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Abstract

Taking advantage of the upwash effect of the leading aircraft, formation flight has the
potential to be adopted for civil transport aircraft applications to save fuel consump-

tion, emissions and also costs by drag reductions. In the scope of this dissertation, the
author has carried out systematic investigations on formation flight benefits and feasibility
from components level, overall aircraft level to fleet level.

A potential flow solver has been adapted for the formation flight (FF) induced drag reduc-
tion estimation. Special attention has been paid to the lift coefficient conditions of leading
and trailing aircraft. The calculated FF induced drag results have been compared and
validated with wind tunnel measurements and other simulation results, which show satis-
factory agreement. A continual trailing edge variable camber method has been employed
for FF lateral trimming and cruise flight aerodynamic optimization. To capture the full
configuration aerodynamic features, as well as other overall aircraft performance, such as
fuel consumptions, emissions and costs, the method of calculating FF induced drag polar
has been integrated into the in-house overall aircraft design and optimization environ-
ment. In addition, a FF passenger comfort estimation method has also been incorporated
in the framework, which accounts for the impact of FF force and moment gradients and
the atmospheric turbulence. The overall aircraft results are utilized to create surrogates
model for FF fleet impacts investigation.

In the aircraft component level study, the application of variable camber shows advantages
in aerodynamic benefits for FF trailing aircraft in comparison with aileron trimming. In
the overall aircraft level, case studies on two medium range and two long range transport
aircraft in FF indicate double-digit percentage fuel burn savings. Besides, fuel planning
strategies for formation trailing aircraft give insight into the achievable fuel savings and
safety compromise. According to the passenger comfort evaluation results, FF slightly
increases the vibration total value, but does not degrade the comfort category. For fleet
level analysis, significant fuel savings can be obtained on the basis of two aircraft forma-
tion flight with real world operation constraints, such as scheduled departure time, flight
frequencies, distance penalties, etc. The whole airline FF application also shows that
2-5% total fuel burn savings can be expected.
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Zusammenfassung

Im Zuge dieser Arbeit hat der Autor systematische Untersuchungen der mit Formations-
flügen verbundenen Vorteile sowie der Realisierbarkeit auf Komponenten-, Flugzeug-

und Flottenebene durchgeführt.

Ein leistungsstarker Strömungslöser wurde für die Abschätzung der durch Formations-
flug erreichten Reduzierung des induzierten Widerstandes eingeführt. Die errechneten
Ergebnisse des induzierten Widerstandes wurden mit Hilfe von Messergebnissen aus dem
Windkanal und anderen Simulationen verglichen und validiert. Sowohl für die laterale
Trimmung, als auch für die aerodynamische Trimmung in Formationsflugkonstellation
wurde eine Methode mit kontinuierlicher Hinterkante und variabler Wölbung angewendet.
Um die vollständigen aerodynamischen Merkmale und weitere Flugzeugleistungen wie
Treibstoffverbrauch, Schadstoffemissionen und Kosten bei der Berechnung der induzierten
Widerstandspolaren berücksichtigen zu können, wurde die Methode in die Flugzeug-
entwurfsumgebung integriert. Darüber hinaus wurde ein Modell zur Abschätzung des
Passagierkomforts in die Umgebung eingeführt, um die bei Formationsflügen hervor-
gerufenen Kräfte, Momentengradient sowie atmosphärischen Turbulenzen einzubeziehen.
Die Ergebnisse auf Flugzeugebene werden für die Erstellung von Ersatzmodellen verwen-
det.

Für das in der Formationsflugkonstellation folgende Flugzeug konnte mittels Durchführung
von Studien auf Komponentenebene nachgewiesen werden, dass die Anwendung einer
variablen Wölbung gegenüber der Querrudertrimmung aerodynamische Vorteile aufweist.
Auch auf Flugzeugebene konnten anhand von weiteren Studien mit je zwei Mittel- und
Langstreckenflugzeugen in Formationsfluganordnung zweistellige prozentuale Einsparun-
gen in Bezug auf den Treibstoffverbrauch aufgezeigt werden. Zugleich geben Treibstoff-
planungsstrategien für das folgende Flugzeug Aufschluss über eine mögliche Reduzierung
des Treibstoffverbrauchs sowie über Sicherheitskompromisse. Den Ergebnissen der Passa-
gierkomfortuntersuchungen zufolge, führen Formationsflüge zwar zu einem leichten Anstieg
der Vibrationswerte, doch wird der Komfortfaktor nicht wesentlich beeinflusst. Unter
Beziehung realer Flugbetriebsrestriktionen, wie beispielsweise planmäßige Abflugzeiten,
Anzahl der Flugdurchführungen, Abstände etc. konnten auf Flottenebene anhand von
Formationsflügen mit insgesamt zwei Flugzeugen 2-5% Treibstoffeinsparungen erzielt wer-
den.

V





Acknowledgments

First of all, I would like to thank my supervisor Professor Dr. E. Stumpf for accept-
ing me as a PhD student at ILR in 2012, which totally reshapes my life path. The

advising, guiding, helping and encouraging of Professor Stumpf during the past years are
sincerely acknowledged. Due to the broadness and depth of Professor Stumpf’s insightful-
ness in aeronautical science and engineering, every time the discussion and talking with
him brought me new thoughts. In addition, Professor Stumpf has facilitated numerous
cooperations concerning my PhD topic between ILR and other research institutes, such as
Georgia Tech and DLR, which has been extremely helpful to me. I also deeply appreciate
the detailed, insightful and constructive corrections and suggestions from Professor Dr.
M. Hornung for the preliminary version.

I would like to acknowledge the academic counselor Dr. R. Hoernschemeyer for his kind
administrative guidance and during the time at ILR I have also learned a lot from working
with Dr. Hoernschemeyer. Further thanks go to the colleagues in the third floor of
Wuellnerstr. 7 for creating a very academic and also pleasant atmosphere. In particular, I
thank Kristof Risse for the technical support in MICADO in the beginning and the help in
our SciTech paper. I thank Katharina Schaefer for the support with the Grand Challenge
project and also the help in student supervising. I am thankful for the fantastic colleagues
Fabian Peter, Florian Schueltke, Michael Husemann, Michael Kreimeier, Benedikt Aigner,
Rainer Buffo, Sebastian Braun, Anna Uhl, Sebastian Dufhaus, Christine Klei-Wichmann
and Miguel Yael Pereda Albarrán, from whom I have received a lot of help in work
and personally. I have experienced and enjoyed so much during the days and nights we
spent together in Aachen. Special thanks go to Michael Husemann for spending his time
translating the thesis abstract into German. I appreciate the help from our secretary
Ms. M. Paul in daily life and also for the final proofreading of this dissertation before its
publication.

I would like to thank the MATSE Azubi Nils Lange for the support of extracting data
from FlightAware and for taking over the responsibility of the createCPACS tool and
maintaining it. I thank the motivated and dedicated students supervised by me. They
are Henning Berger, Eike Ketelsen, Kai Leidig, Philipp von Oertzen, Christopf Redde-
mann, Kilian Fricke, Patrick Scheffe and Thilo Tiade Uebbert. The work of the students

VII



aforementioned has speeded up my thesis and working with them has been also a lot of
pleasure.

I am very grateful for the cooperation with Dr. Bryan Boling in formation flight research.
Chapter 6.2 is a cooperation work with Dr. Boling and the case study results are partly
derived from an improved version of his GATS tool, which is greatly appreciated. I thank
Prof. M. Drela for kindly publishing his AVL code as open source. I am thankful for Dr.
R. Geisler for providing the PIV experiment data for comparison (cf. Section 3.3.1). The
ADI data provided by W. Grimme is sincerely acknowledged.

During the period of pursuing my PhD of the Institute of Aerospace Systems at RWTH
Aachen University, I am financially supported by China Scholarship Council (CSC), which
is sincerely appreciated.

The deepest appreciations and thanks go to my parents, family and friends in China. Their
help, support, understanding and encouragement are constant source of motivation.

Last but not least, I am grateful for all the people who have helped me directly and
indirectly during my PhD work, the previous studies and also in personal life in China
and in Germany. Thank you all.



Contents

Nomenclature XIX

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Questions and Contributions of the Thesis . . . . . . . . . . . . . 4
1.3 Outline of the Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 State of the Art 7

2.1 Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2 General Aspects on Formation Flight . . . . . . . . . . . . . . . . . . . . . 11
2.3 Formation Flight Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

2.3.1 Close versus Extended Formation Flight . . . . . . . . . . . . . . . 13
2.3.2 Two Vehicles versus Larger Formation . . . . . . . . . . . . . . . . 14
2.3.3 Homogeneous versus Heterogeneous FF . . . . . . . . . . . . . . . . 15

2.4 FF Benefits and Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4.1 FF Drag Reductions and System Level Savings . . . . . . . . . . . 16
2.4.2 Formation Flight Challenges . . . . . . . . . . . . . . . . . . . . . . 19

2.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3 Aerodynamic Modeling of Formation Flight 25

3.1 Vortex Lattice Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.2 AVL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 General Description about AVL . . . . . . . . . . . . . . . . . . . . 27
3.2.2 AVL for FF Calculation . . . . . . . . . . . . . . . . . . . . . . . . 28

3.3 Comparison and Validation . . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.3.1 The Induced Wake Field Comparison . . . . . . . . . . . . . . . . . 29
3.3.2 Comparison of Mutual Induced Drag: Theory versus AVL . . . . . 30
3.3.3 Comparison of Induced Drag: Wind Tunnel Experiment versus AVL 32
3.3.4 Comparison of Induced Drag: CFD versus AVL . . . . . . . . . . . 35

3.4 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

IX



X Contents

4 Variable Camber Application to Formation Flight 39

4.1 Background and Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.2 Variable Camber: State of the Art . . . . . . . . . . . . . . . . . . . . . . . 40
4.3 Methodologies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.3.1 Class/Shape Function Transformation Method . . . . . . . . . . . . 42
4.3.2 Variable Camber Approach . . . . . . . . . . . . . . . . . . . . . . 45
4.3.3 Determining Desired Variable Camber Deflection Angles . . . . . . 48

4.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

5 Overall Aircraft Level 55

5.1 Conceptual Aircraft Design and Optimization Software . . . . . . . . . . . 55
5.1.1 General Description of MICADO . . . . . . . . . . . . . . . . . . . 55
5.1.2 Basic Models in MICADO . . . . . . . . . . . . . . . . . . . . . . . 58

5.2 Implementation of FF Impacts into MICADO . . . . . . . . . . . . . . . . 62
5.2.1 Implementation of FF Aerodynamics into MICADO . . . . . . . . . 62
5.2.2 Incorporating the Lateral Trimming Approach into FF Simulation

Environment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
5.2.3 Operational Considerations for Formation Flight - Fuel Planning . . 65

5.3 Case Study of Overall AC Level FF Benefit . . . . . . . . . . . . . . . . . 65
5.3.1 Reference Aircraft . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5.3.2 Induced Drag Reduction as Function of Relative Aircraft Separations 67
5.3.3 Fuel Burn Reduction of FF . . . . . . . . . . . . . . . . . . . . . . 70
5.3.4 Formation Flight Impact on DOC . . . . . . . . . . . . . . . . . . . 72
5.3.5 Lateral Trimming Impact on Formation Flight Benefit . . . . . . . 73
5.3.6 Reserve Fuel Impact on Formation Flight Benefit . . . . . . . . . . 75

5.4 Passenger Comfort Study of Aircraft in FF . . . . . . . . . . . . . . . . . . 76
5.4.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.4.2 Case Study and Result . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.5 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6 Fleet Impact of Formation Flight 89

6.1 Two Aircraft in Formation Flight with Real World Considerations . . . . . 89
6.1.1 Data, Constraints and Methodologies . . . . . . . . . . . . . . . . . 89
6.1.2 Case Study of Two Vehicles in FF . . . . . . . . . . . . . . . . . . . 95

6.2 Fleet Benefits of Formation Flight: Application to Airline and Airline Alliance100
6.2.1 Determination of Relevant Aircraft Parameters . . . . . . . . . . . 101
6.2.2 Design of Experiments and Response Surface Model . . . . . . . . . 101
6.2.3 Resulting Formation Flight Vehicle Fuel Burn Surrogates . . . . . . 102



Contents XI

6.2.4 Airline Case Study . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.3 Chapter Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

7 Summary and Outlook 107

A Appendix 121

A.1 AVL General Information . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.1.1 Geometry Translation . . . . . . . . . . . . . . . . . . . . . . . . . 121
A.1.2 Compressibility and 2D Corrections of AVL . . . . . . . . . . . . . 123

A.2 Complete Passenger Comfort Results . . . . . . . . . . . . . . . . . . . . . 124
A.3 Flight Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126


