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Abstract

Gas turbine engines have a crucial role in evaluating military aircraft performance.
Operating in a range of missions and environmental conditions, they are
subjected to an excessively demanding usage often reaching their operating
limits. The impact prediction on engine components degradation of this adverse

usage requires a multi-disciplinary approach to best capture its effects.

This master thesis investigates the implications of optimal mission performance
on the degradation of military gas turbine engines. The research focuses on the
degradation of first stage of the high-pressure turbine caused by the failure
mechanisms of creep, low cycle fatigue and high cycle fatigue, each acting

independently on the turbine blades.

By exploring the implications of mission performance on engine degradation, this
study provides valuable insights for optimizing mission execution strategies and

improving operational efficiency in military aviation.

Through a comprehensive analysis, several key findings have been identified. It
was observed that as the turbine entry temperature (TET) decreases, the
stresses on the turbine blade have a disproportionately greater effect on the
overall damage. This suggests that maintaining optimal TET levels is crucial for
mitigating engine degradation, as an increase of 0.005% in blade temperature
can lead to 40% more thrust, 100% more fuel consumption but can reduce life by
18% in Creep, 15% in LCF and 14% in HCF.

In addition, the study reveals that the use of afterburner though having similar
thermo-mechanical stresses upon the blades with the maximum dry setting, the
extensive usage in a mission can significantly impact the life consumption. A
mission with 40% less overall duration can present an up to 40% reduced life

expectancy.

Lastly, the investigation highlights the significant differences in life consumption
during several optimal climb paths. A time optimized profile is found to be the

most damage inflicting having 3 times less lifespan than noise and IR optimized



paths. A life expectancy of only 80 flight hours is predicted for the usage applied

on this profile resulting from the impact of low cycle fatigue contribution.

This research contributes to the field of military-related costs by shedding light on

the operational availability of gas turbine engines.

Keywords: military aircraft, gas turbine engine degradation, low bypass ratio,
high-pressure turbine, creep, low cycle fatigue, high cycle fatigue, afterburner,

operational availability.
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1 Introduction

In military aviation, the optimal performance and operational readiness of aircraft
and engines are of ultimate significance. Although a great amount of research
has been conducted in engine life prediction for civil aircraft, little resources are
available in the open domain about military applications. Research so far has
predominantly focused on analyzing specific aspects of aircraft or engine
performance and lifing studies were based on certain engine performance
degradation. Nevertheless, a noticeable gap remains in assessing military
operational costs and doing a more detailed evaluation of mission performance
on engine deterioration. This study aims to address these critical gaps by
investigating the implications of mission performance in military aircraft on the
degradation of low bypass ratio gas turbine engines, with a specific focus on the

first stage of the high-pressure turbine.

Until today, military aircraft studies have primarily focused on assessing
aerodynamic capabilities and flight dynamics, often bypassing the crucial aspect
of operational costs. Although the economic implications of gas turbine engines
in civil aviation have been extensively researched due to their direct impact on
profitability and efficiency, the understanding of operational costs associated with

engine degradation in the military domain remains limited.

Furthermore, existing studies on gas turbine engine lifing have mostly relied on
predetermined levels of engine performance degradation, failing to account for
the dynamic nature of engine operation in fighter aircrafts and the mission profiles
encountered in military applications. As a result, the comprehensive assessment
of the relationship between mission performance and engine degradation in
military aircraft to optimize mission planning and improve operational efficiency

can form a useful tool.

In addition, previous research has not adequately addressed the integrated
performance of aircraft and engines as a system, largely overlooking the links
between aircraft mission profiles and their impact on engine degradation. By
introducing an aircraft/engine integrated system point of view into the analysis, a



wider understanding of operational costs and performance degradation in military

aviation can be achieved.

In this context, this project focuses on the introduction of an approach for military
mission assessment in terms of engine availability deterioration as part of a highly
integrated suite for aircraft/engine configurations. It aims to bridge the highly
developed “Economics” module for civil aircraft of Cranfield University’s Techno-
economic Environmental Risk Assessment (TERA) framework with the military

applications.
To investigate this research topic, the main objectives of this study are as follows:

1. Examine the relationship between engine degradation and overall
performance deterioration of the aircraft/engine system through the sequence of
a range of missions flown by a multirole fighter: This aims to establish correlations
between mission sequences, engine life, and the overall performance of the
aircraft/engine integrated system. By analyzing various mission profiles and their
impact on engine degradation, valuable insights are gained about the effects of
mission profiles on engine degradation and the subsequent influence on overall

performance.

2. Evaluate the effect of optimized climb path profiles on engine
performance deterioration: This objective aims to assess the impact of optimized
climb path profiles (time, fuel, noise) on engine degradation mechanisms. By
studying the relationship between optimal climb paths and engine degradation,
this research aims to showcase that by modifying the climb path followed
operational lifespan of the engine can be extended. Insights gained from this
objective can contribute to climb path optimization strategies that minimize engine

degradation and improve operational efficiency.

To achieve these objectives, this study will use a well-established methodology
involving data collection from simulated mission profiles, analysis, and modelling.
A multirole fighter aircraft is selected for investigation, and a range of mission
profiles will be analyzed to assess their impact on engine degradation. The fighter
class that will be used is that of Eurofighter/Rafale/F18 and the engine model that
will be used is derived from the sizing of their engines (M88, EJ200, F404).
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Detailed data on the high-pressure turbine blades will be collected for a set of
operating conditions corresponding to required mission performance parameters.
Data for HPT will include mechanical and thermal stresses on the blades which
will be fed into the mission simulation algorithm to predict the severity of each
mission. The severity calculation is based on three major failure mechanisms:

creep, low cycle fatigue and high cycle fatigue.

Furthermore, advanced modelling techniques will be utilized to simulate and
optimize climb path profiles. By integrating acquired data and applying advanced
modelling tools, this study will examine the effects of optimized climb paths on
engine performance deterioration. The objective is to identify climb path profiles
that minimize engine degradation and enhance the operational lifespan of the

engine.

Through addressing these objectives, this research aims to contribute to a better
understanding of the implications of mission performance in military aircraft on
the degradation of low bypass ratio gas turbine engines. The study specifically
focuses on the first stage of the high-pressure turbine, a critical component
influencing overall engine performance and longevity. By analyzing a range of
mission sequences and optimized climb path profiles, this study seeks to provide
valuable insights into the relationships between mission performance, engine

degradation and their implications on life expectancy.

Overall, this research represents a significant step towards bridging the gap
between military aircraft performance, operational costs, engine degradation, and
optimized mission profiles. By addressing the system integrated performance and
exploring the relationship between mission performance and engine degradation,
this study aims to provide valuable insights that can inform decision-making
processes, enhance operational availability and optimize resource allocation in

military aviation.



2 Literature review

In military aviation, the primary goal is the optimization of operational readiness,
ensuring the capability to perform assigned flight missions. Operational readiness
encompasses three crucial components: availability, serviceability, and
sustainability. Unfortunately, serviceability and sustainability are heavily

dependent on the design of the aircraft and thus defined by the manufacturer.

Availability by mission scheduling is often managed manually on a day-to-day
basis. This reactive approach to aircraft flight hour allocation can lead ton non-
optimal use of available resources. While there have been efforts for the
development optimization models to address this problem, the notion for this type

of research on military aircraft is still being tackled [1].

One of the key factors that significantly impacts engine life is how the engines are
used during field operations. Engine life is affected by various factors, such as
design practices, manufacturing processes, materials, engine installations,
usage, and maintenance system practices. While maintenance optimization has
been addressed [2], users are only contributing to usage and maintenance
interventions. Research has shown that engine power usage is a major
contributing factor to engine life in field operations [3]. Through a better
understanding of engine usage in relation to aircraft characteristics and the nature
of missions flown, it has become evident that engine life can vary significantly
based on usage patterns. Over the years, increasing amounts of data have been
collected, providing valuable insights into the magnitude and variability of engine

life across various aircraft roles. [4]

By incorporating these insights into the development of comprehensive
optimization models, military aviation can be more efficient during the system
selection process [5], can achieve more efficient flight hour allocation, enhance
operational readiness, and prolong the life of critical aircraft components,
including engines. This proactive approach can lead to safer and more reliable

flight operations, ultimately contributing to the success of military missions.



2.1 Introduction to Techno-economic and Environmental Risk
Assessment (TERA)

The aviation market is characterized by high competitiveness, where costs and
risks that are associated with new projects are significant as they always include
the safety factor and thus industries have to evaluate very carefully each choice
they make upon new projects or upgrading old ones since seemingly similar

options can lead to either success or pose a threat to a company's survival.

Preliminary design is of paramount importance in the success of an aircraft and
research institutions have put effort in developing corresponding frameworks to
facilitate the evaluation and selection process of new designs especially

concerning the propulsion system. [6, 7]

To address the need for assessing multidisciplinary problems around gas turbine
engine integration and generally preliminary design, Cranfield University has
developed its own modular framework for gas turbine and aircraft performance
evaluation. Techno-economic and environmental risk assessment (TERA) framework
is a modular suite that was developed to provide insight into the economic,
environmental and performance impact during the conceptual and preliminary design

of new aviation projects [8].
Fuel Burn

1 EPNdB

. Aircraft ~
@M@M!{Sﬁ[ﬂ Plant Prod. Cost T Noise D

Weight + Geometry TERA Emission

< Performance > Environmental

Economics

EINOXx

GWP

DoC

Figure 2-1: TERA Philosophy [8]



It is a project conceived to provide insight into the acquisition and usage costs of
modern gas turbine engine. To address the highly demanding market of gas
turbines, a multi-dimensional approach was required for the assessment of new
technologies. TERA is comprised of a set of computational modules, each one
dedicated to a different aspect of a complex engine ecosystem but provides an
integrated point of view. Coupled with an optimizer, it can provide valuable

information for decision making.

Although TERA was conceived as a tool for civil usage, in the past few years
there is a great deal of effort to expand its modules for use in the military domain.
In the core of TERA framework lies the HERMES [9] module is used for aircraft
performance evaluation simulating the engine’s installed performance on generic
airliner airframes and is combined with the University’s in-house engine
performance code, TURBOMATCH [10] which performs the engine modelling.
These modules are the ones that research done in recent years is trying to adapt
to military applications [11, 12]. A critical addition in this domain is effort to adapt
the “Economics” module to military applications. This module addresses the
direct and indirect costs of engine ownership and its adaptation to military

applications will help introduce the notion of “military related costs”.
2.2 Aircraft Performance

Flight mechanics is a critical aspect of aircraft design, encompassing various
disciplines such as aircraft performance, stability and control, and flight
simulation. These disciplines govern the design and operation parameters of an
aircraft, including take-off, climb, and the conditions necessary for successful
flight. Four fundamental forces - lift, drag, thrust, and weight - dictate the aircraft's

performance characteristics.

Achieving the necessary levels of thrust for feasible flight relies on employing
engines that meet the requirements effectively. The turbofan engine plays a
crucial role in this regard, with important control parameters such as shaft speed

and combustor outlet temperature contributing to thrust adjustments.

This chapter delves into the aspects of aircraft performance and gas turbine

performance, which serve as fundamental inputs for estimating severity and
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predicting shop visits. By understanding and optimizing these performance
aspects, aircraft designers and engineers can enhance the overall efficiency and
reliability of the aircraft, ensuring a balanced and effective combination of

performance and design.
2.2.1 Aircraft Performance Modelling

From the early days of aerial warfare, it became apparent that good handling
skills weren’t sufficient to prevail in sustained battlefield operations. Aircraft that
had better performance specifications were more successful and as the range of
missions flown was expanding, it became clear that whoever had the correct

combination of airframe design and engine would hold the key to victory [13].

World War Il saw tremendous advancements in aircraft technology and
performance. Fighter planes like the British Spitfire and the German
Messerschmitt Bf 109 became faster and more agile. The introduction of jet
engines during the war marked a significant leap in aircraft speed and
performance. The German Me 262, the world's first operational jet-powered

fighter aircraft, reached unprecedented speeds.

During the early development of military aviation, engineers and pilots were
primarily concerned with aircraft stability and control. As aircraft designs evolved,
there was a growing need to understand and improve the performance

characteristics of fighter aircraft.

In the 1950s, William F. Loftin, an aeronautical engineer, began investigating the
relationship between aircraft performance and maneuverability and the first
handbooks for aircraft performance were developed [14]. He conducted
pioneering research on energy-state and maneuverability trade-offs, laying the
foundation for Energy-Maneuverability Theory which was later established by
USAF pilot J. R. Boyd in the mid-1960s [15]. Making use of an earlier study
conducted by Rutowski [16] they suggested that aircraft performance can be
quantified by its total energy state and that maneuverability can be measured in
terms of energy rate exchange between altitude and speed. In this way, an
“energy” flight envelope can be easily constructed and comparisons can be made
by superimposing different flight envelopes in the same chart.

7



ALTITUDE
(THOUSANDS OF FEET)
100

2
o <
75 3 o
2|
50 HYPOTHETICAL
TYPICAL
SUBSONIC 35 NEIGHTER )
IFIGHTE 0
25 % r
\ > \ \
VIR \
)
0 400 BOO 1200 1600

VELOCITY (KNOTS)

Figure 2-2: Typical fighter speed-altitude envelopes superimposed on contours of constant specific energy
[16]

2.2.2 Flight Path Analysis and Mission Simulation

In the pursuit of finding a measure to identify, evaluate and compare the
performance of aircraft in complex scenarios such as combat missions, more
detailed tools had to be developed. Being a multi-disciplinary problem, the
evaluation of an aircraft/engine combination in a mission requires the use of a
simulation tool. These tools are particularly suited to evaluate the complicated
events that occur on the course of an aircraft mission. By executing multiple
simulation runs of a combat scenario under variable initial conditions, aircraft
performance can be statistically isolated and quantitative conclusions may be
reached upon the effect of various design parameters on an airframe’s combat
effectiveness. To provide a common reference for aircraft developers, the US
department of Defense issued specifications [17] introducing standardized

mission profiles to be used for assessing the performance of military aircraft.

Engine-airfframe integration requires careful evaluation of an aircraft’'s
performance in executing the mission it has been designed for. In principle flight
path simulation can be approached in two distinct ways. The first method relies
solely on the aircraft's equations of motion and can produce detailed results for



steady state and transient phases of the aircraft [18]. The second presents an

energy-point-of-view approach that makes use of E-M theory.
2.2.2.1 Optimal Flight Profiles

Optimal flight profiles are specific flight paths or trajectories that are carefully
designed to achieve the best possible performance and efficiency for an aircraft
during different phases of flight. These profiles are developed based on various
factors, including aircraft type, mission requirements, fuel efficiency, safety, and
environmental considerations. Optimal flight profiles aim to minimize time-to-
target, fuel consumption, reduce emissions, maximize range, and ensure the

aircraft operates within safe and efficient limits.

They belong to the category of trajectory optimization problems which are
mathematical challenges that involve finding the optimal path or trajectory for a
system subject to certain constraints and objectives. It is a problem that can be
approached by a variety of solutions, some of which can be of low fidelity but
computationally inexpensive like the pioneering work of Rutowski [16]. It involves
managing the aircraft's energy state, which is a combination of its kinetic energy
(associated with its speed) and potential energy (associated with its altitude).
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Figure 2-3: Comparison of minimum time to climb paths for typical subsonic fighter [16].

By carefully controlling the aircraft's energy state, pilots and flight planners can
achieve more fuel-efficient, time-efficient, and environmentally friendly flight
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profiles. Others require complex numerical solutions and programming
techniques to produce detailed results [19]. Various methods such as direct
shooting, indirect shooting, collocation, genetic algorithms, or gradient-based
approaches can be employed depending on the problem's dimensions,
nonlinearity, and accuracy requirements [20].

2.3 Gas Turbine Life Estimation

Gas turbine life estimation is a critical aspect of ensuring the reliable and efficient
operation of gas turbine engines used in military aircraft. Their engines are
subjected to a wide range of mission profiles, from combat missions to
reconnaissance and transport operations, each involving unique demands on the
engine components. Accurate life estimation, considering mission-specific
operating conditions, is vital to optimize maintenance schedules, manage life
cycle costs, and maintain the highest level of mission readiness. Not long after
the establishment of solid foundation about military aircraft performance
assessment, the need for a unified life-cycle analysis for aircraft turbine engines
was recognized. USAF in cooperation with Rand Corporation proposed a way to
evaluate the life-cycle process by utilizing earlier research into weapon systems

and reviewing commercial life-cycle practice [21].

This mission-centric approach involves integrating mission profiles and
operational data into life estimation methodologies. In addition, military mission
profiles present the inherent modelling difficulty that thrust input during flight
changes based on the flight phase. A standard ferry flight that constitutes a simple
transportation between two airports without any operational maneuvers presents
an entirely different power setting profile from an operational evaluation flight that
different scenarios and maneuvers are performed in the duration of the flight.
This means that, in contrast with civil aviation [3], Throttle Lever Position (TLA)

must be taken into consideration to capture the full dynamics of a mission.

Furthermore, modern multirole fighter jets can change role each mission and thus
the stresses they are subjected to, cannot be considered constant throughout
their life. This poses the challenge that mission sequence must be considered to

evaluate the overall engine degradation.
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Though civil and military applications share the same philosophy for aircraft and
engine modelling as well as failure mechanisms, the underlying mission approach
is completely different. Naeem [22] was one of the first researchers to investigate
the engine degradation in relation to flight profiles. In his research the implications
of engine deterioration on both operational effectiveness (Time-to-climb, Fuel
consumption, Net thrust) and failure mechanisms (Creep, LCF, TMF) are
evaluated for different mission profiles. His approach uses predefines
deterioration levels of erosion in LPT/HPT and fouling in LPC/HPC to simulate
the performance deterioration that a gas turbine is subjected to over time and
evaluates the impact on operational metrics. In addition, he measures the effects
of performance deterioration and resulting gas path temperature rise in the

degradation of the 15t HPT stage.

In a similar approach, Rolph [12] studies the Shop Visit Rate (SVR) of a military
turboprop for a set of missions that are executed in different sequences by a
cargo airplane. In this way he is trying to capture the life-cycle-costs (LCC) of a
military engine and incorporate the notion of fleet optimization in military

organizations.
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Figure 2-4: Comparison of engine power settings [3]
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In the same framework, Matchett [23], evaluates the implications of a variety of
mission profiles of a twin spool turbofan engine without afterburner into the
damage inflicted by them in HPT 1s' stage blade. Similarly, Maxwell [24]
calculates the HPT blade life based on four failure mechanisms for a standard
interception mission. In addition, he makes comparative case studies for different
blade materials. The same objectives are being tackled by Tamma [25] in his
thesis where he studies an interception mission and its effects in damage. He is

also performing optimization analysis for different blade materials.

Being of sensitive nature, sources around military turbines are limited and data in
the open-source domain are classified. Due to this fact, institutions are putting
effort into developing in-house evaluation suites. In this context, Cranfield
University is trying to expand its TERA module for military applications. Sharing
the same underlying principles, military TERA can profit from the comparatively

larger pool of available data for civil applications.

Mission flight profiles have been the subject of research in civil aviation for
apparent reasons. To enhance its TERA framework, Cranfield University’s
researchers have been tackling this issue to get a better understanding of how a
jet engine reacts under different operating conditions. Khani [26] is investigating
the influence of operation parameters such as airport factors on engine life. In his
research both environmental parameters (OAT, altitude) and operational decision
such as Take-Off derate are taken into consideration. The results present a
correlation between required thrust and increased engine degradation due to
higher gas path temperatures. Similarly, Hanumanthan [27] is investigating
different civil flight profiles with a combination of operational and technological
factors. His sensitivity analysis between engines of different rating provides
insight into comparative damage caused by operational factors. A different
approach is presented by An [28] where in addition to operational factors, she
examines the effects of technological factors like flame pattern profiling, stress
concentration factor and thermal barrier coating for a civil aircraft performing a
standard mission profile. The engine technological factors are also researched
by Xu [29] for high-bypass ratio turbofan.
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Figure 2-5: Blade damage life for mission type [12].
2.4 Research gap

In the domain of military gas turbine lifing applications, current research shows
distinct gaps that require further investigation to optimize engine and aircraft
usage. The existing focus often leans towards either aircraft deterioration or
engine degradation separately, without considering their integrated system
performance correlation with damage accumulation. Additionally, assessments of
operational costs, such as availability and maintenance rates, are often
overlooked. Lifing studies tend to concentrate on specific engine performance
degradation factors, neglecting the combined effects of multiple mechanisms on
over a set of diverse missions. Moreover, aircraft/engine integrated system
performance degradation studies are scarce, despite their critical influence on

mission effectiveness and longevity.

To address these gaps, essential research questions emerge. One such question
explores how the set of executed missions and their sequence affects gas turbine
life consumption. Investigating the cumulative impact of mission profiles on
engine life can lead to increased fleet availability. Another important question

revolves around the relationship between the aircraft's mission performance and

13



the engine's degradation. Understanding this interplay could optimize mission
planning and decision-making. Lastly, researchers should explore the correlation
between optimized mission profiles and gas turbine performance and longevity.
By identifying links between mission-specific optimization and engine efficiency,
better operational strategies and cost-effectiveness can be achieved in military

gas turbine applications.
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3 Methodology

In this chapter, the methodology that was employed for this research is described
and the methods that were used are analyzed together with the assumptions that
were made. The result is an extension of TERA economics module coupled with
research recently done by Antonakis [18]. His module for Aircraft model was used
together with the mission and optimal flight path simulation. More specifically, the
aircraft model remained the same, the engine model was re-built with reference
to the one built by him to match the demands of the missions simulated. In
addition, the “High AoA BFM” mission profile was developed for the needs of this

research. An overview of this methodology is shown in Figure 3.1.
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Figure 3-1: Project methodology
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For the reader to have an overview of the data flow path, a brief description

follows about the data interaction and outcome of each module.

Both aircraft and engine models serve as an aircraft integrated system model.
The aircraft model provides the aerodynamics behavior of the aircraft in each
flight condition and the engine model, after being fed the initial conditions for the
engine sizing, provides data for the operational point parameters (temperature,
pressure, fuel flow, thrust, air mass flow, VSV angle, nozzle area) at each engine
station. These two modules are fed into the flight profile simulation modules
(mission and climb path) to produce the performance equilibrium at each flight

condition.

The data produced, contain the gas flow path conditions in each engine station,
which will in turn be used by the mechanical and thermal stress modules. In this
this step of the data flow path, the analysis focuses on the 15t stage of the HPT.
This engine module is sized based on the conditions used to produce the initial
engine operation maps and will give the geometry of the blades as well as the

cooling technology used.

Combining the thermo-mechanical stresses with the blade geometry, the impact
of each failure mechanism upon the blade is calculated. Based on the material
properties of the blade, a maximum operational lifecycle under each failure

mechanism is derived.

Finally, the life consumption of each flight path is estimated as a sum of the
damage induced in every point during flight by each failure mechanism acting on
the blade. This life consumption is compared to a reference mission to acquire
the relative impact of each flight path and give comparative conclusions of the

missions performed.
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This thesis consists of six chapters whose description follows below.

Chapter 1: Gives an overview of the domain that this research investigates and
sets the background for the objectives based on the research gap. Finally, it

presents in a brief philosophy the methodology that will be used.

Chapter 2: In this chapter the literature review that was performed, is presented.
It is divided into subsections that each one of them covers a submodule of the
general methodology. In these sections, sources relevant to its topic are analyzed
and a brief overview of their approach is presented. In the last paragraph, the
research gap that was identified is described and the objectives to be aimed at

are set.

Chapter 3: In chapter 3 the detailed methodology that was adopted for the needs
of this research, is presented. Similarly with chapter 2, it is divided into
subsections each of whom lays the foundation of the underlying methodology
followed to formulate the interim modules and objectives of this research. In
addition, ad-hoc models that were developed in the context of this research are

analyzed and validated.

Chapter 4: This chapter includes the case studies that were analyzed and their
results are presented in order for a comparison to be done. Furthermore, brief
comments on the results are made that will later be formulated in the findings of

this work.

Chapter 5: In this chapter the summary of conclusions is presented.
Observations are made based on the results and the capabilities of the framework

are analyzed.

Chapter 6: In the last chapter of this thesis, a general discussion of the framework
is made. The restrictions are noted and recommendations are made for future

development of the frameworks capabilities.
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3.1 Aircraft modelling

A reliable aircraft aerodynamic model ensures the robustness and high
functionality of any framework that includes aircraft simulation as it is in the core
of the modelling. It enables key parameters to be easily calculated across the

flight envelope and guarantees compatibility with other connecting modules.

For these reasons, in this research the aerodynamic model of Antonakis [18] is
used. It derives from data available in table formats in the open-source domain
[30, 31]. They were used to model the aircraft’s behavior in terms of lift and drag

coefficients (Ci, Cb).

In addition, Antonakis in his research introduced an add-on module for
interference drag prediction. This approach is used to model the drag contribution
of engine integration with the airframe. Most notably this contribution is caused

by inlet drag and afterbody interaction of the nozzle.
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Aera Drag
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_ M [ Alt -
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Figure 3-2: Block diagram of the aircraft performance model showing the data flow between the aircraft,
engine and interference modules [18].

3.2 Gas turbine modelling

According to the requirements of the simulated missions and aircraft model, a
twin-spool low by-pass ratio turbofan engine with afterburner configuration was

employed for the context of this research.

The engine was simulated using a 0-D approach by TURBOMATCH [32],
Cranfield’s in-house developed software for performance simulation. Turbomatch
models the engine as a set of thermodynamic models, each one corresponding
to a respective engine compartment. Figure 3-3 represents an arbitrary engine

compartment with the inputs it requires and the outputs produced.
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Figure 3-3: Input and output in TURBOMATCH modules [32]
The configuration used for this research can be visualized in Figure 3-4 where
the station numbers are displayed for the corresponding thermodynamic

modules.

Figure 3-4: Engine thermodynamic modules and station numbering

To capture the physics in a most efficient and accurate way, certain assumptions
needed to be made in TURBOMATCH, for the engine to match the characteristics
of the simulated military turbofans (EJ200, M88, F404).
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The characteristics of the engine model used, are presented in Table 3-1 and the

design point definition in Table 3-2.

Component Parameter Value

Low Pressure Pressure Ratio 4

Compressor Isentropic Efficiency 0.8
Pressure Ratio 6

High Pressure Isentropic Efficiency 0.8

Compressor Bleed Extraction 0.01

VSV Angle 0-20 degrees
Combustion Efficiency 0.99
Pressure Loss 0.05

Combustion Chamber

Max Combustion

1700K
Temperature
Low Pressure Turbine Isentropic Efficiency 0.85
High Pressure Turbine Isentropic Efficiency 0.85
Heat Exchanger Pressure Loss 0.01
Combustion Efficiency 0.9
Pressure Loss 0.02
Afterburner
Max Combustion
2000K
Temperature
Table 3-1: Engine performance characteristics
Air Mass Flow 80 ka/s
Bypass Ratio 04
Thrust 90 kN
SFC 45 mg/N*sec

Table 3-2: Engine design point

3.3 Mission Simulation

Mission simulation plays a critical role in aircraft performance assessment since
it provides the representation of the actual flight profile and gives insight into this
multi-disciplinary subject. It provides a cost-effective and safe way to test aircraft

performance and make comparisons.
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Military flight profiles though being versatile and varying in phase during one
mission, they tend to be independent of ATC restrictions and thus rely mostly on

maximizing performance metrics.
In terms of modelling there are numerous approaches; the two most common are:

1 Numerical simulation based

2 Energy based

In the context of this research, to simulate full mission profiles the approach from
Antonakis [18] was chosen as a tested and robust way. In his approach, an
extended version of the traditional Energy-Maneuverability [15] method is used
due to lower computational costs involved in simulating full mission profiles.
Though being subject to know limitations, this method was deemed suitable for

this research due to its simplicity and low computational cost.

Based on MIL-STD-3013 [17], mission profiles can be classified into three distinct

segments:

1. Energy transitions
2. Cruise
3. Combat

By utilizing the integral:

Q= [f2 XU gp (3-1)

Es; Ps

several performance metrics can be analyzed. Defining Q as the quantity to be

optimized, Rutowski's methodology [16] can be applied for different flight
segments requiring energy transitions with their respective objectives to obtain

optimal flight paths and simulate full mission profiles.

By discretizing the integral from Eq. (3-1) we can break down the mission profile

and analyze it individually. This approach can be visualized as follows:
Q= XL, 4Es, (3-2)

and leads to N optimization problems for the quantity:
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- Yy
subject to Di(x) <0,j=1,..,M (3-3)
where D;(x) is the aircraft’s flight envelope.

Similarly, for the cruise segments of the mission profile, it is possible to formulate
an optimization problem to acquire optimal performance solutions. In this case,
the cruise problem is formulated as follows:

Q(x),x ={h,M, T}
subject to Di(x) <0,j=1,..,M

and Cx =0 (3-4)
where C(X) represents the aircraft’s trim condition.

Applying this approach for all flight phases leads to the generation of a set of

optimal mission profile points.

The individual objectives that were optimized for each flight segment by Antonakis
[18] are presented in Table 3-3 for Cruise, Table 3-4 for Energy Transitions and

Figure 3-5for sustained turn rates charts during combat.

Cruise Type Q
Max Range Q(x) = %
Max Endurance (Loiter) Q%) = Qr
Minimum Noise Q(x) = log(Pyaspr)
Minimum IRSL Q(x) = log(IRSL)

Table 3-3: Cruise optimization objectives
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Trajectory Type Objective Function Remarks

Minimum Time q; = max Py
- Pg A
Minimum Fuel q; = mng— Qr : Fuel Flowrate
F
Q'l _
PS v )
- X
Maximum Range A= Mo 0 -
Qr — A Vs | Cruise Juel consumption per
cr
unit distance
PoaspL:
o _ P Aicraft Noise Sound
Minimum Noise qi = mgxlog( )
x 0ASPL Pressure w.r.t.ground
observer
IRSL:
- P, . .
Minimum IRSL q; = maxlog (IR;L) Aicraft IR Signature Level
X

w.r.t.ground observer

Table 3-4: Energy Transition optimization objectives
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Figure 3-5: Cruise Optimization for maximum range. The red circle denotes the optimal solution whereas
red dots account for intermediate solutions generated during an optimization process. [18]
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3.3.1 Optimal climb paths

The pursuit of optimal climb paths is a multidimensional challenge, encompassing
a range of factors that influence an aircraft's trajectory. From the selection of the
suitable climb gradients to considering aircraft performance capabilities, weight
variations, atmospheric conditions, and air traffic constraints, a multitude of

variables must be harmoniously balanced to achieve the most efficient climb.

Though being a flight phase easily overlooked for its importance in mission
performance, optimal climb paths can have a significant impact on the engine as
the routine in terms throttle input can vary depending on the objective of the climb

path.

To capture this variance, Antonakis [18] introduced a novel way for simulating
optimized climb paths. His numerical based approach is based on a 5-DOF
aircraft model that uses a guidance algorithm to follow generated optimal climb

paths.

His aircraft model show in Equations 3-5 to 3-11 is guided upon Bezier generated
splines [33] that are optimized with a use of Multi-Objective Particle Swarm
Optimization (MOPSO) [34]. The guidance is achieved by Carrot chasing

algorithm [35] inspired model specifically developed for the needs of his research.

x = Vcosy (3-5)

h = Vsiny (3-6)

V= ——gsiny (3-7)

. Y=Y Lmax gcosy
y = mm{r’mv_ V}YC>V (3-8)
- Y~V —Lmax gcosy B
max{r v v }Yc<)/

m= —SFC XT (3-9)

Lipax = min {%pSCLmaxVZ’ anaxmg} (3-10)
D = ~pSV2Cy (3-11)
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3.4 Gas turbine design

This section refers to the process of sizing an engine based on certain
requirement criteria. It is an essential procedure to understand the physics taking
place inside the engine components and extract the thermal and mechanical
loads that act upon these components. The need for obtaining physical
dimensions of engine components is required to have a comprehensive view of

the exact points of stress concentration.

The components that are most often critical in terms of failure are the hot section
ones and the most notable one is the High Pressure Turbine (HPT) since it is
located after the combustion chamber. In particular, the 15 stage of the HPT s,
as a rule of thumb, the most stressed engine component and thus requires focus

in terms of sizing.

In this research the focus is shifted towards the design of blades of the 15! stage
of HPT using publicly available data for similar engines and correlating with

procedures civil applications.
3.4.1 HPT blade sizing

Blade sizing is important in the process of understanding the impact a mission
has on turbine life. In the absence of publicly available data, the approach
followed in this research is a combination of data available for civil aviation
turbines sized for the performance metrics required by low by-pass ratio turbofan
used in military applications. The level of detail in this stage will remain at the

preliminary stage, as it was deemed sufficient for the purpose of this research.

In this context, the preliminary blade design was conducted based on well
documented generic methods from Cohen et. Al. [36], Walsh et. al. [37], Horlock
[38] and McManus [39]. In addition, data from NASA's E3 Engine [40] and
General Electric’'s F404 [41] were used as baseline coordinates for the blade’s

geometry.
Under this concept, certain assumptions had to be made:

e The design is based on Mean Line Analysis to reduce the complexity.
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e The stage to be analyzed is designed for constant mean radius.

Unmean = ZHNZ# = const (3-12)

e The reaction degree of the rotor is fixed at 50%.

A= 28 (3-13)

Tt1-Te3

e Constant stagnation enthalpy, constant axial velocity throughout the
annulus area of turbine and the whirl velocity varies inversely to the radius

of the turbine according to the Free Vortex Theory [36].

3.4.2 Aerodynamic calculations
After the geometry of blade has been defined, the loads acting on the blade can
be calculated for the different engine ratings using thermodynamic relations for

pressure, temperature and air mass flow.

3.4.2.1 Velocity Triangles
The gas velocity triangles shown in Figure 3-6 are used to calculate the axial and
tangential velocity on the blades of the 15t stage HPT rotor and determine the

blade’s chord.

Stator

Figure 3-6: Nominal velocity triangle for the 1st stage HPT rotor [42]
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Since the reaction degree is 50%, the two triangles are similar so the axial velocity

can be considered constant. To calculate V¢, an iterative process is needed since

both average temperature t and average pressure p are unknown.

t= —pr (3-14)

Y=1,:2
1+2M

P

Y
(1+EM2)Y-1
2

p= (3-15)

Mach number (M) is calculated by iteration from:

.
Q= J%( T = (3-16)
1

Y=1,:2)2(y-1)
+im2)

Having obtained the average pressure and temperature the gas density can be

calculated:
p= (3-17)
And V; can be finally calculated:
— MRt -
Ve = oA (3-18)

Combining the axial velocity with information for the baseline coordinates of the

blades, all triangle velocities can be calculated.
3.5 Heat transfer analysis

Gas flowing throw the core of modern GTE can reach temperatures up to 1700K.
Materials under this temperature undergo severe stress and their life would be
extremely short in the absence of cooling. Accurately estimating the heat
interchange between the coolant in the blade and gas heat is essential in

achieving lifing models closely resembling reality.

In the context of this research conduction and convection were the two
mechanisms that were studied for heat transfer as an assumption was made that
there are no points of the rotor blade in sight with the flame from the combustor

and hence radiation is negligible.
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In addition, the coolant passage is a straight circular tube running throw the blade
providing uniform coolant temperature distribution throughout the flow. The
presence of cooling holes on the blades surface produces a uniform cooling film

and the presence of a Thermal Barrier Coating (TBC) is considered.

3.5.1 Heat transfer coefficient and blade temperature

In order to calculate the temperature distribution across the blade’s surface the
calculation of heat exchange between the surface and the gas is needed. Heat
transfer coefficient gives insight into the boundary layer between these them. This

can be calculated through the Nusselt number:

Nu= 22 (3-19)
where Nu = f(Re) [43]:
Nu = 0.15Re®%7 (3-20)
and
Re = % (3-21)

For the hot side of rotor blade a similar approach is applied with the use of Stanton
number [44].

St = 0.285Re—037py(73) (3-22)
where
Pr= 42 (3-23)

Finally with the use of Equation 3-24 the heat transfer coefficient is calculated.

h=StCypV (3-24)

3.5.2 Radial temperature distribution factor (RTDF)

Gas coming out of the combustor is not uniform as incomplete mixing takes place.
This is the leading cause for non-uniform temperature radial distribution [37]. The
introduction of RTDF accounts for the difference between mean and max gas
temperatures usually action on NGVs. As indicated by Horlock et. al. [45] this
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number should be around 0.1 and kept below 0.2. It is assumed that maximum
temperature in the axial direction of the blade occurs between 0.5 and 0.75 of the

blade span.

RTDF — Tcombustor,,max_Tcombustor,mean (3_25)
ATcombustor

3.5.3 Blade cooling performance
The performance of cooling on a blade can be described as the quantity of heat
absorbed by the coolant relative to gas temperature [37]. It can be calculated by

the temperature absorption effectiveness:

= Tgas—Thladeout _ mﬁ (3-26)
Tgas—Tcoolant,in 1+mn

Where m is the coolant mass flow, calculated from:

Mmcp Cp

m = (1 + Bi) (3-27)

hgas Sgas Ugas

Since a TBC has been incorporated, the Biot number accounts for this

adjustment.

Bi= et (3-28)

In Equation (3-26), n accounts for the cooling efficiency of the cooling system:
n=1-exp(-3) (3-29)

The technology factor X determines the cooling passage design and its

effectiveness in terms of heat absorption.

X = (M) (3-30)

UgasSgas

3.5.4 Blade temperature at coolant side
Blade temperature can be calculated by using the thermal energy balance. The
heat difference between the gas side and coolant side results in the heat energy

absorbed by the blade and thus its temperature raises.

The heat input from gas on the blade is:
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qin = hgasSgas(Tgas - Tblade,gas) (3'31)

And the heat absorbed by the coolant is:

Qout = mcoolant,bladeCp,coolant(Tcoolant,out - Tcoolant,in) (3'32)

Using the thermal balance equation, the temperature rise of the blade is the

resultant from the accumulated thermal energy.

9in — Yout = Yacc = maSSbladeCp,blade (Tblade,gas - Tblade,coolant) (3'33)

Blade Temperature

1.0

0.8 1

0.6

Span

0.4 4

0.2 4

— AB
Max

Rating

_rating

/ —— Intermediate_rating

0.0 1 —— Idle_rating

T T T
800 200 1000

Blade Temperature [K]

T T
1100 1200

Figure 3-7: Spanwise blade temperature distribution for different engine ratings

In Figure 3-7 the temperature profile of the blade’s surface is shown. As observed,

the maximum blade temperature is around 80% of the span. After that point, there

is a steady decrease in temperature until the blade tip. Notably the temperature

at the tip is not the minimum as theoretically supposed due to reduced efficiency

of the coolant as it flows through the blade and absorbs heat. In addition, it is

noted that for an average increase of about 7°C between “Max" and “"AB” ratings,

or 0.005%, there is a thrust increase of about 40% and fuel consumption increase

of almost 100%.
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3.6 Mechanical stress

Mechanical stresses acting on the blade can be divided into two main categories:

1. Centrifugal loads acting on the blade due to inertial forces of rotating mass.
2. Bending moments due to differential gas linear speed caused by blade

twisting.

3.6.1 Centrifugal force
Centrifugal Force (CF) is exerted on the blades as a result of their rotation around
the engine shaft. The force acting on the blades has a radial direction and tends

to force masses away from the center of rotation. The equation for CF is:

CF = mrepw? (3-34)

Blade shroud CF I

N
Tip | 1
CF I Mear?-Tlp
section
Mean | . _ . _._._._._ .
¢E T Root-Mean
section

Root

CF=Centrifugal Force
Figure 3-8: Centrifugal force acting on blade sections.

This force can be considered to act upon the individual masses of the blade’s

sections. The mass of each section is:
m; = 170li X P (3'35)

where vol; is the volume of each considered section and p is the material’s

density and

w? = (277:RPM)2 (3-36)

60

The stress acting on each section of the blade is calculated from:

Ocr = 2 (3-37)

ATOOI’
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From Eq. 3-37 it is apparent that the maximum CF occurs at the blades root.

Centrifugal Stress

1.0 4 Rating
— AB
Max_rating
—— Intermediate_rating
— Idle_rating

0.8 4

0.6
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0.4 4

0.2 4

0.0 1

fIJ Sb 160 150 2l|)0 250
Centrifugal Stress [MPa]
Figure 3-9: Spanwise blade Centrifugal Stress for different engine ratings
A notable observation in this graph is that the curves “AB” and “Max_rating”
coincide since the shaft speed between these two is the same and thus the same

centrifugal force is exerted on the blades.

3.6.2 Gas bending stress

Gas bending stress is the result of gas interaction with blades. As the rotor turns,
pressure and temperature gradients across the blade cause energy reaction
between the gas and the blade. This process causes bending moments on the
blade.

The bending moment caused by changes of pressure gradients can be expressed

as:
Mgy = Fap g (3-38)
where ., is the distance from the blade root to the section CG and

de _ dp (Zn]:AVdr) (3_39)
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Similarly, the bending moment caused by momentum change is expressed as:

Myyg = mMasSsection AVGrcg (3-40)

where AV, is the axial and tangential velocity gradients.

Using the “Engineers Bending Theory” the resulting bending stress gz, can be
calculated after the bending moments M in axial and tangential directions are
obtained:

M_O'B;D _
T=2 (3-41)

Assuming the effects of thermal stress are independent, the mechanical load can

calculated for all blade sections on LE, TE and SUCTION respectively.

MxxYLg |, MyyXLE
O-LE = + (3'42)
Ixx Iyy
- MxxYTe _ MyyXTE (3-43)
TE Ixx Iyy
_ MxxYsuction MyyXsuction
Osuction — Ixx - Iyy (3'44)

Axial (M,) and tangential (M) bending moments are converted about the XX and
YY axis:

Myy = Mpcos@ — Mysin (3-45)

Myy = Mgsind + Mycos6 (3-46)

After calculating both bending and centrifugal stresses, the calculation of total

stress is possible and expressed as follows:

Ototal = Ocr + Opp (3-47)
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Figure 3-10: Spanwise blade Bending Stress for different engine ratings
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Figure 3-11: Spanwise blade Total Stress for different engine ratings
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A notable observation in Figure 3-11 is that that the maximum Total Stress is
observed in "Max_rating”. This is caused by the reduced contribution of bending

stress in “AB” due to the pressure gradient on the blade being less intense.
3.7 Failure mechanisms

In order to estimate the damage induced on the engine components during
loading, the impact on component life has to be determined based on failure

mechanisms acting on the HPT blades.
In the context of this research, three failure mechanisms were studied:

1. Creep
2. Low Cycle Fatigue (LCF)
3. High Cycle Fatigue (HCF)

These mechanisms are assumed to act independently on the blades.
3.7.1 Creep

Creep refers to the time-dependent and permanent deformation that occurs in a
material when it is subjected to a constant load or stress at elevated
temperatures. This phenomenon is particularly prominent in materials exposed to
high temperatures such as these of GTE and occurs over an extended period.
Creep is a result of the diffusion of atoms or molecules within the material, leading
to gradual changes in the material's shape and dimensions. This deformation
under sustained load can compromise the structural integrity of components and
is a crucial consideration in the design and engineering of high-temperature
applications, such as gas turbine blades, steam turbines, and structural elements

in aerospace.

The Larson-Miller Parameter method [46] is a widely used approach to calculate

creep life. It correlates the time to failure of a material ¢/ in a logarithmic scale

with LMP.
T
LMP = M (lOgtf + C) (3-48)

where T is the temperature and ¢ a material constant.
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Figure 3-12: Spanwise Creep life in Log(hr) for different engine ratings

Fig. 3-12 shows that despite the mechanical stress being higher in “MAX” rating,
the temperature is the dominant factor in creep and thus the damage life of Creep
is lower in “AB” rating.

3.7.2 Fatigue

Material fatigue refers to the progressive and localized structural damage that
occurs in a material subjected to cyclic loading or stress, typically at lower levels
than the material's ultimate strength. The repeated application of loads leads to
microscopic cracks or defects within the material, which gradually grow and
propagate with each load cycle. Over time, these cracks can reach a critical size,
leading to sudden and catastrophic failure, even though the applied stress levels

may have been well below the material's yield strength.

Fatigue is a prevalent and significant concern in engineering applications,
especially in components that undergo repeated loading or vibrations, such as
turbine blades, aircraft wings, automotive components, bridges, and machine

parts.
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3.7.2.1 Low cycle fatigue

To calculate LCF life estimation Manson’s Universal Slope (MUS) [47] was
adopted for the needs of this research. It was deemed appropriate as it requires
little material specific data. It associates the number of cycles to failure Nf with
the strain amplitude experienced by the material. The fatigue life after observation

in Figure 3-13 can be expressed as:

Ae = 3.5%%‘0-12 + DOON,~0° (3-49)

A
2
b=
= ~SLOPE = -0.6
STRAIN |
RANGE /
-0‘5_‘ ‘3.5= ~SLOPE * -0.12
| De=35 c::—“ N;o"z + D8N0
00! | L. 1 | | 1 |
10° 10 102 103 104 105 108
LIFE, CYCLES CS-34020

Figure 3-13: Fatigue life method of Universal Slopes [47]

In Equation 3-49:

e D is the true fracture ductility of the material calculated from:

1-RA

D=ln( —) (3-50)

where RA is the reduction are of the stressed component.

e E is the Young’s modulus material property

¢ At is the total strain range calculated from Neuber’s rule [48]
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Figure 3-14: Idealized fatigue hysteresis loop displaying Nuebler’s Rule [48]

According to Neuber’s rule over Figure 3-14:
04 = Oelastic = Omax Kt (3-51)

where a,,,,, is the maximum nominal stress acting on the blade, and Kt is a stress
concentration factor. Based on the elastic material property for point A, &, could

be calculated via elastic modulus E:
g = 4 (3-52)
The Neuber’s Rule is used to relate point A and B:
Acle = aye4 = Ogeg (3-53)
Repeating the process for points C and D the total strain can be given as:
Ae = eg— ep = €4+ &cp (3-54)
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By applying an iterative procedure in Equation 3-49 for different values of Nf, the

correct value for cycles to failure is obtained.

Low Cycle Fatigue
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Figure 3-15: Spanwise LCF life in Log(Nf) for different engine ratings

3.7.2.2 High cycle fatigue

The HPT blades, due to the nature of their function experience cyclic stresses
each time they are loaded from a different engine rating, they are loaded from the
passing behind the stator blades of HPT in every rotation. This high frequency
loading is High Cycle Fatigue (HCF).

The stress-life approach was adopted for this research using S-N curves in

combination with a double Goodman diagram (Fig 3-16).

3.7.2.2.1 S-N Curves Modelling

Figure 3-17 displays the S-N curve for steel. IT makes the assumptions that
endurance strength for the first 102 cycle is 90% of the material UTS and 50% of
the UTS for the cycles after 108. The endurance strength values between these

two points can be calculated by:
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(3-55)

O-m'l 0'rn2 G

m3

Log Cycles Mean Stress

Figure 3-16: Combined Goodman/S-N diagram [48]

Log Stress Amplitude

Log 0.9 xUTS

Log 0.5 UTS

| .
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Figure 3-17: Approximation of S-N curve for steel [48]

3.7.2.2.2 Double Goodman Diagram

Stress acting on rotor blades is caused by rotational and aerodynamic forces
meaning that the blades are subject to a cyclic and thermal stresses. For HPT,
ocr and owermar @re the constant stresses experienced during a major cycle (ie
RPM engine rating) and o3, is the minor stress experienced every time a blade
passes in the wake caused by the stator blades. This combined loading can be

visualized in Fig 3-18.
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Figure 3-18: Representation of combined cyclic loading [28]
where
__ OcFt Ocyclic
O-Msmajor - 2 (3-56)
and
_ 0OBD
Ocyclic = 2 (3-57)

3.7.2.2.3 Major Cycle Goodman Diagram
Since the OMSmajor is known, the major cycle alternating stress is calculated:
(3-58)

O-Altmajor = deesigno-Msmajor

where

=qK;—1)+1 (3-59)

deesign
Finally, from Fig 3-19 the OEMSmajor CAN determined with use of similar triangles:

OAltygjorOUTS (3-60)

(o} .= 0 .
EMSmajor MSmajor Oendurance
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Figure 3-19: Major cycle Goodman diagram [25]

3.7.2.2.4 Minor Cycle Goodman Diagram
To obtain the failure limit of the material for HCF cycles, the minor cycle
endurance strength is used along with UTS value is to calculate the equivalent

alternating stress for the minor cycle, o4, along with the alternating stress

of the minor cycle, g, . in the second Goodman diagram as shown in Fig 3-
20.

n OAlt inorOUTS (3-61)

(o} . = O, .
EMSminor EMSmajor Oendurance

To calculate the alternating stress of the minor cycle the Eq. 3-58 is used and by

similar trianlges in Fig. 3-20 the og4y, ., . is as follows:

__ Oendurance9EMSy,inor
OEAltminor — ouTs (3-62)

The equivalent alternating strees obtained is used in conjction with the S-N

diagram to estimate the the total number of cycles to failure N;. This correlation

is shown in Fig 3-21.

The number of HCF cycles the blade experiences for the given input of number

of major cycles is given by Equation
Nyating = No of NGVs X rpm X Nmajor X teyce (3-63)
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Figure 3-20: Minor cycle Goodman diagram [25]

Om1 Om2 Oms Oyt

Log Cycles Mean Stress
Figure 3-21: S-N/R-M diagram [25]
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Figure 3-22: Spanwise HCF life in Log(Nf) for different engine ratings
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As observed in Fig. (3-22), the life estimation for HCF in “AB” and “MAX” ratings
are almost the same. This is caused on by the fact that the two ratings have the
same shaft rotational speed and thus experience the same frequency of loading.

3.8 Total damage
In order to calculate the total damage induced on the blades by thermal and

mechanical loads, the Palmgren-Miner linear damage theory is used. This theory

assumes that failure occurs when the damage fraction reaches unity [49].

D= Dcyclic + Dsteady (3'64)
Where
D = T4 BT (3-65)
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4 Case Studies

To investigate the implications of optimized performance on engine life certain
case studies were performed. The first objective was to investigate different
mission profiles from Antonakis [18] and their impact upon engine life. The

missions that were modelled are:

1. Training mission: Its performance characteristics are detailed in Fig. 4-1 to

Fig. 4-5.
12000
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£ ;
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2000 4|
0- T L T T T T T L T T
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Range [km]
Figure 4-1: Training mission: Alt - Range
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Figure 4-2: Training mission: Alt & Mach - Time
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Figure 4-3: Training mission: Fuel Flow — Time
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Figure 4-4: Training mission: TET — Time
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Figure 4-5: Training mission: AB temperature — Time

2. Supersonic interception: Its performance characteristics are detailed in
Fig. 4-6 to Fig. 4-10.
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Figure 4-6: Supersonic interception: Alt - Range
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Figure 4-8: Supersonic interception: Fuel Flow — Time
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Figure 4-10: Supersonic interception: AB temperature — Time
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3. High AoA BFM: Its performance characteristics are detailed in Fig. 4-10 to

Fig. 4-11.
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Figure 4-11: High AoA BFM: Alt — Range
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Figure 4-12: High AoA BFM: Alt — Mach
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Figure 4-14: High AoA BFM: TET — Time
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Figure 4-15: High AoA BFM: AB Temperature — Time

In order to reduce the computational cost, the throttle settings applied throughout

the mission profiles were chosen to be grouped in four discrete categories:

1. AB: For settings that the afterburner temperature was close to maximum

2. Max_Rating: For ratings that either correspond to military thrust, with
maximum TET temperature or settings that have min AB TLA.

3. Intermediate_Rating: For settings near 0.87 of TLA

4. Idle_Rating: For settings near 0.7 TLA

For these settings, the cycles to failure were computed and presented in Figures
4-16 to 4-19.
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Figure 4-16: Thermo-mechanical analysis at "Idle" rating
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Figure 4-17: Thermo-mechanical analysis at "Intermediate" rating

HCF)]

After observation of graphs 4-16 to 4-19 the assumed approach was deemed

appropriate since the chosen ratings are able to closely represent the engine

status throughout the operating spectrum. In order to increase the fidelity of the

results an interim approach was chosen; interpolation is applied for engine

settings between the analyzed ratings. This interim approach was applied since

Figures 3-7 and 3-8 to 3-11 displayed a liner change in the measured loads.
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Figure 4-18: Thermo-mechanical analysis at "Max" rating
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Figure 4-19: Thermo-mechanical analysis at "AB" rating

For each of these missions the life expectancy to failure was calculated for each

of the failure mechanisms. In Fig. 4-20 to 4-22 the cycles to failure are plotted

against the blade span.
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Figure 4-21: Supersonic interception cycles to failure
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Figure 4-22: High AoA BFM cycles to failure

The respective critical points for every failure mechanism in each mission are

shown in Table 4-1.

Creep LCF HCF Flight

Missions cycles Span cycles Span cycles Span Hours

Span

Training 9420 | 43% | 7699 | 30% | 2027 |41.5% | 2344 | 38.5%

Supersonic | 4996 | 42% | 5741 | 31% | 3161 | 41% | 1510 | 38%

High AoA | 15108 | 43% | 7699 | 30% | 2060 |41.5% | 2411 |38.5%

BFM
Table 4-1: Life critical points

Figures 4-20 to 4-22 display the life consumption occurred for each rating for all
failure mechanisms. In these graphs, it easily observed the heavy dependence
of life consumption on engine rating as “AB” and “Max_rating” being the most
severe ones in terms of rotational speeds and temperatures, dominate the life

consumption.

It is also notable the difference in life consumption in relation to the mission
duration. Although the “Supersonic Interception” is almost 40% shorter than the
other two, the “Creep” and “LCF” life cycles are greatly diminished due to the

increased duration of afterburner usage.
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Figure 4-23: Training mission life consumption
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Figure 4-24: Supersonic interception life consumption
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Figure 4-25: High AoA BFM life consumption

From Fig. (4-23) to (4-25) and in conjunction with table (4-1), it is apparent that
life consumption is dominated by high-temperature and high-rpm ratings despite
them constituting settings of lower usage time.

4.1 Optimal climb profiles

The second objective of this research was to investigate the impact of optimal
climb profile on engine life. For this purpose, the climb profiles from Antonakis
[18] were studied in a similar way to the full mission cases. In this test case, five
climb profiles were analyzed for their respective influence on engine damage life.

These profiles are:

Max range
Min fuel
Min IR

Min noise

o M w0 N -

Min time

Similarly to full mission profiles, their performance characteristics are detailed

below:
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Similar to full mission profiles, the life expectancy for each failure mechanism for
each of these profiles was calculated. Figures 4-51 to 4-55 display the cycles to
failure against blade span for each of the simulated profiles.

Minimum Time Climb
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Figure 4-51: Minimum Time Climb cycles to failure
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Figure 4-52: Minimum Noise Climb cycles to failure
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Figure 4-53: Minimum IR signature Climb cycles to failure
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Figure 4-55: Maximum Mission Range cycles to failure
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The respective critical points for every failure mechanism in each climb profile are

shown in Table 4-2. The cycles mentioned are the limit where life of the material

is expected to end.

Creep LCF HCF Flight
Missions Span Span Span Span
cycles cycles cycles Hours
Min Time | 31811 | 42% | 5742 | 31% | 214081 | 42% 80 33%
Min
) 8204 | 43% | 7701 | 30% | 47666 | 43% 297 36.5%
Noise
Min IR 14596 | 43% | 7699 | 30% | 37739 | 42% 426 34.5%
Min Fuel | 45369 | 43% | 7699 | 30% | 51668 | 42% 404 32.5%
Max
21359 | 43% | 7699 | 30% | 39630 | 42% 450 34%
Range

Table 4-2: Life critical points

Going through figures 4-26 to 4-55 in relation to table 4-2, it is evident that “AB”

usage is dominant in life consumption. Even though that “Minimum Time” climb

is the shortest in duration, even by 5 times comparatively to other optimal climb

profiles, the predominant thermal and mechanical stress experienced make it the

most critical profile. Worth the attention is also the fact that even though “Creep’

and “HCF” life limits are not by any means critical for this profile, the impact on

“LCF” is enough to drastically lower the engine’s life expectancy.
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5 Results Discussion

This research was part of an effort to enhance the capabilities of Cranfield’s TERA
module for military aircraft. As a result, the main goal was to explore the
possibilities of engine life estimation methods on modern fighter aircraft. To
achieve this goal, a composition was made between well-established methods

for aircraft mission performance and engine lifecycle estimation.

The product of this work is the development of a modular computational
framework for the quantification of optimal mission performance on engine life.
This framework is comprised of a module for gas turbine engine design suitable
for military applications and a module for mission analysis on HPT rotor life
estimation. This study focused on the development of computationally cost-
effective solutions for the estimation of damage on the blades of HPT. The results

produced by this effort, are presented below:

e The development of a module for gas turbine design suitable for military
applications is possible using a combination of published data from civil
GTE correctly scaled for low by-pass engines. This was proved by the
calculation of reasonable values both for mechanical/thermal loads and
most importantly by the production of logical life estimation results.

¢ Implications of optimal profiles on engine life have to be analyzed, as
indicated by the variance of results from the studied failure mechanisms.
In particular, a maximum difference of almost 35000 cycles was observed
for Creep estimation and almost 150000 maijor cycles for HCF. The points
of failure remain almost at the same spanwise position of the blade for all
different profiles.

e In the same context, missions induce different results on the turbine
blades.

¢ Regarding the TET, it was found to have a disproportionately greater effect
on the damage of the blades. As TET increases, the stresses on the blade
develop at a much higher pace than the rise of blade’s temperature.
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As expected, TET is directly connected to Creep life. Profiles that include
long periods of time in high temperature ratings are negatively influenced
by Creep

The use of A/B as an operating point was found to have little effect on
engine life compared to military thrust setting (“Max_Rating”). This was
proved by both the operating point lifing results and the simulation of climb
and full mission profiles. This observation is related to the fact that the
actual thrust increase is caused by a rise of temperature downstream the
HPT. Therefore, this rise of temperature doesn’t affect much the conditions
experienced by HPT.

The previous observations is limited in terms of usage period meaning that
in cases where AB is heavily used such as the “Supersonic Interception”
mission, this effect is amplified and can result in greatly reduced life. This
can be observed in the life expectancy of critical points where the use of
AB has a great influence on the Creep and LCF life expectancy. HCF
remains independent as it is mainly influenced by the mechanical stresses
on the blades and the time period exposed to them. This is evident by the
reduced HCF life expectancy for “Training” and “High Aoa BFM” missions
where the duration of the mission is almost double the duration of
"Supersonic Interception”

As expected, life consumption on all missions is mainly influenced by the
use of high-power ratings (AB, Max_rating) as they have the biggest
impact on failure mechanisms. It was found that life consumption during
these two ratings can be as much as 85% both for full mission and climb
profiles.

HCF as a failure mechanism is heavily influenced by the rotational speed
of the engine and the duration of operation. This is the reason why it was
found that profiles such as “Max Range” and “Min IR” climb paths have

reduced life expectancy in terms of HCF in relation to other profiles.
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6 Future work

As previously discussed in the context of this study, the employment of low-fidelity
but computationally cost-effective tool was chosen as a means to focus on the
exploration of the possibilities around the topic of mission induced implication on
the rotor blades of HPT.

The limitations of this framework are inherently in the choice of low fidelity tools.
In order for this research to be expanded, the need of a more comprehensive
engine design module is needed. In addition, the incorporation of HPT rotor disc

in the lifing procedure would present a more holistic approach to lifing problem.

Regarding the failure mechanisms, Oxidation could be an interesting addition to
military related TERA as multirole fighter can operate over different terrains and

at low altitudes.

The author recommends that research be conducted in materials suitable for
military applications and the construction of a database providing easily

accessible information.

Regarding the engine life and the predictions made for component life
expectancy, the incorporation EGT margin to account for inherent engine
performance deterioration would create a more detailed view on the lifecycle of

the engine and the costs surrounding the operation of the engine.

As it was showcased, different flight profiles, even if they share some common
attributes can have diverse effects on the engine life consumption. Decision
makers should be able to opt for specific profiles depending on the mission when
operational demands are met. In this framework, optimal flight profiles for different
flight phases could be explored for their potential benefits in engine life. This study
proved that during the climb phase, optimal profiles can impact the engine life

and so potentially can other flight phases.
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Finally, in order to explore the potential links between mission sequence
execution, SVR and life expectancy, it would be beneficial according to the author
a model to be developed that will account for all these parameters and potentially
simulate random mission execution sequences to study the interconnection

between mission severity and life deterioration.
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