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ABSTRACT

Aircraft gas turbine engines are very complex equipment and their operation is
of vast importance for both Original Engine Manufacturers and airline
companies. Considering the contracts signed between manufacturers and
operators, the former has to estimate the costs of each shop visit, along with
necessary reserves for life limited parts, and the latter has to predict the
available operational time between shop visits. The accurate prediction of shop
visit intervals, costs and necessary reserves, enable both the engine
manufacturer and the operator to plan the engine operation in such a way to
make their products and services more attractive and competitive, with

minimising cost and maximising income.

The focus of this project is to create Cost Estimating Relationships in order to
achieve accurate predictions for short-haul engines. These relationships link the
engine performance parameters to its maintenance schedule and costs. The
performance of the engine and the aircraft are simulated in order to be included
in the analysis of the schedule and costs. At the end, operational severity is
examined and used to quantify the effect of operation to maintenance planning.

The resulting models of this project incorporates performance models, cost
estimating relationships and severity curves to estimate the maintenance
intervals and costs for a particular engine and aircraft flying at various routes.
These results are used to study the effect of operation on maintenance
planning, and they are used to form some basis for airfleet maintenance

schedule planning.

Keywords:

Aircraft, Cost, Engine, Interval, Severity
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1l ntroducti on

1.1 Background

Mai ntenance 1 s a very important part of en
financial consequences. On a technical level proper maintenance ensures a
safe operation of the engine, while from a financial point of view, proper
maintenance can increase the time-on-wing for the engines, and the operational

income.

On the other hand, maintenance work has a cost impact on engine
manufacturers with the cost of repair labour and material costs, and on airliners
with the time the engine has to spend off operation. Therefore, the accurate
prediction of maintenance intervals and costs is very important to both
manufacturers and operators, in order to schedule the intervals and minimise

the maintenance costs.

The amount of maintenance costs, which can be up to 15% of the total engine
costs, and the market competiveness further increase the importance of
accurate prediction of the maintenance intervals and maintenance costs. An
accurate prediction enables detailed planning for minimising costs and
maximising income and gives an advantage to the manufacturer and operator

against their respective competitors.

1.2 Aim and objectives

The aim of the present project is to develop an accurate model that predicts the
maintenance interval costs and necessary reserves for Life Limited Parts,
based on the operating parameters of the engine, and study the effect of these

parameters on the predicted values.

The first main objective of the project is the development of performance
models for the engine and the aircraft, for simulation. Then, a proper database
has to be created for a number of short-haul engines, and the creation of cost
estimating relationships with the use of the database. Finally, the simulation
models are used to acquire values for the operational parameters that affect the



intervals and the costs, and severity factors for each parameter are used to
quantify that impact on the intervals and costs.

1.3 Thesis outline

The current project is comprised of nine chapters, starting with a background
outlook, the aim and the objectives of the project in chapter one.

Chapter 2 fALiterature reviewo

In chapter 2, a brief overview is provided for the basic information the reader
needs to follow the analysed subjects and calculations conducted in this project.
The work in this chapter is focused on the gas turbine performance, basic
maintenance principals, and the factors connecting the engine performance with

maintenance.
Chapter 3 fiMethodol ogybo

This chapter describes the main steps in this project, the connection between

them and the part of each step for the final results.
Chapter 4 AEngine performanceo

Chapter 4 explains the methodology and the steps followed for simulation of the
engine performance, and the aim of the simulation. The performance points are

explained, while finally, the validity of the model is examined.
Chapter 5 AAircraft performanceo

In this chapter the method for the simulation of aircraft performance is analysed.
The steps covered are the data collection, the model development, with its
assumptions, the aim of this section, and the examination of the model validity.
The resulting model is also used afterwards to examine the effect of aircraft

performance on the maintenance intervals and costs.



Chapter 6 fADatabaseo

In chapter 6, the created database is examined. The sources and types of data
are commented on, along with some assumptions made for the validity and
credibility of the found information. Moreover the normalization of the database

is described.
Chapter 7 fAMaintenance schedul e and

This is the main chapter of the project. In chapter 7 the relationships for
estimating the cost and the intervals of maintenance are created, and the
method, the limitations, the tests and results of each relationship is looked into.
The results of this chapter are combined with the results of the other chapters
for the final outcome of the thesis, predicting the effect of some performance

parameters on maintenance intervals and costs.
Chapter 8 fASederity curves

This chapter is composed of an overview of the used severity curves. In the
chapter it is described the aim of the curves use, the limitations imposed in their
use, the meaning and capabilities of such analysis, and the results of the
previous chapters are used together to quantify the effect of performance

changes on maintenance intervals and costs.

cost o

Chapter 9 fAConclusions and suggestionso

This is the last chapter of this project, including conclusions made after the
completion of the work if each chapter in this project and some recommended

suggestions for helping future work to improve similar projects.






2Literature Revi ew

Before the individual steps of the project are looked into, it is considered
necessary to provide a brief outline of the literature for gas turbine performance
and maintenance. The bibliographic research for this chapter was conducted
through various sources including books, articles, papers and previous theses,
so that any information presented can be checked for its validity and accuracy.
The reviewed literature has resulted in a solid foundation for this thesis, with a

rigid support of the concepts explained.

The present chapter has a dual purpose, as it can help the reader acquire an
adequate knowledge to go through the later chapters, and also it illustrates the
fundamental points on which the credibility of this project depends. The chapter
is comprised of two main parts, regarding the turbofan performance theory and

the gas turbine engines maintenance principles.

2.1 Gas Turbine Engines Performance

The gas turbine engines used for aero applications can be divided into three
categories based on the way they achieve propulsion: the turbojet engine, the
turbofan engine, and the turboprop engine [1]. They all use the same basic

principle, and they all are designed around the same core engine.

The basic principle upon which all gas turbine engines are based is the Brayton

Cycle, which is presented on Figure 1.
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Figure 1: Ideal Brayton cycle [2]

The ideal Brayton cycle depicted on Figure 1 is in the form of a relationship
between entropy (x axis) and temperature (y axis). In reality, the air
compression, illustrated by process 1-2, and the gas expansion, process 3-4,
are not isentropic due to losses created by friction, and process 4-1 may be
excluded from the cycle figures, as the hot gases are emitted to the atmosphere
and not returned to the engine inlet. Many variations of this cycle may be found,
depending on the application for which each gas turbine engine is used, and the
desired outcome.

Gas turbine engines are internal combustion engines, as the heat from
combustion is directly transmitted to the working medium. Moreover, gas turbine
engines are open flow machines as the final products are not returned to the
inlet, and finally, they are considered continuous flow since at any given point

air is passing through the engine.

In the core, air is inserted into the engine through the inlet. Then, the air goes
through the compressor, where it is compressed and as a result, its density is
increased. Afterwards, the compressed air goes through the combustor, where
it is mixed with liquid fuel, combustion takes place, and the heat produced is
split into the enthalpy in the air and losses. Moving on, the hot gases resulting
from the combustion pass through the engin
the gas is transformed into produced work by the turbine, and finally it comes
out of the core via the exhaust nozzle. The kinetic energy from the gas, and the

gradient of the static pressure between the gas and the ambient air, are the



generating factors of thrust for the aircraft. For the gases, the kinetic energy and
the static pressure are heavily affected by the static temperature, and both
increase as the static temperature increases. Thus, the higher the temperature
inside the combustion chamber, or Turbine Entry Temperature (TET) as is
known, the higher the generated thrust. Of course there are a great number of
factors limiting the temperature in the combustion chamber.

Air Inlet/ Combustion Chambers

Cold Section Hot Section

Figure 2: Turbojet engine [3]
The expression for generated thrust is:

(2-1)

Fo=m(V, -\)) Ap p)
Where Fy is the generated thrust [N], m is the air mass flow [kg/s], V; is the jet
velocity of the hot gases coming out of the exhaust nozzle [m/s], V, is the flight
velocity of the aircraft [m/s], A is the area of the cross section at the exit of the
exhaust nozzle [m?], p; is the static pressure of the hot gases at the exit of the

exhaust nozzle [Pa], and p, is the ambient static pressure [Pa] [2].

This is the principle found in turbojet engines, and there are some differences
with turbofan engines. In turbofan engines, there is a big fan in front of the core
intake followed by a compressor, and there is also a duct going around the
engine core, and leading to its own exhaust nozzle. The fan compresses the air,
and the amount of air going around the core transforms this energy into kinetic

energy, contributing to the generated thrust [2].
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Figure 3: Turbofan engine [3]

The basic principle of turbofan engines is to generate a major part of its thrust
through the significantly increased mass flow passing through the by-pass duct
and around the core, and thus improving its propulsive efficiency [1]. One of the
most important advantages of turbofan engines is the improved Specific Fuel

Consumption (SFC) for the same thrust level, compared to a turbojet engine

[2].

Due to the presence of the fan, the configuration of turbofan engines is different
in comparison to turbojet engines. The fan in front of the core has a bigger
diameter than the compressors inside the core, and thus it requires a larger
amount of power from the driving turbine. In addition, material properties set
some restrictions on the size and the rotational speed of the fan, since the
centrifugal loads, depending on the rotational speed and the diameter of the
blade, do not cause damage to the blades [4]. As a result, it is necessary to use
more than one spool to connect the turbines with the compressors, to correctly
match the rotational speed and power demands of the fan and the

compressors.

That is the reason why turbofan engines are twin-spool or three-spool, in
contrast to turbojet engines which are single spool. One of the spools connects
the turbine and the compressor inside the core, and is called High Pressure
shaft (HP shaft), while the other shaft connects the fan with its driver turbine,



and is called the Low Pressure shaft (LP shaft), referring to the pressure rise
brought on by the compressor connected to the respective shaft. The third spool
can be used in case of the fan being separated from the compressor coming
after it, and the turbine driving the fan is also split into two turbines. The first of
these two turbines drives the compressor, and both are connected to the
Intermediate Pressure shaft, while the last turbine drives the fan through the LP
shaft [1].

Figure 4: Twin spool (a) and three spool (b) configurations [1]

An important parameter of turbofan engines is the By-Pass Ratio (BPR), and it
represents the ratio of mass flow passing through the by-pass duct to the mass
flow at the entrance to the high pressure compressor, and is expressed:

a 2-2
w02 & (2-2)
a
Turbofan engines can be classified into two main categories based on their

BPR, low BPR engines, with a BPR between 0.2-1.1, and high BPR engines,
with a BPR over 5 [4].

As BPR increases, the mass flow passing through the bypass duct is
increasingly greater than the mass flow passing through the engine core. For a
specific core diameter, the mass flow passing through the core is constant, and
any increase in BPR, means an increase in the mass flow passing through the
bypass duct, with the consequence of improving the propulsive efficiency of the
engine and increasing the generated thrust. On the other hand, the increased
mass flow demands greater cross sectional area of the bypass duct, thus

increasing the size of the total engine, the weight of the engine, and finally



increasing the drag created while the aircraft is flying [2]. This explains why

BPR is a parameter used to compare the size of various engines [1].

2.2 Modules design concept

The modern turbofan engines are designed on the principle of using modules to
construct the whole engine. The modules are specific parts of the engine, and
when they are put all together in a specific order they create a complete engine.
The design based on modules serves to assist maintenance, as any module
can be removed without dismantling the whole engine. Any individual module is
characterized by its own maintenance history, performance identity and
maintenance schedule. This gives the potential for any module to be replaced in
one shop visit as an entity. The two most important advantages of the modular
design are the reduction in the time the engine is held in the maintenance shop,

and the reduction in the essential savings for spare parts [5].

The major modules found in any twin spool turbofan engine are briefly
described below:

U Fan module: The fan is the first module of every turbofan engine and
its role is to compress the air that will go around the engine core. It is
comprised of the fan blades, the fan casing and the fan disk. Fan
blades are usually made of titanium [5] but the most modern engines
may have blades made of composite materials [6].

U Low Pressure Compressor module (LPC): The LPC is the first

compressor inside the core, and it compresses the air going through
the engine at an initial pressure level. Similar to the fan module, the
LPC module includes the blades, the casing and the disk. Unlike the
fan, the LPC module is made up from alternating series of rotating
and stationary blades [6].

U High Pressure Compressor module (HPC): The HPC module is the

second compressor inside the gas turbine core, and its role is to
further compress the passing air, to the desired level before it enters
the combustion chamber. Both the LPC module and the HPC module



are usually comprised of axial compressors with subsequent rows of
stationary and rotating blades.

0 Combustor module: The combustor follows the compressor modules,

and is where the combustion takes place, by igniting the mixed fuel
and incoming air. The heat is transferred to the air to increase its
enthalpy. This particular module includes the outer and inner case,
along with the fuel injectors, and finally the guide vanes for the High
Pressure Turbine module.

U High Pressure Turbine module (HPT): The HPT module comes in

between the combustor and the Low Pressure module. It consists of
the rotor and nozzle guide vanes of the HPT. The role of this module
is to extract power from the hot gases, and transform it into the
useful work needed to drive the HPC module along with the
accessory gearbox module.

U Low Pressure Turbine module (LPT): The LPT module is the final

module of the core engine. Its purpose is to make use of any power
remaining in the hot gases, and to drive the of fan and LPC modules.
This module is made up from the rotors and stators of LPT, and the
rear frame oftheengi neds tur bine.

U Accessory drive module: This is the last module inside the whole

engine. It is not placed on the same axis as the previous modules,
and usually it is attached to either the engine core, or the fan case.
Its role is to extract power from the HPT module and drive the aircraft

accessory systems, such as pumps and generators. [5]

2.3 Engine performance parameters

There are some rather important engine performance parameters that also have
a key role in setting the maintenance schedule as they reflect the performance

and the deterioration of the engine.

The first of these key engine parameters is called Engine Pressure Ratio
(EPR), representing the ratio of pressure at the turbine exit to the pressure at

the inlet of the compressor. EPR is a way to measure thrust, especially in



turbojet engines, and it has been preferred because it is quite reliable and easily
measured [1]. If the value of EPR is rapidly fluctuating, it may be due to an
engine stall, while low values of EPR may be attributed to a flame-out in the

engine.

Another key parameter is the rotational speed of each spool. N1 is the rotational
speed of the shaft connecting the LPT to the Fan, and N2 (or N3 for a three
spool engine) is the rotational speed of the shaft connecting the HPT to the
HPC. They are both usually expressed as percentages of the respective design
rotational speed. Similarly to the EPR, any rapid variations in the value of N1 or
N2 (or N3) may indicate a stall of the engine. Additionally, as with the EPR, a

low value of N1, may be caused by a flame out in the engine [5].

The final key parameter, and probably the most important, is the Exhaust Gas
Temperature (EGT). EGT is a measure of the engine performance that also
reflects the deterioration in the engine. EGT is expressed in the form of degrees
Celsius, and is measured at the exhaust of the engine. However, EGT can be
measured in other locations as well. For example, in the CFM56-3 series

engines, EGT is measured at stage 2 of the LPT nozzle [7].

The EGT is a reflection of the current engine performance state, and its
capability to achieve the designed thrust level. Thus it is a measure of the
engine deterioration. The engine is supposed to achieve a specific level of
thrust, as designed initially. If the engine is degraded, the temperature inside
the combustor must be increased to create more heat, which will be stored in
the gas, and it will be extracted by the turbines and consequently the EGT of
the gas will be higher [1]. The higher the EGT of the engine is, the higher the
level of degradation the engine has gone through. During the whole procedure
of a flight, EGT reaches its maximum at take-off, or after lift-off, which are the
two most demanding phases of engine performance. If EGT is increased
beyond a certain level, it can directly lead to extended damage on the turbines,
due to the heat transferred [4].

To avoid EGT reaching higher levels than that allowed, the Exhaust Gas

Temperature Margin (EGTM) concept is introduced. EGTM is the margin



representing the allowable levels of EGT, before it reaches its limit. The limit of
EGTM is the maximum allowable EGT, also called the Redline EGT. Redline
EGT is the maximum EGT, that the engine can withstand without damage. The
engine can be in service as its EGT is within the EGTM, and it has to be
removed once its EGT reaches the redline EGT. Since EGT increases as the
engine becomes more degraded, the highest value of EGTM is met when the

engine is fairly new [4].

A factor that has great influence on EGT is the Outside Air Temperature
(OAT). The control system of an engine is set to deliver a specific thrust level,

and therefore, any increase in OAT results in a rise in EGT.
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Figure 5: OAT influence on EGT [8]

As can be seen on figure 5 above, EGT rises with OAT, up to TREF, which is
known as Corner Point Temperature. Above this temperature, the EGT
surpasses the Redline EGT and damage is caused to the turbine. The engine
can be operated at higher OAT, but it has to deliver decreased thrust level, to
avoid exceeding the Redline EGT [5].

2.4 Aero Engines Maintenance Concepts

2.4.1 Maintenance categories

Maintenance ensures that the engine will operate in the desired way. The

concept of maintenance incorporates the entity of work and services that are



essential to retain undisrupted operation so that the engine produces the
desired outcome. This is either thrust or power. In addition, the purpose of
maintenance is, to minimize the deterioration in the engine, and to meet the

regulation standards of a safe and operable engine [5].

The nature of the maintenance work can be divided into two main categories:

0 Performance: As explained earlier, more time on operation, produces
the more deteriorated it gets, and this can be seen through the
reduction of EGTM. This type of deterioration can be seen as wear or
cracks mostly on the turbine blades, and maybe on the compressor
blades. Therefore to enhance the deteriorated performance of
engines, the airfoils in turbines, and maybe compressors, are
checked, fixed or replaced, as seen fit.

0 Hardware: Besides decreased performance levels, the engine
deterioration also affects the physical state of the engine
components. Some of the mechanisms that cause degradation on
the engine are fouling, erosion, corrosion and rubbing wear to name
but a few [9] and they lead to cracks in the materials, especially the
blades. Thus, failure may arise in many forms, such as rupture of a
blade, and the engine may be heavily damaged. Consequently,
maintenance procedures must also consider removal of worn
components to ensure the safe operation of the engine in the future
[10].

Repair work can be take place in two places, either on an engine installed on an

aircraft, known as on-line maintenance, or in the shop [11].

2.4.2 Life Limited Parts

There is a group of specific engine components that are regulated by different
rules than the rest. These components are called Life Limited Parts (LLP) and
they follow specific rules composed by international organizations, such as the
Federal Aviation Administration (FAA). According to the FAA, the definition of

LLPs i s: Aengi ne r ot arts, whose@rimarafpilare is lgkelyr uct ur al
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fracture mechanics and the number of cycles they can run for, before they are

removed, is calculated as the minimum cycle number before a crack of

particular dimensions is formed [12]. It should be noted that LLPs are a

significant part of the overall engine maintenance cost, reaching even more

than 20% of the total cost [5].

Every module of the engine includes a number of LLPs. For example, the fan
and booster module of a CFM56-3 engine has three (3) LLPs, the LPT module
has seven (7) LLPs, and the HPC and HPT modules have a total of nine (9)
LLPs [10]. The LLP with the shortest life dictates the maintenance schedule, as
the engine has to be removed from operation and sent for repair, when it
reaches the life limits of LLPs. The shortest remaining life of all LLPs in an

engine is called stub life [5].

2.4.3 Maintenance philosophy

Historically the philosophy and tools of maintenance have changed and evolved
to a great extent. In the early days of gas turbines, the maintenance philosophy
was to fix any damage after it had happened. Later, the maintenance
philosophy was to fix the whole engine at specified intervals, and now
maintenance is set on a schedule based on monitoring of the equipment. The
development of technology has helped to create ways to monitor the condition
of each engine, and then decide the necessity of a shop visit, or what action is

the best for the operability of the engine [9].

Through the years, the philosophy of the maintenance schedule has also
changed. In the past, the maintenance intervals were based on strict safety
regulations, that in order to ensure the safe operation of engines, some safety
factors were over-estimated. Thus in many cases, the engines were removed
from operation, although they still were able to operate safely, due to absence
of tools that enabled better life evaluation. Nowadays, the maintenance intervals
are scheduled based on a great number of various factors. For example, both

11



LLP remaining life and performance levels are taken into account to schedule

the next interval.

These different factors make the development of a complete workscope
planning a rather difficult task. The aim of the workscope planning is to ensure
the best possible condition of the engine, regarding both the performance and
the structural strength of the components. Workscope planning is driven by the
main expectation that engine long run costs will be reduced to the minimum
possible level. So the whole planning process is an optimization process that
takes into consideration all the LLP life limits and the performance indicators,
such as the EGTM.

2.4.4 Repair work

At every shop visit, the engine undergoes specific repair work. There are three
different levels of repair work for the engines, depending on the condition they
are in and the type of the module being repaired. The aforementioned levels
are:

0 Minimum level workscope: This is the lightest level of repair work,

and usually takes place when the engine has passed only a small
period of time since its last overhaul. For this level of workscope,
external inspections and minor repairs are adequate to restore the
engine. There is no need to dismantle modules for a minimum level
workscope.

U Performance level workscope: This level of workscope is more

demanding, and actually requires the dismantling of a module to
check the condition of the rotor assembly. The seals, airfoils, shrouds
and guide vanes are subjected to inspection, and then repair or
restoration, if they are needed.

U Full Overhaul Workscope: This is the most extended level of shop

visit repair work, and this happens fewer times than the others
workscope levels. Engines go through full overhauls when they have
reached their time, or cycle, limits, or when the components are not

in condition to ensure safe operation of the engine. For this kind of

12



workscope level, the examined module is completely taken apart,
and each piece of the module undergoes full examination and
inspection. If considered necessary, the hardware of the module is

restored to allow the engine to be operable again.

The two main factors that dictate the workscope level in every shop visit of the
engine are Time On-Wing (TOW) and economic considerations. The TOW of an
engine has an impact on its shop Direct Maintenance Cost (DMC) and its
Shop Visit Cost (SVC). The DMC includes all the costs for scheduled and
unscheduled maintenance materials, labour and other services to meet the
desired performance level, and some of the factors of DMC are the depreciation
of current assets, the insurance costs, the fuel costs, the aircraft crew, and the

aircraft maintenance cost, to name but a few [13].

The more TOW an engine has, the more the operational cost is reduced but the
maintenance cost is increased. It is expressed as $/Flying Hour ($/FH). As
explained earlier, the wear on the engine components is increased it spends
mor e ti me i n operati on, t herefore,
deteriorated, and in the next shop visit they will require more extended repair
labour and replacement. Of course, the amount of the necessary repair work is

affected by many other factors too, and does not only depend on TOW.

The consideration over TOW is different for short-haul engines and medium to
long-haul engines. The former accumulates the maximum number of flight
cycles rather fast, and the replacement of LLPs on such engines is the most
usual cause of overhaul, and has a great impact on the engine maintenance
cost. As a consequence, it is crucial to create a maintenance schedule in a way
that the performance levels will fit in the intervals of LLP replacements. On the
other hand, medium to long-haul engines have a different driving mechanism for
their maintenance schedule. This type of engine manages to spend adequate
time in operation between LLP replacement intervals, and this leads into
extended wear on the components. Thereupon, the schedule is mostly based

on performance degradation, and more components are replaced due to higher
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t

he



level of deterioration, especially on the core modules of HPC, Combustor and
HPT [5].

For the replacement of components and LLPs, there are specific parts that are
acceptable from the directives of the FAA. As defined by the FAA, the parts
intended for replacement must undergo a specific approval process, and be
distributed through approved suppliers in order for a manufacturer to be allowed

to sell his parts [14].

Regarding the financial considerations, some operators are not willing to pay, or
able to afford, the maintenance costs of an engine, especially since they are so
high, as explained earlier. Hence, these operators may opt for altering the

engine performance and build levels, in order to mitigate the maintenance costs

[4].
2.4.5 Removal factors

As explained earlier, the TOW an engine has dictates the frequency of the
maintenance schedules. The TOW has an impact on both the performance
deterioration level and LLP replacement schedule, but these two do not usually
coincide, and hence there is the need to measure TOW in a suitable manner for
each parameter. This has led to creation of two parameters for measuring
TOW, and these are Flight Hours (FH), or Engine Flight Hours (EFH), and
Flight Cycles (FC), or Engine Flight Cycles (EFC). FH is a measurement of
TOW suitable for calculating the engine performance level; while on the other
hand, FC is the measurement of TOW that best suits LLP replacement
schedule [5]. A FH stands for one hour of flight, while a FC represents the time

for the entire set of actions from take-off to landing [15].

A factor that significantly influences the maintenance schedule is the age of the
engine. When an engine starts operating it is quite new and its components are
in condition to withstand extended deterioration, and severe operations.
However, as t he engine accumul at es
Aiwe aker 0Iitrequiresimose drequent maintenance schedules. The period

from the Dbeginning of an engineds |
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shop visits. Usually, after the engine has gone through its first shop visit, it is
considered t o be i n i ts Amat ur eo phase.
considered the period after the first replacement of all the modules in the

engine.

The engine removal causes vary depending on the engine type and the engine
life phase. Short-haul engines usually are taken out of operation for repair
based on the number of flight cycles they have accumulated, whereas medium

to large-haul engines have shop visits intervals mostly dominated by their
EGTM deterioration.
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Figure 6: Engine removal causes for short-haul (a) and long-haul (b) engines [5]

In figure 6, it can clearly be seen that the pha
other shop visit cause. For example, the first shop visit for short-haul engines is
usually imposed by the deterioration of their EGTM, while for the majority of
their lives after the first shop visit the LLP replacement schedule dominates the

maintenance schedule of short-haul engines [5].

The most common removal causes include EGTM deterioration, LLP life limits,
hardware deterioration, and Domestic or Foreign Object Damage (DOD &
FOD). Some of these causes have already been discussed. For the
deterioration of EGTM, it has to be noted that the physical explanation behind it
is that as the engine deteriorates; the tip clearances in turbine blades are

increased, leading to increased losses on the gas flow. The losses of the gas
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path flow result in deterioration of the overall engine, and so the control system
makes increases the fuel flow into the combustion chamber, in order to achieve
the desired thrust level. Consequently, the additional fuel brings on increased
fuel consumption, and more heat generated in the combustion chamber. The
surplus of heat is absorbed by the incoming air, and later on is absorbed by the
turbine blades and they suffer more severe and extended damage [5].This can
shed light on the fact that for a given engine model, the higher rated variants
have a higher EGTM deterioration [12].

EGTM deterioration rates
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Figure 7: EGTM deterioration rate for CFM56-3C [12]

The figure above proves the previous statement as it can clearly be seen that
the higher rated variant of the CFM56-3C engine demonstrates a rather higher
rate of EGTM deterioration [12]. However, the data from the same source, [12],
dictates that the figure above does not reflect reality, as the EGTM for the
CFM56-3C engines is 30°C for the temperature of 30°C at which they are flat
rated, so the curves should stop at the point where 30°C of EGTM are lost, but

this figure is only for explanation of the comments above.

As explained earlier, the LLPs have strictly specified life limits based on cracks

formation given the risk they impose on the safety of the engine. Thereupon,
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LLPs are limited by the number of FC they accumulate, and they are replaced in
the upcoming shop visit. The hardware of the engine follows a similar principal.
The hardware includes turbine and compressor blades amongst others, and
when they reach a certain extent of damage, they are repaired or replaced.
However, the difference between LLPs and hardware is that the hardware is not
removed from the engine after a specific FC number, but it is subjected to
frequent inspections and afterwards the results are evaluated to examine the

remaining strength and life in the hardware [5].

The last mentioned cause of removal is Object Damage. This can be attributed
either to a foreign object, such as birds, ice or anything else outside the engine,
or to an object from inside the engine, also known as a domestic object. DOD
usually happens when debris from within the engine cause damage to the
engine turbine [5]. The prediction of such events is impossible, and they are
usually measured in rate of occurrence per 1000FH. FOD and DOD events may
happen very seldom but when they occur, usually heavy damage results, and
the engine has to be taken immediately to shop visit for repair. The shop visits
resulted from such events are never planned. They are called unscheduled
removals and they heavily affect the existing schedule for planned removals
[12].

2.4.6 Cost affecting factors

Finally, it is of utmost importance to explain some factors that affect both the
TOW and the costs of an engine. These factors are thrust level, operational
severity, age status and workscope planning philosophy. Their influence is a

significant effect on shop intervals and cost.

Most engine variants can operate at different thrust levels, and this has a direct
impact on engine deterioration. The higher the thrust level an engine works in,
the higher temperatures occurring inside the engine core, and this leads to
higher thermal stresses on the engine components downstream the combustor.
The higher thermal stresses can be translated into more severe and faster

deterioration of the engine, which in turn is seen as shorter maintenance
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intervals and higher maintenance costs. A reduction in the thrust level can result
in improved SFC, lower maintenance costs, longer intervals between shop

visits, and finally slower rates of EGTM deterioration.

It has been explained before that the shop visit intervals and maintenance costs
are affected by the age of the engine. In a great number of occasions, it has
been noted that new engines can operate for longer time periods than mature
engines, and this additional life can be up to 20% or more in relationship to the
life of mature engines. This happens because mature engines suffer from more
severe deterioration rates, more severe scrap rates, and thereupon higher cost

of maintenance [5].

One other factor that can influence the shop visit intervals and costs for an
engine is the workscope planning philosophy. The planning philosophy is
expressed through the workscope planning guide, which is a group of
guidelines aimed to maximize the performance margins and enhance the
serviceability, reliability and durability of the engine. These guidelines can help
establish a workscope strategy for the engine, and the company that has to
carry out the maintenance work will tend to plan their intervals for minimum
amount of work, or for minimum shop visits. However, it is of crucial importance
to keep in mind that these are guidelines, and cannot fully replace the real

workscope planning which can take into account events such as DOD or FOD.

The former strategy aims at decreasing the cost per shop visit, with reducing
the amount of work done in each shop visit, whereas the latter strategy is
focused on minimizing the long term costs. A complete workscope planning

policy should be optimized for both operation and long term cost plans [5].

Last but definitely not least, the remaining factor of those mentioned above for
affecting maintenance schedule and costs, is operational severity. Operational
severity expresses how demanding the conditions are in the environment the
engine operates. Operational severity includes flight length, take-off de-rate,
Outside Air Temperature (OAT), and type of environment. Severity can be
expressed through severity curves and is an indication of the impact the

environment has on the costs.
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Flight length is the criteria based on which the engines are divided into short-
haul and medium to long-haul engines. The take-off and climbing parts of the
flight envelope are an inevitable part of the flight schedule for all the engines, no
matter their type, short or long-haul, and these two parts have the highest
demand for power, where the highest rate of deterioration takes place. The rest
of the flight is under less severe conditions, where the stresses appearing on
the components are alleviated, and the total degradation of the engine is slightly
mitigated. Therefore, the more time an engine spends at cruise condition, the
less severe deterioration is imposed on it through take-off and climb, and the
longer it will last.

F Y

GreaterFlightLeg

Cost$/ FH

FlightLeg (Hours)

Figure 8: Flight Length effect on SVC [5]

As it can be seen on the figure 8 above, the greater the flight length the lower
the SVC is. This is due to the effect described above, regarding the stresses
caused at each part of the flight envelope, and therefore with less deterioration
occurring, the engine requires lighter level of repair work on the upcoming shop
visit.

Similar effect on severity can be imposed by the thrust de-rate level. The level
of de-rate represents the percentage by which the thrust is reduced in
relationship to the maximum thrust level. The de-rate level is actually the sum of
the de-rate level at take-off, at climb and at cruise, but usually the term de-rate
refers to the take-off de-rate because 1 minute of take-off conditions represents

at least 45% of the total engine maintenance cost. The effect of de-rate is the
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reduction of the EGT, since the lower thrust level demands less power from the
engine, so less fuel is used, therefore the temperatures inside the core is
slightly decreased, so EGT and thermal stresses on the turbine are reduced
[16].

-~ Increasing Derate = Lower Thrust
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Figure 9: De-rate effect on severity [5]

Figure 9 above proves the previous statement, as it can clearly be seen that the
greater the de-rate level, the less severe the engine operation is, thus reducing

the SVC and increasing the shop visit interval.

It has been explained earlier in this chapter that for a given thrust level, EGT
rises as OAT rises, and this leads to faster EGTM deterioration. If OAT
surpasses a pre-specified temperature, represented as TREF on figure 5, then
the thrust level of the engine has to be decreased to maintain a constant EGT
under the Redline EGT. In order to meet the requirement, the take-off thrust has

to be de-rated to lead to lower values of EGT [16].

The last factor affecting the de-rating of the engine is the type of environment.
Apart from the OAT, the environment can affect the thrust level depending on
the particles in the air. In some regions of the world, the air includes great
number of various particles that increase the deterioration of the engine. For
example, over desert areas, the sand in the air creates a severe environment in
which the operation of the engine is worse. Over the sea, the evaporation

increases the composition of the salt in the air, and this leads to more severe
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degradation of the engine due to corrosion and erosion. To counter such
effects, the engine has to be de-rated to compensate with decreased EGTM

deterioration [5].

To translate the severity effect on the engine shop visit intervals and costs, the
Original Engine Manufacturers (OEMs) have developed severity curves from
the severity data that is based on statistical distributions that represent the
anticipated visit cost and TOW in respect to the flight length and the de-rate
level. These severity curves look like the curves presented in figure 8. OEMs
develop a different severity curve for each thrust rating of each engine variant,
and different severity curves for non-mature and mature phases of the engine
life [5].
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S3Met hodol ogy

The aim of this project is the development of a group of Cost Estimating
Relationships (CERSs), to examine the shop visit intervals, shop visit costs, and
reserves for LLPS, for short-haul engines. Moreover, the effect of operational
factors on the maintenance and costs is examined via the use of severity
curves. For the implementation of this attempt simulation software for the
engine and aircraft performance has been used, and mathematical modeling

has been employed for CERs and severity curves.

The current thesis takes a generic approach on the examined subjects, and the
results have been extracted accepting some assumptions and errors in the
process. Therefore it should be stated that the results of the thesis are just an
indication of the intervals and the costs, and not definitive values. On that basis,
the results are not considered accurate enough that any decision can be made
based on them, but they surely provide an acceptable view on the trends on the

models when some specific factors are changed.

The final results of the thesis come through a number of steps. Firstly, the
engine performance is modeled with simulation software, Turbomatch and the
aircraft performance is examined with the use of the simulation tool Hermes.
Simultaneously and independently, the Data Base for the examined engines is
created through data search and collection, and afterwards, the CERs are
created with a backwards regression method, to forecast the maintenance
intervals and costs for the engines. Following that, severity curves were
modeled, so that in the end, the results from aircraft and engine performance
simulation can be introduced into the severity curves to forecast their effect on

the results of the CERs. The sequence can be seen in the following flowchart.
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Figure 10: Project Flowchart
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4Engi ne Perfor mance

The first step of this project was the simulation of the gas turbine engine
performance. The results of this simulation were later used in the next
simulation program, Hermes, for the simulation of the aircraft performance.
Finally, the effect the OAT has on the generated thrust was examined using the

engine simulation software.

Initially, an airliner selection was needed in order to make the project a little
more specific, and introduce a feature that would make it more realistic rather
than just a literature overview. Based on the airliner, the engine and the aircraft
were selected accordingly, from the range the aircraft manufacturer offers. The
airliner chosen was British Airways, and a focus was made on short-haul
narrow-body aircraft [17]. Therefore, the aircraft selection was the Boeing 737-
400, and the engine initially was the CFM56-3B2. However, later on, the engine
changed to the CFM56-3C1, since most of the selected data regarding the
payload curves for the aircraft concerned aircraft with the CFM56-3C1 engines
installed. Both engines are short-haul high bypass ratio turbofan engines with
separate exhausts.

Figure 11: CFM56-3C engine [18]
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For the engine, an elaborate data search was conducted, with cross-checking of
various sources, including books, websites and previous theses for any relevant
pieces of information. For the particular engine family, the CFM56-3, the theses
archive of Cranfield University does not offer an abundant amount of
information since usually the families of the CFM56-5 and CFM56-7 are
examined, and no performance model for CFM56-3 was found. Therefore, data
was gathered from several sources, including [18], [19], [20] and [21]. Out of all
these sources, [20] was considered the most reliable, and this was the major

source of data. Thus, the data used for validating the model was:

Table 1: Validation data [20]

Value

Take Off Thrust (N) 104500

Top Of Climb (TOC) Thrust (N) | 24640

Cruise Thrust (N) 23887

BPR 5

Overall Pressure Ratio TOC 30.6

Take Off Mass Flow (kg/s) 322

4.1 Turbomatch

The simulation of the engine performance was conducted via Turbomatch, the
simulation software developed at Cranfield University. Turbomatch is a program
for the simulation of gas turbine engines, presenting the capability to carry out
both Design Point (DP) and Off-Design (OD) calculations [21], and in its latest
version it also performs analysis of the Transient performance of the engine
[22].
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Turbomatch uses some generic component maps, which are experimentally
derived, and it scales them for each individual engine modeled, to match its
Design Point, prior to performing OD calculations. These maps are the basis on
which the calculations are made through an iterative approach and on the
principal of mass flow and energy equilibrium, and they can be found in [21].
For OD cases, the performance of the engine is estimated by altering the
throttle settings, changing the rotational speed of the shafts, and the

temperature at the exit of the combustor.

Turbomatch simulates engine performance using a concept of representing

them as a group of component s, i n aehe form
called inside the program [21]. The performance of each component is based

on the fundamental equations used in each component, such as combustion

equations for the combustor and fluid dynamics for the engine intake. However,

the program itself does nodmaecgiadetaihleut t he cor
it does calculate the input and the output to every brick. This modular concept

enables Turbomatch to simulate any modern engine in detail [22].

As stated earlier, the engine examined in this thesis is CFM56-3C1, and a view
of its components is presented in figure 12 below.

o CFM56-3
(S J—

lll‘lll m :

N

Figure 12: CFM56-3C modular design [23]
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In the picture above, at the front-left end, the fan frame is represented, with
white colour, the fan module is with the light blue colour, and it includes the fan
and the booster compressor. At the same point, with the dark blue colour shows
the first and the second supporting bearings, and behind it, with a light blue, the
inlet gearbox and the third supporting bearing are depicted. In the lower part of
the picture, the accessory gearbox is with orange colour, and next to it with a
darker shade is the transfer gearbox. In the middle, the green coloured shatft is
the LPT shaft, the pale yellow is the HPC rotor, the pink represents the HPC
stator, the orange is the combustor casing and the red colour is the combustor
liner. Between the LP shaft and the combustor casing is the HP rotor and on the
right side of the combustor liner is the HPT nozzle. Finally, on the right side of
the picture are the LPT frame and left of it, the LPT.

The bricks for the Turbomatch engine model are presented in figure 13. The
structural parts of the engine are not included in the simulation, as they do not

directly affect the engine performance.
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Figure 13: Engine's blocks in Turbomatch model

One difference between the simulated engine and the real one presented on the
figure 12 is that the simulated engine has only one bleed at the end of the HPC,
while the real engine has two bleeds, one at the 5" stage and the other at the
9" stage of the HPC [8]. This modification was introduced since Turbomatch
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does not offer the capability to insert a bleed in the middle of the compressor,
but only at its end, and therefore, an introduction of a bleed at the 5" stage
would require the compressor to be broken down to independent compressors,
introducing greater values of error. Moreover it has been assumed that there is
only one bleed from the HPC for cooling the blades of the HPT, and there is no
air bled from the LPC. A complete input file for Turbomatch is given in Appendix
A.

With the use of Turbomatch there is one important assumption accepted. As
explained earlier Turbomatch contains some generic maps for the compressors
and the turbines, and these maps are scaled based on the DP of every engine
in order to be used later for the OD performance. This means that Turbomatch
does not have the real component maps for each engine, and thereupon it is
known that an error is introduced in the OD engine performance due to the

absence of the authentic maps [21].

4.2 Simulation process

After the engine selection, a basic step of the simulation process is the selection
of the DP for the engine. The engine data acquired concerned three specific
points in the flight profile, as can be seen in table 1. From the sources found
regarding the engine, most data concerned the parameters from the Take Off
phase. There was some data concerning Top Of Climb (TOC), while the least
data was about Cruise. On this basis, the rational choice was to take the Take-
Off as the DP of the engine. However, this choice led to a problem with
compliance in Hermes model. The Hermes model uses the engine file to specify
the SFC of the engine, and the flight length based on a specified amount of fuel
in the tanks. The problem is that although Take-Off seems the most reasonable
choice for the Turbomatch model, Take-Off is only a very small portion of the
total Flight Path, as it usually lasts about 1 minute, so the engine file was not
consistent for its required use in Hermes [24]. For the purposes of the most
accurate model of Hermes the cruise data should be used in the DP of the
engine, but the information was not adequate. Therefore, the Top Of Climb was

selected to be the DP for the Turbomatch model, since it satisfies all
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requirements. Top Of Climb is a demanding point for the engine, as it requires
all the components to work at high performance level, and therefore the engine
is not at part speed, where the Turbomatch maps could introduce great error.
Moreover it is close to the Cruise conditions and the difference in performance
IS not large. It is therefore reliable in the Hermes model, and above all there is
adequate amount of data to validate the engine performance at this point.

The next step after the selection of the TOC as the DP, was the calculation of
the engine mass-flow at that point, since this information was not found on the
literature. The mass-flow could be found through an iterative process by
changing the mass-flow and examining the validity of the results. However, it
was preferred to calculate the mass-flow to produce a result in a more accurate
and quick way. The data found in the literature was the fan tip diameter,
Fp=1.524[m] [20], and it was assumed that the fan has a hub/tip ratio equal to
0.24, and the fan axial inlet Mach number is 0.6 [1]. The mass-flow was

found equation 4.1 [2]:

(4-1)
here m is the mass-flow [kg/s] of the air at the inlet of the fan compressor, | is
the air density [kg/m?] at the flight altitude, V is the air velocity [m/s] at the inlet

of the fan compressor, and Agan is the area of the fan cross-section [m?]. The

latter parameter was found from equation 4.2, [25]:

(4-2)

Pl R2
A=C (DY D)
ti hub
4 p
For the following, the flight altitude was necessary, and it was found that the
engine reaches an altitude of 10668[m], 35000][ft], at the TOC [20]. At this
altitude, the values of temperature and pressure were acquired through [26] and

[27]. The next step was the evaluation of the air velocity at the fan inlet [2]:
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(4-3)
V=M, /gRt

Where, Ma is the Mach number of the axial flow equal to 0.6 according to the
assumptions stated earlier. The static temperature was found from equation 4-
4. [2]:
T (4-4)
I .
1+9 M2
2

Where, t is the static temperature of the air as explained before, T is the total
temperature of the air [K] and was found through [26] and [27]. Lastly, for the
equation (4.1) the density has to be calculated, and this is given by equation 4-8

[2]:

(4-5)
-

Rt
Where, } is the air density as described before, p is the air static pressure [Pa]
at a specific altitude. The static pressure is calculated through the following

equation [2]:

P (4-6)
p =
-1

-I-O-@z\m

% M 2
2 M
All these equations led to the calculation of the mass-flow, which was found to
be equal to 138.5[kg/s]. After the mass-flow calculation, the OPR has to be
divided between the three compressors, the fan, the booster and the HPC. In
order to make the engine model a little bit more realistic, and to introduce some

design features in the simulation, the fan pressure ratio was calculated.

The calculation was done based on the one proposed by Guha in 2001 [28]. As

stated in [28], the usual design wisdom is followed, dictates that on civil aircraft
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engines, the fan used is a one-stage fan compressor, and therefore the
maximum value of FPR is about 1.8. However, the calculation of an optimum

value for FPR, given the other parameters, such as OPR, BPR and TET are

constant, results in reducing the SFC

that the optimum Fan Pressure Ratio (FPR) is found from equation 4-7 [28],
and is 1.94625:

& (4-7)
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Where, (FPR)op is the optimum FPR to be calculated, BPR is the Bypass Ratio
of the engine, dxe is the efficiency of the energy transferred between the core
and the bypass flow, and is depending in the component efficiency of the fan
compressor, the LPT, and the bypass nozzle, as well as the flow losses inside

the engine ducts, and finally the mechanical losses on the shafts. Ty is the

ambient air static temperature, and F’% is the specific thrust of the engine [J/kg],

calculated as:
. (4-8)
m,+m

<

Where, F% is the specific thrust to be calculated, M, is the mass flow [kg/s] of

the air passing through the engine core, and M, is the mass flow [kg/s] of the air

passing around the core and through the bypass duct [28].

The variation of the calculated optimum FPR with the specific thrust in separate-
stream bypass engines can be seen in figure 14, from which the value of FPR
for the designed engine is extracted:
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Figure 14: Variation of FPR for specific thrust [28]

For figure 14, the value of M is 0.82, the total temperature of air is T;=216.65
[K], the efficiency dr £0,82, and 2=1,4. The lines drawn on top of the figure
specify the point which represents the BPR and the specific thrust of the engine
at the TOC. The engine specific thrust at TOC is 17.8[Ib/Ib/s], and the BPR is 5.

The calculated value for FPR is quite high for civil turbofan engines, especially
forthe CFM56-3 C1 engi ne, which was designed in t
designed at that period usually has a FPR about 1.7-1.8 [20]. However, there is
lack of information about the actual FPR of the engine. Furthermore, the
optimum FPRischosenf or t he mini mum SFC, which fits
for making engines more appealing. Moreover, the figure was based on a
comparison of the published data for the engine with the Turbomatch results

and it gave good results.

The next step after the calculation of FPR is the evaluation of the PR for the
booster and the HPC. The data acquired for the engine validation included the
OPR at the DP, which is the TOC. The OPR is equal to the product of the PR of
each compressor [2]. In the form of an equation the above statement can be

expressed as:
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Based on the equation above, and since the FPR is calculated, the LPC PR and
the HPC PR have to be selected. Through research on other engines [22] and
through fundamental theory about gas turbine engines performance [1], [2], the
LPC PR was selected to be equal to 2, while the HPC PR was found to be
7.8613.

After this, an important step was the selection of the components efficiencies.

The efficiency for each component is presented in the following table.

Table 2: Components Efficiencies

Efficiency
Fan 89
Booster 88
HPC 88
Combustor 99.9
HPT 89
LPT 90

The efficiency of each component was selected based on the basic theory of
gas turbine engines [1], [2], and on the values found for other engines, already
simulated [22]. The efficiency of the fan, the booster, the HPC, the HPT and the
LPT are isentropic efficiencies, and they satisfy the engine requirement of the
turbines working more efficiently than the compressors. Therefore, the turbines
produce the necessary amount of work to drive the compressors and the
accessories, even with the mechanical losses. The efficiency of the combustor
is the combustion efficiency, representing how much fuel is burnt, divided by the
total amount of fuel introduced in the engine. The efficiency of the nozzles, and
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the mechanical efficiency are not part of the input file for the Turbomatch, and
therefore they are not presented here [21], [22].

Finally, for the correct validation of the model, the auxiliary work and the amount
of bled air have been found. The auxiliary power is extracted from the HPT, so
the turbine must produce this additional amount of work, and is used for the
aircraft generator and other services. The HPC has two possible locations from
where air is bled, at the end of the 5™ stage and at the end of the 9™ stage, but
as it has already been explained, the simulation model includes only one
bleeding position. The amount of air bled depends on the rotational speed of the
LP shaft [7], and therefore, the input value has been selected to be one
representing an average value for all cases. For every case simulated, the TET
of the engine was used as the controlling parameter. All the specifications of the
engine and the flight conditions were inserted to Turbomatch, and in order to
conduct the calculations and extract the results, the TET value was changed in
every different case. The final results of Turbomatch are acceptably accurate for
the matched performance point of the engine.

After finalizing the input file, the simulation was done, and the following table
presents the results, and their respective relative errors.

Table 3: Turbomatch results and errors

Literature Model Error (%)
value value
Take Off Thrust (N) 104500 105059.77 | 0.536
TOC Thrust (N) 24640 24632.09 |0.032
Cruise Thrust (N) 23887 23931.63 |0.187
Take Off Mass flow (kg/s) | 322 319.24 0.857

The BPR and the OPR are not presented on this table, because they both are

design parameters that were used as input to simulate the engine more
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accurately, and therefore they are not part of the results. Moreover, the TOC
thrust, which is the DP, has an error of 0.032% which is quite satisfactory, and
the simulated engine is an accurate representation of the engine modeled.
Apart from this the OD cases, which are the cruise and the Take Off, have
similarly small percentages of errors, all below 1%, so overall, the model is

accepted as accurate for the simulation of the CFM56-3C1 engine.

In conclusion, Turbomatch is a simulation software used for the simulation of
gas turbine engines performance, validated against public sensitive engine
data, and the model made on this program is adequately accurate, with the
assumptions made above and also regarding the errors introduced by the
program itself. The model can be used later on without any problems, as it is
pretty close to the reality.
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5Ai rclPafftor mance

The next major step in the project was the aircraft performance simulation,
which is necessary in order to examine the maximum flight distance of the
aircraft and its requirements for specific flight routes. In addition, these results

will be used to examine the maintenance schedule and costs for the engines.

The aircraft selected is the Boeing B737-400, and it is a narrow-body short-haul
aircraft, part of the British Airways fleet, as explained above in chapter 3. The

selected aircraft is a rather mature aircraft, and thus abundant information is

available on the Internet, and from many other sources such as IHS World
Aircrafts [29].

Figure 15: British Airways B737-400 [30]

After a thorough search for aircraft data, and after cross-checking of the
discovered information, the following table presents a part of the data used for

validation of the aircraft model.

36



Table 4: Aircraft specifications [31]

Value
Number of engines 2
Weight per engine (kg) 1951

Operational Empty Weight (OEWY) (kg) 31752

Maximum Payload (kg) 21931.53

Maximum Zero Fuel Weight (MZFW) (kg) | 53143

Maximum Take Off Weight (MTOW) (kg) | 68040

Maximum Landing Weight (MLW) (kg) 56245

Fuel Capacity (L) 23827

Cruise Mach 0.785

Where, the MZFW is the maximum weight allowed for the aircraft, prior to
loading of usable fuel and other specified agents for use, in predefined sections,
restricted by the strength of the aircraft and airworthiness requirements. The
MTOW shows the maximum allowable weight for Take Off, under the limitations
of the aircraft strength and airworthiness directives. Similar to MTOW, MLW is
the maximum allowed weight at the landing of the aircraft, restricted by the
strength of the aircraft and airworthiness directives. The OEW is the resulting
sum of adding the weights of the structure, the power plant, the furnishing
systems, and unusable fuel, to name but a few. The maximum payload is the
result of subtracting the OEW from the MZFW [31]. The total payload added in
the aircraft includes the passengers, the baggage, and the cargo the aircraft
has to carry [32].

The aircraft performance simulation was conducted with the use of Hermes, an

in-house developed program of Cranfield University [24]. The results used in the
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following parts of the thesis, are the thrust requirements and the time duration of
some specific flights.

5.1 Hermes

Hermes is a simulation software developed at Cranfield University [24], and is
used for examining the performance of aircraft. Hermes is validated against
public data for aircraft, and its error was found to be less than 1%. Hermes
requires two input files namely the engine file used as input for Turbomatch,
and a file regarding the aircraft. The required aircraft file includes two main
types of data. First, some geometrical characteristics of the aircraft, such as the
fuselage dimensions and the wings dimensions are required for the
performance calculations. In addition, the payload of the aircraft is required, for
the validation of the model [24], [33]. A complete input file for the aircraft

specifications is presented in Appendix B.
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Figure 16: B737-400 front view [31]
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Figure 17: B737-400 top and side view [31]

Figure 16 and figure 17 show the dimensions of the Boeing B737-400 aircraft,

which have been used as inputs in the Hermes model. Other necessary

geometric features, the wings thickness at the root, the tip and at | of the wing
span, have been acquired through the technical drawings of the aircraft found in

[34].

With these input files, Hermes calculates the range an aircraft can cover with a
given amount of fuel, and the weight (payload) it has to transfer. The engine
input file is used to determine the flight speed and the SFC for the flight
duration. Inside the input file for the aircraft, the GeomMissionEngineSpec file
[33], there are some features specified regarding the engine on the basis of the
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mission the aircraft follows. These features include the altitude, the flight speed,
and the TET for each flight segment. Hermes uses the subroutine
TurbomatchCalls to run Turbomatch and examine the engine performance
under the specified conditions. The aircraft input file, is used for the calculations

specifying the necessary input values.

Hermes is a program using simple calculations based on the mass end energy
equilibrium [33]. The flight mission specified is divided into small segments, for
each major phase. The maximum TET, the flight speed and the altitude for each
flight segment are specified by the user. The geometric features of the aircraft
are used to calculate drag coefficients and are implemented in the following

equation [24]:

Co =Gy, G &

Where, Cp is the total drag coefficient, Cp, is the zero lift drag coefficient, and
Cpi is the induced drag coefficient. Hermes uses this equation to calculate the
total drag produced at each flight segment based on the ambient air conditions,
the flight speed and the payload of the aircraft. Hermes then evaluates the
required fuel weight that has to be burnt in the engine, in order for the aircraft to
fly at the specified flight speed, with the given payload in specified conditions of
the ambient air consideration to the engine SFC. Once the required fuel weight
is calculated, it is subtracted from the quantity of fuel in the aircraft tanks, and
this weight is also subtracted from the total weight of the aircraft. Therefore at
the beginning of the next flight segment, the initial weight of the aircraft and the
fuels is changed to the one calculated as the final weight of the previous

segment [33].
5.2 Simulation process

The simulation process of the Hermes model begins with the validation of the
aircraft model. The aircraft model is an attempt to simulate the performance of a
Boeing B737-400, a narrow body short-haul aircraft. The validation of each

aircraft model is done with the payload figures of the aircraft, and its purpose is
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to ensure that the proposed model simulates the desired aircraft accurately
enough, so that the results are acceptable.

For the validation of the model an acceptable payload figure of the aircraft to be
simulated is necessary. The payload figure illustrates the performance of the
aircraft as found by the OEM, and shows the distance the aircraft covers with a
specific payload and amount of fuel stored [31]. An example of such a payload-
range figure is shown below in Figure 18, and is the payload-range figure used
for validation of the aircraft model. The figure is the payload-range curve of a
B737-400 aircraft with CFM56-3B2 or CFM56-3C1 engines installed. For every
figure of this kind some assumptions are used, to specify certain parameters.
These assumptions include fuel reserves for domestic flights, a standard day
with zero wind, a long range cruise flight at an altitude of 31000[ft] or 35000[ft]
(9449[m] or 10668[m]), nominal performance of the engine, typical mission
rules, mixed-class interiors, 6.7 [Ib/US gal] (0.81 kg/L), and 200 [Ib] (91.8[kg])
per passenger, for his/her own weight with luggage [31], [35]. Finally, it has
been assumed that the airport from the aircraft starts its flight is the London

Gatwick airport, in London UK.
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Figure 18: Payload-range Figure [31]
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In every payload-range curve there are some important points that have to be

further explained. These points represent the most crucial points of such a

curve; they are presented on the following figure, and explained afterwards, in

order to give all the necessary information for understanding the results, the

model and the validation process. The following figure was created in MS Excel,

and is a simplified form of Figure 18. Only the top outer line of Figure 18 is

illustrated in Figure 19.
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Figure 19: Payload-range figure [31]

The most important points in Figure 19 are the number points. Point number 1
shows the maximum payload the aircraft can carry, while point number 2
indicates the range the aircraft can cover when it is loaded with the maximum
payload and fuel. The total amount of fuel in the tanks can be increased up to
the point that the summation of the fuel and the maximum payload are equal to
the MTOW. From point 2 and up to point 3, there is an exchange between
payload and fuel loaded in the aircraft, with more fuel to be loaded, and the
payload is reduced. At point 3 the maximum amount of fuel that can be stored in
all the tanks of the aircraft is loaded. The payload is the maximum allowed in
order to keep the summation of fuel, payload and OEW equal to the MTOW,
which of course means that the payload is less than the maximum payload.
From point 3 to point 4, the fuel loaded uses the capacity of the tanks, and the
payload is further reduced, until point 4 where the payload is reduced to zero,
and the fuel used is again the maximum allowed by the fuel tanks capacity. In
conclusion, point 4 illustrates the maximum range the aircraft can cover with no
payload, or a ferry mission. The Design point of the aircraft performance is

represented by a line and is between points 2 and 3 [36].

For the validation, points 2, 3 and 4 must be matched in order to accept the

model. The results of the simulated model are presented below in figure 20.
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Figure 20: Simulation results

In figure 20, the results of the Hermes simulation are represented by the orange
line, together with the literature figure, with the blue line. It can clearly be seen
from the figure above that there is a deviation between the literature data and
the model results. The deviation is not the same for all the payload-range curve,

and the specific error for the points 2, 3 and 4 are presented on the table below.

Table 5: Hermes results and errors
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