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ύνουη 

Οη θηλεηήξεο αεξνζθαθώλ, ή αεξηνζηξόβηινη, είλαη εμνπιηζκόο κεγάιεο 

πνιππινθόηεηαο, θαη ε ιεηηνπξγία ηνπο έρεη εμαηξεηηθή ζεκαζία θαη γηα ηνπο 

Καηαζθεπαζηέο Κηλεηήξσλ, θαη γηα ηηο αεξνπνξηθέο εηαηξίεο. Λακβάλνληαο 

ππόςε ηα ζπκβόιαηα πνπ ππνγξάθνληαη κεηαμύ ησλ θαηαζθεπαζηξηώλ εηαηξηώλ 

θαη ησλ εηαηξηώλ πνπ ιεηηνπξγνύλ ηνπο θηλεηήξεο, νη κελ πξέπεη λα ππνινγίδνπλ 

κε αθξίβεηα ην θόζηνο ηεο θάζε επίζθεςεο ζην ζπλεξγείν γηα εξγαζίεο 

ζπληήξεζεο, θαζώο θαη ηα θεθάιαηα πνπ πξέπεη λα δεζκεπηνύλ γηα ηελ 

αληηθαηάζηαζε ηκεκάησλ Εμνπιηζκνύ Πεξηνξηζκέλεο Δηάξθεηαο, ελώ νη δε 

πξέπεη λα πξνβιέςνπλ κε αθξίβεηα ην ρξνληθό δηάζηεκα αλάκεζα ζε δύν 

δηαδνρηθέο επηζθέςεηο γηα εξγαζίεο ζπληήξεζεο, γηα λα ππνινγίζνπλ ηα 

ιεηηνπξγηθά έζνδα πνπ κπνξεί λα απνδώζεη ην αεξνζθάθνο κε ζπγθεθξηκέλνπο 

θηλεηήξεο. Η αθξηβήο πξόβιεςε ηνπ ρξνληθνύ δηαζηήκαηνο αλάκεζα ζε δύν 

δηαδνρηθέο επηζθέςεηο γηα ζπληήξεζε, ηνπ θόζηνπο ζπληήξεζεο, θαη ησλ 

απαξαίηεησλ θεθαιαίσλ πξνο δέζκεπζε γηα εμνπιηζκό πεξηνξηζκέλεο 

δηάξθεηαο, δίλνπλ ηε δπλαηόηεηα θαη ζηηο θαηαζθεπάζηξηεο εηαηξίεο ησλ 

θηλεηήξσλ θαη ζηηο εηαηξίεο πνπ ηνπο ιεηηνπξγνύλ λα θαηαζηξώζνπλ έλα 

πξόγξακκα ιεηηνπξγίαο ηνπ θηλεηήξα κε ηέηνην ηξόπν ώζηε λα θάλνπλ ηα 

πξντόληα θαη ηηο ππεξεζίεο ηνπο πην αληαγσληζηηθά, ειαρηζηνπνηώληαο ηα 

ζπλνιηθά θόζηε ηνπο θαη κεγηζηνπνηώληαο ηα έζνδά ηνπο, ηζρπξνπνηώληαο έηζη 

ηε ζέζε ηνπο ζηελ αληίζηνηρε αγνξά ζηελ νπνία θηλνύληαη.  

Τν θεληξηθό ζέκα απηήο ηεο εξγαζίαο είλαη ε δεκηνπξγία Σρέζεσλ Εθηίκεζεο 

Κόζηνπο κε ζθνπό λα επηηεπρζνύλ αθξηβείο πξνβιέςεηο γηα θηλεηήξεο κηθξώλ 

απνζηάζεσλ. Απηέο νη ζρέζεηο ζπλδένπλ ηηο ιεηηνπξγηθέο παξακέηξνπο ηνπ 

θηλεηήξα κε ηα θόζηε θαη ηα δηαζηήκαηα ζπληήξεζεο ηνπ θηλεηήξα. Η ιεηηνπξγία 

ηνπ θηλεηήξα θαη ηνπ αεξνζθάθνπο πξνζνκνηώλνληαη γηα λα ζπκπεξηιεθζνύλ 

ζηελ αλάιπζε ηνπ θόζηνπο θαη ηνπ πξνγξάκκαηνο ζπληήξεζεο. Ελ ηέιεη, ε 

δξηκύηεηα ησλ ζπλζεθώλ ιεηηνπξγίαο ηνπ θηλεηήξα εμεηάδεηαη γηα λα κειεηεζεί ε 

επίδξαζή ηνπο ζην πξόγξακκα θαη θόζηνο ζπληήξεζεο ηνπ θηλεηήξα.  

Τειηθά ηα απνηειέζκαηα απνξξένπλ από ην ζπλδπαζκό ησλ κνληέισλ 

πξνζνκνίσζεο, θαη γηα ηνλ θηλεηήξα θαη γηα ην αεξνζθάθνο, ησλ Σρέζεσλ 
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Εθηίκεζεο Κόζηνπο, θαη ησλ θακππιώλ ιεηηνπξγηθώλ δξηκύηεηαο, γηα ηελ 

πξόβιεςε ηνπ θόζηνπο θαη πξνγξάκκαηνο ζπληήξεζεο γηα έλαλ ζπγθεθξηκέλν 

θηλεηήξα θαη έλα αεξνζθάθνο κε απηόλ ηνλ θηλεηήξα ζε δηάθνξεο δηαδξνκέο. 

Απηά ηα απνηειέζκαηα ρξεζηκνπνηνύληαη γηα ηε κειέηε ηεο επίδξαζεο ησλ 

ζπλζεθώλ ιεηηνπξγίαο ζηνλ πξνγξακκαηηζκό θαη ζηελ νηθνλνκηθή απνηίκεζε 

ησλ εξγαζηώλ ζπληήξεζεο, θαη είλαη έλα ρξήζηκν εξγαιείν γηα ηε δεκηνπξγία 

ελόο αξρηθνύ πξνγξακκαηηζκνύ ιεηηνπξγίαο ηνπ ζηόινπ αεξνζθαθώλ πνπ 

θαηέρεη κία εηαηξία γηα κεγηζηνπνίεζε ηνπ σθέιηκνπ ιεηηνπξγηθνύ ρξόλνπ θαη 

ειαρηζηνπνίεζε ηνπ θόζηνπο ζπληήξεζεο γηα όια ηα αεξνζθάθε ζπγρξόλσο. 
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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. 
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1 Introduction 

1.1 Background 

Maintenance is a very important part of engines’ life having both technical and 

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 
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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 “Literature review” 

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 “Methodology” 

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 “Engine performance” 

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 “Aircraft performance” 

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.  
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Chapter 6 “Database” 

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 “Maintenance schedule and cost” 

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 “Severity 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.   

Chapter 9 “Conclusions and suggestions” 

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.  
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2  Literature Review 

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. 

 



 

2 

 

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 engine’s turbine, where the enthalpy of 

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 
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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.  

 

Figure 2: Turbojet engine [3] 

The expression for generated thrust is: 

 
( ) ( )N j o j aF m V V A p p     

(2-1) 

Where FN is the generated thrust [N], m  is the air mass flow [kg/s], Vj is the jet 

velocity of the hot gases coming out of the exhaust nozzle [m/s], Vo is the flight 

velocity of the aircraft [m/s], A is the area of the cross section at the exit of the 

exhaust nozzle [m2], pj is the static pressure of the hot gases at the exit of the 

exhaust nozzle [Pa], and pa 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, 
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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: 

    
 ̇ 

 ̇ 
 

(2-2) 

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 
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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: 

 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]. 

 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]. 

 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 
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are usually comprised of axial compressors with subsequent rows of 

stationary and rotating blades. 

 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.  

 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. 

 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 of the engine’s turbine. 

 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 
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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 
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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.  

 

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 
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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: 

 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.  

 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 is: “engine rotor and major structural parts, whose primary failure is likely 
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to result in a hazardous engine effect” [12]. The LLPs limitations are based on 

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 
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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: 

 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.  

 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.  

 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 
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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 

more time in operation, therefore, the components’ condition is more 

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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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 the engine accumulates TOW and it becomes “older” and 

“weaker”, and so it requires more frequent maintenance schedules. The period 

from the beginning of an engine’s life until the first shop visit is called the 
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“honeymoon” period and it lasts longer than the intervals between the following 

shop visits. Usually, after the engine has gone through its first shop visit, it is 

considered to be in its “mature” phase. The mature phase can also be 

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.  

 

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 phase of engine’s life may dictate 

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]. 

 

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 30oC for the temperature of 30oC at which they are flat 

rated, so the curves should stop at the point where 30oC 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. 

 

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]. 

 

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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3 Methodology 

The aim of this project is the development of a group of Cost Estimating 

Relationships (CERs), 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. 

 

 

 

 



 

23 

 

Figure 10: Project Flowchart 
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4 Engine Performance 

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] 

 

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 components, in the form of modules, or “bricks” as they are 

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 not examine the components’ performance in detail, but 

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. 

 

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 shaft 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.  

 

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 5th stage and the other at the 

9th 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 5th 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, 

FD=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]: 

 
FANm VA   

(4-1) 

here m  is the mass-flow [kg/s] of the air at the inlet of the fan compressor, ξ is 

the air density [kg/m3] at the flight altitude, V is the air velocity [m/s] at the inlet 

of the fan compressor, and AFAN is the area of the fan cross-section [m2]. The 

latter parameter was found from equation 4.2, [25]: 
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(4-2) 

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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AV M Rt  

(4-3) 

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]: 
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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]: 
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(4-5) 

Where, ξ 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]: 
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(4-6) 

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 of the engine. Guha’s calculation states 

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

and is 1.94625: 
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(4-7) 

Where, (FPR)Opt is the optimum FPR to be calculated, BPR is the Bypass Ratio 

of the engine, εKE 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. Tα is the 

ambient air static temperature, and ˆ
NF  is the specific thrust of the engine [J/kg], 

calculated as: 
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Where, ˆ
NF  is the specific thrust to be calculated, hm  is the mass flow [kg/s] of 

the air passing through the engine core, and cm  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 Ta=216.65 

[K], the efficiency εΚΕ=0,82, and γ=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[lb/lb/s], and the BPR is 5. 

The calculated value for FPR is quite high for civil turbofan engines, especially 

for the CFM56-3C1 engine, which was designed in the mid 1980’s. An engine 

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 FPR is chosen for the minimum SFC, which fits the OEM’s philosophy 

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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                        (4-9) 

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 

 

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 5th stage and at the end of the 9th 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 

 

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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5 Aircraft Performance 

 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.  
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Table 4: Aircraft specifications [31] 

 

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.  

 

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 ¼ 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]: 

 
O ID D DC C C   

(5-1) 

Where, CD is the total drag coefficient, CDo is the zero lift drag coefficient, and 

CDi 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 [lb/US gal] (0.81 kg/L), and 200 [lb] (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] 

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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On every published payload-range curve, such as figure 18 the payload of the 

aircraft is on the y-axis, which usually is the resultant dependable variable. 

However, in the Hermes model, the payload is used as an input, and therefore 

the data for the payload was the same in the literature and the model, and so 

there is no deviation in these values. This is due to the type of mission used in 

Hermes, where the range was the outcome of the calculations. The deviation is 

found only on the range values, and as it can be seen it is different for the 

points 2, 3 and 4. 

The value of the errors may seem significant in comparison to the errors found 

in the Turbomatch model, but they are acceptable. In the most fundamental 

sources of information for the Hermes model, which are references [24] and 

[33], there is no mention of acceptable error levels. Of course the most 

desirable outcome is a model with 0% error, but this is not feasible, and thus the 

desired goal is the least possible error. There are some theses projects using 

similar models to that developed in the present thesis, and their error limits have 

been used as a guide in this work.  

The aforementioned Theses projects are about similar aircraft. The first one is 

about a B737-800 [37], and the second one simulates the performance of an 

Airbus A320 [38], both narrow-body short-haul aircraft, with twin spool high 

bypass turbofan engines. The deviation errors in the first thesis are between 

1.8% and 3.2% [37], and the other thesis includes deviation errors below 10%. 

Based on these error values, the error in the results of the current analysis are 

acceptable. Furthermore, the flights examined in the following part of the 

project, are routes significantly shorter than the maximum allowed ranges, and 

the payload is significantly less than the maximum payload, as presented in 

figures 18 and 19. Overall, the deviation between the literature data and the 

model results are acceptable, and the model is considered a reasonable 

approximation of the B737-400 performance. 
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6 Database  

6.1 Data collection 

Another major part of this thesis project, and independent from the previous two 

stages, is the creation of the engine database used in the later parts. A 

complete, accurate and extended database is a key component of the analysis 

of this project. The database specifies the type of engines for which the analysis 

is conducted, illustrating the focus of the project.  

The aim of this thesis is an examination of the engine maintenance schedule of 

the aircraft fleet of an airline company, based on a technical and economical 

basis for, with the purpose of providing some solutions to decrease the 

maintenance costs for the company. As stated earlier the airline selected is the 

British Airways. Further investigation of the company, has shown that, it has in 

its fleet a variety of short-haul aircraft. The short-range aircraft that British 

Airways incorporates in its fleet, with its respective engines, are [17]: 

 Airbus A321-200, with IAE V2500 

 Airbus A320-200, with IAE V2500 

 Boeing B737-400, with CFM56-3 

 Embraer 190, with CF34-10E 

 Airbus A319-100, with IAE V2500 

 Airbus A318-100, with CFM56-5 

 Embraer 170, with CF34-8E 

The created database includes all of the engines listed above for British 

Airways, along with some other engines, all of which fall under the category of 

short-haul engines, with an aim of examining the changes in their maintenance 

schedule and costs.  

The database includes both technical and financial information regarding the 

engines, as they are essential for the following analysis. The database is used 

first as input to the forecasting models, and then as a validation tool for the 

results of the models. In particular, the technical specifications found in the 

database, include thrust level, weight, thrust to weight ratio, and flight length (as 
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the ratio of FH to FC), and these are the input variables to the models. The cost 

data includes the flight time (as FH), the cost of maintenance (as $/FH) and the 

reserves for LLPs (as $/FC) for both the Non-Mature and the Mature Shop Visit. 

These variables work not only as inputs for the models, but as a reference for 

checking the models too.  

The database is created on the basis that not all data is available in the public 

domain, and therefore some compromises have to be made. Thus some 

engines had to be removed from the initial database because of lack of publicly 

available data. 

One of the technical specifications is the weight of the engine. Weight should 

not be the only parameter in the CERs. The process of weight reduction 

includes improved materials and this demands a lot of research, and so the cost 

is significantly greater than the maintenance costs. Thus the weight will not be 

used on its own for any CER [39]. 

The final database consists of only short-haul engines, with some of them listed 

above for the aircraft of British Airways. The database has a total of 27 engines, 

which is an acceptable number to acquire reasonable results from the 

regression analysis. A part of the database is presented below in figure 21. 

Before the database is presented, two restrictions considered during the data 

collection and the database creation, have to be stated at this point. First of all, 

the database was made with data taken from the public domain, and therefore 

the data presented is not as precise as data received from internal databases 

the companies keep. The internal databases are better than those in the public 

domain, since the former also include data that is sensitive, and not found on 

the latter.  

The other limitation was that the majority of the data was received from data 

found on Aircraft-Commerce [40]. In these publications the state of the engines 

is not clearly explained. For example, there is no clarification if the engines have 

been refurbished within a lower performance reference, if they are de-rated, at 

which environmental conditions the engines spend the majority of their 
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operational time, and the exact flight length. These are important pieces of 

information that may affect the outcome of the analysis.  

However, the lack of access to internal libraries, and the lack of sources of 

precise and detailed information means that the data acquired from Aircraft-

Commerce, has to be accepted as accurate. In addition, the scope of this 

project is an examination of the trends of the maintenance costs and the 

maintenance intervals. Thus the data form Aircraft-Commerce is considered 

accurate enough for this level of calculations. These restrictions are also taken 

into considerations in other theses, such as [41] and [42].  

 

Figure 21: Engines specifications database (SI) 

In figure 21, the non-cost engine data is presented in SI units.  Due to the great 

number of engines and the total data, it is considered that it does not serve any 
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purpose for the complete database to be presented in the main text. Therefore 

in its complete form it is presented in Appendix C. 

The majority of the previous projects which focused on the same subject as the 

present project, create databases with the engine specifications in Imperial units 

systems [4], [41], [42]. Therefore, it was considered necessary to also create a 

database with the specifications in Imperial units. This database was created so 

that a comparison between the regression results of the current project and 

those in the literature is possible. 

 The database in Imperial units is presented in figure 22 below: 

 

Figure 22: Engines specifications database (Imperial) 
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6.2 Data normalization 

After the data is collected, it has to be normalized so that there is a uniform 

format prior to the analysis. For the collected data, the choice for normalization 

is inflation adjustment, which is the usual preferred method [39]. 

Initially, some assumptions had to be made before the calculation of the 

inflation factor for each listed engine. The first assumption was that the data 

should go back up to a year before the publication date. Therefore the terms for 

the inflation factor, as shown in equation 6-1, are the average value of the 

values for up to one year before the publication. 

Secondly, a reference year is necessary for the inflation calculations, to 

“translate” all the cost terms to values on a common basis. The value of money 

is changed with time, and so the costs of engines in 2007 have not the same 

true value with engine costs in 2014. The selected reference year for all engines 

is 2015, and therefore, all the costs will be normalized for their respective 

values in that year. After selecting the reference year, following reference [5] the 

inflation factor is calculated.  

The inflation factor is calculated using two factors, one for the cost of labour and 

the other for the parts cost. The factor that reflects changes in labour costs is 

the Employment Cost Index (ECI), and the Producer Price Index (PPI) shows 

the changes in the price of materials. The values for these indexes are taken 

from [42] as the average value for one year prior to the data publication date, 

and the exact process is explained thoroughly in [5]. A further analysis of the 

two indexes is given in Appendices D.1 and D.2.  

 

1

0.35 0.65
r r

ECI PPI
IF

ECI PPI



 
  
 

 

(6-1) 

 

The indices with the r subscript are the indices for the reference year. Equation 

6-1 is based on the fact that the labour cost is the 35% of the total maintenance 

cost, while the materials contribute to 65% of the total cost [5]. 
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For the inflation adjustment the required year of publication, and the inflation 

factor are presented in table 6 

Table 6: Inflation factor [43] 
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7 Maintenance schedule and cost 

The completion of the database makes possible the analysis of the data, and 

the creation of the mathematical models for examination of the maintenance 

schedule and costs. At this stage of the project, the various models were 

developed and tested, and in the next stage they are used to check the 

changes in the schedule and the costs.  

7.1 Method 

Firstly, before the models are created, their chosen creation method should be 

explained. Through a literature search, the main methods used for cost 

estimating, are summarized in [44], and they are presented here, along with 

their main drawbacks.  

7.1.1 Analogy estimation 

According to NASA [44], one of the quickest and simplest ways to develop cost 

estimations is the analogy method. This method is based on comparing and 

extrapolating results for similar objects, and then setting some subjective 

adjustments for the complexity level of the objects, in comparison to the current 

technology. However, the subjective adjustments may impose a limiting factor 

on the credibility of the models, and therefore they should be avoided, and 

instead linear extrapolation for the data is considered acceptable. This method 

is considered acceptable only for the first step of cost estimation, due to its 

accuracy problems. The main advantages and disadvantages of the method are 

presented in the figure 23: 

 

Figure 23: Strengths and weaknesses of analogy method [44] 
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7.1.2 Bottom-up estimation 

This method is also known as “grass roots” or “build up” estimation. The 

concept of the method is the “breaking” of the total maintenance costs, into 

basic units. The final overall cost results as the sum of all the units, moving from 

the bottom to the top. For this estimation method, a quite detailed analysis and 

calculations are essential, and moreover, the person who creates the model 

requires a fully detailed engine design and configuration. These requirements 

make the bottom-up method a very precise and accurate method, as it takes 

into account all the details of the engine, but is also very demanding, costly, and 

time consuming [44]. This method is used by engine manufacturers, since they 

have all the essential details, and the financial resources for the method. They 

also need a precise estimation of maintenance costs. In figure 24, the main 

strengths and drawbacks of the method are presented.  

 

Figure 24: Strengths and weaknesses of bottom-up method [44] 

7.1.3 Parametric estimation 

This is the last cost estimating method as presented in [44]. The basis of the 

parametric method is a database with historical data for the engines. A 

statistical analysis is then incorporated to link the independent cost-drivers, 

which are technical data, with the cost variables, and predict the maintenance 

costs. In order to make this method give acceptable and reasonable results, a 

very important assumption is made. This assumption considers that the factors 
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affecting the maintenance costs are the same as those that affect the time 

intervals between maintenance shop visits.  

For the creation of a parametric Cost Estimating Relationship (CER), any 

commercial tool, such as MS Excel, can be used. Anyone who wants to use this 

method can choose to either use a ready-made model as found in the literature, 

or create his/her own mathematical model, if he can firstly evaluate the validity 

and applicability of either choice. Any parametric mathematical model can be 

formed using regression analysis, linear or non-linear. In figure 25 the pros and 

cons of this method are presented. 

 

Figure 25: Strengths and weaknesses of parametric estimation method [44] 

 

After thorough examination of each method, with its respective advantages and 

the disadvantages, and the available collected data, the author has made his 

choice, on which method to follow for creating the mathematical models. 

Moreover, the author has collected some specific requirements for the method, 

in order to achieve the best result. These requirements are: 

 Easy and quick to develop 

 Based on scientific methods, with logical results 

 Applicable to case studying, after the model creation 

 Offer the possibility to check produced results with literature 
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 Offer the possibility for quantification of the estimation accuracy, and its 

prediction ability 

Similar criteria can be found in [41] and [42], which shows the needs of every 

person who creates models, with respect to the capabilities of the models and 

methods.  

In terms of precision, the best choice is the bottom-up method, but it requires a 

lot of time, and not all the necessary data has been acquired by the author. The 

analogy method is the most suitable method for a quick model, but its accuracy 

can be questionable, especially since the adjustments made are based on 

subjective criteria by the author. Therefore, the parametric method seems to be 

the most suitable method to meet all the requirements, and thus this will be 

used for the criterion of the models. 

7.2 CERs generating methods 

Having selected the parametric method, the type of the created CER has to be 

chosen. The created CER can be either a cost-to-cost, including cost-related 

factors for both dependent and independent variables, or non cost-to-cost, 

where the independent variables are not cost related factors. The created 

database includes both cost and non-cost factors, so a non cost-to-cost CER 

has been chosen. 

For the creation of a parametric CER there are various methods, but in this 

project the multiple backward step regression method is selected. A simple 

regression method is used when a linear function connects an independent and 

a dependent variable. In the multiple regression, several independent variables 

are used in the parametric analysis in order to estimate the output.  

Depending on the relationship between the variables in each model, the 

regression analysis can be expressed either as a linear equation, or a non-

linear equation. An example of a linear equation is equation 7-1 

 1 2Y a bX cX    
(7-1) 
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Where, 

 Y, is the dependent variable representing the outcome,  

a, is the intercept, or the constant coefficient of the equation 

X1, X2, are the independent variables, and 

b, c are the respective coefficients for the independent variables 

However, the relationship between the variables can be non-linear, which is the 

case for maintenance costs estimation, and therefore a non-linear equation will 

be used, as seen in equation 7-2. 

 2 3

1 1 2 3ln( )Y a bX cX d X eX      (7-2) 

 

The multiple backward regression is composed of three major parts, identifying 

the variables that affect the outcome, examining the correlation between the 

input variables on their own, and the input and output variables, and finally, the 

regression for the production of the mathematical models.  

7.3 Regression theory 

Before the presentation of the mathematical models, it is considered necessary 

to explain some basic theory regarding the regression process, in order to 

inform the reader about the essential checks of the results. Therefore, in this 

section, the various checks are explained, and they will be used later in the 

results extrapolation.  

7.3.1 Basic terms 

In this section the basic terms of the regression checks are explained: 

 Adjusted determination coefficient (R2) 

This term comes as a modification of the determination coefficient, and it 

includes the number of independent variables in the analysis. This term offers a 
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more accurate representation of the results. The determination coefficient is 

affected by the number of independent variables, and as their number 

increases, so does the coefficient. However, the adjusted coefficient also 

considers the effect of the added variables on the output, and therefore if the 

new variables do not have a strong connection to the outcome, the adjusted 

coefficient decreases. Therefore, the adjusted coefficient is a helpful 

measurement of the accuracy of various models with different number of 

independent variables [45]. The adjusted determination coefficient represents 

the explanatory power of the equation, and therefore, high values of the 

coefficient are required.  

 Backward elimination 

This is the process of refining the mathematical models. After including all the 

dependent variables that affect the outcome, those that do not make a 

significant contribution to the model are removed from it [45]. The elimination 

criteria are explained in the next section.  

 Checks 

There is a great number of potential tests for a statistical model, but the most 

important checks for a regression model are the t-value, the F-value, and the 

adjusted determination coefficient R2. Each of these checks is explained more 

elaborately in the next part. 

 Coefficient of correlation 

Correlation shows the association between two variables. The possible values 

of the correlation coefficient are between -1 and 1.Values close to 1, or -1, 

reveal a very close relationship between two variables, with 1 showing the 

perfect relationship. On the other hand, values closer to 0, show that the values 

are independent of each other, and 0 shows no connection between the 

variable [45]. The sign of the values represents the direction of the relationship, 

and for the input variables the correlation coefficient is preferred to be close to 

0. 
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 Collinearity 

Collinearity occurs when two independent variables are significantly associated 

with each other. Collinearity can be quantified through the coefficient of 

correlation. Collinearity among two or more independent variables should be 

avoided, in order to obtain a reliable mathematical model. Furthermore, if multi-

collinearity occurs in a model, it can distort the results, by reducing the 

statistical values of the overall model [46]. An example of collinearity 

examination is presented in Appendix E. 

 Degree of freedom 

The degree of freedom shows how well the results can be generalized [45]. 

Small values of the degree of freedom mean that the results cannot be used in 

all the different cases, while higher values mean the prediction is robust and 

can be trusted with other data too. 

7.3.2 Model checks 

In the previous section, the most important tests of the model have been 

mentioned, and in this section they are explained in some detail. All of the 

aforementioned checks must be examined, at every step of the regression 

analysis, in order to acquire acceptable results. 

 

 t-value check 

The t-value check is one of the most important checks conducted in a statistical 

model. The purpose of this check is the examination of which input variable has 

to be removed from the model to refine the precision of the results. The t-value 

reflects the deviation of an observed sample statistic and its hypothesized 

population parameter, in units of standard error to check the accuracy of the 

prediction. The higher the t-value of a parameter, the closer the estimated and 

hypothesized values of the population are. Therefore, the user has to create a 

model where all the independent variables have a strong impact on the results. 

In order to make all the variables be of great importance for the output, the 
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analyst has to establish a minimum acceptable value for the t-value of each 

parameter, for each regression step. The minimum values for t-value are taken 

from tables, such as the one presented in Appendix F.1, as taken from [45]. For 

the analyst to use this table, it is required to have already established a 

confidence level for the results, and calculated the degree of freedom for the 

model. The confidence level for the results is chosen by the analyst, based on 

the accuracy required for the model. The degree of freedom is calculated from 

equation 7-3: 

 1DOF N k    (7-3) 

Where,  

N is the number of observations, which for the models created is the number of 

engines, and 

k is the number of explanatory variables, or independent variables. 

For the models creation, the author has selected a confidence level of 95%, 

which is usually selected according to [45]. The values for t-value are taken 

from the respective column in the table for the specified level of confidence. The 

values taken from the table are critical values, and the check of t-value is 

expressed in equation 7-4 

 Actual t stat value Critical t stat value       
(7-4) 

The t-value of each coefficient is compared to the minimum critical value taken 

from the table, and if equation 7-4 is satisfied, then the examined parameter is 

considered to have a great impact on the result, and is kept in the model. On 

the other hand, if the t-value of a parameter does not satisfy equation 7-4, then 

that parameter is removed from the model, since it has no significant effect on 

the output. This check is examined for each independent parameter in the 

model, and for each step of the regression. 
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 F-value check 

The F-value check is a measurement of the model significance. This check 

examines the level of impact the independent values have on the output, and 

the higher the value of F parameter, the greater the impact of the independent 

variables on the results. If the F parameter has values near to 0, then the whole 

model can be considered inadequate, and discarded, while very high value 

means that the model can be used with other data, and still produce acceptable 

results. 

The F-value check is conducted in a similar way as the t-value check. There is a 

table with the critical values of the F parameter, and the check is seen in 

equation 7-5, and is presented in Appendix F.2 

 Actual stat value Critical stat value   F   F   
(7-5) 

If equation 7-5 is not satisfied, then the model is considered inadequate, and it 

has to be created from the start with other independent variables.  

 Adjusted R2 

This is the last check examined at each regression step. This check reflects the 

overall quality of the model, and the precision of the results. The higher the 

value of adjusted R2, the greater impact the independent variables have on the 

outcome [45]. 

The analyst has to check all of these checks at every step of the regression 

analysis. All three tests must be satisfied in order to accept the model. 

However, these tests only prove the statistical quality of the model, and the 

created CERs have to be examined in other ways to be completely accepted.  

7.4 CERs comparison 

It has already been stated that there are some CERs found in the literature, as 

for example, [4], [41], and [42]. However, an analyst can choose to develop 

his/her own CER, and as explained in this section, this choice is preferable. The 



 

62 

aforementioned creation procedure, along with the tests, is common for all the 

CERs available in the literature, and they from a basis of comparison. In this 

section the CERs found in literature, are compared to those created by the 

author, in order to examine which CER is the best for the database used in this 

project.  

The CERs are examined based on how well the results fit with the models, and 

this is presented in figures 26 to 31. 

 

Figure 26: Mature Shop Visit Interval [4] 

Figure 26 shows the results for the CERs found in [4] and the data for the 

engines in the present project. The results extracted using the CERs are not 

consistent at all with the data. 
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Figure 27: Mature Shop Visit Cost [4] 

Figure 27 depicts the results for the Mature Shop Visit Cost, using the CERs in 

[4] and the database in this project, and it is clear that the deviation between the 

literature and the CERs is significant. 

 

Figure 28: Mature Shop Visit Interval [41] 

Figure 28 is an illustration of the results for the interval of the mature shop visit, 

using the CERs from [41]. It is obvious that the CERs produce some results that 

are compliant with the literature, but overall, there are inconsistencies. 
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Figure 29: Mature Shop Visit Cost [41] 

The results presented in figure 29 prove that the CERs created in [41] can work 

for this database at a specific extent, but there is noticeable deviation from the 

literature values.   

 

Figure 30: Mature Shop Visit Interval [42] 
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The database in [42] included only long-haul engines, and therefore the CERs 

created in that project are not valid for use in this project. There is fundamental 

deviation of the results from the literature values.  

 

Figure 31: Mature Shop Visit Cost [42] 

Figure 31 is one more proof that the CERs from [42] are not fit for this project. 

Although in this figure there is a certain extent of consistency between model 

and literature values, some of the results have negative values, which is not 

feasible.  

From figures 30 and 31, it is obvious that CERs in [42] cannot be used for this 

database. The other figures present better results in terms of consistency, but 

still they are not the best fit. The best results are produced by the CERs created 

in the present project.   
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Figure 32: Mature Shop Visit Interval prediction 

Figure 32 illustrates the consistency of the results from the CER created in this 

project for the MSVI. The results have rather good consistency with the 

literature data, and therefore it can be stated that the CER created in this 

project, can achieve greater accuracy in predicting the data in this database.  

 

Figure 33: Mature Shop Visit Cost prediction 
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Figure 33 shows how well the data fits with the results of the created CER in 

this project. It can easily be observed that data fits a lot better in this CER than 

those in the literature. 

Comparing figures 26-33, leads to the conclusion that the CERs found in 

literature achieve high accuracy in prediction of the data in their respective 

databases, but they are not a good choice for this database. Even the CERs 

from [4], which includes the majority of the engines examined in this project, are 

not accurate enough. Taking all these figures into consideration, the author 

made the decision to develop his own CERs for prediction, to make more 

accurate calculations.  These CERs are presented in the next part of this 

chapter.  

7.5 CERs development 

7.5.1 Example 

In this section, the step-by-step development of the CERs is described, using 

one of them as an example, and also the statistical tests for the validation of the 

CERs are presented.  

After the data collection, the creation of the database and the adjustment for 

inflation, the first step for creation of the CERs is the selection of the software. 

There is a variety of software tools available, such as IBM’s Statistics Software 

SPSS [47], but not all of them are free, or easy to use. In this project the MS 

Excel software was selected, because it is a free tool, and very easy to use.  

MS Excel can perform a variety of statistical analysis calculations, including 

regression and correlation, with the installation of a free additional toolbox for 

data analysis. However, MS Excel does not offer the capability for automatic 

extraction of the results, so the user has to manually perform the steps of 

backward regression, after each step. For the first step, the user has to choose 

the input parameters, based on rational and statistical terms. 

 The rational terms involve rational selections of what parameter is important for 

each model. For example, the cost of each shop visit is not considered to have 
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an important influence on the interval between shop visits, and therefore the 

costs are not used as inputs in the interval models. The statistical analysis 

requires that the correlation analysis has to be applied prior to the regression 

analysis.  

At this point the CER created for the prediction of the Mature Shop Visit Interval, 

in FH, is examined as an example of the regression method. The regression 

analysis is not always linear, and therefore non-linear inputs were calculated in 

advance of the analysis. As a result, the author had calculated the non-linear 

forms of the inputs, such as the square of thrust, or the logarithm and the 

natural logarithm of the weight, to name but a few, before the start of the 

regression calculations. 

The input variables were chosen after the correlation analysis, and some of 

them were added because they are considered to have an important influence 

even though dictated differently by correlation results. For example, in the 

correlation analysis for the MSVI, the correlation results dictated that the thrust 

has insignificant impact on the output values, and with a correlation coefficient 

of 0.0254 it should be removed from the regression analysis. Despite this, the 

author considered thrust an important input variable and retained it in the 

analysis process.  The thrust variable was retained in the process because the 

level of thrust has a direct impact on maintenance schedules and maintenance 

costs, since the higher the thrust level, the greater the deterioration of the 

engine, and the shorter the intervals between shop visits. The output is 

presented below: 
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Figure 34: Results of 1st step backward regression for MSVI 

The output presented in figure 34 has to be interpreted. The first factor 

examined is the value of R square, and the adjusted R2. Both of these 

parameters have a very high value, as they both approach 1. It has been 

explained earlier that ideal value for R2 and adjusted R2 is 1, so these two 

values show that this is a very accurate model.  

The subsequent test that has to be checked is the value of t-stat for each input 

parameter. This test is done with the values in the table in Appendix F.1, for the 

column of 95% confidence. Firstly, for this test, the number of degrees of 

freedom is necessary. Therefore, using equation 7-3, the degrees of freedom 

are calculated, and are found to be 10. With this value, from the respective 

column of table F.1 for 95% confidence, the critical value of t-stat is acquired, 

and is equal to 2.228. This value is compared to the t-stat value of each 
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parameter. Some of the parameters have a higher t-stat value than the critical, 

so they are kept as accurate parameters. The other parameters have a t-stat 

value lower than the critical, but this has to be further explained. The t-stat 

values of the inputs are distorted because of the multi-collinearity of the 

parameters, and as dictated in [46] the multi-collinearity between many 

parameters, will decrease all the t-stat values. This phenomenon is recognised 

by the author, and is taken into consideration, as many connected parameters 

have been used, such as the square, the cube and the logarithm of thrust, 

weight, and thrust-to-weight ratio, among others. The parameter with the lowest 

t-stat value has to be removed at every step of the regression. In the case 

presented in figure 34, the parameter that has to be removed is the cube of 

weight.  

The last important process at every step of the regression analysis, is the F-stat 

value test, which is similar to the t-stat value test. The values of F-stat are read 

from the table in Appendix F.2. The values of the denominator, and the 

numerator of degree of freedom are necessary for this test. These values 

correspond to the df value of regression, and the df value of residuals 

respectively, as presented in figure 34. The critical value of F-stat with the 

values taken from figure 34, is 2.49. The F-stat value of the model is 575.111, 

so it is significantly higher than the critical value, and therefore the model is 

considered accurate. Therefore the majority of the input parameters used, are 

significant for the prediction of the MSVI. The results of the next regression step 

are presented in figure 35.  
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Figure 35: Results of 2nd step backward regression for MSVI 

The outcome of the 2nd regression step, presented in figure 35, shows the 

improvement in the results. Although, not significant, there is an increase in 

both R2 and adjusted R2, thus the quality of the model is improved. The t-stat 

values for the majority of the input parameters has increased, further proving 

again that the multi-collinearity distorts the results by decreasing t-stat values. 

However, there still are some t values lower than the critical one, so the 

elimination process for the inputs has to continue. The F-stat value has 

increased, showing a better significance for the overall model. This process 

goes on until the entire set of t values are higher than the critical one at each 

step, and the final step for this model is presented in figure 36 below.  
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Figure 36: Results of 5th step backward regression for MSVI 

Figure 36 presents the 5th and last step of regression for the prediction model of 

MSVI. At this step the R2 and the adjusted R2 have improved and they are at 

their peak values, all the t values are higher than the critical value, and the F-

stat value is significantly higher than its critical value. The outcome of all these 

improvements is a model with very good quality, and overall significance. All the 

input parameters have a significant impact on the results, making it a very 

accurate model on the whole. 

7.5.2 Final CERs 

The process described in the previous sections, was applied on all the 

developed models, and the final equations describing each prediction model are 

presented in this section.  
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Equation 7-6 presents the final relationship used for prediction of the first shop 

visit interval, in FH. For all the equations presented here there are some 

common inputs. These are thrust [kN], weight [kg], thrust-to-weight ratio (TWR) 

[kN/kg], and flight length [FH/FC]. Moreover, these inputs can also appear in 

square, cube, logarithmic, natural logarithmic or inverse format. Finally, in some 

models the first and the mature shop visit intervals are used, and are both 

expressed in [FH].  

 

(7-6) 

Next, equation 7-7 shows the prediction relationship for the Non-Mature Shop 

Visit Cost, and is expressed in [$/FH]. 

 

(7-7) 

 

Equation 7-8 is used for predicting the necessary amount of reserves for LLPs 

in the Non-Mature Shop Visit, and is also expressed in [$/FH]. 

 

(7-8) 

Equation 7-9 predicts the interval for the Mature Shop Visit, and is 

expressed in [FH]. 
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(7-9) 

 

Equation 7-10 represent the prediction model used for the cost of the 

Mature Shop Visit, expressed in [$/FH]. 

 

(7-10) 

 

 

Equation 7-11 represents the relationship of prediction for the essential 

LLPs reserves in the Mature Shop Visit, expressed in [$/FH]. 

 

(7-11) 

 

 

7.5.3 Statistical test 

There are two types of tests that are conducted at this stage of the regression 

analysis. The first is the statistical validation that is examined at each step of the 

regression for each CER. The results are presented here for all the CERs 

together. The other test examines how well the CERs predict the intervals and 

the costs for the engines in the database created in this project. This is tested 

by comparing how well the results fit with the data, or how great is the deviation 

between these two. This test is similar to those presented in figures 26-33. 
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For the first test, the statistical one, table 7 presents the values for all the 

statistical tests examined for CER and at each step of the regression. 

Table 7: Statistical tests of results (SI) 

 

Table 7 presents the results of all the statistical tests examined for all the CERs. 

The R2 shows the quality of each CER, and it is shown that all CERs have very 

high values of R2, quite close to 1, and therefore all the CERs are accurate. 

The adjusted R2 illustrates the fitness of the model for the given data, and how 

well the input parameters connect with each other and the output variable. The 

values of adjusted R2 are very high for all models, with the lowest of them being 

0.886, which indicates an acceptable accuracy. The ideal value of adjusted R2 

is 1, but the values given are high enough to be accepted.  

The F-stat values represent the significance of the overall model, and the higher 

the F value is, the greater the significance of the model. All of the F values in 

table 7 are higher than the critical ones, thus the models are accepted as 

significant. However, some models are more significant than the others, and 

specifically, the CER for prediction of the Mature Shop Visit Interval is the most 

significant.  

The next test, regarding the degrees of freedom, is a very important one, as it 

illustrates the level of reliability and generalizability of each CER. The 

generalizability of the CER indicates the ability of the model to be used for 

prediction with the data of any engine, even from outside the database in this 

project. The reliability and generalizability of the CERs increase, as the degrees 

of freedom increase. Usually, the degrees of freedom have value between 1 
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and 50, with 50 showing the highest generalizability. The values of the CERs 

created in this project are between 13 and 18. The outcome of this analysis is 

that although the CERs are accurate enough, and significant, they are not 

applicable to any database. The user of the CERs has to consider the similarity 

between the engines he/she wants to examine, and the engines in the database 

of the current project. This test reveals one of the limitations imposed on the 

created CERs. The CERs created with the database of this project, can predict 

the maintenance intervals and maintenance costs for similar short-haul engines, 

but they are not applicable to long-haul engines, and this limitation has to be 

kept in mind by any user.  

The last statistical test is the average error of the predictions. This is the 

average error for all values in each CER. The values of average error are 

between 1.1 and 5.35%, which are below 10%, and therefore the models are 

considered accurate enough, and are acceptable. For this level of calculations, 

a maximum level of 10% is considered acceptable.  

7.5.4 Fitting test 

The next type test is the practical test, examining the consistency of prediction 

with the data values for the maintenance intervals and maintenance costs. This 

test is examined through the following set of figures, where the predicted values 

are compared to the data from literature.  
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Figure 37: CER evaluation Non-Mature Shop Visit Interval  

Figure 37 shows the accuracy level of prediction the CER can achieve, for the 

values of the Non-Mature Shop Visit, in FH. The coefficient of determination 

expressed as R2 of the data trend line, is quite high, and the accuracy of the 

CER is considered quite good. Also, no engine seems to be far from the trend 

line, and therefore all the engines in the database can be used in this CER.  

 

Figure 38: CER evaluation Non-Mature Shop Visit Cost 

Figure 38 illustrates the prediction capability of the CER for the Non-Mature 

Shop Visit Cost. The coefficient of determination is similarly high to the one of 
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the CER for the NMSVI, in figure 37. This means that this CER can achieve 

similarly good accuracy in the predicted values. Moreover, again all the engines 

can be used in this CER.  

 

Figure 39: CER evaluation Non-Mature Shop Visit LLP Reserves 

Figure 39 is a representation of the prediction capability of the CER for the Non-

Mature Shop Visit LLP Reserves. The coefficient of determination has a rather 

high value, and therefore the accuracy of the CER is accepted as very good. 

The various points prove that all engines in the database can be used in this 

CER.  

 

Figure 40: CER evaluation Mature Shop Visit Interval 
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The data presented in figure 40, demonstrates the very good prediction 

accuracy of the CER for the Mature Shop Visit Interval. The value of the 

determination coefficient is really close to 1, which is the ideal value. This CER 

achieve the best accuracy in prediction, and this is the case for all engines. 

 

Figure 41: CER evaluation Mature Shop Visit Cost 

Figure 41 depicts the accuracy of the CER for prediction of Mature Shop Visit 

Cost. The value of coefficient of determination is more than sufficiently high, 

and therefore the accuracy of the CER is acceptable, and it works for all 

engines.  

 

Figure 42: CER evaluation Mature Shop Visit LLP Reserves 
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Figure 42 presents the prediction accuracy achieved in the CER for the 

necessary Mature Shop Visit LLP reserves. The coefficient of determination has 

a quite high value, proving the accuracy of the model, and the position of each 

point proves that the CER works for all the engines in this project database. 

Overall, through this test it is proven that all CERs have quite good accuracy. Of 

course some of them are better than others. Moreover, all CERs work very well 

with all the engines in the database of this project. Through all the tests, the 

quality, the accuracy, the significance and the generalizability of all CERs has 

been considered. All CERs have shown good results in all tests, with the 

limitation of not being used with engines outside the scope of the database in 

this project.  

7.5.5 Logical test 

At this point, a logical examination of the CERs is conducted, to check the 

importance of the parameters. On all CERs, seen in equation 7-6 through 7-11, 

there are some common input parameters, and their purpose is examined here.  

In the CERs for predicting the maintenance intervals, both Non-Mature and 

Mature interval, the thrust is a very important parameter. As the thrust level 

increases, so does the deterioration of the engine. Therefore, the shop interval 

will become shorter, as the engine components will degrade faster. Regarding 

the maintenance costs, for a constant maintenance interval, with higher thrust, 

greater deterioration will appear, and therefore the maintenance work will be 

more demanding, therefore increasing the costs. This is the reason why thrust 

is essential in the CERs of intervals and costs.  

The role of weight is not so easy to explain. The weight itself has no direct 

impact on either the intervals or the costs, but indirectly it could be considered 

to affect the engine performance. Greater engine weight means that the engine 

has to increase its thrust level to achieve take off. Moreover, reduced engine 

weight may also mean better, newer, improved and lighter materials that can 

enhance the performance and efficiency of the engine, decreasing the 

maintenance costs and increasing the TOW for the engine. However, reducing 
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the engine weight is no simple task, and it is achieved only by research and 

new materials. Research for new materials and their manufacture is a very 

expensive procedure, and it cannot be analysed and incorporated into the 

maintenance costs, at this level of analysis. 

The role of TWR is also difficult to comprehend and explain. TWR is a 

parameter enabling the comparison between different engines. For the CERs, 

TWR can be seen in two ways. For a constant weight value, an increase in 

TWR means an increase of the engine thrust level, which as explained 

increases the deterioration in the engine, increasing maintenance costs, and 

decreasing maintenance intervals. On the other hand, for a certain thrust level, 

an increase in TWR means reduction of the engine weight, which means 

reduction in the costs, and increase in the intervals. 

The flight length is a very important parameter, greatly affecting the 

maintenance interval and shop visit costs for the engines. Expressed as the 

ratio of FH to FC, it states the number of flight hours per flight cycle for an 

engine. As has been explained before, as the flight length reduces, fewer flight 

hours are achieved per flight cycle. This means that take off and climb are more 

frequent, and the engine conditions during these two phases are more severe, 

amplifying the engine deterioration. Therefore, an increase in flight length 

results in an increase in the interval between shop visits, and a decrease in the 

maintenance costs at every shop visit. For these reasons, the flight length 

should be in the CERs predicting maintenance intervals and maintenance costs.  

The maintenance intervals appear in the CERs for predicting the costs of the 

shop visits. This is anticipated form the beginning, as the time of the shop visit 

interval has a direct impact on the respective costs. When the interval between 

two subsequent shop visits is decreased, then the engine has reduced TOW, so 

the degradation level of the engine is not extended. On the other hand, the 

bigger the interval between two shop visits, the more TOW the engine has, and 

thus the more extended the deterioration is, resulting in more demanding repair 

work and more replacements of engine components, increasing the costs. This 
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impact of the interval between shop visits, can be seen in the CERs predicting 

the costs.  

The interval for the non-mature shop visit also appears in the CER for prediction 

of the interval of mature shop visit. This is also anticipated, as the interval for 

the first shop visit is a very important parameter for the engines, affecting the 

state of the engine future performance. After the first maintenance shop visit, 

the engine will not tolerate the same extent of deterioration, especially regarding 

the EGT. Therefore, this parameter is expected to be in the CER of the mature 

shop visits interval, and in the CERs, an increase in the non-mature shop visit 

interval, reduces the interval for the next shop visit.  

Lastly, the CER for prediction of the necessary reserves for LLPs in every shop 

visit, includes some parameters that do not seem to affect the reserves in a 

direct way. However, the statistical analysis proves that these parameters are 

significant for the predictions. The only parameters that have a more direct 

impact on the reserves for LLPs, and it appears in the respective CERs, are the 

flight length and the intervals for shop visits. These two parameters can give an 

estimation of the amount of flight cycles the engine accumulates until the 

following shop visit, giving an indication of how many LLPs will be changed, and 

thus affecting the necessary reserves. 

The effect of each parameter can be examined up to a certain extent, through 

the CERs presented in this chapter. This can be done by isolating each factor, 

and monitoring the change in results, in relation to change in the parameter’s 

values. However, this is not the best approach because the CERs created in 

this project, are very sensitive to the data used for the creation of the CERs. 

According to the results from the statistical analysis, the CERs can be used for 

predictions with a wide range of data, but as the DOF test dictates, the CERs do 

not have good generalizability, and therefore their use has to be closely 

examined for data outside the database. The data used in the database were 

collected from sources found in the public domain, and not libraries of OEMs or 

maintenance shops, and their accuracy is therefore limited. For these reasons, 

although it is possible within some ranges to examine the effect of each 
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parameter on the results, it is considered not the best solution. For this level of 

data accuracy, other methods of examining the changes in results should be 

chosen, such as the severity curves, analysed in the next chapter. 

 

7.6 Imperial units CERs 

The CERs for the database in Imperial units have been created and tested, but 

only for comparison of the results the CERs found in the literature for the 

engines in the database in this project, and not for any further calculations. The 

calculations in the next chapter are done with the CERs using SI units data, 

because the simulation programs, and the majority of literature used SI units. 

The CERs have been developed with regression, similarly to the SI units CERs, 

and also they were examined under the same tests. The CERs and the tests 

results are presented here. The inputs used are the same as before, and they 

do not need any further explanation. The intervals and the costs have the same 

units, so their values are the same, and also the inflation factors used for 

normalization of the database, are the same as they are not affected by the 

units system. Moreover, the flight length is also the same, as it is a ratio of the 

engines flight hours per flight cycles. The parameters that change because of 

the change in unit system are thrust, weight and TWR. Thrust is now measured 

in [lbf], weight is measured in [lb], and the TWR in [lbf/lb], while all the other 

parameters are the same. 

Due to the fact that the CERs for imperial units are quite similar to these for SI 

units, the CERs are not presented here, since they also have no operational 

purpose, and they are presented in Appendices G.1 to G.7. Only the table 

presenting the various statistical tests of each CER is presented here.  

In table 8 below, the statistical tests for this set of CERs are presented. 
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Table 8: Statistical tests of results (Imperial) 

 

 

As can be seen in table 8, the values for R2 are acceptable, as all CERs have 

values greater than 0.9, and therefore all CERs can be accepted regarding their 

accuracy. On the other hand, the adjusted R2 in some occasions has lower 

values that the respective CERs in SI units. This means that the CERs that 

have adjusted R2 are not the best possible, and should be improved. However, 

this was not possible with MS Excel, as one of its limitations is the number of 

input parameters it can use to create a CER, and this limitation affected some of 

the created CERs, as they could not reach acceptable, or desirable, values for 

all tests.  

The F-stat values are higher than the critical values for all CERs, but it is quite 

clear that some CERs are more significant than the others. All CERs are 

accepted in terms of their significance, but most of them could be re-evaluated 

to be improved. 

The test regarding the degrees of freedom shows that all CERs have similar 

credibility and generalizability. Their results are similar, and slightly better than 

those of the SI units CERs, but still, their values mean that these CERs have to 

be used with consideration. In case an engine outside the database in this 

project is examines, it should be checked how close this engine is to those in 

the database. These CERs are not the best choice for engines different than 
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those examined in this project, so they should not be used for long-haul 

engines.  

Finally, the average error of each CER is examined, and the values are 

between 3.83 and 7.6%, which means that all the CERs achieve values below 

10% and their accuracy can be considered acceptable, for this level of 

calculations.  

The results interpretation of all statistical tests shows that these CERs are 

acceptable but as a total are not as good as those in SI units. However, since 

they are not used in calculations, but only for comparison, they are considered 

acceptable. 

The tests of how well the results fit with the values in the database, and a 

logical test of the CERs, are also examined in Appendix G.  
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8 Severity curves 

As seen in chapter 2, the operational severity has great influence on the 

intervals between shop visits, and on the maintenance costs resulting in each 

shop visit. The severity of the engine operation includes the effect of various 

factors, with the most fundamental and important of them to be thrust, or de-rate 

level, the flight length, OAT, and the type of the environment, regarding 

corrosive or erosive air due to presence of particles in the air. 

The effect of each factor can be examined independently, and this can be done 

with a variety of ways. Undeniably, the best way to examine the effect of these 

parameters is to have detailed data from OEMs libraries for the engine 

operation, and maintenance history, and elaborate models that accurately 

predict the changes in engine performance, and in the maintenance schedule 

and costs. However, these tools are out of access for the user, and other 

methods had to be followed to evaluate such effects.  

One of the ways to evaluate the effect of each parameter is to isolate it in the 

CERs, and make a sensitivity analysis, and monitor the effect on the intervals 

and the costs for the engine parameters. The problem is that, as explained 

before, that the CERs created with the database in this project, and they are 

specially made to predict most of the data in the database, and therefore if 

values are changed significantly compared to the values in the database, the 

CERs will have problems in accurately predicting the intervals and the costs.  

In order to avoid using false predictions from the CERs in the calculations, the 

author considered that is better to use severity curves to examine the changes 

in intervals and costs imposed from different operational severity values. That 

way, using the predictions from CERs for the basic data in the database, for 

which the accuracy is validated in chapter 7, and the severity curves, safe 

conclusions can be made for the maintenance interval and maintenance cost in 

every case. Moreover, as has already been explained, the aim of the project is 

to study the effect of engine performance on maintenance, and therefore the 
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use of severity curves found in literature does not lead the project to divert from 

its aim. 

The best solution is the author to create his/her own severity curves based in 

the changes in operation imposed by the different parameters, such as thrust or 

flight length. The creation of severity curves requires extended and elaborate 

models to monitor the changes in parameters. Such severity curves have been 

created and used by OEMs and airliners to monitor the detailed maintenance 

schedule and costs, but severity data is considered sensitive information and it 

is not usually published. The result is that not much information could be found 

from OEMs or in books. However, severity curves have been created by some 

authors in their projects, usually PhD theses, and the author had collected some 

of them, and then selected form these projects which to use. The available data 

for severity curves is found in [4], [5], [16], [48] and [49]. These projects either 

received the severity data from manufacturers and airliners to develop the 

severity curves, or the author had used extended models, including lifing 

models, to evaluate the effect of operational severity on the engines, [48] and 

[49]. However the author does not have access to such models, and it is not in 

the purposes of this project the development of any models to evaluate lifing 

and severity. Therefore, the author considered it is a safe and accepted choice 

to use a set of severity curves from another project. This was also the case in 

other projects, such as [42], where severity curves from other projects were 

used.  

At this point, the author considered necessary to explain some things regarding 

the severity curves, to help the reader understand the reasons of selecting the 

use of severity curves and the capabilities and limitations of the severity curves. 

First of all, it has to be stated again that this project aims to examine the effect 

of severity curves on maintenance schedule and costs, and the trend of such 

effects, and not produce absolute values for the intervals or the costs of a shop 

visit. The results of the current project are acceptable for understanding generic 

nature of maintenance factors and the effect of severity, but they are not 

acceptable to make any decisions based on these results.  
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Severity curves are curves presenting the relationship connecting the de-rate 

level and the flight length with the severity factor. The severity factor is a 

matching factor presenting the severity of a specific mission, including thrust 

level and flight length, in comparison to a basic mission, which means basis 

values for both the de-rate level and the flight length. The base point is selected 

with considering the most usual mission for the examined engine. Most severity 

curves have a base point, with a respective severity factor of 1, at a de-rate 

level of 10% and a flight length of about 2.0 FH/FC. The severity curve chosen 

for this project is taken from [4], and it has a similar base point. The effect of de-

rate on the maintenance cost, can be seen in figure 43, which is a qualitative 

figure presenting how the shop visit costs change with the thrust level. 

 

Figure 43: De-rate effect on maintenance cost [16] 

However it has to become clear that severity curves are not a deterministic tool. 

The value of a severity factor is a relative value between two different flight 

missions, and is not an accurate representation of the engine deterioration of 

the engine in each flight. Severity factors are used mostly as an easy matching 

tool for the data that OEMs and airliners have for the maintenance schedule 

and costs in relation to their flight demands. Severity curves are created by 

manufacturers that use statistical distributions, presenting expected TOW and 

shop visit costs for various engines and they are not absolute values that dictate 

the exact maintenance schedule for the engines [5]. 



 

89 

The majority of engines never spend their entire life on only one mission, so 

their de-rate level and flight length usually is different at each flight. Moreover 

the thrust levels which the engine has to generate are affected by OAT and the 

payload at each flight, so they change at each flight. These changes are not 

represented by the severity curves, because the maintenance schedule and 

costs are affected by a number of flights and not only one flight. At the same 

time, the severity factor received for different thrust levels or flight lengths, are 

mostly representing the relative severity for one mission and not the entirety of 

flights between two shop visits.  

The outcome of this is another tool used in this project, that has some 

limitations and its use has to be examined to evaluate the significance and 

accuracy of the results. In addition, the results from this analysis are mostly 

aimed to create and examine some trends for the maintenance schedule and 

cost, and they are not accurate and significant enough to base decisions on 

them. Overall, keeping in mind the aims of this project, and the fact that severity 

curves are not used as deterministic tools, but as indications of the changes in 

maintenance schedule and costs, the use of severity factors in this project is 

considered acceptable.  

Furthermore, it is assumed that each examined flight mission is the one 

occurring at the vast majority of flights between two subsequent shop visits, so 

that there is a significant effect of the severity on the schedule and the costs. 

Otherwise, if it is assumed that each examined flight is only happening once 

between two subsequent shop visits, it would not have an effect significant 

enough to be evaluated and included in any calculations. This assumption is 

made because based on the data collected, between two subsequent shop 

visits, the engines accumulates about 10000-20000 FH, or about 5000-10000 

FC, assuming an average flight length of 2 FH/FC, and the severity analysis is a 

way of quantifying a mission’s severity taking into consideration the conditions 

in which the engine is operating [16]. The problem is that, one flight is translated 

to one FC, and to 3 FH at most for a short-haul engine, and this is a negligible 

percentage of the total flight time the engine accumulates. Therefore, the 
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deterioration in the engine, due to a particular flight is not a significant value, 

and it can be ignored. 

Taking into account these considerations severity can be used into the following 

analysis. The first step for this analysis is to select the severity curves to be 

used, and the next is the selection of some different de-rate levels and flight 

lengths, in order to examine their effect. Normally, the selection regards a set of 

severity curves, and not only one, since manufacturers develop a different 

severity curve for each produced model. In addition to that, engines with more 

than one thrust ratings have a different severity curve for each rating level, and 

all engines have different severity curves for their non-mature and mature 

phases. The developed severity curves can enable the user to conduct an 

analysis to find the optimal conditions in which the engine has to run, in order to 

achieve a minimum-cost maintenance schedule [5]. 

The severity curve used in this project is a set of different curves for various de-

rate levels, taken from source [4]. The author in [4] has created this severity 

curve using various short-haul engines, but he does not specify to which phase 

of the engine life the data refer. However, the author chose to use this curve 

because it has been created as an average curve using various engine models, 

and most of the thrust ratings for each engine, and the majority of these engines 

are also found in the database of the current project.  

The curve was taken from the aforementioned source, where it was found both 

in figure and tabular form. The tabular form was preferred, as the data could be 

used in MS Excel and could give the equation for each curve in order to perform 

a more accurate analysis. The software MS Excel has the capability to find the 

equation of a set of points, if this equation is linear, polynomial, exponential, 

logarithmic, moving average or a power of the independent variable. The 

original curves are presented in figure 44, and the re-created curves are 

presented in figure 45 for comparison. Moreover, in table 9, the error for each 

curve is presented.  
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Figure 44: Severity curves [4] 

Figure 44 presents the severity curves, as given in [4]. The problem with these 

curves in that it has not been specified if they refer to the non-mature or the 

mature phase of engines life, so they are assumed to be applicable to both 

phases, since the author in [4] uses data for both phases, and creates an 

averaged curve.  

 

Figure 45: Recreated severity curves 

0

0,5

1

1,5

2

2,5

3

0,5 1,5 2,5 3,5 4,5 5,5 6,5

Se
ve

ri
ty

 F
ac

to
r 

Flight Length (FH/FC) 

Severity curves 

0% derate

5% derate

10% derate

15% derate

20% derate



 

92 

Figure 45 represents the recreated severity curves, from the tabular form of 

data found in [4]. As it can be seen, the resulting figure is quite close to the 

original one presented in figure 44.  

Table 9: Recreated severity curves and errors 

 

Table 9 represents accumulated the average error of each severity curve. It can 

easily be seen that the curves have a negligible error (below 1%), and the 

equation describing each curve is acceptable. Considering the purpose and 

aims of the thesis, an error below 1% is acceptable.  
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Table 10: Severity curves equation 

 

Table 10 presents the equation of describing each severity curve, and these 

equations will be used to predict the severity factor of each flight mission later 

on. As it can be seen all curves are described by polynomial equations of 6th 

degree. There are two reasons for this result. First of all, MS Excel can produce 

polynomial trend lines, of only up to 6th degree. Polynomial equations of up to 

10th degree for the severity data, have been created in Matlab software, since 

Matlab can create polynomials of very high degrees.  

The most important reason for the selected degree of the polynomial equations 

is the average deviation error in combination to robustness of the equations. 

The average deviation error was similar for polynomials up to 8th degree, and it 

becomes in the order of 1E-09, for a polynomial of 9th order or higher. However, 

the polynomials of 7th order and higher, are not so robust, and they give 

unpredictable and illogical errors for that orders. Therefore, the 6th order was 

selected as a more stable choice. There is an example of two polynomials in 

figure 46.  
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Figure 46: Polynomials comparison for 6th and 8th order polynomials 

In figure 46 there is a representation of the predictions the polynomials of 6th 

and 8th order make. It is rather obvious that the polynomial of the 6th order is 

stable in its prediction throughout all the range of the independent variable, 

while the polynomial of the 8th order becomes unstable after about a value of 4 

for the flight time. So, the choice of the 6th order polynomial equation has been 

considered more preferable and more logical.  

For the severity analysis, there were some assumptions made, regarding the 

payload the aircraft has to carry, and the thrust level of the engine. The payload 

of the aircraft is the resulting payload for the case of having all the passengers 

the aircraft can take, and a small portion of the cargo. Therefore the maximum 

payload is not used for the simulated flights. Using the available data for the 

selected aircraft, the maximum number of passengers is found to be 149, and a 

weight of 200 [lb] (91.8kg) for each one is used [31].  

There are 6 places examined, 3 of them have OATs lower than those in 

Gatwick airport, and the other 3 are south of London, so the OATs there, are 

-1

0

1

2

3

4

5

6

0 1 2 3 4 5 6 7

Se
ve

ri
ty

 F
ac

to
r 

Flight Length (FH/FC) 

Polynomials comparison 

8th order

6th order



 

95 

higher than those at Gatwick. For these examined flights, it is assumed that the 

airplane takes off from the selected locations and lands in Gatwick, so the take-

off happens at a different deviation from ISA. The values of the ISA deviation 

are considered average temperatures for these locations, while for the landing, 

it is assumed that always occurs at a ±3oC, which is typical in the Hermes 

simulations.  

Table 11: Airports code name, and distance for London Gatwick [50] – [58] 

 

Table 11 presents the code name for the airport of each selected locations, the 

altitude of each airport, in [MASL] which is meters above sea level, and the 

distance of each airport from London Gatwick. The London Gatwick airport has 

a code name LGW, and an altitude of 62 [MASL]. 

Table 12: Duration and ISA Deviation of examined flights 

 Duration [FH] ISA Deviation [oC] 

CDG-LGW 0.71 +5 

GLA-LGW 1.05 -5 

OSL-LGW 1.95 -10 
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MAD-LGW 1.85 +10 

SKG-LGW 2.91 +10 

LED-LGW 3 -10 

 

Table 12 presents the results of Hermes simulation for the duration of each 

flight, which flight length is used in the severity analysis, and the ISA deviation 

in each case.  

For the three locations northern of London Gatwick, it is assumed that lower 

temperatures occur, the colder air improves thrust generation with its higher 

density. On the other hand, the three southern locations have higher 

temperatures, and the hot air makes thrust generation more difficult. The 

selected values for ISA deviation are not such that the engine has reached its 

redline EGT, and the chosen de-rate levels are solely on performance with less 

payload than the maximum, and not for EGTM deterioration. Therefore, for the 

locations with higher temperature than London Gatwick, a 5% de-rate level is 

selected, while for the locations with lower temperatures a 10% de-rate level is 

selected, as the engine can still produce the necessary thrust levels for take-off.  

With the values for the de-rate level and the flight length, the equations in table 

10 can be used to predict the severity factor for each flight.  

Table 13: Severity factor for each flight 

 Duration [FH] De-rate (%) Severity Factor 

CDG-LGW 0.71 5 2,205945 

GLA-LGW 1.05 10 1,71069 

OSL-LGW 1.95 10 0,975537 

MAD-LGW 1.85 5 1,153092 
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SKG-LGW 2.91 5 0,854626 

LED-LGW 3 10 0,78 

Table 13 presents the severity factor for each examined flight, and these factors 

are used to evaluate the impact each flight has on the interval between two 

shop visits and maintenance costs. 

Firstly, it is assumed that the data for the intervals and the costs found in the 

database, regard a 0% de-rate and for the flight length found in the database. 

The examined engine is CFM56-3C1, on the examined aircraft of Boeing 737-

400, and the initial flight length for this engine is 1.4 hour for 0% de-rate. This 

point on the severity curves has a severity factor of 1.705. Therefore, at first, the 

data about the maintenance intervals and costs that regard this severity factor 

value, they have to be expressed for the severity basis value of SF=1, and then 

the evaluation can take place. 

The results found from the CERs in the previous chapter now have to be 

adapted to the new values of flight length and de-rate level, through the severity 

facto, and this is explained through the following equations. The maintenance 

costs are changed with the severity factor by multiplication, as seen in equation 

8-1 [4].  

   ($ / ) ($ / )New MC FH SF Initial MC FH     
(8-1) 

The interval between two shop visits is affected in a different way. The severity 

factor is multiplied with the shop visit rate, in equation 8-3 [4], and the shop visit 

rate is found in equation 8-2 [4]. 

 
1000

( )
SVR

Shop Visit Interval FH


   
 

(8-2) 

Equation 8-2 shows the relationship between the Shop Visit Rate (SVR) and the 

shop visit intervals. 
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   New SVR SF Initial SVR   
(8-3) 

Equation 8-3 represents the effect of the severity factor on the shop visit rate. 

These three equations are used to make the necessary calculations and 

express the values for intervals and costs in the correct severity bases.  

In order to estimate the cost of a shop visit, equation (8-4) is used: 

($) [ ($ / )][ ( )]SVC SVC FH SVI FH    
 (8-4) 

 

The product of the multiplication of the cost per FH with the total amount of FH 

required for each shop visit, gives the resulting cost of the shop visit.  

The values of the maintenance intervals and the maintenance costs, for both 

non-mature and mature phase of the engine, are presented in table 14, along 

with the values resulting from using equation 8-1.  

Table 14: Maintenance intervals and costs for SF 1.705 and SF 1 

 SF 1.705 SF 1 

NMSVI (FH) 8608 14677 

NMSVC ($/FH) 93.8 55.01 

MSVI (FH) 7000 8525 

MSVC ($/FH) 137.56 81.3 

 

Table 14 presents the values for the intervals and costs expressed for the basis 

value of severity factor. Now, these values can be used for the evaluation of the 

operational severity effect, as the initial values for each calculated variable. For 

each flight interval until the first shop visit, the interval between two subsequent 

shop visits and the cost of each shop visit are calculated. The presented data is 

taken from the prediction results of the created CERs.  
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Table 15: NMSVI and MSVI for each flight 

 NMSVI (FH) MSVI (FH) 

CDG-LGW 6653,221 3864,557 

GLA-LGW 8579,369 4983,369 

OSL-LGW 15044,68 8738,777 

MAD-LGW 12728,07 7393,166 

SKG-LGW 17173,17 9975,124 

LED-LGW 18816,21 10929,49 

 

Table 15 presents the accumulated the calculated data for the changes in the 

intervals resulting from each flight.  

Table 16: NMSVC and MSVC for each flight 

 NMSVC ($/FH) MSVC ($/FH) 

CDG-LGW 121,9545 179,3433 

GLA-LGW 94,57457 139,0791 

OSL-LGW 53,93203 79,31116 

MAD-LGW 63,74807 93,74638 

SKG-LGW 47,24753 69,48109 

LED-LGW 43,12188 63,414 

Table 16 presents the data for the calculated NMSVC and MSVC for each flight. 

From table 15 and table 16, it can easily be seen that there is a great difference, 

both for the intervals and the costs, between the different examined flights, and 

this is due to the difference in the value of the severity factor. 
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If the airliner could choose to fly to only one destination, the best choice would 

be St. Petersburg, as the severity of this flight, minimises the cost and increases 

the TOW the engine can have, leading to two very important benefits for the 

company. For example, if one aircraft would fly only on the basis flight, dictated 

by the data in the database about this engine, it  would require the first shop 

visit after 8608 [FH], with an approximate cost of 93.8 [$/FH], as presented in 

table 14, for the 1.705 severity factor. This means a shop visit cost of 

$807430.00 for the first shop visit, using equation 8-4. On the other hand, if an 

aircraft flies solely on a route from St. Petersburg to London Gatwick, and back, 

it would have a shop visit cost of $919604.00 for the first shop visit.  

At this point it is necessary to also compare the benefits of the longer intervals 

between shop visits, and by considering that the interval time period is also the 

TOW of the engine, equation (8-5) gives the result for the total income at this 

period of time: 

($) [ ($ / )][ ( )]Income Income FH TOW FH     
 (8-5) 

 

 

Thus, taking also in consideration the TOW each engine can accumulate until 

their first shop visit, if an amount of $150.00 is assumed for the operation of the 

engine, then the first engine would produce a total income of $1291200.00, 

while the second engine, on the flight for LED-LGW, would produce a total 

income of $3214650.00.  

The net income of the first flight route, the basis flight, is $483770.00, while the 

second flight route gives a net income of $2295046.00, which is over 4, almost 

5, times the net income of the first route. Therefore, it is quite easy to justify the 

flight route selection between these two choices.  

The results for a similar analysis regarding the flight from CDG to LGW and the 

flight from LED to LGW are presented in figures 47 and 48. 
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Figure 47: TOW (FH) for two flight paths 

Figure 47 shows the available TOW the engine has if it only flies at one 

specified flight path. 

 

Figure 48: Income ($) for the two flight paths 

Figure 48 illustrates the income the airline can expect from the engine for each 

flight path. 
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The severity analysis can be applied to all the engines in the database, since 

the severity curve is an averaged curve created from data including all the 

engines found in the database of this project. Therefore, the same financial 

calculations can be made for any engine, and for any flight length inside the 

range of flight length in the severity curves.  

The LLPs are not affected in the same way from the operational severity, as the 

maintenance intervals and the maintenance costs. The intervals for LLP repair 

or replacement are dictated by the FAA, based on crack formation, as explained 

in chapter 2, and this is related to the number of flight cycles the engine 

accumulates. Therefore, the operational severity has no direct effect on the life 

of the LLPs, but it can affect this life indirectly. Operational severity and flight 

length can be chosen so as to create a schedule for the LLPs repair and 

replacement which matches the schedule for the shop visits. 

Moreover, the cost of LLPs is dictated by factors completely different from the 

operational severity, and the cost of each LLP regards only a set of LLPs, as 

explained in chapter 2 for the cost of LLPs in each engine module. The value of 

LLPs does not change with the operational severity and the frequency of shop 

visits. Therefore, regarding the necessary reserves for LLPs is the amount and 

identity of the LLPs needing replacement in each shop visit.   
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9 Conclusions and Suggestions 

In this chapter, after the completion of all the steps of this project, it is essential 

to draw some conclusion form the entire project, and also to make some 

suggestions in order to improve the models used for calculations, the analysis 

methods, steps, and finally the results. 

9.1 Conclusions 

This project combines engine and aircraft performance models with an engine 

database and created Cost Estimated Relationships to predict the maintenance 

intervals, maintenance costs and necessary LLP reserves for the non-mature 

and mature phase of engines’ life. In the end, the severity curves incorporated 

in the analysis, allow the prediction of the imposed changes in the maintenance 

intervals and costs, considering the various operating conditions of the engine. 

The software used for engine simulation is Turbomatch, which has few 

limitations in its capabilities, and it should be used with consideration in what is 

the desired result. The errors for each simulated case was below 1%, proving 

that the use of Turbomatch is acceptable for this project, but other aspects are 

not simulated correctly, such as the EGT of the engines. 

Next, the aircraft performance model was created, in order to examine the flight 

duration of some flight routes, and evaluate a severity factor for each route. One 

of the limitations in this process is the scarcity of available data the aircraft, 

making the validation difficult. The resulting errors of the developed model 

prove its accuracy, and show an acceptable performance model. The results 

regard only one engine.  

The following step was the creation of the engine database, with the main 

problem being that the data was collected from public domain, with some 

limitations on the accuracy of the data, and the clarity on the conditions 

regarding the data, such as the de-rate level of the engine.  

The method of multiple backward regression was used for the creation of CERs, 

which predict the intervals and costs for shop visits, and the necessary reserves 
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for LLPs in each shop visit. The available data restricts the overall quality of the 

CERs, and also the parametric estimation method sets some limitations in the 

results. However, the CERs can be used for any engine in the database. The 

results of these relationships are used in severity analysis to predict the final 

costs for various operational conditions.  

Finally the severity analysis shows the impact of different operational conditions 

on the intervals and the costs for the engine modelled with the performance 

software. The severity curve can be used for all engines in the database, but 

only the simulated engine is used, because it is the only engine for which the 

flight length can be predicted through the software for aircraft performance 

simulation. Severity factor is only an indication for the intervals and the costs in 

respect of the various operational conditions, and it does not predict results that 

can lead to actual decisions.  

Overall, the steps of this project have certain limitations, and this affects the 

accuracy of the final predictions, however, considering the purpose and the 

aims of the project, the results are acceptable.  

Based on the results of the severity analysis, it is more preferable to select flight 

routes with a longer flight length, and with higher de-rate levels, to lower the 

operational severity of the engine, and have economic benefits, such as higher 

net income from one engine, in the total duration of the time it spends on wing, 

and its shop visit.  

Through the analysis on this project, it is easily shown that the changes in the 

temperature of outside air have no significant effect on the severity factor. 

Moreover, the flight length has greater effect on the severity factor than the de-

rate level.  

9.2 Suggestions 

At this point some suggestions are made in order to help any future work on the 

same subject. These suggestions regard all models, methods, software 

programs and data used in this project, and could be part of any other project.  
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Firstly, the Turbomatch code could be improved in order to achieve better 

accuracy in the engine performance simulation results. For example, the 

component maps in Turbomatch have to be improved to enable better 

predictions for real engines. Moreover, a more elaborate research in literature 

could give better data for the engine specifications and improve the simulation 

results.  

The aircraft performance simulation could be improved with better, more 

detailed and more accurate data for the aircraft dimensions and performance, 

including better payload-range figures found in the literature. 

One of the major problems met in this project is the data collection for the 

creation of the database. The collected data should be more detailed, more 

accurate and clearly specified in order to improve its validation. The data 

sources used in this project are accepted because there is no access for the 

author in libraries from OEMs or maintenance shops, but this data is not easily 

validated. 

All problems mentioned so far can be easily addressed by accessing data from 

OEMs’ and maintenance shops’ libraries. Such libraries contain real engine and 

aircraft data, and thus the prediction process can be far more realistic and 

accurate. Also, this would greatly improve the capabilities of the models, and 

the applicability of the results. Taking into consideration, a link with OEMs, 

airliners, and maintenance shops is desirable, and future authors should search 

and seek such collaboration.  

The created CERs have a number of limitations as discussed in chapter 7. In 

order to improve the CERs prediction accuracy, different methods for CERs 

creations should be selected, such as the bottom-up method, if possible 

regarding data availability, time availability and computational capabilities 

available. At the same time, a wider range of data should be adopted to make 

the CERs more applicable to a wider range of engines.  

Finally, severity curves should be created specifically for each database from 

the author of each project, to enable the analysis of all engines in the database.  
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Regarding the results extracted, an airliner with a big air fleet should take into 

serious consideration the severity analysis, to minimise maintenance costs, and 

increase TOW for the engines. For example, aircraft could be operated with a 

philosophy of route selection to maximise TOW, using higher de-rate levels and 

longer flight lengths. As an example, the aircraft flying on very short flying 

length, could spend half a year on these routes, and the other half of the year 

on routes with a flight length of about 3 FH/FC. The same could be done for 

aircraft flying to destinations with high temperatures, such as the Greece, Italy 

and Portugal. These aircraft could spend six months on these locations and the 

other six on locations like Norway, Russia and Finland, to compensate for the 

operational severity. 

The results of similar CERs could also be used for prediction of the LLP 

intervals, with the combination of the results for the shop visit intervals and the 

data for the maximum number of FC each LLP can accumulate before getting 

replaced. This kind of data can be found in literature, such as [10], and with an 

assumed value for the FL of each engine, and the interval predictions from 

CERs, it is possible to calculate which LLP will be replaced at each shop visit, 

and its cost, to also predict the reserves.  

Lastly, airlines could manage their aircraft operation schedule based on a 

severity analysis. Apart from the financial aspect of such a plan, with the 

prediction of operation and maintenance cost, the airline can also manage the 

aircraft operation in a way that there is always a specified number of aircraft in 

operation. For example, there should be consideration given to avoiding 

operation of aircraft with engine that have a coinciding maintenance schedule, 

and they will be both on overhaul. This philosophy can be used to develop a 

management plan for the whole air fleet of an airline, and the aircraft for the 

same route can be the focus for examining different maintenance schedules.   
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APPENDICES 

Appendix A Turbomatch input file 
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Appendix B Hermes input file 
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Appendix C Database 

 

Figure_Apx 1: Database of engines (non-cost data and first shop visit) 
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Figure_Apx 2: Database of engines (mature shop visit and normalization) 



 

125 

Appendix D Inflation Indexes 

D.1 Employment Cost Index 

 

Figure_Apx 3: Employment Cost Index 
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D.2 Producer Price Index 

 

Figure_Apx 4: Producer Price Index 
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Appendix E Collinearity 

 

Figure_Apx 5: Collinearity matrix 
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Appendix F t-stat table and F-stat table 

F.1 t table 

 

Figure_Apx 6: t-stat test table 
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F.2 F test 

 

Figure_Apx 7: F-stat test table 
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Appendix G Imperial units CERs 

In this set of appendices the created CERs for imperial units are presented. For 

each CER, the mathematical relationship and the figure of accuracy prediction 

are provided. In the end, the logical testing of the CERs is presented. 

G.1 Non Mature Shop Visit Interval 

 

 

Figure_Apx 8: CER evaluation Non Mature Shop Visit Interval 

 

 

 

 

 

R² = 0,9702 

0

5000

10000

15000

20000

25000

30000

35000

40000

0 10000 20000 30000 40000

P
re

d
ic

te
d

 v
al

u
e

s 
(F

H
) 

Literature values (FH) 

NMSVI 

NMSVI

Linear (NMSVI)



 

131 

 

G.2 Non Mature Shop Visit Cost 

 

 

Figure_Apx 9: CER evaluation Non Mature Shop Visit Cost 
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G.3 Non Mature Shop Visit LLP Reserves 

 

 

Figure_Apx 10: CER evaluation Non Mature Shop Visit LLP Reserves 
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G.4 Mature Shop Visit Interval 

 

 

Figure_Apx 11: CER evaluation Mature Shop Visit Interval 
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G.5 Mature Shop Visit Cost 

 

 

Figure_Apx 12: CER evaluation Mature Shop Visit Cost 
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G.6 Mature Shop Visit LLP Reserves 

 

 

Figure_Apx 13: CER evaluation Mature Shop Visit LLP Reserves 
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G.7 Logical test 

The purpose of each input has already been described in the respective part of 

analysis for the SI units CERs, so it will not be explained here again.  

Taking into consideration the effect of each parameter in each CER, as 

described in the respective part for the SI unit CERs, the majority of the CERs 

with Imperial units, follow the same principals and include the same inputs. 

However, the CER for the mature shop visit costs, and the mature shop LLP 

reserves, do not include some parameters that have been described as 

important for them. Both these CERs do not include the flight length parameter, 

and the CER for the LLP reserves also does not include the interval between 

shop visits in the mature phase. The source of this problem is the available 

data, and the capabilities of MS Excel, which no matter the combination of input 

parameters, always leaded to removing the flight length parameter from these 

two CERs. Nonetheless, there are two main reasons the lack of these 

parameters in not considered an important problem. Firstly, as mentioned 

before, the CERs using parameters in Imperial units are not to be used in any of 

the calculations, so their result will not be used. Apart from that, it has been 

explained before that the author believes that CERs as those in the present 

project, may not work correctly when their input parameters change their 

values, because the CERs work properly inside specific ranges of values, and 

therefore the severity curves are used to examine changes in some parameters 

such as thrust and flight length. 

Overall, the CERs with the Imperial units, are acceptable and successful in 

most tests, with only exception two CERs that may need re-evaluation 

regarding their inputs. However, almost all of the CERs are not as good as the 

respective CERs in SI units, and they need further improvement if they are to be 

further used in calculations.  


