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Abstract

Due to manufacturing tolerance and deterioration during operation, fan blades in the
same engine exhibit geometric variability. The absence of symmetry will inevitably
exacerbate and contribute to the complexities of running geometry prediction as the
blade variability is bound to be amplified by aerodynamic and centrifugal loading. In
this study, the fan blade untwist (which is the blade deformation between its static
condition and running condition) related phenomenon known as Alternate Passage
Divergence (APD) is addressed. As the name suggests, APD manifests as alternating
passage geometry (and hence alternating tip stagger pattern) when the fan stage is
operating close to/at peak efficiency condition. APD can introduce adverse influence
on fan performance, aeroacoustics behaviour, and high cycle fatigue characteristics of
the blade. In this study, the APD behaviours of two transonic fan blade designs are
compared. The main objective of the study is to identify the parameters contributing

to the APD phenomenon.

After the formation of alternating tip stagger pattern, APD’s unsteady effect can
cause the blades from one group (segmented by tip stagger angle) to switch to the
other, creating a travelling wave pattern around the circumference. It was found
from numerical assessment on a randomly mis-staggered assembly that real engines
can potentially experience such travelling disturbance and suffer fatigue damage.
The phenomenon is termed APD-induced Non-Synchronous Vibration (NSV) and
is abbreviated as NSV in this study. An idealised case is used to capture the bulk
behaviour from the more complex cases in real engines and to decipher the underly-
ing mechanism of this travelling disturbance. The results indicate that the driving
force originates from the interaction between passage shock displacement and the

passage geometry.

Based on the findings on APD & NSV, vibration attenuation methods are explored.
Using machine learning techniques, a passive attenuation method is found to min-
imise the chance of NSV manifestation for a given set of fan blades. Alternatively,
active attenuation method is implemented through blade redesign which modifies

the passage geometry.



Statement of Originality

The work presented in this thesis is, to the best of the candidate’s knowledge, original
and the candidate’s own work, except as acknowledged in the text. The material
has not been submitted, either in whole or in part, for a degree or comparable award

of Imperial College London or any other university or institution.

Yaozhi Lu
March 13, 2020

Copyright Declaration

The copyright of this thesis rests with the author. Unless otherwise indicated, its
contents are licensed under a Creative Commons Attribution-Non Commercial 4.0
International Licence (CC BY-NC).

Under this licence, you may copy and redistribute the material in any medium or
format. You may also create and distribute modified versions of the work. This is
on the condition that: you credit the author and do not use it, or any derivative

works, for a commercial purpose.

When reusing or sharing this work, ensure you make the licence terms clear to
others by naming the licence and linking to the licence text. Where a work has been
adapted, you should indicate that the work has been changed and describe those

changes.

Please seek permission from the copyright holder for uses of this work that are not

included in this licence or permitted under UK Copyright Law.



Acknowledgements

The last few years spent on the PhD project have been extremely exciting to me.
I would like to use the opportunity to reflect on the journey and tip my hat to the

friends who have helped me along the way.

“It’s funny that pirates were always going around searching for treasure,
and they never realised that the real treasure was the fond memories

they were creating.”
Jack Handey

Firstly, I would like to thank my supervisor Prof Mehdi Vahdati for his support and
encouragement in the last 4 years. I first met Dr Vahdati on a sunny October after-
noon while enquiring the Wind Turbine Aeroelasticity MSc project. He introduced
me to the fascinating world of aeroelasticity problems during that meeting which
has lasted nearly 5 years. Prof Vahdati’s seeming impatience is rooted in his raging
desire for answers to the research questions and his burning passion for the research
field. Prof Vahdati, through his passionate questioning, taught me the value of ‘less
is more’ when telling stories through data. I genuinely appreciate his honest and
direct feedback to my work. Other than simply providing course correction, they
provide me with an objective overview of my various ventures which helps me to

prioritise projects and to manage risks.

Mehdi has firm commitment to the joy of research and unwavering academic in-
tegrity. When it comes to publishing research findings, he has strong emphasis on
the importance of quality over quantity and ensures every single sentence is verifi-
able by data. Mehdi is also very open-minded and willing to take risks in research
projects. This is strongly evidenced by him giving me the option of experimenting
with Machine-Learning-based vibration attenuation techniques, which is arguably
outside the original domain of the research. I have learnt a lot from working with
Mehdi on this study, and have adopted more flexible and creative approach to solv-
ing problems. Beyond the world of research, I enjoyed working with Prof Vahdati on
various research outreach projects. Though having to explain to a teenager that the

spiral on a Trent 500 fan’s spinner does not make it a drill is far from the highlights



of my study, I unquestionably delight in planning and coordinating these events.

I'm deeply indebted to Dr Sina Cornelia Stapelfeldt who kindly agrees to be my
secondary supervisor for the later half of the journey. Dr Stapelfeldt has offered
substantial support, both technical and non-technical, to my research. She is an
adept sailor (both metaphorically and literally) and had helped me to ride out the
storm when [ felt rudderless and oarless, stuck in the eddies of aeroelasticity. I'm
extremely grateful for Sina and her friend Blue’s continued support and much needed
encouragement to help me navigate through the shallow waters in this study. With
the three qualities: dream big, get things done, and genuine kindness towards cats,

Dr Stapelfeldt is exactly the type of person I enjoy working with.

The Alternate Passage Divergence (APD) study, by its very nature, involves a deli-
cate game of balance with geometry, motion, and aerodynamics. Unsurprisingly, my
early effort in elaborating it is widely scattered in a labyrinth of confusion. There-
fore, I have deep appreciation of Sina’s patience and effort in editing those three
inter-linked papers. Through our discussion, she highlighted to me the importance
of the underlying messages that words can convey to the readers in a subtle fashion.
This had significantly improved the readability of those writings. The most impor-
tant non-technical skills I've learnt from her are having the courage to say 'I don’t
know’ or 'I was wrong” when presented with challenging evidence, and gracefully ac-
cept when others concede their mistakes. These subtle traits let me admit my own
ignorance, learn from mistakes, and avoid wasting time defending a wrong position
in a futile attempt to avoid embarrassment. Upon reflection, I believe these are in

fact the most valuable lessons learnt during the past 4 years of my PhD study.

I would also like to express my gratitude to the friends from Vibration University
Technology Centre (VUTC), some of whom are photographed in Figure 1!. T was
fortunate to have worked with them and really appreciate their support. In par-
ticular, I would like to express my special thanks to Dr Zhao and Dr Sureshkumar
for sharing their diverse first hand experience with aeroelasticity and aeroacoustics
with me. They are the true friends who would grab a chair and listen to my some-

times convoluted description of the problem while others inch towards the door. I

'Photo taken by Ms Caterina Paralta. On the 1265th day after the start of the PhD project.



IMechE Technical Lecture 29 May 2019
Open Rotor Research at Rolls-Royce VUTC

Institution of

CAL
ENGINEERS

Figure 1: VUTC at the Institution of Mechanical Engineers, 2019-05-29.

have learnt a lot from Dr Zhao who has provided guidance to my research since my
MSc project. I am also indebted to Dr Sureshkumar whose burning and sometimes
concerning passion with programme optimisation had left deep impact on my work.
At the same time, I would like to thank Dr Wenqgiang Zhang, Mr Venkatesh Suriya-
narayanan, and Mr Jose Moreno for their companionship and the many interesting
conversations we had in Prince’s Gardens. In particular, I would like to thank Dr
Zhang for sharing his passion for food and the numerous food-induced adventures

with me.

A big thank you, or apology, is due to Mr Peter Higgs. As the VUTC administrator,
Mr Higgs has helped me in various administrative issues during my PhD study.
During various research outreach projects (Imperial Festival 2017 and 2018) and
the technical lecture at the Institution of Mechanical Engineers (IMechE), Peter
had shared his wisdom on inter-institutional collaborations with me and offered
me vital assistance on the logistics with the precision and efficiency of an invading
air force. I deeply appreciate the effort he has put into helping me and for being

extremely patient with me.

Throughout the study, I'm also deeply indebted to the help from my industrial
sponsor, Rolls-Royce ple. 1T have learnt a lot from the discussions with Dr Jeff

Green, Dr Mark Wilson, Dr Bharat Lad, and Dr Sopholic Patsias. As a student

7



working on a relatively new topic, I have benefited tremendously from the expertise
they have shared with me and I am grateful for their help. I would like to express
my special thanks to Dr Bharat Lad for allowing me the flexibility to explore some
of the new ideas and incorporating some rather unconventional approaches into the
existing framework. More importantly, through our incremental understanding of
the research problem at hand, we are able to understand the problem better, ask
better clarifying questions to direct the research, and push the envelope slightly
further. More importantly, I'm grateful for Dr Lad’s insights on the industrial
relevance of this study and how we can find practical approaches from a macro

perspective.

My experience of writing research papers has made me truly appreciate the effort
that the reviewers, review chairs, and journal editors have put in to improve the
quality of my writing. In particular, I would like to take this opportunity to thank
Professor Roque Corral from ITP Aero. The early drafts of my last paper in 2019
were adequate at most, and I appreciate Prof Corral’s decision for offering me the
chance for a major revision. While editing the paper, I started to understand how
some of the reviewers’ comments were formed. In fact, I realised that I had over-
looked some of my previous results’ importance. Thus, I was able to fill in the gap
in the reasoning and clarified some of the ambiguous messages. I highly appreciate

Prof Corral’s recognition of the study and for giving me the revision opportunity.

During the last year of my PhD, I am honoured to have worked with colleagues on
the IMechE Greater London Region Young Member Panel. In particular, I enjoyed
working on projects with Ms Roshni Wijesekera, and Mr Isfhan Choudhry. At the
same time, I am grateful for having been invited to the Aston Martin Red Bull
Racing Formula One Team’s factory and the All Party Parliamentary Engineering
Group (APPEG) meeting in the House of Lords, Parliament of the United Kingdom.
From those visits and projects, I gained first-hand experience of managing large scale
projects. In addition, the experiences deepened my understanding of the connection

among research, engineering, and policy making.

This is also a good opportunity for me to thank my friend Dr Peng Wang? from

2Now at Advanced Design Technology Ltd, Shanghai office.



University College London. Dr Wang had tutored me in FORTRAN? during my
undergraduate study and had introduced me to the field of turbomachinery research.
Many of the precursors to the pre-processing programs used in this study are written
in FORTRAN and our many discussions have proven beneficial for my understanding
of the research and industry landscape. Additionally, I appreciate his insights from
the engineering consulting perspective and the numerous business opportunities he

has provided.

I would like to thank my friend Dr Abel B. Cortinas* from Massachusetts Institute
of Technology. We first met in 2016 during the Imperial College London - Mas-

5. Over the many con-

sachusetts Institute of Technology Global Fellow Program
versations we had under the star spangled banner accompanied by the occasional
blaring ambulance sirens, Dr Cortinas has shared with me his journey through the
PhD study and academia. I appreciate his honest opinions and the enormous effort

he has put in to answer my multi-faceted and often endless questions.

Needless to say, the support from my parents, Mr Manchao Lu and Ms Shifang
Wang, have been indispensable during my study. I have learnt a lot from my father’s
entrepreneurship, and my mother’s business acumen and problem solving skills.
They have been exceptionally supportive with my decision to pursue a PhD and I

am deeply indebted to them.

3Short for Formula Translation. “FORTRAN, the greatest of the programming languages.” -
the Simpsons.

“Now at L.E.K. Consulting, Boston office.

5Also known as the ‘Massachusetts Institute of Technology - Imperial College London Global
Fellows Program’ by colleagues from Cambridge, MA, USA.



10



To my parents

11



12



If people sat outside and looked at the stars each night, I’ll bet they’d live a lot
differently. When you look into infinity, you realise that there are more important
things than what people do all day.

Bill Watterson, Calvin and Hobbes

13



14



Contents

Abstract 3
Statement of Originality 4
Acknowledgements 5
List of Tables 19
List of Figures 21
Nomenclature 25
1 Introduction 31
1.1 Chapter Introduction . . . . . . . . .. ... L 31

1.2 The Future of Civil Aviation and Motivation for the Study . . . . . . 32
1.2.1 Rising Demand for Civil Air Transport . . . . . . . .. .. .. 32

1.2.2  Consequences of the Rising Demand . . . . .. ... ... .. 33

1.3
1.4
1.5

1.6
1.7

1.2.3  Motivation for this Study and Introduction to Alternate Pas-

sage Divergence . . . . . . . . ... oo 36
APD Behaviour Demonstrated through Blade Tip Timing . . . . . . 42
Objectives . . . . . . . . 44
Literature Review . . . . . . . . .. ... oo 45
1.5.1  Previous APD & NSV Study . . . .. ... ... ... .... 45
1.5.2  Adverse Effectsof APD . . . . .. ... 46
Structure of the Thesis . . . . . . . ... ... ... ... ... 48
Publications . . . . . . . ... o 51



16 CONTENTS
2 Methodology 53
2.1 Chapter Introduction . . . . . . .. ... 53
2.2 Test Cases: Two Transonic Fans . . . . . ... ... ... ... ... .. 53
2.3 Aerodynamic & Aeroelastic Solver - AU3D . . . . .. ... ... ... 54
2.4 Further Details on Mode Shape Derivation . . . . . . . ... ... .. 65
2.5 Mode Shape Expansion and Running Geometry Reconstruction . . . 67
2.6 Computation Domains . . . . . . . . . . . ... ... .. .. ... .. 68
2.7  Untwist Computation on a Constant Speed Line . . . . . . . . .. .. 70
2.8 Notes on Reduced Computation Domain . . . . . . .. .. ... ... 72
2.9 Chapter Summary . . . . . . . .. ... 73

3 APD Mechanism 75
3.1 Imtroduction . . . . . . . . ... 75

3.2 Fan Blade Untwist and APD Mechanism . . . .. ... ... ..... 76
3.2.1 Fan Blade Untwist Mechanism . . . . . . .. .. ... .. ... 76

3.3

3.4

3.5

3.2.2  The Importance of Aeroelastic Coupling in Running Geometry

Prediction . . . . . . . ... 79
3.2.3 The APD Mechanism . . . . . ... ... ... ... ...... 82
3.2.4 Effect of Stiffness . . . . . . ..o 84
Results and discussion . . . . . .. ... .o 86
3.3.1 APD Intensity Maps . . . . . . ... .. ... ... ... ... 86
3.3.2 Reduced Order Approach . . . . .. ... ... ... ..... 92
Adverse Effects of APD . . . . . ... 95
3.4.1 Performance Deterioration . . . . . ... ... ... ... ... 95
3.4.2 APD Introduction through Intentional Mistuning . . . . . . . 97
Chapter Summary . . . . . . . .. ... 99

4 Non-Synchronous Vibration and Running Geometry Prediction 101

4.1
4.2
4.3
4.4

Chapter Introduction . . . . . . . . .. ... ... L. 101
NSV Behaviour . . . . . . .. ... 102
Temporal Convergence . . . . . . . . . . .. ... ... 103
NSV Mechanism . . . . . .. . ... 104

4.4.1 NSV Mechanism: the NSV Transfer Window . . . . . . . . .. 104



CONTENTS 17

442 From APDto NSV . . . . . ... ... 109

4.5 Results and Discussion . . . . . . .. ... 111
4.5.1 Typical NSV case and NSV Transfer Window . . . . .. . .. 111
4.5.2 Factors Influencing the NSV behaviour . . . . .. . ... ... 118
4.5.3 Fan Designs with an Odd Number of Blades . . . . . . . . .. 126

4.6 Chapter Summary . . . . . . . . . . ... 128
5 NSV Behaviour Prediction using Machine Learning Techniques 129
5.1 Chapter Introduction . . . . . . . . ... ... L 129
5.2 The Use of Machine Learning in Engineering . . . . . . .. ... ... 130
5.3 Motivation and Objective of the Study . . . . . . .. ... ... ... 130
5.3.1 Motivation of the Study . . . . . . ... ... ... ... ... 130
5.3.2  Objective and Structure of the Study . . . . . . ... ... .. 136

5.4 Approach for Machine-Learning assisted NSV detection . . . . . . . . 138
5.4.1 Overall Approach . . . . .. ... ... ... ... ....... 138
5.4.2 Features Used . . . . . . .. .. ... 141

5.5 Methodology . . . . . . . .. ... 143
5.6 Evaluating Classifier Performance . . . . . . . ... ... .. ... .. 143
5.7 Results and Discussion . . . . . .. .. ... 0oL 147
5.7.1 Decision Tree Classifier . . . . . . . . .. ... ... ... ... 147
5.7.2 Application of the Decision Tree Classifier . . . . ... . . .. 150
5.7.3 Logistic Regression Classifier . . . . . . . . ... .. ... ... 151
5.7.4 Support Vector Machine Classifier . . . . . . .. ... .. ... 153
5.7.5 Comparison of the Three Classifiers . . . . . . . . .. .. ... 153

5.8 Chapter Summary . . . . . . . .. ... 155
6 Fan Blade Redesign to Attenuate NSV Behaviour 157
6.1 Chapter Introduction . . . . . . .. .. ... oL 157
6.2 Blade Redesign Approach . . . . . ... .. ... ... ... ... .. 158
6.3 Results and Discussion . . . . . . . ... ... L. 161
6.3.1 Comparison of Modified Geometries . . . . . . .. .. .. ... 161

6.3.2 Comparison of Aerodynamic Properties at the Nominal Con-

dition . . . ..o 162



6.3.3 NSV Behaviour Comparison . . . . . . ... ... ... ....
6.3.4 Mechanism to attenuate NSV . . . . . ... ...

6.4 Chapter Summary . . . .. .. ... ...

7 Conclusions and Future Works
7.1 Chapter Introduction . . . . . . .. ...
7.2 Conclusions . . . . . . ..
7.2.1  Summary of Thesis Achievements . . . . . . . .. .. .. ...
7.2.2 Answers . . . . ...
7.3 The Importance of APD: An Industry Perspective . . . . . . . .. ..
7.4 Future Works . . . . . ...

Bibliography

A Global MRO Market Forecast 2019-2029
A.1 Commercial Aircraft Fleet Forecast . . . . . . . . . . . . . ... ...

A.2 Commercial Aircraft MRO Market Forecast . . . . . . . . ... ...

B Machine Learning Algorithms
B.1 Decision Tree Algorithm . . . . . .. .. ... ... .. ... ...,
B.1.1 TheIris Dataset . . . . . .. .. .. ... ... ... ...,
B.1.2 The CART Algorithm . . . . ... ... ... ... ......
B.1.3 Strengths and Weaknesses of the Tree Algorithm . . . . . ..
B.2 Logistic Regression Classifier . . . . . . . . .. ... ... ... ...,

C Additional Data for Chapter 5
C.1 Subset of the Dataset used in the Machine Learning Study . . . . . .

C.2 Classifiers’ Performance on the Test Dataset . . . . . . . . .. .. ..

18

177
177
177
177
179
182
185

191

203
203
204

205
205
205
209
210
212



List of Tables

2.1

4.1

5.1
5.2
2.3
5.4
2.5

6.1

Al
A2

C.1
C.2

Comparison of Fan Parameters. . . . . . .. ... ... ... ..... 54
NSV and Initial Mis-Stagger Phase. . . . . . . . . ... .. ... ... 125
Mis-Stagger patterns and the corresponding NSV behaviour. . . . . . 133
Comparison of the features in the two patterns presented in Figure 5.3.141

Comparison of the features in the two patterns presented in Figure 5.3.150
Comparison of the five LRC Models and their performance metrics. . 151

Comparison of the performance metrics for the three machine learning

models. . ..o 154
APD and NSV behaviour of the redesigned blades. . . . . .. .. .. 167
Commerical aircraft fleet forecast by region 2019-2029. . . . . . . .. 203

Commerical aircraft MRO forecast by conponent and region 2019-2029.204

A subset of the data used in the machine learning study. . . . . . . . 216

Predicted behaviour of each test case. . . . . . . . . . . ... ... .. 217

19



20



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10

1.11
1.12
1.13
1.14
1.15

1.16

2.1

2.2

VUTC at the Institution of Mechanical Engineers, 2019-05-29. . . . .

Trend in global air transport. . . . . . .. . ... ... ... ... ..
Growth in global air transport. . . . . . ... ... ...
Modern high bypass ratio turbofan engine. . . . . . . . . ... .. ..
Development trends for Fans in Civil Aero Engines. . . . . . . . . ..
Trend in civil turbofan fan diameter. . . . . . . . . .. .. ... ...
Schematic fan characteristicmap. . . . . . . . ... ... .. .. ...
3 types of flow regime and the shockwave structure at blade tip. . . .
Fan blade untwist. . . . . . . . ... oo o
Untwist on a fan assembly. . . . . . .. ... ..o
Schematics of passage shock and geometry configuration at fan tips

during APD. . . . . . . .
Schematics of APD behaviour development. . . . . .. .. ... ...
Aeroelastic instability boundaries on a fan map. . . . . . . ... . ..
APD behaviour demonstrated through BTT measurement. . . . . . .
Tip stagger pattern before & after pressure untwist. . . . . . . . . ..

Blade untwist snapshots showing transient behaviour towards steady

Experimental Validation of the solver (NASA test case). Reproduced
from Lee et al. 2018. . . . . . . . . .o
Experimental Validation of the solver (Fan A* at part speed). (a)
Fan A*’s characteristic map. (b) distribution of stagnation pressure

at 1.07 normalised mass flow. Reproduced from Lee et al. 2018.

21

7

35

37

41
43

59



22 LIST OF FIGURES
2.3 Experimental Validation of the solver (Fan A* at design speed and
Fan B* at part speed). Reproduced from Lee et al. 2018. . . . . . . . 60
2.4 Aeroelastic Solver Scheme. . . . . . . ... oo 64
2.5 Mode shape deflection contour plots (normalised) for Fan 1. (a) First
flapwise. (b) Second flapwise. (c) First torsional. . . . . . . . . .. .. 66
2.6 Mode shape deflection contour plots (normalised) for Fan 2. (a) First
flapwise. (b) Second flapwise. (c) First torsional. . . . . . . . . .. .. 66
2.7 Computation domains for the two fans. Meridional view. Not to scale. 69
2.8 Computation domain position relative to the engine (Fan 1). . . . . . 69
2.9 Aeroelastic computation approach for untwist and APD studies. . . . 70
2.10 Fan 1’s untwist deflection contour (normalised) at peak efficiency con-
dition at the design speed. . . . . . . . . ..o 71
3.1 Three types of flow regimes and the corresponding pressure distribu-
tions at the blade tip (Fan 1). . . . . . .. ... ... ... 7
3.2 Aeromechanical characteristics across a constant speed line (Fan 1). . 79
3.3 Comparison of fan characteristic (Fan 1) prediction with aeroelastic
approach and with aerodynamic-only approach. . . . . . .. ... .. 81
3.4 Schematic diagram illustrating the passage shock displacement at
blade tip under APD condition. . . . . . .. .. ... ... ... ... 82
3.5 Fan 2’s APD behaviour shown in term of relative tip stagger history. 83
3.6 Schematic diagram illustrating the influence of APD over assembly
efficiency. . . . . .. 84
3.7 Effect of stiffness on the tip stagger pattern of the running geometry. 85
3.8 APD intensity map comparison. . . . . . ... ... 87
3.9 Covered Passage Geometry for nominal blade geometry. . . . . . .. 89
3.10 Pressure distribution at blade tips after a full annulus calculation. . . 91
3.11 Relative shock displacement and its 2nd derivative. . . . . . . . . .. 92
3.12 APD intensity map comparison (incl. peak shock sensitivity loci). . . 94
3.13 Influence of blade variability on fan performance. . . . . . ... ... 96
3.14 Effect of mistuning on running geometry. . . . . . . .. .. ... ... 98

4.1 NSV on a randomly mis-staggered assembly. . . . . . ... ... ... 102



LIST OF FIGURES 23

4.2
4.3
4.4

4.5
4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

4.15
4.16

4.17

4.18

4.19

4.20

4.21

NSV operating condition on the fan map. . . . . . . .. . .. ... .. 103
Temporal convergence study. . . . . . . . .. . ... ... 104
Geometric features, shockwave structure, and pressure distribution

at blade tip. . . . . . .. 105
Covered passage shape variation with respect to initial mis-staggering. 106
Schematic diagram showing shock structure at blade tip during NSV

Transfer. . . . . . . . .. 108
NSV stage 1 of 3: initial pattern. . . . . ... .. ... .. ... ... 109
NSV stage 2 of 3: start of the NSV transfer window (Blade 3&4). . . 110

NSV stage 3 of 3: end of the NSV transfer window (Blade 3&4). . . . 110
Blade tip stagger history for Blade 1-13. . . . . . . .. .. ... ... 112
Tip stagger and pressure distribution history during NSV transfer

window. . . .. 113
Changes in pressure distribution during NSV transfer window (NSV
case from 4.75 revs to 5.75 revs). . . ... ..o 114
Changes in pressure distribution during NSV transfer window (NSV
case from 6.25 revs to 7.25 revs). . . . ... 115
Aeromechanical changes during the NSV Transfer Window for Blade
3 and 4 (Alternative view). . . . . . . ... Lo 116
Stagger rate of change during NSV Transfer Window. . . . . . . . .. 118
Blade tip stagger history for Blade 1-13 for the high mis-stagger am-
plitude (+0.16°) case. . . . . . . ... 119
Tip stagger and pressure distribution history during the expected
NSV transfer window for the high initial mis-stagger level case. . . . . 120
Changes in pressure distribution during NSV transfer window (Non-
NSV case from 4.75 revs to 5.75 revs). . . . . . .. ... 121
Changes in pressure distribution during NSV transfer window (Non-
NSV case from 6.25 revs to 7.25 revs). . . . . . . ... ... 122
Shock displacement on Blade 4 for the high initial mis-stagger ampli-

tude case. . . . . .. 123
Relationship between initial mis-stagger amplitude and the distance

between the displaced pressure surface shock and passage throat. . . 124



24 LIST OF FIGURES
4.22 Comparison of tip stagger patterns (at 20th rev). . . . . . .. .. .. 125
4.23 NSV behaviour on a fan with an odd number of blades. . . . . . . .. 126
5.1 Relative mis-stagger study. Case A-C. . . . . . ... ... ... ... 132
5.2 Relative mis-stagger study. Case Dand F. . . . ... ... ... ... 133
5.3 Two initial mis-stagger patterns. . . . . . . . . ... ... 134
5.4 Typical NSV behaviour and typical Non-NSV behaviour for randomly

mis-staggered cases. . . . . ... .o 135
5.5 Implementation of Machine-Learning-assisted NSV detection during

operation. . . . . . ... 136
5.6 Current stage of Machine-Learning-assisted NSV detection study. . . 137
5.7 Overall approach for Machine-Learning-assisted NSV detection. . . . 140
5.8 Test cases categorised by the dominant Nodal Diameter. . . . . . . . 140
5.9 Box-and-whisker plot for the feature RDelta. . . . . . . . .. ... .. 142
5.10 Confusion matrix for binary classification. . . . . . . .. ... .. .. 144
5.11 F1 score contour. Truncated to only included independent variable

range between 0.2 and 1.0. . . . . . . . . .. ..o 145
5.12 Decision Tree Classifier for NSV behaviour prediction. . . . . . . . .. 147
5.13 Confusion matrix of the CART classifier’s performance on the test set.148
5.14 Decision boundary of the tree classifier. Illustrated on the full dataset.149
5.15 Comparison of the five LRC model’s performance metrics. . . . . . . 152
5.16 Confusion matrix of the LRC-2’s performance on the NSV test set. . 152
5.17 Confusion matrix of the SVC classifier’s performance on the test set. 153
5.18 Comparison of the models’ performance metrics. . . . . . . . . .. .. 154
6.1 Covered passage geometry of the original Fan-2 blade. . . . . . . . .. 158
6.2 Schematics for fan blade redesign approach. . . . . .. . .. ... .. 159
6.3 Schematics for fan blade modification. Detailed view. . . . . . . . .. 160
6.4 Differences in stagger angle variation (relative to the original design). 161
6.5 Covered passage geometry comparison for the three blade designs. . . 162
6.6 Fan map for the three blade designs. . . . . . ... .. ... .. ... 163
6.7 Comparison of the pressure contour plots for the three blades at their

respective initial conditions. . . . . . . . ..o 163



6.8
6.9
6.10

6.11

6.12

6.13

7.1
7.2
7.3
7.4
7.5

B.1
B.2
B.3
B.4
B.5
B.6

Tip loading for the three blade designs. . . . . . . . .. ... .. ... 164
Blade tip stagger history for the original and fully modified blade. . . 166

Tip stagger and pressure distribution history for original blade during

NSV transfer window. Reproduced from Figure 4.11. . . . . . . . .. 171
Tip stagger and pressure distribution history for Mod-2 Blade as the

NSV motion ceases. . . . . . . . . . ... 172
Changes in pressure distribution as the NSV behaviour ceases to exist

on Mod-2 Blades (from 8 revs to 12 revs). . . . ... ... ... ... 173
Changes in pressure distribution as the NSV behaviour ceases to exist

on Mod-2 Blades (from 14 revs to 18 revs). . . . . . . .. ... .. .. 174
Aeroelastic instability boundaries on a fan map. . . . . . . ... . .. 183
APD contour for Fan 1. . . . .. . .. ... ... 184
APD contour for Fan 2. . . . .. ..o 184
Interaction between working line and APD intensity contour. . . . . . 185
Effect of Inlet Distortion on APD. . . . . . .. .. .. ... ... ... 187
Three species of Iris. . . . . . . .. ... o 206
Iris dataset (sepal measurement). . . . .. .. ... ... ... .. .. 207
Iris dataset (petal measurement). . . . . . . .. ... ... ... .. 207
Decision Tree Classifier for Iris species classification. . . . . . . . . .. 208
Decision boundary for the tree classifier. . . . . . ... .. ... ... 208
Sigmoid Function. . . . . . . .. .. oo o 213

25



26



Nomenclature

Abbreviations

1F First Flapwise Mode

1T First Torsional Mode

2F Second Flapwise Mode

APD Alternate Passage Divergence

CART Classification and Regression Tree

CF Centrifugal

CFD Computational Fluid Dynamics
CPU Central Processing Unit

ENS Ensemble

EO Engine Order

ESS Engine Section Stator

FEA Finite Element Analysis

FFT Fast Fourier Transform

FSI Fluid-Structure Interaction

GE General Electric

HCF High Cycle Fatigue

HPC High Performance Computing

LE Leading Edge

LRC Logistic Regression Classification/Classifier
ML Machine Learning

MPT Multiple Pure Tone

MRO Maintenance, Repair, and Overhaul
MSE Mean Square Error

ND Nodal Diameter

27



NSV
oGV
RMSE
RR
SLS
SVC
SVM
TE
TNR
TPR
VUTC

Non-Synchronous Vibration

Outlet Guide Vane

Root Mean Square Error

Rolls-Royce plc

Sea-Level-Static

Support Vector Classification/Classifier
Support Vector Machine

Trailing Edge

True Negative Rate

True Positive Rate

Vibration University Technology Centre, Imperial College London

Greek Symbols

¢

Wn

Mass Normalised Mode Shape
Sigmoid Function

Feature Weight

Damping Ratio

Natural Frequency

Latin Symbols

SHEEL K

5. Q.

3>

N N T Y Qo

Acceleration (modal)
Acceleration (actual)
Velocity (modal)
Velocity (actual)
Estimated Probability
Predicted Class
Damping

Entropy (impurity measure in the CART algorithm)
Force (Matrix)

Force (vector)

Gini Index
Hypothesis Function
Cost Function

Stiffness (Matrix)

28



3 3 g =

LS

<

Pij

Modal Stiffness

Mass (Matrix)

Modal Mass

Number of instances (Machine Learning)
Modal Displacement

Mode Number

Geometry

Feature (Machine Learning)

Physical Displacement

Actual Class

Ratio of Class k instances among the training instances in the i** mode.

29



30



Chapter 1

Introduction

Anticipating problems and figuring out how to solve them is

actually the opposite of worrying: it’s productive.

Chris Hadfield
An Astronaut’s Guide to Life on Earth [1]

1.1 Chapter Introduction

The research conducted in this thesis revolves around providing better running geom-
etry prediction of transonic fan blades and to anticipate the aeroelastic instabilities
accompanied by the current fan blade development trend. In order to formulate
the research questions, it is necessary to understand the relevant engineering is-
sues involved. Therefore, this chapter starts by investigating the current trend in
civil aviation industry and to explore the implication of these trends on the civil
jet engine manufacturers. Thus, this provides the background of the research and
highlights the industrial relevance of the study. This is followed by the introduction

of the guiding questions the study is designed to answer.

Secondly, an overview of the aeroelastic issue of interest is presented. Together with
a literature review, the overview explores how each of the aeroelastic issue’s adverse
effects can impact fan performance and how that alters the fan designer’s design
approach. Lastly, a detailed breakdown of the thesis structure, which explains how
each chapter is integrated into the study and how it address the research problems,

is presented.
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1.2 The Future of Civil Aviation and Motivation
for the Study

1.2.1 Rising Demand for Civil Air Transport

Over the past few decades, the civil aviation industry has witnessed a steady increase
in the global demand for air transport despite various crises that had hampered
global economic development. As illustrated by the historical trends in Figure 1.1! |
both the passenger transport and the freight services sector show an approximately
5% compound annual growth rate. More importantly, as illustrated by the year-
to-year growth rate breakdown in Figure 1.2, the crises’ effects tend to be short-
lived regardless of the nature of the disruption. Besides, in terms of time period
of influence and changes in annual growth rate, the crises affect the two sectors
slightly differently. Thus, it is reasonable to extrapolate that the global demand will
experience steady and enduring growth, and it is widely agreed that the air traffic
is expected to experience an approximately 4.5% compound annual growth rate in

the foreseeable future [5].

4.5
-—@— Passengers
4.0 . -
. Frelght Europe and North America’s
C 35 weak demand for |
g export from Asia Pacific
~— 3.0 L
©
() . . .
= Asian Financial
= 2.5 . L
o Crisis
O
# 20 S S L
() Gulf War Financial Crisis
g 2007-2008
@ 1.5- L
3 SARS
C(LU 1.0 ‘ outbreak i
9/11
Terror Attack
0.5 - =
OO T T T T T T T T T T T T T T T T T T
o AN < © e} o (oY} < (e} [e0} o (&} < (e} <o} o N < (e}
<o} [} <o} [} <o} (o2} (o2} (o) (o2} [} o o o o o — — - -
(o)) (o)) » (o)) (o} (o)) (o)) (o)) (o)) ()} o o o o o o o o o
~ ~ ~ ~ ~— ~ ~ ~ ~ ~ (V] AN AN (V] (V] AN AN (V] (V]
Year

Figure 1.1: Trend in global air transport.

1Source: International Civil Aviation Organization [2—4].
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Figure 1.2: Growth in global air transport.

1.2.2 Consequences of the Rising Demand

Two implications from the positive forecast for global air transport are: (1) the
global aircraft fleet will expand to anticipate the increase in demand, and (2) it pro-
vides significant incentive for civil jet engine manufactures to develop more efficient
engines to stay ahead of the competition and to reduce the engines’ environmental
impact (i.e. reduced emission). The discussion in this thesis is primarily focused on
the high by-pass ratio turbofan engines, such as the one shown in Figure 1.32. They
are widely used on narrow body and wide body commercial aircraft which account
for 77.9% of global commercial air transport fleet® in 2019 [6].

2Adapted from the Advance 3 render image (©) Rolls-Royce ple.
3The other two minor sectors are regional jets and turboprops.
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Figure 1.3: Modern high bypass ratio turbofan engine.

Expanding Global Fleet and Maintenance Sector

It is estimated [6] that the global fleet will grow at a rate of 3.6% for the period
from 2019 to 2029%. The ageing fleets in some of the fastest growing regions® poses
strong demand for the Maintenance, Repair, and Overhaul (MRO) sector which is
estimated to grow at a rate of 3.5% globally in the same period. Engine maintenance
constitutes a significant portion of this market. In 2019, 40.8% (approximately
33.4 billion US dollars) of global commercial aviation MRO spending is on the
engines [6]. This is true even for jet engine manufacturers. In the case of Rolls-
Royce plc’s civil aerospace division, the underlying revenue from after market service
accounts for over half (52% to 58%) of the total underlying revenue over the 2015-
2018 period [5,7-9]. At the same time, the global cost of unscheduled maintenances
(i.e. through cancellation, delay, and aircraft lease) is also in the range of tens of
billions USD and can also inflict significant reputation damage to the parties involved
(i.e. carrier, aircraft manufacturer, and engine manufacturer) [5,10]. Therefore,
there is strong incentive for the engine manufacturers to improve engine reliability
and to limit the maintenance cost in order to make their engines more attractive to

the customers.

4More detailed data are included in Appendix A.
®Asia Pacific, China, and India are expected to account for 59.9% (6995 aircraft) of the global
fleet growth for the period from 2019 to 2029 [6].
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The Search for More Efficient Engines

In recent years, jet engine manufacturers have adopted the practice (shown in Figure
1.4%) of using longer and lighter fan blades in turbofan engines, with the increase
in by-pass ratio and hence the increase in fan diameter being the primary driver
for fan performance optimisation [12]. This is clearly evident from the development
trends [13-31] of the fan blade captured in Figure 1.5. By segmenting the data points
into those manufactured by one company (i.e. Rolls-Royce plc) and those by other
manufacturers, the evolution of designs under the same design philosophy can be
observed. Another seismic shift accompanying this development trend is the switch
from hollow titanium fan blades (e.g. Trent 1000 and GP7200) to carbon-titanium-
composite’ (e.g. GEnx and Rolls-Royce Ultrafan) fan blades to save weight and

thus improve performance.

-

Ongoing improvements in A
fuel burn and noise

enabled through:

¢ Lightweight fan and LP turbine

* Lightweight, low drag nacelle

* Fan and LPT efficiency improvements

Aircraft Fuel Burn & CO2
Aircraft Noise

Next Gen

Propulsion system
weight effect

-
Fan Diameter (Propulsive Efficiency)

Figure 1.4: Development trends for Fans in Civil Aero Engines.

The trend of introducing longer and more flexible blades complicates the running
geometry prediction of the blades while the blade architecture change (i.e. from
titanium to composite-titanium) demands shift in the assessment method. This will

be elaborated in the following sections.

6Adapted from Whurr, 2013 [11].

"The main structure is fabricated with carbon-fibre composite and a titanium leading edge is
used to minimise the effect of Foreign Object Damage (FOD). The root of the blade is typically
made of titanium.
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Figure 1.5: Trend in civil turbofan fan diameter.

1.2.3 Motivation for this Study and Introduction to Alter-

nate Passage Divergence

In order to understand the research question in this study, it is vital to have a
basic understanding of the fan aerodynamics and its untwist behaviour. Detailed
discussion will continue in Chapter 3. The fan characteristics map, such as the
schematics shown in Figure 1.6, can be divided into three regions based on the
passage shock position at blade tip. As illustrated in Figure 1.7, Type A flow
condition (a.k.a. unstarted flow) can be characterised by the expelled shock at
the tip where as Type C flow condition (a.k.a. started flow) is characterised by
the swallowed passage shock. The intermediate flow condition, Type B, is signified
by the passage shock resting on the leading edge of the trailing blade (in term of
rotation). In term of operating conditions, Type A flow condition occurs towards
the stall side of the constant speed lines while Type C flow condition occurs towards
the choke side. Type B flow condition occurs in-between the two extremes and is
typically where the peak efficiency condition is [32-34]. As will be demonstrated in
Chapter 3, across the same constant speed line, blades under Type A flow condition
experience the most aerodynamically induced moment while those associated with
Type C experience the least amount. As the name suggest, under the intermediate
flow of Type B, the amount of aerodynamically induced moment on the blades is

in-between those at the other two conditions.
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Figure 1.6: Schematic fan characteristic map.
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Figure 1.7: 3 types of flow regime and the shockwave structure at blade tip.

The working line in Figure 1.6 represents the loci of possible operating conditions
of a fan. This is due to the fact that most civil gas turbine engines have a fixed
exhaust nozzle, with the exception of the Rolls-Royce Olympus engine (a.k.a. Bristol
Siddeley Olympus) which has a variable nozzle [35]. As the name suggests, the curve
labelled ‘Loci of Peak Efficiency’ represents the peak efficiency operating condition
at various engine speeds. As illustrated in Figure 1.6, the two curves mentioned
above usually intersect at the design speed. Thus, at low speed, the fan tends to
operate at Type A flow regime while operating condition switches to Type C at high
speed. The fan tends to operates close to /at the peak efficiency (and thus Type B

flow condition) at the design speed.
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As illustrated in Figure 1.8, due to the enormous centrifugal and aerodynamic load-
ing during operation, the tip stagger of the fan blades tends to be reduced from its
static value and thus the geometry change from static condition® to running condi-
tion? is also termed ‘untwist’. This terminology originates from the fact that the the
blade’s stagger angle is low at the hub and high at the tip. The mechanism behind
this behaviour will be examined in detail in Chapter 3. Thus, as shown in Figure
1.3, the fan blades are ‘twisted’ by design. Prediction of running shape is done
routinely in industry [36] numerically using coupled and/or uncoupled aeroelastic

computations.

Due to the inherent manufacturing tolerance [37] and deterioration during opera-
tion, fan blades in the same engine exhibit geometric variability even when they are
stationary. As illustrated by the schematics in Figure 1.9, the absence of symmetry
will inevitably exacerbate and contribute to the complexities of running geometry
prediction as the blade variability is bound to be amplified by the significant aero-
dynamic and centrifugal loading. Consequently, geometric variability complicates

the fan blade’s untwist behaviour and makes accurate running geometry prediction
difficult.

At the same time, the fan blade development trend necessitates the development
of numerical running geometry prediction technique. As mentioned earlier, the
carbon-titanium-composite architecture is being incorporated into fan blade design.
Such construction makes it difficult to capture the structural and thus aeroelastic
behaviour of the blade accurately through rig test!? [38,39]. To be more specific,
the physical size of the scaled fan blades makes it difficult to include the metal
leading edge [38] and poses challenges to control the thickness of the carbon fibre
component [39]. Consequently, it is difficult to mimic the structural behaviour of
the full-size fan blade accurately through rig test and hence makes it far less pos-
sible to accurately capture the aeroelastic behaviour. Further more, the increasing
fan diameter imposes a limit on the availability and choice for testing facilities for
full-size engine test [40]. Thus, it becomes increasingly vital to develop numerical
assessment methods at early design stage. To be more specific, it is important to
develop methods that can predict the running geometry /untwist behaviour of the

blades accurately.

8 Also known as the ‘cold’ geometry.
9Also known as the ‘hot’ geometry.
0Experimental testing on a scaled model.
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In this study, an untwist related phenomenon termed Alternative Passage Divergence
(APD) is investigated. As the name suggests, APD manifests as alternating passage
geometry (and hence alternating tip stagger pattern) when the fan stage is operating

close to/at peak efficiency condition.
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Figure 1.10: Schematics of passage shock and geometry configuration at fan tips
during APD.

As illustrated by the schematics in Figure 1.10, under nominal condition when all
the fan blades have the same tip stagger angle, the passage shocks rest on the
trailing blades’ leading edges. However, the presence of geometric variability can
cause the assembly to adopt the alternating passage shock and tip stagger pattern,
shown on the right side of Figure 1.10. In fact, a single mis-staggered blade is
sufficient to trigger this phenomenon through the process illustrated in Figure 1.11.
In short, the initial mis-staggering forces the aeromechanical properties (i.e. passage
shock location and tip stagger angle) to deviate from the nominal condition and re-
establish equilibrium through APD behaviour, resulting in the pattern in Figure
1.10. As this process repeats, the alternating pattern will develop throughout the
entire fan assembly as illustrated by Figure 1.11. In most cases, the motion will

terminate once the alternating pattern is adopted by the entire fan assembly.

APD Initially APD Propagation Direction of Rotation
Propagation

\_/ Direction of APD
Direction of Rotation Rotation Propagation

@ Decreased Tip Stagger
() Nominal Tip Stagger *In the rotor frame of reference

() Increased Tip Stagger Irelative reference frame

Figure 1.11: Schematics of APD behaviour development.
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Under certain conditions, the initial disturbance (i.e. APD propagation in Figure
1.11) continues even after the assembly has adopted the alternating patterns. Con-
sequently, this can result in an aeromechanical disturbance propagating around the
annulus perpetually, potentially leading to High Cycle Fatigue (HCF). This un-
steady behaviour is termed Nonsynchronous Vibration (NSV) as the behaviour is

not linked to the multiples of enigne shaft speed.

Note that in this thesis, for clarity, the term Nonsynchronous Vibration (NSV)
is interchangeable with dynamic/unsteady Alternative Passage Divergence (APD)
behaviour. The main reason for the different names, as compared to the approach
of using ‘steady’ and ‘unsteady’ to differentiate them, lies behind the fact that APD
itself has a transient unsteady phase (i.e. illustrated in Figure 1.11) before the

alternating pattern is established.

Constant

Pressure Ratio‘

Design

utter Speed

Supersonic
Unstalled Flutter

Mass Flow '

Figure 1.12: Aeroelastic instability boundaries on a fan map.

APD can introduce adverse effects such as fan performance deterioration and aeroa-
coustic noise. It’s dynamic behaviour, NSV, can adversely influence the high cycle
fatigue characteristics of the blade. From the civil aviation industry’s point of view,
the feature that makes APD stands out from other types of aeroelastic instabilities,
such as flutter and forced response, is the operating condition where it manifests.
As illustrated by schematics in Figure 1.12!1, all the well known aeroelastic insta-
bility issues occur at /near the stability boundary. This, by definition, makes them
off-design problems. Forced response, on the other hand, can be eliminated from

operation with the aid of the Campbell diagram. In contrast, APD behaviour is

1 Adapted from Cumpsty [41] and Mikolajczak et al. [42].
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located at /close to the design point where the fan assembly is designed to oper-
ate at and has the highest efficiency. In addition, APD can transform into NSV
behaviour which can lead to high cycle fatigue and even component failure. Thus,
APD & NSV’s proximity to the design point makes the fan blades highly susceptible
to HCF issues.

Evidently, the above mentioned characteristics of APD & NSV highlight the impor-
tance of investigating their underlying mechanism and deriving attenuating methods
to prevent the highly undesirable outcomes such as fan blade failure and operation

downtime.

1.3 APD Behaviour Demonstrated through Blade
Tip Timing

The APD behaviour can be demonstrated by tip stagger measurements through
the Blade Tip Timing (BTT) technique [32,43,44]. In essence, the tip stagger of a
running fan blade can be measured by a pair of stationary light sensors. The stagger
angle can be calculated through the rotation speed and the time difference between
the time of arrival of the leading edge and trailing edge at the measurement position.

The resolution of the stagger angle measurement is approximately 0.001° [44].

The contour plot shown in Figure 1.13 is derived from BTT measurement on an 18-
blade transonic fan built for research purpose. At each time step, the relative stagger
angles in the assembly (relative to the mean value at the time step of interest) are
normalised by the range which is the difference between the highest stagger angle
value and the lowest one. Red colour denotes stagger angles higher than the mean
value at the time of interest whereas blue colour indicates the stagger angle is lower
than the mean. By performing calculation at each time step, the contour in Figure
1.13 is revealed. It is important to note that the variation of mean value over time

is insignificant as compared to the stagger angle range at any time step.

Three observations can be made from Figure 1.13. Firstly, the alternating blue
and red bands at each time step indicate that the blades on the fan are exhibit-
ing alternating tip stagger. Thus the APD behaviour mentioned earlier is captured
by the BTT measurement. Secondly, the hatch/diagonal pattern (as compared to
horizontal parallel bands) observed demonstrates that the pattern is propagating
around the annulus. This is the dynamic phase of APD behaviour (i.e. NSV be-
haviour). Further investigation of its mechanism will be conducted in Chapter 4.
Lastly, as time progresses, the tip stagger of each blade switches from lower values to

higher values and vice versa. This switching mechanism is termed the NSV Transfer
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Window and it is fundamental to the NSV behaviour. Detailed analysis including

investigation into its controlling parameters will be presented in Chapter 4.
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Figure 1.13: APD behaviour demonstrated through BTT measurement.
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1.4 Objectives

To address the above mentioned issues, the following questions need to be an-

swered.They are arrange in the same sequence they are answered in this thesis.

e Where does APD/NSV occur on the fan performance map?

e What type of influence do APD and NSV have on performance and life ex-
pectancy of blades?

e What triggers NSV?
e What is the speed /frequency of the NSV propagation around the assembly?

e What is the amplitude of APD and NSV (in term of stagger angle)? Is there

a limit?

e What are the blade geometric characteristics that make the blade exhibit APD
and NSV behaviour?

e What are the controlling factors? Which of them are controllable and which

of them are not?

This thesis, written 1428 days after the questions are formulated, attempts to answer

these questions.

As the majority of modern high by-pass turbofan engines [15,21,24-27] have an
even number of fan blades, the majority of the APD & NSV study is centred around
fans with an even number of blades. Discussion regarding fan designs with an odd

number of blades will be presented in Section 4.5.3.

It is also important to note that this study is aimed to solve /anticipate an en-
gineering problem. Therefore, compromises between pure academic interests and
industrial applicability often rise and the approach most applicable in /relevant to
industry is prioritised. The author will attempt to address both sides of the ar-
gument whenever applicable. Additionally, the nature of this study also dictates
that, as the study progresses, the focus shifts from theoretical understanding of the

phenomena to exploring engineering optimisation methods.
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1.5 Literature Review

1.5.1 Previous APD & NSV Study

To the best of the author’s knowledge, there are few studies in this particular field
(i.e. APD & NSV). In the precursor study by Wilson et al. [45], APD behaviour
was investigated on a fan with an even number of straight blades'?. The test cases
investigated are primarily with one mis-staggered blade in an otherwise uniformly
staggered assembly with even number of blades. The underlying mechanisms of
the zig-zag pattern and its propagation shown in Figure 1.14!3 and Figure 1.15
respectively had been explained. Besides, it was demonstrated that APD tends to
occur near the peak efficiency condition of the blade. However, the intensity of the
APD behaviour was not quantified which is partly due to the lack of computation
resource. In term of investigating the adverse effects of APD, the initial study

focused on the efficiency deterioration on one constant speed line.

Through the model truncation study carried out, Wilson [32] was able to demon-
strate that the bulk untwist behaviour could be represented by the first three modes:
first flapwise mode, second flapwise mode, and first torsional mode. The alternative
and arguably more accurate approach to this is to include a significantly higher
number of mode shapes in the aeroelastic computation such that more complex be-
haviour of the structure can be captured. However, the simplified approach was
chosen as a compromise between the accuracy and computation efficiency!® which

is vital from the industry perspective.
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Figure 1.14: Tip stagger pattern before & after pressure untwist.

In term of computation domain choice for APD & NSV study, it is demonstrated
by Wilson et al. [45] that the inclusion of the tip gap can only change the untwist

12The same fan blade is investigated in this study and is named as Fan 2. Further details are
introduced in Chapter2.

13Figure 1.14 and 1.15 are adapted from Wilson [32].

14The transient behaviour captured by Figure 1.15 is previously shown through the schematics

in Figure 1.11.
15In terms of required computation resources and time for pre- and post-processing.
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Figure 1.15: Blade untwist snapshots showing transient behaviour towards steady
state.

results marginally and the APD behaviour is insensitive to tip gap effects. Thus,
this justifies the exclusion of tip gap which improves computational efficiency in this

study.

Lastly, NSV behaviour was observed by Wilson et al. [45]. The NSV behaviour
was triggered on a case with two mis-staggered blade diametrically opposite to each
other in the assembly. It was mentioned that an equilibrium was not established
between the structural domain and fluid domain. The complex interference between
the propagation patterns originated from the two mis-staggered blades respectively
had caused numerical instability which forced the investigation to abort. The NSV
behaviour was described in detail. However, detailed investigation of the underlying
mechanism was not conducted. Based on the initial assessment, it was hypothe-
sised that a fully mis-staggered fan blade can exhibit perpetual NSV behaviour. A
decade later, this hypothesis is validated in this study which demonstrates that NSV

behaviour can continue in the assembly for at least 100 revolutions.

1.5.2 Adverse Effects of APD

As a result of the augmented geometric variability, the APD phenomenon can signifi-
cantly influence noise and aerodynamic efficiency of the fan assembly. The travelling
disturbance introduced by APD & NSV can also make the fan blades susceptible
to high cycle fatigue. Lastly, APD may influence aeromechanical stability because
stagger variations are known to affect fan flutter [46]. The following section sum-
marises some of the studies regarding the effect blade stagger variability in a fan

assembly.
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Aeroacoustics

Blade-to-blade stagger variability which can be amplified by the APD phenomenon
is known to have significant influence on the aeroacoustics of the fan. The dif-
ference in the blade tip stagger angles is deemed to be the cause of irregularity
in the pressure field and upstream shockwave strength, leading to Multiple Pure
Tone noise (also known as the ‘Buzz-Saw’ noise) [47-50]. However, most of these
researches [47,49, 50] have attributed blade-to-blade to stagger variation to manu-
facturing tolerances which are significantly smaller than the stagger variation with
APD. Besides, as Wilson [45] had pointed out, they focused on static stagger vari-
ability in the assembly and failed to account for running stagger variability such as
the situation in which APD and NSV appear.

Mistuning induced APD

A major source of blade-to-blade static geometry variability is mistuning which
originates from deviations in material, manufacturing tolerance, and in-service wear.
Consequently, there will be slight differences in either mode shapes or frequencies
among blades in an assembly [51,52] even if there is no noticeable difference in
the blades’ static geometry'. However, while in operating condition, the addition
of centrifugal loading and aerodynamic loading will untwist a mistuned assembly
differently from the tuned assemblies for it has slight deviation in material stiffness.
Hence, the running geometry of a mistuned assembly will be different from that of
a tuned assembly. Through aerodynamic coupling and structural coupling through
blade-disc assembly, mistuning can have a significant impact on aeroelastic stability
[53], forced response, and resonance [51,52,54]. It is agreed among researchers
[51, 53, 54] that moderate mistuning can improve aeroelastic stability (i.e. flutter)

of rotor and is thus deemed a favourable design choice.

In a mistuned assembly, the difference in running geometry between mistuned blades
and tuned blades would serve as a source of mis-staggering. Thus, as will be demon-
strated in this study, mistuning can lead to APD behaviour in the assembly. To-
gether with the fact that intentional mistuning is often used to mitigate flutter
behaviour, this discovery means the engine manufacturers need to re-evaluate the

use of mistuning as a flutter attenuation measure.

High Cycle Fatigue

More importantly, it was discovered by Wilson et al. [45] that under certain condi-

tions APD can also show unsteady behaviour with an aeromechanical disturbance

16Fan blade geometry under static condition is also termed ’cold’ blade. This is with reference
to their running geometry - 'hot’ blades when the fan blades are in operation.
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propagating around the annulus perpetually. Thus, it is important to understand
the unsteady APD behaviour because High Cycle Fatigue (HCF) is deemed as the
most significant source for failure [55,56]. In particular, Pratt & Whitney [55] re-

ported a 24% of the component failures in military gas turbine engines!”

comes
from high cycle fatigue. In some of the extreme cases seem in commercial aviation,
fatigue damage is known to lead to the undesirable blade-off events [57-59]. From
the engine operators’ perspective, this means operation downtime and unscheduled
maintenance. Consequently, it incurs tremendous financial cost and reputation dam-

age to both the engine operators and manufacturers [5].

To avert such undesirable outcomes, the gas turbine engine development sector
[56,60-62] has adopted two main approaches to mitigate the adverse impact of HCF":
(1) to design the system so that component-compromising resonances are outside
the operating envelope and (2) to quantify the vibration behaviour and tolerate
those at insignificant levels [60]. Both approaches are attempted in dealing with the

vibratory behaviour in this study.

1.6 Structure of the Thesis

This thesis is divided into 7 chapters and its macro structure is outlined in Figure
1.16. The text in the centre resembles a table of contents. The arrows map the
relationship between chapters and how they link to the core objectives of the study.
On the right, the brackets groups the chapters into two classes: those focusing on
the steady effect (i.e. APD) and those focusing on the unsteady effect (i.e. unsteady
APD or NSV). The arrows on the left shows how the chapters unfolding the NSV
behaviour and its attenuation techniques are linked to each other and to the core
theme of the study.

The contents in the study are grouped into chapters based on their functions in the
APD & NSV storyline. The current chapter, Chapter 1 touches on the background
of this study. It focuses on the necessity of this area of research from both the civil
aviation business perspective and engineering optimisation perspective. A literature
review is included to outline the research work conducted with regard to the potential
adverse effects of APD & NSV. The chapter concluded by highlighting the fact that
the APD & NSV behaviour is a design operating condition problem and is expected
to get worse following the trend of increasing fan diameter. The initial questions
guiding the research are listed to show where the industrial interests lie. Chapter 2

discusses theoretical background behind the solver and various analysis techniques

I7To the best of the author’s knowledge, corresponding statistics on civil gas turbine engines are
not available in the public domain.
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(i.e. pre and post processing) used. It also points out the assumptions and com-
promises made to make the general APD & NSV behaviour modelling possible in a

computationally efficient way, thus offering directions for future improvement.

The majority of Chapter 3 is dedicated to exploring the APD behaviour: its control-
ling factors, optimal operating conditions, and the adverse effects. A comparison
between two fan blade designs are carried out to illustrate how the difference in
key geometrical features can dictate the APD behaviour and intensity. Given the
context of this research (i.e. to solve/anticipate an engineering problem), a reduced
order model for locating APD behaviour is explored and validated on the two fan

blade designs such that the fan blade design cycle can be optimised.

Chapter 4, 5, and 6 are allocated for the discussion of the NSV behaviour. Due to the
multifaceted complexity and impractical computational requirement in analysing the
NSV behaviour of a randomly mis-staggered pattern, Chapter 4 adopts a simplified
approach of using an idealised mis-stagger pattern to do parametric studies on NSV
first. A few influencing factors are found as a results and the approach is deemed
feasible for early design stage assessment. Consequently, based on these findings,
a novel machine-learning-based passive vibration attenuation technique is discussed
in Chapter 5 while blade redesign based active vibration attenuation approach is
discussed in Chapter 6. The later redesign approach has also been found to be
effective against the static APD behaviour. The two attenuation techniques can help
to minimise the vibration of fan blades at different stages of their life cycle, either
in design stage or in operation. Ultimately, they facilitate the avoidance of NSV
induced fatigue damage, helping to avoid the tremendous cost from unscheduled

maintenance and to minimise risks.

Chapter 7 summaries the main findings from the study and provides brief answers
to the guiding questions. An overview of the findings are then presented through a
commercial aviation industry perspective. The chapter also links back to Chapter
2 to reflect on the simplifications made and to suggest future quantitative improve-
ments. Lastly, the chapter reviews the novel approach adopted in Chapter 5 and

lists a few suggestions for further investigations.
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1.7. Publications 51

1.7 Publications

Selected components of this thesis have been published through the following medi-

ums [63-67] (in anti-chronological order):

1. Lu, Y., Green, J., Stapelfeldt, S.C., and Vahdati, M., 2019. “Effect of Geo-
metric Variability on Running Shape and Performance of a Transonic Fan”.

Journal of Turbomachinery, 09, pp. 1-9.

e Conference proceeding version'®:

Lu, Y., Green, J., Vahdati, M., and Stapelfeldt, S. C., 2018. “Effect of
Geometry Variability on Fan Performance and Aeromechanical Charac-
teristics”. In 15th International Symposium on Unsteady Aerodynamics,

Aeroacoustics and Aeroelasticity of Turbomachines, Oxford, UK.

2. Lu, Y., Lad, B., Green, J., Stapelfeldt, S. C., and Vahdati, M., 2019. “Effect of
Geometry Variability on Transonic Fan Blade Untwist”. International Journal

of Turbomachinery, Propulsion and Power, 4(3)..

e Nominated!'? for the ‘Best Paper Award’ at the 13th European Turbo-

machinery Conference, Lausanne, Switzerland, 8-12 April 2019.

3. Lu, Y., Lad, B., Vahdati, M., and Stapelfeldt, S. C., 2019. “Nonsynchronous
Vibration Associated with Transonic Fan Blade Untwist”. In ASME Turbo
Expo 2019: Turbomachinery Conference and Exposition, Phoenix AZ, USA,

American Society of Mechanical Engineers.

e Recommended for publication in the Journal of Turbomachinery.

4. Lu, Y., Zhao, F., Salles, L., and Vahdati, M., 2017. “Aeroelastic Analy-
sis of NREL Wind Turbine”. In ASME Turbo Expo 2017: Turbomachinery
Technical Conference and Exposition,Charlotte NC, USA, American Society

of Mechanical Engineers.

8The title modification is meant to put the topic of the study into better focus.
190ne of the 5 nominated papers. There are 136 papers in total at the conference.



52 Chapter 1. Introduction

Contents from Chapter 5 and 6 are in preparation®” for the following publications:

1. Lu, Y., Lad, B., and Vahdati, M., “Transonic Fan Blade Redesign Approach

to Attenuate Nonsynchronous Vibration”.

e Accepted by the ASME Turbo Expo 2020: Turbomachinery Technical

Conference and Exposition.
e Recommended for publication in the Journal of Turbomachinery.

2. Lu, Y., and Vahdati, M., “Detecting Nonsynchronous Vibration in Transonic

Fan Untwist using Machine Learning Techniques”.

e Accepted by the ASME Turbo Expo 2020: Turbomachinery Technical

Conference and Exposition.

20As of March 13, 2020.



Chapter 2

Methodology

All models are wrong, but some models are useful.

Professor George E.P. Box FRS [68,69]

2.1 Chapter Introduction

In this chapter, the Fluid-Structure Interaction (FSI) solution scheme used in this
study is introduced. Firstly, the test cases, two fans, used in this study are dis-
cussed. This is followed by the discussion about the Fluid-Structure-Interaction
solution scheme used in this study. In particular, its underlying assumptions and
compromises in the engineering context are highlighted and discussed. The dis-
cussion is centred around the boundary condition and computation domain choice.
Lastly, the approach for investigating untwist using the aeroelastic solver is illus-
trated. Additionally, through the examination of the mode shapes and deformed
blade shapes, the decision as to why the later discussion focuses on the changes in

aeromechanical property at the fan blade tips is explained.

Note that the methodology for the machine learning techniques used in Chapter 5
is described in the Chapter 5 for clarity.

2.2 Test Cases: Two Transonic Fans

In this study, APD behaviour is intentionally introduced onto two research fans,
referred to as Fan 1 and Fan 2. Both fans are designed for long-haul commercial
airliners. Key parameters are tabulated in Table 2.1. Detailed discussion about
covered passage geometry will be introduced in Chapter 3. Fan 1 is of a modern fan

design. Fan 2 is the same fan used in the study by Wilson et al. [45] and has been

23
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proven to be prone to APD & NSV behaviour. The two research fans are separated

in time by more than 15 years.

Table 2.1: Comparison of Fan Parameters.

Fan 1 Fan 2
Aspect Ratio 2.0 2.3
(Blade Height/Mid-Span Chord)
By-Pass Ratio 8-12 o-7
Number of Blades 18 26
Tip Stagger Angle 63-68° 65-70°
Blade shape Swept Straight
Covered Passage Geometry at the tip divergent convergent-divergent
Covered Passage Length at the tip Approx. 14% Approx. 28%

(as % chord length)

All the analysis are performed at the Sea-Level-Static (SLS) conditions. In contrast
to the conditions at cruise altitude, the SLS condition has considerably higher air
density, higher ambient pressure, and higher mechanical speed (due to the higher
temperature). As a result, the fan blades are subject to greater untwist which

amplifies the blade variability to a greater extent than at cruise altitude.

2.3 Aerodynamic & Aeroelastic Solver - AU3D

The computations for this study are performed using the in-house aeroelastic solver
AU3D which has been validated for numerous fans and compressors at design and
off-design conditions [46, 60, 70-74]. The core components of the solver have not

been changed for the past 25 years.

Aerodynamic Analysis. The underlying flow solver is a 3D time-accurate Reynolds-
Averaged Navier-Stokes (RANS) solver [75]. The unsteady flow cases are computed
using the Unsteady Reynolds-Averaged Naiver-Stokes (URANS) equations. The
flow variables are represented on the nodes of a generic semi-structured grid and
numerical fluxes are evaluated along the edges of the grid. The numerical fluxes
are evaluated using Roe’s flux vector difference splitting together with the Jameson-
Schmidt-Turkel scheme [76]. The solution method is implicit, with second order
accuracy in time and space. For this study, the one-equation Spalart-Allmaras tur-
bulence model [77] is used to close the equations. The parameters in the model have
been adjusted for high speed fan blades to attain good agreement up to the stability
limit [72,74]. To be more specific, the constants in the turbulence models are tuned
to achieve agreement with experimental data in terms of pressure ratio and overall

radial distribution. The parameters are held constant in all studies. Additional
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details of the modification will be presented in the next section.

Formulation of the solver has been discussed extensively by Sayma et al. [78,79] and

the key equations are presented here. For a control volume €2 with boundary I" and

ny
outward normal of the boundary W= ne | in the rotating frame where a blade
ns

row rotates with angular velocity w about the x-axis, the governing equation can be

written in the conservative form as:

dt Jq T Q

Definitions of the left hand side terms in Equation 2.1 can be expressed as:

e The solution vector of conservative variable U:

U= |pu (2.2)
pe

where U is the flow velocity (in the absolute reference frame), p is the density

of the fluid, and e is the specific total energy.

e The inviscid flux vector F;:

Fi= U (u; — w) + |po, (2.3)

w1 51
where W = wy | is the velocity in the rotating frame, ? = | 05 | denotes

w3 03
the Kronecker delta function, and p is the pressure.

e The viscous flux vector G;:

0
G, = o (2.4)

orT
Ui0ij + Kg,-

where x represents the effective thermal conductivity, T" denotes temperature,
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01
J_Z»;» = | 09; |, and o;; denotes the viscous stress tensor.
03i

The right hand side term in Equation 2.1 can be expressed as:

In AU3D, the flow variables are represented on the nodes and numerical fluxes are
evaluated along the edges of the mesh. For vertex I which is connected to vertices

(J1, Jo, ... , Jn ), the semi-discrete form of Equation 2.1 can be expressed as:

dr (F[JS — G[JS)—I—Bi:Q[S[ (26)

d 1
— (/Up) + ; 5 | 017,
where Uj; is the solution vector at I, Fr;, denotes the inviscid flux along edge I.J,
G1j, denotes the viscous flux along edge I.Js, B; is the boundary integral. 77, is
the side weight. €); is the control volume bounded by the region connected by the

median of the cells surrounding vertex I.

Further details about the solver can be found in the literature by by Sayma et
al. [78,79].

Modification of one-equation model and validation of the aerodynamic
solver. The modifications made to the Original Spalart-Allmaras (OSA) model [77]
has been presented in details by Lee et al. [74]. The modification has been recognised
by various research groups [80,81] and adopted [81]. The key changes are summarised

here.

The original one equation model can be denoted as [74,82]:

o ov

T + Uj— = O (1 — fi2) S0 — destruction terms + diffusion terms (2.7)
L

where 7 is the corrected turbulent viscosity, u; denotes the velocity component in

the jth direction, ¢ represents time, ; denotes the Cartesian coordinate vector, fio
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is the trip function, ¢, is an empirical constant, and S is the modified vorticity.
Additional definitions are provided by the following equations:

A

A 1%
S=5+ quz (2.8)
1 /0u; Ou;
Qi = = L 2.10
X
o=1——— 2.11
=1 () 211
3
X
= 2.12
J X3+l ( )
where ¢,; is an empirical constant and
1%
= _ 2.1
X = (2.13)

The first term on the right hand side of Equation 2.7 is the production term. It has
been modified to improve the accuracy in flow solution prediction near the stability

limit. The S term (i.e. Equation 2.8) in the original production term is modified

as:
~ 1%
Smod = BS + Wfﬂ (2.14)
where
B=CsxCy, (2.15)

chy x tanh [a; P?]

Cs = tanh(1.0)

+1.0 (2.16)

chy x tanh [ay H?
tanh(1.0)

O = +1.0 (2.17)
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chy and chy are the newly introduced constants for the Modified Spalart-Allmaras
(MSA) model. chy is determined to be 0.5 whereas chy is determined to be 0.7
through a numerical study [74]. The scaling factor a; is a mesh-dependent constant
whereas ay is chosen as 3 [74]. The 8 parameter approaches 1 in a smooth flow field

and hence the S,;wd term converges to the S term in the OSA.

The validation of the model against experimental data is also presented by Lee et
al. [74] and is reproduced in Figure 2.1 to 2.3. The validation is first performed on
the Axisymmetric Transonic Bump case from NASA [82] and the validation data
are presented in Figure 2.1. The validation effort is then extended onto fan cases.
As presented by [74], the validation is performed on rig sized! fan designs which are
representative of the fans, in terms of aerodynamic behaviour, used in this study.
The fans used by Lee et al. [74] are denoted as Fan A* and Fan B* to avoid confusion
with Fan A and Fan B in this study. The validation results demonstrate that the
the modification produces reasonable accurate steady state solution at operating
conditions away from the stability limit. This is important as these are the flow
regime where the APD & NSV behaviours manifest.

IThere are no steady state experimental data from engine sized fans.
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Figure 2.1: Experimental Validation of the solver (NASA test case). Reproduced
from Lee et al. 2018.
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Figure 2.2: Experimental Validation of the solver (Fan A* at part speed). (a) Fan
A*’s characteristic map. (b) distribution of stagnation pressure at 1.07 normalised
mass flow. Reproduced from Lee et al. 2018.
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Figure 2.3: Experimental Validation of the solver (Fan A* at design speed and Fan
B* at part speed). Reproduced from Lee et al. 2018.
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Aeroelastic Analysis. The aeroelastic analysis is performed in a partially cou-
pled fashion [70,79] in which fluid and structural domain are solved alternately with
data exchanged at the fluid structure boundary at each time step. The underlying
assumption of this aeroelastic model is that the structural motion could be repre-
sented by linear superposition of a few fixed modes. As the mass ratio? is high,
it is generally accepted that the mode shapes are unaffected by the aerodynamics
unsteady forces [83] and this assumption is valid. Mode shapes for aeroelastic anal-
ysis are obtained from a Finite Element (FE) solver (Rolls-Royce SC03) and are
interpolated onto the CFD grid. This aeroelastic solution approach differs from the
fully coupled analysis as the FE analysis is not conducted during each time step and

hence it is computationally less demanding.

The aeroelastic computation starts by solving Equation 2.18 for each mode [70]:

Mz —+ Cz + Kz = fAerodynamic + fCent?“ifugal (218)

In matrix notation:

[M]{@} + [C]{a} + [K]{z} = {fa} + {for} (2.19)

where [M],[C], and [K|] are mass, damping, and stiffness matrices respectively. {x},
{fa},and {fcr} are vectors of displacements, aerodynamic forces, and centrifugal

forces respectively.

Equation 2.19 can be further simplified. The displacement vector could be decom-
posed into displacement due to aerodynamic load and displacement due to centrifu-
gal load. Thus,

{z} = {za} + {zcr} (2.20)

[K]{zcr} = {fer} (2.21)

Assuming the centrifugal (CF) force remain constant during the blade untwist pro-
cess, Equation 2.19 can be simplified to only include the aerodynamic force when
the fan blade’s initial geometry accounts for CF loading at the corresponding fan

speed. Thus,

[M]{za} + [C1{xa} + [K] ({za} +{zor}) = {fa} +{fer} (2.22)

2Which is the ratio between the mass of the blade and the mass for the fluid influenced by its
movement.
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can be reduce to:

[M]{za} + [Cl{a} + [K]{za} = {fa} (2.23)

Mode shape [¥], mass-normalised mode shape [®], and natural frequency w,, for each
mode can be derived from the eigen solution of Equation 2.23. Mass-normalisation

of mode shape is accomplished through:

] = —— [¥,] (2.24)

where r is the mode number and m, is the modal mass.

The spatial model can be translated into modal model [78,84] by establishing link

between real displacement and mode shape (mass-normalised):

{za} = [®]{q} (2.25)

where {q} is the modal displacement. Thus, Equation 2.23 can be rewritten as:

[@]" [M][@] {G} + [@]" [C][®] {d} + [@]" [K][®] {a} = [@]" {/a} (2.26)

The modal model possesses Orthogonality properties :

AN
O (M) [¥] = | m, (2.27)
N
and
N N N
KW= | k |=]| m w2 (2.28)
AN N AN
AN
where r is the mode number. | m, is the modal mass diagonal matrix and

N
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AN

k, is the modal stiffness diagonal matrix. The ratio between them is unique:

N

w2 | =1 m ki, (2.29)

[6]" [M] [¢] = [1] (2.30)
and
N
B [K][0] = | w? (2.31)
N
[1] is the identity matrix and w? = £.

Under the assumption of proportional damping, the following equations hold true

for each mode:

C C
= = 2.32
C Ccritical 2 V k:m ( )
C = 2¢VEkm = 2¢(mw, (2.33)

Applying Orthogonality properties to Equation 2.26, it transforms into:

\ \
@+ 2w, [+ | w2 | {a) =12 {fa} (2.34)
\ \

Results from FE modelling will provide information about the two diagonal matri-
ces on the left-hand side and the mass-normalised mode shapes on the right-hand
side. The vector {f4} represents the aerodynamic forces acting on the blade and is
obtained from the CFD solver. The term on the right-hand side of Equation 2.34 is
the modal force [85] which is a measure of the correlation between the aerodynamic
force and the mode shape in that particular mode. To be more specific, the matching
between the pressure distribution on the blade surfaces and mode shape is assessed
by the modal force. Thus, modal force indicates the strength of the unsteady forcing

in a particular mode of vibration. Accordingly, for the rigid body motion mode such
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as blade plunging motion, modal force is equivalent to unsteady lift on the blade.

After obtaining the aerodynamic forces {fa} at time level n the aeroelastic solver
computes the modal displacement ¢ from Equation 2.34 which is used to calculate the
real displacement {x 4} on the blade surface mesh at time level n+ 1 from Equation
2.25. The mesh on blade surface is deformed every time step by the imposed modes
using mode shapes and modal frequencies. Mesh deformation is executed through
the Spring Network Analogy [78] where individual mesh node’s displacement is in-
versely proportional to its distance to the blade surface. Boundary conditions at the
fluid-structure interface are updated at each time step [78] as illustrated in Figure
2.4. Hence, the deformed mesh will be used in the next time step. The physical
time step for aeroelastic computations is assigned as approximately 200 time steps
per revolution. This time step setting was determined by performing a temporal
convergence study. The results from this temporal convergence study is presented
in Chapter 4.

Solve for w Solve for
Unsteady Pressure Modal
P J Displacement
. T . Time March i
oy e tzteat [ wesn
Deformation
RANS L

Figure 2.4: Aeroelastic Solver Scheme.

In essence, fluid domain and structural domain are solved alternately with informa-
tion exchanged at the fluid-structure interface (i.e. blade surface) at each time step.
Thus, there is a slight time lag (between the fluid domain and the structural domain)
as compared to that of the fully coupled analysis where the two domains are solved
simultaneously. The delay can be reduced to negligible magnitude through setting
small time steps. Other than its advantage of lower computation requirement over
fully coupled analysis, the closely coupled analysis does not impose any limit on the

way the two domains are discretised.

The nominal running geometries (at speeds of interest) used in this study are either
provided by the research partner or computed using the FE solver (Rolls-Royce
SC03), which takes geometric non-linear effects into consideration. Rotor speed is
kept constant during all the FSI computations. As the perturbation due to APD &

NSV is relatively small, non-linear effects are not taken into account. It is important
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to acknowledge that geometric non-linear effect can become significant when the
displacement is large, i.e. when attempting to derive running geometry from static

geometry [86,87].

2.4 Further Details on Mode Shape Derivation

As mentioned earlier, the mode shapes are obtained numerically through a FE solver
(Rolls-Royce SC03). The first 3 mode shapes (in term of ascending natural fre-
quency) for the two fans are shown in Figure 2.5 and 2.6. They are derived through
blade-only model (i.e. zero displacement at blade root) with the assumption that
there is no mechanical coupling of vibration through the blade root and disc (i.e.
it is assumed that the disc is infinitely stiff). The mode shapes from the structural
domain are then linearly mapped onto the fluid domain (i.e. mesh on the blade

surface).

Critic [88] of this approach argues that this setup (i.e. mode shape derivation
is conducted while excluding the disc and shaft) is not sufficient to capture the
running geometry accurately and more mode shapes should be accounted for in
the computation. However, the above argument is not practical given the context
of the study (i.e. industrial application rather than pure academic research). At
the same time, the critic does acknowledge the qualitative results (in particular,
Chapter 4) derived through this approach. Though one concede with this argument
regarding the accuracy [32,88], it is important to note this approach is adopted as a
compromise among accuracy, computation efficiency, and hence industrial relevance.
Additionally, it is important to acknowledge that the main purpose of this study is
to attempt to (1) model and understand the general behaviour of APD and NSV
and (2) to find attenuating approach for the phenomena rather than to develop a
perfect running geometry prediction approach. By adopting the above mentioned

approach, more data can be derived to study the underlying physics.
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Figure 2.5: Mode shape deflection contour plots (normalised) for Fan 1. (a) First
flapwise. (b) Second flapwise. (c) First torsional.
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Figure 2.6: Mode shape deflection contour plots (normalised) for Fan 2. (a) First
flapwise. (b) Second flapwise. (c¢) First torsional.
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2.5 Mode Shape Expansion and Running Geom-

etry Reconstruction

For full-annulus computation domain, mode shape expansion is required to expand
the single blade mode shape onto every blade in the computation domain. Thus,
the single blade mode shape is rotated to match the orientation of each additional
blade according to Equation 2.35, 2.36, and 2.37. For a particular mode of inter-
est, ®1,, ®14, and &, denote the x, y, and z component of the single passage
mass-normalised mode shape respectively. @, ., ®,,, and ®, . denote the three
components of expanded mode shape for blade n while N indicates the total num-
ber of blades in the assembly. Note that the underlying assumption for this process

is that the disk is rigid [32] and the blades are only coupled through air.

D, =P, (2.35)

2r(n —1 ) 2r(n —1
®py = cos (%) ¢y, + sin <<T)> Dy, (2.36)

2m (n —1 . (2mr(n—1
®,, . = cos (%) Qq . — sin <%> ®q (2.37)

The above mentioned expansion is repeated for each blade and then for each mode.
While preparing the assembled mode shapes for the aeroelastic solver, modal fre-
quency and consequently modal stiffness for each mode shape can be modified in-
dependently. Moreover, this type of mode shape expansion allows one to look at
the effects of mistuning (i.e. blades in the same fan assembly have different modal

frequencies) on the APD behaviour.

To reconstruct the running geometry from the aeroelastic computations. The blade

motion captured by each mode is superimposed through the equations below.

For the 4" blade, the components (i.e. Cartesian coordinates) of its running geom-

etry can be reconstructed as:

r

[(X'ia] = [Xia] + Z [Piz] {4} (2.38)
(X'ig) = [Xig) + D [Pigs) {05} (2.39)

Jj=1
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[X/i,Z] = [XZ,Z] + Z [(I)i,Z,j] {Qz}j} (2.40)

where X and X' are the blade geometry before and after aeroelastic computation
respectively. j is the mode shape index. ¢;; is the modal displacement for the i

blade’s 7% mode.

2.6 Computation Domains

The computational domains used for this study are shown in Figure 2.7. Figure 2.8
shows the relative position of the engine and the computation domain for Fan 1. The
fan inlets are placed approximately 8 mid-span chord length away from the blade
leading edges and the grids are gradually coarsened to minimise boundary reflection.
As mentioned earlier, Sea-Level-Static (SLS) boundary condition prescribed at the
inlet for its higher air density and ambient pressure than those at cruise condition.
Near-wall flow is modelled through wall functions and a slip velocity is imposed at
the wall. Wilson et al. [45] concluded that tip clearance only influences the untwist
behaviour marginally and hence the domains used in this study do not include a
tip clearance. Thus, tip and hub regions are modelled as inviscid walls. For studies
involving a selection of passages, the two sides of the domain are modelled as periodic

boundaries.

For Fan 1, shown in Figure 2.7(a), a mass flow boundary condition is prescribed at
the inlet to the core compressor such that the correct by-pass ratio can be estab-
lished. The bypass stream exit boundary is modelled as choked nozzle and is hence
independent of the condition imposed at the exit. The area ratio of the nozzle is
varied to control the flow condition. It was shown by Lee et al. [72] that this form
of boundary condition leads to results which are in good agreement with measured
data. To reduce computational effort and simplify post-processing, Engine Section
Stators (ESS) and Outlet Guide Vanes (OGV) are not included in the domain. Since
the splitter geometry is not available for Fan 2, the downstream geometry is mod-
elled as a single convergent-divergent nozzle as shown in Figure 2.7(b). This is not
expected to influence the untwist behaviour as Fan 2 is part of a high by-pass ratio

engine and the deflection during untwist is highest at the blade tip (i.e. Figure 2.6).
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(a) Computation Domain for Fan 1.
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(b) Computation Domain for Fan 2.

Figure 2.7: Computation domains for the two fans. Meridional view. Not to scale.
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Figure 2.8: Computation domain position relative to the engine (Fan 1).

There are approximately 1.2 million mesh nodes per passage in the domains. This
number is determined from a mesh convergence study based on both steady state
computation on CF-only blade shape and time accurate blade untwist computation
(i.e. CF+Aero blade shape). Given that the blade untwist is sensitive to the pressure
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distribution on the blade surface, and thus shockwave movement within the passage,

the mesh nodes are distributed evenly around the blade on each radial section.

2.7 Untwist Computation on a Constant Speed
Line

The approach for untwist calculation on a constant speed line can be broken into
three steps. The first two steps are used to establish initial solutions for the blade
at CF-only® and CF+Aero* condition through single passage computation. Blade
variability is introduced into full annulus computational domain in the third step
to observe the change in aeromechanical characteristics. In order to obtain the
deflection due to CF loads for the first step, an in-house FE solver (Rolls-Royce
SC03) is used. A single passage computation, which uses periodic boundaries to
exploit the axisymmetric geometry, is performed on this geometry. At this stage, a
constant speed line, shown in Figure 2.9 as the dashed line, is calculated using the
same blade geometry and hence fluid-structure interaction is not taken into account.

This also serves as the starting point for the untwist computations of the next step.

‘ CF+Aero
o) / / Constant Speed Line
S
% e - O . CF-Only FA CF:
5 ~ « Constant Speed Line
7 Ss
o AR
A | Nozzle 5
Setting o) A

Step D Q
Computationfs] d Single Passage
Domain FA| Full Annulus

A Y
O
Symmetric

Asymmetric T
.
Blade Centrifugal m
Geometry Centrifugal + Aero
Mass Flow '

Figure 2.9: Aeroelastic computation approach for untwist and APD studies.

Variability

Coupling of fluid and structure is included in Step 2 where mode shapes are used to

capture the motion of the blade during untwist. The mode shapes are captured by

3The fan blade geometry is only influence by the centrifugal force at the speed of interest.
4The fan blade geometry is influenced by both the centrifugal and aerodynamic force at the
speed of interest.
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the FE solver through zero-nodal-diameter® blade-only structural computation. The
first 12 modes are used in the computation. This number is decided by a convergence
study which shares the same conclusion as that presented by Wilson [32]. In essence,
the first 3 modes, shown earlier in Figure 2.5 and 2.6, are dominantly important
in capturing the untwist behaviour. The first mode, which is normally the first
flapwise bending mode, is the most important for it accounts for 86% of the blade
tip section untwist at the design point for the swept blade used in this study (i.e.
Fan 1). The deflection contour from the blade untwist calculation at the CF+Aero
peak efficiency condition is illustrated in Figure 2.10. Two observations can be
drawn from the deflection contour. First, the pattern from the deflection contour
(Figure 2.10) closely resembles that of the first flapwise mode (Figure 2.5), thus
further highlighting its importance in untwist calculation. Secondly, the deflection
is highest at the tip of the blade and hence current investigation focuses on the
flow condition and untwist at the tip section. Similar to the first step, the untwist
computation performed in Step 2 is based upon the assumption that the system is

perfectly axisymmetric (both structural and geometrical).
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Figure 2.10: Fan 1’s untwist deflection contour (normalised) at peak efficiency con-
dition at the design speed.

The calculations completed in Step 2 provide the constant speed line and running

geometry of the fan blade at the design speed. Different to the cases in Step 1, the

5The Nodal Diameter (ND) can be interpreted as the number of diameters on the fan assembly
along which there is no displacement.
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fan geometries presented on the CF+Aero speed line in Figure 2.9 varies with mass
flow. Another important outcome from Step 2 is the determination of nozzle setting
required for each operating point. In this way, the starting solution for full annulus
aeroelastic computation in Step 3 could be determined from the CF-only constant

speed line by identifying the correct nozzle setting.

Variability, geometric and/or structural, is taken into account in Step 3. Geometric
variability is included through mis-staggering of the blades. It is applied linearly
to the blade with respect to the geometric centre at each radial level with the
highest magnitude at the tip section. Alternatively, structural variability is applied
through mistuning (frequency-only). To be more specific, for each mode, the blades
in the same assembly have slight difference in modal frequency. The single blade
mode shapes deployed during Step 2 is then expanded onto each blade through the
procedure discussed in Section 2.5. It is completed under the assumption that there

is no mechanical coupling between the blade root and disc.

Through aeroelastic coupling, aerodynamic loading would amplify the variability
introduced into the computation domain. Therefore, the final operating condition
would deviate away from the operating conditions determined in Step 2 under ideal
condition. This is illustrated by the red arrow shown in Figure 2.9. The extent of
the resulting deviation is highly dependent on the aeroelastic operating condition of
the blade and will be discussed in Chapter 3.

2.8 Notes on Reduced Computation Domain

As explained through Figure 2.10, the peak untwist deflection occurs at the blade
tip and hence the main focus on the analysis will focus on the tip. Therefore, it is
natural to question whether the computation domain can be reduced to included
only the tip section or adopt a 2D approach while still achieving similar levels of
accuracy. This demand becomes more prominent when the geometric variability

which further increases the resource requirement is considered.

Unfortunately, this approach has been proven by Wilson [32] to be futile. In the
previous study [32], a thin annulus approach based on the method introduced by
Gliebe et al. [48] was attempted. In essence, Wilson concludes that the results from
the thin annulus approach are sub-par compared to those from the fully 3D approach
at operating conditions most susceptible to develop APD behaviour. Therefore, the

approach with reduced computation domain is abandoned.
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2.9 Chapter Summary

The test cases and aeroelastic coupling methodology employed in this study are pre-
sented in this chapter. The rationale behind many of these choices are elaborated
with regard to the objective of the APD study. At the same time, certain compro-
mises are made to ensure the initial investigation into APD & NSV are feasible and
can yield useful insights in an industrial context. These highlighted compromises

can serve as areas for improvement in future studies.
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Chapter 3

APD Mechanism

The numbers have no way of speaking for themselves.

We speak for them. We imbue them with meaning.

Nate Silver
The Signal and the Noise [89]

3.1 Introduction

In this chapter, the APD mechanism is investigated using the approach discussed
previously. Firstly, the nominal untwist behaviour where the fan assembly is per-
fectly symmetrical is discussed. The interaction among passage shock, aerodynamic
loading, and tip stagger angle is examined across a constant speed line. To em-
phasis the importance of inclusion of untwist behaviour and hence Fluid-Structure-
Interaction (FSI) in making performance! predictions, a comparison study is con-
ducted to show the difference between the predicted fan characteristics from FSI

calculation and CFD calculation.

Following the discussion of untwist behaviour in symmetric fan assemblies, the un-
twist behaviour in the presence of geometric variability and hence the APD mech-
anism are investigated. In particular, the mechanism in which FSI can amplify the
initial mis-stagger and introduce the alternating pattern (in terms of tip stagger and
passage shock positions) is explained. At the same time, the controlling parameters
of APD are explored. The APD behaviour of two distinctly different fan designs

(i.e. Fan 1 and Fan 2) are explored on their respective fan maps.

Given the nature of the research, a reduced order model designed to optimise the

initial fan blade design stage is validated. The comparison between the peak APD

In terms of efficiency, pressure ratio, and stability limit.

75
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loci identified by the high-fidelity model which will be introduced in later sections
and those identified by the reduced order model is conducted.

Lastly, the adverse effects of APD are explored. In particular, APD induced effi-

ciency drop and the effect of mistuning over APD are investigated.

3.2 Fan Blade Untwist and APD Mechanism

The nominal untwist behaviour where there is no asymmetry on the fan assembly
is first discussed in this section. This is followed by the investigation of the APD
mechanism where geometric asymmetry is accounted for. The approach outlined in

Chapter 2 is used in this section and results from Fan 1 are presented.

3.2.1 Fan Blade Untwist Mechanism

The shockwave structure within the blade passages influence the blade’s aerody-
namic untwist behaviour. In this study, the operating conditions across a constant
speed line are divided into 3 types of flow regimes as illustrate in Figure 3.1(a). The
corresponding pressure distributions on the tip of the fan and the operating regions
on the fan map are presented in Figure 3.1(b) and Figure 3.2. The performance
data are normalised against the corresponding quantities at the maximum efficiency
condition. The aeromechanical data are normalised by the data range. For example,
for the shock position data in Figure 3.2, 1.0 is used to denote the shock position on
the leading blade’s suction surface at the Type A condition (measured at the last
stable operating condition before the fan blade stalls). At the same time, 0.0 rep-
resents the suction surface shock position when the shock is resting on the trailing
edge of the blade.

Type A, unstarted flow, is characterised by the shockwave being expelled from the
passage whereas Type C, started flow, can be easily identified by the swallowed
passage shock. In between the two extremes is the Type B, intermediate flow, which
is characterised by the shockwave being in close proximity of/resting on the leading
edge of the trailing blade. Peak efficiency operating condition occurs in this type of
flow regime [33,34,45], as will be demonstrated, the fan blade untwist behaviour is

most sensitive to flow condition changes at this flow regime.
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Figure 3.1: Three types of flow regimes and the corresponding pressure distributions
at the blade tip (Fan 1).

As the operating point is shifted from the stall side (i.e. Type A) of the character-
istics to the choked side (i.e. Type C), the shockwave is moved into the passages.
Pressure distributions shown in Figure 3.1(b) demonstrate that such a passage shock
displacement reduces the pitching moment on the blade section. Hence the aero-
dynamically induced moment counteracting the mechanical restoring moment is
reduced. This trend could be clearly demonstrated through Figure 3.2 where the
aeromechanical properties of the fan blade across a constant speed line are pre-
sented. All the performance data are normalised against those of the peak efficiency
condition. The grey contours mark the region where each of the three types of flow
regimes occur. Type B, intermediate flow, is marked by the white strip at the nor-

malised mass flow rate slightly higher than 1.0. Type A resides at lower mass flow
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rate than Type B whereas Type C occurs with higher mass flow rate. Except for the
pressure ratio, all parameters are calculated at the tip of the blade. The position of
the passage shock on the suction surface is tracked for each point on the fan map
and the data is normalised such that 1.0 represents the passage shock position near
the stall condition (i.e. Type A flow regime) whereas 0.0 denotes position when the
passage shock is at the extreme choked condition (i.e. Type C flow regime). The
untwist moment is calculated with respect to the blade’s centre of untwist (which is
located downstream of the trailing edge in the axial direction) at the peak efficiency
operating condition. High normalised untwist angle indicates low tip stagger angle
(high incidence). As presented in Figure 3.1(b), the combination of a high pressure
distribution on the pressure surface leading edge region and a forward passage shock
on the suction surface lead to a greater untwist moment under started flow condition
(Type A). As can be observed in Figure 2.5, the Fan 1 blade has backward sweep
and hence the peak efficiency condition of this blade occurs with a slightly expelled
passage shock at the tip. As a result, the Type B regime appears at a mass flow
marginally higher than that of the peak efficiency condition.

The results illustrated in Figure 3.2 indicate that all the four parameters share the
same type of behaviour across the constant speed line. Thus, at low mass flow up
till peak efficiency, the parameters show a near horizontal behaviour as shown in
Figure 3.2. In contrast, at high mass flow, a near vertical behaviour is observed.
Thus, in the transition region (i.e. intermediate flow), the untwist behaviour and

hence passage shock position are most sensitive to the change in mass flow region.
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Figure 3.2: Aeromechanical characteristics across a constant speed line (Fan 1).

3.2.2 The Importance of Aeroelastic Coupling in Running

Geometry Prediction

To further demonstrate the coupling effect between the structural domain and the
fluid domain, a comparison study is conducted on Fan 1. In this case, fan character-
istics at high rotor speed (i.e. above design speed) are calculated first through the
untwist calculation approach outlined in Section 2.7 and then through aerodynamic-

only calculation. Note that geometrical variability is excluded in this study.

From the untwist calculation, the predicted fan characteristics are obtained as shown
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in Figure 3.3 (a) & (b)?. The data are normalised such that unity represents the
performance metrics at the peak efficiency condition. The fan blade geometry at the
peak efficiency condition, highlighted by Marker 2 in Figure 3.3 (a), is then used for
the aerodynamic-only approach through which the predicted fan characteristics are
presented as the orange data points in Figure 3.3 (a) & (b). In essence, the fan blade
geometry varies along the constant speed line in the aeroelastic approach while the
blade geometry is the same throughout constant speed line in the aerodynamic-only

approach.

From the fan map comparison in Figure 3.3, it is obvious that the two approaches
agree with each other at Marker 2 and their discrepancy grows as the operating point
moves from the peak efficiency condition. The first observation originates from the
fact that the blade shape at this point is the same for the two approaches by design.
The second observation is rooted in the untwist mechanism explored earlier with
Figure 3.1 and 3.2.

Towards stall, as illustrated in Figure 3.3 (a) & (c), the increased untwist moment
reduces the tip stagger angle of the blade which in turn increases the incidence angle.
At the same time, this leads to further increase in the untwist moment. Hence, the
fan stalls at a higher mass flow rate in the aeroelastic computation as compared
to the case where aeroelastic coupling is unaccounted for. The same symbiotic
relationship between incidence change and untwist moment can be observed around
the operating points towards choke (i.e. region bounded by Marker 3 in Figure 3.3
(a)). More importantly, as the tip stagger angle increases with the declining untwist
moment towards choke, the passage gradually becomes ‘closed’. This restricts the
mass flow which in turn manifests as the ‘backward’ bending (positive slope of the

pressure versus mass flow curve) in Figure 3.3 (a).

As the discrepancy highlighted in Figure 3.3 show, aerodynamic-only calculation
leads to over-prediction of the stability limit of the fan. Although the study is
conducted at high rotor speed which amplifies such discrepancy, the phenomenon
is still of high relevance to the fan designers given the current development trend
of fan blades (i.e. longer and more flexible). Therefore, the observations from this
study illustrates the necessity and significance of incorporating aeroelastic coupling

while conducting numerical prediction of fan performance.

2Labelled as ‘aeroelastic computation’.
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3.2.3 The APD Mechanism

The above discussion on the untwist behaviour is under the scenario where the
fan assembly is perfectly symmetric. In comparison, the introduction of geometric
variability will bring disturbance to the passage shock structures in adjacent passages
and the resulting fluid-structure-interaction could lead to the APD phenomenon.
The presence of a mis-staggered blade in an otherwise uniform assembly will cause
the geometry of the neighbouring passages to change, thus becoming either more
divergent or convergent. Hence, as illustrated in Figure 3.4, where Blade 2’s tip
stagger is reduced (incidence is increased), the shockwaves in the adjacent passages
are either expelled from the passage or swallowed into the passage. As a result,
the adjacent blades (Blade 1 and 3) deflect and consequently change the passage
geometry. In this case, Blade 1’s suction surface passage shock and Blade 3’s pressure
surface leading edge shock are displaced. The difference in lever arm length (w.r.t.
centre of untwist) and hence untwist moment leads to a large change in Blade 3’s
untwist behaviour whereas Blade 1 only experiences a marginal change. Therefore,
under this scenario, the untwist moment on Blade 3 will decrease which results in
an increase in Blade 3’s stagger angle whereas Blade 1 will experience negligible
stagger change. Likewise, forward passage shock displacement will be introduced
onto the pressure surface of the blade trailing Blade 3 (i.e. Blade 4, not shown in
Figure 3.4) as the tip stagger of Blade 3 deviates further from that of the nominal
condition. In this case, an increase in pressure near the leading edge of the pressure

surface would lead to a corresponding decrease in Blade 4’s stagger angle.

Shockwave
expelled
from the passage

Shockwave

swallowed

into the passage
Passage 2-3

Blade 2 \\| Vs staggered Blade 3

< Direction of Rotation ]

Figure 3.4: Schematic diagram illustrating the passage shock displacement at blade
tip under APD condition.

The above mentioned APD propagation mechanism can be illustrated through the
relative tip stagger history shown in Figure 3.5. The data are obtained from a
coupled computation of Fan 2. The blade numbers are ascending in the direction

opposite to rotation (i.e. same as in Figure 3.4). In this case, the initially mis-
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staggered Blade 2 (increased stagger) triggers the passage shock displacement on the
trailing blades sequentially and eventually splits the blades into two groups, those
with higher relative stagger and those with lower values. Thus, the APD stagger
pattern is formed. This behaviour is consistent with that observed by Wilson et
al. [45]. Note that in both studies, the fan design examined has even number of
blades and it is reasonable to speculate that the fluid and structure might not reach

an equilibrium condition for a design with odd number of blades.
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Figure 3.5: Fan 2’s APD behaviour shown in term of relative tip stagger history.

The resulting deviant alternating tip stagger pattern has significant implication on
the performance of the fan assembly. In the idealised case described above where one
single mis-staggered blade forces the entire assembly to adopt the APD condition,
half of the passages are pushed to operate in the unstarted flow regime whereas the
other half operate with started flow regime. On the fan performance map shown in
Figure 3.6, this means the passage operating points would be equally split between
the ‘APD closed’ condition and ‘APD opened condition’ once APD phenomenon
leads to their departure from the datum point. Consequently, this means there would
be a net drop in efficiency for the assembly for shifting to either extremes during
APD denotes a drop in efficiency. Hence, the designed peak efficiency condition will
never be achieved. In comparison, the change in mass flow rate and pressure ratio
may not be as significant as that for efficiency since the two sides tend to cancel out

each other’s offset.
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Figure 3.6: Schematic diagram illustrating the influence of APD over assembly
efficiency.

3.2.4 Effect of Stiffness

With the method described earlier, full annulus untwist computation including ge-
ometric variability is performed at the peak efficiency operating condition at the
design speed. However, for Fan 1, it is found that at the datum condition without
stiffness reduction the mis-staggering could only introduce localised disturbance to
the assembly instead of the macro change (on Fan 2) documented previously [32,45].
The highly localised change is illustrated through the blue line (labelled as 0% modal
frequency reduction) in Figure 3.7. In this case, the mis-staggered Blade 16 (in-
creased by 0.5°) can only alter the untwist behaviour of its immediate neighbours,
namely Blade 17 and 18, through the aeroelastic coupling mechanism described
previously. In order to investigate how APD behaviour is influenced by geometric
features (i.e. by comparing the APD behaviour of Fan 1 to that of Fan 2) in the
later part of the study, Fan 1’s stiffness is artificially reduced to increase the blade
deflection and hence the blade-to-blade coupling effect is augmented during untwist.
In this case, a 10% and a 20% reduction in stiffness are applied. It is important to

acknowledge that such modifications may not be realistic.

Under the coupling framework adopted by this study, the stiffness of the blade is
modified by altering the individual frequencies of the vibration modes. By reducing
the modal frequencies, the deflection of the blade is increased through the relation-
ship described by Equation 2.34. For this study, modal frequencies of all the 12

natural modes are altered by the same percentage relative to their respective datum
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values. As illustrated in Figure 3.7, the influence of the initial geometric variability
grows from a highly localised form to a full scale APD form as the modal frequen-
cies are reduced. Note that for the three stiffness settings presented, the tip stagger
results in Figure 3.7 are calculated relative to the single passage untwist results at

the corresponding stiffness setting.
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Figure 3.7: Effect of stiffness on the tip stagger pattern of the running geometry.

As evident from the data presented in Figure 3.7, it is undeniable that fan blade
stiffness has a significant influence over the aeromechanical behaviour of the fan
assembly. Reduced stiffness translates to greater deflection of the blade during
untwist and hence empowers the influence of fluid over structure. In the context
of APD research, the blade stiffness can also be used to determine the influence of
geometric variability. Therefore, the remainder of this study is carried out with a
20% reduction of the modal frequencies (for Fan 1). Furthermore, as can be inferred
from the investigation of the blade stiffness, the APD issue is expected to become
a growing concern for longer and more flexible fan blade used in future high bypass

ratio engines.
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3.3 Results and discussion

3.3.1 APD Intensity Maps

In this study, the APD behaviour for the two fans is investigated across multiple
speed lines. In order to obtain the APD geometry, time-accurate partially coupled
computations (which is described in Chapter 2) are performed. The computations
are started from the running geometry and blade-to-blade variability is introduced
by mis-staggering a single blade. The mis-stagger is applied linearly from zero at
the hub to 0.5°(i.e. within the manufacturing tolerance of 1° [37]) at the tip. The
resulting tip stagger patterns are analysed through spatial FF'T calculations. The
amplitude of the 9th harmonic is used to define the APD intensity for Fan 1 (which
has 18 blades) while the 13th harmonic signal is used for the 26-blade Fan 2. The
amplitudes are then normalised against the data range and mapped onto the fan
maps in Figure 3.8, where fill colour denotes the APD intensity. Note that the
APD strength in Fan 1’'s APD behaviour (Figure 3.8(a)) is half of that in Fan 2’s
(Figure 3.8(b)). The dark grey lines represent the constant-speed characteristics
for an idealised perfectly uniform fan assembly, which were obtained from steady

single-passage computations.

Towards stall, the APD intensity levels are low and the operating points align with
those of a uniform assembly. This indicates that a single mis-staggered blade has a
minor effect on the aerodynamic characteristics of the fan. It causes tip stagger
variations in a few adjacent blades but does not affect the overall performance
significantly. Near choke condition, assemblies with APD achieve a higher mass flow
than the uniform assembly because some of the passages are more open. Comparing
the two blades, two main features can be observed: (1) Fan 2 exhibits more intense
APD behaviour than Fan 1, and (2) the relative location between peak APD intensity

and peak efficiency is different for the two fans.
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Figure 3.8: APD intensity map comparison.
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Firstly, the APD phenomenon is stronger on Fan 2 than on Fan 1. This can be
explained from the differences in blade design and loading. As discussed earlier,
the driving force for APD is the passage shock displacement and resulting change
in untwist behaviour. The design feature governing this movement is the covered
passage geometry, which is represented by the dashed lines in the sketch of Figure
3.9(a). The length of the covered passage is measured as the length between the
leading blade’s trailing edge and the foot in which the trailing blade’s leading edge
is projected onto the leading blade’s chord line. At a given point in the covered
passage, the covered passage width is measured as the distance between the suction
surface of the leading blade and the pressure surface of the trailing blade in the
direction perpendicular to the chord lines. This is plotted against chord for the two
designs in Figure 3.9(b). It is clear that the Fan 1’s covered passage is divergent,
whereas Fan 2’s covered passage is convergent-divergent with a minimum throat area
at around 80% chord. This subtle geometric difference determines the smoothness
of the shockwave displacement within the passage and consequently the strength of
APD. Another distinct difference is that Fan 2 has twice the covered passage length

as that of Fan 1. This is mainly due to the difference in the number of blades.

For Fan 2, the shock cannot be stabilised in the convergent region of the passage. A
stable condition only exists if the shock is either resting on the leading edge of the
tip or swallowed into the divergent section of the covered passage. This creates a
discontinuity /step change in the shock structure of Fan 2’s blades and consequently
a discontinuity in aerodynamically induced untwist moment which creates strong

blade-to-blade variations.
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Figure 3.9: Covered Passage Geometry for nominal blade geometry.
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The above explanation is supported by the differences in blade pressure distribu-
tions. Figure 3.10(a) shows the pressure profiles for individual blades at Fan 1’s peak
APD amplitude case at the design speed. Figure 3.10(b) shows the corresponding
behaviour for Fan 2 (i.e. the peak APD amplitude case at the design speed). In both
figures, the direction of rotation is represented by descending blade numbers and
Blade 4 is initially mis-staggered. In Figure 3.10(a), small differences in leading edge
pressure and suction surface shock position between the adjacent blades are visible.
Such differences contribute to approximately 10% difference in untwist moment at
the tip. This alternating pressure distribution thus introduces APD onto the assem-
bly. In contrast, a more distinct difference can be observed in Figure 3.10(b) where
pressure surface shock position on adjacent blades differ by approximately 20% of
chord length. Consequently, this leads to almost 40% difference in untwist moment

between blade pairs which makes Fan 2 highly prone to exhibit APD behaviour.

To summarise, the main geometry feature which determines the smoothness of the
passage shock displacement is the absence /existence of the throat. A passage with
a converging-diverging section results in a discontinuity in shock displacement which
maximises the differences in loading and associated untwist between adjacent blades,

creating a strong APD pattern.

Secondly, the maximum APD amplitude occurs close to the peak efficiency loci
drawn in Figure 3.12 but is shifted towards choke for Fan 1 and slightly towards
stall for Fan 2. The location of maximum APD intensity depends on the sweep of
the blade. The backward sweep on Fan 1’s blades (see Figure 2.10) dictates that its
peak efficiency conditions is achieved when the shock is slightly expelled at the tip
(i.e. Type A flow in Figure 3.1(a)). Thus the peak APD cases are located slightly
towards choke for Fan 1. Conversely, Fan 2’s distinct covered passage geometry
prompts its peak efficiency condition to occur with passage shock right behind the
throat (i.e. Type C flow in Figure 3.1(a)). Accordingly, the worst-case APD cases

occur ahead of the peak efficiency loci with lower mass flow rate.
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3.3.2 Reduced Order Approach

The previous discussion showed how the passage shock is most sensitive to changes
in flow condition when the shock sits near the leading edge (i.e. Type B in Figure
3.1(a)). Thus, APD is highly correlated to shock displacement. This can be further
investigated through Figure 3.11(a) which shows the relative shock position against
mass flow rate at Fan 1’s design speed. The relative shock position is normalised
such that 0 corresponds to near-stall while 1 corresponds to choke. Thus, the most
sensitive/unstable operating condition can be identified by locating the peak value
of the second derivative of the shock position with respect to mass flow rate (i.e.
the ‘acceleration’ of the passage shock). In Figure 3.11(b), a peak can be clearly
observed at the normalised mass flow above 1 (which corresponds to the peak effi-
ciency condition). Note that the data for the extreme choke cases (cases in the blue

rectangle in Figure 3.11(a)) are filtered out during the second derivative calculation.
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This calculation was performed for each constant speed line and the operating points
where the second derivative is at the highest for the particular speed line are mapped
onto the APD map in Figure 3.12(a) and (b) as the blue dash-dot lines. From the
plots, it is clear that the predicted peak APD intensity region has a strong corre-
lation with the loci for peak shock displacement sensitivity for both blades. This
reduced order approach can locate the worst-case APD condition in a computation-
ally efficient fashion. Instead of performing full annulus coupled calculation to map
the intensity map, the most undesirable case can be located through single passage
untwist calculation and even uncoupled computation on the design blade geometry.
With this approach, only a limited number of full annulus cases are required to
gauge the strength of APD. For this study, the time required can be reduced from
400,000 CPU-hours to approximately 3,000 CPU-hours for each blade.
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3.4 Adverse Effects of APD

The adverse effects associated with APD are explored in this section through nu-

merical studies on Fan 1.

3.4.1 Performance Deterioration

The previous discussion on performance is based on the highly idealised APD case
where only one blade’s CF-only geometry is different from the nominal CF-only
geometry. For a real fan assembly, it is reasonable to expect all the blades will devi-
ate away from the nominal /design geometry. Thus, based on the observation that
geometric variability can trigger APD which could in turn introduce adverse effect
to fan performance, it is important to explore whether forming the blades in a par-
ticular pattern on the assembly can minimise the performance drop. The secondary
objective of this part of the study is to highlight the importance of including FSI
during design. To do so, the aerodynamic computation and aeroelastic computation
are started from the same CF+Aero blade geometry which gave the highest APD
intensity at high speed. Three types of mis-staggering patterns, shown in Figure
3.13(a), are applied onto the fan assembly. The spatial Fourier decomposition of
the pattern reveals that the most dominant signal in the random pattern is the
8ND pattern followed by the 2ND pattern. Additionally, three amplitude settings,
0.5°, 1.0°, and 1.5°are included in the study. The amplitude refers to the highest

mis-stagger angle in the pattern.

Comparison of the tip stagger patterns shown in Figure 3.13(a) and (b) highlights
how initial blade-to-blade variability can be augmented by aerodynamic forces. Of
the three patterns, the 9ND pattern is enhanced the most, increasing the blade-
to-blade variability from 1.0°to 2.5°. This is followed by the case with the random
pattern. In addition to the magnified geometric variability, an APD pattern is
almost formed. In contrast, the IND mis-stagger pattern results only demonstrate

a marginally enhanced 1ND signal.
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Figure 3.13: Influence of blade variability on fan performance.
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Performance results from the performance study are illustrated in Figure 3.13(c)
and (d). Aeroelastic simulations are labelled as ‘F'SI’ while the label ‘CFD’ denotes
purely aerodynamic computations with fixed blade geometry. For both types of com-
putation, the results reveal that the 9ND pattern is associated with the largest per-
formance reduction while the IND pattern is accompanied by the smallest change.
For all three mis-staggering amplitude explored in this study, it can be concluded
that aeroelastic coupling can augment the performance deterioration significantly
and the alternating 9ND pattern should be avoided.

It is important to note that the above performance reduction trend is derived through
computation at Sea-Level-Static condition. It is reasonable to suggest that the
reduction in performance is less significant at cruise altitude. However, the effect

may become more important for future engines with longer, light-weight fan blades.

3.4.2 APD Introduction through Intentional Mistuning

Previous analyses are conducted under the assumption that the fan blades are struc-
turally tuned. Given that intentional mistuning is sometimes used as a means to
prevent fan flutter [90-92], it is interesting to explore whether mistuning alone can
lead to APD behaviour. Therefore, a mistuning study is conducted for Fan 1. Fre-
quency mistuning (of Mode 1/first flapwise mode) is introduced onto a perfectly
symmetrical starting geometry. The starting operating condition is the one associ-

ated with the worst-case APD behaviour at the design speed.

As illustrated in Figure 3.14(a), a random mistuning pattern with amplitude of 2%
is used in the coupled untwist computation of a full-annulus geometrically tuned fan
assembly. Fourier decomposition of the mistuning pattern, shown in Figure 3.14(c),
reveals that the dominant signal is the 8th harmonic signal. Figure 3.14(b) shows the
converged geometry in term of tip stagger. It should be noted that, without APD
(i.e. not operating near the APD condition on the fan map), the final mis-stagger
pattern follows the initial mistuning pattern and the magnitude of mis-staggering
is significantly smaller than the APD case. Comparing Figure 3.14(a) to (b), it is
evident that the final stagger pattern does not follow the initial mistuning pattern.
The initially alternating mistuning pattern from Blade 8 to 18 has been translated
into an alternating stagger pattern while a mild APD pattern is established between
Blade 1 and 7 where the initial variability is not alternating in nature. Besides, as
shown in Figure 3.14(c), aeroelastic coupling has shifted the dominant signal to the
9th harmonics and suppressed signals from all the other harmonics. By comparing
the patterns in Figure 3.14(a) and (b), it is clear that mistuning can introduce APD

behaviour into the system.
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3.5 Chapter Summary

The findings revealed in this study lead us to the following conclusions and direction

for further studies:

1. From results comparison between the aeroelastic approach and the aerodynamic-
only approach in Section 3.2.2, it has been shown that the later approach leads
to over prediction of the fan stability limit. This highlights the important of
including aeroelastic coupling in running geometry and fan performance pre-

diction.

2. Through the APD contour map and the loci of peak shock displacement sen-
sitivity, it can be concluded that APD is closely related to the discontinuity

/non-linearity in the untwist behaviour of the fan blades.

3. Results from the stiffness reduction study clearly indicates that APD be-

haviour is inversely related to the stiffness of the blade.

4. Comparison of the two blades’ geometry and the corresponding difference in
their APD behaviour reveals that a discontinuous /abrupt transition in the
passage shock position exacerbates the APD behaviour. A spin-off idea from
this observation is the convergent section of the covered passage (where the
passage shock cannot be stabilised) on Fan 2 can introduce unsteadiness in the
annulus because it prompts shock displacement and further aeromechanical
change. In fact, it is previously observed that under certain conditions, APD
can be accompanied by a travelling disturbance around the annulus. It is
important to investigate the unsteady effect of APD because it can influence

the fan blades” high cycle fatigue life.

5. From the results comparison between the reduced order model and the full
annulus coupled computation, it is evident that the peak APD conditions at
each constant speed line can be located by the reduced order model. This will
result in the reduction in computation cost. Therefore, it would be interesting
to investigate whether reduced order model can be used to quantify APD

intensity such that it can be incorporated into fan blade design approach.

6. As demonstrated, APD occurs in close proximity to design point which sets it
apart from other types of aeromechanical instabilities (such as flutter) which
usually occur at off-design conditions and thus of relatively less concern to
the engine manufacturers. This makes it paramount for the manufacturers to

comprehend this phenomenon.
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7. Given that intentional mistuning which is usually used to prevent flutter be-
haviour (i.e. at off-design conditions) can introduce APD behaviour (close to
design condition), it is crucial for engine manufacturers to investigate the APD

behaviour.



Chapter 4

Non-Synchronous Vibration and

Running Geometry Prediction

Seeing the big picture means much more than simply acquiring more
information.We must see how the information is connected as well as

how our own actions are connected.
Garry Kasparov

How Life Imitates Chess [93]

4.1 Chapter Introduction

This chapter focuses on the unsteady APD behaviour on Fan 2. As the unsteady be-
haviour is not linked to the multiples of engine shaft speed and thus, for brevity, the
unsteady APD behaviour examined in this chapter will be termed Non-Synchronous
Vibration (NSV). The NSV behaviour analysed here is similar to APD from the
previous chapter. However, steady solution does not exist for NSV as the blades
continue to switch from having higher than nominal tip stagger to lower ones, and

vice versa.

This chapter is structured as follows. A general introduction to NSV behaviour is
introduced first and the rationale for the major geometry related approximation is
explained. Secondly, the results from the NSV temporal convergence are presented
to establish the confidence in the temporal resolution used for the later calcula-
tions. Thirdly, a detailed discussion on the NSV mechanism is presented. Lastly,
NSV computation results are presented and the key parameters influencing NSV

behaviours are identified.
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4.2 NSV Behaviour
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Figure 4.1: NSV on a randomly mis-staggered assembly.

An example of typical NSV behaviour is shown in Figure 4.1. The fan assembly
is initially mis-staggered using the pattern shown in Figure 4.1(a) which can be
representative of a real engine configuration. The resulting time history of tip stagger
patterns shown in Figure 4.1(b) were obtained from a coupled aeroelastic simulation.
For clarity, only half of the blades in the assembly are presented. The plots for two
adjacent blades (i.e. Blade 1 and 2) are highlighted while the rest are plotted in
grey. Here the typical NSV behaviour where the blades’ tip stagger switches back
and forth about the nominal condition is well represented. Additionally, it can be
clearly seen that NSV is periodic. As illustrated in Figure 4.2, NSV’s operating

condition is in close proximity to that of the peak efficiency condition. In contrast



4.3. Temporal Convergence 103

to the other types of aeroelastic instability (i.e. stall flutter) which usually occur
at off-design conditions, NSV behaviour occurs close to the design condition, away
from the stability limit. Therefore, understanding the NSV behaviour is of great

importance to the engine manufacturers.
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Figure 4.2: NSV operating condition on the fan map.

4.3 Temporal Convergence

Given that unsteady aeroelastic behaviour is being investigated, it is vital to ensure
the temporal resolution is sufficient to capture the unsteady behaviour. Thus, a
temporal convergence study is conducted to optimise the number of time steps per
fan revolution required to capture the NSV behaviour. Three levels of temporal
resolution are used to capture the running geometry under the influence of the
travelling disturbance from NSV. The temporal resolutions are at 200, 400, and 800

time steps per revolution.

The random initial mis-stagger pattern, shown as the black line in Figure 4.3, is used
to trigger the NSV behaviour. Aeroelastic computations are performed at the three
temporal resolutions for 5 revolutions and the instantaneous running geometry, in
term of tip stagger pattern, is captured at the end of the 5th revolution for each
resolution level. The tip stagger patterns are presented in Figure 4.3 as the coloured
lines. From the results, it is evident that the instantaneous tip stagger pattern is not
sensitive to the temporal resolution in general. Therefore, all the NSV calculations
are conducted at 200 time steps per revolution to reduce the computation resource

requirements.
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Figure 4.3: Temporal convergence study.

4.4 NSV Mechanism

4.4.1 NSV Mechanism: the NSV Transfer Window

The fundamental NSV mechanism is introduced below. This is to lay the foundation
for the understanding of the NSV behaviour so that the parameters influencing NSV

can be clearly distinguished in the later section.

The main geometric feature for APD and NSV behaviour on this blade, is the
covered passage geometry at the tip, which is marked by the hatched region in
Figure 4.4(a). The length of the covered passage is measured as the length between
Blade 1’s trailing edge and the foot in which Blade 2’s leading edge is projected onto
Blade 1’s chord line. At a given point in the covered passage, the covered passage
width is measured as the distance between the suction surface of the leading blade
and the pressure surface of the trailing blade in the direction perpendicular to the
chord lines. The measurement for this blade is plotted in Figure 4.4(b). The covered
passage geometry is of a convergent-divergent shape with a minimum area/throat
around 80% chord position. It was shown in Chapter 3 that this geometric feature
has significant influence on the passage shock displacement and can enhance the

APD mechanism.



4.4. NSV Mechanism 105

Expelled
Shock
Convergent
Divergent

Stagger

Axial | 400,
Direction R
ope” 100%

Ve 4 Chord Position
Direction of Rotation

Blade 1 Blade 2 Blade 3

(a) Schematics of aeromechanical behaviour at blade tip.

Swallowed
Shock

—_—

o

o

o
1

995L Convergent - Divergent

99.0 +

'Throat

Normalised
Covered Passage Width

98.5

98.0L 1 - 1 1 ]
75 80 85 90 95
Percentage Chord (Suction Surface)

(b) Covered passage width measurement at blade tip.

Untwist E‘T

: Percentage Chord

~
o

Throat

Static Pressure

(¢) Schematics for pressure distribution at blade tip.

Figure 4.4: Geometric features, shockwave structure, and pressure distribution at
blade tip.
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Figure 4.5: Covered passage shape variation with respect to initial mis-staggering.

It is important to note that the covered passage geometry in Figure 4.4(b) is mea-
sured from a pair of nominal fan blades. With the presence of geometric variability,
such as mis-staggering, the position of the throat deviates from the nominal condi-
tion. In Figure 4.5, the covered passage geometry at various mis-staggering ampli-
tudes are presented. Mis-staggering is applied with respect to te geometric centre
of each radial section. The mis-staggering amplitude varies linearly along the radial
direction with zero at the hub and peak mis-staggering amplitude at the tip. For all

the mis-stagger amplitude, the convergent-divergent nature of the covered passage

remains.

The passage shock cannot be stable inside the convergent part of the nozzle, resulting

in an unstable region marked by the red hatched area in Figure 4.4(a) which ranges
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from the 70% to 80% chord position (Blade 2’s suction surface) as shown in Figure
4.4(b). Therefore, the shockwave structure at the tip, as illustrated on the left
side in Figure 4.4(a), has to adopt either Condition A - expelled from the passage or
Condition B - swallowed into the passage and resting downstream of the throat. The
corresponding pressure distribution patterns are illustrated in Figure 4.4(c). The
pressure distribution determines the aerodynamic loading (i.e. pressure untwist)
available to counteract the mechanical restoring force. Thus, in the case of Condition
A, a high aerodynamically induced moment with respect to the centre of untwist
which is situated downstream of the trailing edge in the axial direction leads to a
reduction in tip stagger angle (i.e. high untwist). Similarly, in the case of Condition
B where there is a region of low pressure around the leading edge on the pressure

surface, low untwist moment translates to a high tip stagger angle.

For a fan assembly with an even number of blades, the initial APD signal introduced
by a single mis-staggered blade needs to travel an even number of passages before
hitting the initial mis-staggered blade. Due to its alternating nature, this means
the blade leading the mis-staggered blade will deviate from its nominal tip stagger
in the opposite direction as the mis-staggered blade. In the case shown in Figure
3.4, this means Passage 26-1 will have the same shock structure as that in Passage
2-3. The alternating shock structure on the adjacent passages stabilises Blade 1,

essentially suppressing the initial APD travelling signal.

This behaviour, however, can transform into an unsteady form (i.e. NSV) when
certain conditions are met. For an assembly with two mis-staggered blades, when
the mis-staggering of 2nd blade is in-phase with the APD signal generated by the
Ist blade (e.g. two mis-staggered blade polar opposite to each other on the 26 blade
assembly), NSV behaviour will manifest after the APD pattern has been formed.
This is under the assumption that the amplitude of mis-staggering is sufficiently

small. The reason behind will be explained in the results section.

The NSV phenomenon can be better illustrated with the help of Figure 4.6. Grey
outlines nominal conditions. The signs in brackets indicate the relative tip stagger to
nominal condition. Tilde sign indicates negligible change. When the tip stagger of
Blade 2 in Figure 4.6(a) is initially increased at time Tp, an APD signal will initiate
in the direction opposite to that of rotation. As a result of the above mentioned
symmetrical system (i.e. two mis-staggered blade polar opposite to each other on
the 26 blade assembly), the number of passages the APD signal needs to advance
prior to meeting another signal source is changed into an odd number. Thus, when
the APD signal from Blade 2’s ‘twin’ on the other side of the annulus (i.e. Blade 15)
advances to Blade 1 at time T}, the APD mechanism dictates that the passage shock
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Figure 4.6: Schematic diagram showing shock structure at blade tip during NSV
Transfer.

in Passage 26-1 should be swallowed. While the passage shock is being swallowed into
Passage 26-1, the reduced aerodynamic untwist moment increases the tip stagger
angle of Blade 1. Concurrently, the turning Blade 1 (from the grey shape to orange
shape in Figure 4.6(b)) attempts to recover the covered passage geometry from a
dominantly divergent shape at 7y back to its original shape. This allows the shock
in Passage 1-2 to move forward from the thick blue dashed line in Figure 4.6(b)
(which is at the same position as the blue line in 4.6(a)) to the thin blue solid line.
When this recovering shock in Passage 1-2 trespasses the ‘unstable’ zone in Figure
4.4(a), the shock displacement will be accelerated, pushing the shock away from the
unstable zone. This eventually leads to the shock resting in a stable position outside

the passage (i.e. Condition A in Figure 4.4). Such changes lead to a conflict, both
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passage shocks are expelled from the passage, between Passage 1-2 and 2-3 in the
subsequent time step. This conflict and forced shock recovery will be termed ‘NSV
Transfer Window’ in the later discussion. The propagation of this process causes

blades to switch sign of their relative stagger angles sequentially and leads to NSV.

4.4.2 From APD to NSV

For clarity, schematics in Figure 4.7,4.8, and 4.9 are included to depict each phase of
the APD & NSV behaviour. Figure 4.7 represents the initial idealised mis-stagger
setup used in this study. The formation of APD behaviour in the assembly is
depicted by the transition from Figure 4.7 to 4.8 in which the blades adopt the
alternating mis-stagger pattern. Detailed explanation of this process is discussed
previously in Chapter 3. The NSV Transfer Window mechanism discussed in the
last section is depicted through the transition from Figure 4.8 to 4.9 during which
Blade 4 and 17 switch from having higher (than nominal) stagger angles to lower

ones. Detailed discussion of this mechanism is conducted in the next section.

Initially Mis-Staggered ‘
Decreased Stagger ‘
Nominal Stagger

Increased Stagger

Initial Mis-Stagger
Pattern

Figure 4.7: NSV stage 1 of 3: initial pattern.
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Figure 4.9: NSV stage 3 of 3: end of the NSV transfer window (Blade 3&4).
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4.5 Results_ and Discussion _
4.5.1 Typical NSV case and NSV Transfer Window

It was shown in Figure 4.1 that a randomly mis-staggered assembly (as generally
observed on engines) can exhibit NSV behaviour. An idealised test case is used here
to simplify the complex system to a more manageable one in order to investigate
the NSV mechanism.

Single passage domain and mode shapes are expanded to a fully symmetric system
first. Blade 4 and 17, which are polar opposite to each other on the annulus, are
mis-staggered with 0.08° increase in tip stagger, resulting in a axisymmetric system.
This mis-stagger amplitude is well within the Blade Tip Timing (BTT) technique’s
resolution limit [44] and is determined from a parameter study which will be pre-
sented later. As will be demonstrated in the later section, the sign of the initial
mis-stagger does not have significant influence over the NSV behaviour. The mis-
staggering is with respect to the centroid at each radial section and is applied linearly
along the span with the highest change at the tip and the lowest at the root. The
corresponding changes to mode shapes is negligible at this mis-staggering level. The
structure assembly is perfectly tuned with the blades having exactly the same set of
mode shapes and the same damping ratio (mechanical damping) of ¢ = 0.05 which is
higher than what is typically expected in the fan blades (i.e. approx. ¢ = 0.01 [32]).
Thus, the only asymmetry in the system is introduced through geometry. The tip
stagger history is plotted in Figure 4.10. Only the time history for half of the blades
is presented for one NSV cycle. Blades are numbered in the same sequence as in

Figure 4.6 where ascending blade number is in the direction opposite to rotation.

From 0 to 4.5 revolutions, the blades diverges to two positions - approx. 40.3°
and —0.1° under the APD mechanism. At approximately 4.75 revolution, the APD
signal initiated by Blade 17 traverses across the annulus and reaches Blade 3, forming
the tip stagger pattern presented in Figure 4.11(a). This activates the mechanism
previously introduced as the ‘NSV Transfer Window’ for Passage 3-4. Here, an
alternative view of the transfer window is illustrated through the aeromechanical
data at blade tips in Figure 4.11. The more detailed data during the same time
period is presented through the pressure contour snapshots presented in Figure
4.12 and 4.13. The more targeted data, in term of the passage shock displacement
tracking, is presented in Figure 4.14.

As seen in Figure 4.11(a), the APD pattern is not symmetrical about the nominal
condition. Instead, the deviation is biased towards the side with increased relative
tip stagger and this is, unsurprisingly, a direct consequence of its covered passage
geometry. The starting solution corresponds to the condition where the shock at

blade tip is resting on the leading edge (i.e. dashed line in Figure 3.4). All the
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tip staggers are calculated relative to the tip stagger at this condition. The shape
of the covered passage dictates that the stabilised shock has to be on either side
of the ‘unstable zone’. In the expelled case, shown as Position A in Figure 4.4(c),
this can be achieved with a slight forward displacement of the shockwave away from
the initial solution. In contrast, in the other direction where the shock needs to
the swallowed, the shock position needs to deviate more than 10% chord position
away from the initial position, diminishing the untwist moment significantly. The
resulting pressure distribution means the change in untwist moment and thus stagger

angle change will not be symmetrical about the initial condition.
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Figure 4.10: Blade tip stagger history for Blade 1-13.

As illustrated in Figure 4.11(a), when the signal from Blade 17 first reaches Blade 2,
the APD pattern is forcing it to deviate from the nominal and adopt the —0.1° con-
dition. This makes Passage 2-3 more divergent (similar to the behaviour illustrated
in Figure 3.4) and the shock moves further into the passage which can be observed
through the pressure surface shock displacement on Blade 3 illustrated in Figure
4.11(b). The chord positions in the figures are normalised such that 0% indicates
the leading edge while 100% denotes the trailing edge. This shock displacement
results in a significant decrease in the pressure distribution at the leading edge tip
which is accompanied by a decrease in untwist moment shown in 4.14(c). The un-
twist moment is the aerodynamic moment measured with respect to the centre of
untwist. Consequently, as shown in Figure 4.11(a), this pushes Blade 3 to switch
from 40.1° to +0.3° condition where Blade 4 is at the beginning of the process.
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Figure 4.11: Tip stagger and pressure distribution history during NSV transfer
window.
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Following the discussion regarding Figure 4.6, the passage shock 3-4 which can be
tracked through Blade 4’s pressure surface shock in Figure 4.11(c) is forced to re-
cover from its swallowed position to the expelled position (i.e. —0.1° condition).
This recovery process is assisted by the ‘unstable zone” which is positioned between
0% and 10% chord. Thus, when the passage shock captured in Figure 4.11(c) tran-
sits from a stable swallowed position forward towards leading edge and enters the
‘unstable zone’, the passage shock is forced to stabilise outside the passage resulting
in an increase in pressure near the leading edge tip. Consequently, as shown in
Figure 4.14(c), the untwist moment at the blade tip increases which translates to
the decrease in Blade 4’s tip stagger as illustrated in Figure 4.11(a). Additionally,
by examining the shock position history in Figure 4.11(b) and 4.14(a), it can be
seen that the shock on Blade 3’s pressure surface (i.e. swallowed passage shock) is
stabilised at the 6th revolution, ahead of Blade 4’s pressure surface shock (Figure
4.14(b)) which is still being displaced by the changes on Blade 4 at 7.50 revolution.

Blade 4’s behaviour during NSV can be further investigated with Figure 4.15 where
the tip stagger rate of change (w.r.t. revolutions) is presented. These data can
essentially be interpreted as the rate of change for aerodynamic loading which is
dominated by shock position. From Figure 4.11(c) and 4.14(b), it can be seen that
Blade 4’s passage shock crosses the throat which is at approximately 10% chord
and enters the 'unstable zone’ slightly after 5.75 revs. This time coincides with
the highest rate of change captured by Figure 4.15. After it crosses the throat,
the passage shock maintains a relatively high displacement rate inside the 'unstable
zone’ and the shock starts to decelerate when it is about to be stabilised outside
the passage. The same behaviour can be observed for Blade 5 during this transfer
window. This further supports the view that the covered passage geometry of this
blade amplifies the passage shock displacement whenever they crosses the unstable
region, setting a series of chain reactions to further the divergence in aeromechanical

behaviour.

As shown in Figure 4.11, from 6 to 15 revolutions, similar to the APD behaviour, the
NSV Transfer Window shifts in the direction opposite to that of rotation. Thus, the
trailing blades start experiencing the travelling disturbance and flip their relative
tip stagger from one direction to another. This can be visualised by the following
the tip stagger trace from +0.3° group to —0.1° group at regular intervals and vice
versa. Note that, similar to the behaviour observed in Figure 4.11(a), only the
blades immediately adjacent to the conflicting blade pair (i.e. Blade 3 and 4) would
exhibit significant tip stagger change at this point in time while the other blades

remain practically stationary.
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At approximately 15.5 revolutions, the travelling NSV Transfer Window initiated by
Blade 4 at the very beginning would encounter itself, forcing its relative tip stagger to
increase from near zero to approx. +0.5° through the NSV mechanism. This is then
followed by standard NSV behaviour observed between 6 and 15 revolutions until
the initial signal from Blade 17 travels across the annulus and hit Blade 4 once more
at approx. 22 revolution. It is found that NSV has a period of 17.2 revolutions for
the setup described earlier. It can be hypothesised from the 3 NSV periods shown in
Figure 4.1 that NSV can continue perpetually and thus can potentially affect the fan
blade’s fatigue life adversely. Consequently, this further highlights the importance
of understanding the blade design’s NSV behaviour.

4.5.2 Factors Influencing the NSV behaviour

Following the discussion on the adverse effect of NSV, it is only natural to question
whether there are parameters that can be manipulated to terminate the NSV be-
haviour. Two mis-staggering parameters have been found to fulfil this requirement:
the amplitude and the phase. However, it is important to note that such measures

are primarily linked to the idealised NSV case presented above.

Firstly, to assess the effect of initial mis-staggering amplitude over NSV behaviour,
a comparison case is computed against the baseline case presented in Figure 4.10
to 4.15. In the comparison case, the initial mis-staggering level is increased from
+0.08° to +0.16° while all other parameters remain the same. It has been found
that this change terminates the NSV behaviour. The corresponding results from the
baseline case (i.e. Figure 4.10 to 4.13) are illustrated in Figure 4.16 to 4.19.
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Figure 4.16: Blade tip stagger history for Blade 1-13 for the high mis-stagger am-
plitude (40.16°) case.

Comparing the blade history plot in Figure 4.16 and the one in Figure 4.10, it can
be clearly deduced that they share the same general APD behaviour until the 4th
revolution and then the NSV behaviour on the comparison case fails to mature.
Following Blade 4’s tip stagger history in these two plots, it is evident that Blade
4 in the comparison case exhibits similar change as the one in the baseline case at
the start of the expected NSV transfer window. However, it is not able to fully
‘flip” from the higher relative tip stagger angle to the lower one which is illustrated
in Figure 4.17(a). Additionally, from the comparison between Figure 4.11(a) and
Figure 4.17(a), the behaviour suggests that Blade 3 is behaving in the similar fashion,
increasing its tip stagger value. Thus, similar change introduced by the turning
Blade 3 is not able to force Blade 4 into the lower tip stagger angle as observed in
the baseline case. As a result, NSV behaviour fails to materialise. From the pressure
contour shown in Figure 4.19 (a) to (c), it can be clearly seen that the assembly
is stabilised after the passage shocks in Passage 2-3 and 3-4 are in the swallowed

position.



120  Chapter 4. Non-Synchronous Vibration and Running Geometry Prediction

0.5 _____

! - ': Expected

: i 1 NSV Transfer Window
0.4+ ! /7 ! .

1 4 !

A 1 A : o 0 A —0—4.75 rev
< o S : ’1.,,. | —0—5.00 rev
) " 1 B 1 —0—5.25 rev
§ ! /. | —0—5.50 rev
202 1 /- 1 —0O—5.75rev
n 1 1 6.00 rev
2 y \ 6.25 rev
= .

o 0.1 6.50 rev
= ! 6.75
£ | 1 . ev
% 1 7.00 rev
r 0.0 —0O—7.25rev
\ —0—7.50 rev
01 é v Y
< Direction of Rotation
-0'21 2 3 4 5 6 7 8 9 10 11 12 13
Blade Number
(a) Tip stagger pattern history.
2.50 mmm 4,75 rev
s 5.00 rev
2.25
g = 5.25 rev
20 }
o ‘l s 5.50 rev
'-;'_; 1.75] e 5.75 rev
= 6.00 rev
8 1.50
(7] 6.25 rev
o
o 1.25] 6.50 rev
E 1.00/ 6.75 rev
5 7.00 rev
0.75
< , e 7,25 rev
0.50 w7 .50 rev
0 10 20 30 40 50 60 70 80 90 100
Percentage Chord
(b) Pressure distribution change on Blade 3.
2.50 mmmm 4,75 rev
mmmm 5.00 rev
0 2.25
5 e 5.25 rev
$2.00 mmmm 5.50 rev
g
% 1.75{{ e 5.75 rev
= 6.00 rev
8 1.50
o T 6.25 rev
°
o 1.25] 6.50 rev
.G_;U 1.00! 6.75 rev
= 7.00 rev
0.75 a8
< e 7,25 rev
0.50 mmmm 7 .50 rev
0 10 20 30 40 50 60 70 80 90 100

Percentage Chord

(c) Pressure distribution change on Blade 4.

Figure 4.17: Tip stagger and pressure distribution history during the expected NSV
transfer window for the high initial mis-stagger level case.
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tude case.

The root cause of this difference lies in the fact that the amplitude of initial mis-
staggering determines the starting position (at the beginning of the NSV Transfer
Window) of the swallowed shock in Passage 3-4 relative to the throat in the covered
passage. Comparison of the pressure distribution plots in Figure 4.11(c) and in
Figure 4.17(c) reveals that the initial position of the passage shock at 4.75 revolution
is approximately 14% (Figure 4.14(b)) for the baseline case and 16% (Figure 4.20)for
the comparison case. From 4.75 to 6.25 revolutions, the pressure surface shock from
both the baseline case and the comparison case have been displaced towards the
leading edge by approximately 5% chord. From 6.25 revolutions onwards, the one
in the baseline case continues to propagate forward while the other is stabilised at
about 10% chord position which is where the cover passage throat is for a nominal
assembly. This difference can be further highlighted by the data presented in Figure
4.21. Here, the distances between Blade 4’s pressure surface shock and the covered
passage throat for several initial mis-staggered settings are presented. The first
point from the left represents the baseline case while the third point represents the
comparison case. The solid line in Figure 4.21 is derived from numerical results while
the the dashed line (excluding the NSV case) is estimated based on the measured
shock position shift from the NSV case. It is evident from the plot that the distances
and thus the resistance to NSV behaviour increase with the initial mis-staggering
level. This implies that in the comparison case, the lack of support from the unstable
region in the covered passage limits the shock displacement. In the other case, the
unstable region amplifies the displacement. Thus, it can be speculated that the
disturbance from Blade 3 serves as a trigger to start the shock displacement on Blade
4’s pressure surface while its proximity to the covered passage throat determines

whether the abrupt shock displacement occur to assist the motion.
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Figure 4.21: Relationship between initial mis-stagger amplitude and the distance
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Secondly, as hinted by the underlying mechanism for both APD and NSV, under
the current test configuration, the relative position of the two mis-staggered blades
and their direction of mis-staggering can significantly influence NSV behaviour. To
test this hypothesis, two other comparison cases are computed and their tip stagger
patterns are presented in Figure 4.22. The corresponding tabulated data is presented
in Table 4.1 where the changes made with respect to Case (a) is in red. Case (a)
is the baseline case presented in Figure 4.10 to 4.15 whereas Case (b) correspond
to the comparison case shown in Figure 4.16. In term of the computation setup,
the 4 cases differ only in the way they are mis-staggered. Case (a) is the only case
exhibiting NSV behaviour while the other three only show APD behaviour with tip
staggers stabilised in the same fashion as that in Figure 4.17(a).

Case (c) differs from Case (a) in term of the position of the second mis-staggered
blade. By switching the second mis-staggered blade from Blade 17 to Blade 16, the
number of passages that the two travelling disturbances need to cover prior to hitting
another source (i.e. mis-staggered blade) has changed from an odd number (i.e. 13)
to a even number (i.e. either 12 or 14). In this way, when the signal from Blade 16
first travel to Blade 4 after traversing 14 passages, it would lead to an out-of-phase
blade pair, Blade 3 and 4. In contrast to the behaviour observed in Case (a), the
passage shock 3-4 will be further stabilised and thus disturbances cease to exist. An
alternative approach for this is through reversing the sign of the mis-staggering on
the second blade, i.e. Case (d). In fact, excluding the local effect of mis-staggered
blade from Blade 15 to 18, the stabilised tip stagger pattern is practically the same
for Case (c) and (d).
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Figure 4.22: Comparison of tip stagger patterns (at 20th rev).
Case | Initial Mis-Stagger Amplitude | APD Phase | NSV Behaviour
(a) | Blade 4 (+) and Blade 17 (+) 0.08 In-Phase NSV
(b) | Blade 4 (+) and Blade 17 (+) 0.16 In-Phase Non-NSV
(c) | Blade 4 (+) and Blade 16 (+) 0.08 Out-of-Phase Non-NSV
(d) | Blade 4 (4) and Blade 17 (-) 0.08 Out-of-Phase Non-NSV

Table 4.1: NSV and Initial Mis-Stagger Phase.
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4.5.3 Fan Designs with an Odd Number of Blades

Previous discussion on NSV is focused on the Fan-2 design which has an even number
of blades. From the decision tree classifier, it is demonstrated that fan assemblies
with a strong % th harmonic initial mis-stagger pattern (N is the number of blades
and is even) tend not to exhibit NSV. Naturally, this gives rise to the question of
how does NSV interacts with fan designs with an odd number of blades.
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Figure 4.23: NSV behaviour on a fan with an odd number of blades.

The above question can be addressed with the aid of the schematics in Figure 4.23.
Figure 4.23(a) denotes Fan-2 with a saturated APD pattern while Figure 4.23(b)
denotes a hypothetical fan (with 25 blades) exhibiting a partially established APD
pattern. Later discussion is based upon the following assumptions. Firstly, it is
assumed that the only difference (with respect to NSV) between the two designs is
the number of blades. Secondly, it is assumed that both assemblies satisfy NSV’s
blade-to-blade mis-stagger threshold. However, the case shown in Figure 4.23(a)
has higher 13th ND amplitude than the NSV threshold and hence is stabilised as

an alternating pattern.

In both cases, the rest of the assembly (i.e. Blade 2 to 25) has established the alter-
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nating stagger pattern. For Blade 1 on the hypothetical fan, its stagger angle has
to adopt one of the three marked conditions: (1) higher than nominal, (2) nominal,
and (3) lower than nominal. Based on the discussion in Chapter 3, condition (2) is
not feasible as the disturbances introduced by the neighbouring blades will change
the aerodynamic moment on the blade and force its stagger angle to deviate away
from the nominal. Although the other two conditions are feasible in this regard,
they are transient states and cannot be stabilised. As explained in Section 4.5.1 and
more specifically the discussion regarding Figure 4.11, either condition can lead to
unstable passage shocks and the blades need to adjust to a new equilibrium condi-
tion. Thus, for condition (1), the conflict between Blade 25 and 1 will force Blade
1’s tip stagger to decrease, shifting from condition (1) to condition (3). Similarly,
condition (3) will cause Blade 2’s tip stagger to increase. As this process repeats
in the downstream direction (i.e. opposite to rotation), NSV behaviour propagates.
Hence, the hypothetical fan design cannot reach the stabilised APD condition as
compared to that of the original blade (i.e. Figure 4.23(a)).
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4.6 Chapter Summary

Based on the findings presented, the following conclusions and future directions for
APD & NSV research can be drawn:

1. A typical NSV behaviour where travelling disturbances cause the blade tip
staggers to oscillate about the nominal condition was captured in the study.
It was demonstrated that it is closely related to the interaction between the
passage shock displacement and the covered passage geometry. The mis-
staggering phasing and amplitude were shown to determine whether APD
behaviour transits into unsteady NSV behaviour after the alternating stagger

pattern was fully formed.

2. As demonstrated by Figure 4.1 and 4.2, NSV behaviour was observed on a
randomly mis-staggered assembly operating near the peak efficiency. This
makes NSV distinct from other types of aeroelastic instability which generally
occur at off-design conditions. Consequently, this makes the understanding
of NSV crucial to the engine manufacturers. In addition, based on the blade
history comparison between Figure 4.1 and Figure 4.10, it can be concluded
that the fan assembly of an idealised symmetric mis-stagger setup can be used
to capture the bulk behaviour of a more realistic fan assembly. This means
that the assessment of NSV can be performed at the early design stage which

makes the discovery highly relevant to the engine designers.

3. As demonstrated in the results section, the NSV mechanism can simply be
explained by the interaction between shock position and passage geometry.
Based on the physical reasoning, it is reasonable to deduce that the NSV
behaviour is not limited to the numerical cases presented in this study or this

particular blade.

4. The NSV behaviour was initiated on an assembly with 26 blades when there
are two polar opposite sources. A comparison of four different initial mis-
stagger patterns’ NSV response were investigated, it showed that having an
odd number of passages to cover before encountering the other source is vital
for NSV to occur. Therefore, it could be hypothesised that NSV behaviour
can be activated with a single mis-staggered blade for an assembly with an
odd number of blades. Alternatively, it would be interesting to investigate the
NSV behaviour on a design with total blade number divisible by 4 (i.e. 24). In
this way, the polar mis-staggering would leave the initial signals even number

of passages to cover and thus can potentially suppress NSV behaviour.
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NSV Behaviour Prediction using

Machine Learning Techniques

My two main conclusions are that technology develops cumulatively, rather
than in isolated heroic acts, and that it finds most of its uses after it has

been invented, rather than being invented to meet a foreseen need.

Professor Jared Diamond
Guns, Germs, and Steel: the Fates of Human Societies [94]

5.1 Chapter Introduction

In Chapter 4, an idealised mis-stagger setup was used to gain an initial understand-
ing of the NSV phenomenon. However, random mis-staggering patterns due to
manufacturing variability complicate the evolution of NSV significantly, making it
difficult to draw general conclusions from parametric studies. Thus, machine learn-
ing techniques are used to analyse mis-stagger patterns to identify patterns that can
lead to NSV and thus help avoid it. Numerical results from 1.6 million CPU hours of
computation are used to train and test the classifiers. Machine learning techniques
are used in this part of the study to explore the correlations between features in

mis-stagger patterns and the corresponding NSV behaviours.

The machine learning component of this study is conducted through the open source
library scikit-learn [95]. Three machine learning algorithms are used: logistic regres-
sion classifier, support-vector machine classifier, and decision tree classifier. The de-
cision tree classifer is specifically chosen for its interpretability and is implemented
through the Classification And Regression Tree (CART) [96] algorithm. The data

used for the training of the machine learning models are obtained through the same

129
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computation approach outlined in Chapter 2 and 4. Fan 2 is used in this part of
the study.

5.2 The Use of Machine Learning in Engineering

In recent years, the improvement in computing power and rise in availability of data
have led to the rapid development and adoption of machine learning techniques. It
is proven useful in various applications [97-103]. The purpose of machine learn-
ing, in short, is to build a computer algorithm that can discover useful structures
/correlations hidden in existing the data and make predictions to improve future

performance.

In engineering, machine learning techniques have been widely adopted for vibration
diagnostics in rotating machinery [100-102,104] where machine learning techniques
are employed to determine the origin of the fault based on its symptoms. This
type of problem is referred to as the supervised learning problems. In this case, the
purpose is to discover the mapping from the input variables (i.e. symptoms of the
fault) to the target variables (i.e. source of the fault). As the mapping leads to one

of the finite number of target variables, it is also termed the classification problem.

Among the commonly used algorithms, the decision tree model [96,105,106] is well
known for its interpretability [107,108]. In contrast, it is generally difficult to un-
derstand the logic behind the decision-making of the ‘black box models’ such as
artificial neural networks. In addition, the decision tree algorithm automatically
selects features that are useful in making predictions [104,109,110] and hence can
help to discover insights that are otherwise unreachable through more traditional

methods.

5.3 Motivation and Objective of the Study

5.3.1 Motivation of the Study

In the last chapter, NSV behaviour was investigated through aeroelastic computa-
tions of idealised mis-stagger patterns. Naturally, to advance the study further, NSV
investigations should be conducted on more realistic mis-stagger patterns which are
of greater industrial relevance. This can potentially unearth additional NSV control

factors under the more realistic systems.

To bridge the gap between the idealised setup and the randomly mis-staggered setup,

a few intermediary cases are investigated and their initial mis-stagger patterns are
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illustrated in Figure 5.1 and 5.2. Similar to the cases in Chapter 4, only half of
the blades in the symmetric system are presented. The setup and observed NSV
behaviour of these cases are tabulated in Table 5.1. Case A and B are the idealised
cases investigated in Chapter 4. As compared to Case A and B which have one pair
of polar-opposite mis-staggered blades, these intermediary cases (i.e. Case C to E)

have three pairs.

In Chapter 4, the investigation of the difference between Case A and Case B led to
the conclusion that the amplitude of the mis-staggering determines whether NSV
behaviour will occur. To be more specific, it is deduced that the initial mis-stagger
amplitude needs to be sufficiently low to allow the activation of the NSV Transfer
Window mechanism. However, the comparison among Case A, C, D, and E leads
to the conclusion that it is in fact the amplitude of the blade-to-blade relative mis-
staggering difference that ultimately determines the NSV behaviour. This discovery
does not invalidate the conclusion reached in Chapter 4 since the two terms, am-
plitude of absolute mis-staggering and relative mis-staggering, is the same in the
system with one pair of polar-opposite mis-staggered blades. Thus, it enhances the

understanding from Chapter 4.
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Figure 5.2: Relative mis-stagger study. Case D and F.
Case Initial Mis-Stagger Pattern (°) Max Delta NSV
B-03/B-16 B-04/B-17 B-05/B-18 | Mis-Stagger (°) | Behaviour
A 0.00 0.16 0.00 0.16 Non-NSV
B 0.00 0.08 0.00 0.08 NSV
C 0.08 0.16 0.08 0.08 NSV
D 0.08 0.16 0.00 0.08 NSV
E 0.04 0.16 0.00 0.12 Non-NSV

Table 5.1: Mis-Stagger patterns and the corresponding NSV behaviour.

This discovery is important from the industry perspective. The main argument
against the previous conclusion (i.e. the absolute amplitude is important) is that
the tolerance of the fan blades is likely to be higher than the threshold for NSV and
thus inhibits it. This means it is far from being a major concern to the industry. The
tide has turned under the new discovery. Thus, the inherent unsteadiness during jet
engine operation can easily attain the required low relative mis-staggering level for

NSV behaviour to occur.

To further the understanding of the NSV behaviour, cases with randomly mis-

staggered patterns are investigated. The initial pattern for two of them are il-
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lustrated in Figure 5.3. The computation reveals that one of them exhibits NSV
while the other one does not. The corresponding tip stagger history plots (for half of
the assembly) are presented in Figure 5.4. In Figure 5.3, the correlation between the
initial patterns and the NSV behaviours reveals that the pattern with the higher
relative mis-stagger level (above 0.10°) shows NSV behaviour while the one with
lower amplitude (0.06°) does not. This is in direct contradiction with the under-
standing so far and suggests there are more than one control factor for NSV. One of
the potential factors is the phasing of the mis-stagger pattern which is discussed in
the parametric study in Chapter 4. However, in contrast to the idealised case where
there are only a few mis-staggered blades, it is less feasible to study the phasing
aspect on randomly mis-staggered pattern.
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Figure 5.3: Two initial mis-stagger patterns.

As it is apparent from the discussion in Chapter 4 where only idealised patterns are
studied, analysing NSV behaviour on a randomly mis-staggered pattern with the
same level of thoroughness as Section 4.5.1 is not practical. To be more specific, as
the assembly is fully mis-staggered, the NSV mechanism need to be studied in every
single passage which posses unrealistic computation and time requirement. Thus,
it is vital to find an alternative approach to examine NSV behaviour on randomly
mis-staggered assemblies. As mentioned in the literature review section, machine
learning techniques have been proven useful in the field of vibration diagnostics in
rotating machinery [100-102,104]. In essence, the machine learning algorithms are
used to determine the source of the fault based on the symptoms. In this study, the
objective is to investigate the correlation between NSV behaviours and the features
in the mis-staggering patterns. It is important to acknowledge that the effectiveness
of the approach is limited as additional experimental data are required to validate

the findings from the machine learning models.
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mis-staggered cases.
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5.3.2 Objective and Structure of the Study

The long term objective of this study is to be able to determine whether a par-
ticular mis-stagger (denoted as MSTG in later discussion) pattern would lead to
NSV behaviour by evaluating the features of the pattern through machine learning
algorithms. While evaluating the machine learning models , the relative importance
of the features would also provide insights on the features and allows one to better
understand the controlling mechanism behind NSV. At the current stage, the ob-
jective is to explore the potential of adopting machine learning techniques for NSV
behaviour prediction. Experimental data, which can be expensive to obtain, are

required to validate the findings from this initial investigation.

Development of such classifier is useful from the engine operators’ point of view
for the following reason. With the inherent manufacturing tolerance [37] and in-
service wear, the fan blades available for a fan assembly possess inevitable geometric
variability. As demonstrated previously in Chapter 3 and 4, this can potentially lead
to APD and NSV which have various adverse aerodynamical and aeromechanical
effects on the fan operation. In the worst case scenario, NSV can lead to High Cycle
Fatigue (HCF) which, as discussed in Chapter 1, can potentially lead to significant

loss to both the engine manufacturer and operators [5,10].

Existing
Blade Set

!

YES ; NO
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(a) Application of this method in operation.

Figure 5.5: Implementation of Machine-Learning-assisted NSV detection during op-
eration.

The usefulness of the classifier can be demonstrated through the schematic diagram
in Figure 5.5. There are many ways a given set of mis-staggered fan blades can
be arranged into on an assembly. Based on the discussion so far, it is clear that
there are a small number of the arrangement (i.e. the sequence of the blades on the
assembly) that will lead to the NSV behaviour. Though the probability is small, the

resulting damage is enormous and hence it is vital to identify the defect patterns
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and remove them from operation. This goal can be achieved via a machine learning
model which can predict whether the pattern will exhibit NSV behaviour based on
its features (i.e relative mis-staggering level). The patterns deemed to exhibit NSV
behaviour is then rejected while those considered safe can be used for operation. The
above mentioned process can be completed within seconds which is important from
the operation perspective. This is in contrast to alternative of doing FSI analysis

which is both time and resource demanding.

1. FSI Approach 3. FSI Approach
1 ([2 FSI Approach } 1 1
. . Instantaneous
Static Running Tip Stagger NSV
Geometry Geometry Pattern Behaviour
L4. Machine Learning Approach (current study) j
k5. FSI & Machine Learning Approach (future works)

Figure 5.6: Current stage of Machine-Learning-assisted NSV detection study.

It is important to note that, the current stage of the study focuses on predicting
NSV behaviour through mis-staggered running geometry' instead of through static
geometry. This can be further illustrated through the schematics in Figure 5.6 where
different stages (from static geometry to NSV behaviour) of prediction are presented.
Step 1 which predict nominal running geometry from nominal static geometry is
routinely done in the industry [36] and can readily be accomplished by the FSI
approach adopted by this study. The feasibility of predicting running geometry in
the presence of geometric variability and prediction of the NSV behaviour (i.e. Step
2 and 3 in Figure 5.6) has been proved by previous studies in Chapter 3 and 4. The
current machine learning study (i.e. Step 4) uses the results from Step 3 as training
data for NSV classification. The scope of the current study can also be extended to

predict instantaneous tip stagger pattern through regression analysis.

To reach the full potential of the study (i.e. Step 5) and thus to be able to predict
NSV behaviour from mis-staggered static geometry, FSI study should be conducted
first to provide training data for the later machine learning approach. The current
study is meant to be a proof of concept for the machine learning aspect of the future
study. As discussed earlier, experimental data are required to validate the overall

approach.

In term of the structure, this chapter starts with outlining the overall approach for

the machine learning assisted NSV study. This is followed by discussion on two of

IFor this study, the nominal running geometry at Fan-2’s design speed is used.
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the most commonly used machine learning algorithms, the Decision Tree Classifier
and the Logistic Regression Classifier. A greater emphasis will be spent on the De-
cision Tree model as its interpretability makes it extremely useful from the industry
perspective. Its usefulness will be demonstrated through a mini study on classify-
ing the species of flowers through certain traits. Evaluation criteria are presented
for evaluating machine learning models. Based on the context of the study, the
reasoning behind the criterion choice is elaborated. Lastly, the prediction perfor-
mance of the classifiers are compared. As will be demonstrated, the trained decision
tree model yields important understanding of the NSV criteria. More importantly,

insights from the model offers answer to the questions revolved around Figure 5.3.

5.4 Approach for Machine-Learning assisted NSV

detection

5.4.1 Overall Approach

The overall approach for this study is outlined in Figure 5.7. Firstly, 113 test
cases /instances with distinct mis-stagger patterns are evaluated using the same FSI
approach demonstrated in Chapter 4. The mis-stagger patterns are generated ran-
domly with the maximum mis-stagger amplitude limited to 0.5°. The mis-staggering
is applied in the same way as described in Section 3.3.1. In the early phase of the
study, the patterns are generated randomly with an uniform distribution of the
mis-stagger angles (i.e. £0.5°). Based on the earlier discussions in Chapter 4 and
Section 5.3.1, it is deduced that the NSV behaviour tends to occur at low relative
blade-to-blade mis-stagger levels. Therefore, more cases are placed at the lower end
of the range. The initial mis-stagger range of +0.5° is reduced to £0.2°. Their cor-
responding NSV behaviour (i.e. exhibiting /not exhibiting NSV) can be determined
through the tip stagger history plots in the same fashion as illustrated in Figure 5.4.
To be more specific, the pattern will be classified as not exhibiting NSV (labelled as
O0O0/0 in the dataset) if the rate of change on all the blades’ stagger angle is suffi-
ciently small (e.g. Figure 5.4(b)). Otherwise, the case is deemed as exhibiting NSV
(labelled as NSV/1 in the dataset). In contrast to the case in Figure 5.4(b) where
the blades motion stabilised within 20 revolutions, it has been observed in both the
previous study [32] and the current one that it can take significantly longer time
(i.e. close to 100 revolutions) for the pattern to stabilise. Therefore, an arbitrary
limit on the number of revolutions to observe is chosen. In this study, to optimise
the use of computation resource, the case will be labelled as exhibiting NSV if the
blades are still experiencing the switching in their relative tip stagger angles (i.e.

from higher to lower, vice versa) at the 50th revolution. Based on this criteria, 34
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of the 113 cases are labelled as NSV cases.

At the same time, the mis-stagger patterns are analysed and various features (such as
mean mis-stagger amplitude and maximum mis-stagger amplitude) are extracted.
This reduces the excessive level of complexity in a mis-stagger pattern (i.e. the
sequence and amplitude of 26 mis-stagger angles) into slightly more manageable
dimensions. These arbitrarily defined features, which will be discussed in details
later, include relative blade-to-blade mis-stagger amplitude?, peak mis-stagger value,
and dominant nodal diameter (ND)/circumferential harmonics etc. The derived
features and the labels (i.e. exhibiting/ not exhibiting NSV) determined from FSI
calculation are combined into the dataset. As an example, Figure 5.8 illustrates
the breakdown of the dataset /cases based on the dominant ND in the mis-stagger
patterns. The data is first presented in term of the total number of cases tested for
each nodal diameter and then the data is segmented to show the number of NSV

and Non-NSV cases tested for each nodal diameter.

The full data set is randomly split into two subsets, the training set and the test set.
The former has 88 cases /instances while the later has 25 cases. The composition
of the datasets is kept the same throughout the study such that the performance
of different machine learning models can be compared. The split is used to avoid
overfitting the machine learning models such that they predict well on the existing
set yet performs poorly when exposed to new data. At the same time, having an
independent test set can help to evaluate the performance of the models on new
data and in turn facilitates its optimisation. As the names suggest, the training set
is used to train the machine learning models while the test set is used to evaluate
their performance. To be more specific, the machine learning models are trained
and optimised in an iterative process. The trained models are then used to make
predictions on the test dataset which is independent of the training data set and has
not been used in tuning the models. Their predictive performances are then used to
determine whether they are fit for the objective of this study, i.e. to predict the NSV
behaviour of a mis-stagger pattern based only on the arrangement and mis-stagger
amplitude of the blades.

2For brevity, this term is shortened to relative mis-stagger amplitude or RDelta (Relative Delta)
in future discussion.
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Figure 5.7: Overall approach for Machine-Learning-assisted NSV detection.
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5.4.2 Features Used

As mentioned earlier, various arbitrarily derived features are used to train the ma-
chine learning models. The derived features for the two cases shown in Figure 5.3

are tabulated in Table 5.2 to facilitate the interpretation of the features.

NSV case Non-NSV case

Features AmpAbs 0.092 0.040
AmpPlus 0.092 0.040
AmpMinus -0.092 -0.040
MeanMSTG -0.004 0.001
Variance 0.003 0.001
RDelta 0.107 0.062
Rdelta(ABS) 0.148 0.068
DominantND 6 13
WeakestND 1 4
APDsignalND 6.31E-17 2.10E-02

Label NSV behaviour 1 0

Table 5.2: Comparison of the features in the two patterns presented in Figure 5.3.

Features used:

1. AmpAbs, AmpPlus, AmpMinus:
AmpAbs is the maximum absolute mis-staggering amplitude within the initial
pattern. In contrast, AmpPlus only accounts for peak mis-staggering am-
plitude whereas AmpMinus only accounts for the minimum values. These
features are used based on the discussion in Chapter 4 where amplitude of the

mis-stagger in the idealised cases determines the resulting NSV behaivour.

2. MeanMSTG, Variance:
Mean and variance of the mis-stagger amplitudes of the blades in the initial

pattern.

3. RDelta, RDelta(ABS):
RDelta is the maximum value of the relative blade-to-blade stagger difference
in the direction of NSV travel. In comparision, RDelta(ABS) accounts for
the maximum absolute stagger difference between adjacent blades. As demon-
strated through the discussion about Figure 5.2, this feature can effectively

differentiate NSV from Non-NSV behaviours in idealised mis-stagger patterns.

4. DominantND, WeakestND:
Through Fourier decomposition, the amplitude of each harmonics /ND can be
ranked. The one with the highest amplitude will be taken as the DominantND

value while the one with the lowest value is taken as the WeakestND value.
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As Fan 2 has 26 blades, the highest observable harmonic/ND is the 13th. The

two features are thus discrete values ranging from 1 to 13.

5. APDsignalND:
Amplitude of the 13th harmonic/ND when the initial mis-stagger pattern is
de-constructed by Fourier decomposition. Fan 2 has 26 blades in the assembly
and thus ND corresponding to APD is the 13th.
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Figure 5.9: Box-and-whisker plot for the feature RDelta.

Initial investigation indicates that none of the features, by itself, can be used to
distinguish mis-stagger patterns that exhibit NSV behaviour from those that don’t.
The feature closest to achieving this objective is the RDelta value and its predictive
performance is illustrated through the box-and-whisker plot® in Figure 5.9. Here
the entire dataset is analysed and the variations of RDelta in both the NSV cases
and the Non-NSV cases are presented. From the box plot, it is evident that the
3rd quartile of the NSV cases is at approximately the same value (approx. 0.1)
as the 1st quartile of the Non-NSV cases. Though this comparison indicates that
the NSV cases tend to have lower relative mis-staggering amplitude than the Non-
NSV cases do, it does not separate the two classes. This agrees with the conclusion
reached about the data in Figure 5.3. On the bright side, however, the discovery
indicates the relative mis-staggering amplitude will be an important feature for the
later machine learning model. In fact, as will be demonstrated in the results section,
the RDelta feature is one of the most important features for both the decision tree

model and the logistic regression model.

3Also known as the box plot or the box-and-whisker diagram.
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5.5 Methodology

In this study, the machine learning models are implemented through the open source
library scikit-learn (version 0.20.1) [95]. Discussion on the algorithm for the decision

tree model and the logistic regression model is included in Appendix B.

As mentioned earlier, the decision tree classifier is chosen specifically for its inter-
pretability [107,108]. This aspect of the model contributes to its trustworthiness
which is vital from the industry perspective. In general, machine learning models
utilise the correlation between features and behaviours for classification. This can
result in models that establish irrelevant associations between the two [111,112].
This is particularly true for the artificial neural networks which are commonly re-
ferred to as ‘black box” models as they do not explain how the decisions are reached.
In fact, as demonstrated by Ribeiro et al. [112], a neural network based classifica-
tion model incorrectly used the snow in the background (or light background at the
bottom) as a dominating feature in the classification of photos of wolves and huskies

(a type of sled dog).

Without understanding how and why the model does the classification, it is difficult
to establish trust of the model. In the context of canine photo classification, this is
nothing of concern. However, in the context of civil aviation where safety concern
is fundamental to most of the decision making, the lack of understanding how the

model operates would be extremely troubling.

5.6 Evaluating Classifier Performance

The results of a binary classification problem can be summarised through a Confu-
sion Matrix which is illustrated in Figure 5.10. More specifically, the matrix high-
lights how accurate the classifier is performing and what type of errors it is making.
Inside the confusion matrix, positive and negative are used to mark whether a case
belongs to a class. In the context of the study, positive means the case is exhibiting
NSV behaviour and vice versa. The columns in the confusion matrix represent the
actual behaviour of the case which, in this study, is determined through the aeroelas-
tic computations. The rows represent the behaviour predicted by the classification
model. The entries in the matrix describe the nature of the predictions. For exam-
ple, True Positive is used to label outcomes where the cases from a particular class
is correctly classified by the model and predicted to be from that class. In contrast,
False Negative labels outcomes where cases from a class is falsely predicted to be

from the other class.
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Figure 5.10: Confusion matrix for binary classification.

The performance of a classification can be further reduced to a single metric. The
equations for the most commonly used performance metrics are shown in Equation
5.1 to 5.9.
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Each of the five metrics introduced above offers a peek into the strength and more
importantly the weakness of the classification model. The necessity of such evalua-
tion can be perfectly summarised by the quote from George E.P. Box FRS, ‘Since
all models are wrong the scientist must be alert to what is importantly wrong. It is
inappropriate to be concerned about mice when there are tigers abroad’ [68]. There-
fore, the prioritisation of the five metrics introduced depends on the nature of the

study.

In general, accuracy which is shown in Equation 5.1 is not a useful metric. This
particularly true for the binary NSV classification study which has class imbalance in
the dataset. The full dataset consist of the FSI analysis of 113 mis-stagger patterns.
79 of the 113 do not exhibit NSV behaviour while the remaining 34 do. A naive
classifier that simply predict every case available as non-NSV will have an accuracy
of 69.9% and the 34 NSV cases will be falsely labelled. Additionally, evaluating
model performance through this measure offers little information on how the two
classes are separated and hence offers little insights to the understanding of NSV
behaviour. Therefore, it is evident that this metric is not fit for the purpose of this

study.
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Figure 5.11: F1 score contour. Truncated to only included independent variable
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The Fj score, also known as the F-score, is the harmonic mean between precision
and recall. The F} score peaks at 1 when both the precision and recall value are
equal to 1. As illustrated in Figure 5.11, this metric gives equal weight to its two
component metrics and introduces heavy penalty to low values. In practice, a high

F} score generally implies the classification model is performing well [110].

Given that the ultimate goal for this study is to reduce operation down time by
identifying NSV-inducing and thus fatigue-damage-inducing stagger pattern, the
False Negative classification error should be avoided at all costs. In the case when a
true NSV-inducing stagger pattern is falsely categorised as non-NSV-inducing and
installed on the fan assembly, the potential damage is high. In contrast, when a
non-NSV-inducing pattern is falsely classified as unsafe for operation, the only cost
incurred is the insignificant effort required to find another safe blade arrangement.
Therefore, the False Positive classification error is of much less concern compared
to the False Negative type. The performance metric relevant to the False Positive
classification error is the True Positive Rate, also known as Recall, shown in Equation
5.5. Therefore, maximising the Recall performance is a major objective in optimising

the models.
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5.7 Results and Discussion

5.7.1 Decision Tree Classifier

Using the approaches mentioned previously in Figure 5.7, the optimised decision
tree classifier is illustrated in Figure 5.12. Its performance is evaluated on the test

set and the confusion matrix is shown in Figure 5.13.
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Class:
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Figure 5.12: Decision Tree Classifier for NSV behaviour prediction.

The trained decision tree model in Figure 5.12 uses two features of the initial mis-
stagger pattern for NSV behaviour prediction. Unsurprisingly, the first one is the
relative blade-to-blade stagger angle difference (i.e. RDelta). This agrees with the
conclusion discovered through the analytical method. In fact, using these features
together with a threshold value of 0.11°, the Root node is able to identify and
separate more than half of the Non-NSV cases from the full dataset. This leads to
a relatively pure (i.e. gini index = 0.081) Leaf-1 in Figure 5.12. The amplitude of
the 13th harmonics/ND from the Fourier decomposition of the initial mis-stagger
value (i.e. APDsignalND) is used by subsequent nodes to make predictions on the
remaining cases. Lastly, a further split based on the same feature is conducted by

Node-2, resulting a relatively pure Leaf-4 node and impure Leaf-3 node. This further
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highlights the significance of this feature to NSV classification.
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Figure 5.13: Confusion matrix of the CART classifier’s performance on the test set.

The decision tree model is evaluated on the 25 test cases to gauge its performance on
new data. The confusion matrix in Figure 5.13 illustrates the more than satisfactory
classification performance* of the decision tree model which has a true positive rate
of 1.00, a precision value of 0.88, and a F1 score of 0.93. At the same time, the
only misclassification error belongs to the false positive category. Thus, a NSV-free
mis-stagger pattern is misclassified as a NSV-inducing one. As previously discussed,
the penalty for this type of error is negligible in operation and it only results in

minimal time loss in searching for a NSV-free mis-stagger arrangement.

To further demonstrate the effectiveness of this classifier, its decision boundary is
illustrated in Figure 5.14. The figure is presented in terms of the two important
features identified by the decision tree. The entire NSV dataset, including both the
training set and the test, is presented in Figure 5.14 and the true behaviour ® of each
case is colour coded. The solid and dashed line represent the classification criteria
of the Root and Node-1 respectively. The grey scale contour maps the decision

boundary for the two above mentioned node.

As revealed by the decision boundary, the model leaves two false negative cases as
highlighted in Figure 5.14(b). These two cases come from the training set and end
up on the Leaf-1 node in Figure 5.12. Despite this, it is important to acknowledge
that the combination of features and threshold values can separate almost all of the
NSV cases from the rest. This is important from the industry perspective since the

cost of having NSV-inducing mis-stagger patterns in operation is significant.

It is important to note that, in Figure 5.14, the origin represents the scenario with
no stagger variability in the assembly. Thus, under the conditions investigated in

this study, neither NSV nor APD behaviour can manifest since there is no initial

4All the performance metrics peak at 1.00.
5Which, as mentioned earlier, is investigated through FSI computation.
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mis-stagger to trigger initialise the passage shock displacement. However, it is im-
portant to note that this is an unrealistic scenario due to the inherent manufacturing

tolerance and hence is not considered in this study.
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Figure 5.14: Decision boundary of the tree classifier. Illustrated on the full dataset.
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5.7.2 Application of the Decision Tree Classifier

From the trained decision model, it is found that there are two features in a mis-
stagger pattern that determines whether the assembly will exhibit NSV behaviour:
(a) mis-stagger amplitude between adjacent blades (i.e. RDelta), and (b) amplitude
of the 13th ND /harmonics®. As the decision boundary in Figure 5.14 demonstrates,
NSV behaviour will manifest when both values are sufficiently small. The analysis
of the former is previously completed in Chapter 4 and further reinforced in the

beginning of this chapter.

The earlier question revolved around Figure 5.3 can now be answered by the new
insights offered by the decision tree model. The features of the two cases are re-
produced in Table 5.3 with the important features highlighted. Though the Non-
NSV case has a significantly higher relative mis-stagger amplitude between adjacent
blades (i.e. RDelta) than the NSV case does, both fulfil the Root node’s criteria
of RDelta < 0.11 shown in Figure 5.12 and 5.14. The property that distinguish
the two case from each other, in term of NSV behaviour, is the amplitude of the
13th harmonics /ND (i.e. APDsignalND). The NSV case satisfy both Node-1’s and
Node-2’s requirement on the low amplitude and hence ends up on the Leaf-4 node
in Figure 5.12. In contrast, the Non-NSV case has higher APDsingalND value than
the Node-1's threshold value of 0.007 and hence is sorted into Leaf-2. Thus, this
further highlights the decision tree classifier’s strength in interpretability which is

important from the industry perspective.

NSV case Non-NSV case

Features AmpAbs 0.092 0.040
AmpPlus 0.092 0.040
AmpMinus -0.092 -0.040
MeanMSTG -0.004 0.001
Variance 0.003 0.001
RDelta 0.107 0.062
Rdelta(ABS) 0.148 0.068
DominantND 6 13
WeakestND 1 4
APDsignalND 6.31E-17 2.10E-02
Label NSV behaviour 1 0
Prediction True Positive True Negative

Table 5.3: Comparison of the features in the two patterns presented in Figure 5.3.

5For the 26-blade Fan 2.
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5.7.3 Logistic Regression Classifier

Unlike the decision tree algorithm, logistic regression classifier does not identify the
important features automatically and hence feature selection is required prior to
training the model. In this study, feature selection is completed manually since
the physical interpretation of the features is important to understand the NSV
behaviour. Alternatively, more advanced techniques can be found in literature [108,
109]. The combination of features used in training some of the Logistic Regression
Classifiers (LRC) and the corresponding performance when applied against the test
dataset is tabulated in Table 5.4. The performance comparison of these classifiers

against the test dataset” is visualised in Figure 5.15.

ML Model LRC-1 LRC-2 LRC-3 LRC-4 LRC-5
Features AmpAbs Y - - - -
Used AmpPlus Y - - - -
AmpMinus Y - - - -
MeanMSTG Y - - - -
Variance Y - - - -
RDelta Y Y - Y Y
RDelta_ABS Y - - - -
DominantND Y Y Y Y -
WeakestND Y Y Y Y -
APDsignalND Y Y Y - Y
Metrics Accuracy 0.760 0.920 0.600 0.760  0.840
Precision 0.556  0.778 0.364  0.600 0.667
TPR 0.714  1.000  0.571 0429  0.857
TNR 0.778 0.889 0.611 0.889  0.833
F1 score 0.625 0.875  0.444  0.500  0.750

Table 5.4: Comparison of the five LRC Models and their performance metrics.

From Table 5.4 and Figure 5.15, it is immediately clear that employing all the
available features does not lead to the best classification performance. In particular,
LRC-1’s accuracy score of 0.76 is only marginally better than the proportion of
Non-NSV cases in the entire dataset® which is 0.70. In other words, in term of
accuracy, LRC-1 slightly outperforms a dummy classifier that classifies all the cases
to the Non-NSV class. Thus, through an iterative process, different combinations
of features are tested and the subset deployed for LRC-2 is found to offer the best
performance against the test set. The corresponding confusion matrix for LRC-
2’s performance against the test set is shown in Figure 5.16. Note that, during
this process, the two features identified by the decision tree classifier, RDelta and

APDsignalND, are always present in the combination.

"The same test case combination used to evaluate the decision tree classifier.
8 As mentioned earlier, 79 of the 113 cases do not exhibit NSV behaviour.
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Figure 5.15: Comparison of the five LRC model’s performance metrics.
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Figure 5.16: Confusion matrix of the LRC-2’s performance on the NSV test set.

To investigate the influence of the two features identified by the decision tree clas-
sifier over the LRCs, subsets of LRC-2’s feature combination are tested. This leads
to classifier LRC-3 to LRC-5 in Table 5.4. Evidently, as illustrated by the perfor-
mance metrics comparison in Figure 5.15, lacking either one of the two features can
lead to significant classifier performance deterioration. Comparing the performance
between LRC-2 and LRC-5, it is undeniable that the two newly identified features,
DominantND and WeakestND, have strong influence over the classifiers’ predictive
capability. Evidently, both have strong correlation with the APDsignalND feature
identified by the decision tree classifier. Thus, with all other factors held constant,
a domiant 13th ND/harmonic mis-stagger tends to lead to a high amplitude of the
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13th ND after Fourier decomposition. The same argument holds true for the weakest
ND feature.

5.7.4 Support Vector Machine Classifier

Another commonly used machine learning algorithm is the Support Vector Machine
(SVM) [102,104,113,114]. An optimised Support Vector Machine Classifier (SVC) is
tested against the NSV test dataset and the confusion matrix is shown in Figure 5.17.
As its predictive performance on the NSV dataset is inferior when compared to the
two models discussed above, discussion of its algorithm is not included in this thesis.
Detailed discussion of the SVM algorithm can be found in literatures [108,109].

Confusion Actual y
Matrix - .
Positive |[Negative
(NSV) (No-NSV)
Positive 6 1
(NSV) True False
Predicted Positive Positive
y
Negative| 1 17
(No-NSV) False True
Negative Negative

Figure 5.17: Confusion matrix of the SVC classifier’s performance on the test set.

5.7.5 Comparison of the Three Classifiers

The performance metrics of the three classifier against the test dataset are tabulated
in Table 5.5 and key performance metrics are illustrated on the F1 score contour in
Figure 5.18. As discussed previously, though adequate on its own, the SVC classifier
demonstrates inferior performance as compared to the other two. This view is further
enhanced when the types of misclassification errors made by the classifiers are taken
into account. Comparing the three models’ misclassification errors through the
confusion matrices in Figure 5.13, 5.16, and 5.17, it is immediately evident that all
three incur false positive errors yet only SVC results in false negative error. This
leads to the SVC’s compromised Recall (i.e. True Positive Rate in Equation 5.5)
score in Figure 5.18. Based previous discussion, the context of this study dictates
that false negative error is significantly more alarming than false positive ones.
In short, the consequence of the former can potentially lead to high unscheduled
maintenance cost whereas the later, at its worst, results in a short time-loss. Thus,

this criterion alone invalidates the feasibility of using the SVC.
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Table 5.5: Comparison of the performance metrics for the three machine learning

models.

ML models LRC-2 CART SVC
Metrics Accuracy 0.920  0.960 0.920
Precision  0.778  0.875 0.857
TPR 1.000  1.000 0.857
TNR 0.889  0.944 0.944
F1 score  0.875 0.933 0.857

F1 score contour
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Figure 5.18: Comparison of the models’ performance metrics.

As evident from the confusion matrices, the logistic regression classifier is comparable
with the decision tree classifier in predictive capability. In fact, their predictions
only disagree on one case in the NSV test dataset?. Given the overlap between their
subsets of useful features and significant difference in their underlying algorithm, it
can be concluded that the two key features identified, RDelta and APDsingalND,
can be trusted in differentiating NSV-inducing mis-stagger patterns from the benign

ones.

9Detailed breakdown of the three classifiers’ predicted behaviour of the test cases is tabulated
in Table C.2 in Appendix C.2.



5.8. Chapter Summary 155

5.8 Chapter Summary

Following the discussion on the use of machine learning techniques in the NSV study,

the findings and future direction can be summarised below:

1. The classification outcome from the machine learning models used in this
study demonstrates that machine learning techniques are viable for the pur-
pose of NSV behaviour identification. This potentially allows NSV-inducing
and hence HCF-inducing mis-stagger patterns to be eliminated from opera-
tion, thus avoiding the high cost incurred by unscheduled maintenance. It is
also important to acknowledge the limit of this initial investigation and exper-
imental data are required to validate the findings from the machine learning

models.

2. As mentioned at the beginning of the chapter, though the current machine
learning based method is showing promising results, its effectiveness is limited
by the availability of data and can be further improved. In particular, the
full untwist history (i.e. from static geometry to running geometry) is not ac-
counted for in the dataset. Instead, the mis-staggering is applied with respect
to the nominal running geometry. Thus, the industry relevance of this study
can be significantly enhanced by extending the level of complexity (i.e. the

inclusion of static mis-stagger patterns) in the dataset.

3. A NSV identification method is developed under the assumption that the fan
blade design is fixed. Thus, it is best suited for blade designs that are in active
service. Though approach does not remove the root cause of the NSV issue, it
can effectively identify and eliminate NSV-inducing mis-stagger pattern from
operation, thus minimising the occurrence of the NSV behaviour. In this
regard, the method is considered as a passive NSV attenuation method since
it does not completely resolve the problem from the root. Naturally, to cover
the entire life cycle of a fan blade design, more active NSV attenuation method
that can achieve this objective should be explored. In Chapter 6, a redesign

approach that can serve as the active NSV attenuation approach is explored.

4. The scope of the current project can be further extended to predict other
aerodynamic and aeroelastic behaviours (e.g. stall margin and aeroacoustics
noise) by analysing the initial mis-stagger pattern. This involves using the FSI
approach adopted by this study (discussed in Chapter 2) to compute training

data for machine learning models and perform regression analysis.
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Chapter 6

Fan Blade Redesign to Attenuate
NSV Behaviour

All things change in a dynamic environment. Your effort

to remain what you are is what limits you.

Puppet Master, Ghost in the Shell (1995) [115].

6.1 Chapter Introduction

In the previous chapters, the focus of the study is on the identification of the vibra-
tion mechanism and passive control of the NSV behaviour. In this chapter, active

NSV control through design modification is demonstrated.

As discussed in Chapter 4, the convergent-divergent covered passage geometry on
Fan 2’s blades, shown in Figure 6.1, is determined to be the dominating factor in
forming the NSV Transfer Window. Additionally, it has been hypothesised that
the idealised mis-stagger setup can be used for design evaluation at early design
stages. Thus, in this part of the study, the design modification approach is targeted
at the covered passage geometry and focused on removing the convergent-divergent
nozzle inside the covered passage. Two redesigned blades with modified covered
passage geometry are evaluated. It can be demonstrated through the aeromechanical
comparison of the original blade (i.e. Fan 2) and the fully modified blade that such
redesign approach can eliminate NSV behaviour completely. Additionally, as a by-
product, the redesign approach is capable of efficient attenuation of APD behaviour.
This further supports the discovery from Chapter 3 that the presence of the nozzle in
the covered passage makes the APD intensity more prominent on Fan 2 than on Fan

1. Thus, a simple redesign approach targeting the NSV behaviour is investigated in
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this chapter in order to prove the hypothesis from the previous chapters.
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(a) Schematic diagram for covered passage geometry.
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(b) Covered passage width measurement at blade tip.

Figure 6.1: Covered passage geometry of the original Fan-2 blade.

This chapter is structured as follows. The geometric modification approach em-
bedded in the redesign method is first outlined. This is followed by the results
section. The first half of the results section focuses on the changes introduced by
the redesign on the nominal geometry (i.e. no geometric variability present). The
second half focuses on the difference in NSV behaviour between the original design
and the modified design when geometric variability is present in the fan assembly.
This is succeeded by investigating the NSV attenuating mechanism leading to such

differences.

6.2 Blade Redesign Approach

The discussion in Chapter 3 and 4 demonstrates strong correlation between APD
& NSV behaviour and the presence of the covered passage throat. Therefore, it
is reasonable to hypothesis that the NSV induced vibration can be attenuated by
removing the throat from the covered passage geometry. There are infinite types
of fan blade modification that can fulfil this requirement. For example, it can be

achieved through changing the radial section profile of the fan blade or changing



6.2. Blade Redesign Approach 159

the number of blades. The objective of this transonic fan blade redesign study is
to develop a simple approach to alleviate the NSV phenomenon such that it can
be integrated into a more sophisticated blade design approach. Thus, minimising
changes to the operating conditions is an implicit objective. To meet both criteria,
the redesign method focuses on making small changes to trailing edge of the blade at

high spanwise locations (i.e. close to the tip of the blade) where the NSV mechanism

dominates.
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* Blade geometry modification is applied at the trailing edge.
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* Thickness distribution along the camber line is preserved.
» Covered passage length remains the same.

Figure 6.2: Schematics for fan blade redesign approach.

The redesign method can be illustrated through the schematics in Figure 6.2. In
essence, the trailing edge of the blade is ‘bent’ towards the leading blade /in the
direction of rotation. As illustrated by the covered passage region in Figure 6.2,
the ‘bending’ modification makes the covered passage geometry more divergent.
Thus, it can change the convergent-divergent covered passage geometry into a fully
divergent shape. Ultimately, it removes the controlling geometric feature for the
NSV phenomenon and thus attenuates the vibratory behaviour. At the same time,
the leading edge shape and the thickness distribution along the camber of the blade
is unchanged. As the changes applied to the trailing edge region is sufficiently small,
the corresponding changes to the covered passage length can be deemed negligible.
More importantly, this preserves the incidence angle and thus minimises the change

to the operating condition.

A more detailed demonstration of the method is illustrated in Figure 6.3. Firstly,
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the camber line of the airfoil at the span location of interest is isolated and the
thickness distribution along the camber line is calculated. The variation of camber
line angle, which is defined as the angle formed between the camber line and the
axial direction, together with its rate of change with respect to the axial position are
calculated. To modify the blade, the camber line angle’s rate of change is magnified
at high axial chord positions. The magnifying factor varies linearly with respect to
the axial chord position. Thus, the magnifying factor is 1.0 (i.e. no change) at the
start of the modification which is at low axial locations and the factor reaches the
desired level at the trailing edge, thus allowing a gradual modification. In this study,
the highest magnifying factor value used is 1.8. This modification to the camber line
angle variation is demonstrated through Figure 6.3(b) where the deviation between

the two camber lines increases along the axial direction.

Axial Direction
Orignal
| Direction of [Oronal
Rotation

Trailing Edge Tip

_ Camberline
yd Angle

Camber line
[Modified]

Original Modified

Pressure Surface mmm —
The difference between the original Suction Surface  wmm
and modified camber line increases Trailing Edge Tip  /\
with the camber line position.
(A) Original Design. (B) Camberline comparison. (C) Original vs. Modified Blade.

Figure 6.3: Schematics for fan blade modification. Detailed view.

Once the modified camber line is determined, the original thickness distribution of
the original blade is applied onto the new camber line, as demonstrated in Figure
6.3(c). Thus, the thickness distribution along the camber line is preserved. The
shape of the trailing edge tip, as highlighted in Figure 6.3, is also preserved during
the modification and is simply oriented clockwise by the change in the camber line
angle applied to the last camber line segment. It is important to note that the

incidence angle remains the same.
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6.3 Results and Discussion

6.3.1 Comparison of Modified Geometries

The redesign approach is applied onto the fan blade geometry linearly from 100%
span position to 80% span position with the highest level of modification applied
at the tip (i.e. 100% span position) while the geometry below 80% span position
remains unchanged. The effect of such modification is illustrated in Figure 6.4 where
the differences in span-wise stagger variation between the original design and the
two modified designs are presented. It can be observed that the linearly applied
modification imposes a gradual deviation from the nominal condition from 80% to
100% span position with the maximum stagger angle change being relatively small

(i.e. within the manufacturing tolerance of 1° [37]).
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Figure 6.4: Differences in stagger angle variation (relative to the original design).

The comparison of the covered passage geometry among the three blades is presented
in Figure 6.5. The covered passage widths are normalised by the maximum value on
the Mod-2 blade. Evidently, it can be observed that the blade modification makes
both Mod-1 and Mod-2’ covered passage geometry more divergent while preserving

the length of the covered passage.

On the Mod-1 blade, though the redesign effort makes the geometry more divergent,
the minimum area (i.e. the nozzle) remains in the middle of the nozzle. In other
words, the modification has not moved the throat out of the covered passage. In-
stead, the throat is only moved slightly forward towards the entrance of the covered
passage and rests in-between the 75% to 80% chord position. Therefore, based on
the previous understanding of APD & NSV, it can be expected that the presence
of the nozzle will lead to NSV behaviour. At the same time, the forward-displaced
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throat allows the passage shock to be stabilised closer to entrance and hence the
intensity of the APD behaviour is expected to reduce. In contrast, on the Mod-2
blade, the blade modification has achieved the intended effect of removing the throat
and made the covered passage fully divergent. As will be demonstrated in the later
section, as a result of the throat’s absence, the NSV behaviour cannot manifest on

the Mod-2 blade.
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Figure 6.5: Covered passage geometry comparison for the three blade designs.

6.3.2 Comparison of Aerodynamic Properties at the Nom-

inal Condition

Figure 6.6 shows the fan performance comparison of the three blade designs at the
design speed. The results are captured using perfectly symmetric fan assemblies.
Variation of pressure ratio against the inlet mass flow is shown on the left while the
variation for efficiency is shown on the right. The data are normalised such that
unity is used to correspond to the conditions at Mod-2’s peak efficiency condition
(at design speed). Unsurprisingly, the modified blades operate at different operating
conditions as compared to that of the original blade. As the objective of the study
is to demonstrate the redesign approach’s effectiveness in NSV attenuation, the

relatively small difference in the three designs’ operating conditions is accepted.
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Figure 6.6: Fan map for the three blade designs.

For the original blade and the Mod-1 blade, the circles mark the operating condition
where NSV behaviour is the most intense and also where the ideal APD condition
is (i.e. Figure 6.7). In contrast, in the case of the Mod-2 blade, the circles only
mark the operating condition with the most intense APD behaviour since NSV
behaviour is not observed. These operation conditions are located using the same
approaches discussed in Chapter 3 and 4. It is also interesting to point out that
the blade modification introduces negligible change to the mass flow rate where the
APD behaviour peaks. Results from full annulus NSV calculations at the circled

conditions are discussed in the next section.
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Figure 6.7: Comparison of the pressure contour plots for the three blades at their
respective initial conditions.
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The aerodynamic properties at the above mentioned marked locations are presented
in Figure 6.7 and Figure 6.8. Figure 6.7 illustrate the normalised pressure contour
at the blade tips. A line is drawn to highlight the geometric difference due to the
blade modification. Evidently, the difference between the three blades is barely
noticeable from the contour except the small zone with raised pressure on Mod-2

blade’s pressure surface (i.e. refer to the marker in 6.7).

Further comparison of the three blade’s operating condition is presented through
Figure 6.8 where the pressure distributions at the blade tips are shown. Similar to
the conclusion drawn about Figure 6.7, the difference in the operating conditions is
small and the two modified blades do not deviate away from the original design in

a significant way.
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Figure 6.8: Tip loading for the three blade designs.
6.3.3 NSV Behaviour Comparison
In the presence of geometric variability, the three blades exhibit distinctly different
behaviour in terms of APD and NSV.

In this redesign study, geometric variability is introduced in the same fashion in-
troduced previously in Section 4.5.1. Single passage domain and mode shapes are
expanded to a fully symmetric fan assembly first. Then the two blades polar op-
posite! to each other are mis-staggered in the same direction and with the same
amplitude. To match configuration of the typical NSV case in Section 4.5.1 (i.e. the
original Fan 2 blade), the two chosen blades are mis-staggered with 0.08° increase in
tip stagger. The mis-staggering is applied at the centroid at each radial section in a

linear fashion. Therefore, this setup is used to validate the hypothesis in Chapter 4

'Blade 4 and 17 on the 26-blade Fan 2 assembly are mis-staggered
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which states the idealised mis-stagger pattern can be used for design assessmment.
In the structural domain, the mode shapes are prescribed with the same arbitrary

damping ratio of ¢ = 0.05 as that of the baseline case.

The tip stagger history plots of the three blade designs are presented in Figure 6.9.
Selected results from the original blade which are previously presented in Section
4.5.1 are reproduced for clarity. Due to the symmetry of the setup, the tip stagger
histories are presented for only half of the assembly and the tip stagger history for
the initially mis-staggered blade (Blade 4) is shown in blue.
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Figure 6.9: Blade tip stagger history for the original and fully modified blade.
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A few interesting observations can be made from Figure 6.9. Firstly, in term of the
steadiness of the plots, it is evident that both the original blade and the partially
modified Mod-1 blade exhibit NSV behaviour where blades switches from the group
with higher relative stagger angle to lower ones, and vice versa. In contrast, the Mod-
2 blades only exhibit the initial APD behaviour and is stabilised after 20 revolutions.
Secondly, by observing the range of the relative tip stagger, it is clear that the
original blade demonstrates a much greater range than the two modified blade.
In this part of the study, the range of relative tip staggerd in a given instant is
termed the APD range. As annotated in Figure 6.9(c), this quantity does not take
the tip stagger angle of the initially mis-staggered blade into consideration. Thus,
the APD range is independent of the amplitude of the initial mis-staggering and
hence can potentially be used as a factor in assessing different blade designs’ APD
performance. Thirdly, by tracking the time for the blades to be grouped into the two
groups, one with higher tip stagger and one with lower tip stagger, the time required
for the three blade designs to establish the APD behaviour can be compared. For
the original blade shown in Figure 6.9(a), the APD pattern first emerges at the 6th
revolution whereas the pattern only emerges in Figure 6.9(c) at approximately the
20th revolution. In essence, the time for the initial APD signal to travel around the
annulus is extended after the modification. The reason behind such differences will
be explained in the next section. The above observations and geometric difference
of the blade designs are tabulated in Table 6.1.

Blade Design Original Mod-1 Mod-2
Modification - Partial Complete
Covered Passage Throat Present Present Removed
Max APD Range 0.52° 0.47° 0.28°
Time to form APD pattern 6 revs 12 revs 20 revs
NSV Behaviour NSV NSV No NSV

Table 6.1: APD and NSV behaviour of the redesigned blades.

From the table, it can be concluded that Mod-1’s behaviour falls in-between that
of the other two. Consequently, the following discussion will focus primarily on
the two extremes. Comparing the APD & NSV behaviour of the original blade
and the Mod-2 blade, it can be deduced that the original blade is the interior
design based on the discussion in Chapter 1, 3, and 4. In particular, the large
APD range of the original blade makes it inferior in term of aeroacoustic noise.
More importantly, the elimination of the NSV behaviour in Mod-2 can significantly
alleviate the NSV-induced HCF damage to the fan blade. Furthermore, from the
table, the time required to form the initial APD pattern correlates strongly with
the level of modifications applied to the blade design. To be more specific, with
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modification, the speed of travelling disturbance has been significantly reduced and
requires twice the time to form on the Mod-1 blade. This alone helps to alleviate
the HCF problem introduced by NSV as it reduces the number of NSV cycles per

unit time.

To conclude, the above results demonstrate that the described blade redesign tech-
nique can achieve the intended effect of attenuating the NSV behaviour, effectively
eliminating it from the fan assembly. As a by-product, the redesign effort also brings
the additional benefit of alleviating the APD behaviour.

6.3.4 Mechanism to attenuate NSV

The reason behind the effectiveness of the redesign approach can be explained
through Figure 6.10 and Figure 6.11. The aeromechanical change associated with
NSV are compared between the original blade and the Mod-2 blade through the
figures. The corresponding pressure contour plots for the original blade are previ-
ously presented in Figure 4.12 and 4.13. The same plots for the Mod-2 blade are
illustrated in Figure 6.12 and 6.13.

It is important to note that the time scale for the plots in Figure 6.10 is different
from that in Figure 6.11. In the case of the original blade (Figure 6.10) which exhibit
NSV behaviour, the aecromechanical property changes during the its NSV transfer
window (i.e. from 4.75 revs to 7.50 revs) are presented. In contrast, in the case of
Mod-2 blade (Figure 6.11) where the NSV behaviour is exterminated, the changes

prior to its stabilised form are presented.

Absence of NSV on the Mod-2 Blade

The reason behind the original blade’s NSV behaviour is explained previously in
Section 4.5.1. In contrast to the original blade’s response, the Mod-2 blade shows no
signs of NSV and has significantly reduced APD range. These are direct results of the
removal of the covered passage throat. The reasoning behind these differences can

be explained clearly by isolating the steady behaviour from the dynamic behaviour.
1. Differences in the steady behaviour:

As it has been demonstrated on the original blade which has a convergent-
divergent covered passage geometry, the passage shock experiences a binary
position change near the convergent section. Thus, to reach equilibrium, the
passage shock has to be either expelled from the passage or swallowed and sta-
bilised downstream of the throat. On the original blade, the distance between

the positions is at least 10% of the tip chord length. As discussed earlier in
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Chapter 3, this translates to almost 40% difference in aerodynamic moment
and hence results in a significant difference in stagger angles between the two
groups of blades during APD (i.e. blades with increased relative stagger and

blades with decreased relative stagger).

On the Mod-2 blade, the passage shock can move smoothly inside the fully
divergent covered passage instead of undergoing the binary position change
described above. This reduces the difference in aerodynamic moment on the
two groups of blades during APD and simultaneously removes the mechanism
vital for NSV disturbance to continue. By comparing pressure distribution
plots in Figure 6.10 and 6.11. i.e. (b)s and (c)s, it is evident that the removal
of the covered passage throat allows the passage shocks to stabilise much closer
to the leading edge. In the case of Figure 6.11(b) and (c), the passage shocks’
starting position is within 10% chord length from the leading edge.

At the same time, comparing the loading conditions at blade tips between
the two blade designs, it can be deduced that the difference between adja-
cent blades is significantly smaller for the Mod-2 blade as compared to that
of the original blade. To be more specific, the distance between the pressure
surface shocks on adjacent blades is below 10% chord length for the Mod-2
blade whereas it is above 15% chord length for the original blade. Thus, the
convergent section of the original blade’s covered passage forces the swallowed
passage shock which cannot be stabilised within this region to be stabilised
far away from the leading edge. In contrast, the absence of the convergent
section on the Mod-2 blade reduces the distance between the swallowed shock
and the leading edge. Therefore, for blades with swallowed passage shock on
their pressure surface, the original design has significantly less aerodynami-
cally induced moment than the Mod-2 blade does. Thus, as it is evident from
the comparison between Figure 6.10(a) and 6.11(a), the original design ex-
hibits higher tip stagger angle than the Mod-2 blade does. Consequently, this

explains the significant difference in APD range shown in Table 6.1.
2. Differences in the dynamic behaviour:

On the original blade, the unstable convergent section assists the displacement
of the passage shock after it enters the section and initiates the NSV Transfer
Window process. In the absence of this assistance, such as the case on the
Mod-2 blade, it takes significantly longer time for the displaced passage shock
to stabilise. In fact, from Figure 6.10 and 6.11, the number of revolutions
required for Blade 4’s pressure surface shock to traverse the 10% chord length is

approximately 2.75 on the original blade and 14 on the Mod-2 blade. Similarly,
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the same reasoning holds true when examining the significant time difference

required for APD condition to establish on the two designs.

As elaborated in Chapter 4, the original blade’s covered passage geometry
enforces the sharp transition of passage shock positions which leads to signifi-
cant change in the aerodynamically induced loading. This causes the relative
tip stagger angle to switch between the two extremes. As the passage shock
can move smoothly inside Mod-2 blade’s fully divergent covered passage, the
initial disturbance to the passage shock is not amplified and only a small dis-
placement is required for the passage shock to reach the new equilibrium. As
a result, the mild change in aerodynamic moment cannot switch the relative
tip stagger angle from the slightly higher values to the slightly lower ones, and

vice versa. Therefore, NSV cannot manifest on the modified design.
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Figure 6.10: Tip stagger and pressure distribution history for original blade during
NSV transfer window. Reproduced from Figure 4.11.
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6.4 Chapter Summary

Through the aeromechanical comparison among the blade designs, the following

conclusions and future directions can be identified:

1. In Chapter 4, it was hypothesised that NSV behaviour can be assess through
the idealised mis-staggering pattern with two polar-opposite blades being mis-
staggered in the identical fashion. The hypothesis is validated in this chapter
through the assessment of three fan blade designs. Thus, this suggests the
simplified approach can be used in the early design stages to streamline the

initial design and assessment process.

2. The key idea behind the proposed NSV-attenuating redesign approach is to
eliminate the core geometric factor behind NSV, the covered passage throat.
In this study, it is implemented through the Mod-2 blade where the throat
and consequently the binary switching mechanism propelling the NSV are
completely removed. The comparison between the original blade and the Mod-
2 blade demonstrates that such approach is highly effective against NSV as it
can no longer manifest on the Mod-2 blade. Simultaneously, this reinforce the

understanding of NSV that was previously discussed in Chapter 4.

3. At the same time, by pushing the covered passage throat forward (i.e. Mod-1
blade) or by eliminating the covered passage throat (i.e. Mod-2 blade), the
new equilibrium condition for the swallowed passage can be slightly closer to
the leading edge. This alleviates the APD range significantly as it minimises
the untwist moment difference between the two extreme APD conditions (i.e.
the more opened blades and the more closed blades). Thus, the proposed

redesign approach is efficient in attenuating APD phenomenon.

4. The blade geometry modifications explored in this chapter is applied in an
empirical way. Thus, it would be worthwhile to use a systemic approach to
isolate and quantify the effect of blade geometry changes on the final APD
intensity and the speed of the APD signal around the annulus. Following
the discussion in Chapter 5, it would be useful to explore whether machine

learning technique can be used to map these relationships (i.e. regression).

5. Based on above discussion, it is evident that an active NSV-attenuating re-
design approach is found and the approach can be used in the early design
stages to streamline the process. However, it is important to note, the redesign
approach presented here is only meant to be an initial approach targeting the

NSV phenomenon and should be integrated into more sophisticated fan blade
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design methodologies to meet other requirements (i.e. stall margin, stability

limit, and performance etc.).



Chapter 7

Conclusions and Future Works

But dreams are meaningful when you work toward them
in the real world. If you merely live within the dreams of

other people it’s no different from being dead.

Motoko Kusanagi, Ghost in the Shell: S. A. C. [116]

7.1 Chapter Introduction

In this chapter, the main achievements of this research are summarised and the
answers to the guiding questions are presented. The findings are discussed further
in the context of the civil aviation industry. Lastly, recommendations are also made

regarding future works.

7.2 Conclusions

7.2.1 Summary of Thesis Achievements

The first half of the study focuses on the static APD phenomenon and has expanded
the understanding of its mechanism from the previous study. The comparison of
fan characteristics predicted by aeroelastic approach and the aerodynamic-only ap-
proach in Section 3.2.2 accentuate the necessity of incorporating aeroelastic coupling
in fan performance and running geometry prediction. The investigation into the in-
fluence of blade stiffness and APD reveals strong correlation between the two. As
can be inferred from the results, APD issue is expected to become a growing concern

for longer and more flexible fan blade used in future high bypass ratio engines.
Intensity maps for the APD behaviour on two transonic fan designs have been de-

177
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rived through high-fidelity full annulus computations. The data from the maps
reveal that the APD behaviour is most pronounced at/near the peak efficiency con-
dition at the design speed. This proximity proves that the APD behaviour is an
important design issue and hence is highly relevant to the civil aero engine industry.
Evidently, it is vital to develop APD assessment methods that can be used in early
design stages. Therefore, a reduced order model that can locate the worse case
scenario for APD on a fan map is developed. The results from the reduced order
model are then validated against those from the high-fidelity model. The reduced
order model can decrease the computation resource requirement by a factor of 100

and hence is both useful and feasible for application at early design stages.

The comparison of APD behaviour between the two fan designs indicates that the
throat inside the covered passage shape plays an important role in determining
the amplitude of APD. To be more specific, the presence of a convergent-divergent
nozzle inside the covered passage geometry provides a resting position for the passage
shock rather than allowing a smooth displacement for the shock. Hence, the nozzle
significantly intensifies the APD behaviour. It can also be hypothesised that removal
of the nozzle can minimise the APD behaviour. The hypothesis is validated in the
second half of the study.

The adverse effects of the APD behaviour are also evaluated in the study. Effi-
ciency reduction during APD, which is of most concern to the engine designers
and operators, is evaluated and the results prove that APD is strongly correlated
with efficiency drop when the fan is operating at/near peak efficiency condition.
In addition, given that intentional mistuning is commonly used by the industry to
attenuate flutter, the interaction between intentional mistuning and APD is clari-
fied in the study. It is proven that the intentional mistuning can introduce APD
behaviour alone, without the presence of geometric variability in the fan. These

further highlight the importance of APD study from the industry perspective.

NSV behaviour, which is the dynamic phase of APD, is investigated in the second
half of the study. NSV behaviour is first evaluated through idealised mis-staggering
patterns to gain initial insights into the vastly complex fluid-structure-interaction
phenomenon. The mechanism and controlling factors are identified through the
study. To be more specific, the presence of a nozzle inside the covered passage ge-
ometry present a binary switching mechanism for passage shocks, facilitating their
displacement inside and out of the passages. Coupled with the in phase travelling
disturbances generated by initial mis-staggering, the switching mechanism intro-
duced NSV behaviour into the fan assembly, resulting in travelling disturbances

inside the system. Consequently, the travelling disturbances can lead to high cycle
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fatigue issues.

As discussed in the introduction, high cycle fatigue is extremely alarming and un-
desirable for the engine operators. Therefore, it is important to investigate the
behaviour further and develop attenuating methods for it. This objective is accom-
plished in two stages. Firstly, the NSV progresses onto evaluating more realistic
mis-staggering patterns using machine learning techniques. This has yield both
deeper understanding of the underlying mechanism for NSV and a passive attenuat-
ing methods. Secondly, a redesign approach, which serves as an active attenuating
method, is attempted. Analysis from both APD and NSV study identifies the nozzle
inside the covered passage geometry as an important controlling factor. Therefore,
the redesign approach revolves around removing the nozzle, thus eliminating the
mechanism for NSV. Additionally, the redesign method has the bonus effect of sig-
nificantly alleviating APD behaviour.

Both the passive and active attenuating methods are proven effective in attenuating
the NSV phenomenon. From the industry’s point of view, the two methods col-
lectively cover the entire life cycle of fan blades, both at design stage and during
service. Unsurprisingly, it is evident that the methods developed can potentially
lead to significant cost and risk reduction for both the fan designers and engine

operators.

7.2.2 Answers

Through the data and analysis presented in the thesis, the guiding questions pre-

sented in Chapter 1 can now be addressed.

e Where does APD/NSV occur on the fan performance map?

Results presented in Chapter 3, i.e. Figure 3.12(a) and 3.12(b), show that
the peak APD condition occurs where the passage shock displacement is most
sensitive to changes in geometry and operating conditions. In most cases,
this occurs in close proximity to the peak efficiency condition at the design
speed. NSV, which is essentially the unsteady form of APD occurs at the same
locations as the peak APD loci.

e What type of influence do APD and NSV have on performance

and life expectancy of blades?

The discussion in Section 3.4.1 illustrates that APD can introduce performance

deterioration, in terms of both efficiency and pressure ratio, through the mag-
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nified variability in the assembly. Through the travelling disturbance and
the ’switching’ of the mis-staggered blades, NSV can introduce the additional
effect of making the fan blades susceptible to high cycle fatigue.

What triggers NSV?

As presented in Chapter 4, with in-phase APD signals and sufficiently small
initial mis-stagger amplitude, NSV behaviour can be triggered when the APD
signal from an upstream source travels downstream and meet an in-phase mis-

staggered blade.

What is the speed /frequency of the NSV propagation around the

assembly?

As illustrated in Figure 4.10, with the mechanical damping ratio at ¢ = 0.05,
the blade tip stagger time history for the idealised NSV case show that the
initial APD/NSV signal takes approximately 17.2 revolutions to travel around
the annulus. Given its direction of travel is in the direction opposite to rotation
and the data is presented in the rotor frame of reference, this translates to a
propagation speed of (1 — 1/17.2) ~ 0.942 times the rotation speed (in the
direction of rotation). Thus, it occurs just below 1EO (Engine Order) and is

below the frequency of the first flapwise mode.

What is the amplitude of APD and NSV (in term of stagger angle)?

Is there a limit?

Through the data presented in Chapter 3 and 4, the maximum APD/NSV
amplitude is found on Fan 2 with the range of approximately —0.1° to 40.3°.
Based on the discussion on fan blade differences in Chapter 3, it can be seen
that the upper limit (i.e. positive mis-stagger for when the passage shock in
the pressure surface side passage is swallowed) is set by the position of the
throat within the covered passage. Additionally, the removal /modification of
the convergent section inside the covered passage, as shown in Chapter 6, can

significantly reduce the instantaneous mis-stagger range.

What are the blade geometric characteristics that make the blade
exhibit APD and NSV behaviour?

This question can only be answered through the collective effort from Chapter
3 and 4. Through the analysis of APD mechanism in Chapter 3, it is clear

that APD is inherent in fan assemblies through the aeroelastic coupling and the
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inevitable geometric variability. Comparison of the fan blade designs in Fan 1
and Fan 2 reveals that the convergent-divergent covered passage geometry (i.e.
a throat) can facilitate the diverging of blades into two groups and thus APD.
In contrast, the blade redesign study conducted in Chapter 6 indicates that the
convergent-divergent section inside the covered passage is crucial for the NSV
behaviour to manifest. Therefore, it can be concluded that the throat inside
the covered passage is important for both the APD and the NSV behaviour

— beneficial to the former while crucial to the later.

e What are the controlling factors? Which of them are controllable

and which of them are not?

Five controlling factors for NSV can be identified through the studies in Chap-
ter 4, 5, and 6: (1) covered passage geometry, (2) phasing of the initial
APD signals, (3) relative mis-stagger amplitude between adjacent
blades, (4) frequencies of the mode shapes, and (5) amplitude of
APD signal of the initial mis-stagger pattern.

1. Covered passage geometry:

The controllability of this parameter is highly flexible. For a fan blade
in early design stages, this parameter can be considered as controllable.
However, the ultimate decision depends on whether the alternative de-
signs with the convergent-divergent section come with aeromechanical
benefits and how the fan blade designers compromise and balance these
factors. In essence, it can be deemed to have limited controllability at

this stage.

Alternatively, for a finalised fan blade design, this factor is not control-
lable in the short term at all. The only solution to attenuate NSV at this
stage is either to adopt the passive NSV control explored in Chapter 5 or

to redesign the fan blades as demonstrated in Chapter 6.

2. Phasing of the initial APD signals:

In the idealised NSV case presented in Chapter 4, two APD signal of
equal strength originate from the symmetrical setup. In this case, the
phasing of initial APD signals can be quantified through the passages
between the initially mis-staggered blades. However, due to the complex
evolution of NSV within a randomly mis-staggered assembly, it is difficult

to determine the phasing of APD signals and therefore it is justifiable to
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conclude that the APD signal phasing is not controllable except in the

idealised case.

3. Relative mis-stagger amplitude between adjacent blades:

This is a fully controllable parameter. The easiest arrangement to avoid
NSV is to arrange them in alternating pattern. However, as illustrated
through the results in Figure 3.13, this arrangement tends to receive a

high performance penalty.

4. Frequencies of the mode shapes:

As demonstrated by the results from Chapter 3, APD behaviour increases
with decreasing modal frequencies. The frequencies of the mode shapes
can be effectively controlled by adding/removing mass from the tip of the
blade. However, this might also result in changes in the mode shapes and

performance penalties.

5. Amplitude of APD signal of the initial mis-stagger pattern:

Similar to the previous one, this parameter can be controlled. In fact, it is
interconnected with the blade-to-blade relative mis-stagger amplitude—
a zig-zag mis-stagger pattern is correlated with a strong APD signal.
Therefore, based on findings revealed by the machine learning classifiers
in Chapter 5, the best approach would be to optimise the two parameters

simultaneously while minimising the performance penalty.

7.3 The Importance of APD: An Industry Per-
spective

The discussion on APD in this chapter up to this point focuses on examining it as
a physical phenomenon. Here the conversation transitions into investigating its im-
plications through an industry perspective. Three findings that are of most concern

to the industry are listed here:

1. The study conducted in Chapter 3 yields the conclusion that APD behaviour
occurs in close proximity to the peak efficiency point in general. This behaviour
sets it apart from other types of aeroelastic instabilities, which generally oc-
cur at/near stability boundary (i.e. off-design conditions), as shown in the
schematics in Figure 7.1'. Thus, its nature of being a design point problem

alone is sufficient to make understanding of such behaviour a top priority for

'Reproduced from Figure 1.12 for clarity.
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engine manufacturers. More importantly, given that unsteady APD /NSV can
lead to high cycle fatigue near /at the design point at which the fans are ex-
pected to be operating most of the time, it is evident that the fan designers
should conduct the assessment of this behaviour first before moving onto other
types of off-design instabilities such as forced response (which can be easily

removed with the aid of a Campbell diagram).

2. The majority of gas turbine engines used for civil aviation, with the exception
of the Olympus engine used for Concorde Supersonic Transport [35], have a
fixed exhaust nozzle and hence the working line in Figure 7.1 only meet the
loci of peak efficiency at the design speed. Thus, the absence of Variable Area
Nozzle (VAN) [117] prohibits the fan from adjusting its operating point along
the constant speed line. By following such relationship and mapping dummy
working line onto the APD contour maps obtained in Chapter 3, as shown in
Figure 7.2 and 7.3, it can be inferred that the APD behaviour during operation
would be distinctly different for the two fans.

Constant

Pressure Ratio‘

Supersonic
Unstalled Flutter

Mass Flow '

Figure 7.1: Aeroelastic instability boundaries on a fan map.

In the case of the swept blade (i.e. Fan 1), where the peak APD conditions
occurs at higher mass flow rate than the peak efficiency condition on the same
constant speed line, the peak APD condition and the working line intersect
at speed above the design speed. In contrast, for Fan 2, the crossing at lower
speed due to the reversed relative position between peak efficiency condition
and peak APD condition. In other words, during operation, the actual worst

case APD for Fan 1 occurs above design speed while Fan 2 experiences it at
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lower speed. It is more desirable to encounter the point of interception at
lower speed than at higher ones since the lower aeroelastic coupling effect will
limit the APD behaviour intensity. This discovery brings both a challenge and
an opportunity for APD study.
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Figure 7.3: APD contour for Fan 2.

Firstly, this discovery means the fan designers need to take the relative position
of working line into account when performing APD & NSV assessment for fan
blade designs. Inevitably, this raises the level of complexity involved. At the

same time, the previous discussion in Section 3.3.2 implies that the reduced
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order approach which allows the peak APD loci to be revealed without compu-
tationally intensive calculations can help locate the intersection point between
the working line and the peak APD loci. Thus, it allows the fan designers to
estimate the speed where the worst APD behaviour occurs during operation
and thus can prioritise computation effort accordingly. Assessment of the full

working line is beyond the scope of this study and hence the discussion ends

here.

3. The discussion above is based on the simplified view where the working line
behaves as a thin ‘line’ on the fan map and APD occurrence on a constant

speed line is only of concern at its peak intensity condition.
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Figure 7.4: Interaction between working line and APD intensity contour.

In reality, the inherent transient behaviour and uncertainty during operation
means the working ‘line” will behave like a band on the fan performance map
such as the one shown in Figure 7.4. In other words, the fan’s operating point
will swing back and forth between loci of high APD behaviour and those of low
intensity. As such, the gradient of the APD contours also becomes important

when conducting APD assessment on a fan blade design.

7.4 Future Works

From the jet engine manufacturers’ perspective, given the importance of the phe-
nomena, it is vital for the assessments and optimisation work to be incorporated
into the existing fan blade design workflow. Though the study has sufficiently ad-
dressed the guiding questions, the research into APD & NSV is not yet exhaustive
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with many uncharted territory left to explore. Further research is required to help
construct a more comprehensive understanding fo APD & NSV. Below is a list of re-
search areas that may help to bridge the gap between the theoretical understanding

of the phenomena and their physical implications.

e Inlet distortion

Due to the novelty of the APD & NSV study, the inlet condition is confined
to be axisymmetric to reduce the number of variables under investigation.
Thus, the effect of asymmetrical inlet condition (i.e. introduced either by
inlet distortion [118-120] or by the asymmetric engine intake) is not explored

in this study.

In the computations conducted in this study, the axisymmetric inlet condition
keeps all the blades/passages operating at exactly the same operating condition
prior to APD. However, during operation, the inevitable inlet distortion will
force a few blades to work at operating conditions away from that of the rest
at any given instant in time. From the understandings gained in Chapter 3
and 4, the ideal starting operating conditions for APD & NSV is relatively
narrow on a constant speed line and this segregation of operating conditions

can potentially inhibit the initiation/propagation of NSV.

With inlet distortion, e.g. the asymmetric inlet pressure distribution shown in
Figure 7.5, the blades are divided into two groups instantaneously: (1) those
operating at/near the ideal APD condition (i.e. in the clean flow region) and
(2) the rest of the assembly (i.e. in the ‘dirty’ flow region). The effect of
such segmentation has two folds. Firstly, when the blades rotate and transit
between the two states, the operating condition difference makes the blades
at either side of the operating condition interface (i.e. Marker 1 in Figure
7.5(b)) adopt different stagger pattern. Thus, the transition inherently leads

to mis-staggering in the assembly which can serve as trigger for APD.

Secondly, in contrast to the case with axisymmetric inlet condition and all
the blades are operating at /near ideal APD condition, the lack of symme-
try prohibits the propagation of APD signal from being carried into the zone
with unfavourable conditions. In the schematics in Figure 7.5(b), this means
when the signal from the upstream of Marker 2 enters (clockwise) the dis-
torted region, the unfavourable operating condition prevent the passages from

transmitting the signal further.



7.4. Future Works 187

Total
Pressure
Contour

High

Low

Direction of Rotation

APD Propagation C] at /near ideal condition
(absolute frame of reference) . away from ideal condition
(a) Asymmetrical inlet flow field (b) Blades affected by
due to inlet distortion. inlet distortion.

Figure 7.5: Effect of Inlet Distortion on APD.

As discussed earlier, the NSV signal has a period of approximately 17.2 rev-

olutions?

. This is significantly longer than the time required for a blade to
traverse the clean flow region (i.e. from Marker 1 to Marker 2 clockwise in
Figure 7.5(b)). Thus, when mis-staggering is introduced at Marker 1, the
resulting NSV signal can only influence a few passages before the blade ro-
tation moves it into the ‘dirty’ region. Based on the above discussion of the
two effects, it can be hypothesised that the NSV signal cannot propagate in
the annulus since the distorted region will force the passages to operate in a

condition unfavourable for NSV, thus terminating the NSV signal.

The underlying assumption of the above hypothesis is that the distorted region
can shifts the operating condition of the blades under influence sufficiently
away from the ideal APD conditions. It is expected that the extent of the
required distortion is highly correlated with the APD contour (e.g. Figure
7.4). Additionally, it is expected that the required distortion will be influenced
by the time a blade is inside the distorted zone. Thus, the investigation of the
hypothesis is highly worthwhile as it will expand the understanding of both
APD and inlet distortion.

e Machine learning assisted blade design approach

In Chapter 5, novel machine learning techniques are incorporated into the

study for vibration classification and the predicting capability is proven to be

2With mechanical damping ratio at ¢ = 0.05. Refer to Figure 4.10 for further details.
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more than satisfactory. To be more specific, a statistical approach (i.e. super-
vised learning) is used to analyse known cases and map the stagger patterns’
characteristics to their corresponding NSV behaviour. The trained decision
tree classifier can identify the key NSV-inducing features and helps to elimi-

nate stagger patterns prone to vibration.

In Chapter 6, a basic redesign approach focusing on the covered passage ge-
ometry is proven useful in alleviating the APD behaviour. Through a series
of empiricist redesign effort, a new fan blade design is found and its APD

behaviour is reduced® to 54% of the original design’s.

Therefore, it becomes natural to question whether the two techniques can
be coupled to optimise fan blade shapes such that the amplitude of APD
(i.e. the APD range in Figure 6.9) can be reduced in operation. Therefore,
it would be useful to derive design features, such as covered passage width
rate of change, from a database of modified blade designs and map them
onto their corresponding APD range values, thus developing APD-oriented
redesign approach with machine learning regression technique. Eventually,
it can be integrated into more sophisticated design guidelines to meet other

requirements (i.e. efficiency and aerodynamic stability).

APD & NSV at cruise altitudes

As explained earlier in Chapter 2, all the calculation are performed at the
Sea-Level-Static conditions such that the fan blades experience the maximum
possible aerodynamic loading. Thus, this study is primarily concerned with

capturing the worst case scenario.

From the engine operators’ perspective, the operating condition of most con-
cern is at the cruise altitudes where the engine operates at most of the time.
Given the current trend of increasingly long and light fan blades, where the
influence from aerodynamics increases with respect to inertial effects, it is not
yet certain whether the reduced ambient pressure and air density at the cruise
altitudes could magnify the initial geometry non-uniformity to a noticeable
extent and make the fan exhibit APD & NSV behaviour. Additionally, the
working line at cruise altitude differs from that of the Sea-Level-Static con-
dition and this adds complexity to the analysis. Therefore, further study in
altitude effects would provide substantial insights to the fan designers and is

thus of significant relevance to the aviation industry.

Additionally, it is useful to investigate the influence of altitude over APD &

3Tn term of the APD range. Detailed data can be found in Table 6.1.
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NSV and to determine at which altitude the phenomena becomes completely
negligible. This would offer guidance to the fan designers to avoid the onset
of APD & NSV when the aircraft is in a holding pattern (i.e. lower altitude

than at cruise conditions [121]).

e Aeroacoustics of APD & NSV

Continuing from the buzz-saw noise discussion in Chapter 1, it is natural for
the research to progress into studying APD-induced aeroacoustics. However,
in order to capture the axial and circumferential acoustic modes, the mesh
density has to be improved from approximately 1.2 million points per passage
to approximately 19.6 million points per passage [122,123]. Though feasi-
ble with the current aeroelastic solver, the colossal computation requirement
for APD and aeroacoustics calculations voids the cost viability of this study.
Nonetheless, it is useful for the fan designers to assess the influence of NSV'’s
travelling disturbances over buzz-saw noise numerically once the computation

requirement can be fulfilled.

e A more accurate yet still practical structural model

As discussed in Chapter 2, there is untapped potential for improving the ac-
curacy and meticulousness of the computation in the structural domain. The
current structural model for the static untwist analysis is deemed fit for the
core purpose of this APD & NSV path-finding study and more accurate struc-
tural models should be adopted for future studies. However, given that the
NSV calculations are computationally demanding?, it is important to keep the
computational requirement practical for engineering application while pursu-
ing more complex and accurate structural computation techniques, rather than

adopting a doctrinaire approach.

4The NSV cases analysed in Chapter 4 require tens of thousands CPU hours per case.
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Appendix A

Global MRO Market Forecast
2019-2029

A.1 Commercial Aircraft Fleet Forecast

Region Fleet Size Average Age

2019 2029 Growth | 2019 2029

Rate

Africa 1125 1325 1.6% | 15.5  14.7
Asia Pacific 4410 6629 42% | 9.7 103
China 3376 7209 79% | 64 9.0
India 604 1547 9.9% | 7.1 10.7
Middle East 1440 2277 4.7% | 9.3 9.6

Latin America 1771 2387 3.0% | 114 9.9
North America 8033 9247 1.4% | 141 121
Eastern Europe | 1414 1743 21% | 11.6  12.6
Western Europe | 5319 6811 25% | 114  10.6
World 27492 39175 3.6% | 11.3 10.7

Source: Cooper et al., 2019 [6].

Table A.1: Commerical aircraft fleet forecast by region 2019-2029.
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A.2 Commercial Aircraft MRO Market Forecast

Region MRO by component Total MRO
Engine Others Total
2019 2029 | 2019 2029 | 2019 2029 Growth Growth
Rate

Africa 09 13| 17 21| 26 3.4 0.8 2.7%
Asia Pacific 7.1 8.5 82 11.8| 153 20.3 5.0 2.9%
China 2.2 7.3 5.0 11.0 7.2 18.3 11.1 9.7%
India 0.7 1.6 1.3 2.4 2.0 4.0 2.0 7.1%
Middle East 5.6 8.0 3.4 5.1 9.0 13.1 4.1 3.9%
Latin America 1.5 23| 26 33| 4.1 5.6 1.5 3.2%
North America 7.8 103 | 127 142 | 20.5 245 4.0 1.8%
Eastern Europe 1.6 20| 27 32| 43 5.2 0.9 2.0%
Western Europe | 6.0 87| 109 128 | 16.9 21.5 4.6 2.5%
World 33.4 50.0 | 485 66.0| 81.9 116.0 34.1 3.5%

Unit: Billions USD.
Source: Cooper et al., 2019 [6].

Table A.2: Commerical aircraft MRO forecast by conponent and region 2019-2029.



Appendix B

Machine Learning Algorithms

B.1 Decision Tree Algorithm

There are various Decision Tree algorithms including ID3 (Iterative Dichotomiser
3) [105], C4.5 [106], C5.0 [124], and CART (Classification And Regression Tree) [96].
C4.5 and C5.0 are successors of the ID3 algorithm. The optimised CART algorithm
implemented in the scikit-learn library [95] is used in this study. To illustrate its
algorithm, the decision tree model is applied onto a simple dataset, the Iris Dataset
[125]. The mathematics formulation behind the model is then introduced to explain

how the model is trained.

B.1.1 The Iris Dataset

The Iris Dataset contains measurements for 3 species of iris which are illustrated in
Figure B.1 (Image source: Williams, 2018 [126]). Evidently, it is not possible for
someone from a different discipline! to distinguish the three types of plant visually.
Within the dataset, there are 50 sets of sepal and pedal measurements for each
class/species (i.e. 150 sets in total). Sepal and petal are labelled in Figure B.1. The
measurements (i.e. features) are in terms of sepal length, sepal width, petal length,
and petal width.

Two ways of visualising this dataset are presented in Figure B.2 and B.3. Different
types of marker are used to distinguish the data points based on their labels. It is
clear that one of the classes, iris-setosa, is linearly separable from the other two which
are linearly inseparable from each other. Fortunately, the decision tree algorithm can

be applied here to optimise the classification approach. For simplicity, the algorithm

IDespite having a strong interest in felinology, the author does not hold an academic degree in
biology or related fields.
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is applied onto a subset of the dataset, containing only the petal measurements
(visualised in Figure B.3). The decision tree shown in Figure B.4? is grown and
its corresponding decision boundary is visualised in Figure B.5%. Note that, the

maximum number of split is limited to 2 in this case.

Iris Versicolor Iris Setosa Iris Virginica

Figure B.1: Three species of Iris.

2Source: Géron, 2017 [109]
3 Adapted from Geron [109].
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petal length (cm) <= 2.45
gini = 0.667
samples = 150 R
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class = setosa
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petal width (cm) <= 1.75
gini=0.5
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value = [0, 50, 50] NOde 1
class = versicolor

Leaf-1

Leaf-2 Leaf-3

Figure B.4: Decision Tree Classifier for Iris species classification.
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Figure B.5: Decision boundary for the tree classifier.
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In essence, the decision tree in Figure B.4 outlines the numerical criteria for the iris
species classification while Figure B.5 illustrates the split visually. In Figure B.4, the
information included in all the ‘blocks’ are the total number of (remaining) samples,
the composition of the samples based on the known label, the dominant class, and
the gini index which is an impurity measure and will be explained in later sections.
As the cases are being classified while tree ‘grows’ from the root to the leaves, the
total number of remaining samples decreases. The composition of the remaining
samples are tracked by the ‘value’ parameter. For example, in Leaf-2, there are 0

iris-setosa cases, 49 iris-versicolor cases, and 5 iris-virginica samples.

The Root node and Node-1 set the condition and threshold value for the classifica-
tion. To be more specific, starting from the root node, any sample with petal length
not more than 2.45 cm is identified to be iris-setosa. Node-1 uses the petal width
measurement to separate the iris-virginica and iris-versicolor. As illustrated by both
Figure B.4 and B.5, there are a few mis-classified instances since the iris-virginica
and iris-versicolor class are not linearly separable. The algorithm for locating the

most optimal splitting criteria is introduced in the next section.

B.1.2 The CART Algorithm

The Gini index, shown in Equation B.1, measures the ‘impurity’ at each node in
Figure B.4. It peaks when the classes are equally distributed and thus the node is
‘impure’. The upper limit of the Gini Index is 0.5 for a binary classification study
and is 0.667 for a ternary one (i.e. the Root node in Figure B.4). The lower limit
of the Gini Index is 0 when one class dominates a node and thus the node is ‘pure’
(i.e. Leaf-1 in Figure B.4). An alternative measure of impurity to the Gini Index is
Entropy? [109,127,128] which is shown in Equation B.2. In this study, the decision

trees obtained through the two criteria are comparable.
Gini index: .
k=1
pix: ratio of class k instances among the trainig instances in the i'* node

Entropy:

B = — Zpi,klog(pi,k) (B.2)
=1

The Classification and Regression Tree (CART) algorithm produces binary trees.

Thus, each node is split into two branches /subsets based on a features and a thresh-

4Not the same property studied in thermodynamics.
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old value as illustrated in Figure B.4. To determine the optimal combination of the
feature and the threshold value, the CART algorithm employs the cost function [128§]
shown in Equation B.3 to produce the purest nodes. This optimisation is conducted
locally at each node. The splitting is repeated at each subset in order to ‘grow’ the
tree. This process is terminated when certain criteria are fulfilled. For example, the
decision tree shown in Figure B.4 is limited to have a maximum depth of 2. Al-
ternatively, the growth can be terminated when the algorithm cannot find splits to
further reduce the impurity of the nodes. To be more specific, Leaf-1 is dominated

entirely by the iris-setosa class and hence no further split is possible /necessary.

Tree Classifier (CART) Cost Function [128]:

where

Gheft /right 18 the impurity of the left /right subset,

Miett /right 15 the number of instances in the subset.

To ensure the trained model does not overfit the training dataset and thus can
perform well against new data, the cross-validation technique is used. Essentially,
the training dataset is divided into complementary subsets. The model is trained on
different combinations of subsets and validated against the rest. This helps to find
the most optimal hyperparameters /tunable parameters (e.g. the maximum depth
parameter) to be used on the full training dataset. More detailed discussion on this
topic can be found in literature [108,109,111].

B.1.3 Strengths and Weaknesses of the Tree Algorithm

The Decision Tree model has various strengths and weaknesses [96, 108,109, 128].
The following discussion will focus on their implication in the context of the APD
& NSV study.

e Automatic Feature Selection

As demonstrated by Section B.1.1 and B.1.2, in order to perform the split
which generate the purest nodes, the CART algorithm performs a search for
the most optimal combination of features and threshold values. Thus, feature

selection is performed to reduce the complexity in the system. This in turn
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identifies the most useful feature(s) for classification purpose and reveals the
hidden structure inside the data. For the NSV study, this process can help
to filter out the most important controlling factors for NSV from the complex

mis-stagger patterns and is thus extremely useful for the study.

Locally optimised

As mentioned in Section B.1.2, the optimisation of the splitting criteria is
optimised locally at each node. Therefore, for datasets with complex hidden
structure, there is no guarantee the resulting decision tree model is optimised
globally. This issue can be mitigated by training various trees using randomly
sampled subsets of the training data and take the majority vote of the trees
as the predicted outcome [128]. However, as it will demonstrated later, this is
not a major concern for this study since the resulting tree model for the NSV

dataset is relatively simple.

Interpretability and trustworthiness

As demonstrated by Figure B.4, the resulting decision tree clearly visualises the
hidden structure inside the iris dataset and reveals the conditional statements
used to classify each case. The easily understood information structure is

illuminating and facilitate the understanding of the problem.

The interpretability of the model also contributes to its trustworthiness which
is vital from the industry perspective. In general, machine learning models
utilise the correlation between features and behaviours for classification. This
can result in models that establish irrelevant associations between the two
[111,112]. This is particularly true for the artificial neural networks which
are commonly referred to as ‘black box” models as they do not explain how
the decisions are reached. In fact, as demonstrated by Ribeiro et al. [112],
a neural network based classification model incorrectly used the snow in the
background (or light background at the bottom) as a dominating feature in

the classification of photos of wolves and huskies (a type of sled dog).

Without understanding how and why the model does the classification, it is
difficult to establish trust of the model. In the context of canine photo clas-

sification, this is nothing of concern. However, in the context of civil aviation
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where safety concern is fundamental to most of the decision making, the lack

of understanding how the model operates would be extremely troubling.

In addition, with no additional effort, the resulting decision tree model provides
the probability for both classification and misclassification. In Figure B.4, for
an iris measurement not fulfilling either criteria outlined by the Root node
and Node-1 (i.e. instance in Leaf-3), it has a 2.2% (i.e. 1/46) probability of
being classified as iris-versicolor and a 97.8% (i.e. 45/46) probability of being
classified as iris-virginica. This further enhances the trustworthiness in the
results as the model output both the predicted outcome and the probability
of misclassification. In other words, the strength and weakness of the model

in making prediction are clearly shown.

B.2 Logistic Regression Classifier

The logistic regression classifier is a linear model with a non-linear response. To
make prediction with the logistic regression classifier, a weighted sum of the features
are first calculated as shown in Equation B.4. The corresponding vectorised form is

shown in Equation B.5.

hg(X) = 90 + 011‘1 + 021’2 + - QnZL’n (B4>

he(x) = 67 -x (B.5)

where hg(x) is the hypothesis function [109]. 6; is the weight for the ith features x;.
6o is also known as the bias term. To ensure the machine learning model performs
well with features of vastly different ranges, e.g. the features shown in Table 5.2,
the features are scaled. In this study, the data is standardised [109,110]. Thus, for
each feature, the data are transformed such that the scaled data has a mean value

of zero and a unit variance.

The predicted probability of whether the instance belong to a class is then computed
through Equation B.6 and B.7. The behaviour of the sigmoid function is illustrated

in Figure B.6. The output from the sigmoid function ranges from 0 to 1.

p=0(0"x) (B.6)
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Logistic function:

o(t)

+ve

t

Figure B.6: Sigmoid Function.

The probability p determined by the sigmoid function is then used to make prediction
based on the criteria shown in Equation B.8. In essence, the model will predict the
case of interest belongs to the positive class if the weighted sum 87 - x > 0, vice

versa.

0 if p<0.5,
1 ifp>0.5.

(B.8)

<>
Il

To train the model and thus to tune the feature weight parameters, cost functions
are used to penalise misclassification errors. The cost function for a single case can
be expressed as shown in Equation B.9. For example, a large penalty —log(p) is
incurred when a case from the positive class (i.e. label y = 1) is misclassified to
belong to the negative class (i.e. p < 0.5 and thus the predicted behaviour § = 0).
In fact, the penalty — log(p) increases with decreasing p value and hence it increases
with the difference between the real and the predicted behaviour. In contrast, a

correctly predicted outcome only leads to a small penalty.
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do)_ |7l ify=1, B9)

—log(1—p) ify=0.

The cost function for the entire training dataset (with m cases) can be expressed
as shown in Equation B.10. It is also termed the log loss. Thus, the classifier can
be trained by solving for the set of feature weight values that minimise the cost
function J(@). However, there is no known closed-form solution for this purpose
[109]. Fortunately, the optimisation can be achieved iteratively through a Gradient
Descent approach. In essence, the local gradient of the cost function is determined
and the algorithm tunes the parameters in the direction of descending gradient in
order to find the minimum value. Further discussion on Gradient Descent can be

found in various literature [108,109].

m

J(0) = —% > " [y Diog (57) + (1 — y)log (1 — p7)] (B.10)

i=1



Appendix C

Additional Data for Chapter 5

C.1 Subset of the Dataset used in the Machine
Learning Study

The dataset presented in Table C.1 is a subset of the dataset used in Chapter 5.
The features, predicted outcomes by the Decision Tree Classifier, and labels of

8 instances are presented.
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Case ID HY42 HY44 HY46 HY48 HY50 HY52 HY54 HY56

Features AmpAbs 0.06885 0.05803 0.09200 0.03699 0.02956 0.02973 0.03985 0.07902
AmpPlus 0.06885 0.05803 0.09200 0.03699 0.02956 0.02973 0.03966 0.07902
AmpMinus -0.06709  -0.05713  -0.09200  -0.03676  -0.02105  -0.02739  -0.03985  -0.07448
MeanMSTG 0.00653 0.01707 -0.00362 0.00304 0.00111 -0.00248 0.00054 -0.01356
Variance 0.00249 0.00154 0.00337 0.00053 0.00027 0.00034 0.00054 0.00199
RDelta 0.11936 0.09839 0.10700 0.06175 0.03629 0.05476 0.06181 0.13229
RDelta(ABS) 0.12608 0.09839 0.14800 0.07224 0.04723 0.05476 0.06780 0.13229
DominantND 10 6 6 9 6 11 13 13
WeakestND 1 1 8 13 3 4 9
APDsignalND  4.559E-17 1.689E-17 6.309E-17 5.975E-03 3.431E-04 5.664E-03 2.101E-02 5.088E-02

Label NSV behaviour 1 1 1

Model Outcome TN TP TP TP TP FP TN TN

Table C.1: A subset of the data used in the machine learning study.

Actual NSV behaviour

1 NSV

0 Non-NSV

Nature of the classification outcome

TP
TN
FP
FN

True Positive
True Negative
False Positive
False Negative

91¢

¢ 1oyder) 10f vy reuonippy O xipuoddy
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C.2 Classifiers’ Performance on the Test Dataset

Case | Label | CART Pred. | LRC-2 Pred. | SVC Pred.

01 1 1 TP 1 TP 1 TP

02 0 0 TN 0 TN 0 TN

03 0 0 TN 0 TN 0 TN

04 1 1 TP 1 TP 0 FN

05 0 0 TN 0 TN 0 TN

06 0 0 TN 0 TN 0 TN

07 0 0 TN 1 FP 0 TN

08 1 1 TP 1 TP 1 TP

09 0 0 TN 0 TN 0 TN

10 0 0 TN 0 TN 0 TN

11 0 0 TN 0 TN 0 TN

12 1 1 TP 1 TP 1 TP

13 1 1 TP 1 TP 1 TP

14 0 0 TN 0 TN 0 TN

15 1 1 TP 1 TP 1 TP

16 0 0 TN 0 TN 0 TN

17 0 0 TN 0 TN 0 TN

18 0 0 TN 0 TN 0 TN

19 1 1 TP 1 TP 1 TP

20 0 0 TN 0 TN 0 TN

21 0 0 TN 0 TN 0 TN

22 0 0 TN 0 TN 0 TN

23 0 0 TN 0 TN 0 TN

24 0 1 FP 1 FP 0 TN

25 0 0 TN 0 TN 1 FP
Pred. Error type basd on the predicted behaviour TP True Positive

TN True Negative

1 NSV FP False Positive
0 Non-NSV FN False Negative

Table C.2: Predicted behaviour of each test case.

Cases where a disagreement exists among the classifiers are highlighted in red.



