the BADA dataset: AT75 _.OPF (Mar. 31, 2011), for ‘IC’ (Initia Climb)
and ‘CR’ (Cruise) configuration, Cp, = 0.021882 (for the entire aircraft) [36].

By the definition, the zero-lift drag coefficient Cp, of the entire aircraft can be

expressed as follows:

?zl(cf,eq ' Sw)i Zinz_ll(cf,eq ' Sw)i + (Cf,eq ' SW)HTP

Cpo = Sp,w = Sp,w
_ Z?z_ll(cf,eq ' Sw)i + (Cf,eq ' SW)HTP
Sp,w Sp.w
(Creq- SW)HTP

= Cbmin,a/C—HTP S
pw

(Cf,eq'sw)HTP

S0, Cpmin,a/c-utp = Cpo — ——
p.w

Cfeq'Sw
On the other hand, Cp i prp = —red>wHTP
' Sp,HTP

SO, (Cf,eq b SW)HTP = CDmin,HTP X Sp,HTP = 000984 X 10756 = 010584

01058 _ 0.02018 = 0.0202  (3-49)

62.187

Therefore, CDmin,A/C—HTP = 0021882 -

Where, the minimum drag coefficient of the aircraft excluding HTP (Cpmin,a/c—utp) IS

defined based on the wing planform area.

In addition, based on the reference [35], the minimum drag coefficient of HTP can be
determined, i.e,,
CpminnuTp = 0.00984 (with HTP planform area as the reference area)  (3-50)

Further, according to the reference [35] and for more redlistic purposes, the Oswald
factor e, Of the aircraft (excluding HTP) takes the value of 0.85 rather than its

calculation value of 0.777, so the lift-dependent drag factor,
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Kajc_ttp = ! =——~ _=00312 (35

T-AR-eq/c_yTp  TX12X0.85

In the meantime, the minimum-drag lift coefficient can aso be determined with the
similar method as the CUTFDAC and CUPFDAC cases, that is,

Ci o= 0.2032
CL,minD = L;_O = > = 0.1016

Because A g yrp = 10 < 30°, therefore,

0.68 8.0332) 008
egtp = 1.78 X (1 -0.045 x ARH'TP) —0.64 =178 % (1 — 0.045 x (10.756) ) -

0.64 = 0.8691 = 0.87

Koo — 1 _ 1
HTP ™ ARgrp-eyrp  mx(8.0332/10.756)x0.87

= 0.0610 (3-52)

Therefore, the drag characteristics of CUTPDAC can be expressed as the following

piecewise function:

0.0202 + 0.0312 x (Cp, — 0.1016)? — HTP

0.00984 + 0.0610C{ HTP

The drag characteristics expressed by the above formula (3-53) are also illustrated in the
following Figures 3-21 (a) and (b) respectively.
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Figure 3-21(a) Drag polar of CUTPDAC (a/c-HTP) —*clean’ configuration

87

Figure 3-21(b) Drag polar of CUTPDAC (HTP)




Table 3-15 Aircraft model of CUTPDAC (‘Cruise’ configuration)

Parameters Units Values
Engine section
X-position m 3.94
Z-position m -1.46
Tilt rad 0.0
Number of engines - 2
Horizontal Tailplane
Span m 8.033
Wing area m* 10.756
Oswald coefficient - 0.87
Min. drag coefficient - 0.00984
X-position m -13.1
Z-position m -5.01
Aircraft section (excluding HTP)
Span m 27.32
Mean aerodynamic chord m 2.33
Wing area m’ 62.187
Oswald coefficient - 0.777
Min. drag coefficient - 0.0202
Min.-drag lift coefficient - 0.1016
X-position m -0.24
Z-position m -1.85
Wing sweep angle (0.5chord) rad 0.0309
Wing setting angle rad 0.06
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Table 3-16 Aircraft model of CUTPDAC (‘Initial climb’ configuration)

Parameters Units Values
Engine section
X-position m 3.94
Z-position m -1.46
Tilt rad 0.0
Number of engines - 2
Horizontal Tailplane
Span m 8.033
Wing area m* 10.756
Oswald coefficient - 0.87
Min. drag coefficient - 0.00984
X-position m -13.1
Z-position m -5.01
Aircraft section (excluding HTP)
Span m 27.32
Mean aerodynamic chord m 2.33
Wing area m’ 62.187
Oswald coefficient - 0.777
Min. drag coefficient - 0.0202
Min.-drag lift coefficient - 0.1016
X-position m -0.24
Z-position m -1.85
Wing sweep angle (0.5chord) rad 0.0309
Wing setting angle rad 0.06

89




For the ‘AP (Approach) configuration of ATR72-500, from the same BADA dataset,
Cpo = 0.0396 [36], through the similar treatment process as above, the following value

can be obtained:

010%8% — 0.0379 (3-54)

62.187

Cpmin,a/c-utp = 0.0396 —

Therefore, the drag characteristics of CUTPDAC with the ‘AP configuration can be
expressed as follows:

_ (0.0379 +0.0312 x (C, — 0.1016)>  a/c — HTP

D= 2 (3-55)
0.00984 + 0.0610C HTP

The corresponding drag polar of the aircraft (excluding HTP) is illustrated in the
following Figure 3-22.

Drag Polar of a/c—HTP
(Approach configur ation)

Figure 3-22 Drag polar of CUTPDAC (a/c-HTP) —*approach’ configuration
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Table 3-17 Aircraft model of CUTPDAC (‘Approach’ configuration)

Parameters Units Values
Engine section
X-position m 3.94
Z-position m -1.46
Tilt rad 0.0
Number of engines - 2
Horizontal Tailplane
Span m 8.033
Wing area m’ 10.756
Oswald coefficient - 0.87
Min. drag coefficient - 0.00984
X-position m -13.1
Z-position m -5.01
Aircraft section (excluding HTP)
Span m 27.32
Mean aerodynamic chord m 2.33
Wing area m’ 62.187
Oswald coefficient - 0.777
Min. drag coefficient - 0.0379
Min.-drag lift coefficient - 0.1016
X-position m -0.24
Z-position m -1.85
Wing sweep angle (0.5chord) rad 0.0309
Wing setting angle rad 0.06
High-lift devices
Parameters | Unit | StageO | 1 2
dC. - 00.0000 | 0.5780 | 1.0660
ClLmax - 01.3740 | 1.9520 | 02.4400

(Note: the information of high-lift devices in Table 3-17 above is from the reference

[37])
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3.2 Aircraft Performance Simulation

Based on the aircraft models built previously and given flight missions, the aircraft
flight performance can be simulated by means of the in-house simulation software at
Cranfield University —the APM (Aircraft Performance Model). The following Figure 3-
23 briefly illustrates the calculation process of APM for a single flight segment. For a
given flight mission, which consists of many flight segments, the processis only in turn
repeated with the end point of the last flight segment (and its flight data) as the start
point (and calculation inputs) of the next new segment. More detailed information about
APM can be obtained from the reference [33].
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CHAPTER FOUR GASTURBINE ENGINE
PERFORMANCE AND MODELLING

4.1 Turbofan Engine Powering CUTFDAC

The turbofan engine, which is used to power the aircraft CUTFDAC, is a typical two
spool, high bypass ratio turbofan aero engine with separate exhausts. The engine
performance is modelled based on the CFM56-5B engine [38] which is the engine of
choice for the A320 family, having been selected to power nearly 60% of the
A318/A319/A320/A321 aircraft ordered. For the purpose of convenience, this engine
performance model is referred as “CUTSTF’ (Cranfield University Twin Spool
Turbofan).

Figure 4-1 illustrates a schematic of the CUTSTF engine performance model, as

follows.

i
HC 1T

HFT COOLING ELEED

B LF HAFT

el HF ZHAFT

= == Ipoondary Alr 3ycbem

Figure4-1 CUTSTF engine performance model [39]

The steady-state performance simulations of the CUTSTF engine including at design
point and off-design points have been performed using TURBOMATCH.
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TURBOMATCH [40] & [41] is an in-house gas turbine performance simulation and
diagnostics software, developed by Cranfield University. TURBOMATCH comprises
several pre-programmed modules, known as Bricks. Most Bricks correspond to models
of individual gas turbine components, for instance, Compressors, Combustion Chamber,
Turbines, Mixers, Nozzles, Heat Exchangers, Afterburners, and Power Turbines, and
others. Additionally, TURBOMATCH aso comprises Bricks for arithmetic operations,
overal engine performance calculations and plotting of results. TURBOMATCH can be
used to simulate the performance of an extensive range of both Aero and Industrial
engine cycles, ranging from a simple single shaft turbojet to complex multi-spool
turbofans with mixed/separate exhausts and complex secondary air systems.
TURBOMATCH can aso be used to simulate the performance of novel and conceptual
cycles, including wave rotors, pulse detonators, constant volume combustion systems,
distributed propulsion systems and intercooled/recuperated cycles. TURBOMATCH
offers performance simulations ranging from steady state simulations to transient

performance calculations.

TURBOMATCH encompasses all the basic capabilities of existing commercial gas
turbine performance simulation software. Additionally, the following advanced
performance simulation capabilities are also available from TURBOMATCH.

1) Parametric anaysis

2) Engine deterioration modelling

3) Multi-fuel capabilities

4) Use friendly graphical user interface (GUI)

5) High density, smooth default component characteristics

6) Ability to introduce customised (user defined) component characteristics

7)  Dynamic convergence control

8) Advanced, high fidelity component zooming capabilities (coupling with high
fidelity 3D software)

9) Combined cycles simulations

10) Effectsof dissociation

11) Inlet flow distortion/control

12) Water/steam injection

13) Effectsof humidity
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14) Steam turbines
15) Engine control
16) Fuel cells

TURBOMATCH has already been applied extensively and successfully by Cranfield
University in several European Union projects, including VIVACE [42] & [43], VITAL
[44], NEWAC [45], DREAM and Clean Sky, etc.

The design point of the CUTSTF engine performance model is chosen at top of climb
(at. 10668m, M0.8) with the intake total pressure recovery of 0.99 and International
Standard Atmosphere (ISA) condition. Several iterations were implemented at design
and off-design point conditions to enable the model performance to match data obtained
from the public domain. A summary of these data available through the public domain

is presented in the following Table 4-1.

Table 4-1 Data of typical high by-passratio twin-spool turbofan
(available from the Public domain) [39]

Engine type Two-spool turbofan
Maximum take-off thrust (kN) 120.10

Take-off mass flow rate (kg/s) 408.20

Take-off bypass ratio(-) 5.70

Overall pressureratio (at top of climb) (-) 32.60

Maximum climb thrust (KN) 25.04
Cruise SFC (mg/Ns) 16.98
Maximum cruise thrust (kN) 22.33
Fan diameter (m) 1.73

At design-point, the overall engine mass flow rate was estimated according to the
measured intake area and the assumed intake average Mach number, which ranges from
0.55 to 0.65. The bypass ratio (BPR) and the turbine entry temperature (TET) were
determined based on the overall pressure ratio (OPR), the net thrust and take-off BPR
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available from the public domain, as well as the available technology level at the time of
reference engine, and then the optimum fan pressure ratio can be further determined
according to the calculated TET, OPR and BPR.

Additionally, pressure ratios of compressors, component efficiencies, compressor bleed
for the purpose of turbine cooling and other parameter values were guessed and iterated
to match the required engine performance at off-design conditions (take-off and cruise).

A summary of the design parameters for the CUTSTF engine performance model at

design-point isillustrated in the following Table 4-2.

Table 4-2 Design parameter summary of CUTSTF engine
(DP: top of climb, alt.10668m, M 0.8) [39]

Engine mass flow rate (kg/s) 180.0
Bypassratio (-) 5.46
Overall pressureratio (-) 32.6
Fan pressureratio (-) 1.80
Booster pressure ratio (-) 1.811
High pressure compressor pressure ratio (-) 10.00
Fan efficiency (-) 0.90
Booster efficiency (-) 0.90
High pressure turbine cooling flow (%) 13%
Combustion efficiency (-) 0.99

Combustion fractional pressure loss (Pin-Pout)/Pin (-) | 0.05

Turbine entry temperature (K) 1340.0
High pressure turbine efficiency (-) 0.91
Low pressure turbine efficiency (-) 0.91
Operating altitude (m) 10668.0
Flight Mach number (-) 0.80
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Table 4-3 highlights the simulation results of the CUTSTF engine performance model at
design point and some off-design points, as well as the comparisons with those values
available from the public domain. As shown in the Table 4-3, the discrepancies between
the results achieved from CUTSTF performance simulation and those available from the

public domain are small, therefore, the CUTSTF engine performance model is deemed

acceptable.

Table 4-3 Simulation results of CUT STF performance model and comparisons[39]
Parameter Required CUTSTF Discrepancies
TOC thrust (kN)-10668m and
0.8M. ISA 25.04 2511 -0.3%

TOC SFC (mg/Ns) Not known 17.02
TOC TET (K) Not known 1340
T-O thrust (kN)-SLS, ISA+30 | 120.10 120.98 -0.7%
T-O fuel flow rate (kg/s) 1.166 1.14 2.2%
T-O air mass flow rate (kg/s) | 408.2 401.4 1.7%
T-OTET (K) Not known 1600
T-OBPR (-) 5.7 5.73 -0.5%

Severa off-design performance simulation calculations for the CUTSTF engine
performance model were implemented. These simulations yielded off-design
performance charts highlighting the effects of altitude, flight Mach number, ambient
temperature and turbine entry temperature on net thrust and specific fuel consumption.
Figure 4-2 highlights the variation of net thrust (Fn) as a function of altitude (Alt) and
flight Mach number (MNf) for a fixed value of turbine entry temperature (TET). The
value of TET chosen was that at the design point (i.e., top of climb) (TET=1340K).

Similarly, Figure 4-3 presents the variation of specific fuel consumption (SFC) as a
function of altitude (Alt) and flight Mach number (MNf) for the same fixed value of
TET. Figure 4-4 illustrates, in turn, the variation of net thrust (Fn) as a function of

ambient temperature (Tamb) and turbine entry temperature (TET) at sea level static
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condition (Alt=0m, MNf=0, I1SA). Finally, Figure 4-5 shows the variation of specific
fuel consumption (SFC) as a function of ambient temperature (Tamb) and turbine entry
temperature (TET) at sealevel static condition.

All four figures broadly follow the expected trend lines. Reference [46] provides
detailed qualitative descriptions of the effects of atitude, flight Mach number, ambient
conditions and turbine entry temperature on gas turbine engine performance with a
detailed insight into the trade-off between improved thermal and propulsive efficiency.

Net Thrust as a Function of Altitude and Flight Mach Number

(for constant TET = 1340K)
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Figure 4-2 Net thrust vs. flight Mach number and altitudefor afixed TET (1340K)
[39]
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SFC as a Function of Altitude and Flight Mach Number
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Figure 4-3 SFC vs. flight Mach number and altitudefor afixed TET (1340K) [39]

MNet Thrust as a Function of Ambient Temperature and TET,
(at Sea Level Static Condation)
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Figure 4-4 Net thrust vs. TET and ambient temperatureat SL S condition [39]
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Figure4-5 SFC vs. TET and ambient temperature at SL S condition [39]

Due to the feature of iteration calculation, TURBOMATCH needs some time to get
converged results for each calculation requirement. For a single calculation task or a
small number of calculations, the time consumption for each calculation from
TURBOMATCH can be completely ignorable. However, when optimisation problems
are implemented by means of evolution algorithms, such as Genetic Algorithms (like
the flight trajectory optimisations investigated in this research work), a very large
number of evaluation calculations have to be involved and, therefore, reducing the time
consumption for each single calculation requirement from TURBOMATCH (as well as
other calculations, for instance, engine gaseous emission calculation, etc.) can
effectively contribute to the decrease in the total optimisation time.

Based on this consideration, an aternative empirical model built through Artificial
Neural Networks (ANNSs) and the performance database of CUTSTF which was created
by means of TURBOMATCH was achieved successfully. The ANNs model replaced
the actual physics-based model introduced above and was applied in the flight trgjectory

multidisciplinary optimisations of this research work.

The following section introduces the modelling methodology of ANNS, the entire

modelling process (Figures 4-12 to 4-27) and main modelling results (Appendix A).
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(Note: in the following Figure 4-6, P3T3 is an empirical emission model which was
used to replace the stirred reactor emission model — a physics-based model with the
same purpose to speed up the optimisation calculation. These two emission models are
discussed in Chapter Five.)
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Figure 4-6 ANNs modelling of CUTSTF engine performance
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Table 4-4 Perfor mance database of CUT STF engine (part)

CUTSTFENgine PROGRAM

This code CREATES the input file for, caLL the corresponding executable associated with,
and READS the output file produced by the cu Engine performance Model TurboMatch.

- author: weiqun Gu
cranfield university, 2011

pescription of the output parameters:

POINT calculation point, in [--]

FLAG Turbomatch exit flag, in [--]
WFUEL Fuel Mass Flow rate, in [kg/s]
SFC specific Fuel cConsumption, in [mg/Ns]
TET Turbine Inlet Temperature, in [K
CTAIR Combustor Inlet Temperature (Air), in [K]
CPAIR Combustor Inlet Pressure (Air) in [atm]
CWATIR Combustor Inlet Mass Flow rate (Air) in [kg/s]
CTAMB F'I1ght Ambient cConditions - Temperature, in [K]
FNC Engine Net Thrust calculated, in
ERR_FN Error (in terms of Net Thrust) in pred1 cting engine conditions, in [--]
pate (DD.MM.YYYY): 31- 3-2012
Time (HH.MM.55) : 12:24:27
POINT ALT MACH Net Thrust WFUEL TET CTAIR CPAIR CWATR
CTAMB
K] [--1 M] [--1 [N] [kg/s] [k] [k] [atm] [kg/s]
1 0. 000000 0. 000000 148740. 000000 1.435200 1600. 000000 846.169983 33.370998 62.465000
2B88.149994
0. 000000 0. 000000 147400. 000000 1.411000 1590. 000000 842.539978 33.047001 62.042000
2B88.149994
0. 000000 0. 000000 145100. 000000 1.382200 1580. 000000 838.140015 32.562000 61.341000
2B8.149994
0. 000000 0. 000000 143160. 000000 1.355000 1570. 000000 £34.010010 32.130001 60.723999
2B8.149994
0. 000000 0. 000000 141200. 000000 1.328100 1560. 000000 £29. BEOOOS 31. 698000 60.102001
2B8.149994
6 0. 000000 0. 000000 139260. 000000 1.301500 1550. 000000 £25.750000 31.268000 59.481998
2B88.149994
7 0. 000000 0. 000000 137200. 000000 1.274600 1540. 000000 821. 369995 30. 816999 58. 813999
2B88.149994
8 0. 000000 0. 000000 135210. 000000 1.248300 1530. 000000 817.130005 30. 381001 58.173000
2B88.149994
0. 000000 0. 000000 133220. 000000 1.222300 1520. 000000 812. 890015 29.945000 57.528999
2B8.149994
1 0. 000000 0. 000000 131320. 000000 1.197000 1510. 000000 B08. 820017 29. 528999 56.917999
2B8.149994
1 0. 000000 0. 000000 129070. 000000 1.170000 1500. 000000 £04. 320007 29. 046000 56.179001
2B8.149994
1 0. 000000 0. 000000 126710. 000000 1.142900 1490. 000000 799. 690002 28.552000 55.404999
2B88.149994
1 0. 000000 0. 000000 124270. 000000 1.115600 1480. 000000 794.979980 28.044001 54.603001
2B88.149994
1: 0. 000000 0. 000000 121910. 000000 1.089100 1470. 000000 790. 369995 27.554001 53.831001
2B88.149994
1 0. 000000 0. 000000 119600. 000000 1.063300 1460. 000000 785.789978 27.075001 53.075001
2B8.149994
0. 000000 0. 000000 117360. 000000 1.037900 1450. 000000 781.219971 26. 602001 52.327999
2B8.149994
7 0. 000000 0. 000000 115200. 000000 1.012500 1440. 000000 776.669983 26.125999 51.562000
2B8.149994
1 0. 000000 0. 000000 112410. 000000 0.984700 1430. 000000 771.489930 25.551001 50. 615002
2B88.149994
1 0. 000000 0. 000000 109940. 000000 0.959210 1420. 000000 767.059998 25. 066000 49. 819000
2B88.149994
0. 000000 0. 000000 107330. 000000 0.933000 1410. 000000 762.200012 24.531000 48.937000

2|
288.149994

Artificial Neural Networks (ANNS)

Artificial Neural Networks are among the numerous data mining techniques which are
used to “find pattern in data’ or “extract information from a data set and transform it

into an understandabl e structure for further use.” [47]

ANNSs originated from the artificial intelligence discipline and contain key features of

neurons in the human brain and process data in the manner analogous to the brain.

ANNS can be trained to identify complex relationships in data. Compared with classical
statistical methods, such as regression and ANOV A (analysis of variance), ANNSs “can
fit data where the relationship between independent variables and dependent variablesis

nonlinear and where the specific form of the nonlinear relationship is unknown” [47].

Despite of the fact that many different kinds of ANNSs exist, FeedForward Neural
Networks (FFNNSs) is undoubtedly one of the most popular. FFNN is the network
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“where the signal is passed from an input layer of neurons through one or more hidden
layer(s) and to an output layer of neurons’ [47].

The following Figures 4-7 and 4-8 illustrate respectively the overall architecture of a
FFNN with one hidden layer and the corresponding details of the hidden layer with S

neurons.
Input Hidden Layer Cutput Layer
£ N N £ N
al Al=F
" PV e 3%l B
j: Ixd _ 7¢
axl 3%l
1 b=
4 31 3
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a1 = tansig (IWiip: +by) : =purelin (LW=1a:1+b=)

Figure 4-7 Overall architecture of a FFNN with one hidden layer [48]

Layer of lbgsig
Input Meurons

' ™)

a= logsig (Wp+b)

Figure 4-8 Full details of a hidden layer with S neurons[48]

From the above Figure 4-7, it can be observed that the FFNN comprises three different
layers, namely, Input Layer, Hidden Layer and Output Layer. The Input Layer contains

R input nodes and each node represents a separate independent variable x;, i =
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1,2,3,--, R. These input nodes are connected to the S neurons in the intermediate (i.e.,
hidden) layer (where the processing to the input data through the transfer function f (or
caled threshold or activation function) is implemented), and further, these hidden
neurons are connected to the nodes in Output Layer. Each node in Output Layer
represents a separate dependent variable, y;,j = 1,2,3,---,m. In practice, it is more

common for a FFNN to have only one dependent variable.

Commonly, during the design of FFNNSs, each node in Input Layer is connected to each
one in Hidden Layer and correspondingly each of nodes in Hidden Layer is also

connected to each node in Output Layer.

As for the transfer function mentioned above, theoretically, neurons in either Hidden
Layer or Output Layer can use any differentiable transfer function to produce their
output. In practice, there are three transfer functions most-commonly used in multilayer
networks, that is, ‘log-sigmoid transfer function’, ‘tan-sigmoid transfer function’ and
‘linear transfer function’. And the characteristics of the three transfer functions are

shown as follows.

e
LS|
"
—---"'..I.'I.'I S L
0 -
.............. o
a = logsigin)

Figure 4-9 L og-sigmoid transfer function [48]
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a = tansigin)

Figure 4-10 Tan-sigmoid transfer function [48]

a = purclinfn)

Figure4-11 Linear transfer function [48]

For a FeedForward Neural Network, such architecture with one or more hidden layers
of sigmoid neurons followed by an output layer of linear neurons is often adopted.
Multiple hidden layers with non-linear transfer functions enable NN to learn non-linear
relationships between independent variable(s) and dependent variable(s) and the linear

output layer is usually used in function fitting problems.

After the architecture of a FFNN is created and before it can be put into actual
applications, the values of al weights and biases of the network have to be determined.

This can be achieved by so-called network training.

In fact, “the process of training a neura network involves tuning the values of the
weights and biases of the network to optimize network performance’ [48]. Usualy, the
network performance function for FFNNs is Mean Square Error (MSE) which is
defined as “the average squared error between the network outputs a and the target

outputst as shown in the following equation (4-1).
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1 1
MSE = S ¥ili(e)? = S Xita(ti —a)?  (4-)

Theoretically, the above optimisation process about the network performance function
can be performed by any standard numerical optimisation algorithm. However, there
exist some gradient- or Jacobian-based methods which have excellent performance for
FFNN’s training. Among them, a network training function named as ‘trainlm’, which
is based on Levenberg-Marquardt optimisation agorithm, appears to be the fastest
method and is often highly recommended as a first-choice for the training of moderate-
sized (up to severa hundred weights) FFNNs. The basic principle of ‘trainlm’ is: firstly,
by a standard backpropagation technique the Jacobian matrix can be determined; and
then, the increments in variables (weights and biases) can be calculated through the

following equations:
J] =]X*]X
JE=]X*E
dX = —(JJ + I * mu)\JE
(4-2)

Where, JX is Jacobian matrix determined by standard backpropagation technique; E is
al errors; I denotes identity matrix; mu is the adaptive vaue (when mu takes the value
of zero, the above Levenberg-Marquardt algorithm is just Newton’s method, while mu

islarge, the optimisation algorithm becomes gradient descent).
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Figure 4-12 Neural Network Training for Function P; = f; (H, M, Fy)
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Figure 4-13 Neural Network Training State for Function P; = f; (H, M, Fy)
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Best Yalidation Performance is 0.00014629 at epoch B054
Train
“alidation
Test
------- Best
= 0 I Goal
g 1o g
5
w
=
a
: L
=
i
rl
N S).
= ’
10°} X
| | | | | 1
1] 1000 2000 3000 4000 £000 E000
BO0B0 Epochs

Figure 4-14 Neural Network Training Performancefor Function P; = f;(H, M, Fy)
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Figure 4-15 Neural Network Training Regression for Function P; = f;(H, M, Fy)
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Figure 4-16 Neural Network Training for Function T; = f,(H, M, Fy)
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111




Best “alidation Performance is 0.12477 at epoch 3189
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Figure 4-18 Neural Network Training Performance for Function T3 = f,(H, M, Fy)
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Figure 4-19 Neural Network Training Regression for Function Tz = f,(H, M, Fy)
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Figure 4-20 Neural Network Training for Function TET = f3(H, M, Fy)
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Figure 4-21 Neural Network Training State for Function TET = f3(H, M, Fy)

113



Best Validation Performance is 0.95806 at epoch 2349
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Figure 4-22 Neural Network Training Performance for Function TET = f3(H, M, Fy)
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Figure 4-23 Neural Network Training Regression for Function TET = f3(H, M, Fy)
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Figure 4-24 Neural Network Training for Function Wy = f,(H, M, Fy)
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Figure 4-25 Neural Network Training State for Function Wy = f4(H, M, Fy)
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Best Validation Perfarmance is 5.0561e-007 at epoch 8525
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Figure 4-26 Neural Network Training Performance for Function Wy = f,(H, M, Fy)
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Figure 4-27 Neural Network Training Regression for Function Wy = f,(H, M, Fy)
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4.2 Turboprop Engine Powering CUTPDAC

The engine model which is used for driving the aircraft CUTPDAC is athree-shaft free-
turbine turboprop, based on the PW127F engine which is the engine of choice for the
ATR-72-500 aircraft [49, 50]. For the purpose of convenience, this engine model is
referred as the CUTPROP (Cranfield University Turboprop). The following Figure 4-
28 is a schematic of the CUTPROP engine mode!.

b
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Figure 4-28 CUTPROP engine model

The design point of the CUTPROP engine model was chosen at Max. cruise point (i.e.
Alt. 4876.8 m, M 0.44) with the intake total pressure recovery of 1.0 under International
Standard Atmosphere (ISA) conditions. Several iterations were performed at design and
off-design point conditions by using TURBOMATCH to match the performance of the
model with data obtained from the public domain [49] and [50] for a three-shaft free-
turbine turboprop engine. A summary of these available data is presented in the
following Table 4-5.
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Table 4-5 Data of a three-shaft free-turbine turboprop engine[49, 50]

Engine Type Thr'eeshaft free-
turbine turboprop

Take-off Equivalent Shaft Power (kW), to 34.9°C 2147.6

Take-off Shaft Power (kW), to 34.9°C 2051

Equivalent Specific Fuel Consumption (pg/J) 77.6

Max cruise Equivalent Shaft Power (kW), to 22.6°C 1667

Max cruise Shaft Power (kW), to 22.6°C 1589

Econ. cruise Shaft Power (kW) 1864

Overadll Pressure Ratio 14.7

At the design point, values of engine mass flow rate, turbine entry temperature (TET),
component efficiencies and compressor bleed for turbine cooling, etc. were guessed and
several iterations were performed to match the required engine performance at design
and off-design conditions (take-off and econ. cruise). A summary of the parameters
used for the CUTPROP engine model design point simulation and a comparison of the
results from design point/off-design simulations with required values are presented in
the following Table 4-6 and Table 4-7 respectively. It was observed that the
discrepancies between the required and achieved values are small and, therefore, the
CUTPROP performance model is deemed acceptable.

Table 4-6 Design point data of CUTPROP engine performance model
(Max. cruise: Alt.4876.8m, M0.44, I1SA)

No. | Items Parameter Vaues
1 Flight Altitude 4876.8m

2 Flight Mach. Number 0.44

3 Dev. from Stand. Temp. 0.0(ISA)

4 OPR 14.7

5 COT/TET 1185.0K

6 Air Mass Flow 8.2kg/s

7 Intake Total Pressure Recovery 1.0
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8 LP compressor PR 4.03

9 LP compressor Isentropic Efficiency 0.82
10 | Tota Pressure Loss between LPC and HPC 1%

11 HP compressor PR 3.65
12 | HP compressor Isentropic Efficiency 0.82
13 | Cooling air at HPC outlet 10%
14 | Combustor Tota Pressure Loss 5%

15 | Combustion Efficiency 0.995
16 | Power take off from HP Turbine 0.0kw
17 | HP Turbine Isentropic Efficiency 0.88
18 | Power take off from LP Turbine 0.0kw
19 HP Turbine Isentropic Efficiency 0.9

20 | Total Pressure Loss between LPT and Free Power Turbine | 1%

21 Shaft Power output from FPT 1589kW
22 FPT Isentropic Efficiency 0.91
23 | Propdller Efficiency 0.85

24 | Fixed Convergent Nozzle

Table 4-7 A comparison between CUTPROP simulation results and public-domain

data
Parameters CUTPROP Public-domain | Discrepancy
Shaft Power (kW) | 1589 1589 0.0%
D.P. .
. Equivaent Shaft
(Max Cruise, 1666.6 1667 -0.024%
Power (ekW)
Standard
. E.SF.C. (ng/J) 66.4 Unknown —
Day, 15°C)
COT/TET (K) 1185 Unknown —
Shaft Power (kW) | 1589.6 1589 0.04%
Max Crui Equivaent Shaft
axtruise | =4 1665.8 1667 0.07%
(Hot Day, Power (ekW)
22.6°C) E.SF.C. (ng/J) 66.9 Unknown —
COT/TET (K) 1212 Unknown —
T-O Shaft Power (kW) | 2050.9 2051 -0.007%
(Standard Equivaent Shaft
. 2180.6 2147.6 1.54%
Day, 15°C) Power (ekW)
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E.S.F.C. (ug/J) 77.4 77.6 -0.26%
COT/TET (K) 1242 Unknown —
Shaft Power (kW) | 2058.2 2051 0.35%
T-O .
Equivaent Shaft
(Hot day, 2184.1 2147.6 1.7%
34.9°C) Power (ekW)
' E.SF.C. (ug/J) 78.8 Unknown —
COT/TET (K) 1312 Unknown —
Econ. Cruise | Shaft Power (kW) | 1864.8 1864 (Inferred) | 0.04%
Equivaent Shaft
2008.6 Unknown —
Power (ekW)
E.SF.C. (ng/J) 62.4 Unknown —
COT/TET (K) 1363 Unknown —

Severa off-design performance simulation calculations for the CUTPROP engine
model were performed. These simulations yielded off-design performance charts
highlighting the effects of altitude, flight Mach number, ambient temperature and
turbine entry temperature on shaft power (SP), equivalent shaft power (ESP) and
equivalent specific fuel consumption (ESFC).

Figure 4-29 and Figure 4-30 highlight the variation of equivalent shaft power (ESP) and
shaft power (SP) respectively as a function of altitude (Alt) and flight Mach number
(MNf) for afixed value of turbine entry temperature (TET). The value of TET chosen is
that at the design point (Max. cruise), i.e., TET=1185K.

Similarly, Figure 4-31 presents the variation of equivalent specific fuel consumption
(ESFC) as afunction of atitude (Alt) and flight Mach number (MNf) for the same fixed
value of TET.

Further, Figure 4-32 and 4-33 illustrate respectively the variation of equivalent shaft
power (ESP) and shaft power (SP) as a function of ambient temperature (Tam) and
turbine entry temperature (TET) at Econ.Cruise condition (Alt=7010m, MNf=0.41).
Finally, Figure 4-34 shows the variation of equivalent specific fuel consumption
(ESFC) as afunction of T, and TET at Econ. Cruise condition.
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All six figures follow the expected trend lines. Reference [46] provides detailed
gualitative description of the effects of altitude, flight Mach number, ambient conditions

and turbine entry temperature on gas turbine performance.

The integration method of the performance model of the turboprop engine and the
propeller performance model, as well as the determination of TET when flight mission
is performed, isillustrated in Figure 4-35 as aflow chart.

E.S.P v.s Flight Alt. & Mach
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Figure 4-29 Influence of Flight Alt. & Mach on Equivalent Shaft Power

121



S.P v.s Flight Alt. & Mach
(TET=1185K, ISA)
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Figure 4-30 Influence of Flight Alt. & Mach on Shaft Power
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Figure 4-31 Influence of Flight Alt. & Mach on Equivalent Specific Fuel

Consumption
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E.P v.s TET & Temp.Dev.
(Flight Alt. 7010m, Mach 0.4086)
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Figure4-32 Influence of TET & temperature deviation on Equivalent Shaft Power
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Figure4-33 Influence of TET & temperature deviation on Shaft Power
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ESFC v.s TET & Temp.Dev
(Flight Alt. 7010m, Mach 0.4086)
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4.3 Propfan (open rotor) Engine Powering CUPFDAC

Propfans, also caled open rotors, are advanced propeller engines that can efficiently
operate at high altitude and speed (approximately 35000 ft and Mach 0.8) [51-56].

Compared with conventional propeller engines, propfan engines are more efficient at
high subsonic flight speeds, since they have modern blades with thin transonic aerofoil
sections and swept tips. These two features reduce the losses associated with tip
transonic regimes. Propellers of propfan engine are also highly loaded (in order to
achieve high thrust levels with reduced propeller diameter) and consequently they have
a high number of blades (typically more than 8). Counter rotating configurations are
used to further reduce propeller diameters and increase their efficiency (recovering with
the rear propeller the swirl delivered by the front one) [51-56].

Usually, a propfan engine consists of a two shaft gas generator followed by a power
turbine driving a set of advanced propellers. Three main features determine the

configuration of a propfan engine.

1) Number of propellers: a propfan engine may have a single propeller, such as the
NASA-PTA [57], or two counter-rotating propellers like the GE36 [58] or the
Alison 578-DX [59]. Counter-rotating propellers can produce the same amount
of thrust with smaller diameters than a single propeller. They can aso achieve
higher efficiencies compared with a single propeller because the rear propeller
can recover the swirl delivered by the front one.

2) Position of the propellers. propellers can be located at the front of the engine
(called ‘puller’ configuration) or at the rear of the engine (called ‘pusher’
configuration). The NASA-ATP and the engines on the Antonov An-70 are
examples of ‘puller’ propfan, while GE36 and Allison 578-DX are classified as
‘pusher’ configuration.

3) Propéler driving mechanism: propellers can be driven by a gearbox or directly
driven by the turbine (linked through a shaft in the case of a single propeller, or
attached to the drums of a counter-rotating turbine in the case of counter-rotating
propellers). Allison 578-DX and NASA ATP are geared propfan engines while
GES36 utilises the directly-driven type.
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The propfan engine model used in this research project, which is denoted
CUPROPFAN (Cranfield University Propfan), is a ‘pusher’ geared counter-rotating
type. Figure 4-36 illustrates an example of the configuration and Figure 4-37
presents the schematic created to simulate this configuration.

-

Figure 4-36 Illustration of a pusher geared counter-rotating propfan engine [60]
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Figure 4-37 Schematic of the CUPROPFAN engine [60]

The design point of the CUPROPFAN is selected at the top of climb (TOC), i.e., flight
altitude 10668 m, flight Mach number 0.8 and ISA. The main design data which are
determined, based on the reference [16], are listed in the following Table 4-8.

Table 4-8 Design parameter s of CUPROPFAN engine model

Flight altitude 10668 m
Atmosphere condition ISA
Flight Mach number 0.8

Inlet total pressure recovery 10

LPC inlet mass flow rate 9.558 kg/s
LPC PR 4.2

LPC isentropic efficiency 0.896
Total pressure loss between LPC and HPC 0.01
HPC PR 10.0
HPC isentropic efficiency 0.886
Combustor total pressure loss 0.045
Combustion efficiency 0.995
Combustor outlet temperature 1800 K
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HPT isentropic efficiency 0.919
LPT isentropic efficiency 0.942
Total pressure loss between LPT and FPT 0.01
FPT isentropic efficiency 0.94
Nozzle duct pressure |oss 0.01
Propeller efficiency 0.93

Table 4-9 shows the performance outputs of this engine model at the design point by
using TURBOMATCH.

Table 4-9 Perfor mance outputs of CUPROPFAN engine model at the design point

Shaft Power 6222553 watts
Nozzle Net Thrust 857.73 Newtons
Equivaent Power 6441442 watts
Fuel Flow 0.2746 kg/s
E.S.F.C. 42.63 ug/J

Figures 4-38 to 4-40 illustrate the influences of flight altitude and flight Mach number
on the engine performances in terms of shaft power, equivalent shaft power and
equivalent specific fuel consumption with the design TET and International Standard
Atmosphere (ISA) condition. And Figures 4-41 to 4-43, in turn, show the influences of
TET and ambient temperature on the engine performances at the design flight atitude
and Mach number.
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Figure 4-38 Influence of flight altitude and M on engine shaft power
E.S.Pvs. Flight alt. & M
(TET=1800K, ISA)
14
12 A/"
=—Alt.=0 m

\ﬁ\

== Alt.=2000 m
==fe=Alt.=4000 m
=>¢=Alt.=6000 m
==ié=Alt.=8000 m
=®-Alt.=10000

Equivalent shaft power, MW
[e)}

—F

4 — B

2

0 T T T T T T T 1

02 03 04 05 06 07 08 09 1
M

Alt.=12000 m

Figure 4-39 Influence of flight altitude and M on engine equivalent shaft power

130




E.SF.Cvs Flightalt.& M
(TET=1800K, ISA)

54
52
2
2 50 =S ——Alt.=0 m
) .
z,_) N ‘-\-\\¢ == Alt.=2000 m
= —d—Alt.=4000 m
5 46
[ —>¢=Alt.=6000 m
344 —#—Alt.=8000 m
w
" —0—Alt.=10000 m
= Alt.=12000 m
40 T T T 1
0.2 0.4 0.6 0.8 1

Figure 4-40 I nfluence of flight altitude and M on engine equivalent specific fuel
consumption

SPVSTET & Temp. Dev.
(Flight Alt. 10668 m, Mach 0.8)

9
i A
7
=
Se
- ——ISA-10
O 5
= / —8—[SA-5
4
o
= et ISA
® 3
& == |SA+5
2
—5#=15A+10
1

1200 1300 1400 1500 1600 1700 1800 1900 2000
TET,K

Figure 4-41 Influence of ambient temperature and TET on engine shaft power

131



E.SPVSTET & Temp. Dev.
(Flight Alt. 10668 m, Mach 0.8)
9
<3
)
26
;.5 %/‘( ——ISA-10
%s . / / =@=|SA-5
- e ISA
&3
= = |SA+5
=2
=} =te=|SA+10
g1
0 . . . . . . . .
1200 1300 1400 1500 1600 1700 1800 1900 2000
TET, K

Figure 4-42 Influence of ambient temperature and TET on engine equivalent shaft

power
E.SF.Cvs TET & Temp Dev.
(Flight Alt. 10668 m, M ach 0.8)

60

58
— 56
25 ANEAN
5_’; 52 \ ‘\\ —0—ISA-10
*g 50 ki\;z\ —8—[SA-5
§ 48 \ = ISA
g 46 == |SA+5
L 44 ——ISA+10

42

40 . . . . . . . .

1200

1300

1400 1500 1600

TET,K

1700 1800 1900 2000

Figure 4-43 Influence of ambient temperature and TET on engine equivalent
specific fuel consumption

132




From the above figures, it can be observed that the built propfan engine model displays
the expected performance characteristics. The qualitative explanations to such

behaviours are similar to those for the turboprop engine in the previous section 4.2.
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CHAPTER FIVE ENGINE GASEOUS EMISSIONSAND
MODELLING

5.1 Aviation Emissions and Their Consequences

Nowadays, with the rapid development of the air transport industry, more and more
public attention is being drawn to the adverse impacts of aviation gaseous emissions on

the environment in terms of air quality, noise and climate change.

Reference [61] briefly summarises the principal gaseous emissions from aero gas
turbine engines as well as their consequences. According to [61], these emissions
mainly include carbon dioxide (CO,), oxides of sulphur (SO,), carbon monoxide (CO),

unburnt hydrocarbons (UHC), smoke soot (C) and oxides of nitrogen (NOX), etc.

CO. is the consequence of complete and successful combustion of a fuel containing
carbon and is identified with global warming. The gas is very stable and will remain in
the atmosphere for very long periods, which has led to some concern regarding global
warming via the greenhouse effect. According to the reference [1], today and globaly,
“flights produce 628,000,000 tonnes of CO, yearly and air transport's contribution to
climate change represents 2% of human-induced CO, emissions (and 12% of all
transport sources).” However, in the near future, the stable and continuous growth in
demand for air travel (“increasing 4-5% per annum over the next 20 years’ [1]), the
contribution level from commercia aviation to climate change will be increased to 3%
by 2050.

SO; is both toxic and corrosive. All the sulphur present within a fuel is inevitably
converted to oxides of sulphur. Removing as much sulphur as possible from the fuel
prior to combustion is the primary way to reduce SO, emissions. So far, the level of
oxides of sulphur permissible in fuels has already been progressively reduced over the
years with some applications and regions requiring sulphur content to be limited to

values as low as 0.2% [61].

Carbon monoxide and unburnt hydrocarbons are both products of partial combustion,
and are formed in quantity in circumstances where the combustion zone temperature is
low and/or the time available for combustion is insufficient (such as at the lower power

settings for a gas turbine engine). Carbon monoxide reduces the capacity of the blood to
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carry oxygen, and can cause asphyxiation and, at high concentrations, even death. UHC
can themselves be toxic, and also combine with oxides of nitrogen via photochemical

reactions to form toxic “smog”.

Smoke or soot isformed in local fuel-rich regions within the combustor. The propensity
to produce carbon increases markedly with pressure. Therefore, engines designed to
operate at high pressure ratios are likely to produce higher quantities of soot than those
operating at modest pressure ratios. Whilst smoke from gas turbine combustors is
visible and results in soiling, it is not toxic at the concentrations emitted. However,
some smoke suppressants contain heavy metals such as barium, and whilst they may
eliminate or reduce smoke produced by a gas turbine, the resulting emissions now
contain the highly toxic heavy metal. Fortunately, in recent years, improvements in fuel
injector technology, particularly based round the air spray and air blast sprayers, have
eliminated soot or smoke production in many engines.

NOx is produced within the combustion zone if the combustion temperature is
sufficiently high to dissociate molecular oxygen to atomic oxygen. The following
chemical reaction equations illustrate ssmplified generation mechanisms of nitric oxide

and nitrous oxide introduced by Zeldovich et al.
0,520 (51

0+N,SNO+N (52

N+0,5NO+0 (53)

2NO + 0, 5 2NO, (5-4)
At ground level, the presence of oxides of nitrogen results in an increase in ozone
concentration. Nitrogen dioxide reacts photochemically to produce nitric oxide and
atomic oxygen. The atomic oxygen reacts with molecular oxygen to form ozone. This
chemical reaction process can be expressed as follows:

NO, +hvsS NO+0 (55)
0+0,50; (56)

The statistical data show that “the rate of increase of ozone in the last 20 years is now
nearer 2.4% per annum, compared with about 1.6% per annum for the preceding 20
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years. Of equal concern is the absolute level, now approaching 50 ppb (parts per billion)
over Western Europe.” [61]. Prolonged exposure, near to 100 ppb, is associated with

respiratory illnesses, impaired vision, hearing disorders, headaches and alergies.

On the other hand, oxides of nitrogen can also cause damage (depletion) to the ozone
layer within the stratosphere. Nitric oxide reacts with ozone to produce nitrous oxide
and molecular oxygen. Nitrous oxide, in turn, reacts with atomic oxygen to form nitric
oxide and molecular oxygen. Thus, the nitric oxide, having depleted the ozone, is
regenerated and is hence able to continue with the damage process over very many such
cycles. This mechanism is particularly effective in the stratosphere where atmospheric
conditions are very stable with little or no mixing to dilute concentrations of nitric oxide
once these have been deposited within the stratosphere. The ozone layer absorbs the
ultra-violet radiation from the sun. The depletion of ozone then results in an increase in
ground level ultra-violet radiation, which causes skin cancer and eye diseases. The
chemical mechanism of ozone depletion in the stratosphere can be expressed as follows:

NO+0; SN0, +0, (57)

NO,+05NO+0, (58

5.2 Emission Prediction Modelling

References [62-65] briefly summarises the main modelling methodologies as well as
their advantages and disadvantages for the purpose of emission prediction. According to
these references, three different strategies can be applied to predict (or estimate)
gaseous emissions from gas turbine combustors, that is, 1) empirical correlations; 2)
stirred reactor models (or called physics-based models); and 3) detailed numerica
simulations, for instance, by means of comprehensive CFD (Computational Fluid

Dynamics) calculations.

Empirical correlations [66-68], mainly built based on experimentsmeasurements,
usually use globa expressions into which fine details of interna flow and the
combustion chemistry occurring inside combustion chambers are completely subsumed.
The correlation (or prediction/estimation) formulae produced by this modelling method
are of the features of simplicity, easy usage and very little calculation time. However,
on the other hand, this method also presents some inherent limitations. These limitations
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can be observed from the facts that the prediction formulae developed by this method
are usually strongly targeted (or specific) in terms of their respective applications (or,
“narrow” suitability for each empirical formula built) (i.e., “different combustion
concepts require the creation of new experimental databases’ and “such correlations can
only satisfactorily be applied to specific engine architectures and accommodate only
minor design changes’ [65]). In addition, another possible limitation to the wide
application of this modelling method lies in that, although the methods and formul ae for
emission calculation are publicly available, much of data required by these calculations
are proprietary and, hence, unavailable in the public domain (the application of the so
called P3T3 method for emission estimation throughout the flight envelope introduced

later in this section, is such an example).

The concept of stirred reactors was ever investigated widely during the 1970s and 1980s
in order to achieve a better understanding about the formation process of various
gaseous pollutants emitted from gas turbine combustors. Based on this, the stirred
reactor based modelling method was further developed and applied to predict trendsin
the level of emissions produced by gas turbine combustors currently in service [69-72].
This method predicts gaseous emissions from gas turbine combustor by means of
adopting a series of stirred reactors (SRs) to model combustion, mixing, steam/water
injection, fuel evaporation, and their effects on emission formation based on the theories

of chemical equilibrium calculations and the reaction kinetics.

Using CFD to simulate numerically the turbulent reacting flow inside the combustor
[73-77] is another possible option for gaseous emission prediction. However, some
inherent features of this approach limit, to some extent, its wide application. Firstly, this
simulation method needs detailed geometry information of the investigated combustor,
while such information is usually proprietary, and hence, it is difficult for public access;
secondly, the simulation calculation based on this modelling method is in generd
extremely time-consuming, which inhibits the application of this method in GAs based
optimisation problems, where a lot of evaluations are involved (the flight trajectory
multidisciplinary optimisation performed in this research work is such an example); in
addition, the lack of robustness/reliability (therefore, the validation of simulation results
based on empirical data is often required) becomes another disadvantage of this

simulation approach.
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5.2.1 P3T3 method

P3T3 method is a semi-empirical gaseous emission prediction method. This method
“utilize the entire suite of data taken during the emissions certification to calculate
emissions throughout the flight envelope’ [21] by means of a set of correlation formulae
built semi-empirically between emission indices and the total pressure P3 and the total

temperature T3 at the high compressor exit/combustor diffuser inlet.

The application procedure of this method is as follows:

1. Defineaflight mission;

2. Run the mission through an aircraft performance simulation code and output
engine thrust requirements at discrete flight points (defined in terms of pressure
altitudes, flight speeds and ambient temperatures) along the mission;

3. Taking the information achieved in the above item 2) as inputs, the engine
performance model outputs the values of P3 and T3 for each flight point;

4. For each point, “ T3 isused to enter alookup of each Emissions Index (EINOxg,
EIHCs. and EICOg ) and a reference sea level compressor exit pressure (P3s,).
The lookup is based on the sea level static, standard day emissions correlation
devel oped from emissions certification testing” [21];

5. Achieve real values in Emission Indices corresponding to actua flight
conditions by means of proper corrections to those reference values obtained in

item 4) above.

The corresponding correlations for the calculation of Emission Indices at actual flight

conditions are expressed as follows:
EICOAe = EICOgL * (P35,/P341)* * (FARsL/FARp ) (5-9)
EIHC,ye = EIHCgy, * (P3s1./P3a1)* * (FARgL/FARp)? (5-10)

EINOx,) = EINOxg, * (P341:/P3g.)Y * el * (FAR i /FARg)? (5-11)

According to the reference [21], “the exponents of y and x are engine/combustor unique
and are empirically derived by the manufacturers.” “The value for the NOx pressure
exponent y has been seen to range between 0.2 and 0.5 in rig and engine tests. Theory
would suggest an exponent of 0.5, while published empirical data would suggest a
typical value of 0.4%. The value for the HC and CO pressure exponent x, is assumed to
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be 1.0. The exponent for z is effectively O for conventional rich front end single annular
combustors. Moisture in humid air entering the engine core and combustor reduces the
peak flame temperature and NOx formation rate. The NOx equation includes a humidity
factor, €, which was originaly developed from a 19 engine sample of production
JToD’s.” [21] (Here, H is humidity correction and defined as H = —19 X (w —
0.00634). w ishumidity ratio with the unit of “kg water/kg dry air”.)

As for the gaseous emission prediction of turbofan-propelled aircraft involved in this
research work, a set of measured data (i.e., reference data shown in the following Table
5-1) from the emission certification test of CFM56-5B4/3, which is similar to the engine
model built in this research work, are available and, therefore, the P3T3 prediction

method can be applied.

Table 5-1 Emission measured data of CFM 56-5B4/3 engine [ 78]

POWER TIME FUEL FLOW EMISSIONS INDICES (g/kg)
MODE SETTING minutes ka/=s HC o NOx SMOKE NUMBER
(3Fo0)

TAKE-OFF 100 0.7 .142 02 0.25 21.57 13.4
CLIMB QUT 85 2.2 0,939 0.02 0.16 17.23 9.9
APPROACH 30 4.0 0.31& 0.05 1.24 8.85 2.1
IDLE 7 26.0 0.102 1.92 32.07 4,22 2.1
LTO TOTAL FUEL (kg) or EMISSIONS (g) 407 314 5386 4511
NUMBER OF ENGINES 3 3 3 3
NUMBER OF TESTS T 7 7 T
AVERAGE o (g/¥N) or AVERAGE SN (MAX) 2.61 44.84 37.56 13.4
SIGMA w in g/kN, or SN) 0.36 2.4 1.1 4.5
RANGE (D,/Fo in g/kN, or SN) 2.21 to 2.9)42.0 to 46.6 | 36.6 to 38.8| 8.4 to 16.9 |,

Based on the reference data in the above Table 5-1 and the performance model of the
CUTSTF engine described in chapter four, the empirical correlations between EIHC,
EICO, EINOx and P; (total pressure at HPC exit) and T3 (total temperature at HPC exit)
under the reference condition of SLS (sea level static) and standard day can be
established in principle.

In fact, during the establishment of these relationships, some investigations about the
ways how these parameters can be correlated better have to be made. These works are
shown in the following Figures 5-1 to 5-12.
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After the comparisons among different correlation methods, the direct correlations seem
to show more advantages than the logarithm correlation and, therefore, were adopted in
this project research. Among them, EIHC and EICO were calculated by piecewise linear
interpolation (as shown in Figures 5-5 and 5-6), while the calculations of EINOx and P
were implemented respectively by their own quadratic correlations (although cubic
correlations show the highest values in R? (R?*=1), the shape of the correlation curve
resulted from this method (for instance, Figure 5-9) is not preferred.), as shown in
Figures 5-8 and 5-11.

CO, and H,0 are produced under the chemical equilibrium conditions, and hence based
on these equilibrium conditions, the values of emission indices of the two emissions
(i.e., EICO, and EIH,0) can be derived as follows:

Assuming the composition of fuel is given by:

CHnS;
If ignoring ‘'S (sulphur), the above composition expression of fuel becomes C,,H,, (for
instance, the fuel of Jet-A is expressed as C,,H,3). Therefore, based on the composition,

the following chemical equilibrium equation (using ‘Mole' scale) can be achieved:

4m+n
4

1C,H, + 0, = mCO, + gHzo (5-12)

Since 1 mole C,,H,, corresponds to (m x 12.011 + n x 1.0079) gramC,,H,, m mole
CO,corresponds to m x (12.011 + 2 X 15.9994) gramCO,, and 2 mole H,0

corresponds to gx (2 x1.0079 + 15.9994)gram H,0, therefore, the production rate

(or Emission Index) of CO, and H,0 (by the definition with ‘mass scale) can be
expressed as.

mx(12.011+2X15.9994)x1000

_ g i,
EICO, = mx12.011+nx1.0079 ( /kg) (5-13)

_ 3X(2X1.0079+15.9994)x1000 o ]
EIH,0 = mx12.011+nx1.0079 ( /kg) (5-14)

From the above two equations, it can be concluded that the values of emission indices
of CO, and H,0 only rely on the used fuel type (i.e., fuel composition) and they are

independent of operational parameters.
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Further, assume the fuel Jet-A (C,,H,3) isused in this research work, so the EICO, and

EIH,0O can be determined as follows;

12%(12.011+2X15.9994)x 1000
EICOZ S
12%x12.011+23%1.0079

= 3156.5 g/kg fuel (5-15)

22—3><(2><1.0079+15.9994—)X1000
EIH,0 =

= 1238.2 g/kg fuel (5-16)

12%x12.011+23%1.0079

5.2.2 Stirred reactor model

In this research work described in this thesis, emission predictions from turboprop and
propfan engines were made through the stirred reactor models developed by Hugo
Pervier (see references [79] and [80]), instead of the P3T3 method adopted in the
previous case of turbofan engine due to the unavailability of related reference data from
ICAO emission databank.

The following Figures, 5-13 and 5-14, illustrate the basic principle of the two stirred
reactor models used in this research work.
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Figure 5-14 Conventional combustor — multi-reactor model [79, 80]
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From the above two figures, it can be observed that: 1) the entire combustor is divided
into three zones, that is, primary zone (PZ), intermediate zone (1Z), and dilution zone
(DZ); 2) the combustor primary zone is subdivided into two parts, i.e., flame front (FF)
and primary zone (PZ) itself. The flame front (FF) which simulates the initial mixing
and reaction of the fuel with the nozzle and swirler air is modelled through a partially-
stirred reactor (PaSR), rather than the commonly-used Perfectly-Stirred Reactor (PSR)
so that the inhomogeneity in the distribution of fuel-air-ratio (FAR) in this combustor
region, which has significant impacts on the formations of most of the pollutants of
interest, can be taken into account properly; 3) The second part of the combustor
primary zone, i.e., PZ, the combustor intermediate (or secondary) zone (1Z), and the
dilution zone (DZ) are modelled by a series of perfectly-stirred reactors (PSRS); 4)
Except the dilution zone (DZ), FF, PZ and |1Z are all simulated by two generic reactor
models in parallel which respectively occupy the core and the near-wall (NW) regions
of each of these zones; 5) The outcomes from both core and near-wall reactors of 1Z
mix together as one of inputs to enter into a single PSRS model which functions to

simulate the combustor DZ.

The following Figure 5-15 illustrates the code structure and calculation procedure of
stirred reactor based emission prediction model.

Emissions_|Index
(Main)

I

—_—
Air Chamber Printing
AN

Region ‘ Specification W

T

Reactor

T

Chemistry

AN

Perfect_Gas \ Global

Figure 5-15 Emission prediction mode - code structure and calculation procedure
[65]
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As shown in the above Figure 5-15, the stirred reactor based emission prediction model
is coded with two types of modules, i.e., five primary modules and severa secondary
modules. The five primary modules are, respectively, ‘Emissions Index’ module,
‘Chamber’ module, ‘Region’ module, ‘Reactor’ module, and ‘Chemistry’ module.
Among them, the ‘Emissions_Index’ module functions as a control module responsible
for reading data from the input file, driving the computation process and writing results
to output files; the * Chamber’ module is designed to code different combustion chamber
configurations; the ‘Region’ module is built for modelling the different regions of
combustion chambers such as primary zone, intermediate zone, and dilution zone;
‘Reactor’ module is developed for modelling the generic chemical reactors;, and
‘Chemistry’ module which contain the agorithms is utilised for simulating the
formation of the main pollutants of interest. During the calculation, the calculation data
flow logically from the bottom ‘Chemistry’ module, in turn, through the ‘Reactor’
module, ‘Region’ module and ‘Chamber’ module, until reaching the top
‘Emissions_Index’ module by one invoking another from top to bottom reversely. As
for the secondary modules, they mainly include ‘Air' module, ‘ Specification’ module,
‘Perfect_Gas' module, ‘Functions module, and ‘Global’ module, etc. Among them,
‘Air module is used to determine air composition; ‘Specification’ module contains
parameters considered constant during the calculations;, ‘Perfect Gas module is
designed to determine thermodynamic properties of ideal gases; ‘Functions module
comprises those functions for calculating reaction rate coefficients, and ‘ Global’” module

comprises common parameters to al modules.

As for the stirred reactor based emission prediction model, besides the above

discussion, the following points should be highlighted:

1. In the reactor models mentioned above, normally, two input streams are
involved: gas stream (air or combustion products) and fuel/air stream. It is
assumed that mixing of these two streams occurs instantaneously in the reactors;

2. The emissions of interest in this research work are mainly CO,, H,O and NOx
which are directly related to the research objectives of the Clean Sky project.
Among them, it is considered that CO, and H,O are produced under chemical
equilibrium conditions and, hence, their emission indices EICO, and EIH,0 are
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respectively determined from equilibrium calculations performed by using the
NASA CEA (Chemical Equilibrium with Applications) program.

3. NOx is not formed in local chemical equilibrium. Therefore, more detailed
representation of finite rate chemistry and correspondingly kinetic calculations
of this type of emission are included in the prediction model used in this

research.

References [79] and [80] respectively give geometry data and model parameters of the
combustors used in the stirred reactor models developed for the gaseous emission
predictions of turboprop-driven arcraft (CUTPDAC research case) and propfan-
powered aircraft (CUPFDAC research case). These data and parameter values are listed
respectively in the following Tables 5-2 to 5-5.

Table 5-2 Combustor geometry data (for CUTPDAC case) [79]

Zone FF PZ V4 Dz
Flow area (m?) 0.36 0.36 0.36 0.36
Length (m) 0.048 0.048 0.144 0.144
Air inflow fraction 0.2 0.2 0.2 04

Table 5-3 Model parameters (for CUTPDAC case) [79]

F1 F2 F3 F4 F5

0.20 0.75 0.25 0.20 0.40

Table 5-4 Combustor geometry data (for CUPFDAC case) [80]

Zone FF PZ 1Z DZ
Flow area (m?) 0.20617 0.20617 0.20617 0.20617
Length (m) 0.03125 0.03125 0.09375 0.09375
Air inflow fraction 0.2 0.2 0.2 0.4
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Table 5-5 Model parameters (for CUPFDAC case) [80]

F1 F2 F3 F4 F5

0.15 0.60 0.15 0.20 0.20

Here, these model parameters are defined, respectively, asfollows:

F1 - Fraction of fuel reaching the near wall mixing zone.

F2 - Proportion of the swirler and dome air that goes into the flame front PaSR reactor.
F3 - Fraction of the burning gases admitted into the primary near-wall reactor.

F4 - Fraction of the air initially assigned to the primary zone that goes into the primary

near-wall reactor.

F5- Fraction of the air initially assigned to the intermediate zone that goes into the
intermediate near-wall reactor.

In addition, reference [79] also mentioned that since no data were available to compare
the outputs of this prediction model, only a preliminary check was made as shown in the
following Figures 5-16, 5-17 and 5-18 (It is noted that the relative value in emission
index (El) in these figures is defined as the ratio of the El value of a certain emission at

actual engine operating rating to the corresponding one at engine full power).
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Figure5-16 Relative NOx emission index against engine power setting [79]
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Figure 5-17 Relative CO, Emission Index against Power setting [79]
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Figure 5-18 Relative H,O Emission Index against Power setting [79]
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As seen from the formation mechanism of NOx mentioned previoudy, the production
rate of NOx is highly dependent on the flame temperature in the combustor. Therefore,
it can be expected that “an increase of the engine power setting will increase the
emission index of NOx” [79]. This predicted trend represented in Figure 5-16 from the
stirred reactor model shows agreement with what is expected.

As for the predictions of EICO, and EIH,O from the stirred reactor model, reference
[79] states that due to the direct relationships between emissions of CO, and H,O and
fuel burnt, as well as the definition way of the emission index (i.e.,, mass of
emission/mass of fuel), the EICO, and EIH,O remain constant as the power setting
changes (as a matter of fact, this point has been discussed in the previous section),

which is aso in agreement with what is expected.
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CHAPTER SIX FLIGHT NOISE AND MODELLING

Noise, like other annoying factors such as litter, local strong lighting, may cause an
uncomfortable emotional reaction in human beings (see Figure 6-1) and is often
regarded as one of the most undesirable features of life in urban community. Among
types of noise, aircraft noise [81-83] is second only to the traffic noise in cities and
usually rise to the top of the list in rural areas “in its unsociable levels, frequency and
time of occurrence”’ [81].

Although aircraft have been becoming increasingly quieter due to the significant
progress in technology during the last severa decades, especially the displacement of
turbojet by turbofan engine and adoption of high bypass ratio, the achievement has not
sufficiently offset the progressively-increased adverse impact of noise resulted from the
rapid growth of commercia aviation operations. As a matter of fact, the fast expansion
of civil aviation transport today has intensified the problem and “given rise to much

greater intrusion on community life and, hence, to noise exposure” [81].

Noise induced Physiological

hearing loss

Other health

/V cliects

Biological

responscs

Behavioural

Disturbance:
- Distraction
- Speech

- Tasks

- Sleep

A

Complaints /
Action

Annoyance

Socio-psychological
factors

Figure 6-1 Impact of Noise[84]

Noise level is measured through Noise Metrics, with the unit of deciBel (dB) which
“addresses the wide range of sound intensities accommodated by the human species by

using a logarithmic ratio of the actual sound pressure level (SPL) to a nominal vaue,

the “threshold” of hearing, set at 20 uP,” [81], that iis, (10 logy, ac;‘;#uf”) dB.
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(Note: the deciBel concept is also used to express the relative change in two sound

intensities or noise levels, that is, (10 log;, 1—2) dB).
1

Noise metrics are usualy divided into two types, ‘Single Event Noise Metrics and

‘Cumulative Noise Metrics'.

Single Event Noise Metrics “describe the acoustic event caused by a single aircraft
movement.” [84]. There are two commonly-used types: L,,,x and Lg. The former oneis
based on the maximum sound intensity during the event, and the latter is based on the
total sound energy in the event (here, the total sound energy is expressed as the product
of the maximum sound intensity and the effective duration of the event defined in the
following equation (6-1)). The following Figure 6-2 and equations (6-2) and (6-3) give

theillustration, definition and interrel ation of these two noise metrics.
te - 10tmax/10 = %2 10L®/104y (6-1) [84]
1
Lg = 10 - Ig(= J,* 101®/10dt) (6-2) [84]
o "l

Where, t, is a reference time, and the determination of the integration interval [t;, to]

should “guarantee that all significant sounds of the stated event is encompassed” [84].

te
Lg = Lipax +10 - lg(g (6'3) [84]
4 Level L(t)
L
fLLens ‘
10 dB

Time ¢

Figure6-2 Level-Time History of a Noise Event and L max [84]
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Based on the facts that the acoustic energy of sound is distributed over a wide frequency
range (approximately from 20Hz to 20KHz) — the frequency-spectrum property of
sound, and human beings have different responses to sounds with the same intensity but
different frequencies, frequency-domain treatment techniques which account for the role
of sound frequency in the noise-impact assessment are adopted and, correspondingly,
the so-called Noise Scales are introduced. Among them, the most important and
commonly-used are ‘A-weighted sound level (usualy denoted as ‘LA’) and ‘Tone-
corrected Perceived Noise Level (denoted as‘Lpnt')’-

“The A-weighting is a simple filter applied to sound measurements which applies more
or less emphasis to different frequencies to mirror the frequency sensitivity of the
human ear at moderate sound energy levels’ [84], while ‘Tone-corrected Perceived
Noise Level’ considers “intricacies of human perception of noise from broadband

sources containing pure tones or other spectral irregularities’ [84].

‘Tone-corrected Perceived Noise Level’ is determined from 1/3-octave spectra and
uniquely applied for precise measurement of aircraft noise, while ‘ A-weighted sound

level’ isauniversally used scale of environmental noise level.

Therefore, combined with the above two noise scales, the four commonly-used noise
metrics are available, shown in the following Table 6-1, and related expressions are
further listed in equations (6-4)—(6-7).

Table 6-1 Commonly-used noise metrics with different frequency-weightings

Noise metrics
L L
Noise scales e :
|_/_\ I—A,max I—AE
Lent L pNT, max Lepn
1t
Lyg = 10 - lg(g ftlz 10La(®/104¢) (6-4) [84]
te
Lag = Laomax + 10+ lg(g) (6-5) [84]
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where, to=1 second.
Lepn = 10 Ig(- f;7 10"/ 104ty (6-6) [84]

Legpn = LpNT,max + 10 lg(t—z (6-7) [84]
where, to=10 second.

Different from the above * Single Event Noise Metrics , ‘ Cumulative Noise Metrics are
used to describe the total noise experienced during longer time periods. ‘Equivalent
Sound Level’ (denoted as ‘L) based on the energy principle is the most commonly-
used cumulative noise metric, which accounts for the contributions to annoyance from

both event levels and numbers of events. The expression of ‘Le;’ isasfollows:

Leq = Lg + 10IgN — const. (6-8) [84]

Where, L is the average event level of the N events experienced during the specified
time interval. The constant term relies on the time interva

(=10 - Ig[number of seconds in the time interval]).

(Note: the energy principle is that the adverse effects of noise rely on the total amount

of noise energy involved.)

In recent years, weightings have been introduced into ‘Equivalent Sound Level’ (L) to
consider a change of community noise sensitivity over the 24-hour day (i.e., the
tolerance to noise by community falls from the daytime to the evening and further to the
night). It, therefore, gave rise to modified versions of Le;, such as ‘24-hour average
sound level’ (Laeg2an) , ‘16-hour day-average sound level’ (Laegday), ‘8-hour night-
average sound level’ (Laegnign), ‘Day-night average sound level’ (Lpn), and ‘Day-

evening-night sound level’ (Lpen) €tc..

The following equation (6-9) and Table 6-2 give the calculation methods of these
modified versions of L (or called ‘ Time-weighted equivalent sound levels’).

Leqw = 10 Ig[32- TN, g 1045/10] 4 (6-9) [84]
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where, N denotes the number of aircraft noise events occurring over the specified
reference time period To. Lg; is the noise exposure level of the i-th noise event. The

coefficient g; denotes a time-of-day dependent weighting factor.

Table 6-2 Parametersfor the deter mination of L eqw [84]

Leg L, [dB) | 6 [s) C[dB] | 70" [s] g

day gvening night
Laeg2m | Lar 0| 86400 Ny | | 0
Laeqaay™? | Lag 0| 57600 Ny | 0 0
Lgeqmgne | Lar 0] 28800 Ny, i i |
Ly Lyp 0] 86400 Ny, ] ] 10
Lpgw ™ | Lag 0 86400 N, I 3162" 100

As for the impacts of aircraft noise on community, despite the announcement illustrated
in Figure 6-1(above) involving both physiological and behavioura sides, scientific
conclusions about the possibility of ‘health effects are much less clear [84]. Therefore,
so far, the practical assessment about noise impact is to adopt ‘community annoyance’
as the principal response measure, such as, ‘Contour Area, ‘Population Enclosed’,
“Houses/Households Enclosed’, ‘Noise Levels at Enforcement Points', ‘ Awakenings',

‘People Highly Annoyed’, ‘ Sleep Disturbance’, etc.

In this project research, due to the research scope of single-noise-event impact
assessment and actual unavailability of some statistical data, like population or house
distribution around investigated airports, the four single-event noise metrics (La max.
Lae, Lentmax @nd Lepy) @nd “ Contour Area’ are used to measure aircraft noise level and
assess its influence on the vicinity of airports during ‘ Departure’ and ‘Arrival’ phases of

aircraft.

The calculation of noise metrics and its impact assessment [85, 86] in this project
research were completed through two simulation software packages, ‘INMTM_v3.exe
(INMTM-Integrated Noise Model/Management of Traectory and Missions) and
‘NoiseLAss v2.0" provided by Delft University of Technology [87, 88].

The ' INMTM_v3.exe isareplication of the FAA’s standard noise assessment tool INM
(Integrated Noise Model) [89-91] version 7.0b. This software can provide the capability
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to caculate the noise exposure of a single event flyover on a user-defined grid of

observer locations below the flight trgjectory for four noise metrics, i.e., Lamax, LaE
(SEL), Lentmax (PNLTM) and Lepy (EPNL).

The methodology employed in INMTM is based on the empirically obtained Noise-

Power-Distance (NPD) database (see Figure 6-5), and its calculation process can be
divided into two steps [87]:

1)

2)

By the interpolation for the current thrust level and slant distance (aircraft-
observer), find the uncorrected noise metrics.

Correction calculation.

Since the creation of NPD is based on the assumption that the aircraft flies on an

infinitely long segment at a given reference speed, and that the observer is

standing directly below the flight path, severa corrections are correspondingly
needed. They include:

a) ‘Duration adjustment’ (considering that aircraft are not flying at the
reference speed, and just suitable to exposure based (i.e., time-dependent)
trajectories.

b) ‘Noise fraction adjustment’ (considering finite segment lengths as well as
observers being ahead or aft flight segments).

c) ‘Lateral attenuation adjustment’ (considering observers being astride the

segment and the impact from ground reflection).

The following Figure 6-3 illustrates the entire calculation/assessment process of noise
metrics and noise impact. Figure 6-4 shows the establishment of 3D flight path based on

the ground track and vertical flight profile which is required by the calculation and

assessment of flight noise.
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The following Tables 6-3 and 6-4 are the flight noise models selected from the NPD
database respectively for the case studies of CUTFDAC and CUTPDAC.

Table 6-3 Noise Model of CUTFDAC [87]

NPD_ID MET oP THR 200 400 630 1000 2000 4000 6300 10000 16000 25000 C
CFM565 E A 1500 97.4 91.6 B7.5 B82.9 76.0 68.3 62.5 55.3 46.5 33.4 3
CFM565 E A 3000 98.8 93.4 89.2 B4.7 77.6 69.7 63.9 56.7 47.7 35.5 3
CFM565 E A 5000 100.8 95.2 91.0 86.4 78.6 70.3 64.3 57.2 48.4 35.7 3
CFM565 E D 12000 108.2 104.2 99.8 95.1 86.9 78.2 72.8 65.1 57.4 47.4 3
CFM565 E D 15500 110.7 106.0 102.0 97.2 89.6 81.5 76.2 69.8 62.2 53.2 3
CFM565 E D 19000 110.9 106.7 103.2 99.1 92.1 85.1 80.1 73.5 66.4 57.9 2
CFM565 E D 22500 113.2 108.4 105.0 101.3 94.9 88.4 83.6 77.0 70.4 62.1 1
CFM565 M A 1500 87.9 80.9 76.2 V1.3 63.3 54.5 48.0 40.9 32.9 24.6 73
CFM565 M A 3000 90.4 83.2 78.3 73.1 64.9 55.7 49.0 41.7 33.9 26.1 3
CFM565 M A 5000 92.3 84.7 79.4 73.8 65.3 56.0 49.3 42.0 34.3 26.3 3
CFM565 M D 12000 100.3 92.0 86.2 80.3 71.1 61.7 55.4 48.6 40.9 33.1 3
CFM565 M D 15500 102.5 94.9 89.5 83.6 74.0 65.0 58.8 52.1 44.7 36.8 3
CFM565 M D 19000 104.3 96.6 91.1 B85.7 77.2 6B8.2 62.2 55.5 47.9 40.0 3
CFM565 M D 22500 105.9 98.9 94.1 88.9 80.9 72.5 66.1 59.4 51.7 43.3 13
CFM565 P A 1500 102.4 94.5 B89.2 83.3 74.2 64.3 56.9 48.6 38.3 24.2 2
CFM565 P A 3000 105.0 97.0 91.3 85.2 75.5 65.2 57.7 50.0 40.2 29.0 2
CFM565 P A 5000 107.3 99.3 93.7 87.2 76.6 65.8 58.2 50.5 39.1 26.0 3
CFM565 P D 12000 120.5 112.3 106.1 98.7 7.8 75.1 68.2 57.8 48.4 37.4 3
CFM565 P D 15500 119.5 111.8 106.3 100.0 88.7 78.8 72.1 63.1 54.3 42.9 >3
CFM565 P D 19000 121.8 114.2 108.6 102.6 92.4 81.9 75.7 66.2 57.5 47.3 3
CFM565 P D 22500 122.8 115.5 110.2 104.4 94.9 85.9 79.5 70.7 62.2 52.2 3
CFM565 S A 1500 92.7 87.4 84.1 80.7 75.1 68.8 64.1 58.8 52.6 46.1
CFM365 s A 3000 94.1 89.0 85.5 B82.0 76.3 69.9 65.2 59.8 533.4 46.9 2
CFM565 5 A 5000 95.2 90,0 86.5 82,7 76.7 70.2 65.5 60.2 54.2 47.4 3
CFM565 5 D 12000 100.9 96.2 92.4 88.3 8l1.9 75.5 71.1 66.0 60.0 53.8 3
CFM565 s D 15500 103.6 99.0 95.3 91.5 85.6 79.3 74.9 69.9 64.2 57.9 3
CFM565 s D 19000 104.7 100.5 97.3 93.9 B88.3 82.4 78.1 73.2 67.3 61.0 3
CFM565 S D 22500 106.5 102.4 99.6 96.4 91.4 85.7 B1.5 76.5 70.8 64.3 3
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Table 6-4 Noise Model of CUTPDAC [87]

NPD_ID MET oP THR 200 400 630 1000 2000 4000 6300 10000 16000 25000 C
RDAS532 E A 32 106.5 101.2 96.8 91.5 81.1 69.6 61.9 53.8 45.7 34.2 P
RDA532 E A 73 107.3 102.2 98.1 94.5 88.5 81.3 75.5 69.2 62.9 54.6 P
RDA532 E D 73 107.3 102.2 98.1 94.5 88.5 81.3 75.5 69.2 62.9 54.6 P
RDA532 E D 100 107.7 103.3 100.2 96.8 91.2 84.7 79.9 74.2 67.8 59.2 P
RDAS32 M A 32 96.4 88.7 82.9 76.2 65.3 55.1 48.3 41.3 34.1 26.4 P
RDAS32 M A 73 98.2 91.1 86.2 81.2 73.6 65.9 60.5 54.7 48.2 40.7 P
RDAS32 M D 73 98.2 91.1 86.2 81.2 73.6 65.9 60.5 54.7 48.2 40.7 P
RDA532 M D 100 98.6 92.2 87.8 B83.4 76.4 68.9 63.4 57.3 50.3 42.0 P
RDA532 5 A 32 98.9 93.5 89.1 84.0 75.3 67.3 62.0 56.5 50.8 44.6 P
RDAS32 S A 73 100.2 95.4 92.0 88.4 83.1 77.7 73.8 69.5 64.5 58.5 P
RDAS532 ] D 73 100.2 95.4 92.0 88.4 83.1 77.7 73.8 69.5 64.5 58.5 P
RDAS532 5 D 100 101.3 97.2 94.3 91.4 B86.7 81.4 77.5 72.8 67.3 60.6 P

As for the flight noise modelling of the aircraft powered by the new generation propfan
(open rotor) engines (in this research work, the aircraft is denoted as CUPFDAC), it is
indeed a difficult job. Idedlly, the state-of-the-art propeller blade designs (for instance,
those being developed by GE, RR and SNACMA in recent years) should be adopted.
However, obviously, the proprietary information from these manufacturers is
unavailable in this research work. Therefore, alternative approximation methods have to
be considered. One possible option is to use the blade design information of the first
generation open rotor engine GE36 (such as SR-7) which has been published openly.
However, GE36 was designed in the 1980s (i.e., around 30 years ago) and compared to
the out-of-date design, the present blade profile is of much better acoustic performance
and the new-generation open rotor engine with newly-developed propellers will tend to
be much quieter [92, 93]. Reference [92] briefly introduces the great progress achieved
recently in this aspect. According to the reference [92], “initial performance and noise
studies conducted in the wind tunnel show that an open rotor engine with counter-
rotating propellers in pusher configuration will have margin for Stage 4 operations and
will likely meet and exceed the more stringent Stage 5 levels to be set by ICAO next
year and implemented by 2020”. Therefore, applying the old GE36 propeller technology
to predict the noise impact of the aircraft powered by the new-generation propfan
engineis actually not very reasonable. In this research, the main interest is in the overal
impact of flight noise on the areas in the vicinity of local airports instead of the detailed

noise characteristics, therefore from the point of view of similar noise levels
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(magnitudes) and installation (fuselage mounted engines), as well as the availability
from the noise database of NPD, the noise data from the combination MD-90/V 2528-
D5 (ACFT_ID: MD9028 and NOISE_ID: V2525 in the NPD database) were selected as
the alternative approximation noise model (see the following Table 6-5). From the
reference [94], the certificated noise levels (magnitudes) of MD-90/V2528-D5 is about
6-9 EPNdB less than the corresponding limit values of ICAO stage-3 noise standard and
basically approaches the threshold values of the stage-4 requirements. Therefore, from
this point of view, the combination MD-90/V2528-D5 can be, to some extent, assumed
as an “equivalent” aternative of CUPFDAC (or say, in this research, the CUPFDAC is
assumed to be of the noise variation characteristics with the engine power setting and
the slant distance provided by NOISE_ID: V2525 in the NPD database). Certainly, due
to the above reason, the optimisation results related to this model are only for the

purpose of reference.

Table 6-5 Noise Model of CUPFDAC [87]

NPD_ID  MET opP THR 200 400 630 1000 2000 4000 6300 10000 16000 25000 C

V2525 E A 3000 94.0 89.2 86.0 82.0 75.8 68.8 63.0 56.5 47.9 37.0 3
V2525 E A 6950 96.7 92.0 88.3 84.5 78.5 71.5 65.9 59.5 50.5 39.5 3
V2525 E D 10500 99.3 95.0 91.5 88.0 8l1.8 74.4 69.2 63.1 56.0 47.6 3
V2525 E D 13150 101.0 96.5 93.0 89.5 83.5 77.0 72.0 66.0 59.0 51.2 3
V2525 E D 18500 105.0 100.3 97.0 94.0 88.2 82.0 77.3 72.0 65.0 57.8 3
V2525 E D 23000 109.8 105.2 102.5 99.0 93.0 87.0 82.6 77.0 70.8 63.5 3
V2525 M A 3000 89.2 83.0 78.2 73.7 66.0 57.5 51.0 44.1 36.5 28.3 2
V2525 M A 6950 91.0 84.5 80.0 75.0 67.7 58.9 53.0 46.0 38.2 30.0 3
V2525 M D 10500 93.1 86.5 82.0 77.2 69.9 61.1 55.3 48.7 41.2 33.4 3
V2525 M D 13150 95.2 88.8 84.0 79.5 72.1 63.5 57.9 51.0 43.8 36.0 3
V2525 M D 18500 100.0 93.4 88.8 84.0 76.7 68.1 62.2 56.0 48.6 40.8 3
V2525 M D 23000 104.8 98.5 93.9 B89.0 81.8 73.3 67.8 61.0 53.5 45.4 3
V2525 ) A 3000 91.9 88.5 85.4 81.9 76.7 71.2 66.9 61.7 55.7 49.1 3
V2525 ) A 6950 94.3 90.2 86.6 83.5 78.3 72.8 68.4 63.7 57.5 51.5 13
V2525 s D 10500 95.8 91.6 8B.5 85.3 B80.2 74.7 70.2 65.7 59.5 54.1 3
V2525 S D 13150 98.1 94.0 91.0 87.9 B82.7 76.9 72.7 68.2 62.7 56.7 3
V2525 s D 18500 102.4 98.5 95.7 92.7 87.7 82.2 78.2 73.2 67.8 61.7 3
V2525 S D 23000 106.2 102.7 99.7 97.0 92.2 86.7 82.7 78.0 72.7 66.5 3
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CHAPTER SEVEN MULTIDISCIPLINARY
OPTIMISATION AND GENETIC ALGORITHMS

7.1 Introduction of Multidisciplinary Optimisation Problem

So far, design approach of the aviation industry has roughly experienced three different
historical stages. The first stage took place before the 1970s. During that stage, the
design goals of engineering projects were generally performance-related, for instance,
aircraft designs sought for maximum speed, minimum drag, or minimum structural
weight, and aero engine designs preferred to higher thrust and lower SFC (specific fuel
consumption). Between 1970 and 1990, with the appearance of computer-aided design
and changes in the procurement policy of most airlines and military organisations (from
a performance-centred approach to one that emphasised lifecycle cost issues), the
approach of aircraft/engine design engineers to their design problems was changed
accordingly, with an increased concentration on economic factors and the attributes
such as manufacturability, reliability, maintainability, etc. This was the second stage of
engineering design approach. Today, aviation design is experiencing its third stage and
design considerations are further being expanded to the environment field, and reducing
emissions of gaseous pollutants (such as NOx, CO and UHC, etc.) and noise, as well as
the adverse impacts resulting in climate change from emissions of CO, and H,0, have

become an important design criterion for aviation products.

On the other hand, “the high-performance personal computer has largely replaced the
centralized supercomputer and the Internet and local area networks have facilitated
sharing of design information” [95]. Disciplinary design software in many disciplines
has become very mature and many optimisation algorithms, in particular the population-
based al gorithms, have advanced significantly [95].

All these led to the appearance and wider and wider applications of multidisciplinary
design optimisation in the present aviation industry.

“Multi-disciplinary design optimization (MDO) is a field of engineering that uses
optimization methods to solve design problems incorporating a number of disciplines. It

is also known as multidisciplinary optimization and multidisciplinary system design
optimization (MSDO).” [95]
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“MDO alows designers to incorporate all relevant disciplines simultaneously. The
optimum of the simultaneous problem is superior to the design found by optimizing
each discipline sequentially, since it can exploit the interactions between the disciplines.
However, including all disciplines simultaneously significantly increases the complexity
of the problem.” [95]

7.2 Mathematic Description of Multidisciplinary Optimisation
Problem

From the point of view of mathematics, a multidisciplinary design optimisation problem
can be expressed as a multi-objective optimisation problem which “is an area of
multiple criteria decision making that is concerned with mathematical optimization
problems involving more than one objective function to be optimized simultaneously”

and can be formulated as follows:

min  F(x) =[F(X),F2(X),..., Fp(X)]"
subject to

g;()<0, j=12,..,p

h,(x)=0, k=1,2,...,q
xt<x<xY

Where m isthe number of objective functions, p and q are respectively the number of
inequality and equality constraints, x is a vector of decision variables, F (x) is the i
objective function, x- and x" are respectively the lower and upper boundary vectors.

“For a nontrivial multi-objective optimization problem, there does not exist a single
solution that simultaneously optimizes each objective. In that case, the objective

functions are said to be conflicting, and there exists a (possibly infinite number of)

Pareto optimal solutions.” [96]

“A solution is called nondominated, Pareto optimal, Pareto efficient or noninferior, if
none of the objective functions can be improved in value without impairment in some of
the other objective values’ [96]. “In mathematical terms, a feasible solution =' € Xis

said to (Pareto) dominate another solution z* € X | if
1. filz') < fila®) for all indices? € {1.2. - .k} and

2. Fi(@") < fi(=*) for at least oneindex 7 € {1.2,... .k},
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A solution = € X (and the corresponding outcome /| -*‘*}) is caled Pareto optimal, if
there does not exist another solution that dominates it. The set of Pareto optimal
outcomes is often called the Pareto front.” [96].

“Without additional preference information, all Pareto optima solutions can be
considered mathematically equally good.” [96].

Due to the characteristics of multiple Pareto optima solutions for multi-objective
optimisation problems, in practice there are usualy two categories of treatment

methodol ogies.

The first one can be named as the “scaarization” method which converts the original
problem with multiple objectives into a single objective optimisation problem. With
careful scalarization, optimal solutions to the single-objective optimisation problem can
be guaranteed to be Pareto optimal solutions to the multi-objective optimisation
problem, and when different values in scalarization parameters are applied, different
Pareto optimal solutions can be produced. The so-called linear scalarization (shown

below) is an application example of the “scalarization” method.
.
mip 3 wifi(),

Where, the weights of the objectives i > 1 are the scalarization parameters [96].

The other methodology to cope with multi-objective optimisation problem is that “a
representative set of Pareto optimal solutions is first found and then the decision maker
must choose one of them” [96] according to hig/her preferences. The typical schedule
for this method is as follows:

“(1) computer approximates the Pareto frontier, i.e. the Pareto optimal set in the

objective space;
(2) the decision maker studies the Pareto frontier approximation;
(3) thedecision maker identifies the preferred point at the Pareto frontier;

(4) computer provides the Pareto optimal decision, which output coincides with the

objective point identified by the decision maker.” [96].
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The second method can provide full information (or a whole picture) on al (or
representative) Pareto optimum values in optimisation objectives and on objective
tradeoffs, which inform how improving one objective is related to deteriorating the
others while moving along the Pareto frontier, which will be helpful for the decision
maker to specify the preferred Pareto optimal objective point by taking this information

into account.

In this research work described in this thesis, the above second optimisation
methodology was applied, that is, sets of representative Pareto optimum solutions were

achieved for the multidisciplinary optimisation problems investigated in thisthesis.

7.3 Optimisation Algorithms

“Operations research is the branch of mathematics concerned with both the application
of scientific methods and techniques to decisson making problems, and the
establishment of the best or optimal solutions” [65]. “As expected, there is no a single
method available for efficiently solving all optimisation problems. Thus a number of
optimisation methods have been developed in the past, many of which are customised
for a specific problem.” [65]. The following Table 7-1 provides a list of currently

available methods of operations research.

Table 7-1 Methods of operationsresearch [97]

Mathematical Programming Techniques |Stochastic Process Techniques |Statistical Methods

Calculus methods Statistical decision theory Regression analysis

Calculus of variations Markov processes Cluster analysis, pattern recognition
Nonlinear programming Queuing theory Design of experiments

Geometric programming Renewal theory Discriminate analysis (factor analysis)
Quadratic programming Simulation methods

Linear programming Reliability theory

Dynamic programming

Integer programming

Stochastic programming
Separable programming
Multiobjective programming
Network methods: CPM and PERT
Game theory

Simulated annealing

Genetic algorithms

Neural networks

From Table 7-1, it can be observed that the methods of operations research can fall into
three categories, namely, mathematical programming techniques, stochastic process

techniques, and statistical methods. According to the reference [65], “stochastic process
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techniques and statistical methods are used to analyse, respectively, problems described
by a set of random variables and experimental data’, while mathematical programming
techniques are of particular importance since they are usualy used to achieve the

minimum of afunction of several variables under a given set of constraints.

Among mathematical programming techniques, evolutionary algorithms taking genetic
algorithms as representatives are receiving more and more attention, especialy for
multi-objective optimisation problem. Reference [96] states that “evolutionary
algorithms are popular approaches to generating Pareto optimal solutions to a multi-
objective optimization problem”, and “The main advantage of evolutionary algorithms,
when applied to solve multi-objective optimisation problems, is the fact that they
typically generate sets of solutions, allowing computation of an approximation of the

entire Pareto front.”

Since the above feature of evolutionary algorithms matches very well with the
methodology adopted by this research work for multi-objective optimisation problems
(the methodology has been introduced already in section 7.2), evolutionary agorithms
(specifically, genetic algorithms) was, therefore, selected as the optimisation agorithms
for the purpose of this project research, and accordingly, the following introductions to
optimisation algorithms will only focus on evolutionary agorithms, in particular,
genetic algorithms.

“Evolutionary techniques are inspired by nature and mimic biological structures and
processes that can be observed in natural environments with the object of solving
technical problems’ [65]. So far, the most primary evolutionary techniques which have
been developed include evolutionary programming, evolution strategies, genetic
programming, and genetic algorithms. Among them, GAs is probably the method with
the most widespread use, and they have had a significant impact on optimisation [98].

Genetic agorithms (GAS) are a stochastic approach utilised for optimisation and search
processes based on the mechanisms of natural selection and Darwin’s main principle:
survival of the fittest [99]. The operation mechanism (or procedure) of genetic
algorithms for solving an optimisation problem can be briefly described as follows:
firstly, the problem needs to be encoded; secondly, a judgment criterion of
differentiating good solutions from bad solutions should be established, so as to direct
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the evolution process of future generations, the third step is called the problem
initialisation, that is, to create an initial ‘population’ of encoded solutions, and then the
‘selection’ operator and the ‘genetic’ operator will be applied iteratively to drive the
evolution process of the solutions from generation to generation until a prescribed
‘stopping criterion’ (or ‘stopping criteria’) is (are) satisfied. “At the end, the fina
population will contain, hopefully, better solutions than those present in the initia
population” [65]. The following Figure 7-1 illustrates the operation process of genetic

algorithms for solving an optimisation problem.
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Figure 7-1 Oper ation process of genetic algorithms

Reference [65] described in detail the main elements contained in the above operation
process of genetic agorithms and these descriptions can be briefly listed in the

following sections.
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7.3.1 Problem encoding

During the past several decades, different encoding techniques have been developed so
that different problems can be coped with effectively by GAs. These encoding
techniques, according to the reference [100], can be classified as “binary encoding”,
“real-number encoding”, “integer encoding”, and “genera data structure encoding”.

Binary encoding is a common encoding technique used by GAs. This technique uses
“0” and/or “1” to represent genes and, accordingly, expresses chromosomes by binary
strings composed of Os and 1s. “Binary encoding for engineering optimisation problems
is known to have severe drawbacks due to the existence of Hamming cliffs’ [65].

“Integer encoding is best used for combinatorial optimisation problems, while that data

structure encoding is suggested for more complex real-world problems’ [65].

While “real-number encoding is more appropriate for engineering optimisation
problems, since the parameters involved are usually expressed as rea numbers. This
type of encoding avoids al difficulties associated with the use of a binary (discrete)
encoding when optimising ‘continuous search spaces’, and “currently it is widely
accepted that real-number encoding performs much better than binary encoding for
function optimisation and constrained optimisation problems’ [65].

7.3.2 Problem initialisation
A GAs-based optimisation is essentially an evolutionary (or iterative) process of
solutions and creating an initial population of encoded solutions is the starting point of

this process.

Usually, the initial solution population “can be created by randomly choosing values for
the genes from the search space, or by using good potential solutions that have been
previously determined’ by other optimisation works. [65].

An important fact implied from the population initialisation is that the optimisation
process implemented by GAs starts from a population of solutions rather than from a

single one.
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7.3.3 Selection operation

“The principle of survival of the fittest imposed in GAs implies discarding the
chromosomes with the lowest fitness at each generation. This process is carried out
through the selection operator which allocates more offspring to better individuals.”
[65].

“Selection provides the driving force in GAs. with too much force, the genetic search
will converge prematurely; and with too little force, the evolutionary process will take

longer than necessary.” [65].

Although “roulette wheel selection” and “stochastic universal sampling” (SUS) are two
common selection methods for the purpose of the determination of parent
chromosomes, the selection method based on “Pareto ranking” is usually applied for the
multi-objective optimisation problem required with the output of a set of representative
Pareto-efficient solutions. “This method involves sorting the popul ation based on Pareto
ranking, and assigning selection probabilities to individuals according to this ranking.
The ranking procedure is as follows: (i) assign rank 1 to al nondominated individuals
and remove them from contention; (ii) find the nondominated individuas from the
remaining ones, assign rank 2 to them, and remove them from contention; and (iii)
follow the same process until the entire population is ranked. Following this procedure,
all nondominated solutions are assigned an identical fitness value, which provides them

an equal reproduction probability”. [65].

7.3.4 Crossover (Recombination)

In genetic algorithms, “the selection mechanism exploits accumulated information to
guide the search process towards optimum solutions by allocating more offspring to the
fittest chromosomes, whereas, genetic operators explore new regions of the search

space.” [65].

“Crossover or recombination is a genetic operator that combines traits of two or more

parental solutionsto form new and possibly better offspring.” [65].

“For search processes involving binary encoding, there are four recombination methods
commonly utilised: ‘single-point crossover’, ‘double point crossover’, ‘multipoint

crossover’, and ‘uniform crossover’.” [65].
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For optimisation processes using rea-number encoding, ‘weighted averaging
crossover’, ‘blend crossover’ (BLX), and ‘smulated binary crossover’ (SBX) are

typical crossover approaches mainly applied.

Assume the real-number chromosome (potential solution) for an optimisation problem

can be expressed as:
X={X1, X2,..., Xk}

The operation of ‘weighted averaging crossover’ is defined by Gen and Cheng [100] as

follows:
X1'=l 1 X1#H 52X
X2 =l X1+ 1X2

Where, | ; and | , are weights and satisfy the condition of | ; +1 5=1.

“The averaging crossover suffers from contraction effects due to the fact that it allows
the creation of offspring only aong the line generated between the two parental

chromosomes.” [65].

The BLX crossover introduced by Eshelman and Schaffer [101] uses ‘exploration
factors’ (o) and “randomly creates offspring within a hyper-rectangular region defined

by the parental points’ [65].

The reference [100] gives an example of a one-dimensional case (one variable) for the
explanation of BLX crossover. In this example, the two parental points are respectively
designated as p; and p, with p; < pz and exploration factors o4 and a, which satisfy the
condition of 0 < ay, ap < 1. In this case, an offspring can be created by the BLX operator
through randomly selecting a point in the range [p1 — a1 (P2 — P1), P2 + a2 (P2 — P1)]-
Sometimes, it can be found that a; is equal to ay (i.e., a1 = o) and under this condition
the BLX operator is designated as BLX- a. In practice, BLX-0.5 (a0 = 0.5) is often
adopted due to its better performance when compared to other BLX- a operators using

different values in parameter o [101].

The crossover operator of SBX was introduced by Deb and Agrawal [102]. The operator
“utilises a probability of creating an arbitrary child solution from a given pair of
parental solutions similar to that used in binary crossover operators’ [65], and is

primarily characterised by the applications of the ‘spread factor’ B and a distribution
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function to implement the recombination operations of the parental solutions (here,
‘spread factor’ B is defined as the ratio of the absolute differences of the children points
to that of the parental points[102] and is used to “control the spread of the children with
respect to that of their parents’ [65]). The crossover operator of SBX has shown a better

performance when compared with other real-encoded recombination operators [102].

7.3.5 Mutation

Besides the above crossover (recombination), another genetic operator named as
‘mutation’ is also applied, typically by GAs, for the purpose of exploration of the search
space.

“In a fundamental sense, a mutation process allows the whole search space to be
sampled before the process converges (prematurely). This is done by forcing the
algorithm to explore other areas of the search space by randomly introducing changes,

or mutations, in some of the variables comprising a given chromosome.” [65].

For binary-encoded problems, the ‘mutation’ can be operated through simply changing
gene values of chromosomes from 0 to 1, and vice versa. However, with the real-

encoded optimisations, the ‘mutation’ process will be more complicated.

For real-number encoding problems, ‘uniform mutation’, ‘non-uniform mutation’,
‘creep mutation with and without decay’, and ‘dynamic vectored mutation’ (DVM) are
main mutation methods typically used in GAs.

For a given parent chromosome X={xy, X2, ..., Xi, ..., Xk}, when one of its genes x; is
chosen for mutation, and if a random change to this gene value within a prescribed
domain spanned by the lower and upper bounds (respectively designated as LB; and
UB;) is implemented and, accordingly, a new chromosome is produced (shown as

follows), then this approach for mutation is referred as a ‘ random mutation method' .

X={X1, X2, veey Xiy veey Xk} = X'={X1, X2, o0y Xi'y -2y Xk}, Xiy Xi© € [LBj, UBj]

Compared with the above ‘random mutation method’, as for uniform mutation, the
reference [65] (based on the reference [103]) summarised that “uniform mutation
involves, in turn, a process in which the values of x;’ are drawn uniformly randomly
from [LB;, UB;]. A position wise mutation probability is usually utilised with this
mutation method” .

174



In the operation of non-uniform mutation, the following two choices can be randomly
selected as the value of x;’:

Xi'=Xi + A(t, UBj - X;) 0Or Xi’=Xi - A(t, x; - LB)

“The function A(t,y) returns a value in the range [0,y], which approaches to 0 as t
increases (t represents the generation number). This property causes the mutation
operator to search the space uniformly initially (when t is small), and very locally at
later stages” [65]. And this function A(t,y) is defined as:
t b
MGy =y (1) )
Where, “r is arandom number from [0,1], tmax the maximum generation number, and b a
parameter determining the degree of non-uniformity” [65].

“Creep mutation basically operates by adding or subtracting a random number to a gene
of the chromosome selected for mutation.” [65]. By means of this method, a mutated

gene x;' can be achieved based on the following formula:
XiI = X| + (2r'1)Amax

In the above formula, “Ama is the maximum size used for the creep mutation, o the
range ratio, and r a random number from [0,1]. The level of disruption produced by the

mutation process is controlled by the creep size 3.” [65]

“In the creep mutation with decay method, the creep size is atered as a function of the
stage of the search process’ [65], that is,

dt+1 = 0t (1-v)

Where, “y represents the creep decay rate (t is the generation number)” [65].

The method of creep mutation with decay “allows the use of large values of o in the
beginning of the search process and small ones at the end; balancing in this way the
exploration and exploitation capabilities required during the process’ [65].

Dynamic vectored mutation (DVM) introduced by Rogero [104] “was developed in an
attempt to solve some limitations present in other operators. It allows mutation in al

directions of a multi-dimensiona search space and not only along a single dimension
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axis.” [65]. (Reference [65] gives a brief summary about this method and more
information can be found in other related references.)

7.3.6 Stopping criteria

As an iterative algorithm, a GAs-based optimisation evolves solutions from generation
to generation until a stopping criterion (or stopping criteria) is (or are) satisfied. “Three
termination criteria are most frequently utilised: maximum number of generations,
maximum number of evaluations (i.e., maximum number of chromosomes or potential
solutions to be evaluated during a given search or optimisation process), and maximum
fitness value.” [65]. In addition, reference [100] aso suggests some alternative stopping
strategies such as “population convergence criteria (e.g., sum of deviations among
individuals smaller than a specified threshold), and lack of improvement in the best

solution over a given number of generations’ [65].

As for the main characteristics of GAs as well as the differences with traditional
optimisation methods, reference [65] also makes a brief summary (based on [97]) as
follows:
a) A population of points is utilised for starting the procedure instead of a single
design point;
b) GAs use only the values of the objective function, i.e., the derivatives are not
used in the search procedure;
c) In GAs, the design variables are represented as strings of binary (or real)
variables that correspond to the chromosomes in natural genetics,
d) The objective function value corresponding to a design vector plays the role of
fitnessin natural genetics;
e) Inevery new generation, a new set of strings is produced by using selection and
genetic operators to the old generation;
f) GAs are extremely robust which makes them very suitable for problems in
which the functions relating inputs to outputs are unknown and may have an

unexpected behaviour.

Besides, reference [65] also analysed the main characteristics of flight trgectory
optimisation problems and they can be briefly listed as follows:

176



f)
9)

Constrained — design constraints will be used to limit the range of the design
variables,

Complexity — the function (s) relating inputs (design variables) and outputs
(objective function) is (are) unknown and it (they) is (are) presumed to be

nonlinear, non-smooth, and non-differentiable;

Real-valued — most of the design variables will be permitted to take any real
value;

Deterministic — most of the parameters involved are deterministic;
Multi-objective — more than one criterion (objective function) will need to be

satisfied simultaneoudly;
Multi-modal — it is assumed that there are several local minima (or maxima);
Multi-variable — a number of design variables will be involved during the

optimisation process.

Based on the above characteristics analysis of genetic algorithms and flight trgectory

optimisation problem respectively, the conclusion that GAs are very suitable candidates

for solving the flight tragjectory optimisation problem [65] can be achieved.

7.4 Applications of GAs

The genetic algorithm adopted in this research work is caled as NSGAMO (Non-
dominated Sorting Genetic Algorithm Multi-Objective) [14, 105]. The following two

test examples show the applications of this optimisation method, as well as its capability

to cope with multi-objective optimisation problems without and with constraints

respectively.

7.4.1ZDT1 function [106]
The ZDT1 Function can be expressed as follows:

F1(X) = x4

F,(X) = gX)[1 — v/x1/8(X)]

9IXi=2Xi)

g(X): 1+W

X = [Xq,X5,*,Xp],X; € [0,1] and n = 30
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The optimisation objective for this test case is to find a set of Pareto-efficient solutions
(trade-offs) for the minimisation of F = [F, F,].

The main optimiser settings are listed in the following Table 7-2.

Table 7-2 Main optimiser settingsfor the optimisation of ZDT1 Function [106]

1 Population size 100

2 Initialisation factor | 5.0

_ Trilinear and Simulated Binary Crossover (SBX)
3 Creation schemes _
crossover and Dynamic vector Mutate

_ Stochastic universal sampling for both crossover
4 Creations selectors _ _
and random selection for the mutation operator

5 Creation rates 0.45, 0.45, 0.10 respectively

6 Selection pressure | 2.0

maximum generation only (max generation =

7 Stopping criteria
ppIng 200)

The optimisation results from NSGAMO and the comparison with the known

theoretical values areillustrated in the following Figure 7-2.
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Figure 7-2 Comparison of NSGAMO resultswith theoretical Pareto front for
ZDT1[106]

7.4.2 CONSTR function [106]
The CONSTR Function can be expressed as follows:

F,X) = x4
1+x,
F,(X) = Xy

Constraints;
gl(X) = X2 + 9X1 2 6
gz(X) = —X5 + 9X1 > 1

Where, X = [x4,X,], x; €[0.1,1.0] and x, € [0, 5]

The optimisation objective for this test case is to find a set of Pareto-efficient solutions

(trade-offs) for the minimisation of F = [F;,F,] under the above constraints G =

[81,82]-
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The main optimiser settings for this test case are listed in the following Table 7-3.

Table7-3 Main optimiser settingsfor the optimisation of CONSTR Function [106]

1 Population size 100

2 Initialisation factor | 2.0

_ Trilinear and SBX crossover and Dynamic
3 Creation schemes
vector Mutate

) Stochastic universal sampling for both crossover
4 Crestions selectors _ _
and random selection for the mutation operator

5 Creation rates 0.45, 0.45, 0.10 respectively

6 Selection pressure | 2.0

maximum generation only (max generation =

7 Stopping criteria
pping 200)

The optimisation results from NSGAMO and the comparison with the known
theoretical values areillustrated in the following Figures 7-3 and 7-4.

10
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Figure 7-3 Theoretical Pareto front from the optimisation of CONSTR function
[106]
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Figure 7-4 NSGAMO resultsfor the optimisation of CONSTR function [106]

The above two typical test cases show the good agreements between the optimisation
results from NSGAMO and the expected theoretical ones and, thus, confirm that the
multi-objective optimisation problems (at least the two-objective optimisation, as shown
in the above two test cases) without and with constraints can be effectively handled by
NSGAMO which has been adopted in this research work.

7.5 GATAC Overview

GATAC (Green Aircraft Traectories under ATM Constraints) is an integrated
optimisation framework developed by the University of Malta, Cranfield University and
other European partners for the purpose of flight trgectory multidisciplinary

optimisation. It is aso the fundamental platform used for this project research.

Reference [106] gives a detailed description about this integrated multidisciplinary
optimisation framework and some main statements from [106] can be listed briefly as

follows;

The architecture of the GATAC framework is made up of two system-level
components, namely, the GATAC Core and the Model Suite. The GATAC Core is
where the optimisation process takes place. The Model Suite services the GATAC Core
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on request by executing models and transferring data to the GATAC Core. The
architecture is depicted in Figure 7-5.

N\ )
Model Suite
GUI GATAC_
Integration Aircraft
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Ve ™\ Engine
GATAC Core Performance
e _ Evaluation Parametor
Optimisation Suite Handler Store
Emissions
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Optimisation loo
N i B
\. J )

Figure 7-5 GATAC Integration Framework Architecture [106]

The GATAC Core is the heart of the optimisation framework. It is made up of an
Optimization Suite and an Evaluation Handler.

The Optimization Suite is the module that defines the values of the variable parameters
and analyses the resulting constraints and criteria values. The suite is further broken
down into an Optimization Technique Suite, an Objective Handling Module and a

Constraints Handling Module.

The Optimization Technique Suite hosts the optimisation algorithms, allowing the user
to select particular optimisation techniques for specific MDO problems at hand. The
optimisation algorithms that can be incorporated vary from modern evolutionary-based

algorithms to classical numerical techniques.

The Evaluation Handler is the unit that handles the models and controls the direct data
transfer between the models in the Model Suite, the Optimization Suite and other
modules in the GATAC Integration Framework. On request from the Optimization
Core, the Evauation Handler invokes the relevant model through the Models Interface

to obtain the required data.
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The data flow between the Optimization Core and the Evaluation Handler takes place in
the form of data structures, called dictionaries.

The Model Suite is made up of a number of models which are, in turn, used by the
GATAC Core for optimisation purposes, such as aircraft performance model, engine

performance model, engine gaseous emission model, and flight noise model, etc.

The GATAC software is designed to run either on a single stand-alone machine or a
distributed system with multiple computers. In its ssmplest setup, a stand-alone system
runs on a single machine that hosts both the GATAC Integration Framework and the
Model Suite. When set up on a distributed system, the GATAC Integration Framework
resides on a machine, henceforth called the Central Server. The Model Suite is then

distributed on one or more machines acting as hosts, as shown in Figure 7-6.

Host 1 Host 2
0S: Windows XP 0S: Linux
Models: 6DOF, Models: Engine Noise
Atmosphere,
Engine Noise

Ethernet LAN ‘

Central Host 3 Host 4
Server 08: Windows 0S: UNIX
GATAC Vista Models:
Integration Models: Atmosphere,
% Framework % 6DOF Engine
Atmosphere Emissions

Figure 7-6 Distributed System [106]
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CHAPTER EIGHT SYSTEM INTEGRATION AND
OPTIMISATION MODELLING — CASE STUDIES

8.1 Overall Introduction

This chapter mainly aims to introduce the case studies completed in this project research
with system-level integration and optimisation modelling. These case studies took the
flight mission from Amsterdam Schiphol airport in the Netherlands to Munich airport in
Germany (see Figure 8-1) as an example, and were created through the systematic
integrations of component-level models (such as the atmosphere model, aircraft
performance models, engine performance models, gaseous emission models, and flight
noise models) described in previous chapters, based on the software platform of
integration and optimisation - GATAC.

The flight mission spans 758.15 km in terms of the horizontal flight distance and was
divided into three flight phases, i.e., the departure phase (34.95 km), en route phase
(637 km) and arrival phase (86.2 km) with different optimisation objectives for each
one. For the departure phase, the selected objective functions are fuel consumption and
flight noise; during the en route flight, fuel consumption and flight time were optimised

simultaneously; and for the arrival phase, NOx emission and flight noise were sel ected.

Flightsin each flight phase were optimised under the condition of three different aircraft
types, i.e., turbofan propelled arcraft (CUTFDAC case), turboprop driven aircraft
(CUTPDAC case), and propfan-powered aircraft (CUPFDAC case). So in total, there
are nine optimisation cases which produce a spectrum of flight tragjectory optimisations

spanned by aircraft types and flight phases (see Table 8-1).

Figures 8-2 and 8-3 respectively are the Instrument Standard Departure (1SD) chart for
the runway 18L at Schiphol airport [107] and Instrument Approach (1A) chart for the
runway 26R at Munich airport [108], which were both delivered practically by the
authorities of Air Traffic Control (ATC). These two figures provide both the guidance
to the case modelling and corresponding constraints to the trajectory optimisation
problems implemented in these case studies.

Figures 8-4 to 8-6 are the overall schematics of these nine case studies which trandate

the practical city-pair trajectory optimisation problems into 2D graphical expressionsin
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terms of flight altitude Z and flight speed V versus horizontal flight range X (in the
meantime, the available design variables and optimisation constraints are also displayed

in these graphs).

Thereafter, from sections 8.2 to 8.4, the information of the systematic integration and
optimisation modelling for each case study is provided including the available design
variables and their setting-up, the selected objective functions and their setting-up, the
adopted optimisation constraints and their setting-up, as well as the plot of system-level
integration and optimisation model (see Tables 8-2 to 8-34, and Figures 8-7 to 8-15).
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Figure 8-1 Overview of the flight mission
(Amsterdam Schiphol Airport, the Netherlands — Munich Airport, Germany)
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Table 8-1 Overview of case studies

{roraft types Optimisation
CUTFDAC | CUTPDAC | CUPFDAC o Disciplines
i objectives
Flight phases
v v . .
Departure v Fuel & Noise Aerodynamics
Th d i
Enroute v v v Fud & Time ermo ynamics
Chemistry
Arrival v v v NOx & Noise Aerof';\cousncs .
Applied mathematics
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8.2 Systematic I ntegration and Optimisation Modelling of CUTFDAC

Flight

8.2.1 Departure phase of CUTFDAC

Table 8-2 Design variables and setting-up for CUTFDAC departure

Design - Denormalisation - :
. Description . Minimum Maximum
variables function

ALT2 Altitude at node 2, (m) Linear 152 1828.8

ALT3 Altitude at node 3, (m) Linear 152 1828.8

ALT4 Altitude at node 4, (m) Linear 152 1828.8

sppp | CAlibrated Airspeed at Linear 76 113.2
node 1, (m/s)

sppp | CAlibrated Airspeed at Linear 76 113.2
node 2, (m/s)

sppg | cAlibrated Airspeed at Linear 76 128,61
node 3, (M/s)

sppg | CAlibrated Airspeed at Linear 76 128,61
node 4, (m/s)

Table 8-3 Objective functions and setting-up for CUTFDAC departure

- - Optimisati Normalisati o :
Objectives Description PHmISEIoN orm I_ on Minimum Maximum
type Function
FUEL | Total fuel consumption, (kg) | Minimisation | ObjectiveMin 2000
Noise-impact area (SEL > L L .
NOISE , Minimisation | ObjectiveMin 1000000000
70 dBA), (m")

Table 8-4 Optimisation constraints and setting-up for CUTFDAC departure

Constraints Description Constraint type Normal Isation Minimum | Maximum
Function
CA32 ALT3—-ALT2, (m) | Greater than minimum GreaterThan 2000
CA43 ALT4—-ALTS3, (m) | Greater than minimum GreaterThan 2000
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Table 8-5 Setting-up of GAs parametersfor CUTFDAC departure

Population size

150

Initialisation factor

60

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator

Creation rates

0.45, 0.45, 0.10 respectively

Selection pressure

2.0

Stopping criteria

Max. generation = 450
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Figure 8-7 Systematic integration and modelling for CUTFDAC departure
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8.2.2 En route phase of CUTFDAC

Table 8-6 Design variables and setting-up for CUTFDAC en route

Design - Denormalisation - :
. Description . Minimum | Maximum
variables function
ALT1 Altitude at node 1, (m) Linear 1828.8 11887.2
ALT2 Altitude at node 2, (m) Linear 7924.8 11887.2
ALT9 Altitude at node 9, (m) Linear 2438.4 11887.2
DIS1 Distance at node 1, (m) Linear 50 335000
DIS2 Distance at node 2, (m) Linear 140000 335000
DIS8 Distance at node 8, (m) Linear 402000 539000
DIS9 Distance at node 9, (m) Linear 402000 636950
SPD1 Mach number at node 1 Linear 0.42 0.82
SPD2 Mach number at node 2 Linear 0.75 0.82
SPD9 Mach number at node 9 Linear 0.44 0.82
Table 8-7 Objective functions and setting-up for CUTFDAC en route
Objectives Description Optimisation | Normli tsati on Minimum Maximum
type Function
Total fuel L I .
FUEL . Minimisation | ObjectiveMin 10 100000
consumption, (kg)
TIME Totd flight time, (s) | Minimisation | ObjectiveMin 10 100000

Table 8-8 Optimisation constraints and setting-up for CUTFDAC en route

Normalisation

Constraints Description Constraint type Function Minimum | Maximum
CA21 ALT2—-ALTL1, (m) | Greater than minimum GreaterThan 0 10060
CA89 ALT8—ALTY, (m) | Greater than minimum GreaterThan 0 9450
CX21 DIS2 - DIS], (m) | Greater than minimum GreaterThan 50 335005
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CX98 DISO —DIS8, (m) | Greater than minimum GreaterThan 50 235005

CO, (9) L ess than maximum LessThan 100 100000000

NOx (9) Less than maximum LessThan 100 1000000

From the above Table 8-8, it can be observed that the upper boundaries of CO, and
NOx were set very high, so in this case study, as well as the other two en route flights
flown respectively by CUTPDAC and CUPFDAC described in later sections (see
Tables 8-19 and 8-30), the constraints from the emissions of CO, and NOx were not
actually considered at this stage (due to time constraints, the main objective in this
research for the en route flight optimisations is to obtain baseline optimisation results).
However, these case models have the capability to take these issues into account (only
by reducing the two emission upper-boundary values to the expected levels) and the
new optimisations with these constraints, as well as their comparisons to the

optimisation results achieved currently, have been planned for the future.

Table 8-9 Setting-up of GAs parametersfor CUTFDAC en route

Population size 150

Initialisation factor | 60

Creation schemes Trilinear and SBX crossover and Dynamic vector Mutate

Stochastic universal sampling for both crossover and random

Creations Slectors | oy tion for the mutation operator

Creation rates 0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria Max. generation = 400
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Figure 8-8 Systematic integration and modelling for CUTFDAC en route
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8.2.3 Arrival phase of CUTFDAC
Table 8-10 Design variables and setting-up for CUTFDAC arrival

Design - Denormalisation - :
. Description . Minimum Maximum
variables function
ALT1 | Altitude at node 1, (m) Linear 1524 2438
DIS1 | Distance at node 1, (m) Linear 50 47596
sPD1 Calibrated Airspeed at Linear 779 128.6
node 1, (m/s)
sppp | CAlibrated Alrspeed a Linear 772 118.3
node 2, (m/s)
sppg | CAlibrated Alrspeed a Linear 772 102.9
node 3, (m/s)
sppg | CAlibrated Alrspeed Linear 772 91.1
node 4, (m/s)
spps | CAlibrated Alrspeed a Linear 772 91.1
node 5, (m/s)
SPDE Cdlibrated Airspeed at Linear 779 911
node 6, (m/s)
Table 8-11 Objective functions and setting-up for CUTFDAC arrival
Objectives Description Optimisation Normali.wtion Minimum Maximum
type Function
NOx ©) Minimisation | ObjectiveMin 10 100000
Noise-impact area L L .
NOISE , | Minimisation | ObjectiveMin 100 1000000000
(SEL > 70 dBA), (m°)

Table 8-12 Setting-up of GAs parametersfor CUTFDAC arrival

Population size

150

Initialisation factor | 80

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator
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Creation rates 0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria Max. generation = 350
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Figure 8-9 Systematic integration and modelling for CUTFDAC arrival
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8.3 Systematic I ntegration and Optimisation Modelling of CUTPDAC

Flight

8.3.1 Departure phase of CUTPDAC

Table 8-13 Design variables and setting-up for CUTPDAC departure

Design - Denormalisation - .
. Description . Minimum Maximum
variables function

ALT2 Altitude at node 2, (m) Linear 152 1828.8

ALT3 Altitude at node 3, (m) Linear 152 1828.8

ALT4 Altitude at node 4, (m) Linear 152 1828.8

sppp | CAlibrated Airspeed at Linear 65 1132
node 1, (m/s)

sppp | CAlibrated Airspeed at Linear 65 1132
node 2, (m/s)

sppg | cAlibrated Airspeed at Linear 65 128,61
node 3, (M/s)

sppg | CAlibrated Airspeed at Linear 65 128,61
node 4, (m/s)

Table 8-14 Objective functions and setting-up for CUTPDAC departure

— — Optimisati N al i sati . .
Objectives Description PHmISEIoN orm I_ on Minimum Maximum
type Function
Total fuel . o )
FUEL . Minimisation | ObjectiveMin 10 2000
consumption, (kg)
Noise-impact area o o ]
NOISE » | Minimisation ObjectiveMin 100 10000000000
(SEL > 70 dBA), (m")

Table 8-15 Optimisation constraints and setting-up for CUTPDAC departure

Constraints Description Constraint type Normal Isation Minimum | Maximum
Function
CA32 ALT3—-ALT2, (m) | Greater than minimum GreaterThan 0 2000
CA43 ALT4—-ALTS3, (m) | Greater than minimum GreaterThan 0 2000
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Table 8-16 Setting-up of GAs parametersfor CUTPDAC departure

Population size

150

Initialisation factor

40

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator

Creation rates

0.45, 0.45, 0.10 respectively

Selection pressure

2.0

Stopping criteria

Max. generation = 400
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Figure 8-10 Systematic integration and modelling for CUTPDAC departure
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8.3.2 Enroute phase of CUTPDAC

Table 8-17 Design variables and setting-up for CUTPDAC en route

Design - Denormalisation - :
. Description . Minimum Maximum
variables function
ALT1 Altitude at node 1, (m) Linear 1828.8 7620
ALT2 Altitude at node 2, (m) Linear 4500 7620
ALT9 Altitude at node 9, (m) Linear 2438.4 7620
DIS1 Distance at node 1, (m) Linear 50 335000
DIS2 Distance at node 2, (m) Linear 140000 335000
DIS8 Distance at node 8, (m) Linear 402000 539000
DIS9 Distance at node 9, (m) Linear 402000 636950
SPD1 Mach number at node 1 Linear 0.42 0.6
SPD2 Mach number at node 2 Linear 0.45 0.6
SPD9 Mach number at node 9 Linear 0.44 0.6
Table 8-18 Objective functions and setting-up for CUTPDAC en route
Objectives Description Optimisation | - Normli tsati on Minimum Maximum
type Function
Total fuel L I .
FUEL . Minimisation | ObjectiveMin 10 100000
consumption, (kg)
TIME Totd flight time, (S) | Minimisation | ObjectiveMin 10 100000

Table 8-19 Optimisation constraints and setting-up for CUTPDAC en route

Constraints Description Constraint type NO;T;LL%: N | Minimum | Maximum
CA21 ALT2—-ALTL, (m) | Greater than minimum GreaterThan 0 5800
CA89 ALT8—ALTY, (m) | Greater than minimum GreaterThan 0 5200
CX21 DIS2 - DIS1, (m) Greater than minimum GreaterThan 50 335050
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CX98 DIS9 —DIS8, (m) Greater than minimum GreaterThan 50 235050
CO, (9) Less than maximum LessThan 100 100000000
NOx (9) Less than maximum LessThan 10 100000

Table 8-20 Setting-up of GAs parametersfor CUTPDAC en route

Population size 150

Initialisation factor 40

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator

Creation rates

0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria

Max. generation = 450

205




13 41
[0 K @28 s
Constant lterate R R
14 3 AT EICO2 —@ 11
| 22400 K - 18 FLAP_SET CASE 4 Sl PR
1] —_—
Constant [1 Kk sET EAST DeraLT cPAIR Nl iR
FMASS FPAF Ll B
15 b . CTAR 1 CTAME
0 K $—! 22 @——xfinp Fape | [P* H orame > cwar
Constant = - MacHs T Iylmipust  SWAIR 3 WFUEL EINOX —@ 08
1% 3g 21 @——Zfinp MACHS TET EMEE o — r .
|1828.8 « |_._)£_: 12 TASH 00— TYPE WFUEL — o
Consiant Consgant paritf TASI Turbomatch
a7 |m parit Hlout -
| 0 . Constant 5 g@——tpariv Za 9
p N |
= i megMoH - o @ o 2
ma rpar2t dt ——
17 - ,::M el o Congpnt [seL ouT 0o
[042 «—r>W APH CRUISE k ‘_|_) 1121
Constant Consgtpnt 58]
23 8 | DESCENA }——pt15..10) 24
A@——SEL  OUT+—@ 21 Constant ———1
0 K + - - = ey ouT 4
Constant 1 1 Adder 42
2.8 02@—fIN_ouT —@ 08 19
Multiplier ———1 28 N1 ouT 30
; Ir 1% 55 B5-@— N OUT + 20 -
¢ e y Subtracte
24384 k — @13 M"’ ul v
o 7 Constant i out | 43
ALTH S@—SEL  oUTI—@22 " e @—lmiz | a1 N1 OUT —a@ 33
1 Ty 2 :j Nz
ALTZ o '5._M'_. 18 Sublracter Subtractar
ALTS X Multiplier
nist I@—3.7] 3”2 DEHIN N ouT —@os 44
nisz 18] m. 15 M”;eip"ar 4 M1 OUT —4 35
E] H 18] Constant - 35 Mz
£ HIN OUT 1 Subtracter
Diss T 34 Adder
s=01 637000 17 27 . o
8 Constant [ ooy )
SPD2 — o o oul e 30 W@—N_OUTI—@ 12 3@tz
SPD9 ] Multiplier Subtracter
Ul |1 outT 14
) M2 L
18] ubtracter |2 k +—@ 02
& @—[10] 35 Constan!
3 o @—{IN_OuT|—@ 13
E Adder |0 44 044 k+—@15 28
! Constant o ourl
4 EH' Ul r
& Adder ]

Figure 8-11 Systematic integration and modelling for CUTPDAC en route
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8.3.3 Arrival phase of CUTPDAC
Table 8-21 Design variables and setting-up for CUTPDAC arrival

Design - Denormalisation - :
. Description . Minimum Maximum
variables function
ALT1 | Altitude at node 1, (m) Linear 1524 2438
DIS1 | Distance at node 1, (m) Linear 50 47596
sPD1 Calibrated Airspeed at Linear 772 128.6
node 1, (m/s)
sppp | CAlibrated Alrspeed a Linear 772 118.3
node 2, (m/s)
sppg | CAlibrated Alrspeed a Linear 772 102.9
node 3, (m/s)
sppg | CAlibrated Alrspeed Linear 772 91.1
node 4, (m/s)
spps | CAlibrated Alrspeed a Linear 772 91.1
node 5, (m/s)
SPDE Cdlibrated Airspeed at Linear 779 911
node 6, (m/s)
Table 8-22 Objective functions and setting-up for CUTPDAC arrival
Objectives Description Optimisation Normali.wtion Minimum Maximum
type Function
NOXx ©) Minimisation | ObjectiveMin 10 10000
Noise-impact area L L .
NOISE ) Minimisation | ObjectiveMin 100 1000000000
(SEL > 70 dBA), (m%)

Table 8-23 Setting-up of GAs parametersfor CUTPDAC arrival

Population size

150

Initialisation factor

60

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator
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Creation rates 0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria Max. generation = 450
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Figure 8-12 Systematic integration and modelling for CUTPDAC arrival
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8.4 Systematic Integration and Optimisation M odelling of CUPFDAC

Flight

8.4.1 Departure phase of CUPFDAC

Table 8-24 Design variables and setting-up for CUPFDAC departure

Design - Denormalisation - :
. Description . Minimum Maximum
variables function
ALT2 Altitude at node 2, (m) Linear 152 1828.8
ALT3 Altitude at node 3, (m) Linear 152 1828.8
ALT4 Altitude at node 4, (m) Linear 152 1828.8
sppp | CAlibrated Airspeed at Linear 79 113.2
node 1, (m/s)
sppp | CAlibrated Airspeed at Linear 79 113.2
node 2, (m/s)
sppg | cAlibrated Airspeed at Linear 79 128,61
node 3, (M/s)
e Al
sppg | CAlibrated Airspeed at Linear 79 128,61
node 4, (m/s)
Table 8-25 Objective functions and setting-up for CUPFDAC departure
Objectives Description Optimisation Normali;ution Minimum Maximum
type Function
Total fuel L I :
FUEL . Minimisation | ObjectiveMin 10 2000
consumption, (kg)
Noise-impact area
NOISE (SEL >70 dBA), Minimisation | ObjectiveMin 100 10000000000
(m’)

Table 8-26 Optimisation constraints and setting-up for CUPFDAC departure

Constraints Description Constraint type Normal Isation Minimum | Maximum
Function
CA32 ALT3-ALT2, (m) | Greater than minimum GreaterThan 0 2000
CA43 ALT4-ALT3,(m) | Greater than minimum GreaterThan 0 2000
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Table 8-27 Setting-up of GAs parametersfor CUPFDAC departure

Population size

150

Initialisation factor

40

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator

Creation rates

0.45, 0.45, 0.10 respectively

Selection pressure

2.0

Stopping criteria

Max. generation = 450
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Figure 8-13 Systematic integration and modelling for CUPFDAC departure
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8.4.2 En route phase of CUPFDAC
Table 8-28 Design variables and setting-up for CUPFDAC en route

Design - Denormalisation - :
variables Description function Minimum Maximum
ALT1 Altitude at node 1, (m) Linear 1828.8 11887.2
ALT2 Altitude at node 2, (m) Linear 7924.8 11887.2
ALT9 Altitude at node 9, (m) Linear 2438.4 11887.2
DIS1 Distance at node 1, (m) Linear 50 335000
DIS2 Distance at node 2, (m) Linear 140000 335000
DIS8 Distance at node 8, (m) Linear 402000 539000
DIS9 Distance at node 9, (m) Linear 402000 636950
SPD1 Mach number at node 1 Linear 0.42 0.75
SPD2 Mach number at node 2 Linear 0.7 0.75
SPD9 Mach number at node 9 Linear 0.44 0.75
Table 8-29 Objective functions and setting-up for CUPFDAC en route
Objectives Description Opti:;Ls:tion NO;Tiit::m Minimum Maximum
pugL | ot fuel consumption, (kg) | v misation | ObjectiveMin 10 100000
TIME Total flight time, (s) Minimisation | ObjectiveMin 10 100000

Table 8-30 Optimisation constraints and setting-up for CUPFDAC en route

Constraints Description Constraint type NO;Tr?lciﬁion Minimum Maximum
CA21 ALT2—-ALTL, (m) | Greater than minimum GreaterThan 0 10100
CA89 ALT8—ALTY, (m) | Greater than minimum GreaterThan 0 9500
CX21 DIS2 - DIS], (m) | Greater than minimum GreaterThan 50 335050
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CX98 DISO —DIS8, (m) | Greater than minimum GreaterThan 50 235050
CO, (9) L ess than maximum LessThan 100 100000000
NOx (9) Less than maximum LessThan 10 1000000

Table 8-31 Setting-up of GAs parametersfor CUPFDAC en route

Population size 150

Initialisation factor 40

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

Stochastic universal sampling for both crossover and random
selection for the mutation operator

Creation rates

0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria

Max. generation = 450
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Figure 8-14 Systematic integration and modelling for CUPFDAC en route
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8.4.3 Arrival phase of CUPFDAC
Table 8-32 Design variables and setting-up for CUPFDAC arrival

Design - Denormalisation - :
. Description . Minimum Maximum
variables function
ALT1 | Altitude at node 1, (m) Linear 1524 2438
DIS1 | Distance at node 1, (m) Linear 50 47596
sPD1 Calibrated Airspeed at Linear 779 128.6
node 1, (m/s)
sppp | CAlibrated Alrspeed a Linear 772 118.3
node 2, (m/s)
sppg | CAlibrated Alrspeed a Linear 772 102.9
node 3, (m/s)
sppg | CAlibrated Alrspeed Linear 772 91.1
node 4, (m/s)
spps | CAlibrated Alrspeed a Linear 772 91.1
node 5, (m/s)
SPDE Cdlibrated Airspeed at Linear 779 911
node 6, (m/s)
Table 8-33 Objective functions and setting-up for CUPFDAC arrival
- L L Normalisation I .
Objectives Description Optimisation type Function Minimum Maximum
NOx ©) Minimisation ObjectiveMin 10 100000000
Noise-impact area L L .
NOISE ) Minimisation ObjectiveMin 100 10000000000
(SEL > 70 dBA), (m°)

Table 8-34 Setting-up of GAs parametersfor CUPFDAC arrival

Population size

150

Initialisation factor

60

Creation schemes

Trilinear and SBX crossover and Dynamic vector Mutate

Creations selectors

selection for the mutation operator

Stochastic universal sampling for both crossover and random
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Creation rates 0.45, 0.45, 0.10 respectively

Selection pressure 2.0

Stopping criteria Max. generation = 450
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Figure 8-15 Systematic integration and modelling for CUPFDAC arrival
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CHAPTER NINE OPTIMISED RESULTSAND ANALYSIS

In this chapter, the optimised results from different aircraft/engines (CUTFDAC,
CUTPDAC and CUPFDAC) and different flight phases (Departure, En route and
Arrival), which are based on the component-level and system-level models described in

the previous chapters, and corresponding preliminary analysis, are provided.

These results include: 1) running records of optimisation processes, 2) normalised
Pareto areas; 3) Pareto front lines; 4) optimised flight trajectories from typical flight
modes (for instance, minimum fuel consumption mode, minimum flight time mode,
minimum noise-impact area mode and/or minimum NOXx emission mode) in terms of
trajectory descriptions (such as flight altitude vs. flight distance, flight speed vs. flight
distance and flight path angle vs. flight distance), overall performances and comparisons
(involving fuel consumption, flight time, flight noise impact area and main gaseous
emissions like CO,, H,O and NOx ), as well as segment distributions, or called segment
breakdown, of some main parameters (such as per engine net thrust, engine turbine
entry temperature, NOx emission index, fuel consumption, flight time, CO, emission,

H>O emission and NOx emission, €tc.).

9.1 Departure Flight Phase

9.1.1 CUTFDAC (Cranfield University Turbofan-Driven Aircraft)

Table 9-1 Running record of CUT FDAC-Departure optimisation

1 Running start time/date Sun Oct 14 12:23:01 BST 2012

2 Running end time/date Mon Oct 15 00:06:46 BST 2012
3 Total running time 11 hours 43 minutes 46 seconds
4 Generation number 450

> Total number of evaluations | 75207

From the above Table 9-1, it can be seen that the entire optimisation process cost 11
hours 43 minutes 46 seconds with 450 generations or 75207 evaluations. That is, on

average, 93.84 seconds/generation or 0.56 seconds/eval uation.
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Figure 9-1 Normalised Pareto Area (CUTFDAC-Departure)
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Figure 9-2 Pareto Front Line (CUTFDAC-Departure)
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From the plots of normalised Pareto area and Pareto front line, respectively shown in
the above Figures 9-1 and 9-2, it can be concluded that the convergence of this

optimisation process after 450 generations has been achieved.

Table 9-2 Optimised results of two typical flight trajectories

Minimum Fuel | Minimum Noise Area
Flight Mode Flight Mode

ALT2, (m) 152.08 152.57

ALT3, (m) 189.84 1367.27

ALT4, (m) 189.89 1439.66
Design

. SPD1, (CAS, m/s) 100.66 87.19

variables

SPD2, (CAS, m/s) 113.20 113.20

SPD3, (CAS, m/s) 128.61 128.54

SPD4, (CAS, m/s) 128.61 106.02

Fuel consumption, 304,65 34307
Objective (kg) ' '
functions

Noise area, (m?) 66716700 41983500
Optimisation CA32, (m) 37.76 1214.71
constraints | ca43, (m) 0.05 72.39

Table 9-3 Flight trajectory of ‘Min. Fuel Mode

Point X (m) Z (m) CAS(m/s) | TAS(m/s) | FPA (rad.)
1 0 11.6 85 85.71 0
2 1000 152 100.66 102.51 0.14
3 5750 152.1 113.20 115.62 1.70E-05
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4 15483.33 189.8 128.61 132.12 0.004
5 25216.67 189.9 128.61 132.12 5.00E-06
6 34950 1828.8 128.61 143.20 0.17
Table 9-4 Flight trajectory of ‘Min. Noise Area Mode’
Point X (m) Z (m) CAS(m/s) | TAS(m/s) | FPA (rad.)
1 0 11.6 85 85.71 0
2 1000 152 87.19 88.55 0.14
3 5750 152.6 113.20 115.62 1.19E-04
4 15483.33 1367.3 128.54 139.87 0.12
5 25216.67 1439.7 106.02 11512 0.007
6 34950 1828.8 128.61 143.20 0.04
Flight altitude vs. Flight distance
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Figure 9-3 Flight altitude vs. Flight distance (CUTFDAC-Departure)
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Figure 9-4 Calibrated airspeed vs. Flight distance (CUTFDAC-Departure)
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Flight path angle vs. Flight distance
---Departure of CUTFDAC---
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Figure 9-6 Flight path angle vs. Flight distance (CUTFDAC-Departure)

From the above tables 9-2 to 9-4 and figures 9-3 to 9-6, for the ‘minimum fuel
consumption’ flight mode, the optimised results suggest that the flight trajectory which
CUTFDAC should follow is that, firstly for the 1% segment, CUTFDAC can climb and
accelerate from the given initial status point 1 (Z=11.6 m, CAS=85 m/s, FPA=0 rad.) to
point 2 (Z=152 m, CAS=100.66 m/s, FPA=0.1395 rad.) with the horizontal flight
distance AX=1000 m; during the 2™ segment, CUTFDAC will adopt ‘level flight and
accelerate’ method to arrive at the status point 3 (Z=152 m, CAS=113.20 m/s,
FPA=1.70E-05 rad.) with AX=4750 m; when CUTFDAC flies in the 3" segment, the
flight style of ‘climb and acceleration’ which is used in segment 1 is restored until the
status point 4 (Z=189.84 m, CAS=128.61 m/s, FPA=0.0039 rad.) is reached, and the 3"
segment flight will cover the horizontal distance AX=9733.33 m; for the 4th-Segment
flight, CUTFDAC needs to use another flight style, that is, constant atitude and
constant speed flight, the flight in this segment will be kept in Z=190 m and
CAS=128.61 m/s with the horizontal flight distance AX=9733.34 m; during the last (i.e.,
the 5™ segment, CUTFDAC flies with the style of constant-CAS climb, namely, while
flying in this segment, CAS is kept as 128.61 m/s and, in the meantime, the flight

224



altitude Z is continuously increased to 1828.8 m from 190 m, and the last flight segment
will cover the rest of horizontal flight distance for the departure phase, that is,
AX=9733.33 m.

Different from the ‘minimum fuel consumption’ flight mode, the optimised results
suggest that the flight trgjectory, when CUTFDAC flies in the ‘minimum noise contour
area’ mode, is that, firstly for the 1% segment, the aircraft, starting from the given initial
status point 1 (Z=11.6 m, CAS=85 m/s, FPA=0 rad.), should reach the required flight
altitude Z=152 m within the given horizontal flight distance AX=1000 m, and at the
same time, a dlight increase in flight speeds in terms of CAS (=87.19 m/s) and TAS
(=88.55 m/s); in the following 2™ segment flight, ‘level and acceleration’ flight is
applied, that is, the flight altitude is basically kept at 152 m, while CAS and TAS is
respectively increased to 113.20 m/s and 115.62 m/s with FPA=1.19E-04 at the end of
this segment; the 3" flight segment can witness the obvious increases in both flight
altitude and flight speeds, especialy for the flight altitude — from 152.57 m to 1367.27
m, in the meantime, CAS increases from 113.20 m/s to 128.54 m/s, and TAS from
115.62 m/s to 139.87 m/s and al these changes take place within the horizontal flight
distance AX=9733.33 m; during the 4™ segment flight, the optimised results require the
aircraft implement ‘climb but deceleration’ operation. According to this requirement,
the flight altitude will be further increased from 1367.27 m to 1439.66 m, while CAS
will be decelerated from 128.54 m/s to 106.02 m/s, and correspondingly, TAS will
decrease from 139.87 m/s to 115.12 m/s; in the last (the 5") flight segment, CUTFDAC
will continue to climb and accelerate to the given flight status (Z=1828.8 m,
CAS=128.61 m/s) with the required horizontal flight distance AX=9733.33 m.

From the above descriptions of flight trgjectories resulted from two flight modes, it can
be found that an obvious difference between two trgectories lies in the variation of
flight altitude along flight distance. Compared to the ‘min. fuel consumption’ mode,
‘min. noise area mode chooses to climb to higher flight altitudes at earlier segments of
the departure phase, naturally, this choice can effectively increase the distances between
the aircraft (noise source) and the ground (observers) as soon as possible and reduce the
noise contour area. In addition, during the departure flight by ‘min. noise area mode, a
reduced flight speed is also introduced at the 4™ segment. The reduced flight speed can
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result in decreased engine power setting in terms of engine net thrust and turbine entry

temperature (TET), therefore, lower noise contour area because, according to the flight

noise theory, the distance between noise source and observer as well as engine power

setting are two prime contributors to noise level.

Table 9-5 Overall performance of two typical flight trajectories (CUTFDAC-

Departure)
Fuel Noise Flight CcoO CO, H,O UHC NOx
burnt area time | emission emission emission emission | emission
(kg) (m?) 6] (®)) (9) (9 (©) (9
Min.
Fuel 304.65 | 66716700 | 277.91 | 414.58 961635.16 | 377220.53 | 11.02 4426.96
M ode
Min.
Noise
A 343.07 | 41983500 | 286.83 | 428.50 1082912.08 | 424793.82 | 12.28 5112.07
rea
M ode
A 38.42 | -24733200 | 8.92 13.92 121280 47573 1.26 685.11
h) 12.6% | -37.07% 3.21% | 3.36% 12.6% 12.6% 11.43% 15.48%

(Note: In the

above Table 9-5, A, 0 denotes respectively the absolute and relative

differences of the achieved results between ‘Min. Fuel Mode' and ‘Min. Flight Time

Mode', based on the results from *Min. Fuel Mode' asthe reference.)
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Overall performance of two flight trajectories
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Figure 9-7 Overall performance of two typical flight trajectories (CUTFDAC-
Departure)
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Table 9-6 Parameter segment distributions of ‘Min. Fuel Mode' (part)

Fuel Flight CO, H,0 NOx
Segment Fn TET EINOx ] o o o
burnt time emission emission | emission
(gkg
(N) (K) (kg) (® (9 ©) (9
fuel)
1 80008.72 | 1417.75 | 19.77 20.80 10.68 65647.03 25751.36 411.12
2 46250.44 | 1261.88 | 14.63 54.07 43.75 170672.39 | 66949.64 791.20
3 25344.89 | 1140.63 | 10.89 64.71 78.58 204251.32 | 80121.65 704.93
4 20350.60 | 1109.34 | 9.93 53.90 73.67 170143.58 | 66742.21 535.17
S 55546.55 | 1347.66 | 17.85 11117 | 71.22 350920.84 | 137655.69 | 1984.54
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Table 9-7 Parameter segment distributions of ‘Min. Noise Area Mode' (part)

Fuel Flight CO, H,0 NOXx
Segment Fn TET EINOx ) o o o
burnt time emission emission | emission
(g/kg
(N) (K) (kg) S ©) 9 9
fuel)
1 55419.23 | 1288.74 | 15.34 15.41 11.53 48642.25 19080.89 236.32
2 49936.01 | 1275.53 | 15.02 60.08 46.73 189642.17 | 74390.92 902.41
3 51367.47 | 1313.16 | 16.55 108.43 | 76.52 342254.54 | 134256.16 | 1794.79
4 36320.47 | 1226.64 | 13.60 79.94 76.67 252318.04 | 98976.77 1087.19
S 36719.36 | 1232.59 | 13.78 79.22 75.39 250055.08 | 98089.08 1091.36
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Figure 9-10 Segment engine net thrust (CUTFDAC-Departure)
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Segment engine turbine entry temperature
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Figure 9-11 Segment engineturbine entry temperature (CUTFDAC-Departure)
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Figure 9-12 Segment NOx emission index (CUTFDAC-Departure)
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Segment fuel consumption
---Departure of CUTFDAC---
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Figure 9-13 Segment fuel consumption (CUTFDAC-Departure)
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Figure 9-14 Segment flight time (CUTFDAC-Departure)
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Segment CO, emission
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Figure 9-15 Segment CO, emission (CUTFDAC-Departure)
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Figure 9-16 Segment H,O emission (CUTFDAC-Departure)
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Segment NOx emission
---Departure of CUTFDAC---
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Figure 9-17 Segment NOy emission (CUTFDAC-Departure)

Table 9-5 and Figures 9-7 to 9-9 provide a comprehensive comparison between the two
‘extreme’ flight modes/trgjectories (‘min. fuel consumption’ flight mode and ‘min.
noise area’ flight mode) for this departure phase of CUTFDAC respectively from fuel
consumption, noise contour area and noise-level distribution, flight time and gaseous
emissions based on the results from ‘min. fuel consumption’ flight mode as the
reference. From the table and figures, it can be found that when CUTFDAC fliesin the
‘min. noise area mode, the noise-impact area (namely, that area within which values of
SEL are not less than 70 dBA) is 41983500 m? (i.e., around 42 km?), and a significant
reduction when compared to the noise area (66716700 m?, i.e., around 67 km?) resulted
from ‘min. fuel consumption’ flight mode is achieved with the absolute decrease
24733200 m? (i.e., around 25 km?) and relative decrease 37%. Certainly, the gain cannot
be achieved for free. As a matter of fact, compared to ‘min. fuel consumption’ flight
mode, ‘min. noise area flight mode does consume more fuel (38.42 kg, 12.6%) and
produce more gaseous emissions. For instance, the emissions of CO, and H,O will
increase 121280 g (i.e., around 121 kg) and 47573 g (i.e., around 48 kg) respectively,
amounting to 12.6% which is the same as the previous the relative change in fuel
consumption (since emission index of CO, and H,O are kept constant respectively
during combustor combustion, therefore, the relative changes in CO, and H,O
emissions only depend on and equal to the relative change in fuel consumption),
besides, NOx emission, compared to the ‘min. fuel consumption’ flight mode, aso

increases 685 g, amounting to 15.48% and the increase can be attributed to higher value
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of NOx emission index (because of higher average engine operation temperature —
TET=1267.33 K, while average TET=1255.45 K for the ‘min. fuel consumption’ flight
mode. These can be obtained from the distributions of engine TET and NOx emission
index along the flight segments provided in Tables 9-6 and 9-7 or Figures 9-11 and 9-
12) and more fuel consumption from the ‘min. noise area’ flight mode, but the latter one
IS main contributor. From the above comparisons between two different flight modes, it
can be observed that the two modes are indeed of their own characteristics (or
advantages and disadvantages): the ‘min. fuel consumption’ flight mode costs less fuel
and simultaneously produces less gaseous emissions but more significant noise impact
(i.e., increased noise contour ared), while the ‘min. noise area’ flight mode is just at the
opposite position. These differences in the characteristics indicate that the two flight
modes can be applied to different situations. For example, for daytime departure flights
of aircraft or/and departure flights from airports which are away from populated areas,
the noise impact is not a prime issue and therefore the ‘min. fuel consumption’ flight
mode will be a good option, while on the other hand, if departure flights take place at
night or/and aircraft depart from airports very close to densely-populated communities,
noise impact will be of main concern doubtlessly, and in this situation, the ‘min. noise
area’ flight mode can be adopted.

9.1.2 CUTPDAC (Cranfield University Turboprop-Driven Aircr aft)

Table 9-8 Running record of CUT PDAC-Departure optimisation

1 Running start time/date Sat Oct 27 19:12:42 BST 2012

2 Running end time/date Mon Oct 29 17:36:44 GMT 2012
3 Total running time 46 hours 24 minutes 2 seconds

4 Generation number 400

> Total number of evaluations | 64759
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Table 9-9 ‘Consistency’ analysis of optimum solutions (CUTPDAC-Departure)

Fuel consumption, kg Noise contour area, m?
Maximum value 77.20 93831700
Minimum value 76.56 91901100
Averagevalue 76.76 93332546.67
Maximum 0.84% 2.07%
relative deviation

Table 9-10 Optimised results of two extremeflight trajectories (CUTPDAC-

Departure)
Minimum Minimum
Fuel Flight | NoiseArea A 0
Mode Flight Mode
ALT2, (m) 152.21 152.14 -0.07 -0.05%
ALT3, (m) 152.23 152.23 0 0
ALT4, (m) 152.83 152.83 0 0
SPD1, (CAS,
65.07 70.42 5.35 8.22%
_ m/s)
Design
variables SPD2, (CAS,
113.19 113.14 -0.05 -0.04%
m/s)
SPD3, (CAS,
108.61 119.86 11.26 10.36%
m/s)
SPD4, (CAS,
128.49 128.57 0.08 0.06%
m/s)
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Fuel
Objective consumption, 76.56 77.20 0.64 0.84%
functions (kg)

Noisearea(m?) | 93831700 | 91901100 | -1930600 | -2.06%
Optimisation | CA32, (M) 0.0234 0.0948 ] ]
consiraints | ca43, (m) 0.5981 05981 i i

Table9-11 Flight trajectory of ‘Min. Fuel Mode' (CUTPDAC-Departure)

points X, m Z,m CAS, m/s FPA, rad
1 0 11.6 80 0
2 1000 152 65.07 0.1395
3 5750 152.21 113.19 4.40E-05
4 15483.33 152.23 108.61 2.00E-06
5 25216.67 152.83 128.49 6.10E-05
6 34950 1828.8 128.61 0.1705

Table 9-12 Flight trajectory of ‘Min. Noise Area’ Mode (CUTPDAC-Departure)

points X, m Z,m CAS, m/s FPA, rad
1 0 11.6 80 0
2 1000 152 70.42 0.1395
3 5750 152.14 113.14 2.90E-05
4 15483.33 152.23 119.86 1.00E-05
5 25216.67 152.83 128.57 6.10E-05
6 34950 1828.8 128.61 0.1705
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Flight altitude vs. Flight distance
---Departure of CUTPDAC---
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Figure 9-20 Comparison of two extreme flight trajectories (CUTPDAC-Departure)
(Flight altitude vs. Flight distance)

Calibrated airspeed vs. Flight distance
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Figure 9-21 Comparison of two extreme flight trajectories (CUTPDAC-Departure)
(Calibrated airspeed vs. Flight distance)
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Flight path angle vs. Flight distance
---Departure of CUTPDAC---
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Figure 9-22 Comparison of two extremeflight trajectories (CUTPDAC-Departure)
(Flight path angle vs. Flight distance)

Table 9-13 Optimised results of ‘average’ flight trajectory (CUTPDAC-Departure)

‘Average’ flight
trajectory

ALT2, (m) 152.09

ALT3, (m) 152.28

ALT4, (m) 152.72
Design SPD1, (CAS, m/s) 66.54
variables

SPD2, (CAS, m/s) 113.08

SPD3, (CAS, m/s) 116.13

SPD4, (CAS, m/s) 128.57
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Fuel consumption,

L 76.92
Objective (kg)
functions
Noise area, (m?) 93037000
Optimisation | €A32 (m) 0.1925
constraints CA43, (m) 0.4341

Table9-14 *Average’ flight trajectory (CUTPDAC-Departure)

Points X, m Z,m CAS, m/s TAS m/s | FPA,rad.
1 0 11.6 80 80.60 0
2 1000 152 66.54 67.35 0.1395
3 5750 152.09 113.08 115.49 1.90E-05
4 15483.33 152.28 116.13 118.69 2.00E-05
5 25216.67 152.72 128.57 131.84 4.50E-05
6 34950 1828.8 128.61 143.20 0.1705
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Figure 9-24 Calibrated airspeed vs. Flight distance (CUTPDAC-Departure)



Trueairspeed vs. Flight distance
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Figure 9-25 Trueairspeed vs. Flight distance (CUTPDAC-Departure)

Flight path angle vs. Flight distance
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Table9-15 Overall performance of ‘average’ flight trajectory (CUTPDAC-

Departure)
Fuel burnt | Noisearea | Flight time CO, H.0O NOy
(kg) (m?) (9 (9 (9 9
76.92 93037000 297.86 247152.2 95892.01 374.57

Overall performance of 'average' flight trajectory
--- CUTPDAC-Departure ---

1000 X 10°(m?)

Fuel Noise Flight co2 H20 NOx

burnt area time emission  emission emission

Figure 9-27 Overall performance of ‘average’ flight trajectory (CUTPDAC-
Departure)
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x10* Noise Level Distribution at Departure Phase(SEL dBA)
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Figure 9-28 (a) Noise-level distribution contour of ‘average’ flight trajectory
(CUTPDAC-Departure)

w10 Noise Level Distribution at Departure Phase(SEL dBA)
100

05 0 05 1 15 2 25 3 35
x10*

Figure 9-28 (b) Noise-level distribution filled contour of ‘average’ flight trajectory
(CUTPDAC-Departure)
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Table 9-16 Parameter segment distributions of ‘average’ flight trajectory (part)
(CUTPDAC-Departure)

Fuel Flight CO, H,O NOXx
Segment Fn TET EINOx ) o o o
burnt time emission emission emission
(g/kg
(N) (K) ko) | (@ @ (@
fuel)
1 7380.00 | 1019.78 2.57 2.46 13.58 7914.01 3063.64 6.32
2 15401.27 | 1151.35 4.04 14.14 52.15 45366.32 17606.09 57.10
3 6837.72 | 1027.97 2.76 15.73 83.13 50676.11 19619.24 43.42
4 8187.88 1073.27 3.20 16.99 77.70 54705.88 21200.19 54.40
5 18402.91 | 1300.67 7.73 27.60 71.31 88489.88 34402.85 213.33
Segment engine net thrust
---Departure of CUTPDAC---
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15000
Z
< 10000
LL
B B
O T T T 1
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Segment number

Figure 9-29 Segment engine net thrust (CUTPDAC-Departure)

246




Segment engineturbineentry

temperature
---Departure of CUTPDAC---

:4‘ 1000
i
— 900
1 2 3 4

Segment number

Figure 9-30 Segment engineturbine entry temperature (CUTPDAC-Departure)

Segment NOx emission index
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Figure 9-31 Segment NOx emission index (CUTPDAC-Departure)

Segment fuel consumption
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Figure 9-32 Segment fuel consumption (CUTPDAC-Departure)
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Segment flight time
---Departure of CUTPDAC---
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Figure 9-33 Segment flight time (CUTPDAC-Departure)
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Figure 9-34 Segment CO, emission (CUTPDAC-Departure)

Segment H,O emission
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Figure 9-35 Segment H,0O emission (CUTPDAC-Departure)
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Figure 9-36 Segment NOx emission (CUTPDAC-Departure)

As for the departure flight of CUTPDAC, correspondingly, the following points can be

summarised:

1)

2)

From the plot of normalised Pareto area shown in the Figure 9-18, it can be
preliminarily concluded that the convergence of this optimisation process has
basically been achieved.

Different from the departure flights respectively by CUTFDAC which has been
anaysed in the previous section, and CUPFDAC which will be discussed in the
next section, the optimised results achieved for the departure flight of
CUTPDAC are very ‘close’ to each other. Thisis clearly shown in Figure 9-19.
Table 9-9 quantitatively describes this type of ‘close’ among all these optimum
solutions. According to Table 9-9, among a total of 150 optimum solutions,
maximum value of fuel consumption is 77.20 kg, and the minimum value is
76.56 kg, so the maximum relative deviation which is defined as ‘(max.-
min.)/average’ is only 0.84%, on the other hand, for the noise contour area, the
maximum value equals to 93831700 m? and the minimum value is 91901100
m?, therefore, the maximum relative deviation is 2.07%. The two deviation
values are very small when compared to the magnitude levels provided
respectively by CUTFDAC and CUPFDAC (according to the calculations, the
max. relative deviations of fuel consumption and noise contour area from
CUTFDAC are respectively 12% and 46%, and for CUPFDAC, the two
maximum values are 12.6% and 28% respectively). Tables 9-10 to 9-12 and
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3)

4)

Figures 9-20 to 9-22 provide the further comparisons between two extreme
points among 150 optimum solutions — *min. fuel consumption’ flight mode and
‘min. noise area’ flight mode. From these tables and figures, it can be found that
two flight trgjectories from two different flight modes are very close to each
other, especidly in terms of the variations of flight altitude and flight path angle
along the horizontal flight distance, the two trajectories almost overlap one
another. There exist some differences between these two flight modes in terms
of flight speed profile, ‘min. noise area mode is of higher flight speeds (CAYS)
at points 2 and 4 (70.42 m/s and 119.86 m/s respectively) compared to the ‘min.
fuel consumption” mode (65.07 m/s and 108.61 m/s respectively). Higher flight
speed can reduce the flight time during the departure phase, hence the noise
exposure time to ground observers, which can reduce the noise contour area
correspondingly (according to the calculation, for the departure flight phase,
‘min. noise area’ mode will take 293.8 seconds which is 10 seconds less when
compared to the ‘min. fuel consumption’ flight mode). However, these
differences in the flight speed profile do not bring significant influence on the
overall performance of two flight modes in terms of fuel consumption and noise
contour area as shown before.

The entire optimisation process cost 46 hours 24 minutes 2 seconds with 400
generations or 64759 evaluations (Table 9-8). That is, on average, 417.6
seconds/generation or 2.6 seconds/eval uation.

Based on the fact that all achieved optimum solutions are ‘close’ to each other
described in the above item 2), an ‘average’ solution/point was selected as the
representative to describe the optimised flight tragjectory of CUTPDAC for the
departure flight phase mainly through variations of flight atitude, flight speed
and flight path angle along the horizontal flight distance. Tables 9-13 and 9-14,
as well as Figures 9-23 to 9-26, provide basic information of this ‘average
optimum trajectory. These tables and figures show that when CUTPDAC makes
the departure flight, the following trgectory should be followed in order to
minimise fuel consumption and noise impact area: firstly for the 1% segment, it
can be observed from the achieved optimum trgectory that the arcraft is
suggested to fly at a ‘decelerated climb’ style, namely, flight atitude will
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increase from initial 11.6 m to 152 m while the calibrated airspeed dropping
from the initial value of 80 m/s to 66.54 m/s (correspondingly, the true airspeed
decreasing to 67.35 m/s from the initial 80.60 m/s). This deceleration seems to
lack a good reason. As a matter of fact, this deceleration was not desired
originally. According to the design of this departure case study, the lower
boundary of CAS at point 2 (i.e., the ending point of the segment 1) equals to
the CAS value at point 1 (i.e., the starting point of the segment 1) which is a
fixed number depending on the initial aircraft mass, wing area and the position
of high-lift devices (hence the maximum lift coefficient C ). At the early
stage of the case modelling, the CAS value at point 1 was determined as 65 m/s
and correspondingly the lower boundary of CAS at point 2 was also set as 65
m/s. Thereafter, the recalculation revised the fixed number to 80 m/s, however,
the lower boundary of CAS at point 2 was not updated correspondingly,
therefore, the ‘decelerated climb’ appears in the optimised flight traectory.
However, because of the very short horizontal flight distance covered by
segment 1, the influence on the overall optimised results will be very limited. In
addition, due to the limitation of research time, the revision and improvement
about this problem will be put into future work; segments 2, 3 and 4 will
undergo the same flight style — ‘level flight and acceleration’. During these 3
flight segments with the total horizontal flight distance AX=24217 m, the flight
altitude will be always kept at about 152 m, while the calibrated airspeed will
witness a continuous increase from 66.54 m/s, 113.08 m/s, 116.13 m/sto 128.57
m/s (correspondingly, the true airspeed will aso be increased from 67.35 m/s,
115.49 m/s, 118.69 m/s to 131.84 m/s), and the flight path angle will also
correspondingly change from initially around 0.14 rad. to approximately
approaching zero; finally, when CUTPDAC enters into the 5" segment, the
‘constant-speed (CAS) climb’ mode will be adopted, namely, the calibrated
airspeed will be kept unchanged (around 128.6 m/s) and the flight altitude will
be increased to required 1828.8 m from around 152 m (correspondingly, the
true airspeed will aso rise from 131.84 m/s to 143.20 m/s), besides, the flight
path angle will change from 4.50x107 rad. to 0.1705 rad. as well.
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5) Table 9-15 and Figures 9-27 and 9-28 illustrate the achieved overal
performance through the ‘average’ optimum trgectory flown by CUTPDAC,
that is, aong this path, CUTPDAC will consume around 77 kg fuel and produce
about 247 kg CO,, 96 kg H,O and 375 g NOx, besides, noise contour area (with
SEL > 70 dBA) amounts to around 93 km® and the entire departure flight lasts
for 5 minutes. The further breakdown of these overall-performance parameters
and the distributions of some other parameters along these flight segments can
be found in Table 9-16 and Figures 9-29 to 9-36.

9.1.3 CUPFDAC (Cranfield University Propfan-Driven Aircr aft)

Table 9-17 Running record of CUPFDAC-Departure optimisation

1 Running start time/date Thu Nov 15 22:19:37 GMT 2012
2 Running end time/date Sun Nov 18 06:23:32 GMT 2012
3 Total running time 56 hours 3 minutes 55 seconds

4 Generation number 450

> Total number of evaluations 72113
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Figure 9-37 Normalised Pareto area (CUPFDAC-Departure)
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Figure 9-38 Pareto Front Line (CUPFDAC-Departure)
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Table 9-18 Optimised results of two typical flight trajectories
(CUPFDAC-Departure)

Minimum Fuel Minimum Noise Area
Flight Mode Flight Mode
ALT2, (m) 152.38 292.35
ALT3, (m) 160.73 1473.10
ALT4, (m) 161.19 1542.03
Design SPD1, (CAS, m/s) 81.20 89.78
variables
SPD2, (CAS, m/s) 113.15 113.19
SPD3, (CAS, m/s) 128.39 128.61
SPD4, (CAS, m/s) 128.60 105.62
Fuel consumption,
I 184.94 209.71
Objective (kg)
functions
Noise area, (m?) 60292300 45440000
L CA32, (m) 8.35 1180.76
Optimisation
constraints | ca43, (m) 0.45 68.93

Table9-19 Flight trajectory of ‘Min. Fuel Mode' (CUPFDAC-Departure)

points X, m Z,m CAS, m/s TAS, m/s FPA, rad.
1 0 11.6 79 79.58 0
2 1000 152 81.20 82.37 0.1395
3 5750 152.38 113.15 11557 8.10E-05
4 15483.33 160.73 128.39 131.70 8.58E-04
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25216.67

161.19

128.60

131.92

4.60E-05

34950

1828.8

128.61

143.20

0.1697

Table 9-20 Flight trajectory of ‘Min. Noise Area Mode (CUPFDAC-Departure)

points X, m Z,m CAS,m/s | TAS m/s FPA, rad.
1 0 11.6 79 79.58 0
2 1000 152 89.78 91.23 0.1395
3 5750 292.35 113.19 116.40 0.0295
4 15483.33 1473.10 128.61 140.68 0.1207
5 25216.67 1542.03 105.62 115.26 0.0071
6 34950 1828.8 128.61 143.20 0.0295
Flight altitude vs. Flight distance
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Figure 9-39 Flight altitude vs. Flight distance (CUPFDAC-Departure)
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Calibrated airspeed vs. Flight distance
---Departure of CUPFDAC---
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Figure 9-40 Calibrated airspeed vs. Flight distance (CUPFDAC-Departure)

Trueairspeed vs. Flight distance
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Figure 9-41 Trueairspeed vs. Flight distance (CUPFDAC-Departure)
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Figure 9-42 Flight path angle vs. Flight distance (CUPFDAC-Departure)

Table 9-21 Overall performance of two typical flight trajectories
(CUPFDAC-Departure)

Fuel Noise Flight CO; H.O NOXx
burnt area time emission emission emission
(kg) (m?) (s) (9) (9) 9
Min. Fud
184.94 | 60292300 284.46 589152.47 | 229570.69 | 8660.86
M ode
Min. Noise
Area 209.71 | 45440000 285.47 667262.70 | 260050.09 | 11179.90
M ode
A 2477 | -14852300 1.01 78110 30479 2519
o 13.39% | -24.63% 0.36% 13.26% 13.28% 29.09%
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Overall performance of two flight trajectories
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Figure 9-43 Overall performance of two typical flight trajectories (CUPFDAC-
Departure)
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Figure 9-44 (a) Noise-level distribution contour of ‘Min. Fuel Mode' (CUPFDAC-
Departure)
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Noise Level Distribution at Departure Phase(SEL.dBA)

70

Figure 9-44 (b) Noise-level distribution filled contour of ‘Min. Fuel Mode’

(CUPFDAC-Departure)
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Figure 9-45 (b) Noise-level distribution filled contour of ‘Min. Noise Area Mode
(CUPFDAC-Departure)

Table 9-22 Parameter segment distributions of ‘Min. Fuel Mode' (part)
(CUPFDAC-Departure)

Fuel Flight CO, H,0 NOx
Segment Fn TET EINOx ] o o o
burnt time emission emission | emission
(gkg
(N) (K) (kg) (® 9 ©) (9
fuel)
1 59808.14 | 1708.28 | 60.87 1041 1241 33153.36 12920.92 633.45
2 52362.96 | 1642.80 | 47.64 34.06 4819 | 108533.82 | 42302.03 | 1622.68
3 25139.36 | 1499.08 | 24.50 39.24 78.73 | 125170.59 | 48769.58 961.29
4 21622.49 | 147823 | 21.61 34.97 73.84 | 111546.03 | 43456.50 755.65
S 56689.19 | 1758.35 | 70.75 66.26 71.29 | 210748.67 | 82121.65 | 4687.78
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Table 9-23 Parameter segment distributionsof ‘Min. Noise Area Mode’ (part)
(CUPFDAC-Departure)

Segment number
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Figure 9-46 Segment engine net thrust (CUPFDAC-Departure)

Fuel | Flight Co, H,0 NOx
Segment Fn TET EINOx ) o o o
burnt time emission | emission | emission
(gkg
(N) (K) (kg) C) ) ©) )
fuel)
1 73325.23 | 1784.78 76.72 11.98 11.77 38154.57 14866.27 919.17
2 59950.36 | 1691.77 57.86 37.02 4596 | 117940.77 | 45966.36 2142.11
3 56313.68 | 1738.35 66.24 67.16 76.04 | 213673.38 | 83267.40 | 4449.20
4 35972.36 | 1615.52 39.59 47.40 76.36 | 150750.25 | 58755.81 1876.37
5 35205.89 | 1613.78 38.85 46.15 75.34 | 146743.73 | 57194.26 1793.05
Segment engine net thrust
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Figure 9-47 Segment engineturbine entry temperature (CUPFDAC-Departure)
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Figure 9-48 Segment NOx emission index (CUPFDAC-Departure)
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Segment fuel consumption
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Figure 9-49 Segment fuel consumption (CUPFDAC-Departure)

Segment flight time
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Figure 9-50 Segment flight time (CUPFDAC-Departure)
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Segment CO,, emissions
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Figure 9-51 Segment CO; emissions (CUPFDAC-Departure)
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Figure 9-52 Segment H,0 emissions (CUPFDAC-Departure)
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Figure 9-53 Segment NOx emission (CUPFDAC-Departure)

As for the departure flight of CUPFDAC, similar observations to the achieved optimum

results can be implemented as before and correspondingly the following points can be

summarised.

1)

2)

3)

4)

The convergence of this optimisation process has been obtained, which can be
proved from the basically stable value of normalised Pareto area shown in
Figure 9-37 and the smooth shape of achieved Pareto front line illustrated in
Figure 9-38.

The entire optimisation process totally cost 56 hours 3 minutes 55 seconds with
450 generations or 72113 evaluations implemented (Table 9-17), that is, 448.5
seconds/generation or 2.8 seconds/evaluation.

Similarly, two extreme (also typical) points — ‘min. fuel consumption’ flight
mode and ‘min. noise area flight mode, among all achieved optimum solutions,
were selected for the convenience of analysis.

As for the departure trajectory resulted from the ‘min. fuel’ flight mode, the
optimised results suggest that, for the 1% segment, a slight acceleration climb
should be used so that the aircraft can, within the given horizontal flight distance
of 1000m, climb from the initial atitude 11.6 m to 152 m required by ATC and,
in the meantime, obtain a small increase in flight speeds (CAS increasing from
79 m/s to 81.20 m/s and correspondingly TAS increasing from 79.58 m/s to
82.37 m/s). During this flight segment, the flight path angle of CUPFDAC will
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5)

experience arelative large increase from the initia value of zero to around 0.14
radians; When the flight enters into the 2" segment, the flight style of level
flight and acceleration will be adopted, that is, the flight altitude will be kept at
152 m and the excess propulsive power of the aircraft will be only used to
increase aircraft’s kinetic energy or flight speeds. As aresult, CAS will increase
from 81.20 m/s to 113.15 m/s and correspondingly TAS will also increase from
82.37 m/s to 115.57 m/s, and this segment will cover the horizontal flight
distance of 4750 m; The flight in the 3 segment will again experience the
similar flight style as that in the 1% segment — climb and acceleration. Through
the flight segment, the altitude will reach 160.73 m and flight speeds will
amount to 128.39 m/s (CAS) and 131.70 m/s (TAS) respectively; Constant
altitude and speed flight will be the nature of the 4™-segment flight. During the
flight in this segment, the flight atitude will be kept at around 161 m, flight
speeds at around 128 m/s (CAS) and 132 m/s (TAS), and the flight path angles
will almost approach zero radian; CUPFDAC will complete its final flight
segment of the departure phase by applying constant CAS climb style, namely,
during this flight segment, the calibrated airspeed will be hold at 128.6 m/s and
the flight altitude will be continuously increased from around 161 m to 1828.8 m
also required by ATC (correspondingly, the true airspeed will also go up from
around 132 m/s to 143.20 m/s), and naturaly, due to the relatively sharp
increase in the flight altitude, the flight path angle will aso experience a large
change (rising from nearly zero radian to around 0.17 radians).

As for the departure trgjectory resulted from the ‘min. noise area flight mode,
the optimised results suggest that, for the 1% segment, the accelerated climb will
be used, that is, with the given horizontal flight distance of 1000 m, the aircraft
will climb from 11.6 m to 152 m and at the same time increase its calibrated
airspeed from 79 m/s to nearly 90 m/s (correspondingly, the true airspeed will
also rise to around 91 m/s from the initial value of nearly 80 m/s) and as a
consequence the flight path angle will experience a large increase (from the
initial zero radian to around 0.14 radians); When the aircraft enters into the 2™
segment, the same flight style as that in the 1% segment will continue. During
this flight segment, the flight altitude and flight speeds will continue to increase,
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6)

7)

reaching around 292 m, 113 m/s (CAS) and 116 m/s (TAS) respectively; The
following 3" segment will continue to witness the acceleration and climb of the
aircraft with the flight altitude obviously increased to around 1473 m and CAS
increased to 128.61 m/s (correspondingly, TAS going up to nearly 141 m/s);
Different from flights in the previous three segments, the flight in the 4™
segment will apply the decelerated climb flight style, that is, CAS of the aircraft
will be reduced to around 106 m/s from 128.6 m/s but the flight atitude will
continue to rise to 1542 m (correspondingly, TAS of the aircraft will aso be
decreased to around 115 m/s); In the 5™-segment flight, the flight altitude and
the flight speeds of the aircraft will be both increased again. Finally, through this
flight segment with the horizontal flight distance of around 9733 m, CUPFDAC
will reach the flight atitude of 18288 m and CAS of 12861 m/s
(correspondingly, TAS equals to 143.20 m/s) which are required by ATC.

By the comparison between the above two typical flight trajectories respectively
from the ‘min. fuel’ flight mode and ‘min. noise area’ flight mode, an obvious
difference in the departure flight profiles achieved through optimisation process
in terms of the variation of flight altitude with horizontal flight distance can be
noticed. That is, when the ‘min. noise area mode is implemented, CUPFDAC
will be required to fly at higher atitudes from earlier segments of the departure
flight phase when compared to the corresponding profile resulted from ‘min.
fuel’ mode. In addition, in the flight speed profiles from the ‘min. noise area
mode which illustrate the variations of CAS and TAS with the horizonta flight
distance, a decelerated climb will be required in the 4™ flight segment. These
differences are understandable and the reason as explained in the section of
CUTFDAC lies in the fact that higher flight atitude (i.e., greater distance
between noise source — the aircraft and observer — the ground) and reduced
flight speed (hence reduced engine power settings) will be helpful to reduce the
noise level percelved by ground observers and, therefore, the noise-impact area
with SEL>70 dBA.

Table 9-21 and Figures 9-43 to 9-45 further provide the overall performances of
the above two typical flight modes and their comparisons. Compared to the

‘min. fuel consumption’ flight mode, when CUPFDAC flies along the departure
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profile prescribed by the ‘min. noise area’ flight mode, the lower noise-impact
area (around 45 km?) with SEL >70 dBA can be achieved, about 15 km? or 25%
less than the result from the ‘min. fuel consumption” mode, but with more fuel
consumption (around 25 kg or 13% more) and higher gaseous emissionsin terms
of CO, (around 78 kg or 13% higher), H,O (around 30 kg or 13% higher) and
NOx (around 2.5 kg or 29% higher). The increases in CO, and H,O are only
related to the increase in the fuel consumption, but for the NOx emission,
besides the contribution from more fuel burnt, higher values of NOx emission
index during the departure flight which result from higher engine power settings
for the ‘min. noise area mode are also an important reason (see Tables 9-22 and
9-23 as well as Figures 9-46 to 9-49). In addition, in the aspect of flight time,
there hardly exists any difference between the two flight modes in fact (the

differencein flight timeisonly 1 second or 0.36%).

9.1.4 Departure-flight comparisons between CUPFDAC and CUTFDAC

Based on the previous descriptions about the optimised flight trajectories, especialy of
CUPFDAC and CUTFDAC flown through ‘min. fuel consumption’” mode and ‘min.
noise area mode, it is now possible to compare and discuss the performances of these
two aircraft respectively driven by propfan engine (or open rotor) and conventional
turbofan engine during the departure flight phase. The following Tables 9-24 to 9-29

and Figures 9-54 to 9-59 provide the relevant information to this comparison.

Table 9-24 Overall comparisons between CUPFDAC and CUTFDAC

(‘min. fuel consumption’ departureflight mode)

Fuel Noise Flight CO, H.O NOXx
burnt area time emission emission | emission

(kg) (m?) (9 (9) (9) (9)
CUTFDAC | 304.65 | 66716700 27791 961635.16 | 377220.53 | 4426.96
CUPFDAC | 18494 | 60292300 | 284.46 | 589152.47 | 229570.69 | 8660.86
A -119.71 | -6424400 6.55 -372482.69 | -147649.84 | 4233.9
0 -39.29% -90.63% 2.36% -38.73% -39.14% 95.64%
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Table 9-25 Overall comparisons between CUPFDAC and CUTFDAC
(‘min. noisearea’ departure flight mode)

Fuel Noise Flight COs H.0 NOXx
burnt area time emission emission | emission
(kg) (m?) (s (9) (9) (9)
CUTFDAC | 343.07 | 41983500 | 286.83 | 1082912.08 | 424793.82 | 5112.07
CUPFDAC | 209.71 | 45440000 | 285.47 | 667262.70 | 260050.09 | 11179.90
A -133.36 3456500 -1.36 -415649.38 | -164743.73 | 6067.83
0 -38.87% 8.23% -0.47% -38.38% -38.78% 118.70%
Table9-26 TET comparisons between CUPFDAC and CUTFDAC
(‘min. fuel’ departure flight mode)
TET, K A 0
CUTFDAC CUPFDAC K -
1 1417.75 1708.28 290.53 20.49%
2 1261.88 1642.80 380.92 30.19%
3 1140.63 1499.08 358.45 31.43%
4 1109.34 1478.23 368.89 33.25%
5 1347.66 1758.35 410.69 30.47%
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Table 9-27 EINOx comparisons between CUPFDAC and CUTFDAC
(‘min. fuel’ departure flight mode)

EINOXx, g/kg fuel A 5

CUTFDAC CUPFDAC g/kg fuel -
1 19.77 60.87 41.1 207.89%
2 14.63 47.64 33.01 225.63%
3 10.89 24,50 13.61 124.98%
4 9.93 21.61 11.68 117.62%
5 17.85 70.75 52.9 296.36%

Table9-28 TET comparisons between CUPFDAC and CUTFDAC

(‘min. noisearea’ departure flight mode)

TET, K A 0

CUTFDAC CUPFDAC K -
1 1288.74 1784.78 496.04 38.49%
2 1275.53 1691.77 416.24 32.63%
3 1313.16 1738.35 425.19 32.38%
4 1226.64 1615.52 388.88 31.70%
5 1232.59 1613.78 381.19 30.93%
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Table 9-29 EINOx comparisons between CUPFDAC and CUTFDAC
(‘min. noisearea’ departure flight mode)

EINOXx, g/kg fuel A 5
CUTFDAC CUPFDAC g/kg fuel -

1 15.34 76.72 61.38 400.13%

2 15.02 57.86 42.84 285.22%

3 16.55 66.24 49.69 300.24%

4 13.60 39.59 25.99 191.10%

5 13.78 38.85 25.07 181.93%

Comparison between CUPFDAC and CUTFDAC
(Min. Fuel departureflight mode)

1200

1000 x_103 (g

800

x 10° (m?)

600 CUTFDAC (Min.Fuel Mode)

B CUPFDAC (Min.Fuel Mode)

400
x 1 (kg)

200

Fuel Noise Flight CO, H,O NOx
burnt area time emission emission emission

Figure 9-54 Overall comparisons between CUPFDAC and CUTFDAC

(“min. fuel consumption’ departure flight mode)
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Comparison between CUPFDAC and CUTFDAC
(Min. Noise Area departureflight mode)
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X 103 (g) x 10 (g)
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Mode)

B CUPFDAC (Min.Noise Area
Mode)
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400

200
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burnt area time emission emission emission

Figure 9-55 Overall comparisons between CUPFDAC and CUTFDAC
(‘min. noise area’ departureflight mode)
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Figure9-56 TET comparisons between CUPFDAC and CUTFDAC
(“min. fuel’ departure flight mode)
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EINOx comparison between CUPFDAC and

CUTFDAC
(Min. Fuel departureflight mode)

B CUTFDAC (Min.Fuel Mode)
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Figure 9-57 EINOx comparisons between CUPFDAC and CUTFDAC
(‘min. fuel’ departure flight mode)

TET comparison between CUPFDAC and

CUTFDAC
(Min. Noise Area departureflight mode)

2000
1800

1600
1400
« 1200 -
— 1000 -
i
~ 800 -
600 -
400 -
200 -
O T T T T
1 2 3 4 5

Segment number

B CUTFDAC (Min.Noise Area
Mode)

B CUPFDAC (Min.Noise Area
Mode)

Figure 9-58 TET comparison between CUPFDAC and CUTFDAC
(‘min. noise area’ departureflight mode)
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EINOx comparison between CUPFDAC and

CUTFDAC
(Min. Noise Area departureflight mode)

70
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Figure 9-59 EINOx comparison between CUPFDAC and CUTFDAC

(‘min. noisearea’ departure flight mode)

From these above tables and figures, some points can be observed and summarised as
follows:

1) Firstly, with the “min. fuel consumption’ departure flight mode, CUPFDAC and
CUTFDAC separately reached their own minimum fuel consumptions by flying
the optimised flight trgectories. However, the much lower value of minimum
fuel consumption (around 120 kg or 39% less) and hence much better operation
economy can be achieved when the propfan (open rotor) engine is applied
compared to the turbofan case. Consequently, the emissions of CO, and H,O can
also be greatly reduced, the decreased magnitudes respectively amounting to 372
kg (39%) and 148 kg (39%) only due to the basically constant emission indices
and the same reduced fuel consumption. In light of this calculation and adopted
noise models, less noise-impact area (6.4 km® or 9.6%) can be obtained by
CUPFDAC as well. The flight times separately spent by CUPFDAC and
CUTFDAC are very close to each other and the dight difference in flight time
(less than 7 seconds) can be ignored. Unfortunately, an obvious problem
CUPFDAC isfacing in this case study is the very high level of NOx emission (4
kg or 96% more than the emission from CUTFDAC). This is attributed to very
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2)

3)

high value of NOx emission index in the CUPFDAC case (12-53 g/kg fuel or
118-296% higher compared to the CUTFDAC case) due to the very high engine
power settings during the departure phase (290-410 K or 20-33% higher
compared to the CUTFDAC case) which are shown in Tables 9-26 and 9-27 as
well asin Figures 9-56 and 9-57.

Secondly, with the ‘min. noise area departure flight mode, a quite similar
phenomenon can also be observed. That is, more fuel (133 kg or 39%) can be
saved and more emissions of CO, and H,0 (416 kg or 38% and 165 kg or 39%
respectively) can be reduced by flying CUPFDAC instead of CUTFDAC.
Different from the above ‘min. fuel’ mode, CUPFDAC can produce more noise-
impact area than CUTFDAC in the ‘min. noise area mode with the increased
amount of 3.5 km? or 8%. The tiny difference in the flight time (only about 1
second) between the two aircraft continues to be held in this flight mode as in
the ‘min. fuel’ flight mode and the challenge from NOx emission for CUPFDAC
remains even for this ‘min. noise area mode (around 6 kg or 119% more than
that from CUTFDAC).

Therefore, according to the above comparisons between CUPFDAC and
CUTFDAC respectively under the ‘min. fuel consumption’” mode and ‘min.
noise aread mode, such a conclusion can be derived, that is, the adoption of the
new-generation propfan (or open rotor) engine whose technologies will be ready
around 2025 to 2030 as the power plant can significantly reduce the fuel
consumption and the emissions of CO, and H,O during the departure flight
phase (nearly 40%), compared to the 1990s' technology level represented by the
conventional turbofan engine in CUTFDAC. These impressive achievements are
the results naturally derived from the combination of higher engine thermal
efficiency (due to the applications of higher turbine entry temperature, higher
component efficiencies) and higher propulsive efficiency which the propfan
engine has inherently. On the other hand, from the above discussion, it can also
be found that the challenge from NOx emission will be increasingly severe with
higher operation temperatures of the future propfan engine, and traditional
combustion technology and combustor design cannot any longer meet the

requirements from this novel engine, hence new low emission technologies
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under high engine power settings, such as fuel staged combustor etc., will have
to be explored and applied.

9.2 En route Flight Phase

9.2.1 CUTFDAC (Cranfield University Turbofan-Driven Aircraft)
Table 9-30 Running record of CUTFDAC-En route optimisation

1 Running start time/date Mon Oct 15 08:09:52 BST 2012
2 Running end time/date Mon Oct 15 14:52:33 BST 2012
3 Total running time 6 hours 42 minutes 41 seconds
4 Generation number 400

5 Total number of evaluations | 67817

Normalised Pareto Area

e

100 125 150 175 200 225 51
Generation Number

Figure 9-60 Nor malised Pareto area (CUTFDAC-en route)
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Pareto Front Line
---Enroute of CUTFDAC---
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Figure 9-61 Pareto Front line (CUTFDAC-en route)

Table 9-31 Optimised results of two typical flight trajectories (CUTFDAC-en
route)

Minimum Fuel Minimum Time Flight
Flight Mode Mode
ALT1, (m) 1828.80 1828.97
ALT2, (m) 10050.75 7924.8
ALTO, (m) 9774.85 2438.68
DISL, (m) 3954.34 11808.14
Design DIS2, (m) 140000 335000
variables | pisg (m) 403904.84 407590.82
DIS9, (m) 416480.83 631151.53
MACHT, (-) 0.60 0.82
MACH?2, (-) 0.75 0.82
MACH, (-) 0.82 0.82
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Fuel consumption,

Objective | 1o 2008.53 3040.71
functions
Flight time, (9) 3020.51 2454.41
CA21,(m) 8221.95 6095.83
CX21,(m) 136045.66 323191.86
Optimisation | CX98.(m) 12575.99 223560.70
constraints | cago,(m) 275.91 5486.12
NOX, (g) 26522.36 53652.68
CO,, (9) 6624013.66 9598013.85

Table 9-32 Flight trajectory of ‘Min. Fuel Consumption’” mode (CUTFDAC-en

route)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 3954.34 1828.80 0.60 199.55 1.00x10°®
2 140000 10050.75 0.75 225.02 0.0604
3 183984.14 10050.75 0.75 225.02 0
4 227968.28 10050.75 0.75 225.02 0
5 271952.42 10050.75 0.75 225.02 0
6 315936.56 10050.75 0.75 225.02 0
7 359920.70 10050.75 0.75 225.02 0
8 403904.84 10050.75 0.75 225.02 0
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416480.83

9774.85

0.82

245.16

-0.0219

10

637000

2438.4

0.44

145.55

-0.0333

Table 9-33 Flight trajectory of ‘Min. Flight Time' mode (CUTFDAC-en route)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 11808.14 1828.97 0.82 273.21 1.40x107
2 335000 7924.8 0.82 252.89 0.0189
3 347098.47 7924.8 0.82 252.89 0
4 359196.94 7924.8 0.82 252.89 0
5 37129541 7924.8 0.82 252.89 0
6 383393.88 7924.8 0.82 252.89 0
7 395492.35 7924.8 0.82 252.89 0
8 407590.82 7924.8 0.82 252.89 0
9 631151.53 2438.68 0.82 27112 -0.0245
10 637000 24384 0.44 145.55 -4.80x10°
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Flight altitude vs. Flight distance

---En route of CUTFDAC---
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Figure 9-62 Flight altitude vs. Flight distance—‘min. fuel’ mode
(CUTFDAC-en route)

Flight Mach number vs. Flight distance
---En route of CUTFDAC---
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Figure 9-63 Flight Mach number vs. Flight distance—*min. fuel’ mode
(CUTFDAC-en route)
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260

Trueairspeed vs. Flight distance

---En route of CUTFDAC---
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Figure 9-64 True airspeed vs. Flight distance—‘min. fuel’ mode
(CUTFDAC-en route)
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Figure 9-65 Flight path angle vs. Flight distance—‘min. fuel’ mode
(CUTFDAC-en route)
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Flight altitude vs. Flight distance
---En route of CUTFDAC---
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Figure 9-66 Flight altitude vs. Flight distance—‘min. flight time' mode

(CUTFDAC-en route)

Flight Mach number vs. Flight distance
---En route of CUTFDAC---
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Figure 9-67 Flight Mach number vs. Flight distance—*min. flight time’ mode

(CUTFDAC-en route)
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Trueairspeed vs. Flight distance
---En route of CUTFDAC---
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Figure 9-68 True airspeed vs. Flight distance—‘min. flight time’ mode
(CUTFDAC-en route)
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Figure 9-69 Flight path angle vs. Flight distance—‘min. flight time’ mode
(CUTFDAC-en route)
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Table 9-34 Overall performance of two typical flight trajectories (CUTFDAC-en

route)
Fue Flight CcoO CO, H,0 UHC NOXx
burnt time emission emission emission emission | emission
(kg) (s 9 (9 ) (9 (9
Min. Fuel
Mod 2098.53 | 3020.51 7571.15 6624013.66 | 2598401.20 296.97 26522.36
ode
Min. Flight
3040.71 | 2454.41 1760.07 9598013.85 | 3765011.97 100.33 53652.68
TimeMode
A 942.18 -566.09 -5811.08 2974000.19 | 1166610.77 -196.64 27130.31
44.90% | -18.74% | -76.75% 44.90% 44.90% -66.22% | 102.29%
Overall performances of two flight trajectories
--—-En route of CUTFDAC---
12000
10000 » 1000 (gl
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Figure 9-70 Overall performance of two typical flight trajectories (CUTFDAC-en

route)
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Table 9-35 Parameter segment distributions of ‘Min. Fuel Consumption’ mode
(part) (CUTFDAC-en route)

Segment Fn TeT | Emnox | @ Fl_ight (_:0_2 HZ(? ’\_IO_X
burnt time emission emission emission

(N) (K) (kg (kg) S)] (9 (9 (9)

fuel)

1 60179.52 | 146259 | 2213 | 4837 | 2330 | 15267608 | 59890.23 | 1070.63
2 34906.93 | 132130 | 16.29 | 74003 | 64150 | 2335906.97 | 916306.00 | 12052.22
3 20634.03 | 139316 | 14.94 | 193.03 | 19565 | 609293.64 | 239007.56 | 2883.22
4 18621.90 | 1207.46 | 10.83 | 121.96 | 19547 | 38495294 | 151005.45 | 1320.64
5 18596.85 | 1207.08 | 10.82 | 121.82 | 19547 | 384512.40 | 150832.64 | 1317.97
6 18571.88 | 120671 | 1081 | 121.68 | 19547 | 384073.09 | 150660.31 | 1315.33
7 18546.98 | 120634 | 10.80 | 12154 | 19547 | 383630.08 | 15048654 | 1312.67
8 18522.17 | 120597 | 1079 | 12140 | 19547 | 383190.77 | 150314.21 | 1310.04
9 2173373 | 125581 | 1228 | 39.36 | 5350 | 12422081 | 4873162 | 483.48
10 896821 | 103005 | 7.36 | 469.36 | 1129.20 | 1481547.88 | 581166.64 | 3456.16
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Table 9-36 Parameter segment distributions of ‘Min. Flight Time' mode’ (part)

(CUTFDAC-en route)

Segment Fn et |emnox| 7@ Fl_ight C,O,Z H_Zc_) NO,X
burnt time emission emission emission

(N) (K) i?]/:l? (kg) S ©) (9 (9
1 7151375 | 149982 | 2417 | 13470 | 57.16 | 42519436 | 166790.95 | 3256.11
2 36136.85 | 134450 | 1861 | 170271 | 122873 | 537458955 | 2108289.72 | 31693.79
3 26340.39 | 128845 | 1475 | 4572 | 4784 | 14430203 | 5660534 | 674.15
4 22037.21 | 124857 | 1364 | 4066 | 47.84 | 128336.00 | 5034239 | 554.39
5 2293290 | 124851 | 1363 | 4065 | 47.84 | 12831646 | 50334.69 | 554.24
6 2202860 | 1248.46 | 1363 | 4065 | 4784 | 12829653 | 50326.87 | 554.10
7 2200430 | 124841 | 1363 | 4064 | 4784 | 12827599 | 5031881 | 553.95
8 2292000 | 124836 | 1363 | 4063 | 47.84 | 12825576 | 5031087 | 553581
9 27480.92 | 127028 | 1610 | 936.06 | 85340 | 295465808 | 115902344 | 15068.29
10 1292219 | 109046 | 1037 | 1831 | 2808 | 57789.00 | 2266888 | 189.86
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Segment engine net thrust
---En route of CUTFDAC---
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Figure 9-71 Segment engine net thrust (CUTFDAC-en route)

Segment engine Turbine Entry Temperature
---En route of CUTFDAC---
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Figure 9-72 Segment engineturbine entry temperature (CUTFDAC-en route)
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Segment NOx Emission I ndex
---En route of CUTFDAC---
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Figure 9-73 Segment NOx emission index (CUTFDAC-en route)

Segment fuel consumption
---En route of CUTFDAC---
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Figure 9-74 Segment fuel consumption (CUTFDAC-en route)
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Segment flight time
---En route of CUTFDAC---
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Figure 9-75 Segment flight time (CUTFDAC-en route)

Segment CO,, emission
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Figure 9-76 Segment CO, emission (CUTFDAC-en route)
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Segment H,O emission
---En route of CUTFDAC---
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Figure 9-77 Segment H,O emission (CUTFDAC-en route)
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Figure 9-78 Segment NOx emission (CUTFDAC-en route)

As for the en route flight of CUTFDAC (Cranfield University Turbofan-Driven

Aircraft), the following points can be observed and summarised:

1) According to the obtained plot of normalised Pareto area and the Pareto front
line shown respectively in Figures 9-60 and 9-61, it can be inferred that the
convergence of this optimised process has been basically achieved after the
iteration of 400 generations (totally 67817 evaluations) listed in Table 9-30, that
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3)

is, a set of optimum solutions which are unique and not dominant over each
other have been achieved with different trade-offs between two objectives — fuel
consumption and flight time.

From Table 9-30, it can be found that the total time cost paid for this
optimisation process with the iteration of 400 generations (totally 67817
evauations) is 6 hours 42 minutes 41 seconds, therefore, on average, 60.4
seconds/ generation, or 0.36 seconds/ evaluation.

Table 9-32 and Figures 9-62 to 9-65 highlight the flight trajectory optimised for
the flight mode (or purpose) of minimum fuel consumption and described
through horizontal flight distance X, flight altitude Z, flight Mach number, true
airspeed and flight path angle. The entire en route flight trajectory comprises ten
flight segments, and according to the optimised results, when CUTFDAC flies at
the 1% segment, the flight style of level flight and acceleration will be adopted,
namely, the flight altitude will be kept at 1828.8 m, same as that value given by
ATC at the starting point of the whole en route flight phase, but the flight Mach
number will be increased from the origindly given 0.42 to 0.60 and
correspondingly the true airspeed will also go up to nearly 200 m/s from the
initial 139.94 m/s, and this flight segment will cover the horizontal flight
distance of 3954.34 m (i.e,, nearly 4 km); When the flight enters into the 2™
segment, the excess propulsive power of this aircraft will be used to increase
both its potential energy and kinetic energy, i.e., climb and acceleration. As a
result, within the horizontal flight distance of around 136 km, CUTFDAC will
climb to 10050.75 m and increase its flight Mach number and TAS respectively
to 0.75 and 225.02 m/s. Naturally, the flight path angle of CUTFDAC will also
witness a large increase (from nearly zero radian to 0.0604 radians); During the
following six flight segments (i.e., from the 3" segment to the 8" segment),
CUTFDAC will go through the cruise flight with constant altitude and constant
flight Mach number, that is, the flight altitude will be kept at 10050.75 m, the
flight Mach number and TAS kept respectively at 0.75 (the lower-boundary
value of this optimisation variable) and 225.02 m/s, and the FPA will remain as
zero radian. The whole cruise flight will last 263904.84 m (i.e., around 264 km);
From the 9" segment, the aircraft starts to descend. According to the optimised
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results, in this flight segment, CUTFDAC will fly the horizontal distance of
around 12.6 km with the flight altitude reduced to 9774.85 m from the previous
cruise atitude 10050.75 m, however on the other hand, the flight Mach number
will surprisingly rise to 0.82 from its cruise value of 0.75 (correspondingly, the
TAS increased to 245.16 m/s), that is, the flight style of descent and acceleration
will be required in this segment. So far, no good explanation to this phenomenon
has been achieved and more investigation about it will be implemented in future
work. In addition, during this segment, the FPA of this aircraft will aso be
changed to a negative value (-0.0219 radians) from its cruise value of zero
radian, and certainly it is the natural result of aircraft descent; The last segment
(i.e., the 10" segment) will be a common flight segment with the decreases in
both flight atitude and flight speeds (flight altitude and flight Mach number will
be respectively reduced to 24384 m and 0.44 required by ATC, and
correspondingly the TAS will adso be decreased to 145.55 m/s). The last
segment will cover the horizontal flight distance of 220519.17 m (i.e., around
220 km).

The optimised trgjectory achieved for the flight mode (or purpose) of minimum
flight timeis expressed in Table 9-33 and Figures 9-66 to 9-69. These optimised
results show that when the aircraft of CUTFDAC starts its en route flight (i.e.,
flying in the 1% segment), the flight style of level flight and acceleration will be
applied first, that is, the flight altitude will be kept at around 1829 m while the
flight Mach number will increase quickly and directly from the initialy given
value of 0.42 by ATC to the maximum possible value 0.82 set in this case study
and correspondingly the value of TAS will aso rise from 139.94 m/s to 273.21
m/s. This segment will cover the horizonta flight distance of nearly 12 km; The
following 2™ segment will witness the increase in flight altitude (from around
1829 m to 7924.8 m which is the minimum possible value set for cruise flight in
this case study) with the constant flight Mach number (Mach=0.82). Certainly,
the TAS of the aircraft will go down naturally (to 252.89 m/s) because of the
higher flight atitude hence the lower ambient temperature and the lower speed
of sound. The flight path angle in this segment will also have a large increase

from the previous nearly zero radian to 0.0189 radians. In light of the optimised
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results, this climb segment will be completed within the horizontal flight
distance of around 323 km; During the next six flight segments which span from
the 3" segment to the 8" segment totally covering the horizontal flight distance
of 72590.82 m (around 73 km), CUTFDAC will experience the cruise flight with
maximum possible flight Mach number 0.82 and minimum possible flight
altitude 7924.8 m. In the cruise flight, the TAS of aircraft will amount to 252.89
m/s and the FPA will remain zero radian reasonably; When the flight enters into
the 9" segment with the horizontal flight distance of around 223 km, the flight
style of constant-Mach descent will be used, namely, the flight Mach number
will be kept at the maximum possible value 0.82 while the flight altitude will be
reduced to 2438.68 m. Correspondingly, the TAS will rise up to 271.12 m/s due
to the lower flight altitude and hence higher ambient temperature and the higher
speed of sound, and besides the FPA will also naturally change from zero radian
in previous cruise flight to a negative vaue (-0.0245 radians); Finaly, when
CUTFDAC flies during the last segment (i.e., the 10" segment), the flight style
of constant-altitude deceleration (or level-flight deceleration) will be adopted,
that is, the flight atitude will remain at around 2438 m while the flight Mach
number will be directly decreased from the maximum possible value 0.82 to
0.44 - the vaue required by ATC and correspondingly the TAS of the aircraft
will be also reduced to 145.55 m/s. This flight segment will cover the horizontal
flight distance of 5848.47 m.

Based on the above trajectory descriptions, it can be found that there are
significant differences between the two typical flight trajectories optimised
respectively for the different flight purposes. From the point of view of
minimum-time flight, the aircraft is required, in order to save the flight time, to
fly a the maximum possible flight Mach number 0.82 as long time as possible,
and in the meantime, to select the lowest possible cruise altitude (7924.8 m).
Obvioudly, the requirements are reasonable and both contribute to the significant
reduction in flight time because the maximum possible flight Mach number and
the lowest possible flight atitude (hence higher ambient temperature and
correspondingly higher speed of sound) mean the maximum possible true

airspeed which the aircraft can achieve during its flight and on the other hand the
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selection of the lowest possible cruise altitude aso means less time spent in
climb and descent flights. However, the benefit in flight-time saving is not free
but with the cost of higher fuel consumption and more emissions of CO,, H,O

and NOx because greater flight drag contributed by both higher air density and
aircraft true airspeed (D = Cp -%p(TAS)2 -S) needs to be overcome through

engines providing greater power . In contrast to the above minimum-time flight,
when CUTFDAC flying for the purpose of minimum fuel consumption, the
higher flight atitude (10050.75 m) and the lowest possible flight Mach number
(0.75) are selected for the cruise. The selection is also understandable because
higher flight altitude and lower flight Mach number mean lower air density and
aircraft true airspeed. This will result in less flight drag and correspondingly
lower engine thrust requirement, and therefore the fuel consumption can be
reduced.

Table 9-34 and Figure 9-70 further provide the comparisons of overal
performance from the two typical flight modes in terms of fuel consumption,
flight time and gaseous emissions. From the table and figure, it can be found that
compared to the results from minimum-fuel-consumption flight, the minimum-
time flight will consume 942.18 kg (or 44.90%) more fuel and produce 2974 kg
(or 44.90%) more CO,, around 1167 kg (or 44.90%) more H,O and around 27
kg (or 102.29%) more NOx to complete this en route flight but with 566 seconds
(or 18.74%) less flight time, 5.8 kg (or 76.75%) less CO emission and 197 g (or
66.22%) less UHC emission. The reason for the difference in fuel consumption
has been explained in the above item 5). Emissions of CO, and H,O depend on
only the fuel consumption due to their amost constant emission-index values
and, therefore, the increase in fuel consumption from the minimum-time flight
naturally causes the increases in CO, and H,O emissions and with the same
percentage. The significant increase in NOx emission can be attributed to the
increases in both fuel consumption and emission-index value due to the higher
engine operation temperature for the minimum-time flight case. In addition,
from the table and figure, it can adso be found that athough more fud is
consumed, the significant reductions in emissions of CO and UHC have been

still achieved, which has resulted from lower emission-index values of both
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pollutants when engine operates at higher power settings for the case of

minimum-time flight mode.

9.2.2 CUTPDAC (Cranfield University Turboprop-Driven Aircr aft)

Table 9-37 Running record of CUTPDAC-En route optimisation

1 Running start time/date Tue Oct 23 22:45:46 BST 2012
2 Running end time/date Sat Oct 27 14:55:20 BST 2012
3 Total running time 88 hours 9 minutes 34 seconds
4 Generation number 450

5 Total number of evaluations | 72115
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Table 9-38 Optimised results of two typical flight trajectories (CUTPDAC-

en route)
Minimum Fue Minimum Time
Flight Mode Flight Mode

ALT1, (m) 7569.34 1828.82
ALT2, (m) 7589.28 4500.03
ALT9, (m) 4177.88 2444.34
DIS1, (m) 114078.48 5749.55

Design DIS2, (m) 140327.50 334070.32

variables | pisg (m) 402000 402821.28
DIS9, (m) 432359.51 631514.61
MACHL1, (-) 0.52 0.60
MACH?2, (-) 0.54 0.60
MACHO9, (-) 0.52 0.60
Fuel consumption,

Objective (g 566.17 1094.47

functions
Flight time, (s) 3985.93 3256.64
CA21,(m) 19.94 2671.21
CX21,(m) 26249.02 328320.77

Optimisation | CX98,(m) 30359.51 228693.33

constraints | cago,(m) 3411.40 2055.69
NOX, (g) 1344.43 7611.31
COz, (9) 1810186.01 3506091.57
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Table 9-39 Flight trajectory of ‘Min. Fuel Consumption” mode (CUTPDAC-

en route)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 114078.48 7569.34 0.52 161.61 0.0503
2 140327.50 7589.28 0.54 166.02 7.60x10™
3 183939.59 7589.28 0.54 166.02 0
4 227551.67 7589.28 0.54 166.02 0
5 271163.75 7589.28 0.54 166.02 0
6 314775.83 7589.28 0.54 166.02 0
7 358387.92 7589.28 0.54 166.02 0
8 402000 7589.28 0.54 166.02 0
9 432359.51 4177.88 0.52 167.96 -0.1119
10 637000 24384 0.44 145.55 -0.0085

Table 9-40 Flight trajectory of ‘Min. Flight Time' mode (CUTPDAC-en route)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 5749.55 1828.82 0.60 199.92 4.00x10°
2 334070.32 4500.03 0.6 193.55 0.0081
3 345528.81 4500.03 0.6 193.55 0
4 356987.31 4500.03 0.6 193.55 0
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5 368445.80 | 4500.03 0.6 193.55 0
6 379904.29 | 4500.03 0.6 193.55 0
7 391362.79 | 4500.03 0.6 193.55 0
8 402821.28 | 4500.03 0.6 193.55 0
9 631514.61 | 2444.34 0.60 198.46 -0.0090
10 637000 2438.4 0.44 145.55 -0.0011
Flight altitude vs. Flight distance
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Figure 9-81 Flight altitude vs. Flight distance—‘min. fuel’ mode
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Flight Mach number vs. Flight distance
---En route of CUTPDAC---
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Figure 9-82 Flight Mach number vs. Flight distance—*‘min. fuel’ mode
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Flight Mach number vs. Flight distance
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Figure 9-86 Flight Mach number vs. Flight distance—*min. flight time’ mode
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Table 9-41 Overall performance of two typical flight trajectories
(en route-CUTPDAC)

Fuel _ . H.0 NOXx
Flight time | CO,emission . I
burnt emission emission
(kg) (9 (9) (9) (9)
Min. Fud
566.17 3985.93 1810186.01 701333.90 1344.43
Mode
Min. Flight
1094.47 3256.64 3506091.57 1363040.15 7611.31
Time Mode
A 528.30 -729.29 1695905.56 661706.25 6266.89
o 93.31% -18.30% 93.69% 94.35% 466.14%
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Figure 9-89 Overall performance of two typical flight trajectories (en route-
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Table 9-42 Parameter segment distributions of ‘Min. Fuel Consumption’ mode
(part) - (En route-CUTPDAC)

Segment Fn TET EINOx ) o o o
burnt time emission emission | emission
(gkg
(N) (K) (kg) () 9 ) )
fuel)
1 10081.68 | 1189.24 3.55 173.40 757.12 | 553409.29 | 214899.19 | 615.07
2 8633.18 1236.89 3.15 31.59 160.34 | 100569.90 | 39084.05 99.51
3 6308.56 1128.06 214 40.95 262.70 | 130558.29 | 50666.31 87.75
4 6261.88 1125.26 214 40.75 262.70 | 129919.01 | 50415.42 87.06
5 6256.75 1124.95 213 40.72 262.70 | 129819.18 | 50376.41 86.90
6 6251.64 1124.66 213 40.69 262.70 | 129731.04 | 50341.97 86.77
7 6246.55 1124.40 213 40.66 262.70 | 129641.05 | 50306.87 86.64
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8 6241.47 1124.03 2.13 40.63 262.70 | 129524.67 | 50261.38 86.46
9 1118.07 834.18 0.78 12.98 182.38 41781.63 16079.84 10.13
10 936.39 825.59 0.95 103.79 | 1309.90 | 335231.93 | 128902.47 98.14

Table 9-43 Parameter segment distributions of ‘Min. Flight Time' mode’ (part)
(En route-CUTPDAC)

Segment Fn et |emox | T Fllight (?0,2 I-fp ’\_IO_X
burnt time emission emission emission

(N) (K) ii/;? (kg) (s) (9 (9 (9

1 20334.12 | 1447.79 | 17.82 | 1660 | 3383 | 53159.78 | 20692.63 | 295.77
2 1249598 | 1317.70 | 7.49 | 597.23 | 1668.90 | 1913876.83 | 744204.79 | 4473.42
3 1064834 | 128227 | 559 | 1758 | 5020 | 56170.30 | 21834.87 | 98.29
4 1021138 | 126411 | 521 | 1698 | 5920 | 54267.11 | 2109051 | 88.49
5 10210.60 | 126407 | 521 | 1698 | 5020 | 5426336 | 21080.04 | 88.48
6 10200.82 | 126404 | 521 | 1698 | 5920 | 5425059 | 21087.57 | 88.47
7 10200.04 | 126401 | 521 | 1697 | 5920 | 5425583 | 21086.09 | 88.44
8 1020826 | 126392 | 520 | 1698 | 5020 | 5425054 | 2108756 | 88.30
9 1112323 | 127548 | 6.13 | 374.73 | 1166.80 | 1200435.79 | 466572.59 | 2297.23
10 54761 | 88715 | 128 | 345 | 3189 | 1114343 | 429450 | 4.42
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Figure 9-90 Segment engine net thrust (en route-CUTPDAC)
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Figure 9-91 Segment engineturbine entry temperature (en route-CUTPDAC)
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Segment NOx Emission I ndex
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Figure 9-92 Segment NOx emission index (en routeeCUTPDAC)
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Figure 9-93 Segment fuel consumption (en route-CUTPDAC)
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Segment flight time
---En route of CUTPDAC---

1800
1600
1400
1200
1000
800 @ Min.Fuel Mode
600 -
400 -
200 -

Flight time, s

B Min.Flight Time Mode

1 2 3 4 5 6 7 8 9 10
Segment number

Figure 9-94 Segment flight time (en route-CUTPDAC)
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Figure 9-95 Segment CO, emission (en route-CUTPDAC)
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Segment H,O emissions
---En route of CUTPDAC---
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Figure 9-96 Segment H,O emission (en route-CUTPDAC)
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Figure 9-97 Segment NOx emission (en route-CUTPDAC)

As for the en route flight of CUTPDAC (Cranfield University Turboprop-Driven

Aircraft), the following points can be observed and summarised:

1) From the plot of normalised Pareto area and the achieved Pareto front line
respectively, shown in Figures 9-79 and 9-80, it can be inferred that the
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3)

optimisation process has basically converged after the iteration of 450
generations (or 72115 evaluations) listed in Table 9-37.

From Table 9-37, the time cost to implement this optimisation process with 450
generations (or 72115 evaluations) is 88 hours 9 minutes 34 seconds, that is, on
average, 705.28 seconds/ generation or 4.4 seconds/evaluation.

Table 9-39 and Figures 9-81 to 9-84 show the flight trajectory optimised for the
flight mode (or purpose) of minimum fuel consumption in terms of horizontal
flight distance X, flight atitude Z, flight Mach number, aircraft true airspeed,
flight path angle. The optimised results suggest that when the aircraft of
CUTPDAC dtarts its en route flight at the 1% segment, the flight style of
acceleration and climb will be used, that is, the flight altitude will be increased
from the initial 1828.8 m set by ATC to 7569.34 m and in the meantime the
flight Mach number will also go up from the initial 0.42 set by ATC to 0.52.
Correspondingly, the true airspeed of the aircraft will reach 161.61 m/s at the
end of this segment and the flight path angle will also experience a large
increase (from the initial zero radian to 0.0503 radians). To realise the above
required acceleration and climb, the aircraft will, in this segment, fly over the
horizontal flight distance of around 114 km; When the flight entersinto the 2™
segment, although the same flight style as that in the 1% segment will continue
to be adopted, only alittle increases in both flight atitude and flight speeds will
take place, and when the segment completes the flight atitude will reach
7589.28 m, flight Mach number 0.54 and TAS around 166 m/s. The horizontal
flight distance covered by this segment will be around 26 km; During the
following six segments (i.e., from the 3 segment to the 8" segment),
CUTPDAC will perform the cruise flight with the constant flight altitude
(7589.28 m) and constant flight Mach number (0.54). Naturally, the TAS and
FPA of this aircraft will also remain their own values (respectively 166.02 m/s
and O radian) unchanged in the course of the cruise flight. The entire cruise
flight will cover the horizontal flight distance of 261672.5 m (i.e. around 262
km); From the 9" segment, CUTPDAC will begin its descent flight. The flight
in the 9" segment will cover the horizontal flight distance of around 30 km
with the flight altitude decreased to 4177.88 m and the flight Mach number
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decreased to 0.52 respectively from their corresponding values in cruise flight.
From Table 9-39, it can also be found that athough the reduction in the flight
Mach number, the TAS of the aircraft at the end of this segment will still be
dightly higher than that at the start of this segment (i.e. the value at cruise
flight), which is only attributed to the much lower flight atitude at this end
point and hence higher ambient temperature and speed of sound offsetting the
impact from the reduced flight Mach number; In the last flight segment (i.e.,
the 10" segment), CUTPDAC will continue to reduce its flight atitude and
flight Mach number until the required values (i.e., altitude 2438.4 m and Mach
number 0.44 set by ATC) are reached. The descent and deceleration in this
segment will be accomplished within the horizontal flight distance of aslong as
205 km. Finally, as for the FPA during the last two flight segments, naturally,
the negative values will be performed due to the nature of descent flight in the
two segments.

Table 9-40 and Figures 9-85 to 9-88 illustrate the flight trajectory optimised for
the flight mode (or purpose) of minimum flight time. The optimised flight
trajectory suggests that when the aircraft of CUTPDAC starts its en route flight
in the 1% segment, the level flight and acceleration will be used, that is, the
flight altitude will be kept at 1828.8 m same as the initial value set by ATC
while the flight Mach number will be increased to 0.60 from theinitial value of
0.42, and, as a result, the true airspeed of the aircraft will go up to nearly 200
m/s from the initial 139.94 m/s and the flight path angle will amost remain
zero radian. This acceleration process will be performed within the horizontal
flight distance of around 5.7 km; When the flight enters into the 2™ segment,
the flight style will be shifted to the constant-Mach climb, namely, the flight
Mach number 0.60 will remain unchanged and the flight altitude will be
increased to 4500 m. Naturally, the TAS will go down dlightly during the climb
process to 193.55 m/s at the end of this segment due to the increase in the flight
atitude and hence the decreases in ambient temperature and the speed of
sound. By the calculation, this segment will cover the horizontal flight distance
of around 328 km; During the following six flight segments (i.e., from the 3"

segment to the 8" segment), CUTPDAC will perform the cruise flight with the
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constant flight altitude (4500.03 m) and constant flight Mach number (0.6), and
as aresult the TAS as well as the FPA will aso keep their own values (193.55
m/s and O radian respectively) unchanged. The horizontal flight distance
spanned by the entire cruise flight will be nearly 69 km; From the 9™ segment,
CUTPDAC will begin its descent flight. During the 9" segment, the flight will
experience the constant-Mach descent. Following this flight style, the aircraft
will keep its flight Mach number (0.60) unchanged but reduce its flight altitude
from the cruise value to 2444.34 m on the other hand. Again, due to the
decrease in the flight atitude (hence the higher ambient temperature and the
speed of sound) and the constant flight Mach number, the TAS of the aircraft
will have a dlight increase with CUTPDAC’ s descending in this segment. The
horizontal flight distance in this descent segment will amount to nearly 229
km; The last segment (i.e., the 10" segment) will only cover around 5.5 km in
the horizontal flight distance, mainly used for the deceleration as well as alittle
decrease in the flight atitude (therefore, the flight during this segment can be
basically considered as the level flight and deceleration). Finally, after the
flight in this segment, CUTPDAC will reach the end point of the whole en
route flight phase with the required parameter values set by ATC in terms of
the flight altitude and flight Mach, that is, the flight altitude will be descended
to 2438.4 m and the flight Mach number will be decelerated to 0.44. Naturally,
the negative FPA during the last two flight segments will be performed due to
the nature of the descent flight in these two segments.

Similar to the previous case, for the en route flight of CUTPDAC, the achieved
two optimised flight trajectories respectively corresponding to the minimum
fuel consumption flight mode and minimum time flight mode show very
different flight characteristics as well. The minimum fuel consumption mode
requires the aircraft fly at higher flight atitude but with lower flight Mach
number so as to effectively reduce the flight drag encountered by the aircraft
and hence the power (or energy) consumed by the engines to overcome the
drag. Obvioudly, this flight mode makes the benefit in terms of fuel savings at
the cost of longer flight time. On the contrary, when the aircraft flies by the

minimum time flight mode, lower flight altitude and higher flight Mach
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number will be selected. As aresult, the travel time can be reduced but with the
increase in the fuel consumption due to higher flight drag which has to be
overcome.

As the result of the above two different flight trgjectories, Table 9-41 and
Figure 9-89 further illustrate the quantitative comparisons of the overal
performance between the two typical flight modes in terms of fuel
consumption, flight time and primary gaseous emissions. The table and figure
show that the minimum flight time mode, compared to the minimum fuel
consumption mode, will cost 528.30 kg (or 93.31%) more fuel and produce
nearly 1696 kg (or 93.69%) more CO,, nearly 662 kg (or 94.35%) more H,O
and 6.3 kg (or 466.14%) more NOx. As explained in the previous cases, the
increases in emissions of CO, and H,O are only due to the increase in the fuel
consumption (because the values of the emission index, for both CO, and H,0,
will basically keep unchanged respectively during the combustion process)
while the significant rise of NOx emission can be attributed to the two factors —
higher fuel consumption and higher values of NOx emission index resulted
from higher engine operation settings which can be found from Tables 9-42
and 9-43 as well as Figures 9-90 to 9-92. As the return to higher fuel
consumption and gaseous emissions, the minimum flight time mode can
achieve 729.29 seconds (or 18.30%) less travel time than that from the

minimum fuel consumption mode.

9.2.3 CUPFDAC (Cranfield University Propfan-Driven Aircr aft)

Table 9-44 Running record of CUPFDAC-En route optimisation

1 Running start time/date Mon Nov 19 22:22:54 GMT 2012
2 Running end time/date Fri Nov 23 06:34:27 GMT 2012
3 Total running time 80 hours 11 minutes 33 seconds
4 Generation number 450

5 Total number of evaluations | 72139
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Figure 9-98 Normalised Pareto area (en route-CUPFDAC)
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Table 9-45 Optimised results of two typical flight trajectories (en route-

CUPFDAC)
Minimum Fuel Minimum Time
Flight Mode Flight Mode

ALT1, (m) 8439.69 1828.81
ALT2, (m) 8441.29 7924.8
ALTY, (m) 4558.86 2438.94
DIS], (m) 153457.19 14675.43

Design DIS2, (m) 182325.39 335000

variables DIS8, (m) 406622.60 471779.95
DIS9, (m) 459596.15 631205.80
MACHL, (-) 0.70 0.75
MACH?2, (-) 0.73 0.75
MACHOY, (-) 0.75 0.75
Fuel consumption,

Objective | g 1369.31 1968.10

functions
Flight time, (s) 3145.02 2692.56
CA21,(m) 1.60 6095.99
CX21,(m) 28868.21 320324.57

Optimisation | CX98.(M) 52973.54 159425.85

constraints | cagg,(m) 3882.43 5485.86
NOX, (q) 44989.09 113857.68
CO;, (9) 4342024.8 6237935.26
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Table 9-46 Flight trajectory of ‘Min. Fuel Consumption’ mode (en route-

CUPFDAC)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 153457.19 8439.69 0.70 215.25 0.0431
2 182325.39 8441.29 0.73 224.30 5.50x10°
3 219708.26 8441.29 0.73 224.30 0
4 257091.13 8441.29 0.73 224.30 0
5 294474.00 8441.29 0.73 224.30 0
6 331856.87 8441.29 0.73 224.30 0
7 369239.74 8441.29 0.73 224.30 0
8 406622.60 8441.29 0.73 224.30 0
9 459596.15 4558.86 0.75 240.44 -0.0732
10 637000 24384 0.44 145.55 -0.0120

Table 9-47 Flight trajectory of ‘Min. Flight Time' mode (en route-CUPFDAC)

Point X (m) Z (m) MACH (-) | TAS(m/s) | FPA (rad.)
0 0 1828.8 0.42 139.94 0
1 14675.43 1828.81 0.75 249.90 0
2 335000 7924.8 0.75 231.35 0.0190
3 357796.66 7924.8 0.75 231.35 0
4 380593.32 7924.8 0.75 231.35 0
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5 403389.97 7924.8 0.75 231.35 0

6 426186.63 7924.8 0.75 231.35 0

7 448983.29 7924.8 0.75 231.35 0

8 471779.95 7924.8 0.75 231.35 0

9 631205.80 | 2438.94 0.75 248.10 -0.0344
10 637000 2438.4 0.44 145.55 -9.40x10°

Flight altitude vs. Flight distance
---En route of CUPFDAC---
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Figure 9-100 Flight altitude vs. Flight distance-*min. fuel’ mode
(CUPFDAC-en route)
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Flight Mach number vs. Flight distance
---En route of CUPFDAC---
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Figure 9-101 Flight Mach number vs. Flight distance-*min. fuel’ mode
(CUPFDAC-en route)
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Figure 9-102 True air speed vs. Flight distance-‘min. fuel’ mode (CUPFDAC-en

route)
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Flight path angle vs. Flight distance
---En route of CUPFDAC---
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Figure 9-103 Flight path angle vs. Flight distance-‘min. fuel” mode (CUPFDAC-en

route)
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Figure 9-104 Flight altitude vs. Flight distance-‘min. flight time’ mode
(CUPFDAC-en route)
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Flight Mach number

Figure 9-105 Flight Mach number vs. Flight distance-* min. flight time’ mode

Flight Mach number vs. Flight distance
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Flight path angle vs. Flight distance
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Figure 9-107 Flight path angle vs. Flight distance-‘min. flight time’ mode
(CUPFDAC-en route)

Table 9-48 Overall performance of two typical flight trajectories
(CUPFDAC-en route)

) . CO2 H,0O NOx
Fuel burnt | Flight time o o o
emission emission emission
(kg) () (9) (9) (9)
Min. Fud
1369.31 3145.02 4342024.8 1691789.37 44989.09
Mode
Min. Flight
. 1968.10 2692.56 6237935.26 | 2430644.64 | 113857.68
Time Mode
A 598.78 -452.46 1895910.46 738855.26 68868.59
o 43.73% -14.39% 43.66% 43.67% 153.08%
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Overall performance of two flight trajectories
---En route of CUPFDAC---
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Figure 9-108 Overall performance of two typical flight trajectories (CUPFDAC-en
route)

Table 9-49 Parameter segment distributions of ‘Min. Fuel Consumption” mode
(part) - (CUPFDAC-en route)

Segment Fn TET EINOx ) o o o
burnt time emission emission | emission
(gkg
(N) (K) (kg) () ) ) (9
fuel)
1 31322.15 | 1700.24 | 45.00 | 553.81 | 864.57 | 1755541.19 | 684194.83 | 24923.35
2 26873.22 | 176399 | 44.89 79.62 | 131.41 | 252110.66 98231.84 | 3574.35
3 20232.22 | 1654.89 | 30.19 7842 | 166.66 | 248449.41 96836.46 | 2367.54
4 20207.80 | 165455 | 30.15 78.35 | 166.66 | 248228.05 96750.21 | 2362.02
5 2019348 | 1654.35 | 30.12 78.31 | 166.66 | 248091.06 96696.84 | 2358.58
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6 20179.19 | 1654.15 | 30.09 78.27 | 166.66 | 247954.02 96643.45 | 2355.15
7 20164.92 | 1653.93 | 30.07 7823 | 166.66 | 247827.55 96594.17 | 2351.89
8 20150.68 | 1653.76 | 30.04 7819 | 166.66 | 247701.04 96544.89 | 2348.98
9 10895.29 | 1533.30 | 20.01 92.83 | 22829 | 29437581 | 114726.70 | 1857.06
10 242840 | 1227.65 2.83 173.30 | 920.77 | 551746.02 | 214569.97 | 490.18

Table 9-50 Parameter segment distributionsof ‘Min. Flight Time' mode’ (part)
(CUPFDAC-en route)

Segment Fn eT lemnox | T Fl_ight (_:O_Z HZ(? ’\_IO_X
burnt time emission emission emission

(N) (K) ii/;? (kg) S)] (9 (9 (9)
1 53033.20 | 1849.83 | 88.67 | 8545 | 7529 | 271340.71 | 105680.89 | 7576.33
2 3150245 | 176458 | 64.94 | 1085.87 | 133135 | 3441719.67 | 1340997.87 | 70520.54
3 24501.86 | 171015 | 4043 | 5611 | 9855 | 17773161 | 6926471 | 226855
4 2111808 | 1664.70 | 3374 | 49.85 | 9854 | 15793820 | 6155654 | 168172
5 21110.36 | 1664.72 | 3374 | 49.85 | 9854 | 15794442 | 6155897 | 168179
6 21102.65 | 1664.72 | 3370 | 49.84 | 9854 | 15789433 | 6153950 | 1679.62
7 21004.95 | 166448 | 3369 | 49.81 | 9854 | 15782593 | 61512.82 | 1678.13
8 21087.26 | 1664.20 | 3369 | 49.80 | 9854 | 15778256 | 6149591 | 1677.61
9 2134389 | 1749.02 | 51.64 | 47412 | 66524 | 1502494.37 | 585498.36 | 24484.97
10 18000.66 | 1589.26 | 34.98 | 17.39 | 2945 | 5526340 | 21539.06 | 608.43
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Figure 9-109 Segment engine net thrust (CUPFDAC-en route)
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Figure 9-110 Segment engine turbine entry temperature (CUPFDAC-en route)
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Segment NOx Emission I ndex
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Figure 9-111 Segment NOx emission index (CUPFDAC-en route)
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Figure 9-112 Segment fuel consumption (CUPFDAC-en route)
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Segment flight time
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Figure 9-113 Segment flight time (CUPFDAC-en route)
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Figure 9-114 Segment CO, emissions (CUPFDAC-en route)
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Segment H,O emissions
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Figure 9-115 Segment H,0 emissions (CUPFDAC-en route)
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Figure 9-116 Segment NOx emissions (CUPFDAC-en route)

Asfor the en route flight of CUPFDAC (Cranfield University Propfan-Driven Aircraft),

the observations and summaries are as follows:

1) From the plot of normalised Pareto area and the achieved Pareto front line
respectively shown in the Figures 9-98 and 9-99, it can be found that although
after 450 generations or 72139 evaluations listed in Table 9-44, the convergence
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3)

of this optimisation processis not very satisfying and there is still some space to
improve (due to time reasons, this improvement will be put into the future
work.). However, despite of better convergence expected, the shape of the
produced Pareto front line still shows that the optimisation process has basically
converged and the two extreme points (or solutions) on this line which will be
used and analysed in the following parts have in fact been formed properly.
Therefore, the optimised results achieved so far are still effective for the further
anaysis.

Table 9-44 provides the running record of this optimisation process. From this
table, it can be found that with the execution of 450 generations or 72139
evaluations, the optimisation process cost totally 80 hours 11 minutes 33
seconds, that is, on average, 641.54 seconds/generation or 4 seconds/evaluation.
Table 9-46 and Figures 9-100 to 9-103 illustrate the flight trajectory optimised
for the flight mode (or purpose) of minimum fuel consumption when CUPFDAC
flies the en route phase, expressed through horizontal flight distance, flight
altitude, flight Mach number, true airspeed and flight path angle. According to
the optimised results, when CUPFDAC flies in the 1% segment, the climb and
acceleration will be implemented simultaneoudly, that is, after this flight
segment, the flight altitude will be required to reach 8439.69 m from the initia
value of 1828.8 m and the flight Mach number will be increased to 0.70 from the
initial 0.42. Correspondingly, the true airspeed of the aircraft will go up to
215.25 m/s and the flight path angle will also rise to 0.0431 radians from the
initial value of zero radian. The 1% segment will cover the horizontal flight
distance of around 153 km; Although the flight in the 2™ segment will still adopt
the same flight style as in the above 1% segment, namely the climb and
acceleration, only relatively small increments in flight altitude and flight speeds
are performed. The 2"-segment flight will cover the horizontal flight distance of
around 29 km and when this segment is accomplished the flight atitude will
reach 8441.29 m and the flight Mach number will be further increased to 0.73
(correspondingly, TAS will amount to 224.30 m/s); Thereafter, CUPFDAC will
enter into the cruise flight by keeping the flight altitude and the flight Mach
number unchanged to the end of the 8" segment. Under the flight mode (or

328



4)

purpose) of minimum fuel consumption, the aircraft’s cruise altitude and cruise
Mach number are 8441.29 m and 0.73 respectively. The total horizontal flight
distance spanned by the entire cruise flight will amount to around 224 km; In the
following 9™ segment, the aircraft will start to enter into the descent flight. After
this segment flight, the flight atitude will be reduced to 4558.86 m from the
previous cruise value but the flight Mach number will be unexpectedly
accelerated to 0.75 (correspondingly, TAS will aso rise to 240.44 m/s from the
cruise value of 224.30 m/s). The phenomenon took place ever in the previous en
route-flight case of CUTFDAC and similarly more investigation will be done in
the future work. The flight in the 9" segment will cover nearly 53 km in terms of
the horizontal flight distance; When CUPFDAC operates in the last segment
(i.e., the 10™ segment), the common flight style of descent and deceleration will
be applied, that is, after this segment, the flight atitude and the flight Mach
number will be both reduced to 2438.4 m and 0.44 required by ATC. Naturally,
same as in the previous segment, a negative FPA will continue to be used due to
the descent nature experienced by the last two segments. The flight in the last
segment will cover the horizontal flight distance of around 177 km.

The flight trajectory optimised for the flight mode (or purpose) of minimum
flight time is described by Table 9-47 and Figures 9-104 to 9-107. In light of the
achieved optimisation results, when CUPFDAC performs its en route flight in
the 1% segment, the level-flight and acceleration will be applied so that with the
horizontal flight distance of nearly 15 km spanned by this segment as well as the
constant flight altitude 1828.8 m the flight Mach number will be accelerated
from the initial value of 0.42 to 0.75 a the end of this segment (and
correspondingly, the true airspeed of the aircraft will also go up to nearly 250
m/s). During this flight segment, the flight path angle will keep zero radian same
as the initial value; After entering into the 2" segment, the aircraft will change
its flight style into the constant-Mach number climb. That is, during the flight,
the flight Mach number will be kept at 0.75 while the flight altitude will be
increased to 7924.8 m at the end of this segment. In spite of the constant flight
Mach number, the true airspeed of the aircraft will go down to some extent due

to the increase in the flight atitude (and hence the reduction in ambient
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temperature and the speed of sound). Naturally, the flight path angle in this
segment will also experience a large increase from the initial zero radian to
0.0190 radians at the end of this segment. The horizontal flight distance covered
by this climb segment will amount to around 320 km; Then, from the 3"
segment, the aircraft will begin its cruise flight to the end of the 8" segment. As
required, the aircraft will implement the cruise flight with the constant flight
altitude and flight Mach number, i.e., 7924.8 m and 0.75 which are respectively
at the lower boundary of the cruise altitude variable and the upper boundary of
the cruise flight speed (Mach number) variable. As aresult, the TAS and FPA of
the aircraft will remain at 231.35 m/s and zero radian respectively. The entire
cruise flight comprises totally six segments and will cover nearly 137 km;
CUPFDAC will start its descent flight from the 9" segment. During the 9" flight
segment, the flight style of the constant-Mach number descent will be adopted,
namely, the flight Mach number will be kept a 0.75 while the flight altitude
being continuously decreased during the descent, and after the horizontal flight
distance of around 159 km covered by this segment, the flight altitude will arrive
at 2438.94 m as required; As a matter of fact, the flight altitude reached by the
aircraft at the end of the above 9™ segment has been almost the same as that
value at the end of the 10" segment (i.e., the end of the whole en route flight
phase) set by ATC. Therefore, the flight in the 10" segment (i.e., the last
segment) will belong to the flight style of the decelerated level flight, that is, the
flight altitude will remain at around 2438 m while the flight Mach number being
continuously reduced from the cruise value of 0.75 to 0.44 required by ATC
(and, correspondingly the TAS will be decreased from 248.10 m/s to 145.55
m/s). This deceleration process will be accomplished within the horizontal flight
distance of around 5.8 km and reasonably the negative FPA will be performed in
the last two segments due to their descent nature.

Just as in the previous en route flights of CUTFDAC and CUTPDAC, there are
also significant differences between the minimum fuel consumption flight mode
and the minimum time flight mode when performed by CUPFDAC in terms of
the achieved flight trajectories and the resultant overal performances such as

fuel consumption, flight time as well as gaseous emissions. From the point of
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view of flight trgectory, the minimum fuel consumption flight mode asks
CUPFDAC to fly at higher cruise atitude and lower cruise Mach number so as
to reduce the flight drag encountered by the aircraft and therefore decrease the
energy consumption of the power plants. The essence of this flight mode is to
achieve the fuel savings by sacrificing its flight time to some extent. On the
contrary, when flying at the minimum time flight mode, the aircraft is required
to keep the maximum possible flight Mach number as long as possible and select
the minimum possible cruise altitude so as to shorten the curve distance flown
by the aircraft and increase the true airspeed of the aircraft. Therefore, by this
flight mode the travel time can be reduced but a the cost of more fuel
consumption and more gaseous emissions due to the higher aircraft drag and
higher engine operation ratings. As the result of the above two different flight
trajectories implemented by CUPFDAC, the further quantitative comparisons of
the overall performance between the two flight modes are provided in Table 9-
48 and Figure 9-108. From Table 9-48, it can be found that compared to the
minimum fuel consumption flight mode, the minimum time flight mode will
make CUPFDAC consume 598.78 kg (or 43.73%) more fuel and produce
around 1896 kg (or 43.66%) more CO,, 739 kg (or 43.67%) more H,O and 69
kg (or 153.08%) more NOx. As the return to more fuel consumption and
gaseous emissions, the minimum time flight mode will achieve 452.46 seconds
(or 14.39%) less travel time.

9.2.4 En route flight comparisons between CUPFDAC and CUTFDAC

Table 9-51 Overall comparisons between CUPFDAC and CUTFDAC
(‘min. fuel consumption’ en route flight mode)

. . COz H.0 NOx

Fuel burnt | Flight time o o o
emission emission emission

(kg) (9 (9) (9) (9)
CUTFDAC 2098.53 3020.51 6624013.66 | 2598401.20 26522.36
CUPFDAC 1369.31 3145.02 4342024.8 1691789.37 44989.09
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A -729.22 12451 -2281988.86 | -906611.83 18466.73
0 -34.75% 4.12% -34.45% -34.89% 69.63%
Table 9-52 Overall comparisons between CUPFDAC and CUTFDAC
(‘min. flight time’ en route flight mode)
Fuel burnt | Flight time COZ HZO NOX
emission emission emission
(kg) (s (9) (9) (9)
CUTFDAC 3040.71 2454.41 9598013.85 | 3765011.97 | 53652.68
CUPFDAC 1968.10 2692.56 6237935.26 | 2430644.64 | 113857.68
A -1072.61 238.15 -3360078.59 | -1334367.33 60205
) -35.27% 9.70% -35.01% -35.44% 112.21%
Table 9-53 TET comparisons between CUPFDAC and CUTFDAC
(‘min. fuel consumption’ en route flight mode)
TET, K A 5
CUTFDAC CUPFDAC K -
1 1462.59 1700.24 237.65 16.25%
2 1321.39 1763.99 442.6 33.50%
3 1393.16 1654.89 261.73 18.79%
4 1207.46 1654.55 447.09 37.03%
5 1207.08 1654.35 447.27 37.05%
6 1206.71 1654.15 447.44 37.08%
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7 1206.34 1653.93 447.59 37.10%
8 1205.97 1653.76 447.79 37.13%
9 1255.81 1533.30 277.49 22.10%
10 1030.05 1227.65 197.6 19.18%
Table 9-54 EINOx comparisons between CUPFDAC and CUTFDAC
(‘min. fuel consumption’ en route flight mode)
EINOx, g/kg fuel A )
CUTFDAC CUPFDAC o/kg fuel -
1 22.13 45.00 22.87 103.34%
2 16.29 44.89 28.6 175.57%
3 14.94 30.19 15.25 102.07%
4 10.83 30.15 19.32 178.39%
5 10.82 30.12 19.3 178.37%
6 10.81 30.09 19.28 178.35%
7 10.80 30.07 19.27 178.43%
8 10.79 30.04 19.25 178.41%
9 12.28 20.01 7.73 62.95%
10 7.36 2.83 -4.53 -61.55%
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Table 9-55 TET comparisons between CUPFDAC and CUTFDAC
(‘min. flight time’ en route flight mode)

TET, K A 0

CUTFDAC CUPFDAC K -
1 1499.82 1849.83 350.01 23.34%
2 1344.59 1764.58 419.99 31.24%
3 1288.45 1710.15 421.7 32.73%
4 1248.57 1664.70 416.13 33.33%
5 1248.51 1664.72 416.21 33.34%
6 1248.46 1664.72 416.26 33.34%
7 1248.41 1664.48 416.07 33.33%
8 1248.36 1664.20 415.84 33.31%
9 1270.28 1749.02 478.74 37.69%
10 1090.46 1589.26 498.8 45.74%

Table 9-56 EINOx comparisons between CUPFDAC and CUTFDAC
(‘min. flight time’ en route flight mode)

EINOXx, g/kg fuel A 5
CUTFDAC CUPFDAC g/kg fuel -

1 24.17 88.67 64.5 266.86%

2 18.61 64.94 46.33 248.95%

3 14.75 40.43 25.68 174.10%

4 13.64 33.74 20.1 147.36%
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5 13.63 33.74 20.11 147.54%
6 13.63 33.70 20.07 147.25%
7 13.63 33.69 20.06 147.18%
8 13.63 33.69 20.06 147.18%
9 16.10 51.64 35.54 220.75%
10 10.37 34.98 24.61 237.32%

Overall comparisons between CUPFDAC and CUTFDAC

(min. fuel en route flight mode)

7000 10%(g)
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=X 107 (g) m CUPFDAC

%1 (kg)

Fuel Flight CcO, H,O NOx
burnt time emission emission emission

Figure 9-117 Overall comparisons between CUPFDAC and CUTFDAC
(“min. fuel consumption’ en route flight mode)
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Overall comparisons between CUPFDAC and CUTFDAC

(min. time en route flight mode)
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Figure 9-118 Overall comparisons between CUPFDAC and CUTFDAC

(‘min. flight time' en route flight mode)

TET comparisons between CUPFDAC and CUTFDAC
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Figure9-119 TET comparisons between CUPFDAC and CUTFDAC

(“min. fuel consumption’ en route flight mode)
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EINOx comparisons between CUPFDAC and CUTFDAC

(min. fuel en route flight mode)
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Figure 9-120 EINOx comparisons between CUPFDAC and CUTFDAC

(“min. fuel consumption’ en route flight mode)
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Figure 9-121 TET comparisons between CUPFDAC and CUTFDAC
(“min. flight time" en route flight mode)
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FINOx comparisons between CUPFDAC and CUTFDAC
(min. time en route flight mode)
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Figure 9-122 EINOx comparisons between CUPFDAC and CUTFDAC

(‘min. flight time’ en route flight mode)

Table 9-51 and Figure 9-117 provide the comparisons of the overall performance in
terms of fuel consumption, flight time and main gaseous emissions between CUPFDAC
and CUTFDAC under the minimum fuel consumption flight mode for the en route flight
phase. From the table and figure, it can be clearly found that, for the same flight mission
in terms of the same mission range, the same initia aircraft mass and the same initia
flight atitude, flight Mach number and flight path angle, and compared to the aircraft of
CUTFDAC propelled by two traditional turbofan engines, the application of the new-
generation open rotor engine (or called propfan engine) can save around 729 kg fuel,
amounting to nearly 35% less than that consumed by CUTFDAC. A direct consequence
of a large amount of fuel saving achieved by CUPFDAC will result in 2282 kg (or
34.45%) less CO, emission and 907 kg (or 34.89%) less H,O produced. Besides, from
the point of view of the flight time, athough more travel time needed by CUPFDAC,
the difference of around 2 minutes when compared to the average mission time of
around 51 minutes is completely ignorable. However, in spite of the obvious advantages
which the new-generation open rotor has in fuel saving and reduced emissions of CO,
and H,0, significant increase in NOx emission (around 18 kg or nearly 70% more than
that from CUTFDAC) has been produced by the flight flown by CUPFDAC.
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The overall comparisons between CUPFDAC and CUTFDAC under the minimum
flight time mode for the en route mission are given in Table 9-52 and Figure 9-118.
Similar to the above results from the minimum fuel consumption flight mode, the
aircraft driven by the new-generation open rotor engine continues to show the
significant superiority in fuel consumption as well as the emissions of CO, and H,O
over the CUTFDAC propelled by the conventional turbofan configuration when both
aircraft are operated with the minimum flight time mode. According to the comparison
results in Table 9-52, nearly 1073 kg (or 35.27%) fuel can be saved and
correspondingly around 3360 kg (or 35.01%) CO, emission and around 1334 kg (or
35.44%) H,0O emission can be avoided. The difference in the flight time is increased to
nearly 4 minutes (certainly more time is required by CUPFDAC to complete the
mission), however, compared to the average total mission time of nearly 43 minutes, the
slight difference can still be ignored. Higher NOx emission is still a main challenge to
the open rotor engine. Under the minimum flight time mode, based on the results from
Table 9-52, the flight flown by CUPFDAC will produce around 60 kg (or 112.21%)
more NOx than that from the flight by CUTFDAC.

The significant differences in the operation performances described above between
CUPFDAC and CUTFDAC for the en route flight mission respectively under two
typical flight modes can be explained very well by means of the comparisons of the two
different types of power plants adopted in this research, that is, the new-generation open
rotor engine and the conventional turbofan engine. From the previous chapter on engine
performance modelling, it can be clearly found that the new-generation open rotor
engine which drives the aircraft of CUPFDAC is of obvious higher component
efficiencies and much higher turbine entry temperature (TET) compared to the
technology level represented by the turbofan engine propelling the aircraft of
CUTFDAC (besides, Tables 9-53 and 9-55 as well as Figures 9-119 and 9-121 further
provide the comparisons of TET between the two engines during the en route flight
operation. From these tables and figures, it can be noted that the open rotor engine
operates with significantly higher TET than in the case of the traditional turbofan engine
under both flight modes. For instance, under the minimum fuel consumption flight
mode, the TET used by the open rotor engine will be 197.6 K ~ 447.79 K or 16.25% ~
37.13% higher than in the case performed by the turbofan engine, while when flying
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with the minimum flight time mode, the open rotor engine will operate at the TET
levels 350 K~ 498.8 K or 23.34% ~ 45.74% higher), which both make good
contributions to the increase in the thermal efficiency of the open rotor engine, and on
the other hand, the inherent nature of much higher bypass ratio from open rotor engine
(it is reported that the bypass ratio of an open rotor engine can reach 35, while the
design value in the bypass ratio of the turbofan in this research is only 5.46) aso brings
the propulsive efficiency of this type of engine to a higher level due to much lower jet
efflux velocity (with such a high bypass ratio, the propulsive efficiency of a modern
open rotor engine can amount to above 90 per cent while for a conventiona turbofan
engine like this used in CUTFDAC, the efficiency value is only around 0.7~0.8).
Therefore, as a result, higher engine overall efficiency which equals the product of
thermal efficiency and propulsive efficiency and hence lower fuel consumption can be
achieved by the new-generation open rotor engine during the operation of this en route
flight. The reduction in fuel consumption from CUPFDAC naturally results in the
proportionate decreases in both CO, and H,O emissions as well because of the almost
unchanged values of emission index in CO, and H,O (total emission (g) = emission
index (g/kg fuel) x total fuel consumption (kg)). However, in the case of NOx emission,
the situation is completely changed. Here, the NOx emission index will not be any more
kept constant as the emission indices of CO, and H,O are and on the contrary
experience a significant increase when CUPFDAC is operated for the en route mission
(Tables 9-54 and 9-56 as well as Figures 9-120 and 9-122 give the comparisons of NOx
emission index between the two different types of power plants during the en route
flight under the two typical flight modes. For instance, under the same minimum fuel
consumption flight mode, the flight implemented by the open rotor engine will result in
7.73 g/kg fuel ~ 28.6 g/kg fuel or 62.95% ~ 178.43% higher in NOx emission index
than in the case of CUTFDAC powered by the turbofan engines, and when flying with
the minimum flight time mode, the open rotor engine will bring 20.06 g/kg fuel ~ 64.5
o/kg fuel or 147.18% ~ 266.86% higher in NOx emission index) due to much higher
engine operation temperatures described previously. The large increase in NOx
emission index plays the dominant role in the production of NOx and finally results in
more NOx emission than in the case performed by the turbofan engines in spite of the

decreased fuel consumption from the application of open rotor engines. Therefore,
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based on the above evaluations about the new-generation open rotor engine for the en
route flight, a similar conclusion to that from the previous departure cases can be drawn
once more, that is, the application of new-generation open rotor engine with higher
component efficiencies and higher turbine entry temperature is one good option to cope
with the increasing challenges the aviation industry is facing in terms of economy and
environment but only when the effective low-emission combustion technology

especially for the reduction in NOx emission is also be adopted in the meantime.

9.3 Arrival Flight Phase
9.3.1 CUTFDAC (Cranfield University Turbofan-Driven Aircraft)

Table 9-57 Running record of CUTFDAC-Arrival optimisation

1 Running start time/date Mon Oct 15 23:43:19 BST 2012
2 Running end time/date Tue Oct 16 10:29:13 BST 2012

3 Total running time 10 hours 45 minutes 54 seconds
4 Generation number 350

5 Total number of evaluations | 63391
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Table 9-58 Optimised results of the optimum flight trajectory (CUTFDAC-arrival)

Optimum
Flight Mode
ALTZ, (m) 2393.80
DISL, (m) 433.64
CASL, (m/s) 128.57
Design CAS2, (m/s) 118.24
variables | cas3 (ms) 101.24
CAS4, (m/s) 91.10
CAS5, (m/s) 91.10
CASB, (M/s) 91.10
Objective | NOISE, (m?) 15024500
functions NOX, (g) 2173.66

Table 9-59 Optimum flight trajectory (CUTFDAC-arrival)

Point X, m Z,m CAS, m/s TAS, m/s FPA, rad.
0 0 2438 128.6 147.65 0
1 433.64 2393.80 128.57 147.28 -0.1016
2 47175 1524 118.24 129.31 -0.0186
3 56975 1524 101.24 110.27 0
4 65953 1524 91.10 99.02 0
5 71384 1237.8 91.10 97.63 -0.0526
6 76940 945 91.10 96.23 -0.0527
7 86200 457 77.2 79.43 -0.0527
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Figure 9-125 Flight altitude vs. Flight distance (the optimum flight trajectory)
(CUTFDAC-arrival)
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Table 9-60 Overall performance of the optimum flight trajectory (CUTFDAC-

arrival)

NOXx Noise | pug | Flight | CO CO, H,0 UHC
emission area burnt time | emission | emission | emission | emission
(9 (m?) (kg) (9 (9) ) (9 (9)
2173.66 | 15024500 | 317.98 | 727.74 | 6010.15 | 1003714.48 | 393726.98 | 340.11
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Figure 9-129 Overall performance of the optimum flight trajectory (CUTFDAC-

arrival)
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Table 9-61 Parameter segment distributions from the optimum flight trajectory
(part) - (CUTFDAC-arrival)

Fuel Flight CO, H,O NOx
Segment Fn TET EINOx ) o o o
burnt time emission emission emission
(gkg
(N) (K) (kg) 6] (9 (9) (9
fuel)
1 6000.00 978.11 5.34 1.06 2.95 3359.44 1317.81 5.69
2 6003.32 971.54 5.18 121.36 | 338.94 | 383078.63 | 150270.22 628.73
3 19106.97 | 1090.04 9.07 51.56 81.82 162748.03 | 63841.16 467.81
4 23941.30 | 1117.95 9.84 59.71 85.79 188478.70 | 73934.52 587.40
5 17008.07 | 1055.20 7.63 29.66 55.27 93636.22 36730.67 226.42
6 7808.06 946.57 492 20.26 57.40 63945.68 25083.97 99.61
7 6635.16 906.89 4.60 34.36 105.58 | 108467.78 | 42548.65 158.01
Segment engine net thrust
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Figure 9-131 Segment engine net thrust (the optimum flight trajectory)
(CUTFDAC-arrival)
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Figure 9-134 Segment fuel consumption (the optimum flight trajectory)
(CUTFDAC-arrival)
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Figure 9-136 Segment CO, emission (the optimum flight trajectory) (CUTFDAC-
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Figure 9-137 Segment H,0 emission (the optimum flight trajectory) (CUTFDAC-
arrival)
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As for the arrival flight performed by CUTFDAC, the observations and summaries

based on the above tables and figures are as follows:

1)

2)

3)

From the plot of normalised Pareto area (Figure 9-123) and the achieved Pareto
front line (Figure 9-124), it can be inferred that the convergence of this
optimisation process after 350 generations (totally 63391 evaluations) (see Table
9-57) has been reached.

The time cost of the entire optimisation process for this case study is 10 hours 45
minutes 54 seconds (Table 9-57), that is, 110.7 seconds/generation or 0.6
seconds/eval uation on average.

From the obtained Pareto front line (Figure 9-124), it can be found that although
these achieved optimised solutions are still Pareto efficient (the Pareto line
declines dlightly from the left side to its right side with the increase in NOx
emission), namely, these solutions are unique and not dominant over each other
with different trade-offs between the two objectives — NOx emission and noise
contour area, the benefit from the reduction in noise contour area at the cost of
the increased NOx emission is very small. Therefore, for this specific case study,
the actual optimum flight trajectory is that one which produces the least NOx
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4)

emission, that is, the leftmost point along the Pareto line which has been marked
in green in the Figure 9-124.

Table 9-58 gives the optimised results of the optimum arrival trajectory in terms
of eight design variables and two objective functions. Based on these results, the
optimum arrival trgjectory for CUTFDAC operation can be formed as illustrated
in Table 9-59 and Figures 9-125 to 9-128. According to these tables and figures,
the optimised results suggest that when CUTFDAC startsits arrival phase in the
1% segment, a constant-CA'S descent with a very short horizontal flight distance
of 433.64 m should be performed, namely, during the flight in this segment, the
calibrated airspeed will be kept at 128.6 m/s same astheinitial value set by ATC
and in the meantime the flight altitude will experience a slight decrease from the
initial 2438 m to nearly 2394 m. Correspondingly, the true airspeed will also
decrease a little to 147.28 m/s from the origina 147.65 m/s and the flight path
angles will range from the initial zero radian at the start point to -0.1016 radians
at the end of this segment; During the 2"-segment flight, the aircraft will
witness the decreases in both flight altitude and flight speeds. In light of the
achieved optimisation results, in this segment, the flight altitude will be reduced
to 1524 m and the CAS will decrease to around 118 m/s (correspondingly, the
TAS will be aso be reduced to around 129 m/s) at the end of this segment.
Naturally, the negative FPAs will continue to be applied in this segment. This
segment with decelerated descent will span nearly 47 km in horizontal flight
distance; In the following 3 and 4™ segments, CUTFDAC will adopt the
decelerated level flight. The two segments will totally cover the horizontal flight
distance of nearly 19 km, and within the flight distance the flight altitude will
remain at 1524 m while the CAS will be continuously reduced from 118.24 m/s
at the start of the 3" segment to 101.24 m/s at the end of the 3" segment and to
91.10 mV/s at the end of the 4™ segment (correspondingly, the TAS will decrease
from 129.31 m/sto 99.02 m/s as well); Interestingly, opposite to the flight in the
above two segments, for the operation in the next two segments, i.e., the 5 and
6" segments, CUTFDAC will be required to fly with the constant-CA S descent,
that is, the CAS will be kept at 91.10 m/s while the flight atitude will be
continuously reduced to 1237.8 m at the end of the 5 segment and to 945 m at
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the end of the 6™ segment (correspondingly, the TAS will be reduced to 96.23
m/s when the two flight segments are completed). The horizontal flight distance
covered by the two segments will amount to nearly 11 km; The last segment (i.e.
the 7 segment) will again experience the reductions in both flight altitude and
flight speeds. The flight in this segment will cover the horizontal flight distance
of around 9 km and within this distance the flight atitude and the CAS will
respectively be decreased to 457 m and 77.2 m/s (correspondingly, the TAS will
also fall down to 79.43 m/s) required by ATC.

Based on the above optimum arrival trgectory, the corresponding overall
performances of the arrival flight are provided in Table 9-60 and Figures 9-129
and 9-130. According to the evaluation results listed in the above table and
figures, when the aircraft of CUTFDAC flies its arrival phase by following the
above optimum trgectory, around 2 kg NOx, 1004 kg CO, and 394 kg H,O will
be produced (the emission of CO will amount to around 6 kg while the emission
of UHC is much lower, only around 340 g), and the noise-impact area within
which the magnitudes of SEL are not less than 70 dBA will amount to 15 km?.
In order to complete the arrival flight, around 318 kg fuel will be consumed and
the entire flight will last nearly 728 seconds (i.e., around 12 minutes).

9.3.2 CUTPDAC (Cranfield University Turboprop-Driven Aircr aft)

Table 9-62 Running record of CUTPDAC-Arrival optimisation

1 Running start time/date Sat Nov 03 12:00:32 GMT 2012
2 Running end time/date Mon Nov 05 20:41:31 GMT 2012
3 Total running time 56 hours 40 minutes 59 seconds
4 Generation number 450

5 Total number of evaluations | 75025
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Table 9-63 Comparisons of optimised results (CUTPDAC-arrival)

Noise contour area NOx emission
(m?) (9
Maximum value 2045230 147.11
Minimum value 1907950 146.62
Averagevalue 1928894.87 146.98
Relative deviation 7% 0.3%

Table 9-64 Optimised results of the ‘average’ flight trajectory (CUTPDAC-arrival)

ALT1, (m) 2382.28
DISL, (m) 350.58
CASL, (m/s) 128.60
Design CAS2, (m/s) 106.51
variables | cas3 (ms) 77.20
CAS4, (m/s) 77.20
CASS, (m/s) 77.20
CASB, (m/s) 81.43
Objective | NOISE, (M) 1927080
functions NOX, (q) 146.91
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Table 9-65 Optimum flight trajectory (CUTPDAC-arrival)

Point X, m Z,m CAS, m/s TAS, m/s FPA, rad.
0 0 2438 128.6 147.65 0
1 350.58 2382.28 128.6 147.23 -0.1576
2 47175 1524 106.51 116.15 -0.0183
3 56975 1524 77.20 83.71 0
4 65953 1524 77.20 83.70 0
5 71384 1237.8 77.20 82.53 -0.0526
6 76940 945 81.43 85.86 -0.0527
7 86200 457 77.17 79.40 -0.0527

Flight altitude vs. Flight distance
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Figure 9-141 Flight altitude vs. Flight distance (CUTPDAC-arrival)
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Figure 9-142 Calibrated air speed vs. Flight distance (CUTPDAC-arrival)
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Figure 9-144 Flight path angle vs. Flight distance (CUTPDAC-arrival)
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Table 9-66 Overall performance of the optimised flight trajectory (CUTPDAC-

arrival)
NOX Noise o CO, H,0
o Fuel burnt | Flight time o o
emission area emission emission
(9) (m?) (kg) (9 (9) (9)
146.91 1927080 90.18 809.48 290525.39 | 112073.40
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Figure 9-146 (a) Noise-level distribution contour of the optimised flight
trajectory (CUTPDAC-arrival)

360




Noise Level Distribution at Arrival Phase(SEL.dBA)
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Figure 9-146 (b) Noise-level distribution filled contour of the optimised flight
trajectory (CUTPDAC-arrival)

Table 9-67 Parameter segment distributions from the optimum flight trajectory
(part) - (CUTPDAC-arrival)

Segment Fn TET EINOx . o o o
burnt time emission emission | emission
(g/kg
(N) (K) (kg) () ©) 9 ©)
fuel)
1 702.86 826.25 1.00 0.20 2.39 642.57 247.06 0.20
2 764.97 821.53 1.00 29.62 | 358.06 | 95813.03 | 36832.02 29.70
3 5288.93 | 1012.59 2.28 16.15 98.08 51837.55 20065.62 36.88
4 727285 | 1041.71 2.47 19.15 | 107.26 | 61381.28 23777.09 47.31
) 4337.06 946.71 1.82 8.81 65.39 28333.47 10946.88 16.06
6 1949.06 855.40 1.04 6.44 66.08 20773.16 7999.59 6.71
7 1357.69 823.62 1.02 9.81 112.22 | 31744.33 12205.14 10.04
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Figure 9-147 Segment engine net thrust (the optimum flight trajectory)
(CUTPDAC-arrival)
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Figure 9-151 Segment flight time (the optimum flight trajectory) (CUTPDAC-

arrival)
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Figure 9-152 Segment CO, emission (the optimum flight trajectory) (CUTPDAC-

arrival)
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As for the optimisation and evaluations of the arrival case performed by the aircraft of
CUTPDAC, the observations and summaries from the above tables and figures can be
listed asfollows:

1) From the plot of normalised Pareto area (Figure 9-139), it seems to indicate that
the convergence of this optimisation process has not been obtained fully yet.
However, after careful examination into the scale range of the vertica
coordinate in the Figure 9-139 (it varies from the minimum value of 0.0000150
to the maximum value of 0.0000725) and comparisons with the corresponding
figures respectively from the previous arrival case of CUTFDAC (see Figure 9-
123. In this figure, the scale of the vertical coordinate ranges from the minimum
value of 0.000000 to the maximum value of 0.000875) and the next arrival case
of CUPFDAC (see Figure 9-155. In this figure, the scale varies from the
minimum value of 0.00000 to the maximum vaue of 0.00023), it can be found
that the seemingly obvious fluctuation in values of the normalised Pareto area
was actually caused by the relatively narrow scale-range setting. The check and
judgment for the convergence can be further made through the achieved
optimisation solutions as well as the comparisons among them. The Figure 9-
140 illustrates that these achieved optimised solutions have presented some
regularity and these results meet the definition of Pareto-efficient solutions, that
is, al these achieved optimised solutions with different trade-offs between these
two objective functions (i.e.,, NOx emission and noise-impact area) are unique
and not dominant over each other (or, it can be said that the optimisation process
has proceeded to the extent that any improvement in one of the objectives will
result in degradation in the other, namely, no further Pareto improvements can
be available). Therefore, in this sense, the convergence has basically been
achieved for the optimisation process. In addition, aso from the Figure 9-140,
the achieved Pareto-efficient solutions show different distribution characteristics
in the objective space spanned by NOx emission and noise contour area (or
called noise-impact area) from those from the previous departure and en route
cases. Here, most of optimised solutions (except that solution/point on the right
sidein this space) tend to concentrate from each other. This tendency can aso be

observed from the comparisons among these optimised solutions (except the
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3)

rightmost point/solution in the Figure 9-140) which are shown in Table 9-63.
From Table 9-63, it can be found that among these achieved optimised solutions,
the available minimum noise-impact areais around 1.9 km?, while the maximum
noise-impact area is only around 2.0 km? (the relative difference between the
two values which is defined as Max.-Min./Average is 7%), on the other hand,
from the point of view of NOx emission, much closer results among these
achieved optimised solutions have been obtained. From the same table, it can be
observed that the minimum NOx emission is 146.62 g while the maximum value
is only 147.11 g and the relative difference is only 0.3%. By the preliminary
anaysis, the phenomenon of concentration from each other among these
achieved optimised solutions may be related to the selection of objective
functions. For the arrival case studies in this research project, the noise-impact
area and NOx emission were selected as the objective functions for the purpose
of optimisation. However, these two objectives are not completely conflicting
one another. For instance, the reduced engine power ratings can decrease the
NOx emission and in the meantime the noise level and hence the noise-impact
area as well, therefore, the optimisation with these two objective functions will
to some extent present the nature of single-objective optimisation. Certainly, the
two objectives are also not completely consistent because the noise-impact area
depends not only on the engine power settings but also on the dlant distance
between the aircraft (the noise source) and the observer on the ground as well as
the exposure duration which the observer on the ground will experience in this
noise event. All these factors mentioned above make the contributions to
shaping the Pareto frontier in the objective space.

Table 9-62 indicates the time cost to implement the optimisation process with
450 generations or 75025 evauations is 56 hours 40 minutes 59 seconds, that is,
around 453.5 seconds/generation or 2.7 seconds/evaluation on average.

Based on the above anaysis and the fact that these achieved optimised results
trend to concentrate from each other and the differences in the two objective
functions (i.e., the noise-impact area and NOx emission) among these optimised
solutions are relatively small (certainly, the rightmost point/solution in the

objective space is not included because the solution, although it is Pareto
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efficient, makes the arrival flight operated by CUTPDAC have to pay much
more cost in terms of NOx emission to gain the very little benefit in noise-
impact area. Therefore, this point/solution has only the academic interests and
will not be applied in practice), an ‘average’ point/solution among these
optimisation results which appear on the left side in the Figure 9-140 is selected
as the optimum solution for this arrival case flown by CUTPDAC (in fact,
aternatively, the solution with the least noise-impact area among the left-side
solution cluster can aso be selected as the optimum solution. However, the
differences between the two ‘representative’ solutions are small with the
deviation in the noise-impact area around 1% and the deviation in the NOx
emission less than 0.3%).

Table 9-64 provides the optimised results of the optimum arrival trgectory in
terms of eight design variables and two objective functions. Based on the
optimised results, Table 9-65 and Figures 9-141 to 9-144 further describe the
optimum flight trgjectory by means of variations of flight altitude (2), calibrated
airspeed (CAS), true airspeed (TAS) and flight path angle (FPA) versus
horizontal flight distance (X). According to the table and figures, the optimised
results suggest that when CUTPDAC flies in the 1% segment, the constant-CAS
descent will be applied, that is, the calibrated airspeed will remain at 128.6 m/s
same as the value initialy set by ATC while the flight atitude will be reduced
from the initial 2438 m to around 2382 m at the end of this segment.
Correspondingly, the true airspeed will also dightly decrease to 147.23 m/s from
theinitial value of 147.65 m/s. Thisflight segment will only cover around 350 m
in the horizontal flight distance; once entering into the 2™ flight segment, the
aircraft will experience both deceleration and reduction in flight atitude. In light
of the optimisation results, the flight atitude will be decreased to 1524 m and
the flight speeds will fall down to 106.51 m/s and 116.15 m/s respectively in
terms of CAS and TAS. The flight in the 2" segment will span around 47 km
and negative FPAs are the natural results in this flight segment; in the following
3" segment, the decelerated level flight (or called constant-altitude deceleration)
will be adopted by CUTPDAC. During this flight segment, the aircraft will keep
its flight altitude at 1524 m but on the other hand continuously decrease its CAS
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to 77.20 m/s when the end of this segment is reached (correspondingly, its TAS
will aso be reduced to 83.71 m/s). The horizontal flight distance flown in this
segment will amount to nearly 10 km; in the coming 4™ segment, the flight
altitude of 1524 m will continue to be kept as performed in the above 3
segment and further the flight speeds in both CAS and TAS will also remain at
their own levels (i.e., 77.20 m/s and 83.7 m/s respectively). In this segment, FPA
will remain at zero radian and the horizontal flight distance flown by the aircraft
will be nearly 9 km; when CUTPDAC enters into the 5" flight segment, the
descent with constant CAS (77.20 m/s) will be applied again. By the end of this
segment, the flight altitude will be decreased to 1237.8 m within the horizontal
flight distance of around 5.4 km; the 6™ segment will continue to witness the
decrease in flight atitude until the altitude of 945 m is reached at the end of this
segment. However, this segment will experience a dlight increase in the
calibrated airspeed from 77.20 m/s to 81.43 m/s (correspondingly, TAS will
increase from 82.53 m/s to 85.86 m/s) and the reason for this increase is not very
clear so far (therefore more investigation about it will be needed in future).
According to the results in Table 9-59, this flight segment will span around 5.6
km; in the last segment (i.e., the 7" segment), the deceleration and descent will
be continued by CUTPDAC until the required flight altitude (457 m) and CAS
(77.17 m/s) by ATC are reached by the end of this segment. This flight segment
will cover the horizontal flight distance of around 9.3 km.

Based on the above achieved optimum arrival trgjectory, as a result, Table 9-66
and Figures 9-145 to 9-146 give the corresponding overall performances in
terms of NOx emission, noise-impact area, noise-level distribution around the
runway, fuel consumption, flight time as well as emissions of CO, and H.0.
According to the evaluation results listed in Table 9-66, when the aircraft of
CUTPDAC flies its arrival phase by following the above optimum tragectory,
around 147 g NOx will be emitted and the area of around 1.9 km? in the vicinity
of the runway will be influenced by noise whose magnitudes in terms of SEL are
not less than 70 dBA. The entire flight will last nearly 810 seconds (i.e., 13.5
minutes) with around 90 kg of fuel consumed. Additionally, this arrival flight
will produce nearly 291 kg of CO, and around 112 kg of H,O aswell.
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9.3.3 CUPFDAC (Cranfield University Propfan-Driven Aircr aft)

Table 9-68 Running record of CUPFDAC-Arrival optimisation

1 Running start time/date Sat Nov 24 11:45:41 GMT 2012

2 Running end time/date Tue Nov 27 01:.08:35 GMT 2012
3 Total running time 61 hours 22 minutes 54 seconds

4 Generation number 450

5 Total number of evaluations | 75183

Normalised Pareto Area

Figure 9-155 Normalised Pareto area (CUPFDAC-arrival)
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Figure 9-156 Pareto front line (CUPFDAC-arrival)

Table 9-69 Comparisons of optimised results (CUPFDAC-arrival)

Noise contour area NOx emission
(m?) (9)
Maximum value 25843400 5069.57
Minimum value 25819800 4831.68
Averagevalue 25832000.67 4982.21
Relative deviation 0.09% 4.77%
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Table 9-70 Optimised results of the optimum flight trajectory (CUPFDAC-arrival)

ALTL, (m) 2235.87
DIS1, (m) 1206.05
CASL, (m/s) 128.53
Design CAS2, (m/s) 118.14
variables | casg, (mvs) 102.90
CAS4, (m/s) 91.09
CAS5, (m/s) 91.09
CAS6, (m/s) 90.99
Objective | NOISE, (m") 25838000
functions NOX, (g) 483168

Table 9-71 Optimum flight trajectory (CUPFDAC-arrival)

Point X, m Z,m CAS, m/s TAS, m/s FPA, rad.
0 0 2438 128.6 147.65 0
1 1206.05 2235.87 128.53 146.06 -0.1661
2 47175 1524 118.14 129.20 -0.0155
3 56975 1524 102.90 112.13 0
4 65953 1524 91.09 99.02 0
5 71384 1237.8 91.09 97.63 -0.0526
6 76940 945 90.99 96.11 -0.0527
7 86200 457 77.17 79.40 -0.0527
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trajectory) - (CUPFDAC-arrival)

372



Trueairspeed vs. Flight distance
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Table 9-72 Overall performance of the optimum flight trajectory (CUPFDAC-

arrival)
NOXx . . ) COZ Hzo
o Noisearea | Fud burnt | Flight time o o
emission emission emission
(9 (m?) (ko) ©) ©) (9
4831.68 25838000 244.64 729.40 779120.40 | 303418.85
Overall performance of the optimum flight trajectory
—-Arrival of CUPFDAC---
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Figure 9-161 Overall performance of the optimum flight trajectory (CUPFDAC-
arrival)
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Table 9-73 Parameter segment distributions from the optimised flight trajectory
(part) - (CUPFDAC-arrival)

Fuel | Flight CO, H,0 NOXx
Segment Fn TET EINOx ) o o o
burnt time emission emission emission
(gkg
(N) (K) (kg) C) ) ©) )
fuel)
1 3356.00 | 1238.62 3.05 1.69 8.27 5375.64 2090.88 5.15
2 2714.33 1224.05 2.60 62.36 336.48 | 198833.15 | 77331.87 162.45
3 28613.14 | 1624.85 38.52 51.60 81.22 | 164097.01 | 63963.52 1987.81
4 30079.70 | 1599.63 34.48 50.79 85.04 | 161531.76 | 62962.89 1751.18
5 22779.22 | 1488.43 20.76 26.05 55.28 82930.65 32314.40 540.87
6 13457.03 | 1357.29 8.78 19.78 57.44 63073.34 24555.98 173.67
7 11605.17 | 1324.22 6.51 32.37 | 105.67 | 103278.85 | 40199.30 210.56
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Figure 9-163 Segment engine net thrust (the optimum flight trajectory)
(CUPFDAC-arrival)
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Figure 9-164 Segment engine turbine entry temper atur e (the optimum flight
trajectory) - (CUPFDAC-arrival)
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Figure 9-165 Segment NOx emission index (the optimum flight trajectory)
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Figure 9-166 Segment fuel consumption (the optimum flight trajectory)
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Figure 9-167 Segment flight time (the optimum flight trajectory)
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As for the arrival case implemented by the aircraft of CUPFDAC, the observations and

summaries from the above figures and tables can be listed as follows:

1)

2)

3)

4)

From the plot of normalised Pareto area (see Figure 9-155) and the achieved
Pareto frontier (see Figure 9-156), it can be inferred that the optimisation
process for the arrival flight case performed by CUPFDAC has basically
converged and a set of Pareto-efficient solutions have been achieved.

Table 9-68 indicates that the time cost to implement the optimisation process
with the 450 generations or 75183 calculation evaluations is 61 hours 22
minutes 54 seconds, that is, 491 seconds/generation or 2.94 seconds/evaluation
on average.

Compared with the Pareto frontier achieved for the previous arrival case
performed by CUTPDAC, the obtained Pareto-efficient solutionsin this research
case present quite similar distribution characteristics in the objective space
spanned by NOx emission and noise contour area (or called noise-impact area),
namely, most of the optimised solutions/points tend to converge except for one
single solution/point located on the right side and far away from other
solutions/points (the reason for this distribution has been explained in the
previous section of CUTPDAC’ s arrival flight case).

Table 9-69 describes quantitatively the ‘ convergence’ phenomenon among these
optimised solutions/points (except for the rightmost solution/point mentioned
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5)

6)

above). From this table, it can be observed that, among these Pareto-efficient
solutions, the minimum available noise-impact area is 25.82 km? and the
maximum value is 25.84 km?, and the relative difference between the two values
which is defined as (Max.-Min.)/Average is only 0.09%. On the other hand,
from the point of view of NOx emission, the minimum emission available from
these optimised solutions is around 4.8 kg and the maximum value is nearly 5.1
kg, and the relative difference is less than 5%.

Therefore, based on the above analysis, a similar treatment to the arrival case of
CUTPDAC is adopted here as well, that is, using a certain single solution/point
(either the ‘average’ solution/point or the solution/point with the minimum NOx
emission) as the optimum flight trgjectory for this arrival flight operated by
CUPFDAC (for this case study, the latter solution/point is selected).

Table 9-70 gives the optimised results of the optimum flight trgectory for the
CUPFDAC's operation in the arrival phase in terms of eight design variables
and two objective functions. Based on these results, a further trgectory
descriptions by means of variations of flight atitude (Z), calibrated airspeed
(CAYS), true airspeed (TAS) and flight path angle (FPA) with horizontal flight
distance (X) are provided by Table 9-71 and Figures 9-157 to 9-160. According
to the achieved optimised results, when the aircraft of CUPFDAC starts its
arrival phase in the 1% segment, the constant-CAS descent flight will be applied,
that is, the calibrated airspeed will be amost kept at 128.6 m/s same as the initial
value required by ATC while the flight altitude will be reduced to nearly 2236 m
from the initial value of 2438 m set by ATC. Correspondingly, the true airspeed
will also be decreased dightly to around 146 m/s from the initial 147.65 m/s and
this flight segment will cover around 1.2 km in the horizontal flight distance;
During the 2™ flight segment, the aircraft will experience significant
deceleration and descent. By the end of this segment, the flight atitude will be
decreased to 1524 m and CAS will fall down to 118.14 m/s (correspondingly,
TAS will be aso reduced to 129.20 m/s). The flight in this segment will span
nearly 46 km in terms of the horizontal flight distance; In the following 3™ and
4" segments, the flight atitude will remain at 1524 m and CAS will be
continuously reduced to 102.90 m/s and 91.09 m/s respectively at the end of the
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7)

3" and 4™ segments (correspondingly, the TAS will be also reduced to 99.02 m/s
when the aircraft arrives at the end of the two segments). The horizontal flight
distance covered totally by the two flight segments will amount to nearly 19 km;
in the coming 5™ and the 6™ segments, CUPFDAC will again perform the
constant-CAS descent flight as in the 1% segment, namely, the calibrated
airspeed will be aimost kept at 91 m/s while the flight altitude will be decreased
to 1237.8 m and 945 m respectively at the ends of the 5" and 6" segments
(correspondingly, the TAS will be reduced to 96.11 m/s as well when the flight
in these two segments is accomplished). These two flight segments will cover
nearly 11 km in the horizontal flight distance; In the last segment (i.e., the 7"
segment), the aircraft of CUPFDAC will continue to reduce its flight altitude
and flight speeds (both CAS and TAS) until the required values (457 min flight
altitude and 77.17 m/sin CAS) by ATC are reached within the given horizontal
flight distance of 9.3 km.

Following the above optimum arrival trgjectory, the overall performances which
will be available for the operation of CUPFDAC in terms of NOx emission,
noise-impact area, noise-level distribution, fuel consumption, flight time and
emissions of CO, and H,0O are provided in Table 9-72 and Figures 9-161 and 9-
162. Additionally, the distributions of some primary parameters along the flight
segments such as engine net thrust, turbine entry temperature, NOx emission
index as well as the overall performance parameters mentioned above are also
given in Table 9-73 and Figures 9-163 to 9-170. From Table 9-72, it can be
found that when the aircraft of CUPFDAC which is powered by the new-
generation propfan (or caled open rotor) engine flies its arrival phase by
following the optimum arrival trgjectory, around 4.8 kg NOx will be emitted and
the noise-impact area (with SEL > 70 dBA) in the vicinity of the runway will
amount to around 25.8 km®. The entire arrival flight will last nearly 730 seconds
(i.e., 12.2 minutes) and consume nearly 245 kg of fuel. Besides, after this flight,
the aircraft will aso produce around 779 kg of CO, and 303 kg of HO.
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9.3.4 Arrival-flight comparisons between CUPFDAC and CUTFDAC

Based on the previous descriptions about the optimum arrival trgjectories respectively
flown by CUPFDAC and CUTFDAC, it is now possible to compare and discuss the

performances of these two arrival flights respectively powered by the new-generation

propfan (or called open rotor) engine and conventional turbofan engine during the
arrival flight phase. The following Tables 9-74 to 9-76 and Figures 9-171 to 9-173

provide the relevant information for this purpose.

Table 9-74 Overall comparisons between CUPFDAC and CUTFDAC
(Optimum arrival flight mode)

NOXx Noise Fuel Flight CO, H.O
emission area burnt time emission emission
(9) (m?) (kg) (s (9) (9)
CUTFDAC | 2173.66 | 15024500 | 317.98 727.74 | 1003714.48 | 393726.98
CUPFDAC | 4831.68 | 25838000 | 244.64 729.40 779120.40 | 303418.85
A 2658.02 | 10813500 | -73.34 1.66 -224594.08 | -90308.13
) 122.28% 71.97% -23.06% 0.23% -22.38% -22.94%
Table9-75 TET comparisons between CUPFDAC and CUTFDAC
(Optimum arrival flight mode)
TET, K 0
CUTFDAC CUPFDAC -
1 978.11 1238.62 260.51 26.63%
2 971.54 1224.05 25251 25.99%
3 1090.04 1624.85 534.81 49.06%
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4 1117.95 1599.63 481.68 43.09%
5 1055.20 1488.43 433.23 41.06%
6 946.57 1357.29 410.72 43.39%
7 906.89 1324.22 417.33 46.02%
Table 9-76 EINOx comparisons between CUPFDAC and CUTFDAC
(Optimum arrival flight mode)
EINOx, g/kg fuel A )
CUTFDAC CUPFDAC o/kg fuel -
1 5.34 3.05 -2.29 -42.88%
2 5.18 2.60 -2.58 -49.81%
3 9.07 38.52 29.45 324.70%
4 9.84 34.48 24.64 250.41%
5 7.63 20.76 13.13 172.08%
6 4.92 8.78 3.86 78.46%
7 4.60 6.51 191 41.52%
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Figure 9-171 Overall comparisons between CUPFDAC and CUTFDAC
(Optimum arrival flight mode)
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Figure 9-173 EINOx comparisons between CUPFDAC and CUTFDAC
(Optimum arrival flight mode)

From the above tables and figures, it can be found that, compared to the arrival flight
optimised for the aircraft of CUTFDAC which is propelled by the conventional turbofan
engines, the optimum operation for CUPFDAC powered by the new-generation propfan
(or called open rotor) engines during the arrival phase will consume 73.34 kg (or around
23%) less fuel and as a result the reductions in the emissions of CO, and H,O will
respectively amount to nearly 225 kg (or around 22.4%) and around 90 kg (or around
22.9%). The differencein the flight timeis so small (only 1.66 seconds or 0.23%) that it
can be ignored completely. However, the application of the new-generation propfan (or
called open rotor) engines (but with the traditional combustion chamber) will produce
nearly 2.7 kg (or around 122%) more NOx emission and the noise-impact area is aso
increased to nearly 26 km? from the value of 15 km? obtained from the operation of the
conventional turbofan engines with the values of around 10.8 km? and nearly 72%
respectively in terms of the absolute and relative increments. As explained in the
previous sections in this chapter which involve the comparisons between the new-
generation open rotor engine and the traditional turbofan engine respectively for the
departure and en route flights, the significant fuel savings as well as corresponding

reductions in CO, and H,O can be attributed to the higher engine overal efficiency (and
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hence lower specific fuel consumption) resulted from the unique configuration of open
rotor engine as well as its much higher component efficiencies and turbine entry
temperatures (TETS) adopted in this project research. The significant increases in NOx
emission and noise-impact area can be explained by the obviousy higher power settings
used by the propfan (or called open rotor) engines when compared to the case using the
turbofan engines. Table 9-75 and Figure 9-172 provide the comparisons in the turbine
entry temperature (TET) when the two aircraft respectively operate along their own
optimum arrival trgjectories. From the table and figure, it can be found that, over al
seven flight segments of the arrival phase, the open rotor engines perform obviously
higher TETs (252.51 K ~ 534.81 K higher or 25.99% ~ 49.06% higher). According to
the noise models which are used in this project research and have been described in the
previous chapter, the noise level perceived by the observer on the ground depends on
the engine power ratings and the slant distance between the aircraft (the noise source)
and the observer on the ground. In the case studies of flight optimisation for the arrival
phase flown respectively by CUPFDAC and CUTFDAC, the flight altitudes, which are
closely related to the dlant distances, during the arrival flight are mostly fixed and
therefore the higher engine power settings, the higher noise levels perceived by the
observer on the ground and hence the more noise-impact area (with SEL not less 70
dBA). Similarly, much higher TETs used by the open rotor engines also cause higher
values in the emission index of NOx (EINOx). Table 9-76 and Figure 9-173 give the
corresponding comparisons from the open rotor engine and the turbofan engine. From
the table and figure, it can be found that although CUPFDAC can achieve lower values
of EINOx in the first two-segment flight, the other five segments will witness higher
EINOx values (1.91 g/kg fuel ~ 29.45 g/kg fuel higher or 41.52% ~ 324.70% higher).
Therefore, despite the fuel saving from the open rotor engines, the total NOx emission
is still higher than the result from the operation of the conventiona turbofan engines
due to the significant contributions from the much higher values of EINOKX.
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CHAPTER TEN CONCLUSIONSAND FUTURE WORKS

Today, the air transport industry has become an essential element of global society by
its great contributions to the wide exchanges of cultures and people among different

countries aswell as the rapid growth in the world economy.

However, on the other hand, the adverse impacts on the environment caused by the air
transport, such as air pollution (such as NOx, CO and UHC, etc.), noise and climate
change (which is related to emissions of CO, and H,O) are increasingly drawing

growing public concern.

With the continuous and steady growth in demand for air travel over the next several
decades, it is predicted that the commercial aircraft fleet worldwide will double by 2050
and, as a result, the share in the tota man-made CO, emissions contributed by air

transport is expected to increase to 3% [1].

Besides the above environment concerns, the shortage in fossil-fuel supply is aso
becoming increasingly severe and will restrict, to a great extent, the increase in the size
of air transport industry in future based on the current technology level.

Therefore, the challenges and pressures in terms of environment and economy which
commercia aviation is facing up to are unprecedented. Obviously, to address these
challenges and pressures, speeding up technological breakthrough and adopting more
economical and more environmentally-friendly ways to meet the increasingly growing
demand for air travel has become the only option for the future development of the air

transport industry.

The Clean Sky JT1 is one of the largest European research projects ever launched by the
European Union. The main am of this programme is to achieve a quantum leap in
performance through a consistent, coherent and holistic approach, focusing on the
integration of advanced technologies and validation of results in a multidisciplinary
approach and make major steps towards the environmental goas set by ACARE for
2020.

This project research described in this thesis, and sponsored by the SGO (Systems for
Green Operation) ITD (Integrated Technology Demonstrator) of the Clean Sky

programme, ams at optimising the two-dimension flight trgjectories of commercial
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aircraft by means of a new multidisciplinary optimisation method and, in the meantime,
evaluating the possible benefits brought by the introduction of the new-generation

propfan (open rotor) engine.

Taking the flight from Amsterdam Schiphol airport in the Netherlands to Munich
airport in Germany as an example, this research made a detailed investigation into the
flight trgjectory optimisations for different types of commercia aircraft, including
turbofan-propelled aircraft, turboprop-driven aircraft and propfan-powered aircraft, with
different optimisation objectives for the different flight phases (namely, for the
departure phase, fuel consumption and noise-impact area were selected as objective
functions, during the en route flight, fuel consumption and flight time were adopted, and

for the final arrival phase NOx emission and noise-impact area were chosen).

Through several rounds of optimisation simulations, a complete set of optimised
solutions, aiming at the optimisation problem spectrum spanned by different aircraft
types and different optimisation objectives, have been achieved and provided by the
research work. These optimised results are Pareto efficient, and based on these
optimisation results, customers can be provided with the opportunity and freedom to

further make their own choices according to the actual requirementsin practice.

Besides, a comprehensive comparison and evauation, based on the achieved
optimisation results, about the new-generation propfan (open rotor) engine with higher
component efficiencies and higher turbine entry temperature (TET), has been made in
this research project as well, in terms of fuel consumption, flight time, noise-impact
area, gaseous emissions (NOx, CO, and H,0, etc.) by reference to the conventiond
turbofan engine with 1990’ s technology level.

10.1 Main Optimisation Results
The achieved main results in flight trgectory multidisciplinary optimisation can be

briefly summarised as follows:

1) The sets of Pareto-efficient solutions respectively for the nine research examples
spanned by aircraft types and flight phases with different optimisation objectives

have been achieved basically.
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2)

3)

For the departure flight performed by the aircraft of CUTFDAC, two typical
optimum solutions were selected for the purpose of anaysis, namely, the ‘min.
fuel consumption’ flight mode and the ‘min. noise area flight mode.
Optimisation results show the different optimum flight trajectories achieved for
these two modes. Compared to the ‘min. fuel consumption’ mode, the ‘min.
noise area mode chooses to climb to higher flight altitudes at earlier segments
of the departure phase. Naturaly, this choice can effectively increase the
distances between the aircraft (noise source) and the ground (observers) as soon
as possible and hence reduce the noise-impact area. Additionally, during the
departure flight by ‘min. noise ared mode, a reduced flight speed is aso
introduced at the 4™ segment. The reduced flight speed can result in decreased
engine power settings in terms of engine net thrust, and therefore the lower
noise-impact area as well because engine power setting, besides the distance
between noise source and observer, is aso a prime contributor to noise levels
according to the flight noise model. Therefore, as a result, when CUTFDAC
flies in the ‘min. noise area mode, a significant reduction in the noise-impact
area (amounting to around 25 km? or 37%) can be obtained compared to the
noise area resulted from ‘min. fuel consumption’ flight mode. However, on the
other hand, ‘min. noise area’ flight mode, compared to ‘min. fuel consumption’
flight mode, does consume more fuel (38.42 kg or 12.6%) and produce more
gaseous emissions, for instance, the emissions of CO, and H,O will increase
around 121 kg and around 48 kg respectively (amounting to 12.6%), and NOx
emission also increases by 685 g, amounting to 15.48% due to higher values of
NOx emission index (resulted from higher engine operation temperatures) and
more fuel consumption, but the latter one is the main contributor.

The optimisation of the departure case flown by the aircraft of CUTPDAC
shows the different characteristics from those achieved respectively from the
above CUTFDAC case and the following CUPFDAC case, that is, achieved
optimum solutions tend to converge from each other (among these optimum
solutions, the maximum relative difference in noise-impact area is 2.07% and
the maximum relative difference in fuel consumption is only 0.84%.). As a

result, an ‘average’ optimum solution was used as the representative for the
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4)

5)

6)

7)

purpose of trgectory anaysis. Optimisation results indicate that when the
‘average’  optimum trgectory is followed during the departure phase,
CUTPDAC will consume around 77 kg fuel and produce around 247 kg CO,, 96
kg H,O and 375 g NOx, and besides, noise-impact area (with SEL > 70 dBA)
will amount to around 93 km? and the entire departure flight will last for 5
minutes.

The optimisation results of CUPFDAC departure flight present high similarities
to those from the CUTFDAC departure case, in terms of the shape of Pareto
frontier and the characteristics of optimum departure trgjectories respectively for
the ‘min. fuel consumption’ flight mode and ‘min. noise area’ flight mode. The
optimisation indicates that compared to the ‘min. fuel consumption’ flight mode,
when CUPFDAC flies along the departure profile prescribed by the ‘min. noise
area flight mode, the lower noise-impact area (around 15 km? or 25% less than
the result from the ‘min. fuel consumption’ mode) can be achieved, but with
more fuel consumption (around 25 kg or 13% more) and higher gaseous
emissions in terms of CO, (around 78 kg or 13% higher), H,O (around 30 kg or
13% higher) and NOx (around 2.5 kg or 29% higher).

The optimisation of en route flight flown by the aircraft of CUTFDAC shows
that compared to the results from minimum-fuel-consumption flight, the
minimum-time flight will consume 942.18 kg (or 44.90%) more fuel and
produce 2974 kg (or 44.90%) more CO,, around 1167 kg (or 44.90%) more H,O
and around 27 kg (or 102.29%) more NOx but with 566 seconds (or 18.74%)
less flight time.

The optimisation of en route flight flown by the aircraft of CUTPDAC shows
that the minimum flight time mode, compared to the minimum fuel consumption
mode, will cost 528.30 kg (or 93.31%) more fuel and produce nearly 1696 kg (or
93.69%) more CO,, nearly 662 kg (or 94.35%) more H,O and 6.3 kg (or
466.14%) more NOx. As the return to higher fuel consumption and gaseous
emissions, the minimum flight time mode can achieve 729.29 seconds (or
18.30%) lesstravel time than that from the minimum fuel consumption mode.
The optimisation of en route flight flown by the aircraft of CUPFDAC shows

that compared to the minimum fuel consumption flight mode, the minimum time
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8)

9)

flight mode will make CUPFDAC consume 598.78 kg (or 43.73%) more fuel
and produce around 1896 kg (or 43.66%) more CO,, 739 kg (or 43.67%) more
H.O and 69 kg (or 153.08%) more NOx. As the return to more fuel consumption
and gaseous emissions, the minimum time flight mode will achieve 452.46
seconds (or 14.39%) less travel time.

The trgjectory optimisation results for the arrival phases, respectively flown by
CUTFDAC, CUTPDAC and CUPFDAC, show a common feature, namely, for
each optimisation case one representative optimum solution can be found. For
the CUTFDAC case, when the aircraft flies its arrival phase by following the
representative optimum trgjectory, around 2 kg NOx, 1004 kg CO, and 394 kg
H>0O will be produced, and the noise-impact area (SEL > 70 dBA) will amount
to 15 km?. In the meantime, in order to complete the arrival flight, around 318
kg fuels will be consumed and the entire flight will last around 12 minutes.
When the aircraft of CUTPDAC flies its arrival phase by following the
representative optimum trajectory, around 147 g NOx will be emitted and the
area of around 1.9 km? in the vicinity of the runway will be influenced by noise
whose magnitudes in terms of SEL are not less than 70 dBA. The entire flight
will last nearly 13.5 minutes with around 90 kg of fuel consumed. Additionally,
this arrival flight will produce nearly 291 kg of CO, and around 112 kg of H,O
as well. For the arival case of CUPFDAC, under the condition of its
representative optimum flight trgjectory, around 4.8 kg NOx will be emitted and
the noise-impact area (with SEL > 70 dBA) in the vicinity of the runway will
amount to around 25.8 km?. The entire arrival flight will last nearly 12.2 minutes
and consume nearly 245 kg of fuel. Besides, this flight will also produce around
779 kg of CO, and 303 kg of H0.

With the same ‘min. fuel consumption’ departure flight mode, the much lower
value of fuel consumption (around 120 kg or 39% less) and hence much better
operation economy can be achieved when the propfan (open rotor) engine is
applied compared to the turbofan case. Consequently, the emissions of CO, and
H,O can aso be greatly reduced, the decreased magnitudes respectively
amounting to 372 kg (39%) and 148 kg (39%). The flight times separately spent
by CUPFDAC and CUTFDAC are very close to each other and the dlight
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difference in flight time (less than 7 seconds) can be ignored. Unfortunately, an
obvious problem CUPFDAC isfacing in this case study isits very high level of
NOx emission (4 kg or 96% more than the emission from CUTFDAC) due to
much higher values of NOx emission index in the CUPFDAC case caused by
higher engine power settings during the departure phase.

10) Under the same minimum fuel consumption flight mode for the en route flight
phase, the application of the new-generation propfan (or open rotor) engine can,
compared to the traditiona turbofan engine, save around 729 kg fuel (nearly
35% less) and correspondingly will result in 2282 kg (or 34.45%) less CO,
emission and 907 kg (or 34.89%) less H,O produced. Besides, from the point of
view of the flight time, athough more travel time was needed by CUPFDAC,
the difference of around 2 minutes, when compared to the average mission time
of around 51 minutes, is completely ignorable. However, in spite of the obvious
advantages which the new-generation open rotor has in fuel saving and reduced
emissions of CO, and H0O, significant increase in NOx emission (around 18 kg
or nearly 70% more than that from CUTFDAC) has been produced by the flight
flown by CUPFDAC.

11) Under the condition of arrival flights, compared to the arrival flight optimised
for the aircraft of CUTFDAC which is propelled by the conventional turbofan
engines, the optimum operation for CUPFDAC powered by the new-generation
propfan (or called open rotor) engines during the arrival phase will consume
73.34 kg (or around 23%) less fuel and, as a result, the reductions in the
emissions of CO, and H,0 will respectively amount to nearly 225 kg (or around
22.4%) and around 90 kg (or around 22.9%). The difference in the flight timeis
so small (only 1.66 seconds or 0.23%) that it can be ignored completely.
However, the application of the new-generation propfan (or called open rotor)
engines (but with the traditional combustion chamber) will produce nearly 2.7
kg (or around 122%) more NOx emission and the noise-impact area is also
increased to nearly 26 km? from the value of 15 km? obtained from the operation
of the conventional turbofan engines with the values of around 10.8 km? and
nearly 72% respectively in terms of the absolute and relative increments.
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12) Therefore, according to the above comparisons between CUPFDAC and

CUTFDAC, such a conclusion can be derived, that is, the adoption of the new-
generation propfan (or open rotor) engine, whose technologies will be ready
around 2025 to 2030, can significantly reduce the fuel consumption and the
emissions of CO, and H,O when compared to the 1990s technology level
represented by the conventional turbofan engine in CUTFDAC, because of the
combination of higher engine thermal efficiency (due to the applications of
higher turbine entry temperature, higher component efficiencies) and higher
propulsive efficiency which propfan engine has inherently. On the other hand,
the challenge from NOx emission will be increasingly severe with higher
operation temperatures of the future propfan engine, and traditional combustion
technology and combustor design cannot any longer meet the requirements from
this novel engine, hence new low emission technologies under high engine
power settings, such as fuel staged combustor and LPP (Lean Premix-

Prevapourize) combustor, etc., will have to be explored and applied.

10.2 Main Contributionsto Knowledge

Through the research work described in this thesis, the main contributions to knowledge

are summarised briefly again as follows:

1)

2)

3)

From the known literature published openly so far, it is the first time that the
flight trgjectories flown respectively by turboprop-driven aircraft and propfan-
powered aircraft for the purpose of city-pair air transport are optimised based on
multi-disciplines with the optimisation methodol ogy and multi-objective Genetic
Algorithms introduced in this thesis, as well as actual constraints from the local
airports.

From the known literature published openly so far, it is the first time that a
relative complete set of models involving aircraft performance, engine
performance, gaseous emissions and noise are included when flight trgjectories
are optimised with the multidisciplinary optimisation method and optimisation
constraints mentioned in item 1) above.

From the known literature published openly so far, it is the first time that the
combination of the new-generation propfan (or called open rotor) engine, which
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4)

5)

6)

is planned into commercia service in 2030, with the optimised flight trajectory
achieved by a new multidisciplinary optimisation method is tried and evaluated
to achieve more economical and greener commercia flight.

Inside the SGO ITD project of the Clean Sky programme, it is one of quite few
cases that used Neural Networks (NNs) and P3T3 method to replace the
complicated and time-consuming simulation models of engine performance and
engine gaseous emissions, in order to alleviate the challenge in optimisation
time cost brought by GAs and speed up the optimisation processes. By the actual
application comparisons, the significant benefit in terms of the optimisation time
consumption has been achieved. For along time, much longer optimisation time
caused by GAs has been amain problem/obstacle for the wide application of this
optimisation method. The successful application of NNs in engine performance
modelling and multidisciplinary optimisation cases in this research project
provides one promising solution.

Inside the SGO ITD project of the Clean Sky programme, it is the first time that
compressor variable geometry and bleeding was dynamically introduced into
engine off-design operations (that is, these anti-surge measures can be
implemented when required). As a result, the optimisation of flight traectory
and the achieved optimised solutions (mainly for the arrival flights) have been
improved greatly compared to those cases studies performed with engine
performance models which were not equipped with such characteristics.
Compared with previous work in case modelling by the author, an obvious
progress has been achieved in this research work described in this thesis, that is,
when optimisation cases being modelled, horizonta flight distance X, flight
altitude Z and flight speed (CAS or Mach number) can all become the options of
optimisation/design variables. This improvement greatly enhanced the
modelling flexibility in the optimisation studies of flight tragjectory, so that some
better and applicable optimum solutions which were not available from the

previous case modelling technology can be achieved now.
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10.3 FutureWorks

Although significant progress has been achieved by the research works described in this

thesis, these works are only preliminary and there are still many investigations in this

technology domain of multidisciplinary optimisation of flight trajectory which need to

be performed further in future. These investigations can be briefly summarised and

suggested as follows:

1) Improvements (or refinements) of aircraft performance models
Firstly, in the present modelling method of aircraft lift characteristics (i.e., lift
coefficient vs. angle of attack), the slopes of the lift curves were obtained based on
the corrections to the theoretical value of 2m which is derived from the 2D thin
aerofoil theory by means of taking the influences of the actual 3D flow over finite
wing, compressibility from high speed flight and sweep angle of wing into account,
and the values of zero-lift angle of attack were determined according to some
statistical data (or based on the assumptions that the aerofoil will be kept unchanged
along the wing span and the value of zero-lift angle of attack for 3D finite wing is
the same as that from 2D aerofoil, which can be determined through aerofoil wind-
tunnel tests). However, in practice, the wing designs are much complicated with
‘twist’ and varied aerofoils from the wing root to the wing tip, for instance. How do
these features in wing geometry affect the aircraft lift characteristics and how should
these impacts be taken into account during the modelling process? Secondly, when
the lift-drag characteristics (i.e., the drag polar) were modelled in this research, only
the typical cruise flight condition (in terms of flight altitude and flight Mach
number) and turbulent flow over the investigated aircraft components were
considered to calculate the value of Reynolds number and, accordingly, estimate the
zero-lift drag coefficient of each aircraft component. However, actualy, aircraft fly
under wide flight conditions which will result in the varied values in Reynolds
number for each of the aircraft components, and in the meantime, the flows over
aircraft components are often of the feature of mixture of laminar flow and turbulent
flow which will lead to the different formulafor the friction calculation. How should
these impact factors be taken into account in future works? Thirdly, for the current
modelling method and calculation software available from SGO ITD of the Clean

Sky programme (i.e., APM) for aircraft performance simulation, the variation of
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2)

COG (centre of gravity) due to fuel consumption during flight was not considered.
For a short flight, the impact may not be primary. However with the increase in
flight range, the influence will emerge gradually and corresponding measures for
this issue have to be taken into account in future works as well. Fourthly, the aircraft
performance modelling, software development and performance simulation should
be expanded further to include the ground operations of aircraft, such as ground roll,
take-off and landing, so that the multidisciplinary optimisation with a complete
flight profile can be performed in future. Lastly, the correlations between the
optimised flight parameters achieved through the optimisation operations, described
in this thesis, and corresponding operation (or control) parameters of aircraft/engine
combination should be established so that expected optimum flight trgjectories can
be realised further (see the Figure 1-3 in Chapter One).

Improvements (or refinements) of engine performance models

Firstly, in apractical engine system, bleed from compressorsis not only used for the
purpose of cooling of turbine blades but also used for sealing, turbine disk cooling
as well as adjustment of axial loads of bearings, etc. In addition, these air is usually
bled from different locations of a compressor (for instance, from the front stages,
middle stages or the compressor exit) depending on the applications, and returns the
main gas flow path in different ways as well. However, in the present engine
performance models built in this research work, the complicated bleeding system
has been simplified with bleed only from the exit of high pressure compressor and
for the purpose of HPT blade cooling. Secondly, the requirements about power
extraction and customer bleed from aircraft side have not been considered fully.
Thirdly, more attention should be paid to the usage of the anti-surge measures
besides the present consideration of engine performance, in terms of net thrust and
SFC, because of its significant importance to the descent or arrival flights of aircraft,
although the preliminary application has been made in this research work. Fourthly,
the representative performance characteristics of the propeller for the new-
generation propfan engine can be obtained and applied in the future, instead of some
fixed values for propeller efficiency adopted in the current research work, and in the
meantime, the results of pitch angle of propeller blade can also be output besides

others when the engine performance simulation with the propeller characteristic map
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3)

is implemented, so that the combination of the pitch angle with other operation
parameters from aircraft and engine achieved through the training/calibration
process (see the Figure 1-3 in the Chapter One) can be executed to realise the
expected optimum flight trgjectories. These issues discussed above should be
considered in the future works.

Improvements (or refinements) of engine gaseous emission models

Firstly, more investigation is needed for the ‘interpolation’” method when P;T3
emission estimation equations and the experiment data from ICAO emission
databank are used. From the ICA O databank, the discrete values of emission indices
of gaseous pollutants, such as NOx, CO and UHC under the typica operation
conditions including TAKE-OFF, CLIMB OUT, APPROACH and IDLE, can be
obtained. Based on these data, a formulated correlation between emission index and
engine power ratings should be built for the purpose of convenient application. At
present, in this research, the correlation was approximated by a set of straight lines
which in turn link the adjacent points among the above emission data from ICAO
and linear interpolation was adopted when needed for the purpose of simplicity.
However, it is not the only way to express this correlation, and other approaches
such as spline curve, etc. can also be tried and the differences from the above
different ‘interpolation’” methods can be compared and evaluated. Secondly,
although the predictions of main gaseous emissions from turboprop and propfan
engines in this research work were made by means of the chemical-reaction based
stirred reactor models, rather than the empirical correlation formulas, the main
difficulties to use such models lay in determining the values of some combustor
geometry parameters (such as the inlet and outlet areas and lengths of Primary Zone,
Intermediate Zone and Dilution Zone), as well as the distributions of fuel and gas
(or/and air) along the combustor (usualy, these parameter values involve design
details of combustors and are very hard to be obtained from the manufacturers
unless the evaluated combustors are not self-designed). Therefore, how to solve this
problem so as to apply this modelling method in flight trgjectory optimisation or
other relevant emission evaluations better, will be one of the future research works.
Thirdly, on the other hand, the simulation capability of the stirred reactor models
can also be improved by the additional modelling of other phenomena which take
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5)

place during the combustion process, such as flow recirculation and fuel
evaporation. Lastly, the modelling emphasis of gaseous emission prediction (either
empirical correlations or stirred reactor based models or even other methods) should
be shifted gradually to new low-emission combustors such as staged combustor and
LPP (Lean Premix- Prevapourize) combustor, etc., in order to reflect the advance in
the combustion technology.

I mprovements of noise prediction and impact evaluation

In the project research described in this thesis, the noise characteristic of a turbofan
engine with the technology level of the 1980s-1990s had to be used as a replacement
to estimate the noise level and the noise-impact area resulted from a new-generation
propfan engine (based on the assumption that the noise levels from both types of
power plants are roughly of the same order when the technology advance is
considered for the new-generation propfan engine in spite of its ‘unducted’
configuration), because the actual noise characteristics representing the state-of-the-
art designs in aero acoustics for propfan engines is not available so far. Therefore,
once such a characteristic is available by either numerical ssimulation or wind-tunnel
test, the updated optimisation should be performed accordingly. In addition, the
present evaluation about the flight noise impact only involved the noise-impact area
and other evauation ways, such as noise-impact population or noise-impact
households, may be made as well in future when these distribution data in the
vicinity of the local airports are available.

I mprovements of multi-objective optimisation algorithms

Firstly, the capability of the genetic algorithms used in this research work to cope
with more design (or called optimisation) variables should be improved. Based on
the present tragectory optimisation methodology and performance simulation
methods of aircraft and engine, a flight trgjectory is divided into a number of flight
segments, and during the flight at each segment the aircraft mass is assumed
unchanged and the average flight altitude and Mach number from each segment are
used as the inputs for the subsequent engine performance simulation. Therefore, in
order to improve trgectory optimisation results as well as the accuracy of
performance simulation, the division with more segments (i.e., shorter segment

length and more points can be available for the traectory description) will be
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expected. However, the requirement of more segments from the above sides of
performance simulations and trajectory optimisation means that more design (or
optimisation) variables will be involved during the optimisation process (i.e., the
dimensional number of the search space spanned by these design variables will be
increased greatly) and, therefore, achieving converged optimisation results by the
present GAs under this condition is very difficult and time-consuming. Secondly,
the capability of the genetic algorithms used in this research work to cope with more
optimisation objectives should be developed further in the future works. Thirdly,
new optimisation technologies such as Hybrid GAs and Adaptive GAs should be
tried and developed in future works. Hybrid GAs are actually the combination of
GAs with other optimisation/search techniques, and by means of this combination
different advantages from different optimisation technologies can be made full use
of for the different demands or characteristics from different phases of an
optimisation process. When this optimisation technology is implemented, GAs are
responsible for determining the region where the optimum solutions are located
through its global search capability, and then the local optimisation techniques take
over to find these optimums. Different from the present GAs used in this research
work which adopts fixed values in some key parameters such as population size,
crossover ratio, and mutation ratio, etc., Adaptive GAs can dynamically adjust the
values of these key GAS parameters according to the progress of the search or
optimisation process and, as a result, the optimisation performance can be improved
in terms of convergence and calcul ation efficiency.

New models and new researchesin flight trajectory optimisation

Based on the present work undertaken in this research project, some new models
should be introduced and, accordingly, new investigations into multidisciplinary

flight trajectory optimisation should be implemented.

These new models include the weather model, the ATC (air traffic control) model,
the cost model of aircraft/engine maintenance, the cost model of flight/cabin crew
salary, and the cost model of emission taxes (including gaseous emissions and noise
emission), etc. The first two models can further impose some practical and new
constraints to the trgjectory optimisation problems of interest through adverse

weather conditions, such as thunderstorms, strong winds and volcanic ash, €etc., or
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some limitations to commercia air transport, for example, no-fly zone, etc. The
latter three cost models are used to estimate the additional expenses from a flight
besides the cost resulted from the fuel consumption. In the present research works
described in this thesis, fuel consumption was regarded as the indicator of flight
economy (or flight cost) and was treated as one of the objective functions for the
minimisation. However, this representation for operation economy by fue
consumption is not the best way. Actually, the three expenses mentioned above all
make contributions to the overall flight cost and are related to the flight trajectory
optimisation. Especialy, the maintenance expenses of aircraft and engine as well as
the crew salaries hold relatively greater percentages in the operation cost structure.
In addition, compared to the large, narrow or wide jet aircraft, the importance of fuel
cost in the overall operation cost will decrease while the contribution from the
maintenance cost will increase for the regional flights performed by either Regional
Jet or turboprop due to the frequent take-off and landing. Therefore, based on the
above analysis, taking only the fuel consumption as the indicator of flight economy
is not enough, and a better option is to build a comprehensive economy indicator
from fuel cost, maintenance expenses, crew salaries and emission taxes for the
purpose of flight trajectory optimisation.

Once al the improvements suggested above are accomplished and new models are
built, new research in the multidisciplinary optimisation of flight trajectory can be
carried out. The new trgjectory optimisation will comprise the following features:
a) Three-dimension (3D);
b) Involving a complete flight profile: take-off, climb, cruise, descent,
approach and landing;
C) Multi-objective (number of objective functions > 2);
d) Using moretrgectory design variables;
e) Practica and relative complete optimisation constraints;
f)  Building the correlations between optimised flight parameters and operation
parameters and forming the corresponding control laws;

g) Better smulation accuracies and less optimisation time.

Further, in future, the above practical flight trgectory optimisations can be

accomplished by means of an on-board computer quickly enough so that any revisions
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or updates to the original flight plans due to the possible changes in flight constraints
from, for instance, unexpected changes in weather, air traffic controls or other reasons
can be redlised in time, which will certainly put higher requirements in the

multidisciplinary optimisation technology and the performance of computer devices.
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APPENDICES

Appendix A Coefficient Matricesfrom Artificial Neural Networ k

Training

1) Neural Network Training for Function P; = f; (H, M, Fy)

Table A-1 Matrix W1i 53 (10x3)

HH wii <10:3 doubles

1 2
1 1.3059 -0.3294 2.2358
2 0.1563 0.3164 -0.2909
3 0.6799 21898 5.0089
4 1.2262 -0.7180 29801
5 0.2426 0.3556 0.6810
B 0.2979 -0.7921 0.5973
Fi -0.5054 -0.8676 0.2001
8 0.1979 01732 0.2224
9 1.1055 0.39938 5.2583
10 0.2057 -0.2824 -0.1283

Table A-2 Matrix bl 3 (10x1)

FH b1 <104 doubles
1
1 -0.0543
2 -0.8142
2 6.0563
4 -0.7649
5 -0.2788
6 16672
7 10275
8 -0.0419
) 4.7598
10 0.9869
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Table A-3 Matrix W21, 3 (10x10)

w2l <10:10 double=
1 2 3 4 5 [} 7 8 g9 10
1 -1.8539 -1.3704 09217 0.9627 0.5286 -0.6236 -0.0029 0.3689 01737 -1.9652
2 06876 8.3720e-04 -3.5077 1.5106 70988 0.1506 -5.1811 -6.1351 -0.7152 6.7240
3 0.5338 14931 -0.1519 -0.3359 1.7143 0.1036 -0.1946 -4.7769 -0.0338 1.8354
4 1.0531 -7.0116 -2.3995 -1.5001 0.9353 0.7747 -0.6461 70835 0.5001 -5.6982
5 20146 189455 .3901 0.3855 -9.2428 18.5055 1.94952 -16.2519 -1.9412 -17.4059
[} -0.4529 -0.9391 0.0791 0.2917 -1.5499 -0.1019 0.1466 38031 0.0414 -1.0870
7 0.2895 27112 -4.1007 -0.9268 -9.5639 2.7908 -0.8389 -1.3420 0.3522 -5.9218
8 0.2555 -0.0344 -0.4269 -2.2734 -1.1885 5.5381 -0.2273 0.7402 -0.6654 -28323
g9 23132 -2.2648 -2.5081 -0.8296 -3.2506 1.8543 -2.8857 0.8464 24033 -4 9780
10 06039 -0.8373 -3.9474 1.5293 78734 -0.0575 -5.2717 -5.0179 -0.5159 84270
Table A-4 Matrix b2 3 (10x1)
HH b2 <10 double>
1

1 -1.5459

2 -3.5535

3 -0.5629

| 6.2220

5 -1.9068

G 0.2374

7 -0.0596

& 15441

g 0.4039

10 -4, 2846

Table A-5 Matrix W32 p3 (1x10)
EH w3z «1x10 doubles
1 2 3 4 5 6 7 8 9 10
1 | 0.8539/ 8.2822] -5.0585 02721 -0.0061 -5.879% 0.0487 1.9075 00097 -3.8827

Table A-6 Matrix b3,p3(1%x1)

FH b3 <1x double>

1
1 24794
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2) Neural Network Training for Function T; = f,(H, M, Fy)

Table A-7 W1i,3(10x3)

HH wii <10:3 doubles
1 7 3

1 2.2973 0.1469 28618
3 00382 0.0872 -5.3036
3 0.3894 0.8159 1.2427
4 35878 0.9011 6.0533
5 2.2470 0.6866 3.0608
6 -10.5855 0.0276 0.2401
7 01173 0.2828 0.2286
8 0.3089 0.5680 0.2855
g -0.0176 0.1936 1.2265
10 03841 -0.2237 -0.4084

Table A-8 b1713(10x1)

HH b1 <101 double>
1
1 -0.3808
2 -5,6809
3 14187
4 1.3198
5 0.0181
6 81433
7 -0.2399
8 0.7562
g 1.5891
10 0.8155
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Table A-9 W21 13(10x10)

HH w21 <10x10 double>
1 2 3 4 5 6 7 g 9 10
1 -0.0986 -0.5302 -0.0697 03841 09707 -0.0347 13726 01793 1.2855 -1.2696
2 03597 09423 -0.7554 -0.5236 10716 0.0018 1.0596 04115 -0.7635 1.2216
3 -0.6299 0.5298 04874 -0.27% -0.2368 -0.1033 18427 -0.6379 -1.0647 -0.1175
4 03976 -0.5176 -0.6012 0.3190 0.1087 0.0516 16950 05756 1.0554 0.1698
5 03571 -0.0981 15620 -0.6943 0.0108 -0.0358 20324 -38746 -2.5670 -0.9326
6 -0.5355 15159 04515 15151 -1.5020 -00357 -39261 0.4972 3.3415 -1.9101
7 -5.1955 -1.0363 4.9685 11136 51317 56516 -5.0835 -7.5369 0.4140 0.5872
8 -0.5142 0.8058 -1.1509 03681 16467 0.0248 -34266 31006 28545 -0.8628
9 -1.0841 04625 279686 -0.8951 19127 -0.0470 23175 -39261 -6.7517 -0.4527
10 04871 06358 -1.1406 -1.0565 0.9879 01748 06253 18411 -0.3087 09331
Table A-10 b2 13 (10x1)
1 b2 <104 double>
1
1 -2.6993
2 3.5791
3 0.8094
4 -1.0735
5 4.2057
il -1.2678
7 -8.1386
8 -0,2656
9 0.9047
10 -0.4091
Table A-11 W3213(1x10)
HH w32 <1:0 double>
1 2 3 4 5 6 7 8 9 10
1] 8.2304 10,9462 -59011 -7.9866 -0.5282 -0.6988 0.0133 11741 -0.4494 -1.6831

Table A-12 b33 (1x1)

HH b3 <1:1 doubles

1

-3.7573
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3) Neura Network Training for Function TET = f5(H, M, Fy)

Table A-13 W1i 17 (10x3)

HH wii <10:3 doubles
1 3 3

1 13.3532 0.0630 0.2797
2 -0.2605 -0.0324 -2.5794
3 0.8311 13101 5.4007
4 41318 0.4218 7.4024
5 0.7519 0.8636 1.0310
6 -0.0496 -0.3640 1.0946
7 -1.2702 00880 0.2893
8 0.2342 0.5210 08232
g 0.8485 0.3095 0.3107
10 0.0485 01099 -0.7673

Table A-14 b1 et (10x1)

HH b1 <10:1 double>
1
1 -9.8373
2 -3.4027
3 56936
4 20711
5 -0.1190
6 0.8718
7 14381
8 1.8006
9 0.3450
10 -0.6031
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Table A-15 W21 1¢7 (10x10)

HH w21 <10:10 double>
1 2 3 4 5 6 7 8 9 10

1 -0.0050 -0.0648 2.2701 -1.7963 17908 -0.8756 34737 111113 -27201 23649
2 -0.0301 15.8577 23302 -0.1950 03539 -2.3847 0.8559 -9.4660 23324 -0.5533
3 -0.0610 5.9045 1.7074 -0.2202 07419 -1.3419 00978 -5.0296 -0.4943 -2.7925
4 0.0573 -1.0874 0.5079 03680 -0.6795 2.5553 1.0071 1.2068 04118 45079
5 0.0516 6.3207 12,0043 0.7702 -0.1374 14.4088 1.2101 201111 7.7434 10.7625
6 00231 -0.7925 -1.4100 0.0760 -0.4078 1.0702 0.5165 3.0010 0.7158 2.4794
7 0.0071 1.0033 1.3084 00712 04029 -0.7922 -0.2936 -2.4499 -0.7090 18260
8 -0.2824 41243 03130 0.0689 07271 29797 -0.3060 2.2302 -0.3346 40143
g 23260 87215 1.2082 06715 04194 1.5847 -1.3003 -0.3820 -2.5709 53853
o 0.0015 -0.3784 -1.0752 -0.1395 -0.3157 0.7386 0,0435 19501 06022 14810

Table A-16 b2t (10x1)

HH b2 <1011 doubles

1
§.3925
23,7995
8.3682
-2.2967
-15.5955
-2.3699
21995
41066
13,1093
-1.7780

[ I e O I s P T = L N ]

[y
o ]

Table A-17 W32 g7 (1x10)

HH w32 <1x10 double>

1 2 3 4 5 6 7 8 9 10
1 | -0.0880 -13131 -11353 -0.5785 -0.1532 -6.6697 -14.3702 2.9807 -0.1484 -9.9998

Table A-18 b3 g7 (1x1)

FH b3 <131 double»

1
1 -1.3015
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4) Neura Network Training for Function Wy = f,(H, M, Fy)
Table A-19 W1i ws (10x3)
HH wii <103 double>
1 2 3
1 0.2042 -0.1407 0.4586
2 0.2058 0.1848 -0.9624
3 -2.3956 -0.0375 -3.5081
4 2.2018 0.4441 3.0311
5 0.0511 0.2336 0.2859
6 -0.1606 -0.1608 1.1707
7 -0.1991 0.1701 -0.3017
8 -2.4795 01739 -4.2608
9 -0.0165 0.2879 0.0611
10 -0.0666 -0.0703 -0.1668

Table A-20 b1 s (10x1)

FH b1 <1011 doul
1
1 -0.7836
2 -1.2801
3 -1.0800
4 -0.0242
5 -0.4657
6 13133
7 -0.5196
8 -0.7947
g -0.2308
10 -0.6093
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Table A-21 W21, (10x10)

HH w21 <10:10 double>
1 2 3 4 5 6 7 8 9 10
1 -4 6881 -1.0548 -0.3521 00659 35121 -0.4015 7.5634 00930 -9.0068 -16.9842
2 156549 -59.8885 03793 09301 791729 -42.2666 -01.8280 04735  123.25%6 69.7731
3 2733313 -39.9602 05092 -5.7791 234239 -26.1558 03141 14065 34157 197257
4 27.2825 -23.7033 -0.2227 36263 -62.3003 149218 -15.9273 09212 578223 -23.2067
5 -1.8057 4.0786 01519 -0.2486 -4.5220 24540 -5.8991 -0.1182 55338 8.5904
3 29378 81474 0.0077 -0.3366 -0.4852 75771 -6.6664 -0.4644 87725 34,8263
7 -191341 136746 0.0493 -2.5493 524845 7.9094 73484 -0.5453 -39.4235 35.7804
8 12019 89038 -1,8982 -6.3215 1.2750 54741 13474 -26037 119187 39.9402
9 -5.4144 -24.5608 06748 42672 -29.9967 -15.3886 -53.3454 -0.7105 686865 80.7837
o -5.7319 -0.7589 -0.3765 00587 34799 -0.3080 71028 01116 -8.7655 -16.0829
Table A-22 b2,y; (10x1)
FH b2 <100 double>
1
1 -10.41584
2 -18.9079
3 14,5770
4 -18.9720
5 -0.0768
G 19,6576
7 25,8405
& 37.5674
g 10.5958
10 -10.8700
Table A-23 W32 y; (1x10)
FH w32 <1:40 double>
1 2 3 4 5 6 7 8 9 10
1] 89318 -0.0145 -0.0030 0.0672 -0.3899 -0.4099 01269 -5.7435 0.0282 -8.8649

Table A-24 b3y (1x1)

H b3 <1 double>

1

1| 5.3373
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