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Mitteilungen der Geschäftsstelle
Früher erschienen die STAB-Jahresberichte im Frühjahr des Folgejahres. Hiervon wird
seit 2011 abgewichen. Die Berichte werden bei den alternierenden Veranstaltungen
Symposium und Workshop als Sammlung der Kurzfassungen der Vorträge an die Teilnehmer verteilt. Somit erscheint dieser STAB-Jahresbericht 2018 zum 21. DGLRFachsymposium, das am 6. und 7. November 2018 in Darmstadt stattfindet.
Der Bericht enthält 91 „Mitteilungen“ über Arbeiten aus den Projektgruppen und Fachkreisen, über die beim Symposium vorgetragen wird. Den „Mitteilungen“ vorangestellt ist
ein Inhaltsverzeichnis (Seite 16 bis 22), das nach Projektgruppen/Fachkreisen gegliedert ist. Innerhalb der Rubriken ist alphabetisch nach Verfassern sortiert. Die Beiträge
verteilen sich (bezogen auf den Erstautor) zu 5,5 % auf die Industrie, 48,5 % auf die
Hochschulen, 46 % auf Forschungseinrichtungen (DLR, DNW, ISL). Auf den Seiten 206
und 207 sind die Autoren und Koautoren dieses Berichtes aufgelistet.
Die Jahresberichte werden nur an den tatsächlich daran interessierten Personenkreis
verteilt. Alle Teilnehmer des diesjährigen STAB-Symposiums erhalten zur Veranstaltung
ein Exemplar. Weiterhin wird der Jahresbericht an die Mitglieder der STAB-Gremien und
weitere Interessierte versandt.
Falls Sie ein Exemplar des nächsten Jahresberichts, in diesem Fall 2019, wünschen,
schicken Sie bitte den unten beigefügten Abschnitt zurück. Der Bezug muss jährlich neu
angefordert werden.
Dieser Jahresbericht erscheint in einer Auflage von 200 Exemplaren. Einige Restexemplare sind erfahrungsgemäß bis zum Ende des jeweiligen Jahres verfügbar.
________________________
Aktualisierte Informationen über STAB finden Sie auch unter: www.dlr.de/agstab

Göttingen, im September 2018

Auch per E-mail: stab@dlr.de

O

Ich bitte um Zusendung des STAB-Jahresberichts 2019

Name:
Geschäftsstelle der STAB

Organisation:

c/o DLR

Anschrift:

Prof. Dr. C. Wagner

Telefon:

Bunsenstraße 10
37073 Göttingen

E-mail:
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Zielsetzungen, chronologische Entwicklung und Organisation
Die Arbeitsgemeinschaft „Strömungen mit Ablösung“ (STAB) wurde auf Initiative der
Deutschen Gesellschaft für Luft- und Raumfahrt (DGLR) - Lilienthal-Oberth, e.V. - 1979
von Strömungsforschern, Aerodynamikern und Luftfahrtingenieuren aus DLR, Hochschule und Industrie ins Leben gerufen.
Sie entstand aus „dem gemeinschaftlichen Bestreben, die Strömungsforschung in
Deutschland generell zu fördern und durch Konzentration auf ein wirtschaftlich und forschungspolitisch zukunftsträchtiges Teilgebiet zu vertiefen“ (Auszug aus der Präambel
der Verfahrensordnung der STAB).
In Zeiten knapper werdender Kassen bei gleichzeitig massiv erhöhtem Wettbewerbsdruck sind diese Ansätze notwendiger denn je. Die öffentlichen Finanziers setzen diese
Kooperationsbereitschaft inzwischen aber auch voraus. Da dieser Leitgedanke der
STAB dadurch inzwischen anderweitig verfolgt wird, konzentriert sie sich mehr auf fachliche Veranstaltungen.
STAB ist als ‚Kompetenznetzwerk’ der DGLR angegliedert. Auf der DGLR-Webseite findet man STAB unter: http://www.dglr.de/index.php?id=2428
In der STAB sind alle wichtigen Gebiete der Strömungsmechanik - insbesondere die der
Luft- und Raumfahrt - aus Grundlagenforschung, Großforschung und Industrie in
Deutschland zusammengeschlossen. Bei der Gründung Ende der 70er Jahre stand die
Idee dahinter, über ein hochaktuelles fachliches Thema - identifiziert wurde seinerzeit
„Strömungen mit Ablösung“ - Forschungsverbünde aus der Industrie, den Hochschulen
und der Großforschung zu organisieren. In den folgenden Jahren sind auch andere
strömungsmechanische Fragestellungen aufgegriffen worden, womit die STAB sich in
der Fachwelt einen wohlbekannten Namen erworben hat. Es sind aber nicht nur diejenigen angesprochen, die sich mit den traditionellen Themen der Strömungsmechanik beschäftigen, sondern es können auch Probleme aus dem Automobilbau, der Gebäudeaerodynamik, der Verfahrenstechnik, dem Motorenbau, usw. diskutiert werden.
Die Programmleitung hat im November 2000 entschieden, zukünftig das „AG“ im Namen wegzulassen.
Die öffentlichkeitsrelevanten wissenschaftlichen Aktivitäten spiegeln sich in der nachfolgenden chronologischen Entwicklung wider:
DGLR-Symposium „Forschung und Entwicklung auf
dem Gebiet der Strömungsmechanik und Aerodynamik in der Bundesrepublik Deutschland“

Bonn, 29.11.-01.12.1978

„Gespräch über Strömungsforschung in Deutschland“

Ottobrunn, 30.01.1979

„Memorandum über zukünftige nationale Zusammenarbeit in der Strömungsforschung, insbesondere der Aerodynamik auf dem Gebiet der Strömungen mit Ablösung“

Oktober 1979

Programmpräsentation anlässlich der BDLIJahrestagung

Bonn, 01.07.1980
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Programm der Arbeitsgemeinschaft
„Strömungen mit Ablösung“

September 1980

Programmpräsentation im Bundesministerium für
Forschung und Technologie

Bonn, 19.03.1981

Konstituierung des Kuratoriums und Neuorganisation der Arbeitsgemeinschaft „Strömungen mit Ablösung" (AG STAB)

Köln-Porz, 23.02.1982

Konstituierung von Programmleitung/Programmausschuss

Göttingen, 24.03.1982

Erfassung STAB-relevanter Aktivitäten in der Bundesrepublik Deutschland (Stand Mitte 1981)

April 1982

Fachtagung anlässlich der ILA '82
„Strömungen mit Ablösung“

Hannover, 19.05.1982

Neue Impulse für die Strömungsforschung- und Aerodynamik; Vortrag von H.-G. Knoche,
DGLR-Jahrestagung

Hamburg, 01.-03.10.1984

DGLR Workshop „2D-Messtechnik“

Markdorf, 18.-19.10.1988

Symposium
1. DGLR-Fach-Symposium

München, 19.-20.09.1979

2. DGLR-Fach-Symposium

Bonn, 30.06.-01.07.1980

3. DGLR-Fach-Symposium

Stuttgart, 23.-25.11.1981

4. DGLR-Fach-Symposium

Göttingen, 10.-12.10.1983

5. DGLR-Fach-Symposium

München, 09.-10.10.1986

6. DGLR-Fach-Symposium

Braunschweig,08.-10.11.1988

7. DGLR-Fach-Symposium

Aachen, 07.-09.11.1990

8. DGLR-Fach-Symposium

Köln-Porz, 10.-12.11.1992

9. DGLR-Fach-Symposium

Erlangen, 04.-07.10.1994

10. DGLR-Fach-Symposium

Braunschweig,11.-13.11.1996

11. DGLR-Fach-Symposium

Berlin, 10.-12.11.1998

12. DGLR-Fach-Symposium

Stuttgart, 15.-17.11.2000

13. DGLR-Fach-Symposium

München, 13.-15.11.2002

14. DGLR-Fach-Symposium

Bremen, 16.-18.11.2004

15. DGLR-Fach-Symposium

Darmstadt, 29.11.-01.12.2006

16. DGLR-Fach-Symposium

Aachen, 03.-04.11.2008

17. DGLR-Fach-Symposium

Berlin, 09.-10.11.2010
8

18. DGLR-Fach-Symposium

Stuttgart, 06.-07.11.2012

19. DGLR-Fach-Symposium

München, 04.-05.11.2014

20. DGLR-Fach-Symposium

Braunschweig,08.-09.11.2016

21. DGLR-Fach-Symposium

Darmstadt, 06.-07.11.2018

Workshop
1. STAB-Workshop

Göttingen, 07.-08.03.1983

2. STAB-Workshop

Köln-Porz, 18.-20.09.1984

3. STAB-Workshop

Göttingen, 10.-11.11.1987

4. STAB-Workshop

Göttingen, 08.-10.11.1989

5. STAB-Workshop

Göttingen, 13.-15.11.1991

6. STAB-Workshop

Göttingen, 10.-12.11.1993

7. STAB-Workshop

Göttingen, 14.-16.11.1995

8. STAB-Workshop

Göttingen, 11.-13.11.1997

9. STAB-Workshop

Göttingen, 09.-11.11.1999

10. STAB-Workshop

Göttingen, 14.-16.11.2001

11. STAB-Workshop

Göttingen, 04.-06.11.2003

12. STAB-Workshop

Göttingen, 08.-09.11.2005

13. STAB-Workshop

Göttingen, 14.-15.11.2007

14. STAB-Workshop

Göttingen, 11.-12.11.2009

15. STAB-Workshop

Göttingen, 09.-10.11.2011

16. STAB-Workshop

Göttingen, 12.-13.11.2013

17. STAB-Workshop

Göttingen, 10.-11.11.2015

18. STAB-Workshop

Göttingen, 07.- 08.11.2017

Ein Kurs über „Application of Particle Image Velocimetry, PIV“
findet seit 1993 regelmäßig im DLR in Göttingen statt,
letztmalig am:
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19. - 23.03.2018

Die STAB-Symposiums-Tagungsbände durchlaufen einen Begutachtungsprozess.
Die Bände der letzten Jahre finden Sie hier aufgelistet.


Notes on Numerical Fluid Mechanics, Vol. 60; Ed.: H. Körner, R. Hilbig;
Vieweg, Braunschweig/Wiesbaden, 1997



Notes on Numerical Fluid Mechanics, Vol. 72; Ed.: W. Nitsche, H.-J. Heinemann,
R. Hilbig; Vieweg, Braunschweig/Wiesbaden, 1999



Notes on Numerical Fluid Mechanics, Vol. 77; Ed.: S. Wagner, U. Rist, H.-J. Heinemann, R. Hilbig; Springer, Berlin Heidelberg New York, 2002



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 87; Ed.:
Chr. Breitsamter, B. Laschka, H.-J. Heinemann, R. Hilbig; Springer, Berlin Heidelberg New York, 2004



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 92; Ed.: H.
J. Rath, C. Holze, H.-J. Heinemann, R. Henke, H. Hönlinger; Springer, Berlin Heidelberg New York, 2006



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 96; Ed.: C.
Tropea, S. Jakirlic, H.-J. Heinemann, R. Henke, H. Hönlinger; Springer-Verlag Berlin Heidelberg, 2007



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 112; Eds.:
A. Dillmann, G. Heller, M. Klaas, H.-P. Kreplin, W. Nitsche, W. Schröder; SpringerVerlag Berlin Heidelberg, 2010



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 121; Eds.:
A. Dillmann, G. Heller, H.-P. Kreplin, W. Nitsche, I. Peltzer; Springer-Verlag Berlin
Heidelberg, 2013



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 124; Eds.:
A. Dillmann, G. Heller, E. Krämer, H.-P. Kreplin, W. Nitsche, U. Rist; SpringerVerlag Berlin Heidelberg, 2014



Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 132; Eds.:
A. Dillmann, G. Heller, E. Krämer, C. Wagner, C. Breitsamter; Springer-Verlag
Berlin Heidelberg, 2016

 Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 136; Eds.:
A. Dillmann, G. Heller, E. Krämer, C. Wagner, S. Bansmer, R. Radespiel,
R. Semaan; Springer-Verlag Berlin Heidelberg, 2018

Vorschau:
19. STAB-Workshop

Göttingen, Herbst 2019

27. Kurs „PIV“

Göttingen, 18. - 22. März 2019
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Programmleitung
Dipl.-Ing. R. Behr
roland.behr@ariane.group

(Ariane Group, München)
Tel.: 089 / 6000 25171

Prof. Dr. C. Breitsamter
christian.breitsamter@aer.mw.tum.de

(Technische Universität München)
Tel.: 089 / 289-16137

Prof. Dr. A. Dillmann
andreas.dillmann@dlr.de

(DLR, Göttingen)
Tel.: 0551 / 709-2177

(Sprecher)

Prof. Dr. G. Eitelberg
dnw@nlr.nl

(DNW, Emmeloord)
Tel.: 0031 527 / 248521

Prof. Dr. J. Fröhlich
jochen.froehlich@tu-dresden.de

(TU Dresden)
Tel.: 0351 / 463 37607

Dr. R. Höld
roland.hoeld@mbda-systems.de

(MBDA Deutschland GmbH,
Schrobenhausen)
Tel.: 08252 / 99 8845

Dr. G. Heller
gerd.heller@airbus.com

(Airbus, Bremen)
Tel.: 0421 / 538-2649

(Sprecher)

Prof. Dr. E. Krämer
(Sprecher)
kraemer@iag.uni-stuttgart.de

(Universität Stuttgart)
Tel.: 0711 / 685-63401

P. Nöding
peter.noeding@airbus.com

(Airbus, Bremen)
Tel.: 0421 / 539-4752

Prof. Dr. R. Radespiel
r.radespiel@tu-braunschweig.de

(Technische Universität Braunschweig)
Tel.: 0531 / 391-94250

Prof. Dr. C.-C. Rossow
Cord.Rossow@dlr.de

(DLR, Braunschweig)
Tel.: 0531 / 295-2400

Prof. Dr. U. Rist
rist@iag.uni-stuttgart.de

(Universität Stuttgart)
Tel.: 0711 / 685-63432

Dipl.-Ing. D. Schimke
dieter.schimke@airbus.com

(Airbus, Helicopters)
Tel.: 090 / 6718 511

Prof. Dr. W. Schröder
office@aia.rwth-aachen.de

(RWTH, Aachen)
Tel.: 0241 / 80 95410

Prof. Dr. L. Tichy
lorenz.tichy@dlr.de

(DLR, Göttingen)
Tel.: 0551 / 709-2341
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Projektgruppen

Sprecher:

Transportflugzeuge einschl.
Triebwerksintegration

Dr. A. Seitz (DLR, Braunschweig)
Tel.: 0531 / 295-2888
E-mail: arne.seitz@dlr.de

Multidisziplinäre Optimierung und
Neue Konfigurationen

Dr. M. Hepperle (DLR, Braunschweig)
Tel.: 0531 / 295-3337
E-mail: martin.hepperle@dlr.de
und
Dipl.-Ing. D. Reckzeh (Airbus, Bremen)
Tel.: 0421 / 538-2136
E-mail: daniel.reckzeh@airbus.com

Turbulenzforschung/-modellierung

Prof. Dr. W. Schröder (RWTH, Aachen)
Tel.: 0241 / 80 95410
E-mail: office@aia.rwth-aachen.de
und
Prof. Dr. N. Adams (Technische Universität München)
Tel.: 089 / 289-16120
E-mail: Nikolaus.Adams@tum.de

Hyperschallaerothermodynamik

Dr. T. Eggers (DLR, Braunschweig)
Tel.: 0531 / 295-2436
E-mail: Thino.Eggers@dlr.de
und
P. Nöding (Airbus, Bremen)
Tel.: 0421 / 539-4752
E-Mail: peter.noeding@airbus.com

Flow Control, Transition und
Laminarhaltung

Dr. A. Büscher (Airbus, Bremen)
Tel.: 0421 / 538-4268
Email: alexander.buescher@airbus.com

Hochagile Konfigurationen

Dr. R. Höld (MBDA Deutschland GmbH,
Schrobenhausen)
Tel.: 08252 / 99 8845
E-mail: roland.hoeld@mbda-systems.de

Drehflügleraerodynamik

Dr. A. Gardner (DLR, Göttingen)
Tel.: 0551 / 709-2267
E-mail: anthony.gardner@dlr.de

Technische Strömungen

Prof. Dr. C. Wagner (DLR, Göttingen)
Tel.: 0551 / 709-2261
E-mail: claus.wagner@dlr.de
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Fachkreise:
siehe hierzu die
‚Querschnittsthemen (Q)’ der DGLR unter www.dglr.de:
Aeroelastik und Strukturdynamik
Q 1.2

Prof. Dr. L. Tichy (DLR, Göttingen)
Tel.: 0551 / 709-2341
E-Mail: lorenz.tichy@dlr.de

Fluid- und Thermodynamik
Q2

Dr. B. Eisfeld (DLR, Braunschweig)
Tel.: 0531 / 295-3305
E-mail: Bernhard.Eisfeld@dlr.de

Numerische Aerodynamik
Q 2.1

Prof. Dr. N. Kroll (DLR, Braunschweig)
Tel.: 0531 / 295-2440
E-mail: norbert.kroll@dlr.de

Experimentelle Aerodynamik
Q 2.2

Dr. C. Breitsamter (Technische Universität
München)
Tel.: 089 / 289-16137
E-mail: christian.breitsamter@aer.mw.tum.de

Strömungsakustik/Fluglärm
Q 2.3

Prof. Dr. J. Delfs (DLR, Braunschweig)
Tel.: 0531 / 295-2170
E-mail: jan.delfs@dlr.de

Versuchsanlagen
Q 2.4

Prof. Dr. G. Eitelberg (DNW, Emmeloord)
Tel.: 0031 527 / 248521
E-mail: dnw@nlr.nl

Wissenschaftlicher
Koordinator

Prof. Dr. Claus Wagner (DLR Göttingen)
Tel. 0551 / 709-2261
E-mail: claus.wagner@dlr.de

Stand: September 2018
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Verfassen von „Mitteilungen“:
Auf der Sitzung der Programmleitung von STAB am 09.11.2010 in Berlin wurde der Beschluss gefasst, den Jahresbericht in der bisherigen Form abzuschaffen. Stattdessen sollen die Anmeldungen zum STAB-Symposium bzw. STAB-Workshop zusammengefasst
werden und bei der jeweiligen Veranstaltung als Bericht/Proceedings an die Teilnehmer
verteilt werden. Diese zum Ende des laufenden Jahres erscheinende Broschüre ersetzt
somit den bisher im ersten Quartal des Folgejahres erstellten Jahresbericht.
Die bisherige recht starre Vorgabe für die Form der Mitteilungen wird ersetzt durch eine
zweiseitige Kurzfassung des Beitrags, bei der nur der Kopf vorgegeben ist mit:

Mitteilung
Projektgruppe / Fachkreis:
Thema / Titel des Beitrags
Autor(en)
Institution
Adresse
E-mail

Bitte halten Sie sich bei der Anmeldung zur STAB-Veranstaltung unbedingt an die vorgegebenen zwei Seiten pro „Mitteilung“.
Tragen Sie bitte keine Seitenzahlen ein.
Der Druck erfolgt weiterhin ausschließlich in schwarz/weiß.

Für Rückfragen steht Ihnen die Geschäftsstelle gerne zur Verfügung:
Tel.: 0551 / 709 - 2464
Fax: 0551 / 709 - 2241
E-mail: stab@dlr.de

Mit freundlichen Grüßen
Ihre Projektgruppenleiter/Ihre Fachkreisleiter/Ihre Geschäftsstelle
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The CEAS Aeronautical Journal and the CEAS Space Journal have been created under the
umbrella of CEAS to provide an appropriate platform for excellent scientific publications submitted by scientists and engineers. The German Aerospace Center (DLR) and the European
Space Agency (ESA) support the journals.

CEAS Aeronautical Journal
An Official Journal of the Council of European Aerospace Societies
ISSN: 1869-5582 (Print), 1869-5590 (Online)
Springer Wien
http://www.springer.com/13272
Editor-in-chief: Rolf Henke, DLR, Cologne
Managing editors: Cornelia Hillenherms, DLR, Cologne

The journal is devoted to publishing results and findings in all areas of aeronautics-related science
and technology as well as reports on new developments in design and manufacturing of aircraft,
rotorcraft, and unmanned aerial vehicles. Of interest are also (invited) in-depth reviews of the status of development in specific areas of relevance to aeronautics, and descriptions of the potential
way forward. Typical disciplines of interest include flight physics and aerodynamics, aeroelasticity
and structural mechanics, aeroacoustics, structures and materials, flight mechanics and flight control, systems, flight guidance, air traffic management, communication, navigation and surveillance,
aircraft and aircraft design, rotorcraft and propulsion.
The journal publishes peer-reviewed original articles, (invited) reviews and short communications.

CEAS Space Journal
An Official Journal of the Council of European Aerospace Societies
ISSN: 1868-2502 (Print), 1868-2510 (Online)
Springer Wien
http://www.springer.com/12567
Editor-in-chief: H. Dittus (DLR, Cologne, Germany)
Managing editors: R. Bureo Dacal ( ESA, Noordwijk, The Netherlands),
W. Kordulla (DLR, Cologne, Germany), S. Leuko (DLR, Cologne, Germany)
Honorary editor: C. Stavrinidis (Imperial College, London, UK)

The journal is devoted to new developments and results in all areas of space-related science and
technology, including important spin-off capabilities and applications as well as ground-based support systems and manufacturing advancements. Of interest are also (invited) in-depth reviews of
the status of development in specific areas of relevance to space, and descriptions of the potential
way forward. Typical disciplines of interest include mission design and space systems, satellite
communications, aerothermodynamics (including physical fluid dynamics), environmental control
and life support systems, materials, operations, space debris, optics, optoelectronics and photonics, guidance, navigation and control, mechanisms, propulsion, power, robotics, structures, testing
and thermal issues.
The journal publishes peer-reviewed original articles, (invited) reviews and short communications.
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1. Projektgruppe „Transportflugzeuge einschl. Triebwerksintegration“
Seite
Herzog, N.
Reeh

Aerodynamische Interaktion von Propeller und Flügel hinsichtlich Einbauwirkungsgrad

24

Vinz

Integrating a Boundary Layer Ingestion Propulsion System on the TuLam Aircraft

26

Waldmann, A.
Konrath
Lutz
Krämer

Unsteady wake and tailplane loads of the Common Research Model in low
speed stall

28

2. Projektgruppe „Multidisziplinäre Optimierung und neue Konfigurationen“
Burghardt
Gauger

Accurate gradient computations for shape optimization via discrete adjoints in
CFD-related multiphysics problems

30

Ilic
Merle
Ronzheimer
Jepsen
Schulze
Leitner
Schuster
Petsch
Gottfried

Cybermatrix: A novel approach to computationally and collaboration intensive
MDO for transport aircraft design

32

Özkaya
Gauger

Global Aerodynamic Design Optimization via Primal-Dual Aggregation Method

34

3. Projektgruppe „Turbulenzforschung/-modellierung“
Botelho e Souza
Radespiel

Validation of a New Near-Wall Reynolds Stress Model for Aeronautical
Applications

36

Herzog, S.
Wagner

Modeling nonlinear fluid mechanics by artificial neural networks

38

Klingenberg
Oberlack
Pluemacher

A new approach to RANS turbulence modeling based on Lie Symmetries

40

Knopp
Novara
Schanz
Geisler
Philipp
Schröder, A.
Willert
Schroll

Modification of the SSG/LRR-ω RSM for turbulent boundary layers at adverse
pressure gradient with separation using the new DLR VicToria experiment

42

Krumbein, B.
Maduta
Jakirlić

A scale-resolving elliptic-relaxation-based eddy-viscosity model:
development and validation

44

16

Selent
Schmidt, O.
Rist

Turbulent inflow generation by resolvent mode forcing

46

Ströer
Grabe
Krumbein, A.

Assessment and modification of the γ-Reθ transition model behavior outside
the boundary layer

48

Subbian
Radespiel

New Extensions of an Eddy Viscosity Turbulence Model for Vortical Flows

50

4. Projektgruppe „Hyperschallaerothermodynamik“
Martinez
Schramm

Time Response Calibration of Ultra-Fast Temperature Sensitive Paints for the
Application in High Temperature Hypersonic Flows

52

5. Projektgruppe „Flow Control, Transition und Laminarhaltung“
Costantini
Risius
Klein, C.

Surface temperature effects on boundary-layer transition at various subsonic
Mach numbers

54

Dimond
Costantini
Risius
Klein, C
Rein

Experimental investigation of the delay of step-induced transition by means of
suction

56

El Sayed
Haubold
Kumar
Semaan
Radespiel

Quantification of the Momentum Coefficient for steady and unsteady Circulation Control

58

Fehrs

Modellierung einer Grenzschichtabsaugung mittels Effusion-Mass-FluxRandbedingung im DLR TAU-Code

60

Guissart
Nemitz
Tropea

Laminar to Turbulent Transition at unsteady Inflow Conditions:
Flight experiments under calm and moderately turbulent conditions

62

Hehner
Yadala
Serpieri
Kloker
Kotsonis

Experimental control of crossflow-dominated transition using 2-d AC-DBD
plasma actuators

64

Hinke
Schreyer

Influence of jet spacing and injection pressure on separation control with airjet vortex generators

66

Kilian
Krause, U.
Schaber
Neufeld

Validierungsexperiment an einer passiven Absaugklappe für HLFC-Systeme

68

Kissing
Tropea

Delaying the Leading-Edge Vortex Detachment on an Unsteady Airfoil by
Plasma Actuation at Topologically Critical Locations

70

Lemke
Citro

Acoustic Control of the laminar Boundary Layer Separation on a circular
Cylinder - Sensitivity Analysis and Optimization

72

17

Ohno
Rist

Laminar to turbulent transition at unsteady inflow conditions:
Direct numerical simulations with small scale free-stream turbulence

74

Puckert
Rist
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Für emissionsärmere und leisere Regionalflugzeuge der Zukunft stellt die Verwendung von
(hybrid-) elektrischen Antriebssystemen eine vielversprechende Möglichkeit dar. Aufgrund
der Skalierbarkeit solcher Antriebssysteme ergeben sich beispielsweise für Regionalflugzeuge mit konventionellen Turboprop-Antrieben neue Integrationsmöglichkeiten sowie eine
generelle Erweiterung des Designraums für Luftfahrzeugkonzepte, die anders nicht umsetzbar wären. In jedem Fall ist der aerodynamische Einbauwirkungsgrad, welcher sich aus einem resultierenden Strömungsfeld ergibt, als Bewertungskriterium von besonderem Interesse [2].
Das Propellerdesign, die Position und Ausrichtung der Propellerscheibe relativ zu einem
dahinterliegenden Flügel als auch die Dimension und Form der Antriebseinheit stellen beispielhafte Parameter einer Antriebsintegration dar. Während das Strömungsfeld des Propellers mit dem Strömungsfeld des gesamten Luftfahrzeugs interagiert, konzentriert sich die
Betrachtung dieser Arbeit ausschließlich auf die aerodynamische Interaktion einer beispielhaften Propeller-Flügel-Traktor-Konfiguration. Ein solches strömungsmechanisches Problem
kann heutzutage räumlich und zeitlich hochaufgelöst numerisch berechnet werden, jedoch
sind Parameterstudien und Optimierverfahren hinsichtlich aller Integrationsparameter sehr
zeitaufwändig. Daher wurde hier ein auf Streifen- und Potentialtheorie basierendes Verfahren nach [2] implementiert, nach dem man die Strömungsfelder von Propeller und Halbflügel
zunächst separat mit einer Blattelement-Momenten-Methode (BEMT) sowie einem Wirbelgitterverfahren (VLM) modelliert und anschließend deren Interaktion durch eine Kopplung iterativ berücksichtigt.

Fig. 1: Schematische Darstellung der isolierten Strömungsfelder von Flügel und
Propeller (links oben und links unten) sowie das sich durch das Interaktionsproblem ergebende resultierende Strömungsfeld (rechts).
Die Modellierung der BEMT erfolgt mit einer Diskretisierung der Propellerscheibe in radiale
und azimutale Richtung zur Berücksichtigung des durch den Flügel induzierten und somit
nicht-planaren Strömungsfeldes. Die nun vom Propeller induzierten Geschwindigkeiten werden mit Hilfe eines gleichermaßen diskretisierten und in Strömungsrichtung verlaufenden
Nachlaufmodells auf die Kontrollpunkte der Wirbelgittermethode übertragen. Damit kann nun
das beeinflusste Strömungsfeld des Halbflügels berechnet werden, welches wiederum neue
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Eingangsparameter für eine erneute Propellerberechnung vorgibt. Dieser Ablauf wird bis zur
Konvergenz des Gesamtströmungsfeldes wiederholt.
Zunächst wurde die Implementierung von BEMT und VLM mit Vergleichsergebnissen existierender Berechnungsprogramme überprüft. Anschließend wurde die Kopplung beider Verfahren durch die Nachmodellierung eines Windkanalmodells aus der Literatur [1] und einem
Vergleich mit darin experimentell ermittelten aerodynamischen Koeffizienten und deren qualitativer Änderung bei entsprechender Parameteränderung validiert. Es wurden die Auswirkungen der Variation von Propellerbelastung, Anstellwinkel der Gesamtkonfiguration sowie
der Windkanalgeschwindigkeit gut bestätigt. In einem nächsten Schritt sollen nun einzelne
Fälle mit Reynolds Averaged Navier Stokes (RANS) Rechnungen mit Propeller als Wirkscheibenmodell als auch mit zeitlich aufgelösten RANS Verfahren berechnet werden und
deren Strömungsfelder mit den Ergebnissen der implementierten Methode verglichen werden.

Fig. 2: Axial induzierte Geschwindigkeiten auf dem nachlaufenden Halbflügel bei
„outboard-up“ Rotation des Propellers (links) sowie Darstellungsmöglichkeit
der RANS Rechnung mit Propeller als Wirkscheibenmodell (rechts).
Die Herausforderung in dem implementierten Verfahren als auch in der generellen Modellierung dieses Problems liegt in einer möglichst guten Abbildung aerodynamischer Interaktionseffekte, zum Beispiel der Gleichrichtung der Drall-Strömung durch den Flügel hinter dem
Propeller bei jedoch gleichzeitiger Erhöhung des Reibungswiderstands auf dem entsprechendem Flügelabschnitt. Es werden daher in dem Vergleich der schnellen Methode mit den
volumenbasierten Berechnungsverfahren Strömungsfelder quantitativ untersucht, bei denen
solche Effekte maßgebend auftreten. Mit diesem numerischen Vergleich, einem experimentellen Vergleich und somit der Sicherstellung der korrekten Modellierung der Interaktionseffekte können umfangreiche Studien in akzeptabler Rechenzeit hinsichtlich sämtlicher Integrationsparameter durchgeführt werden. Weitere interessante Aspekte stellen die Bewertung
der durch Lärmreduzierung motivierten Verwendung von Propellerdesigns mit geringeren
Blattspitzenmachzahlen [3], sowie die Berechnung der auf die Antriebseinheit wirkenden
(zyklischen) aerodynamischen Lasten, bei entsprechend durch den Nachlaufkörper induzierten Strömungsfeldern auf der Propellerscheibe, dar.
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Introduction
The efficiency of modern aircraft engines can be improved by increasing the engine bypass ratio. As a
consequence, the aircraft design needs to be adapted since the nacelle will increase in diameter and
no longer fit beneath the wing. A larger nacelle also generates greater drag. Recent studies have
indicated that aircraft boundary layer ingestion (BLI) by the engines can lead to an overall efficiency
improvement of the engine‐airframe configuration [1,2]. Thus, by integrating future engines into the
rear of the fuselage this benefit could be exploited and both noted challenges regarding the likely
larger engines can be addressed: On the one hand, the nacelle diameter is no longer limited by the
space beneath the wing and on the other hand, the exposed nacelle surface is reduced by its
integration into the aircraft frame.
Approach/Method
The main goal of the DLR AGATA3S project is to understand the effect of boundary layer ingestion on
both the aerodynamic efficiency and the structural integrity of the fan. Another field of research is
the aircraft design, in particular the coupling of airframe and engine, and its influence on the overall
aircraft efficiency. In order to determine whether BLI can be a viable option for modern aircraft, the
TuLam aircraft [3], which closely resembles the Airbus A320, was chosen as the baseline
configuration. The high lift system and the vertical as well as horizontal tailplane were not taken into
consideration. A generic, modern nacelle was adapted to allow for the AGATA baseline engine’s
bypass ratio of about BPR = 18 and then integrated into the airframe at a fixed axial location while
the circumferential and radial positions were varied. The degree of embedding (DoE) has been
defined as follows:
,

2∙

Figure 1: Sketch of embedding parameters

Figure 2: BLI aircraft (DoE = 55%)
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Goal
The primary objective at this point of the project has been to predict the shape and intensity of the
inlet distortion at various operating points and degrees of embedding (DoE). CFD simulations using
the DLR‐TAU code have been performed at four operating points and four DoE:
Tabelle 1: Matrix of simulated degrees of embedding and operating points

DoE
15 %
30 %
45 %
55 %

Take‐Off
‐‐‐
X
‐‐‐
‐‐‐

Climb
X
X
X
X

Cruise
‐‐‐
X
‐‐‐
‐‐‐

Approach
‐‐‐
X
‐‐‐
‐‐‐

The simulations show that increasing the degree of embedding leads to an augmentation of the inlet
distortion in circumferential direction more so than in radial direction.

Figure 3: Total pressure inlet distortion for climb condition
and DoE = 15 %

Figure 4: Total pressure inlet distortion for climb condition
and DoE = 55 %

Outlook
In a fuselage‐BLI engine‐airframe configuration the center of mass and, as a consequence, the wing
move backwards. Since the TuLam aircraft uses laminar flow technology on the wing it is particularly
sensitive to external disturbances. Therefore, the upstream effect of the BLI engine on the airflow
across the wing at various aircraft operating points will be investigated. Furthermore, the engine
inlet flow will be studied in detail with a view to informing the engine design on the need to account
for varying degrees of distortion affecting the fan. The paper aims to provide an overview and an
aerodynamic assessment of a representative, modern aircraft configuration adapted to drawing the
potential benefit from a boundary layer ingesting engine integration.
References
[1]
L. Wiart, O. Atinault, J.‐C. Boniface, R. Barrier: Aeropropulsive Performance Analysis of the
NOVA Configurations, 30th Congress of the International Council of the Aeronautical Sciences
(ICAS), 2016, Daejeon, South Korea
[2]
M. Drela: Development of the D8 Transport Configuration, AIAA 2011‐3970, 2011
[3]
A. Seitz, A. Hübner, K. Risse: Das DLR Projekt TuLam – Entwurf eines Flugzeugs mit vorwärts
gepfeilten Laminarflügel, Vortrag, Deutscher Luft‐ und Raumfahrtkongress 2017, Garching bei
München

27

Mitteilung
Projektgruppe / Fachkreis: Transportflugzeuge einschl. Triebwerksintegration
Unsteady wake and tailplane loads of the Common Research Model in low speed
stall
A. Waldmann1, R. Konrath2, T. Lutz1, E. Krämer1
1Institut für Aerodynamik und Gasdynamik (IAG), Universität Stuttgart
Pfaffenwaldring 21, 70569 Stuttgart
waldmann@iag.uni-stuttgart.de
2DLR, Institut für Aerodynamik und Strömungstechnik (AS)
Bunsenstr. 10, 37073 Göttingen

Introduction
The flow conditions at the edges of the flight envelope of aircraft configurations has long been
a research focus in the authors’ respective working groups. Coupled with the high Reynolds
numbers that are characteristic for aircraft configurations in free flight, such operating conditions pose challenges for experimental and numerical investigations due to complex flow phenomena and large scale unsteadiness. This motivated works such as [1,2] in the context of a
DFG-funded project, which led to insight into appropriate simulation methods that are capable
of reproducing the wake physics. Hybrid RANS/LES methods such as Delayed Detached Eddy
Simulation (DDES) emerged as an appropriate method for simulations of this type. The ESWIRP
project [1] provided measurement results [3] that were used for validation of such simulation
results.
The low speed stall condition occurs at subsonic Mach numbers and relatively high angles of
attack. The associated massive flow separation causes an unsteady wake flow that interacts
with the tailplane, imparting unsteady aerodynamic loads on its structure [4]. The interactions
between flow separation, wake flow and tail loads are the main focus of the current research.
NASA‘s Common Research Model (CRM) [5] is a generic transport aircraft configuration developed specificially for research and validation purposes. Its design point is at transonic conditions and a Reynolds number of Re=40·106 million based on the mean aerodynamic chord,
which is representative of contemporary civil airliners. The aforementioned experiments were
conducted at Reynolds numbers of Re=11.6·106 and Re=17.2·106, which constituted the practical limit of the time-resolved Particle Image Velocimetry system and the wind tunnel, respectively. The aforementioned works focused on the former Reynolds number and validated the
appropriate computational parameters for the use of DDES in the TAU solver.

Approach
These prior results are taken into account to carry out computational studies of the CRM’s
wake physics at high angle of attack. The separation at the wing leading edge was observed
to be of great significance for the formation of the unsteady wake and the unsteady surface
pressure on the wing. Figure 1 shows the vertical fluctuation component of the resolved Reynolds stress at different spanwise positions in the CRM’s wake, visualizing how the behavior
and position of the high fluctuation region vary with local chord and wing section incidence. It
was observed that the proximity of this region to the wing surface affects the surface pressure
and, as a consequence, the unsteady forces acting on the wing (cf. the lift standard deviation
in Figure 2). The characteristics of these interactions at different flow conditions shall be assessed in the present work.
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Figure 1: Resolved Reynolds stress w'w' in the inboard (left) and outboard wake (center). M=0.25,
Re=11.6·106, α=18°.

Figure 2: Mean and standard deviation of
sectional wing lift. Vertical lines correspond
to the spanwise positions from Figure 1.

Recent analysis results of PIV measurement data at
a mid-wing position will be evaluated and compared
to CFD results, analyzing experimentally and computationally predicted flow topologies and fluctuation
characteristics. In terms of flow physics, the local separation characteristics have been shown to affect the
wake flow [6] in terms of its overall shape and flow
direction, the resolved turbulence statistics, and the
fluctuation spectra. This alters the inflow conditions to
the horizontal tailplane, impacting the inflow angle
and force fluctuation characteristics. The effect of different flight conditions on the forces acting on the tailplane will be assessed via analysis of turbulence and
force spectra. Possible correlations between the
spectra of these quantities will be analysed as well.
Furthermore, the influence of the flow conditions on
the statistics of the turbulent wake fluctuations and
tailplane forces will be evaluated.
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Introduction
Besides the good deal of research efforts that is put into the development of fluid flow
solvers, making them faster and more accurate by subtle turbulence modelling approaches, another dimension was added to the problem settings by taking into account
multiphysics effects.
For example, these could be the change of the fluid flow zone due to tractions exerted on
its boundaries in case they represent an interface to an elastic body or the heating and
cooling effects at it, if it can conduct heat as well. In general, one can think of arbitrary
couplings where solution variables change the boundary conditions.
Shape optimization algorithms that rely on (accurate) gradients with respect to appropriate design parameters of an objective function based on the flow field solution have been
enriched in the last years by the use of discrete adjoints. One can think of them as Lagrange multipliers to the flow field problem within a reformulation of the objective function
making its gradient very affordable to compute.
In [1] the authors introduced a method how one can obtain this adjoint field values with
respect to a fixed-point CFD solver together with a successful implementation in SU2. It
has been further developed to cover many kinds of turbulence models respectively filters,
in RANS, LES or DES.
The coverage of multiphysics problems by this way of efficient gradient computation is
still in its early stages, as they have to be accurate also with respect to the coupling influ ence. An important step was made in [2] by showing the realisation for (elastic) fluidstructure interaction.
In this paper, we will show how the mentioned approach can be transferred to problems
involving a conjugate heat transfer (CHT) interface, that is, a common boundary between
fluids and solids where temperature and heat flux data are required to agree.
Further, we set up an algorithm to compute the adjoint fields generically in the sense
that they are not aware of the actual kinds of
solvers, making them easily exchangeable.
Hereby we will allow for multiphysics shape
optimization based on user-defined proble ms
and couplings.
Numerical Results
To demonstrate the accuracy of shape gradients obtained this way for a CHT problem, we
set up a common 2-dimensional cylinder test
case where it gets heated up from the inside.
30

Fig. 1: Cross section through
heated cylinder from inside.
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All heat is then transferred to a
(coolant) fluid flow, indicated by
the white streamline.
Note the better cooling effect in
upstream direction as the fluid
heats up while it passes. It has a
measurable influence on the (average)
temperature
that
is
reached
at
the
inside
which
we
Fig. 2: Visualization of the mesh variation.
define as our objective function J .
To validate the adjoint-based objective function’s gradient, ∇ J ( X ) , at given mesh
X , we introduce an arbitrary (but fixed) direction δ that varies the solid-fluid interface to obtain a new mesh Y h , depending on the variation magnitude h ). Then, finite difference quotients are set up to compute the relative error to the gradient, as
shown below:
h (in mm )

J ( Y h ) (in K )

J ( Y h ) −J ( X )
h

in (

K
)
m

Rel. error to
∇ J ( X )⋅δ

1.0e-1

417,873795

-65,89

8,68%

5.0e-2

417,877298

-61,74

1,83%

1.0e-2

417,879767

-60,7

1,15%

5.0e-3

417,880081

-60,6

0,05%

Outlook to the final paper
In the final paper, we will point out the key aspects that allowed us to successfully compute
accurate gradients for the (coupled) CHT problem.
Furthermore, we give an introduction to the new
general discrete adjoint multiphysics solver in
SU2 and we will, by way of example, demonstrate its functioning.
First, we will proceed to 3 dimensions presenting results that are of current interest in the design of pin-fin cooling devices.
After this, we will incorporate a problem with difFig. 3: Temperature sensitivities
ferent physical zones.
of a 3-d cylinder in fluid flow.
In that regard, a promising application field
could be the optimization of turbomachinery being naturally a multiphysics problem since
it consists of rotor and stator zones.
Additionally one could then also take into account the heat conduction in the turbine
blade itself, being another physical zone, to set up a constraint optimization that takes
care of possibly too high temperatures one might cause by certain design updates.
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This paper presents an approach to multi-disciplinary optimization (MDO) of transport
aircraft that attempts to strike a balance between the two usual classes of MDO approaches:
those arising from the formal optimization background and employing simplified analysis tools
(e.g. [2]), and those from the classic aircraft design background without explicit view to crossdisciplinary interactions “hidden” within formal optimality criteria (e.g. [3], [1]).
The starting point is the observation that any kind of automatic design process can be viewed
as a formal optimization process, but with approximate and often unknown Jacobians of cost
functions. Equation (1) represents one such process:
d p)
d p)
dc(w,
df (w,
−λ
= 0,
dp
dp

c(w, p) = 0,

r(w, p) = 0

(1)

Here f is the goal function, c constraint functions, r consistency functions (residuals in formal optimization terminology), p design parameters, w analysis solutions (states), and λ constraint scalings (Lagrange multipliers). This is, with some simplifications, the standard first-order
Karush-Kuhn-Tucker (KKT) optimality condition. The hat over Jacobians df /dp and dc/dp denotes that they are approximate instead of exact.
If there are three disciplines A, B, and C, with their assorted goal and constraint functions
and design parameters, and there is a global goal function F (fA , fB , fC ), then the KKT condition
(1) can be expanded into the equation system (2), omitting from •(w, p) from notation:


d
d
d
d
d
d
d
d
d
∂F df
∂F df
∂F df
dc
dc
dc
A
B
C
A
B
C
+
+
− λA
+ λB
+ λC
= 0, cA = 0, rA = 0
∂fA dpA ∂fB dpA ∂fC dpA
dpA
dpA
dpA


d
d
d
d
d
d
d
d
d
∂F df
∂F df
∂F df
dc
dc
dc
A
B
C
A
B
C
+
+
− λA
+ λB
+ λC
= 0, cB = 0, rB = 0
∂fA dpB ∂fB dpB ∂fC dpB
dpB
dpB
dpB


d
d
d
d
d
d
d
d
d
∂F df
∂F df
∂F df
dc
dc
dc
A
B
C
A
B
C
+
+
− λA
+ λB
+ λC
= 0, cC = 0, rC = 0
∂fA dpC
∂fB dpC
∂fC dpC
dpC
dpC
dpC

(2)

By comparing equations (1) and (2), it can be seen that the underlined terms in (2) on
their own represent single-disciplinary design. The idea then is to understand each row in (2)
as “belonging” to one single-disciplinary design process, and to let each run almost as usual,
but periodically exchanging data with others. This data includes physical couplings (computed
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Figure 1: Pattern of execution and data exchange between disciplinary design computational
subprocesses that solves the approximate KKT system (2).
from p and w), but also some amount of the approximate cross-disciplinary gradients; the more
of them and the more accurate they are (which can be incrementally improved), the closer the
design will be to an actual optimum. This is depicted on figure 1.
To highlight the practicality of the approach, already the first demonstration considers a full
aircraft configuration case. The baseline is XRF-1, an Airbus provided multi-disciplinary research
test case representing a typical configuration for a long-range wide-body transport aircraft.
Currently only local design parameters are considered (such as airfoil shapes and structural
thicknesses), while global parameters are kept fixed (such as wing planform shape). There are
six involved disciplinary subprocesses, as follows:
• aircraft synthesis: Aircraft conceptual design mass convergence loop. Semi-empirical and
low-fidelity methods (e.g. panel aerodynamics, beam structures).
• aerodynamic design: Adjoint gradient-based aerodynamic optimization of wing airfoils.
RANS flow with Spalart–Allmaras turbulence model. Wing-body-tails-flow through nacelle
configuration, CAD-based geometry through reduced-order models (ROMs).
• wing/tails structural design: Fully-stressed design of wing and tail structures. Linearelastic metal structure, shell and beam FEM model, smeared stringers.
• fuselage structural design: Fully-stressed design of fuselage structure. Linear-elastic
metal structure, shell and beam FEM model, discrete stringers.
• loads selection and evaluation: Determination of design (critical) loads within the flight
envelope. Condensed structure and mass model of the whole aircraft, panel aerodynamics,
flight mechanics and control models. Maneuver and gust load cases considered.
• flight stability design: Layout of configuration elements for flight stability. Panel aerodynamics for evaluating stability and controllability criteria.
Currently the disciplinary subprocesses and their integration into the overall MDO process
are being tested. The final paper will present and analyze the optimization results obtained by
applying the process to aforementioned test case.
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Introduction
Global aerodynamic design optimization requires very reliable surrogate modeling
since underlying CFD simulations may be computationally very expensive. In general, for such applications, the number of samples that can be generated to train the
surrogate model is very limited. On the other hand, recent developments in adjoint
methods enable nowadays evaluation of gradient information at a reasonable computational cost for a wide variety of flow simulations. Therefore, a rich data set can be
acquired by augmenting gradient information with objective function values in a Design of Experiment (DoE) environment.
In the past, several methodologies have been developed to be able to use cheap gradient information obtained by adjoint solvers in established Machine Learning techniques such as Gaussian Process Regression, also known as Kriging. The most
promising method has been the direct Gradient Enhanced Kriging [1] (GEK). It is well
known that the GEK method can achieve very good accuracy for some problems. It
has, however, two serious drawbacks. First, the size of the correlation matrix, which
is used to train the model hyper-parameters, increases rapidly as the number of design parameters increase. Second, generalization of the GEK model depends highly
on the sample distribution. In other words, the generalization error has a high variance and the GEK model may face serious overfitting problems for certain sample
distributions.
In the present work, we present a novel aggregation method, which enables the state
of the art surrogate models, especially Kriging method, to incorporate gradient information without causing robustness problems. Therefore, accurate surrogate models
from a small number of samples and for a relatively large number of design parameters can be trained.

The Numerical Method
The primal-dual aggregation method combines a primal surrogate model, which is
trained by the data coming from only objective functional values, with a dual model
incorporating gradient information. For the present work, the primal model is the ordinary Kriging approach with a linear trend function. The dual model is constructed according to the Taylor's expansion formula around a sample point obtained from the
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nearest neighbor search. Both models are combined with a spatially varying weight
function, which is scaled by an extra hyperparameter. This extra hyperparameter introduced by the aggregation method is trained using the K-fold cross validation technique.

First Results
As the first test case, shape optimization of a transonic NACA0012 airfoil is chosen.
The objective function is the drag coefficient under lift and area constraints. The primal flow simulation tool is the open source CFD software SU2 [2]. The initial data acquisition phase is realized using a Latin Hypercube Sampling (LHS) DoE plan with
200 samples. At each sample, objective function values as well as function and constraint gradients are evaluated by the discrete adjoint SU2 solver, which has been developed in Scientific Computing group at TU Kaiserslautern [3]. In the next step, a
global optimization is performed based on the aggregation method. The trade-off between exploration and exploitation while choosing new sample points is realized by
the Expected Improvement approach. In Fig. 1, drag and lift coefficients (CD&CL) of
the samples are presented. It can be observed that, the drag coefficient is significantly reduced while perfectly satisfying the lift constraint.

Figure1: DoE samples (red) and new samples in the global optimization stage (blue).

Full Paper Outlook
In the full paper, optimization results for more complex 3D benchmark cases of the
SU2 repository will be presented. Furthermore, a comparative study between the
new approach and the GEK is planned.
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Reynolds stress models (RSMs) have been continually developed and enhanced
throughout the last decades. For example, earlier generation models were employed
by Eisfeld and Brodersen [1] in a hybrid high-Reynolds-number model referred as
SSG/LRR-ω RSM. On the other hand, Jakirlić and Hanjalić [2] have spent effort on the
development of Low-Reynolds-Number RSMs. Their pressure-strain correlation model
contains functions accounting for improving predictions near walls. In addition, the
dissipation rate tensor has better representation as it accounts for anisotropy. Their
model has received several extensions resulting in further variants [3].
Although more accurate in near wall regions than the existing high-Reynolds-number
RSMs, the current JH-based Low-Reynolds-number models present a significant
drawback. Probst [3] and Morsbach [4] used different model variants in cases with
various complexity levels and observed the presence of a spurious pseudo-turbulent
behavior with delayed transition onset at high-Reynolds-number and low turbulence
levels in the incoming flow. Similar problems were also observed by Rumsey [5] in
eddy-viscosity models under Low-Reynolds-number conditions, which indicates the
larger scope of the problem.

Figure 1: Illustration of shock and flow separation in an axisymmetric transonic bump with JHω turbulence model
This paper introduces a new version of a Low-Reynolds-number RSM based on the
modeling approaches of Jakirlić and Hanjalić and associated to Menter‘s Baseline
(BSL) ω equation as a length scale provider. The so-called JH-ω RSM features
modifications that aim at preserving the accuracy in the near wall region while
eliminating the occurrence of spurious pseudo-turbulent behavior as well as the need
for transition fixing. The use of Menter’s BSL ω equation was justified by its simplicity
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and robustness. The model's target applications are complex three-dimensional
aeronautical flows.
The model consists of two main modifications, which were verified and validated based
on the flow over a zero pressure gradient flat plate. First, a damping function was
implemented on the destruction term of the ω equation. Its employment was required
to correct inaccurate predictions resulting from the direct use of the unmodified Menter’s
BSL ω equation, i.e., underestimation of skin friction and near wall Reynolds stress
components, as well as poor agreement to the log-law in the turbulent boundary layer.
Second, a new set of functional dependencies in the slow term coefficient of the
pressure-strain tensor model was considered, which is activated only on relevant
regions by a newly developed sensor. This approach stems from an analysis of the
model’s transitional behavior based on the invariants map. It was observed that a
reduction of anisotropy levels on laminar flow regions was required in order to prevent
convergence towards the one-component turbulence, which induces the spurious
behavior.
After validation, further computations were conducted on test cases with increasing
complexity. The backward facing step results show the model’s ability to represent
transition from a wall-bounded flow with wall damping into a free shear layer with large
turbulence augmentation and the further return to wall-bounded turbulence. On the
other hand, the numerical simulation of an airfoil originally designed to exhibit a mixture
of leading and trailing edge stall indicates the model’s accuracy on reproducing laminar
separation bubbles at the leading edge, proper turbulence development and trailing
edge separation. The shock/boundary layer interaction and the occurrence of massive
separation were the main characteristics to be studied by computing the transonic
axisymmetric bump. Finally, a subsonic flow-through nacelle is considered to assess
the model’s performance on predicting three-dimensional flow features.
The authors gratefully acknowledge Rolls-Royce Deutschland for funding this research
in the frame of the Fan-Nacelle Integration (FANCI) Project. The authors also
acknowledge numerous scientific discussions with Cornelia Grabe and Axel Probst,
regarding the development of sensors and length scale equations.
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The interaction between experiment and theory is an elementary basis of modern science. The observation of experiments gives rise to new mathematical models which should describe the experiment as
precisely as possible but also in a generalizable way, requiring a high level of expert knowledge. The
approach we are introducing here tries to learn the nonlinear dynamics of fluid mechanics without the
utilization of human expert knowledge. Based on artificial networks (ANN) [1,2,4] which allow to
develop models of non-linear dynamical systems from data. This data-driven modeling links theory
with experiments like in data assimilation. However, in contrast to the latter the modelling performance is supposed to increase with the amount of trainings data. By extending ANNs with memory
effects as outlined below, the capability for long time predictions increases significant, in contrast to
[3]. This is demonstrated below by comparing the prediction performance in the sense of accuracy and
computational costs with that of a lattice Boltzmann solver.
To formulate the problem a system
=
with initial condition
= t = 0 and x ∈ ℝ ,
where i = 0, … , N − 1, M ∈ ℕ is the dimension of the state vector, is considered. The unknown state
transition map is F: ℝ ↦ ℝ . Given a time series of length N of the states as training data, the goal is
to find an approximate mapping function f ∗ that can reproduce the dynamical system approximately
for unseen test data, i.e., to learn a Markovian evolutionary model for the dynamical system from limited training data that will work in unseen testing conditions:
≈f
. The main idea is to approximate the ground truth function by using extended artificial neural networks (ANNs). One simple approximate f for would be to use a feedforward artifical neural network, such that the training
feature matrix snapshots X and a training target matrix snapshots Y are used to learn the time derivative target. In other words, the network receives the training data-set " = {$ , $% , … , $& }. The data
processing through the network is described layer-wise. By constructing a densely connected feedforward neural network f ∗ : ℝ ↦ ℝ with L − 1 hidden layers and output layers each layer is defined
recursive as
) = σ+ ,-+./01 + 3+ 4, for l = 1, … , L − 1,
where ) is the input of the neural network , )+ ∈ ℝ / , n+ ∈ ℕ is the number of hidden layers in layer
l and σ+ is the activation function of layer l. The output layer is linear, in a way that σ7 x = x.- is
called weights of the network and 3 are the bias values. For a network with $L=4$ and the same number of units in each layer the neural network model is:
8 9
= f, 8 ; -, 34 = W< σ,W= σ,W% σ,W σ, 8 + b 4 + b% 4 + b= 4 + b< 4,
where 8 ∈ ℝ is the dynamical system at time n and 8 9 ∈ ℝ is desired target at time (n+1).
The activation function σ ∗ : ℝ ↦ ℝ is nonlinear function, while W ∈ ℝ ?× , W% ∈ ℝ ?× ? , W= ∈
ℝ ?× ? , W< ∈ ℝ × ? are the weights and b ∈ ℝ ? , b% ∈ ℝ ? , b= ∈ ℝ ? , b< ∈ ℝ are the biases. The
sets of weights and biases are - < = {W , W% , W= , W< } and 3< = {b , b% , b= , b< }. The problem to find
a network that can achieve the desired goal is equivalent to finding the parameters of a neural network
that minimizes some metric between the prediction and target vector in the form:
%
arg min 1
- ∗ , 3∗ =
L MN, K ,J ; - ∗ , 3∗ 4 − O J M% + VMW,X K ,J ; Y∗ , Z∗ 4M[
∗ ∗
- , 3 |FGHIJK |
J∈PQRSTU

where FGHIJK is the index set of training data, and \ J and ] J correspond to the ^-th feature target pair
and the _% -norm as a metric and additional Jacobian regularization. For the regularization W is the Jacobian of the neural network output with respect to the input, and V is a hyperparameter and ‖∗‖[ donates the Frobenius norm. To give this network the capability to reduce the dimensionality of the data
convolutional layers are added to the ANN resulting in convolutional neural networks (CNNs). For a
convolutional layer each layer a is specified by its number of kernels b c = {dc, , dc,% , … dc,ef }, where
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gh is the number of kernels in (or depth of) layer a, and its additive bias terms 3c = {ic, , i c,% , … ic,ej }
n
n
with i c,e ∈ ℝ. Consider that the input k c ∈ ℝlm×om in the a-th layer with size ℎqc × rqc and depth gqc is
n
n
c
processed by a set of kernels b c . For each kernel dc,e ∈ ℝlf ×of with size ℎh
× rhc and g ∈
{1, … , gh }, the is computed elementwise by:
n
n
n
em
lf
of

c,e
c,e
st,u
= ,k c ∗ dc,e 4t,u = v-wn,x + L L L dJ,y
⋅ $tc,|J{
|} J} y}

,u y{

~.

where the network has been further expanded so that each layer has a linear memory, which is encoded in in i c,e and separate weights -wn,x .
For a first performance demonstration the showcase of the flow around a cylinder provided by the
Palabos Lattice Boltzmann Method (LBM) was used. To generate training data for the ANN six cases
were initially computed with the LBM, where the initial velocity was set once to 2m/s and the other
time to 5m/s, and the Reynolds number, based on the velocity, the radius of the cylinder and a relaxation parameter, to 100, 500 and 1500, resulting in six cases. The network was then trained on these
cases keeping the geometry constant exactly like in fig. 1 by calculating 50000 time steps with
dt=0.01. For the evaluation an additional case was simulated, which was not part of the training data
set, with a Reynolds number of 1000 and an initial velocity of 4m/s. To let the ANN do the long term
€•
prediction the initial field
is used as the input for the network, generating the output
. This
output is then used again as the input for the network, running in an open loop until the maximal number of iterations are reached. In the first 10000-time steps, the results from the ANN are identical to
those of the LB-simulation, in the sense of single-precision floating-point numbers. However, after
20000 time steps the residual error increased to 3% and after 50000 time steps to 6%. This implies that
an AAN prediction can predict the first 10000-time steps with machine accuracy. In order maintain the
accuracy further it would be conceivable that the prediction of the AAN is then used as an initial value
for a subsequent LBM step to suppress the deviations. On the other hand, if a certain error range is
tolerable, the ANN prediction could be used even for longer time periods.
LBM Results

ANN Results

t=1

t=10000

t=20000
m/s

Fig. 1 Comparison between simulated LBM and ANN data at Re=1000.
The simulation time on an actual intel processor was 3h 21min for the LB method and 3min 20sec for
the AAN approach on a GeForce GTX 1080. In summary, ANN seems an efficient and promising
approach for approximating turbulent flows which are usually predicted with in Computational Fluid
Mechanics methods at a much higher expense.
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A novel approach to turbulence modeling explicitly making use of the theory of Lie symmetries is presented and discussed in this work. This is a natural extension of existing modeling
strategies, which for decades have already been relying on symmetries implicitly.
Despite the important role that turbulence plays in almost all technical and natural flows,
there is still no universal or practically applicable way of numerically predicting it. It is generally accepted that the Navier-Stokes equations constitute the most accurate description of
turbulence available. However, the direct numerical simulation of the Navier-Stokes equations
usually requires an extremely high temporal and spatial resolution. This results from the requirement of resolving small-scale turbulent fluctuations, i.e. the Kolmogorov scales, which renders
this approach unfeasible for most practical applications.
In practice, a statistical representation of turbulence is usually adopted. Rather than calculat¯i is solved for. An equation
ing the instantaneous velocity field, the time-averaged velocity field U
for the mean velocity is given by the Reynolds-Averaged Navier-Stokes (RANS) equations
∂ Ūi
= 0,
∂xi
∂ui uj
∂ Ūi
∂ Ūi
∂ P̄
∂ 2 Ūi
+ Ūj
+
−ν
+
= 0,
∂t
∂xj
∂xi
∂xj ∂xj
∂xj

(1)
(2)

in which ui is the fluctuating part of the velocity, P̄ the mean pressure divided by the density, ν
stands for the kinematic viscosity, and t and xi represent the temporal and spatial coordinates,
respectively, The averaging process gives rise to the unknown Reynolds-Stress tensor ui uj , for
which empirical closure relations have to be established. This process is known as turbulence
modeling.
Even though a turbulence model, as the name indicates, can never be exact, there is a
natural desire to preserve the features of the exact description of turbulence given by the original
Navier-Stokes equations as precisely as possible. Examples for such features include correct
tensorial and dimensional formulation and Galilean invariance (see eq. (3)) [DR68]. Instead of
relying on one’s intuition and heuristics for finding such features, the mathematical theory of Lie
symmetries can be used.
In this context, a symmetry is defined as a variable transformation that leaves the equations it is inserted into unchanged. All symmetries of the unaveraged Navier-Stokes equations
have been calculated by Pukhnachev [Puk72]. These symmetries are intimately connected to
fundamental physical principles. An example is the Galilean symmetry, which reads
XGali :

t → t,

xi → xi + εi t,

Ūi → Ūi + εi ,

P̄ → P̄ ,

uj uk → uj uk .
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(3)

If these variable transformations are inserted into eqs. (1) and (2), it is easily verified that the
form of the equations does not change. Apparently, the same symmetry is present in the unaveraged Navier-Stokes equations. Physically, this transformation is equivalent of moving the entire
system at a constant velocity εi , which of course does not affect the physical process. This
observable physical invariance is reflected by the invariance of the governing equations under
the variable transformation. Any turbulence model violating this or any of the other symmetries would therefore be unable of reliably predicting turbulent flows in a physically reasonable
manner. It can be shown that since the 1970s, most turbulence models fulfill all symmetries
of classical mechanics. Even though the concept of symmetries was rarely used explicitly, efforts to create physically correct models automatically lead to these models complying with the
Navier-Stokes symmetries.
Recent investigations by Rosteck and Oberlack [RO11]have revealed that the time-averaged
system given by eqs. (1) and (2) exhibits more symmetries than the original Navier-Stokes
equations. Apart from all the classical symmetries, additional symmetries are present in the
time-averaged equations. In particular, the transformation
XTr,stat,1 :

t → t,

xi → xi ,

Ūi → Ūi + εi ,

ui uj → ui uj − Ūi εj − Ūj εi − εi εj

(4)

is a symmetry of eqs. (1) and (2), but has no counterpart in the unaveraged Navier-Stokes
equations. As this symmetry and the other additional symmetries are not directly connected
with physical transformations, but rather with special statistical features of turbulent flows, they
have, until now, failed to find their way into turbulence models.
The central aim of this work is to develop a turbulence model that does not only fulfill all
classical symmetries, but also the additional statistical symmetries. Models improved this way
can be expected to perform more accurately especially in complex flows, as they naturally incorporate important statistical information of turbulence.
As is demonstrated, the requirement of fulfilling classical and statistical symmetries simultaneously restricts the possible form of the model equations very strongly. In fact, all existing
modeling strategies can be shown to fail. To overcome these challenges, a new modeling strategy is developed, which relies on finding all equations that admit a given set of symmetries. The
results obtained with this approach do not only allow the development of new models, but also
permit adapting existing models to fulfill the statistical symmetries.
While most theoretical aspects of the modeling process are settled, many important practical
questions of the present work have not been finalized. Future work will therefore focus on
implementing, testing and improving statistically invariant models.
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Thema: Modification of the SSG/LRR-ω RSM for turbulent boundary layers at adverse
pressure gradient with separation using the new DLR VicToria experiment
The prediction of turbulent boundary layer separation due to a smooth adverse pressure gradient (APG) in the low-speed regime using RANS-based CFD is still associated with significant
uncertainties. Well-defined and documented validation test cases with a thin separation bubble
and at high Reynolds numbers relevant for the flow around aircraft wings are rare in the literature. Therefore within the DLR project VicToria a new boundary layer experiment was designed. The goals are (i) to establish a data base for the mean velocity and the Reynolds
stresses in the APG region and in the separation region, (ii) to extend a recently proposed
wall-law at APG (see [1]) towards separation, (iii) to establish the test case as a validation
case for RANS and scale-resolving simulations, and (iv) to extend the recently proposed modification of the ω-equation for the SST k-ω model (see [1]) to the SSG/LRR-ω model and to
calibrate this modification for the situation that the flow approaches separation.
The experimental investigation was performed using the Atmospheric Windtunnel (AWM) at
the UniBw in München. The measurements where performed at four reference velocities up to
35m/s. The geometry in the APG region is shown in figure 1.

Fig. 1 – Left: Geometry for VicToria and RETTINA II experiment mounted to the wind tunnel wall in the AWM.

For a large-scale overview measurement, we used 8 cameras for a simultaneous 2D2C PIV
measurement over a streamwise distance of more than 2m. The three most downstream located cameras provide a continuous measurement of the region where the flow approaches separation and the development of the separated shear layer. A 3D3C STB measurement was performed at two positions in the region just upstream of the separation line; STB with the multipulse approach was used at the more upstream position while a time-resolved approach was
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used at the more downstream position. The 3D3C measurements provide highly resolved data
of the Reynolds stresses. The wall shear stress is determined by a fit of the STB data to the
mean velocity profile by Nickels [3] in the region y+<20 and by a fit to the DNS data at APG
[4] for a similar value of ∆px+, see figure 2 (left). The underlying assumption is the existence
of a universal wall law for y+<20 which is parametrized by ∆px+ as proposed by [3], which is
also indicated by the DNS data in [4]. In the future we plan to use oil film interferometry for
the wall-shear stress during a repetition of the experiment.
Then we extend the work of [1], where we sensitize the SST model to adverse pressure
gradients in attached boundary layers. The approach uses a square-root-law (sqrt-law) above
the log-law, see figure 2 (left), and a variation of the slope parameter K in the log-law region
as a function of ∆px+, see figure 2 (right). The APG sensitization of the ω-equation is applied
here to the SSG/LRR-ω model. The calibration in [1] was based on data at mild APG. In the
present work we use the new data at high values of ∆px+ to recalibrate the sensitivity terms
when approaching separation, see figure 2 (right).

Fig. 2 – Left: Mean velocity in the APG region at Uref=35m/s at a large value of ∆px+ =0.16 little upstream of
incipient separation, including the DNS data by Manhart & Friedrich [4]. Right: Slope of the log-law fit for mild
APG (RETTINA II exp.) and strong APG (VicToria exp.).

Acknowledgement: The author is grateful to Prof. Manhart for providing the DNS data.
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In this work, a scale-resolving Reynolds-averaged Navier-Stokes (RANS) model based on the
elliptic-relaxation eddy-viscosity model of Hanjalić et al. (2004) is formulated. Hanjalić’s
‘baseline’ near-wall RANS model comprises differential equations for the turbulent kinetic
energy 𝑘, its dissipation rate 𝜀, the quantity 𝜁(= 𝑣 ' ⁄𝑘), describing the ‘wall-normal’ turbulent
intensity as well as the elliptic-relaxation function 𝑓. Presently, the model equation for 𝜀 is
appropriately transformed in order to employ a transport equation for the specific rate of
dissipation 𝜔(= 𝜀⁄𝑘) as the scale-supplying equation. Subsequently, sensitivity of the model
towards capturing fluctuating turbulence is achieved by following Maduta et al. (2015) and
introducing a source term inspired by the scale-adaptive simulation concept of Menter and
Egorov (2010) into the 𝜔-equation. Specifically, the additional source term locally enhances
the specific dissipation rate based on the von Karman length scale comprising a ratio between
the first and second derivative of the velocity field, in order to reduce the modeled turbulent
quantities to a sub-scale level.
The 𝜔-based 𝜁 − 𝑓-model as well as the eddy-resolving 𝜁 − 𝑓-model (denoted as ER 𝜁 − 𝑓)
have been implemented into the open-source continuum mechanics library OpenFOAM. Both
models are validated by computing a variety of test cases including channel flow at a range of
Reynolds numbers, flow over periodic hills, flow over a two-dimensional fence, jet impingement
onto a heated wall and turbulent mixing in a T-junction. Additionally, simulations with the Very
Large Eddy Simulation (VLES) model of Chang (2004), a hybrid RANS/LES model also
employing the 𝜁 − 𝑓 model as a sub-scale model, as well as Lilly’s (1992) dynamic
Smagorinsky model have been performed for comparison purposes. Complying with standard
practices for scale-resolving simulations in the context of finite-volume methods, all
computations have been performed with second-order accurate discretization schemes in both
space and time. All meshes have been setup to be too coarse for well-resolved LES in order
to demonstrate the advantages of the hybrid approach.
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Figure 1: Channel flow at 𝑅𝑒/ = 640 – velocity
profiles. DNS data by Abe et al. (2010).
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Figure 2: Channel flow at 𝑅𝑒/ = 640 – turbulent
intensity components. Line types corresponding
to Fig. 1. DNS data by Abe et al. (2010).
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Some results are illustrated in the provided figures, with Figs. 1-2 showing mean velocity
profiles and turbulent intensity components in channel flow at at 𝑅𝑒/ = 640. Fig.3 displays
the turbulent kinetic energy profiles obtained in the periodic hill case at 𝑅𝑒3 = 10595 and
Figs. 4 and 5 illustrates friction coefficients in the presently considered impinging jet and Tjunction cases, respectively.
The full-length manuscript will provide information on the model formulation as well as more
details associated with the spatial and temporal discretization. Furthermore, results including
mean velocity and temperature fields (where applicable) and associated second-moments
obtained with both the eddy-resolving 𝜁 − 𝑓-model as well as with the underlying 𝜔-based
steady RANS model will be discussed.
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Figure 3: Periodic hill at 𝑅𝑒3 = 10595 – turbulent kinetic energy profiles non-dimensionalized with
the bulk velocity 𝑈3 . LES reference data by Breuer et al. (2009).
0.040
DNS
ER ⇣-f
VLES
dynS

0.030
Cf

0.025
0.020

0.04
0.02
Cf

0.035

0.015

DNS
ER ⇣-f
VLES
dynS

0.02

0.010
0.005
0.000

0.00

0.04
0

1

2

3

4

5

6

7

0

x/D

Figure 4: Plane impinging jet at 𝑅𝑒8 = 9120 –
non-dimensionalized friction coefficient. DNS
data by Hattori et al. (2004).

1

2

3

4

5

x/H

Figure 5: Turbulent mixing in a T-junction – nondimensionalized friction coefficient. DNS data by
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The accurate numerical representation of turbulent wall bounded flow has been and still is
an area of high scientific and engineering interest because of its relevance in most technical
applications. In the case of high fidelity numerical simulations the matter arises of how
a statistically fully developed turbulent flow is obtained as fast and with as little computational effort as possible. Three main approaches have so far been established, first
the simulation of all transition stages from laminar to turbulent flow, second temporal or
spatial reuse of precomputed solutions at an upstream station of the flow (recycling and
rescaling methods, RRM) and third the introduction of artificial turbulent flow structures
along the boundaries (synthetic eddy methods, SEM) [4]. We present a variation of the latter approach where we use distinct structures obtained from resolvent mode analysis (RA)
[2]. These modes are used to generate volume forces in the momentum equations which
exploit optimal transient growth to stir the mean flow to obtain fully developed unsteady
turbulent flow. The volume forces are obtained from superposition of two-dimensional optimal resolvent forcings computed over a range of frequencies and spanwise wavenumbers
[1].
Common to all SEM methods is the need to define unsteady flow characteristics, e.g. the
spectrum of fluctuations or appropriate vortex-sizes, which are fed into the computational
domain. Therefor a priori knowledge of mean and higher order statistics of the turbulent
flow considered is necessary. These statistics by themselves are, depending on the exact
type of SEM, expensive to compute. The RA-based approach on the other hand solely
depends on mean flow properties. This allows for the use of comparably cheap RANS
simulations as a starting point for the generation of turbulent flow simulations.
To gain insight in feasibility, cost and ease of use of a RA-based method, we performed
numerical simulations of a flat plate boundary layer flow at Ma = 0.85 and Reθ,Inlet = 670.
For this flow an exhaustive data base exists [3] which allowed for detailed comparison.
A total of 930 (30 discrete frequencies times 31 integer spanwise wavenumbers) global
resolvent modes and responses were calculated based on the turbulent mean flow. Out
of these modes, the 220 highest gain modes were selected. The simulations were run
with a revised version of the compressible high-order code NS3D. Flow parameters, grid
resolution and time step had been chosen identical to SEM simulations reported in [3].
The turbulent structures were fed into the flow through source terms in the momentum
equations. Temporal periodicity of the compound force was avoided by adding a random
phase to each mode and the perturbation energy was adjusted by a global scaling factor
to meet a specified turbulence level.
Turbulent statistics were recorded after an initial transient for 4.9 flow through times. The
results show good agreement for both integral boundary layer parameters such as boundary
layer, displacement and momentum thickness and local mean parameters, i.e. wall friction
coefficient, velocity mean profile and turbulent intensities as shown in figure 2.
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Figure 1: Instantaneous turbulent boundary layer flow. Vortices visualized by λ2 -criterion
and downstream velocity contour. Additionally position and distribution of
downstream component of forcing terms are shown coloured by amplitude.
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Figure 2: Results of DNS of fully turblulent boundary layer flow at Reθ = 1000.
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For many flow configurations the prediction of the laminar-turbulent transition is crucial in order
to calculate relevant physical quantities for the assessment of the aerodynamic performance,
e.g. surface pressure and skin friction, and related phenomena, such as separation. For this
purpose, the widely used local correlation-based 𝛾 − 𝑅𝑒𝜃 transition transport model has been
made available in many CFD codes providing flexibility and little user interaction for the setup of
a computation. The model uses only local information available at every point of the
computational grid (Langtry and Menter 2009).
The model takes natural, separation induced and bypass transition into account. In particular for
the simulation of natural transition it is crucial to capture physically reasonable turbulence
intensity levels which are provided by the turbulence model.
Applying empirical correlations, the transported intermittency variable 𝛾 controls the production
𝒫𝑘 and destruction sources 𝐷𝑘 of the 𝑘-equation of a 𝑘 − 𝜔 type turbulence model coupled to the
𝛾 − 𝑅𝑒𝜃 model. By definition 𝛾 ∶= 0 in laminar and 𝛾 ∶= 1 in turbulent regions and in the farfield.
Outside the boundary layer values of 𝛾 < 1 layer are not reasonable, since the transition model
should not affect the turbulence model behaviour in fully turbulent regions.
However, it can be shown that in certain cases depending on the transition position, the
Reynolds number and the numerical dissipation properties intermittency values 𝛾 < 1 can exist
in the wake extending far downstream (Fig. 1 and 2). The present study points out and
investigates this behaviour with regard to a potential influence on the turbulence model
production and destruction sources in certain areas.

Fig. 1: NLF-0416 airfoil test case: comparison of the 𝛾-field for the original (left) and the
modified model formulation due to 𝐹𝛾 according to Eqn. (1) (right).

Especially for complex applications like a full aircraft, where the wing is interacting with the tail,
or a helicopter rotor this behaviour might lead to a detrimental impact on the overall simulation
results. Thus, in order to assess the influence of the low 𝛾 wake on the 𝑘 level, a generic test
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case is calculated imitating the wing-tail interaction or a simplified blade-vortex interaction of a
helicopter rotor.
Therefore, two 2D configurations consisting of an airfoil placed inside the wake of an upstream
located airfoil have been simulated for different spatial positions, Reynolds numbers and angles
of attack using the NLF-0416 airfoil for the first configuration and the Eppler-387 airfoil for the
second. As shown in Fig. 1 depending on the position of the downstream located airfoil, layers of
𝛾 < 1 are generated around the upper side directly above the boundary layer.
In the presentation, the behavior of the original model formulation for the two test cases will be
analyzed in detail. This includes the suggestion of the following model modifications regarding
the 𝛾 equation for the elimination of the undesired effects. First, the new model function 𝐹𝛾 which
is based on an already existing function is introduced. 𝐹𝛾 controls the destruction source ℰ𝛾 in
the intermittency transport equation. Second, a new production source term 𝒫𝛻𝛾 is introduced in
the 𝛾 equation. Both modifications force the model to be mathematically stable 𝛾 ≈ 1 ∀ 𝑑𝑤 > 𝛿,
where 𝛿 is the boundary-layer thickness and 𝑑𝑤 the wall distance. 𝐹𝛾 is formulated as follows:
𝐹𝛾 ∶=

𝑅𝑒 2 𝑑𝑤 4
−( 𝜔
) ( )
𝑒 105 𝑒 𝛿 .

(1)

𝐹𝛾 acts inside the destruction term of 𝛾 (ℰ̃𝛾 = ℰ𝛾 𝐹𝛾 ) and forces ℰ̃𝛾 to be ℰ̃𝛾 ≈ 0 outside the
boundary layer, while realizing a ‘shielding’ of the boundary layer.
Remaining values of 𝛾 < 1 due to convection are removed using the new production source term
𝒫𝛻𝛾 , which balances inhomogeneities of 𝛾 along its gradients (Fig. 2, right). 𝒫𝛻𝛾 is formulated as
follows:
(2)
𝒫𝛻𝛾 ≔𝑐𝛻𝛾 𝜌 ‖𝑆𝑖𝑗 ‖ (1 − 𝐹𝛾 ) ‖𝛻𝛾‖2 𝐹𝑑 ,
2

where 𝐹𝑑 ≔ 𝑓(𝑑𝑤 ).

Fig. 2: DSA-9A airfoil at low Reynolds number: Comparison of the original model formulation
(left), 𝐹𝛾 (middle) and 𝒫𝛻𝛾 (right).

In addition, theoretical investigations following Rumsey (2007) are undertaken in order to study
the properties of the transition model equations outside the boundary layer.
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In fluid dynamics, numerical modeling plays an important role in the design and
development of aircrafts. The effectiveness of the prediction capabilities of a flow solver
depends on the underlying turbulence model. One of the widely used two-equation
turbulence models is the Menter-Shear Stress Transport model [1]. In comparison to
more sophisticated approaches as Reynolds Stress Models, Menter-SST is relatively
robust and requires less computational resources for the simulation of industrial flow
applications. Although the model application is relatively simple, the solution accuracy
is relatively high and the results are of acceptable standards.
The main drawback of this eddy viscosity model lies in the reproduction of some
complex flow phenomenon such as vortical flows. It has been observed that the model
cannot capture the effects of the system rotation and streamline curvature, and
performs weakly for wake flows. Therefore, Menter-SST model offers a lot of potential
to be explored by using correction methods to overcome the weakness. Thereby the
prediction capabilities for these kind of flows can be improved without a large
compromise between the computational cost and solution accuracy.

Figure 1: Iso surfaces (Q-criterion) of vortex breakdown over a sharp leading edge delta wing,
flooded by non-dimensional axial velocity contour
Along with the original Menter-SST model, three different extensions are investigated
at the Institute of Fluid Mechanics of TU Braunschweig. The Spalart Allmaras Rotation
Correction (SARC) [2] was proposed by Menter and is intended to be used in cases
involving fluid rotation and streamline curvatures. The rotation function, which accounts
for the angular velocity of the principal axes of the tensor of the mean shear rate, is
added to the production terms of the transport equation.
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The second model extension is based on the Scale Adaptive Simulation (SAS) term
concept proposed by Menter [3]. In this approach, the additional term is added to the
length scale equation as a sink term instead of a source term as originally implemented
in the existing model. The extension accounts for the local flow inhomogeneity and in
flow regions involving wake like behavior, it reduces the dissipation and increases the
turbulence to improve the prediction capabilities.
The third extension is the introduction of a source term in the length scale equation to
account for pressure gradients in the flow fields. The term is adapted from the work of
Probst [4] in the JHh-V2 RSM turbulence model. After the initial implementation, a zero
pressure gradient flat plate was used to ascertain that the extensions does not
adversely affect the good near wall prediction character of the Menter-SST model. The
three extensions are validated for a wide spectrum of test cases using the result of the
original model for comparison.
A backward facing step test case was used to investigate the separated flow behavior
in the case of a defined separation onset. Recirculation regions and reattachment
length are analyzed and compared. An airfoil case, with the presence of a laminar
separation bubble in the leading edge and trailing edge separation was investigated.
An axisymmetric transonic bump was tested at transonic flow conditions in order to
assess the prediction capabilities at shock-induced separation.
The predominant focus of this study are wings with low aspect ratios [5], in which the
vortex lift phenomenon takes place. Sensitivities with respect to leading edge radius
variation with the standard VFE-2 (Figure 1) delta wing as well as a double delta wing
were studied. Calibration of the model parameters are currently being performed based
on uncertainty quantification software developed at the Institute of Scientific Computing
of TU Braunschweig.
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Ultra‐fast measurements (acquisition rates of 1MHz) of time varying surface temperatures using
temperature sensitive paints, TSPs, is a very promising but also challenging technique to obtain expe‐
rimental heat flux distributions in hot hypersonic impulse facilities. The demand on experimental
data of heat flux distributiosn in hot hypersonic ground based testing facilities [1] drives the deve‐
lopment of the classical TSP techniques towards ultra‐fast applications. A main advantage over classi‐
cal measurement techniques used over the last five decades [2], such as thermocouple or thin film
gauge measurements is that spatially highly resolved data can be obtained with TSP. Additionally a
reduction of the huge preparation times of wind tunnel models (generally required due to the inte‐
gration of a large number of temperature gauges) is possible. However, compared to the application
of TSP in low speed flows or in continuously running ground based test facilities, the utilization of the
TSP technique in impulse facilities results in a number of new specific requirements and challengs not
completely resolved so far.
The determination of heat flux from time resolved ultra‐fast measurements of surface temperatures
with thermocouples, thin film gauges or TSP rely on the fact, that the thickness of the thermal active
layer, which is used to detect temperature changes, is thin. This very specific requirement for the
application of ultra fast TSP and a way to calibrate typical response times of such layers will be dis‐
cussed in the paper. As sketched in Fig. 1 a temperature change at one side of the layer, Twall, will
take time to distribute through the material.
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Fig. 1. Schematic of the heat diffusion process in a thermal active layer of a temperature sensor on
the (right). Dependency of the time response (boundary frequency) of an active thermal layer on its
thickness.
The sensor will always measure the average layer temperature, Tlayer, which will necessarily be diffe‐
rent from Twall. The duration of the temperature distribution process through the thermal active layer
is determined by the temperature diffusivity of the layer material and its thickness. The heat diffusivi‐
ty for metals is two orders of magnitude higher than for typical TSP mixtures (plastics), which means
the diffusion times are much shorter for the classical sensors, e.g. thermocouples and thin film gaug‐
es. The results for a first order estimate of the ‐3dB boundary frequency for a harmonic signal repre‐
senting Twall is plotted in Fig. 1 on the left hand side. Here, it is shown, that the classical temperature
gauges like thermocouples and thin film gauges, where thicknesses of less then 10 m are achieva‐
ble, the boundary frequency of the thermal layer stays above 250 kHz. In contrast we can observe
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that in order to obtain boundary frequencies higher than 250 kHZ for TSP layers, the thickness should
not exceed more than 1 m.

Fig. 2. Schematic (left) and photograph (right) of the experimental apparatus used to determine time
response functions of thin temperature sensitive paint layers.
The demand to achieve boundary frequencies above 250 kHz while measuring temperatures in hy‐
personic impulse facilities originates from the need to determine time resolved surface heat flux
from the temperature measurements within measurements times of only milli‐seconds. Summariz‐
ing, we can conclude that the use of thicknesses of the TSP layer around 1 m is the most important
driver to obtain this goal and it is one of the most important prerequisites for the application of TSP
in hypersonic short duration (impule) facilities. Therefore, this paper will present a calibration setup
to determine the response time of thin thermal active layers which are constructed from TSP solu‐
tions. A high power laser system is used to generate a Gaussian laser spot on a TSP have a duration of
a few ns only. A complete TSP system is used to measure the time response function (temperature
decay). The decay functions can be used to characterize the response time of the TSP used and its
dependence on the thickness of the TSP layer. The experimental results will be presented and on the
basis of the analysis, conclusions that can be drawn with respect to the applicability in hot hypersonic
hypersonic impulse facilities will be discussed.
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Introduction and experimental setup
The ratio between surface and adiabatic-wall temperatures Tw /Taw is well known to have a strong effect on the linear stability stage of a laminar boundary layer developing on a smooth surface [1]. In twodimensional subsonic air flows, heating the surface (Tw /Taw > 1) induces a less convex mean-velocity
profile near the surface, thus increasing the growth rates of unstable Tollmien-Schlichting waves, reducing the critical Reynolds number and increasing the frequency range of unstable disturbances [1-4].
(Opposite considerations apply for wall cooling, i.e., Tw /Taw < 1.) In experiments on flat plates [5,6], on
a cone [7] and on a Natural Laminar Flow (NLF) airfoil model [8], the transition Reynolds number was
found to decrease as the wall temperature ratio was increased.
This effect of Tw /Taw on transition can be crucial for an aircraft designed with NLF wings. Surface temperature effects are generally regarded as uncritical under typical cruise conditions of transport aircraft
because of the high heat conductivity of the wing skin, which leads to a uniform temperature distribution on the wing surface and to Tw /Taw ~ 1 [9]. This, however, may not hold true for all flight conditions
if fuel is stored inside the wings. When an aircraft is operated after extensive exposure to sunlight, the
NLF wing surface would remain warmer than the surrounding air during take-off and climb, and this
temperature difference may also persist during the first cruise phase. Under these conditions with
Tw /Taw > 1, the extent of the laminar region can be markedly reduced as compared to design, so that
aircraft performance can be dramatically compromised [10].
Previous systematic investigations of surface temperature effects on boundary-layer transition considered either various Mach numbers but at a single pressure gradient [7] or various pressure gradients
but at a single Mach number [6]. The effect on transition of variations in both parameters, Mach number and pressure gradient, was systematically studied in the present experimental work in combination
with the influence of a non-adiabatic surface. The investigations were carried out in a (quasi-) twodimensional flow at Mach numbers from M = 0.35 to 0.77 and chord Reynolds numbers up to
6
Re = 13 · 10 with various streamwise pressure gradients and wall temperature ratios. The examined
test conditions are relevant for the climb and cruise phases of transport aircraft employing NLF surfaces with zero to moderate sweep angles, on which the predominant mechanism leading to transition
is the amplification of Tollmien-Schlichting waves [4,11]. The experiments were conducted in the lowturbulence (momentum turbulence level Tuρu ~ 0.06 % [12]) Cryogenic Ludwieg-Tube Göttingen
(DNW-KRG) [13] on a two-dimensional flat-plate configuration [6], which was designed for an essentially uniform pressure gradient on the model upper side. The shape of the model cross-section is
shown in Fig. 1a. The model was instrumented with a Temperature-Sensitive Paint (TSP) [14] (see
Fig. 1a/b) to measure globally and non-intrusively the surface temperature and thus the boundary-layer
transition [6]. As shown in Fig. 1b, the model was also equipped with pressure taps to measure the
surface pressure distribution.

Results and conclusions
The effect of a change in wall temperature ratio on boundary-layer transition is shown in Fig. 1c for a
Mach number M = 0.5 as a plot of the relative variation in transition Reynolds number RexT = xTU∞/ν∞
vs. Tw /Taw, where U∞ and ν∞ are the freestream velocity and viscosity, respectively, and xT the measured transition location; RexT,aw is the transition Reynolds number for an adiabatic wall. The results
obtained at different pressure gradients (Hartree parameter βH [15]) are shown by symbols with differ-6
ent colors. The experimental data are well fitted by the function RexT/RexT,aw = (Tw /Taw) , shown by a
-7
solid line. A reasonable fit to the data is also provided by the function RexT/RexT,aw = (Tw /Taw) from [7],
shown in Fig. 1c by a dashed line. The effect of a variation in Tw /Taw on boundary-layer transition was
pronounced; in some cases with a wall temperature ratio close to or below 1, the boundary layer even
remained laminar over the whole model upper surface. (The corresponding data points in Fig. 1c are
shown by open symbols.)
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A pronounced influence of a variation in Tw /Taw on boundary-layer transition was observed also for the
other Mach numbers examined in the present study. The measured transition locations were correlated
with the results of linear local stability analysis, thus providing transition N-factors [4,6,8] for the various
combinations of wall temperature ratio, Mach number, Reynolds number and pressure gradient considered in this work. Detailed results will be presented and discussed in the final version of the contribution.

Fig. 1. a: cross-section of the PaLASTra model [6] (side view); b: model instrumentation (top view with leading edge on top of
the image); c: relative variation of transition Reynolds number as a function of the wall temperature ratio at M = 0.5.
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Introduction and experimental setup
Laminar flow design is of great interest as it can significantly decrease aircraft drag [1]. However, it is challenging to achieve laminar flow in the presence of surface imperfections at
structural joints, such as gaps and/or steps, which are probably unavoidable in real aircraft [2]. Effects of steps, which lead to earlier transition, have already been investigated, e.g.
in [2]. It is known that suction can substantially delay laminar-turbulent transition on a smooth
surface [1-3]. This has also been studied numerically for suction directly upstream of a forward-facing step for a Mach number of Ma = 0.6 [3]. A similar configuration was studied experimentally in [4], where the effect of varying step heights on transition in the presence of
suction in front of a forward-facing step was investigated for various Mach numbers and
pressure gradients. This work, however, focusses on a variation of the suction rate upstream
of a forward-facing step. Figure 1 sketches the applied wind tunnel model (PaLASTra) which
was designed to achieve a large area of uniform pressure gradient along the model’s
chord [2, 5]. The studies have been conducted in the low-turbulence (Tupu ~ 0.06 %) Cryogenic Ludwieg-Tube Goettingen at large chord Reynolds numbers (3.5-16.0 · 106), Mach
numbers (0.35-0.77) and various streamwise pressure gradients. By means of the Temperature-Sensitive Paint (TSP) measurement technique, transition was determined nonintrusively on the surface of interest (upper side of model) [2, 6].

Figure 1: Simplified sketch of the wind tunnel model (width b = 500 mm, chord length c = 200 mm).
The left sketch is a side view of the whole model, whereas the right sketch is a top view of the part
highlighted by the dashed rectangle. Shim sizes are in proportion, dimension of gap and step are enlarged for better visibility.

Shims of different thickness were installed between the front and main part of the model to
obtain sharp forward-facing steps at 35% of the model chord length, see Figure 1. For configurations with a step (step height hstep = 60 µm), the main part of the model was additionally
displaced in the streamwise direction using alignment pins to obtain a gap of width
dgap = 200 µm upstream of the step. On the starboard side of the model, narrow shims were
used as place holders instead of a continuous one which was used on the port side (see Figure 1, right). In this way suction was achieved passively in the regions not blocked by the
shim pieces: an inner flow was driven by the pressure difference between the upper and
lower side of the model. (The examined model cross-section induces a larger pressure on
the upper side than on the lower side of the model for the investigated test cases [2, 5].) For
comparison, the gap on the port side of the model was blocked by the shim, i.e. the surface
imperfection on this area was a combination of step and gap without suction. To vary the
suction rate, tape was applied on the inner sides of the gap in the lower part of the model, as
sketched in Figure 1, left (orange segments). By varying the thickness of the tape and thus
changing the blockage of the inner flow, different suction rates were obtained for the same
geometry (i.e. gap and step dimensions).
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Results and conclusions
Figure 2 shows an example of TSP results for three different configurations at Ma = 0.65 and
chord Reynolds number Rec = 8 ∙ 106. Configuration (a) was nominally smooth (i.e. without
step and gap) whereas a step and gap were installed for configurations (b) and (c): the corresponding step and gap Reynolds numbers were Reh ~ 2400 and Regap ~ 8000, respectively. Except for the tape and resulting suction rates, configurations (b) and (c) had an identical
geometry. Configuration (b) had a thick tape (blocking approx. 90% of the gap cross sectional area) applied to obtain a low suction rate (q = 𝑚𝑚̇𝑠𝑠 /𝛿𝛿 ∗ ~ 0.03, with dimensionless mass flow
𝑚𝑚̇𝑠𝑠 and dimensionless displacement thickness 𝛿𝛿 ∗ ), whereas configuration (c) had no tape,
resulting in a higher suction rate (q ~ 0.6). In the TSP results, dark areas correspond to turbulent regions whereas bright areas correspond to laminar regions. Dashed lines indicate
transition locations determined by TSP. The turbulent wedges in the central area of the model originated from pressure taps installed at the leading edge. The presence of surface imperfections on the port side of the model (with no suction applied) induced transition to occur
at a location further upstream than in the case of the smooth configuration. In Figure 2 (b)
and (c) the effect of suction on boundary-layer transition in the presence of surface imperfections is clearly visible: on the starboard side of the model transition is delayed to a more
downstream location, as compared to the port side. Note also, that the suction effect even
overcompensates the adverse effect of the combination of gap and forward-facing step: with
suction transition occurs further downstream than on the smooth configuration – see Figure 2 (a). A comparison of the results in (b) and (c) (low and high suction rates) shows that
increasing suction considerably shifts transition to a location further downstream.

Figure 2: TSP results for a nominally smooth configuration (a) and step + gap configurations with low
suction (thick tape, (b)) and high suction (no tape, (c)) (𝑅𝑅𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑼𝑼∞ 𝒉𝒉𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 /𝝂𝝂∞ ~ 2400 and 𝑅𝑅𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔 =
𝑼𝑼∞ 𝒅𝒅𝒈𝒈𝒈𝒈𝒈𝒈 /𝝂𝝂∞ ~ 8000 for both cases (b) and (c)). Transition was detected at xT/c ~ 65 % (blue) for (a), at
xT/c ~ 39 % (green) and 75 % (orange) for (b) and at xT/c ~ 40 % (green) and 85 % (orange) for (c).
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For aircraft, circulation control devices present several advantages over traditional high-lift
configurations, the crucial one being an increased lift output, making shorter take-offs and
landings possible. Englar and Huson [1] have shown that Coanda flaps, featuring a thin jet (on
the order of 10-4c) blown tangentially from a slit over the flap shoulder, offer major benefits and
significant performance improvements. A high-lift airfoil equipped with a Coanda flap and droop
nose is illustrated in figure 1.

Fig 1 Schematic cut drawing of a high-lift Coanda-flap model

The standard parameter that quantifies the blowing intensity for a range of circulation control
devices, is the momentum coefficient ([2] and [3]) 𝐶𝜇 = 𝑚̇𝑗𝑒𝑡 ∙ 𝑉𝑗𝑒𝑡 /𝑞∞ ∙ 𝑆, where 𝑚̇𝑗𝑒𝑡 is the jet
mass flow rate, 𝑉𝑗𝑒𝑡 is the jet exit velocity, 𝑞∞ is the free stream dynamic pressure, and 𝑆 is the
projected wing area. Quantifying the blowing intensity by the amount of added momentum is
supported by the physical reasoning that the jet momentum plays a major role in suppressing
the flow separation.
Many recent numerical and experimental studies into Coanda flaps have focused on increasing
the lift yield relative to the momentum coefficient ([4] and [5]), hence rendering this type of
device more attractive for civil aviation. This requires precise determination of the momentum
coefficient, as the current blowing intensity have become significantly smaller. In a previous
investigation [6] several difficulties in accurately determining the momentum coefficient in experiments were identified. It was reported that the unsteady jet mass flow rate and the jet exit
pressure were the most critical. This problem is exacerbated by the desire to periodically actuate, which can yield significant lift gains over constant blowing ([7] and [8]). However, since
the equations used to determine Vjet are based on steady state assumption, inserting instantaneous pressure values into these equations might yield erroneous results.
The present work investigate the uncertainty of indirectly measuring the momentum coefficient
in experiments for steady and unsteady blowing. In addition, a more detailed investigation of
the Coanda-flap flow should yield a deeper understanding of the jet behavior under various
conditions and of its interaction with the surrounding flow. The analysis is based on 17 steady
and unsteady RANS simulations at a Reynolds number of 2x106 and for nozzle pressure ratio
range between 1.1 and 1.9.
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Initial results show strong pressure fluctuations downstream of the jet exit, whose wavelength
corresponds to that of Kelvin-Helmholtz instabilities. These pressure fluctuations, presented in
figure 2, had not been previously detected in experiments, as they disappear within a very
short distances (<20 the gap height h) from the jet exit. A particular scenario occurs when the
momentum coefficient is large and the Coanda nozzle is chocked, as shown in figure 3 for
𝐶𝜇 = 0.052. Here the boundary layer displacement constricts the flow inside the nozzle such
that supersonic conditions are reached shortly (10% of the gap height h) before the exit. Shortly
after the exit, the jet is further accelerated as the jet continuous expanding outside the nozzle
while also losing momentum to the surrounding flow. More insights as well as guidelines for
more accurately determining the momentum coefficient in experiments will be presented in the
full paper.

Fig 2 Surface, free-stream and jet core pressure
fluctuations downstream of the Coanda-jet exit.

Fig 3 Mach numer distribution in the vicinity of the
Coanda-jet exit for a chocked nozzle with 𝐶𝜇 =

0.052.
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Hintergrund
Durch eine kontinuierliche Absaugung kann eine Grenzschichtströmung über den natürlichen
Umschlagspunkt hinaus laminar gehalten werden, indem die Grenzschichtdicke reduziert
wird [1]. Im Falle eines Profils oder Tragflügels führt eine geeignete Grenzschichtabsaugung
zu einer Reduktion des Reibungswiderstands, wenn die laminare Lauflänge ausreichend
vergrößert wird. Gleichzeitig wird durch die geänderte Verdrängungsdicke entlang des Profils
die Druckverteilung beeinflusst, insbesondere wenn Stöße in einer transsonischen Strömung
auftreten. Zur aeroelastischen Bewertung eines aktiven Absaugsystems sind in der Transsonik RANS-Modelle notwendig, die eine Absaugung modellieren können, wobei die Modellierungstiefe auf Ebene der üblichen Grenzschichtauflösung liegen sollte.

Zielsetzung
Dieser Beitrag untersucht die Eignung der Effusion-Mass-Flux-Randbedingung des DLR
TAU-Codes [2] zur Modellierung eines aktiven Absaugsystems bei freier Transition. Es soll
gezeigt werden, dass die Randbedingung die laminare Grenzschicht unter Absaugung reproduzieren kann und eine Transitionsbestimmung für die Grenzschichtströmung möglich ist.

Lösungsansatz
Das numerische Grenzschichtprofil an einer ebenen Platte bei kontinuierlicher Absaugung
wird mit der analytischen Lösung verglichen. Wenn das laminare Grenzschichtprofil befriedigend wiedergegeben wird, kann die Randbedingung in Kombination mit einem Transitionsmodell verwendet werden. Hierfür stehen im TAU-Code das Transitionsmodul und korrelationsbasierte Modelle zur Verfügung. Die Randbedingung bei freier Transition wird anhand
experimenteller Daten validiert [3, 4]. Hierauf aufbauend wird ein generischer Testfall betrachtet, um die Auswirkung einer Grenzschichtabsaugung bei hohen Reynoldszahlen in
transsonischer Strömung auf die instationäre Aerodynamik zu demonstrieren.

Ergebnisse
In Abbildung 1 sind Geschwindigkeitsverteilungen an einer ebenen Platte ohne Druckgradient abgebildet. Die Referenz bildet die Blasius-Grenzschicht. Daneben sind Geschwindigkeitsprofile bei kontinuierlicher Absaugung dargestellt. Die Volumenstrom-Beiwerte sind
𝑐𝑐𝑄𝑄 = −𝑣𝑣𝑊𝑊 / 𝑈𝑈∞ = 8,32 ∙ 10−4 und 4,22 ∙ 10−3. Die TAU-Geschwindigkeitsprofile werden mit
der analytischen Lösung verglichen, die sich für eine kontinuierliche Absaugung ergibt [1]:
𝑢𝑢 = 𝑈𝑈∞ [1 − exp(𝑣𝑣𝑤𝑤 𝑦𝑦/𝜈𝜈)]

(1)
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Die Reduktion der Grenzschichtdicke gegenüber der Blasius-Lösung ist erheblich. Ein Absaugbeiwert von 𝑐𝑐𝑄𝑄 = 1,2 ∙ 10−4 ist ausreichend, um die Strömung an einer ebenen Platte
bis zu Reynoldszahlen von 𝑅𝑅𝑅𝑅 = 108 laminar zu halten [1].
Die Wandschubspannung hängt direkt von der Größe der Absauggeschwindigkeit 𝑣𝑣𝑤𝑤 ab.
Wird in der Auslegung eine zu große Geschwindigkeit gewählt, kommt es zu einer unnötigen
Widerstandserhöhung. So steigt der numerisch ermittelte Widerstandsbeiwert der Platte von
𝑐𝑐𝑤𝑤 = 4,84 ∙ 10−4 ohne Absaugung auf 0,0018, bzw. 0,00822 mit Absaugung, wobei sich die
Widerstandsbeiwerte dem Wert von 𝑐𝑐𝑤𝑤 = 2 𝑐𝑐𝑄𝑄 annähern [1]. Es sollte hierbei beachtet werden, dass dieser Senkenwiderstand noch nicht den zusätzlichen Widerstandsanteil enthält,
der der notwendigen Leistung des Absaugsystems zugeordnet wird.
Für eine kontinuierliche Absaugung an einem NACA 64A010 kann unter Verwendung des 𝛾𝛾Transitionsmodells [5] gezeigt werden, dass die Verschiebung des Transitionsbereichs mit
ansteigendem Absaugbeiwert befriedigend wiedergegeben wird. Dabei ist zu beachten, dass
das Modell ursprünglich nicht für die Verwendung mit einer Mass-Flux-Randbedingung entwickelt wurde und zusätzliche Validierungsdaten und Untersuchungen notwendig sind.

Abbildung 1: Geschwindigkeitsprofile der laminaren Grenzschicht
unter kontinuierlicher Absaugung
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Introduction: Increasing fuel efficiency and thereby reducing environmental impact are
important concerns in the design of future aircraft, and natural laminar flow (NLF) airfoils can help to achieve that objective. The geometry of such airfoils is shaped so that
strong positive pressure gradients are avoided, which passively delays the boundary-layer
transition from laminar to turbulent. Therefore, the streamwise region of laminar flow is
extended, leading to a decrease in the skin friction. The design of NLF airfoils requires a
correct prediction of the streamwise transition point. This is commonly done using methods assuming steady inflow conditions, such as the eN −method [1]. However, atmospheric
turbulence leads to an unsteady inflow [2] and the predicted transition point is then only
partially reliable.
Under the Luftfahrtforschungsprogramm (LuFo V), the joint project “Laminar-turbulente
Transition unter instationären Anströmbedingungen” (LTT) aims to provide a basis for further developments in transition prediction under real flight conditions. To this end, Direct
Numerical Simulations (DNS) (D. Ohno at IAG, University of Stuttgart), wind tunnel experiments (J. Romblad at IAG, University of Stuttgart) and free-flight experiments (A. Guissart
and T. Nemitz at SLA, TU Darmstadt) are conducted to better understand the impact of
atmospheric turbulence on the transition process of a laminar boundary layer.
Free-flight experiments provide reference data for more extensive investigations under controlled conditions. Therefore, to compare with wind tunnel and DNS results in a quantitative manner, the laminar-turbulent transition should be quantitatively described using
calibrated sensors. The purpose of this work is to present the results of these free-flight
investigations.
Experimental setup: Flight experiments are carried out with a Grob G109b motorized
glider on which a wing glove housing the measurement equipment is mounted. The crosssection of this glove is rectangular and based on a MW-166-39-44-43 airfoil with a chord
length c = 1.35 m. The laminar-turbulent transition process taking place along the pressure side of the airfoil is investigated with an streamwise array of 40 electret microphones
(Sennheiser KE 4-211-2) mounted behind holes of 0.3 mm diameter. The array is positioned
from 0.15c to 0.9c. The spacing between microphones varies in the streamwise direction
to resolve the amplification of the TS-waves equally for different angles of attack α. The
pressure distribution along the upper and lower sides of the airfoil is measured with differential pressure sensors (HCL12X5) connected to 48 pressure taps drilled into the glove with
a diameter of 0.2 mm. The atmospheric turbulence spectrum is determined by acquiring
the velocity fluctuations in the free-stream with a 5 µm X-wire probe mounted on a boom.
Flight tests are carried out under both calm and moderately turbulent conditions. Tests are
conducted in gliding flight at airspeeds ranging from U∞ = 40 m/s to 50 m/s, depending on
the angle of attack, which corresponds to a Reynolds number Re ≈ 3.8 · 106 .

62

Preliminary results and outlook: Reeh and Tropea [2] investigated through flight experiments the impact of inflow unsteadiness on the laminar-turbulent transition. Under
moderately turbulent conditions, it was demonstrated [3] that the transition on the pressure side is strongly impacted by the time-varying pressure gradient caused by turbulent
eddies. In particular, the Tollmien-Schlichting (TS) waves that dominate the transition
process taking place under calm conditions can be observed farther upstream as the level
of turbulence increased. The present study aims to reproduce these investigations with an
improved measurement system to enhance the quality of measurement data.
One objective is to quantitatively describe the evolution of the TS-instabilities. To this end,
a streamwise array of microphones was developed, enabling the measurement of the pressure
fluctuations at the wall. A preliminary study was carried out to demonstrate the ability of
the microphones to measure the amplitude of the TS-waves. It was conducted with only one
microphone located at 0.38c from the leading edge, and the amplification of the TS-waves
was varied by modifying the angle of attack, and thereby the pressure gradient. Figure 1
shows the power spectral density (PSD) of the pressure fluctuations. For the highest angles
of attack, the spectrum is nearly flat, as the flow is fully laminar. Decreasing the incidence,
the hump typical of TS-waves appears for frequencies in the range f = 500 − 1 200 Hz, and
further grows and broadens as α is reduced. Continuing to lower the angle of attack, the
TS-hump reaches its highest amplitude and then starts to decrease. Finally, for the lowest
incidence angle, the spectrum of pressure fluctuations does not show anymore amplification
of any frequencies, as the boundary layer becomes fully turbulent.
The system was thus demonstrated to be able to reliably measure TS waves. Forthcoming
flight tests will be conducted to further investigate the boundary-layer instabilities, and the
results will be presented at the STAB 2018.
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Figure 1: Variation with the angle of attack of the power spectral density (PSD) of the
pressure fluctuations measured by a microphone located at 0.38c of the leading
edge on the pressure side of the wing glove.
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Commercial airliners typically feature backward-swept wings that give rise to a threedimensional boundary-layer, exhibiting a highly unstable crossflow (CF) component.
The CF functions perpendicular to the inviscid-flow streamline and provokes a crossflow instability (CFI) that dominates laminar-to-turbulent transition. Compared to laminar flow, turbulent flow increases the skin-friction drag of an aircraft significantly, resulting in a lack of fuel efficiency. The CFI is strongly dependent on the level of freestream turbulence and surface roughness, evolving in either stationary or traveling
crossflow vortices (CFVs) (Wassermann & Kloker, 2002, 2003, Downs & White,
2013). The control method of Discrete Roughness Elements (DRE), generalized as
Upstream Flow Deformation (UFD) by Wassermann & Kloker, 2002, triggers subcritical stationary CFVs that attenuate the growth of the naturally most unstable stationary CFI mode (Saric et al., 1998). Recently, DNS studies scrutinised the control performance of a body force, instilled into a three-dimensional boundary layer to reduce
the CF component through base-flow manipulation, hence delaying transition (Dörr &
Kloker, 2015b). Alternate-current dielectric-barrier-discharge (AC-DBD) plasma actuators retain the authority to exert such body forces (Yadala et al., 2018).

Figure 1: Forcing mechanism of base-flow manipulation with flow from the left (U∞).
(a) Body force F-x along -x. (b) Body force F+x along +x. The exposed (grey) and encapsulated (orange) electrode and the DREs (black dots) are indicated.
In the current investigation base-flow manipulation with AC-DBD plasma actuators
was performed on a 45-degree swept-wing boundary-layer flow for active control of
CF-induced transition. The experimental campaign was carried out in the lowturbulence wind tunnel at Delft University of Technology. The wing model is a modified version of the NACA 66018, named 66018M3J, and was extensively validated
(Serpieri & Kotsonis, 2015). In the experiments, transition is dominated by stationary
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CFI. The AC-DBD plasma actuators were manufactured with a special spray-on
technique to secure minimum surface roughness and were operated at 10kHz, inducing a spanwise uniform, two-dimensional body force (Yadala et al., 2018). The
force directions, sketched in figure 1, were either partially against (-x) or along (+x)
the local CF component (wISL). In addition, a row of DREs was spaced at the wavelength of the most unstable CFI mode, artificially promoting transition to turbulence
with maximal impact (Yadala et al., 2018). Thus, this testing configuration constitutes
the ‘worst case scenario’ for any given control scheme. Preliminarily, a simplified
numerical model estimated a positive effect on the boundary-layer stability when
forcing along -x and vice versa when forcing along +x. In the experiments infrared
thermography was used to detect and quantify the transition-front locations. The results are shown in figure 2 that demonstrate the typical jagged transition-front pattern, suggesting that traveling CFI modes were of minor importance (Downs & White,
2013). A significant, well-defined transition delay of about 4.5% of chord is observed.
The subtraction in figure 2 (c) visualizes the transition delay as a white toothed area.
As expected, forcing along +x promotes the CF and thus advances the transition
(figure 2 (d) to (f)). This study presents the first experimental demonstration of sweptwing transition delay via base-flow manipulation with AC-DBD plasma actuators.

Figure 2: IR thermography time-averaged fields for U∞=25ms-1 (Re∞=2.08·106). The
flow comes from the left. The x-scale of the deskewed images is projected on z/c=0.
(a) to (c) from left to right: No forcing, -x forcing, subtraction of (a) from (b). (d) to (f)
from left to right: No forcing, +x forcing, subtraction of (d) from (e).
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Shock-induced separation is a common phenomenon in aerospace-transportation applications such as intakes of air-breathing engines and transonic airfoils. It can induce strong
local pressure and temperature loads that may damage the structure. Also, the associated
low-frequency unsteadiness [2] of the shock/separation-bubble system may lead to unstart
and unstable operation of airbreathing engines. Therefore, methods to control such flows
and diminish their detrimental effects are of great interest. Separation control with boundarylayer bleed and mechanical vortex generators have been investigated in detail [4]. Due to
losses in efficiency and parasitic drag induced by these methods, the focus has shifted to
micro vortex generators, such as microramps and vanes, which have a height below the
thickness of the boundary layer and thus induce less drag (see for example [1]). However,
mechanical vortex generators cannot be turned off when not needed. This can be done with
air-jet vortex generators (AJVGs), though, which are still a relatively simple means of control.
Small continuous jets of air are injected into the cross-flowing boundary layer, therby inducing a pair of longitudinal streamwise vortices. As for mechanical micro vortex generators,
these vortices increase turbulent mixing and make the boundary layer more resistant to separation. AJVGs have been introduced by Wallis [7] and Wallis & Stuart [8]. They investigated
the influence of a single row of air jets, injected from circular orifices at a pitch angle of 45°
with respect to the model surface and skewed at an angle of 90° to the transonic freestream.
The component in the spanwise direction has been identified as responsible for the control
effect. Small jet-orifice diameters below one fourth of the boundary-layer thickness show the
best performance with a significant reduction of separation size and shock amplitude [3,6].
AJVG research has been extended to supersonic flows by Souverein & Debiève [5], who
studied the same baseline setup as Wallis & Stuart and Szwaba at Mach 2.3. A spanwise
modulation of the separation line and the velocity profiles has been observed.
The present study aims to understand the effect of jet spacing and injection pressure on the
flow topology and control efficiency. The jet spacing not only affects the jets themselves, but
also the interaction between the jets, and therefore the control mechanism and efficiency.
Experimental investigations were carried out in the trisonic wind tunnel at the Institute of
Aerodynamics, RWTH Aachen University, at a Mach number of 2.5 and a Reynolds number
of 9.96·106 1/m. The indraft facility has a rectangular test section of 400 x 400 mm². Optical
access is provided by circular windows on both side walls as well as from a smaller opening
on the upper wall. Supersonic Mach numbers are set with the variable Laval nozzle. The
ambient conditions determine the stagnation pressure and temperature; the selected Mach
number thus sets the Reynolds number. A fully-separated SWTBLI was generated by installing a 24° compression ramp on a flat plate model installed on the test-section center
line. Inlets with a single row of circular jet orifices with a diameter of 0.1δ0 were installed 8δ0
upstream of the ramp corner, where δ0=10mm is the thickness of the incoming undisturbed
boundary layer. Three inlets with jet spacings of D=0.8δ0, 1.25δ0 and 1.68δh, respectively,
were tested in the initial measurement campaign. The jet injection angles agreed with the
above described setup of Wallis & Stuart to ensure comparability with literature results. Air
was supplied via a pressurized plenum incorporated into the flat-plate model.
STAB
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We carried out surface oil-flow visualizations to analyse the flow topologies. In addition, flow
visualizations with a focusing schlieren system were recorded with a Photon Fastcam SA5
CMOS camera at a spatial resolution of 704 x 520 pixels and a frame rate of 20 kHz. Based
on these recordings, we analyzed the effect of control on the shock oscillation frequency.
Figure 1 shows oil-flow visualizations for three jet spacings and the uncontrolled clean case
for comparison. The separation and reattachment lines are marked with S and R, respectively. The air-supply pressure level was maintained at 1 bar. With a jet spacing of D=0.8δ0, a
delay of separation and an earlier reattachment were achieved, resulting in an overall reduction of separation length by 27%. The previously two-dimensional separation line was corrugated under the influence of the AJVGs as expected [5]. For increased jet spacing, the same
effects on the separation were observed, but the reduction in separation length was diminished to 11% for both D=1.25δ0 and 1.6δ0. The control effectiveness was thus reduced. A
possible explanation is that the vortices lift off the surface much earlier due to decreased
interactions between the vortices.
The influence of injection pressure was studied for the reference case with D=0.8δ0 (not
shown). The pressure level was varied between 0.3 bar and 2 bar. At an injection pressure
of 0.3 bar, the spanwise modulation of the separation line was still observed, but no decrease in separation. A pressure increase up to 2 bar achieved only minor improvements
compared with the baseline pressure level of 1 bar. This will be discussed in more detail at
the symposium. To further analyse the effect of jet spacing on vortex interactions and control
efficiency, we realized further setups with decreased jet spacings of D = 0.4δ0 and 0.6δ0.
The corresponding results will be presented and discussed at the symposium, along with a
detailed analysis of the influence of jet spacing on the low-frequency shock oscillation.

Figure 1: Oil-film visualization of the three AJVG setups with different jet spacings
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Hintergrund
Die von der Europäischen Kommission im Grundsatzpapier „Flightpath 2050“ vorgegebenen
Ziele zur Emissionsreduktion im Flugverkehr stellen hohe Anforderungen an den Entwurf
zukünftiger Verkehrsflugzeuge. Ein wesentlicher Baustein der Flugphysik zur Erreichung
dieser Ziele ist die Laminartechnologie. Hybridlaminarisierung (HLFC) ermöglicht durch eine
Kombination von Formgebung und lokaler schwacher Absaugung die Realisierung langer
laminarer Lauflängen auf Tragflügeln und Leitwerken bei gleichzeitiger Beibehaltung hoher
Reiseflug-Mach-Zahlen und Reynolds-Zahlen. HLFC wird daher als Technologie eingestuft,
welche für zukünftige Langstreckenflugzeuge erheblich zur Verminderung des
Gesamtwiderstandes und in der Nettobilanz zur Treibstoff- und Emissionsreduktion beitragen
kann.
Die Wirksamkeit der Hybridlaminarisierung wurde 1998 im Flugversuch am Seitenleitwerk
eines Airbus A320 nachgewiesen [1]. Zur Steigerung der Systemeffizienz und somit der
Netto-Widerstandseinsparung wurde in der Folge ein
vereinfachtes Absaugsystem entwickelt und erfolgreich
sowohl im Windkanal [2] als auch kürzlich im Flugversuch
(noch unveröffentlicht) getestet. Zur Bereitstellung der
benötigten Absaugleistung beinhalteten beide Tests neben
einem Pumpensystem ebenfalls den Einsatz einer passiven
Absaugklappe. Eine solche Klappe stellt den benötigten
Unterdruck durch eine Kombination aus ihrer Positionierung
in
einem
Bereich
vergleichsweise
niedrigen
Oberflächendrucks und der an der Klappe auftretenden
lokalen Strömungsbeschleunigung (Düseneffekt) bereit (vgl.
Abb. 1). Im Optimalfall kann so der Einsatz eines kosten- und
leistungsintensiven Pumpensystems reduziert oder gar
vermieden und somit die Effizienz des HLFC-Systems erhöht
werden. In [3] und [4] werden hierzu aktuelle Abb. 1: Strömungsfeld um eine
Anwendungsbeispiele und Entwurfsprozesse erläutert.
installierte Absaugklappe.
Das LuFo-Projekt OptiHyL
Im Rahmen des Verbundprojekts OptiHyL 1 soll durch die beteiligten Partner DLR und Airbus
der Reifegrad der HLFC-Technologie durch den Entwurf und Windkanal-Test einer
kammerlosen Bauweise weiter gesteigert werden. Diese bietet unter Verwendung einer
variabel porösen Außenhaut zum einen das Potential, die bislang bestehende
Herausforderung der Abdichtung der einzelnen Absaugkammern gegeneinander zu
umgehen und zum anderen die Systemkomplexität deutlich zu reduzieren.
Weitere Ziele von OptiHyL sind es, die Leistungsfähigkeit und das physikalische Wirkprinzip
von passiven Absaugklappen im hohen subsonischen Machzahlbereich näher zu erforschen,
sowie Validierungsdaten für die numerische Strömungssimulation bereitzustellen. Zu diesem
Zweck wurde ein generisches Prinzipmodell mit Absaugklappe entworfen, gebaut und im
Transsonischen Windkanal Göttingen vermessen. Über die damit in Zusammenhang
stehenden Arbeiten sowie ersten numerischen Ergebnisse wird hier berichtet.
„Optimierte Hybrid-Laminarität am Seitenleitwerk“, gefördert im fünften Luftfahrtforschungsprogramm
(LuFo) durch das Bundesministerium für Wirtschaft und Energie, LuFo V-2-790-150, FZK: 20A1501A.
1
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Versuchsbeschreibung
Das Profil des ungepfeilten 2D-Modells ähnelt in seiner Grundform dem eines A320Seitenleitwerks. Die Profildicke wurde reduziert, um dem Pfeilungseinfluss entgegenzuwirken
sowie lokale Übergeschwindigkeiten und die damit verbundenen Verdichtungsstöße bei
hohen Machzahlen gering zu halten. Die Profiltiefe von 1 m ist ein Kompromiss aus
maximaler Größe der Absaugklappe und der Vermeidung einer übermäßigen Verblockung
der Messstrecke. Die Klappe öffnet sich auf einer Breite von 300 mm und einer Länge von
etwa 100 mm zwischen 7 und 17% der Profiltiefe. Sie lässt sich über einen Elektroantrieb
ferngesteuert in den Grenzen von 0° bis 15° Öffnungswinkel verstellen. Die Klappe ist über
eine darunter liegende Sammelkammer, eine kurze Rohrleitung und einen Bellmouth-Trichter
zur Massenstrombestimmung mit dem Windkanal-Plenum verbunden. Um den
strömungsmechanischen Widerstand eines HLFC-Systems zu simulieren, befindet sich in
der Rohrleitung ein Drosselventil, durch welches sich der Massenstrom durch die Klappe
begrenzen lässt. Abb. 2 zeigt eine Übersicht des Messaufbaus ohne Kanalwände.
Das Profil war außerhalb der Messstrecke beidseitig im Nickversuchstand des DLR Instituts
für Aeroelastik eingespannt, welcher neben der Feinjustierung des Anstellwinkels die
Messung der Luftkräfte über eine integrierte 3-Komponenten Waage ermöglichte. An
diskreten Druckmessbohrungen entlang der Profilmitte, den Randbereichen der Klappe, in
der Sammelkammer sowie in der Rohrleitung wurden stationäre und instationäre
Oberflächendrücke gemessen. Informationen über das Strömungsfeld über und stromab der
Klappe in der Symmetrieebene wurden mittels Particle Image Velocimetry (PIV) gewonnen.
Ergebnisse
Die
erzeugte
Datenbasis
umfasst
Variationen
der
Anströmmachzahl,
des
Klappenöffnungswinkels sowie der Drosselstellung. Der Öffnungswinkels der Klappe und der
korrespondierende austretende Massenstrom und lokale Unterdruck sind ein wesentliches
Ergebnis der Untersuchung, da dieser Zusammenhang maßgeblich den zu erwartenden
Zusatzwiderstand und somit die Wirtschaftlichkeit eines passiv betriebenen HLFC-Systems
beeinflusst. Abb. 3 zeigt hierzu exemplarisch den Anstieg des Massenstroms mit steigendem
Klappenöffnungswinkel bei unterschiedlichen Anströmmachzahlen.
Erste numerische Simulationen mit dem Strömungslöser Tau im Freiflug sowie unter
Windkanalrandbedingungen liefern vielversprechende Ergebnisse im Hinblick auf die
Vergleichbarkeit des Massenstroms, des Oberflächendrucks und der Strömungstopologie.

Abb. 2: Übersicht des Versuchsaufbaus.

Abb. 3: Massenstrom durch die Absaugklappe in
Abhängigkeit des Klappenöffnungswinkels.
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Abstract
Dynamic stall phenomena encountered by airfoils which experience a sudden change in angle of attack is characterized by strong lift hysteresis effects. Insect and small birds use the
increased dynamic lift of the positive hysteresis loop to achieve high levels of efficiency in
flight. Therefore, the concept of animal flight is a promising propulsion strategy for Micro Air
Vehicles.
The formation of a leading edge vortex (LEV) as an essential feature of the dynamic stall
phenomenon is initiated by the separation and roll-up of the shear layer from the airfoil’s
leading edge. During the growth period of the LEV, the lift force induced by the LEV exceeds
the steady lift significantly. When the LEV detaches and convects downstream over the airfoil, the dynamic lift suddenly drops below steady lift due to the convection of circulation [5].
Two different detachment mechanisms, dependent on experimental parameters such as the
chord-based Reynolds number
and the reduced frequency
with as the
plunging frequency of the airfoil and
the free stream velocity, can initiate the LEV detachment [4]. For higher
combined with lower , flow reversal at the trailing edge initiates
the LEV detachment, which is referred to as bluff body detachment. For lower
and higher
, growing secondary structures close to the leading edge cut the LEV off from its feeding
shear layer as depicted topologically in Fig. 1.

Figure 1: Suppression of the boundary-layer eruption mechanism on an unsteady flat plate;
: half saddle : full saddle : node(vortex).
This so-called boundary-layer eruption is initiated by a growing adverse pressure gradient
which causes the boundary layer below the LEV (N1, ω-) to separate from the airfoil’s surface
and form a secondary vortex N2 containing opposite-signed vorticity (ω+) [2]. As a topological
counterpart a tertiary vortex N3 (ω+) arises into which the vorticity of the separated shear
layer at the leading edge is fed. When the secondary and tertiary vortices grow, their rear
confining half saddles move downstream and the LEV is cut off from its feeding shear layer,
which causes its convection downstream.
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In order to increase the dynamic lift, this study addresses the postponement of the LEV detachment due to the boundary-layer eruption mechanism with a DBD plasma actuator. DBD
plasma actuators are fast-acting flow-control devices that impart a periodic volume force by
ionizing air molecules which are subsequently accelerated by the generated electric field [1].
The actuator will be placed on the airfoil’s upper surface close to the leading edge, inducing
an upstream oriented body force (fPA). This is supposed to reenergize the boundary layer by
imparting momentum to it and prevent secondary and tertiary structures from growing by
compressing them towards the leading edge. By inhibiting the LEV from being cut off from
the feeding shear layer, it should be fed longer with vorticity from the leading edge shear
layer, grow larger and thus induce more lift. Numerical results obtained by Kütemeier et al.
[3] indicate a significant delay of the LEV detachment by compressing the secondary structures close to the leading edge on a plunging NACA 0012 airfoil with a DBD plasma actuator. This delay enables the LEV to grow larger and induce significantly more lift compared to
the unactuated case.
Investigations seeking to manipulate LEV detachment mechanisms are conducted in an
open-return wind tunnel at Technische Universität Darmstadt with a test section of 45 x 45
cm on a flat plate and a NACA 0012 airfoil, both with a chord length of c = 120 mm. The airfoil is pitched with a time-dependent geometric angle of attack
and simultaneously
plunged with a plunging velocity
to produce a specific time-dependent effective angle of
attack
. The plasma actuator fabricated with Kapton© tape as a dielectric media and
copper tape for the electrodes is placed at
and open-loop controlled. To quantify
the effectiveness of the actuation in terms of the LEV growth period and time dependent
circulation
, phase-locked PIV measurements are post-processed using vortex identification methods. The effect of different actuation strengths, periods and duty cycles for different combinations of
and at Strouhal numbers
representative of efficient forward
flight are investigated.
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The laminar boundary-layer separation on a circular cylinder has been the subject of scientific
research for a long time. Numerous methods for influencing or controlling the vortex shedding
are known, including suction/blowing on the cylinder surface, geometry changes, introduction
of obstacles in the wake or the movement/rotation of the cylinder. Experimentally, it has already been proven that the vortex shedding can also be influenced by loudspeakers.
Here, we show a corresponding numerical study, which provides a deeper insight into the external control of the vortex shedding. In particular, we used an adjoint-based sensitivity analysis to characterize the control mechanism.
The geometrical configuration under consideration is a two-dimensional compressible flow
around a circular cylinder. The system is governed by the two-dimensional compressible
Navier-Stokes equations. The computational domain of size L×L/2 is discretized by a finitedifference approach. All boundaries are treated as non-reflecting using characteristic boundary conditions. The chosen flow is characterized by an inflow Mach-number of Ma ~ 0.3 and a
Reynolds-number of Re = 100 with respect to the cylinder diameter Dc and the inflow velocity.
The cylinder is located at one third of the computational domain in x 1 -direction and centered in
x 2. The geometry is modeled by a volume penalization approach.

Unsteady solution after transition. Harmonic oscillations occur.

Setup under consideration. The control is modeled by
acoustic monopoles.

Since we are investigating supercritical conditions, the Reynolds number is larger than Re ~
47, the classical saturated limit cycle characterized by a laminar vortex shedding is recovered. The shedding frequency of this cycle is similar to the incompressible case. The aim of
our optimization is to find an external (acoustic) forcing f able to suppress the vortex shedding. As usual in the control theory, we can reformulate the problem as minimization of the
following functional:
J =

  q

 q steady



2

 dΩ ,

where q is the vector of the primitive variables, σ a spatial weight and dΩ the space-time
measure. The steady state qsteady is obtained by using the BoostConv algorithm, see [1].
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The required high-dimensional gradient is obtained by the adjoint approach [2], which also
provides the sensitivity information for an optimal placement of the actuation, see [3]. The
maximum sensitivity is found downstream near to the cylinder surface. The distribution of the
sensitivity in x 1-direction results from the basic flow velocity with respect to the speed of
sound.

Steady solution obtained by means of the BoostConv
approach.

Sensitivity map for spatial positioning of the monopole
actuators.

The optimal control function for two axis-symmetric actuator positions is found to be antisymmetric and harmonic. More details are discussed on site.
The iterative adjoint-based optimization framework converged within less than 15 iteration
loops. The objective function is reduced nearly four orders of magnitude. The optimal solution
corresponds to the steady state solution.

Progress of the normalized objective function with
respect to the iteration.

Comparison of the flow field with and without optim ization / control in terms of the curl.

A framework for the sensitivity analysis and optimization of the boundary layer separation on a
circular cylinder by external acoustic control will be presented. The optimal control will be presented and discussed.
[1] Citro, V.; Luchini, P.; Giannetti, F. & Auteri, F., Efficient stabilization and acceleration of numerical
simulation of fluid flows by residual recombination, Journal of Computational Physics, 2017, 344, 234 –
246
[2] Lemke, M.; Reiss, J. & Sesterhenn, J., Adjoint based optimisation of reactive compressible flows ,
Combustion and Flame, 2014, 161, 2552 - 2564
[3] Lemke, M., Adjoint based data assimilation in compressible flows with application to pressure determination from PIV data, Technische Universität Berlin, 2015
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Direct numerical simulations with small scale free-stream turbulence
D. Ohno, U. Rist
Institut für Aerodynamik und Gasdynamik der Universität Stuttgart
70550 Stuttgart, ohno@iag.uni-stuttgart.de
The reduction of drag plays a crucial role in the design of future aircrafts and wind turbines. Friction drag can be reduced by using laminar flow airfoils which have a delayed
laminar to turbulent transition of the boundary layer. Therefore, the location of boundary
layer transition is crucial for the design of efficient airfoils with an extended laminar flow.
Most methods for the prediction of transition on airfoils, like the eN -method [3], are based
on the assumption of a steady baseflow. However, atmospheric turbulence under realistic
flight conditions causes an unsteady inflow to the airfoils.
The ongoing project "Laminarturbulente Transition unter instationären Anströmbedingungen" un- RANS
sponge
DNS domain
der the Luftfahrtforschungspro- baseﬂow
gramm (LuFo) investigates effects
of atmospheric turbulence on the
transition process of a laminar
flow airfoil by combining direct
inﬂow with freenumerical simulations as well as
stream turbulence
in-flight (A. Guissart, T. Nemitz
at SLA, TU Darmstadt) and laminar wind tunnel (J. Romblad
at IAG, University of Stuttgart) Figure 1: Domain of direct numerical simulations with
free-stream turbulence on the lower side of
measurements. The main subject
the airfoil.
of this research project is the flow
on the lower side of the "MW-16639-44-43" airfoil, which was designed for gliders and modified for free-flight experiments.
For this reason, the same geometry of the 2D laminar flow airfoil is used in all three subprojects. As a reference case for the investigations, the Reynolds number of Re = 3.4 · 106
and a negative angle of attack of AoA = −1.4◦ are selected. Thus, the amplification of
Tollmien-Schlichting waves in the boundary layer on the lower side of the airfoil is increased
due to a strong adverse pressure gradient.
Two scenarios are of particular interest for the investigations: large scale disturbances which
lead to an unsteady pressure distribution and small scale disturbances which correspond
to Tollmien-Schlichting waves in the boundary layer. In the present work, the latter case
is investigated in direct numerical simulations with an isotropic synthetic turbulent inflow
following the ansatz by Jacobs & Durbin [2]. Free-stream turbulence is generated through
superposition of eigenmodes associated with the continous spectrum of the underlying
linear stability problem which take the boundary layer at the inflow into account. The

74

method was extended for a flow over curved surfaces as well as compressible simulations
including unsteady characteristic boundary conditions. Validation of the numerical setup
was conducted for a bypass transition scenario in a Blasius boundary layer as presented
by Brandt et al. [1].
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Figure 2: Turbulence spectra in wind tunnel and Figure 3: Preliminary direct numerical
flight with model spectrum. The vertisimulation of transition with
cal bars mark wavenumber magnitudes
free-stream turbulence on the
realized in the numerical simulations.
airfoil.
Previous studies utilized the approach for simulations of bypass transition with high turbulence intensities T u and for various investigations on receptivity. In contrast, the present
study is focused on the direct influence of small scale free-stream turbulence with low amplitudes (T u ≤ 0.1%) on the development of Tollmien-Schlichting waves in the boundary
layer. In order to generate a realistic turbulent inflow, the amplitudes of the superimposed
free-stream modes are scaled according to an engergy spectrum. For this reason, a model
spectrum matching the measured turbulence spectra of the experiments is applied for the
discretization of the artifical turbulent inflow, as depicted in figure 2. The simulations
cover the whole transition process, including the onset of the turbulent boundary layer.
Comparison with measurements of the experimental investigations and further analysis
will be presented in the paper.
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The effects of roughness elements on technical surfaces is a long-lasting and non-trivial
problem. It is known that surface roughness typically promotes laminar-to-turbulent transition
of wall-bounded, open flows. There are, however, some situations in which well-designed
objects on the surface can delay transition and thus reduce the skin friction of streamlined
bodies. Kachanov and Tararykin [1] were the first to report the attenuating effect of spanwise
arrays of roughness elements on Tollmien-Schlichting (TS) waves. This effect has been revised by Fransson et al. [2] and the capability of this mechanism to delay transition has been
presented in Fransson et al. [3]. Thereafter, numerous publications of related set-ups followed. With regard to the great impact of this topic on the community, we re-investigate the
effect of transition delay with cylindrical roughness elements in a laminar water channel at
the Institute of Aerodynamics and Gas Dynamics at the University of Stuttgart. This unique
transition research facility provides a low turbulence level and a flat-plate, Blasius-shaped
boundary layer that extends over 8 m in the streamwise direction. This allows for larger
length and time scales than comparable wind tunnels. The goal of our experiments is to confirm that this important mechanism can be reproduced at a different facility and in water.
In this investigation, an array of 9 roughness elements with a height of k = 5 mm and diameter d = 15 mm has been placed along the spanwise direction at X = 61.8 k from the leading
edge of the flat plate. These roughness elements induce streaks into the laminar boundary
layer. The position of the roughness array with respect to the Blasius neutral stability curve is
sketched in figure 1. This figure also presents the streamwise evolution of the streak amplitude. The data for this graph are obtained from hot-film measurements in both the streamwise and spanwise directions. A horizontally spanned wire is oscillated in vertical direction to
create well-defined TS waves.

Figure 1: Neutral stability curve of the Blasius boundary layer from theory [4] and
evolution of streak amplitude.
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To investigate the effects of the roughness array on the TS-perturbed boundary layer, the
disturbance velocity is recorded by hot-film anemometry. Figure 2 shows the disturbance
distribution at approximately half the displacement thickness of the boundary layer. The
figure illustrates a case without roughness (a) and with roughness (b). As can be seen, the
disturbances have been reduced over a significant range, indicating sucessful delay of
transition. In the full paper, frequency-decomposed signals will be presented to illustrate the
evolution of TS waves and their transformation into three-dimensional modes, which explains
the observations made here.

Figure 2: Streamwise velocity fluctuations (a) without roughness and (b) with
roughness.
The significance of this study is to provide a confirmation of the results of Fransson et al. in a
facility other than the Minimum-Turbulence-Level wind tunnel at KTH Mechanics, Sweden.
Our water channel allows for a more detailed resolution of both temporal and spatial scales
than comparable wind-tunnel experiments. Last but not least, we are able to understand and
confirm the underlying mechanisms and eventually optimize this passive flow control technique here in Stuttgart, Germany.
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Motivation
Die Reibung in Strömungen hat in vielen Anwendungen einen großen Anteil am Energieverlust
und beeinträchtigt damit die Effizienz entsprechender strömungsmechanischer Systeme. Dies
macht eine Reibungsminderung erstrebenswert. Methoden aktiver Strömungskontrolle stellen
hierzu eine Möglichkeit dar. Hierunter existieren effiziente Methoden zur turbulenten Reibungsminderung um bis zu 50% (z.B. [4]), wobei diese schwer anzuwenden und teilweise nur für
Innenströmungen sinnvoll sind. Das homogene Ausblasen ist hingegen eine konzeptionell
sehr einfache Methode der Strömungskontrolle, bei der keine Sensoren oder Mikroaktuatoren
benötigt werden, was deren Anwendung für Außenströmungen in der Praxis vorstellbar macht.
Die Effekte homogenen Ausblasens bei der turbulenten Grenzschicht einer Platte sind bereits
von einigen Autoren mittels direkter numerischer Simulation (DNS) untersucht worden [1,2,3].
Dabei ergibt sich durch das homogene Ausblasen ein Anwachsen der Grenzschicht, die mit
einer Reduzierung der Wandreibung einhergeht, während die Reynolds-Spannungen aufgrund einer Anfachung turbulenter Fluktuationen erhöht werden. Insgesamt überwiegt der
erste Effekt, was bei Kametani et al. [2] zu einer Reibungsminderung von über 10% führt. Der
Vorliegende Beitrag beschäftigt sich mit der anwendungsnäheren Umströmung eines Tragflügelprofils, wobei sich die Frage stellt, inwieweit sich die Ergebnisse der Plattenströmung hierauf übertragen lassen. Im Fall der Tragflügelumströmung müssen neben dem Reibungswiderstand weitere Größen, wie der Druckwiderstand und Auftrieb betrachtet werden. Zudem ist
der Einfluss des homogenen Ausblasens auf die Position des Transitionspunktes und auf Ablösungen zu berücksichtigen. Die Frage, ob homogenes Ausblasen die Tragflügelaerodynamik
verbessern kann, hängt somit von vielen Parametern ab, u.a. der Profilgeometrie, dem Anstellwinkel, der Reynolds-Zahl und der Ausblasekonfiguration (Position, Intensität des Ausblasens etc.). Damit schließen sich die Fragen an, ob der Effekt des Ausblasens mit einer wenig
aufwändigen Simulationsmethode abgebildet werden kann, um den Parameterraum umfassend abdecken zu können und welche Ausblasekonfiguration am vorteilhaftesten für die Tragflügelaerodynamik ist, falls eine Verbesserung erzielt werden kann.
Simulationsmethode und Validierung
Als Simulationsmethode wird die Kopplung aus einem Integralverfahren (IV) für die Grenzschicht und der Potentiallösung des Außenbereichs, die mit der Randelementemethode bestimmt wird, genutzt. Für das IV werden die integralen Grenzschichtgleichungen für den Impuls
und die kinetische Energie verwendet, wobei das Ausblasen durch einen Term auf der rechten
Seite berücksichtigt wird, der aus der Randbedingung 𝑣(𝑦 = 0) = 𝑣𝑤 herrührt. Im laminaren
Bereich der Grenzschicht dienen Hartree-Profile zum Schließen der Gleichungen, im turbulenten Bereich Geschwindigkeitsprofile nach Whitfield. Die Position des Transitionspunktes wird
mit der en-Methode bestimmt. Abbildung 1 (links) zeigt den Vergleich des Wandreibungskoeffizienten bei einer Plattenströmung zwischen dem IV und einer DNS [5] mit und ohne Ausblasen, wobei der Ausblasebereich grau unterlegt ist. Die globale Reibungungsminderung wird
hierbei durch das IV um ca. 7% unterschätzt, kann für die Fragestellung des vorliegenden
Beitrags insgesamt jedoch hinreichend genau abgebildet werden.
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Abbildung 1 Links: Wandreibungskoeffizient bei einer Plattenströmung für IV und DNS [5] mit Ausblasen (kon)
und ohne (ref). Rechts: Druckbeiwert für ein NACA-Profil 4412 bei 𝑅𝑒 = 400000 für IV und DNS [6].

Ergebnisse und Diskussion
Für die Umströmung eines NACA-Profils 4412 bei 𝑅𝑒 = 400000 wurde eine Optimierung der
Ausblasekonfiguration vorgenommen. Mit der Partikelschwarmoptimierung werden für verschiedene Anstellwinkel die Mittelpunkte 𝑥𝑚 je eines Ausblasegebietes auf Ober- und Unterseite des Profils mit fester Länge 𝐿𝑏 = 0,1𝐿𝑠 und Intensität 𝑣𝑤 = 0,005𝑈∞ so bestimmt, dass
das Verhältnis von Auftrieb zu Strömungswiderstand 𝑐𝑎 /𝑐𝑤 maximal wird. Es zeigt sich, dass
die Position des Ausblasens signifikanten Einfluss auf die Zielfunktion hat. Es existieren stets
Konfigurationen die zu Verringerungen von 𝑐𝑎 /𝑐𝑤 verglichen zum unkontrollierten Fall führen.
Für den interessierenden Bereich von Anstellwinkeln kleiner als 12° sind Steigerungen in
𝑐𝑎 /𝑐𝑤 möglich (Abb. 2), wobei die gefundene optimale Ausblasekonfiguration sich abhängig
vom Anstellwinkel ändert. Theoretisch ist im betrachteten Fall somit eine Verbesserung der
Aerodynamik durch homogenes Ausblasen möglich. Ob dies auch in der Praxis der Fall ist,
hängt jedoch u.a. von der konkreten Umsetzung des Ausblasens ab. Im Symposiumsbeitrag
werden die Ergebnisse im Detail dargestellt sowie umfassendere Optimierungen mit weiteren
Parametern vorgestellt.

Abbildung 2 Links: Relative Änderungen durch Ausblasen im Vergleich zum unkontrollierten Fall. Rechts: Parameter der Optimierung: Optimierungsparameter 𝑥𝑚 , 𝐿𝑏 fest.
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Introduction
Aerodynamic friction drag has a significant influence on the efficiency of aircraft and wind turbines.
One route for reduction of the friction drag is extending the regions of laminar boundary layer, as done
on natural laminar flow (NLF) airfoils. The prediction of the boundary layer transition is essential for
the design of such airfoils and the most commonly applied methodologies rely on the e N-method,
which typically assumes steady boundary layer conditions. However, the natural turbulence of the
atmosphere causes unsteady inflow conditions (Reeh [1]).
The aim of the project "Laminar-turbulente Transition unter instationären Anströmbedingungen"
under the Luftfahrtforschungsprogramm (LuFo) is to improve the understanding of how the
atmospheric turbulence affects the transition from a laminar boundary layer to a turbulent one.
Investigations are performed on a natural laminar flow airfoil by measurements in flight (T. Nemitz,
A. Guissart at SLA, TU Darmstadt) and in a wind tunnel as well as by direct numerical simulations,
(D. Ohno at IAG, University of Stuttgart) which together shall provide a base for improved prediction
of boundary layer transition under unsteady inflow conditions. The investigations focus on two
turbulent length scales, small scales which enter the boundary layer and contribute to transition via
Tollmien-Schlichting amplification and large scales which influence the transition through unsteady
variations of the pressure distribution (Studer et al. [2]). In the present investigation, small scale
turbulence is generated using an active (blowing) grid in the settling chamber and large scale
turbulence is generated using an additional, oscillating airfoil in front of the main airfoil
Experimental setup
The wind tunnel measurements are performed in the Laminar Wind Tunnel (base Tu ≤ 0.02% in the
range 10-5000 Hz) of the IAG. For the main investigations, a MW-166-39-44-43 airfoil model with
1.35 m chord is used in both the wind tunnel and the flight tests, allowing a direct comparison of
results. For a specific investigation on the effect of small scale turbulence two additional airfoils have
been used, a NACA 64-418 and a XIS40mod, both with 0.6 m chord (measurements on suction side).
The MW-166-39-44-43 model has 42 pressure taps of 0.4 mm diameter in a chordwise row, placed
around the leading edge and on the pressure side. Unsteady surface pressures are measured using
modified SensorTechnics HCL0050T piezoresistive transducers which allow measurements up to
around 8 kHz.
Hot wire measurements in the boundary layer are performed in wall normal direction using a computer
controlled traversing system. All measurement signals are acquired by a 16 bit, 80 channel AD
converter, enabling phase correlations between the different signals. A FLIR x6540 sc infrared
thermography camera is used for non-intrusive transition detection.
Small scale turbulence is generated by an active grid in the settling chamber, following the approach
of Kendall [3]. The grid has a large number of jets of air which are blowing upstream through 0.2 mm
diameter holes. The level of turbulence can be varied in a range of 0.02% ≤ Tu ≤ 0.1% by changing
the pressure of the air supplied to the grid.
Large scale turbulence is generated using an additional, oscillating NACA0012 airfoil with 0.4 m
chord upstream of the main airfoil. The NACA0012 airfoil is offset toward the main airfoil suction
side to ensure its wake does not impinge on the main airfoil. An AC-servo motor drives the
NACA0012 with up to 15 Hz at Δβ = ± 6° oscillations.
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Results
Based on the flight measurements a reference
case of α = -1.4° and Re = 3.4 ∙ 106 for the
MW-166-39-44-43 was chosen and the
geometric angle of attack in the wind tunnel
was adjusted to match pressure gradients on the
pressure side. Figure 1 shows n-factors of
transition as function of small scale turbulence
level compared to the modified eN method of
Mack [4]. Mack limits the method to Tu >
0.1%, below which no significant change in
critical n-factors are expected. However, the
MW-166-39-44-43 follows the curve by Mack
very well in the range 0.02% ≤ Tu ≤ 0.1%. The
NACA 64-418 and the XIS40mod (at Re = 1.5 ∙
106) also show a sensitivity to the turbulence
below Tu = 0.1%, although not as strong as the
MW-166-39-44-43.
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XIS40mod,  = 2°
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Figure 1. Critical N-factors as function of Tu-level.

The investigation at large scale turbulence was performed as harmonic frequency excitation of the
NACA0012 in the range k = ωc/2U = 0.22-1.67 (2-15 Hz). In figure 2a the time trace of the surface
pressure at x/c = 39.6% of the MW-166-39-44-43 at αref is plotted over three cycles of oscillation at 2
Hz. Figure 2b shows the RMS values of the surface pressures for the steady case. As the transition
moves over the single pressure tap in figure 2a the different regions A to D of the transition process
depicted in figure 2b can be identified. Further analysis of higher oscillation frequencies will be
presented in the paper.

Figure 2a.) Time trace of surface pressure at
.

Figure 2b.) RMS from surface pressures as
function of
at
.

Outlook
The next steps will be a deeper analysis of the wind tunnel results as well as further comparisons with
the numerical simulations and flight test data.
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An innovative apparatus for controlling free-stream turbulence (FST) has been built
and installed at the laminar water channel of the Institute of Aerodynamics and Gas
Dynamics at the University of Stuttgart. In contrast to well-known methods, this apparatus increases the level of FST by injecting air bubbles that naturally rise to the water surface. By using this method, the low level of FST of the water channel
(Tu < 0.1%) can be increased to values higher than 15%. This allows for investigations on the effects of FST on the transition process in a flat-plate boundary layer.
The level of FST of a flow facility is commonly modified
by installing a coarse grid upstream of the test section.
Depending on the Reynolds number and grid geometry, rather low turbulence levels can be achieved. Contrary to those so-called passive turbulence generators,
active turbulence generators add momentum to the
mean flow. The most common type of such a generator is the jet grid (see i. e. Fransson et al. [1]). The jet
grid injects fluid into the stream through orifices in its
bars. The emerging free jets perturb the flow additionally to the bars’ wakes. Those injections can be either
upstream, downstream or perpendicular to the flow [2].
In contrast to these working principles, our apparatus
increases the level of FST through a locally confined
multiphase flow of rising air bubbles in water.

Flow

The turbulence generator consists of an array of 56
blunt needles, which are evenly distributed over the
length of a pressurized stainless steel tube. The nee- Fig. 1: Turbulence generator in the
dles eject air along the tube and thus create a curtain contraction of the water channel.
of air bubbles that constantly disturb the flow as they rise to the surface. The turbulence generator is positioned in the contraction of the flow facility, approximately 2m
before the test section and downstream of the last screen (see Fig. 1). The location
of the setup was chosen for two reasons: on the one hand, the contraction improves
the isotropy and homogeneity of the flow (see Uberoi [3]). On the other hand, the rise
of micron-sized air bubbles (more than one magnitude smaller than the ones visible
in Fig. 1) benefits from the slow flow velocities in the settling chamber and the sufficient distance to the test section. The presence of air bubbles in the test section has
to be avoided in order to prevent damages on hot-film probes during experiments.
The turbulence level can be controlled by a high-precision pressure regulator, which
allows selecting pressure levels from 0.1 to 1bar.

82

STAB

Fig. 2: Frequency spectrum of the water channel flow at (x, y, z) = (0, 80, 0) mm and u = 0.06m/s.

a)

Based on hot-film anemometry measurements, a Fourier
analysis of the flow velocity at the entrance of the test section has been performed, see Fig. 2. Through different
modifications it is possible to create a widely spread frequency spectrum. A rather big jump from Tu = 0.1% (empty
channel) to 8% (p = 0.1bar, lowest setting) can be avoided
by installing a damping screen in front of the test section
(see Puckert et al. [4]). Hereby, the turbulence level of the
lowest setting can be reduced to 2%. The label “mod” refers to a modification where 2/3 of the orifices are closed.
By combination with the damping screen a further reduction
down to Tu = 0.8% is manageable.
The influence of controlled FST on a flat-plate boundary
layer in the laminar water channel is displayed in Fig. 3.
The upper picture a) shows the visualization of undisturbed
hydrogen-bubble timelines of a laminar boundary layer. By
increasing the level of FST a streaky bypass transition
structure can be induced, see Fig. 3 b).

a)

b)

Fig. 3: H2 bubble timelines
in the boundary layer of a
flat plate.

Our final report will further provide a detailed investigation
with extended hot-film measurements, including the distribution of Tu in the flow field of the channel, the streamwise turbulence decay and an
isotropy analysis based on X-film measurements.
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Surface roughness has long been found to be one of the triggering sources for laminar-turbulent transition. Boundary-layer flow with a roughness element is characterized by an upstream and downstream reverse flow region, and thereupon resulting
streaks and shear systems. As found by [1], the instability of boundary-layer flow with
cylindrical roughness element is promoted by the shear systems stemming from the
roughness. However, as found in [2,3], roughness can also stabilize the flow and delay transition. The divergent consequences of a roughness element on boundary
layer stability lies in the different vortices and shear systems which originate from the
roughness element. In this study, the vortices and shear systems are modified by rotating the cylindrical roughness element. Numerical investigation of the stability of a
boundary-layer flow with a rotating cylindrical roughness element will be shown.
In this work, the stability of rotating cylindrical roughness flow is investigated with
numerical method. As a classical method, linear stability theory (LST) is used to analyze the stability property of the flow. The laminar base flow, as needed for LST, is
obtained using the open source solver OpenFOAM with selective frequency damping
(SFD) mechanism [4]. Besides, direct numerical simulation is also conducted to
study the stability of flow. In this case, a blowing and suction boundary condition is
used to stimulate background disturbances. Then, dynamic mode decomposition
(DMD) [5] is used to decompose the DNS result into frequency separated modes. In
the end, the underlying instability mechanism of unstable mode is analyzed with a
kinetic energy budget analysis.

Figure 1. Vortices (

) and shear of base flow. Left: static case (scaled rotation speed
right: rotating case (
).

),

Figure 1 shows the comparison of vortices and shear iso-surface between the static
and rotating cylindrical roughness elements. In the static case, a pair of inner vortex
(IV) and horseshoe vortex (HV) lies symmetrically, above which a high shear region
is observed. While in the rotating case, the IV become twisted over each other at the
near wake, resulting in an encircled inner vortex (EIV) and a leading inner vortex (LIV)
in the far wake.
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Like the modification of base flow, the alteration of instability property persists together with LIV as well. The stability property of the base flow is investigated with local linear stability theory. Figure 2 shows a comparison of the unstable region between static and rotating cylindrical roughness element cases. Typically, directly behind the roughness is the most unstable region. Depending on the location of the
roughness element, a second stability region, which resemble the Blasius stability
diagram, would be observed [2] in the far wake. While for the rotating case, the amplification rate at the near wake is significantly reduced, which implies a stabilization
effect. Nevertheless, a larger unstable region is observed in the downstream direction, despite a low amplification rate.

Figure 2 Leading mode stability diagram. Left: static case (

), right: rotating case (

).

Figure 3 shows a DMD mode comparison between the static case and rotating case.
The mode of the static case is symmetric, and its spatial growth is well predicted by
the LST result, see Fig 2, that the mode begins to decay from x/h=23. However, for
the rotating case, due to the low amplification rate at the near wake, the mode only
appears at the far wake.

Figure 3. Leading DMD mode. Left: static (

), right: rotating (

).

References
1. Loiseau, J. C., Robinet, J. C., Cherubini, S., & Leriche, E. (2014). Investigation of the roughnessinduced transition: global stability analyses and direct numerical simulations. Journal of Fluid Mechanics, 760, 175-211.
2. Siconolfi, L., Camarri, S., & Fransson, J. H. (2015). Stability analysis of boundary layers controlled
by miniature vortex generators. Journal of Fluid Mechanics, 784, 596-618.
3. Fransson, J. H., Talamelli, A., Brandt, L., & Cossu, C. (2006). Delaying transition to turbulence by a
passive mechanism. Physical review letters, 96(6), 064501.
4. Åkervik, E., Brandt, L., Henningson, D. S., Hœpffner, J., Marxen, O., & Schlatter, P. (2006). Steady
solutions of the Navier-Stokes equations by selective frequency damping. Physics of fluids, 18(6),
068102.
5. Belson, B. A., Tu, J. H., & Rowley, C. W. (2014). Algorithm 945: modred—a parallelized model reduction library. ACM Transactions on Mathematical Software (TOMS), 40(4), 30.
[5] el rbrary. ACM Transactions on Mathematical Software (TOMS), 40(4), 30.

85

STAB

Mitteilung
Projektgruppe / Fachkreis: Hochagile Konfigurationen
Experimental aerodynamic high speed investigations using
pressure-sensitive paint for Generic Delta Wing Planforms
U. Henne, D. Yorita, C. Klein
Deutsches Zentrum für Luft- und Raumfahrt e.V. (DLR),
Bunsenstraße 10, D-37073 Göttingen, Germany, ulrich.henne@dlr.de
Introduction and experimental setup
Pressure-sensitive paint (PSP) is an optical pressure measurement technique widely used in
wind tunnel tests [1,2]. Two different measurement methods using PSP (lifetime- and intensity-based method) have been applied to testing in various wind tunnels [3-5]. The lifetimebased method uses the dependence of the PSP luminescent lifetime on pressure. Two types
of the lifetime-based method are mainly used; one uses a pulsed excitation, and the other
uses a continuously modulated excitation. Here we focus on a two-gate method which is
based on pulsed excitation. In the two-gate method, two luminescent images are acquired at
different timing with respect to the pulsed excitation and the luminescence decay. Therefore,
the two-gate lifetime system requires a pulsed excitation light source and a fast-shutter camera. The advantage of the lifetime-based method is that the relationship between the ratio of
the two gated images and pressure is independent of the excitation light intensity distribution.
This is a great advantage of the lifetime-based method compared to the intensity-based
method. Since both gate images are acquired only at wind-on conditions, the problems arising from model deformation or displacement do theoretically not occur. However, in many
cases of practical applications, spatial gate ratio variations are observed [6, 7]. Especially on
larger coated surfaces, gate ratios show several percent differences. This spatial gate ratio
(lifetime) variation causes critical errors in the final pressure calculation. Therefore, a gate
ratio obtained under wind-off condition is required to correct for these non-uniform lifetime
patterns. Platinum meso-tetra (pentafluorophenyl) porphine (PtTFPP) [8] is used as a sensor
dye at DLR. More details about paint development at DLR for the lifetime-based PSP measurement were reported in [7]. UV-LED systems (IL-106, HARDsoft) with a 385±35 nm optical
band-pass filter are used as PSP excitation light source. The emission peak of this UV-LED
is at 390 nm. The LED is operated in pulsed mode. Rise and fall time of the pulse excitation
are less than 1 μs. The luminescence is acquired using a 14-bit CCD camera (PCO4000,
PCO) with a 650±40 nm optical band-pass filter. The camera is operated in on-chip accumulation (modulation) mode to obtain an image with a high signal-to-noise Ratio (SNR). In this
mode, the camera shutter is opened many times with a constant time delay relative to each
LED light pulse, so that PSP luminescence images are accumulated on the CCD chip via
multiple exposures. To increase the reliability and productivity, an automatic data acquisition
system for the lifetime-based PSP method has been developed. Evaluation tests of the lifetime-based PSP were conducted in the Transonic Wind Tunnel in Göttingen (TWG). The test
section size is 1 m x 1 m and the operation range of the wind tunnel is from M = 0.3 to 2.2.
The investigated model is a double delta-wing fuselage configuration with a negative strake
and sharp leading edges [9] equipped with pressure taps installed in the upper model surface.

Results and conclusions
Typical PSP results for two different Mach numbers at angle-of-attack  = 24° are shown in
Fig. 1. All PSP images were mapped onto a structured 3D grid of the investigated model and
calibrated to pressure coefficient Cp. For both cases, the footprints of the flow are clearly visible in the pressure field and vortex generation and development can easily be seen.
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M = 0.5,  = 24.07°

M = 0.95,  = 24.09°

Fig. 1 Typical PSP results obtained for two different Mach number
A comparison of PSP data and pressure tap data can be performed for each Mach number.
Differences of PSP and pressure tap data (∆P and ∆Cp) are calculated as a root-meansquare (RMS) value of all pressure taps and angles-of-attack. PSP data shows a good
agreement with pressure tap data. At M = 0.5, ∆Cp,rms is about 0.02 which is accurate enough
for industrial wind tunnel tests.
This paper reports recent activities to use the lifetime-based PSP method in DLR. For the
application in wind tunnel tests, optimization of camera, LED, and automation of data acquisition have been realized. Automation of the image acquisition sequence reduces measurement time. The lifetime-based PSP method was applied to a test carried out in the Transonic
Wind Tunnel in Göttingen (TWG). PSP was applied on a double delta-wing fuselage configuration equipped with pressure taps. PSP results obtained by the lifetime-based method were
in good agreement with pressure tap data.
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In 2017, Germany and France agreed on the joint development of a new-generation of combat aircraft. In this context, Airbus Defence and Space (AD&S) has started a feasibility study
for a next generation fighter. On generic aircraft configurations, design space investigations
explore the effectiveness and sensitivity of the most driving aerodynamic shape parameters
for efficient aerodynamic coefficients provided by robust controlled flowfield. For the study,
AD&S has set-up a cooperation with two partners in Germany, namely the Technical University of Munich (TUM-AER) and the German Aerospace Center (DLR-AS). At the three sites,
the feasibility study is worked out both experimentally and numerically, and various sensitivities and dependencies have already been indentified.
Contrary to high-aspect-ratio wing transport aircraft, low- and medium-aspect-ratio wing
combat aircraft fly in a much wider envelope. They attain much higher angles of attack (AOA)
and angles of sideslip (AOS) well beyond attached flow phenomena combined with sub-,
trans- and supersonic speeds and therefore significant compressible effects. These flowfields
are dominated by vortex flows, vortex-vortex interactions and vortex-shock interactions. The
vortex burst behavior may dominate the longitudinal as well as the lateral stability, and thus
the overall controllability of the aircraft. Planform shaping parameters such as number of different leading edges, leading-edge sweep angles, additional strakes and the aspect ratio
already have a significant effect on the vortex flow complexity. Further improvement is
thought by proper leading-edge shapes and flow control devices. Low observability requirements add important constraints on the planform freedom of design, thereby increasing the
design task even more.
The feasibility study presented in this paper is based on flat-plate wing planforms with sharp
leading edges. Thereby, airfoil and especially leading-edge radius shaping effects are separated from wing planform effects. In total, three basic wing types have been defined (Fig. 1).
Wing type F1 stands for a negative double-delta planform, wing type F2 for a typical doubledelta planform and F3 for a triple-delta planform. It is important to note that the combination
of wing types F1 and F2 would result in the F3 wing type, thus that the basic aerodynamic
effects can be investigated separately by analyzing analog F1, F2 and F3 wing types. The
apex-area of wing types F1 and F3 allow for a deflectable leading-edge vortex-control device
(LEVCON), while the outer wing panel of F2 and F3 may deploy a slat. The geometric design
space covers leading-edge sweep ranges from 45° < φ3 < 60° for the outer wing, 70° < φ2 <
80° leading-edge sweep for the strake portion, and 45° < φ1 < 60° leading-edge sweep for
the inner wing/LEVCON. Both numerical and experimental investigations are addressed, and
incompressible and compressible flow is looked at. The considered angles of attack range
from 0° < α < 40° and the angles of sideslip from 0° < β < 10°. The investigated Mach number range from Ma=0.15 to Ma=1.2.
Comprehensive CFD studies have been performed with the DLR TAU code, using the SAturbulence model with rotational flow correction. More than 5000 full URANS Navier-Stokes
simulations for more than 200 configurations have ben run on hybrid unstructured meshes at
sub- and transonic speeds to explore the details of the envisaged design space.
Sub-, trans- and supersonic wind tunnel campaigns have been conducted in different wind
tunnels (W/T) and with two W/T models named ADS-NA1 (low speed, scale 1:15) and ADS88
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NA2 (high speed, scaled 1:30). For the low-speed W/T model, more than 80 different configurations have been tested yielding forces and moments, and for selected cases, PIV measurements have been performed additionally. The high-speed W/T model focuses on three
particular wing planforms (W1, W2, and W3), which have also been tested for forces and
moments. Moreover, PSP measurements have been conducted for one configuration as well.
The experimental results are used to validate the CFD simulations and calibrate the turbulence models for future analyes. One example is shown in Figure 2, in which the rollingmoment coefficients versus AOA at β=5° is displayed for two selected configurations. While
the matching for the F3 wing type is fairly good, especially considering the characterisitics of
the curves, there are major deviations observed for F2. For example, the sudden drop in rolling moment is not met by the numerical results.
Based on the present work in Germany, a transnational research working group has further
been set-up in the NATO STO framework, namely AVT-316 (“Vortex Interaction Effects Relevant to Military Air Vehicle Performance”). It is led – amogst others – by AD&S, also joined
by TUM-AER and DLR-AS, and lasts from 2019 to 2021. For three selected configurations
out of the present wing planform study (W1, W2, W3), the task group will continue the work
initiated in Germany and will focus on vortex interaction effects to better understand the occurring flow phenomena and their influence on aircraft controllability and performance.

Figure 1 - Wing types (Slats in yellow, LEVCON in green).

Figure 2 - Comparison of numerical (circles) and experimental (diamonds) results of the
cases F2 [ϕ2=70, ϕ3=45] (left) and F3 [ϕ1=45, ϕ2=70, ϕ3=45] (right) for M=0.15.
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In 2017 a German-French agreement was made on the development of a new-generation
combat aircraft. In this context, Airbus Defence and Space (AD&S) has started a feasibility
study on a generic low-aspect-ratio wing configuration, in which planform variations and their
effects on the flowfield are addressed [1]. The effectiveness and sensitivity of the most driving aerodynamic shape parameters for efficient aerodynamic coefficients provided by robust
controlled flowfield characteristics are investigated so that the relevant design space is explored. The analyses are based on wind-tunnel (W/T) experiments and CFD simulations at
sub-, trans- and supersonic conditions. The present paper focuses on the transonic regime
and presents both experimental and numerical results for selected cases.
The wide sub- and supersonic envelope of combat aircraft calls for medium- to low-aspectratio wing configurations. Performance and maneuverability demands result in high angle-ofattack (AOA) conditions well beyond the attached flow regime, including the presence of angle of sideslip (AOS) as well. Moreover, this is combined with sub-, trans- and supersonic
speeds and therefore significant compressibility effects. The corresponding flowfields are
dominated by vortex flows, vortex-vortex interactions and vortex-shock interactions. The vortex burst behavior may dominate the longitudinal as well as the lateral stability, and thus the
overall controllability of the aircraft. The wing planform shape including the number of different leading edges, leading-edge sweep angles, additional strakes and the aspect ratio already has a significant effect on the complexity of vortex flows and the occurring flow phenomena.
The present study is based on three selected flat-plate wing planforms (W1-W3) of a generic
low-aspect ratio wing configuration (ADS-NA2) with sharp leading edges (Fig. 1), for which
1:30-scaled W/T models were constructed and built. The experimental study was performed
at two transonic wind tunnels of the German-Dutch Wind Tunnels (DNW), namely DNWTWG in Göttingen and DNW-HST in Amsterdam (Fig. 2). In addition to measurements of
forces and moments, also PSP investigations were performed for selected cases.
Corresponding CFD studies in the transonic regime are also available for comparison and
analysis. DLR TAU code simulations were performed, running URANS computations on hybrid unstructured meshes, using the SA-turbulence model with rotational flow correction. In
the present paper, the longitudinal and lateral aerodynamic coefficients as well as the flow
field characteristics are discussed (Fig. 3 and Fig. 4). The most extensive data base is available for wing planform W1, and CFD to W/T comparisons give further insight. Good correlations are observed in some cases while noticeable deviations between simulation and experiment are found in other AOA-AOS regimes.
[1] S.M. Hitzel, A. Winkler, A. Hövelmann; „ Vortex Flow Aerodynamic Challenges in the Design Space for Future Fighter Aircraft”; Abstract submitted for STAB 2018 Symposium
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(a) W1

(b) W2

(c) W3

Figure 1 – ADS-NA2 configuration with available wing planform variants.

Figure 2 – ADS-NA2 W/T model in the closed test section of DNW-TWG.

(a)

Figure 3 – Rolling-moment coefficient Cl vs.
angle of attack α at Ma=0.85, β=5°.
Comparison of W/T experiment (blue) and
CFD simulation (green).
(b)
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Figure 4 – Surface pressure coefficient Cp.
Comparison of PSP experiment and CFD
simulation, Ma=0.85, α=16°, β=5°.
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Overview
Flying objects have to satisfy increasing range, speed, agility, control, and maneuverability
requirements. Therefore they often are equipped with lifting surfaces, guidance canards, or
fins. There are two common ways to stabilize a flying body on its flight trajectory: Either it
spins around its longitudinal axis, which stabilizes it by gyroscopic effects, or it is equipped
with control surfaces or fins for aerodynamic stabilization. Combining these approaches by
spinning a finned body yields extra benefits, such as eliminating eccentricity effects and simplifying the control system [1].
When flying at non-zero angle of attack a spinning body experiences side forces and yawing
moments, caused by the spin induced asymmetry of the flow field around the body. This is
called the Magnus effect. It can affect the aerodynamic performance and stability of flying
objects massively and can lead to significant deviations on flight trajectories. For simple bodies of revolution the Magnus effect is well investigated and understood. The superposition of
the spinning motion and the crossflow leads to a boundary layer distortion and for higher
angles of attack an asymmetrical flow separation on the lee side of the body [2]. The resulting asymmetric pressure distribution causes side forces and yawing moments depending on
spin rate, angle of attack and Mach number amongst others.
In contrast, the flow around spinning, finned models is much more complex and yet only
analyzed for some special configurations [3,4]. In addition to the spin induced effects, phenomena caused by the asymmetry of the fins with respect to the crossflow plane generate
side forces when the body has an angle of attack. This is referred to as a pseudo Magnus
effect, because it’s not directly related to the rotatory motion.
In general two different cases of spinning finned bodies can be distinguished here. The first
one is a body of revolution with canted fins, which is a self rotating system, spinning freely at
its synchronous speed driven only by an incidence flow. The second one is a body of revolution with uncanted fins, which in free flight would be stabilized in a fixed roll position by the
fins, considered in a forced rotatory motion.
To examine the static and dynamic effects responsible for the highly nonlinear side forces of
spinning finned bodies of revolution a comparative study with a canted fin model, both freely
spinning and fixed in different roll positions, is conducted. In free flight the fin cant would
drive the model to spin around its longitudinal axis. When fixed, the canted fins deflect the
incoming flow and insert a rotatory motion in the flow around the model. Likely to the case of
a spinning model the swirling flow behind the fins generates asymmetries in the pressure
distribution on the model. Additionally the fins experience strong forces due to their geomet92
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ric cant angle against the freestream flow. The comparison of this static investigation with
the rotating models helps to separate the different phenomena, fin and spin induced, leading
to the complex transient Magnus effect on spinning models.

Investigation Approach
In this study three different generic tangent-ogive-cylinder type finned projectiles (fig. 1), one
with canards, one with lifting surfaces located with respect to the center of gravity of the
model and one with tail fins are investigated at Mach 2.The four fins are canted to generate
a fast synchronous spinning motion at dimensionless spin rate about p = 0.18, according to
typical spin rates of spin stabilized projectiles.
Experimental investigations were conducted in the trisonic wind tunnel at ISL including 6component force balance measurements as well as visualizations of the pressure distribution
by use of pressure sensitive paint (PSP) on the model surface. The models are fixed in different roll positions while the angle of attack is varied slowly with 2°/s between 0° and 14°.
As the models are symmetrical with respect to a 90° rotation around the longitudinal axis,
only roll angles between 0° and 90° are considered.
In addition, 3D Reynolds-averaged Navier-Stokes (compressible RANS) simulations are carried out to identify and analyze the underlying mechanisms responsible for side forces and
yawing moments more deeply.

Figure 1: Model geometry and different fin configurations.
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The current needs of improving performances in terms of control and aerodynamic efficiency of old
and new generation ammunitions, leads to the investigation of innovative steering concepts based
on small-scale actuators. When controlled, such concept could not only improve performance in
terms of maneuverability and range, but would also decrease the dispersion at impact both for fixed
and moving targets. Additionally, compared to conventional steering devices, these smaller controllers also give the possibility to increase the size of the payload. This study is based on spoiler-like
low-cost micro-actuators that are mounted on the uncoupled rear part of the flying body. The study
is focuses on the transitional phase that lasts from the deployment of the control device up to the
state for which the balanced flight point is reached. During this period, the flying body describes a
complex movement composed of both nutation and precession until its equilibrium orientation, for
which the resulting moment is equal to zero at the center of gravity, is reached.
Usually, the trajectory of a flying body is obtained by means of 6 degrees of freedom (6DoF) codes
which are based on aerodynamic coefficients matrices. The latter is determined either by CFD or by
wind tunnel measurement for established flight conditions. Therefore, the transitional motion during
trajectory simulations, for instance for the deployment of an actuator, is only obtained due to the 6DOF equation resolution over time. As soon as the resolution is based on the same set of aerodynamic coefficients tables as for the rest of the trajectory, the hypothesis of balanced flight on which
the values have been determined is not verified for this part of the trajectory. This uncertainty can,
in the best case, lead to biased trajectories, but, in the worst case, the user can also miss a flying
body destabilization during the actuator deployment phase at critical flight conditions. This is the
reason a coupled computational fluid dynamics (CFD)/rigid body dynamics (RBD) technique is employed to simulate the motion of the flying body for free-flight cases with the view of predicting the
aerodynamic effect induced by the actuator. The model state vector is composed of the flying body’s
masse center position components of the, the standard Euler angles, the velocity and the angular
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velocity components. The time step of this simulation is fixed by the aerodynamic conditions. From
the position, the velocity, and the aerodynamics forces and moments, the CFD solver resolves the
Navier-Stokes equations to obtain a pressure flow field which is integrated around the flying body so
as to obtain aerodynamic forces and moments. The 6-DOF module employs these aerodynamic forces and moments for estimating the flying body’s attitude, from a time step to another one. The result is employed with the aim of modifying the CFD boundary conditions under which the new time
step will be simulated.
To obtain a realistic simulation, two deploying scenarios of the spoiler must be performed. On the
one hand, the spoiler can be deployed instantaneously for comparing static efforts from CFD and
wind tunnel tests. On the other hand, the spoiler is deployed gradually like in a real case. For both
cases, meshes are divided in 3 parts so as to decompose the problem and optimize the numbers of
cells.
In parrallel with numerical simulations, a 3-axis rotation-free spin-stabilized model with an
uncoupled boat tail which can be fitted with a constant-effect actuator will be developed. The
rotation of the front part is performed thanks to a brushless motor. Due to the mechanical
complexity of the device, the development will be performed step by step. A first model has already
been manufactured and tested in the wind tunnel. The proposed geometry is based on the DREV-ISL
rocket, for which the angle of attack is perturbed in a mechanical way. The goal of this test campaign
was first to test mechanics of rotations in a supersonic flow and, in a second time, to perform an
oscillation attenuation study in order to obtain static and dynamic aerodynamic coefficients. These
experiments could also be exploited for validation of this new experimental methodology as well as
a stereovision code for the aquisition of the flying body’s attitude. Dots that are placed on the model
are tracked by two cameras calibrated beforehand with a 3D raw card. Throughout the duration of
the recording, the algorithm detects the dots in the series of image couples, pairs them and calculates their 3D location. After that, the algorithm tries to fit a mesh of the model as well as possible
with the 3D control points cloud. This software estimates the attitude and the center of gravity position during the wind tunnel test and calculates the aerodynamic coefficients. The results that have
been obtained are promising because they show a very good agreement with the database. Other
steps will then be performed in the development procedure for introducing firstly gyroscopic stability and for uncoupling the rear part in a second time. The numerical part of the work will follow the
experimental device evolutions in order to converge to the real case that has to be evaluated,
namely transitional motion of a spin-stabilized flying body induced by the deployment of a constanteffect actuator.
The first numerical investigation consists to simulate the DREV-ISL wind tunnel test in order to compare the obtained aerodynamic coefficients with wind tunnel measurements. Several configurations
have to be considered: the flying device with holding structure (like in the wind tunnel) and the freeflight model. By comparing themselves, the holding sting effect can be evaluated and quantified.
Afterwards, each tested configuration will be investigated numerically up to the real case scenario.
Each intermediate investigation will permit to validate the numerical simulation’s increasing complexity, so that the reliability of the final estimation can be quantified.
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High-agile, high-performance aircraft configurations often feature a low-aspect-ratio wing
with medium to high leading-edge sweep. Already at low angles of attack, such wing planforms exhibit separated flow in the form of leading-edge vortices. With increasing angle of
attack, the structure of the leading-edge vortex changes from a fully-developed to a burst
vortex. The bursting location moves upstream with increasing angle of attack and thus influences the global aerodynamic forces and moments. This characteristic is, inter alia, responsible for typical instabillities of such configurations like pitch-up and a lateral instability at
asymmetric freestream conditions. Alleviatiang these instabilities could contribute to an extension of the flight envelope of such configurations.
In this study, a generic flat-plate wing-fuselage configuration with a low-aspect-ratio wing is
investigated. This configuration is subject to a common research program in cooperation
with Airbus D&S and DLR. The configuration, designed by Airbus D&S, features different
wing leading-edge sweeps along the wing span, see Fig. 1. The different span wise wing
sections with a varying leading-edge sweep entail a system of multiple vortices on the upper
wing side. The generic wing in form of a flat plate with a sharp leading edge exhibits a root
chord of cr = 0.802 m. Two different wing planforms are considered, see Fig. 1. The socalled W1 is a triple-delta-wing configuration, which consists of three wing segments of different leading-edge sweep. The front part exhibits a medium leading-edge sweep
ϕ1 = 52,5°(negative strake), followed by a wing mid-section with a high leading-edge sweep
ϕ2 = 75°and a rear wing section of similar wing sweep as the front section ϕ1 = ϕ3 , see Figure 1a. The so-called W2 configuration is a double-delta wing with a high leading-edge
sweep ϕ2 in the front part (strake), and a rear wing section with a medium leading-edge
sweep ϕ3, see Fig. 1b. The leading-edge sweep angles ϕ1 , ϕ2, and ϕ3 are similar for both
wing planforms.
The subsonic experiments are performed in the low-speed wind tunnel (W/T) facility of the
Chair of Aerodynamics and Fluid Mechanics of the Technical University of Munich (TUMAER) at a Reynolds number of Re = 3∙106 based on a reference length of lRe=1 m. They
comprise force and moment measurements for an angle of attack range of 0° ≤ α ≤ 40° for
two angles of sideslip β = [0° ; 5°]. Furthermore, flow field measurements by means of stereo
particle image velocimetry (Stero-PIV) are performed at selected angles of attack at β = 0°.
Figure 2 shows the W2 W/T model in the test section of the TUM-AER wind tunnel A, with
the Stereo-PIV measurement set-up. Complementary numerical simulations of the configurations are performed with the DLR TAU-Code. Unsteady Reynolds-Averaged Navier-Stokes
simulations applying the SA-neg turbulence model with rotation correction are conducted.
The lift and pitching moment polar in Figure 3a and b, respectively, show distinct differences
between the W2 and W1 configuration, which are associated with the wing-planform variation. The axial vorticity in the cross-flow sections indicates a significant influence of the planform on the vortex, which develops at the front wing section, see Figure 4. The strength of
the vortex, the burtsting location and consequently its interaction with the outer vortex are
very different for both planforms. This affects the global aerodynamic characteristics of the
configuration. The good agreement between CFD and W/T enables the utilization of the
CFD results for a detailed analysis of the flow physics by means of surface and field data.
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a) W1 configuration.

b) W2 configuration.

Fig. 1: Planform sketch of the investiaged
configurations.

Fig. 2: Model (W2) in the open W/T test section and set-up for Stereo-PIV measurements.

a) Lift coefficient CL.

b) Pitching moment coefficient Cmy.

Fig. 3: Lift and pitching moment coefficient versus α for the W1 and W2 configuration at
β = 0°.

a) W1 configuration.

b) W2 configuration.

Fig. 4: Non-dimensional axial vorticity in cross-flow sections obtained by Stereo-PIV for the W1
and W2 configuration at β = 0° and α = 16°.
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Introduction
The flow around delta wings is dominated by a vortical flow topology already at small to medium angle of attack. These vortical flow structures are significantly influencing the aerodynamic forces and moments and thus the stability and control behavior. The location of the
vortical flow separation, strength and structure depend in addition on the leading edge contour and sweep angle [1].
Within the previous years the focus of military projects at DLR have been on the design and
assessment capabilities of highly swept, low observable and agile UAV configurations. Recently the demand on Technologies for a next generation manned fighter configurations
have been articulated.
In the past DLR has been working on fighter aircraft configurations like the experimental
investigations on the DLR-10 delta wing with strakes. Another example is the experimental
and numerical investigations on the DLR X-31 configuration [2]. However the experimental
and numerical methods have been improved and for future fighter type configurations additional specific questions have to be answered regarding vortex-vortex interactions, transonic
low effects and stability and control issues.
The present work presents systematic computational simulations by DLR on a double-delta
wing with negative strake. The work is part of a common research program in cooperation
with Airbus and TU Munich. Therefore experimental and numerical investigations on a generic fighter aircraft configuration have been conducted. The model geometry has been provided by Airbus Defence & Space and is additionally the target configuration for a NATO
STO/AVT research Task Group AVT-316 on “Vortex Interaction Effects”.
Objectives
The aim of the present work is to identify the sensitivities on the results provided by the
RANS solver DLR TAU regarding grid resolution and applied turbulence models. The focus
is on the prediction of the vortical flow and in specific the vortex-vortex physics on the upper
side of the wing surface. In addition the objective is to provide a best practice approach by
use of experimental data to assess the quality of the selected approach. This implies the
analyses and understanding of the flow physics and aerodynamic behavior of the present
generic fighter model configuration.
Approach and Results
The target configuration is a double delta-wing fuselage configuration with a negative strake
and sharp leading edges as depicted in Figure 1. The hybrid unstructured computational
grids have been conducted with the grid generator Centaur [4]. Figure 2 shows the sensitivity of the grid regarding the pressure distributuion at a location x=const. For the computations
the DLR RANS solver TAU has been used [3] and four different turbulence models have
been applied: Spalart-Allmaras, Wilcox k-ω, k-ω-TNT and the Reynolds-Stress model. Figure 3 to 5 show an example of the turbulence model sensitivity study. It can be observed
that the Spalart-Allmaras model is predicting the vortex structure much less detailed than the
two equation models kω and kω-TNT. The same applies to the induced pressure distribution
as depicted in Figure 4 at a location of x = 0.55.
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Figure 1: Model configuration.

Figure 3: Surface
pressure and total
pressure distribution:
SA trubulence model.

Figure 2: Grid sensitivity: Cp distribution for three
different grid resolutions.

Figure 4: Turbulence model sensitivity: Cp distribution for four different turbulence models.

Figure 5: Surface pressure
and total pressure distribution: SA trubulence model.

In the current study symmetric and asymmetric onflow conditions have been performed at a
Mach number of M=0.5 and a Reynolds number range of Re 3,5 to 4.6106.
The
experimental
data for the validation
have been measured
in DNW-TWG published by Hövelmann
et al. [5]. The results
in the final paper will
show
comparisons
between CFD and
experiment and will
provide a detailed
analyses of the flow
physics and aerodyFigure 6: Comparision between CFD (RSM) and Experiment (PSP):
namic characteristics
6
M = 0.5, Re = 3.510 ,  = 10°.
as well as a best
practice assessment. An example is shown in Figure 6.
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Experimental and numerical studies on dynamic stall effects in the rotating frame have
been carried out in the Rotor test facility Göttingen (RTG) using rotor blades with a parabolic
tips [1, 2]. In this work, unsteady Reynoldsaveraged Navier-Stokes (URANS) computations
using the CFD solver DLR-TAU are presented
Figure 1: Double swept rotor geometry.
using a new double swept rotor blade configuration, see Fig. 1, to investigate dynamic stall effects. The computations are set to match the experimental study that will be carried out in the RTG in 2019. For the computations an isolated rotor without
blade root nor spinner is used in a two and four blade configuration. The objectives of these simulation are two-fold: First, the numerical investigations will offer insight into the aerodynamic behavior
of the new rotor blades to help the experiment finding aerodynamically interesting areas. Second, the
computations are compared with the experiments and simulations already carried out on the parabolic
blade tip. With this the aerodynamic advantages and disadvantages of the new configuration will be
investigated.
Computations were run fully turbulent with the Menter SST turbulence model. Four test cases
were carried out, each two for the two and four bladed test case. The rotor blades rotated with 23.6Hz
resulting in a Mach number at the tip of 0.29. All of the four test cases trigger dynamic stall to
varying extents. The four bladed test case is carried out with a mean pitch angle of αmean = 22◦ and
αmean = 25◦ , whereas the two blade configuration is carried out with αmean = 17.7◦ and αmean = 20◦ .
For each of the simulations twenty rotor revolutions were computed with 45 time steps per period
to establish a vortex system around the rotor. Then, two highly resolved revolutions were computed
with 1800 time steps per period to resolve the dynamic stall cycle in detail. The highly-resolved
computations used mesh sizes of 28 × 106 and 47 × 106 nodes resulting in approximately 0.25 × 106
and 0.75 × 106 CPUh for the two blade case and the four blade case, respectively.
Figure 2 shows the lift coefficient of the two four blade computations over the angle of attack at
the wing’s root. The two test cases with αmean = 22◦ and αmean = 25◦ are compared with each other
at two radial stations (r/R = 0.70 (left) and r/R = 0.90 (right)). For the inner section at r/R = 0.70,
the lift coefficient only drops for the αmean = 25◦ test case during the downstroke of the rotor blades.
Whereas for αmean = 22◦ only a small hysteresis in the lift coefficient can be observed. For the outer
section at r/R = 0.90 (right), a strong drop in the lift coefficient is obtained already during the upstroke
for both test cases.
This behavior can also be observed also in Figure 3 illustrating the dynamic stall behavior of the
four blade configuration using isosurfaces of the λ2 criterion. For the αmean = 22◦ test case the flow
separation is only occurring at radial stations outboard of the kink of the swept wing, whereas for the
αmean = 25◦ test case, additionally, an Ω-shaped vortex is created inboard of the kink.
In addition to these points, the final article will include:
• An analysis of the similarities and differences between the aerodynamic features of the parabolic
tip rotor blades and the double-swept rotor blades of the two-blade configuration.
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Figure 2: Dimensionless lift coefficients CL M at r/R = 0.70 (left) and r/R = 0.90 (right).
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Figure 3: Three-dimensional dynamic stall behavior around the isolated four blade rotor for a mean
angle at the root of αmean = 22◦ (left) and αmean = 25◦ (right). Visualized by means of isosurfaces of
the λ2 criterion.
• A comparison between the two and four blade configuration and the 4 test cases computed.
• An analysis of the spanwise evolution of dynamic stall on the rotor.
Each of these examples will be illustrated with data from unsteady three-dimensional computations
with DLR-TAU.
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Propellers are used as part of a propulsion system for a variety of aircraft, either as
conventional thrust propeller or as part of new VTOL configurations. A major goal is the
increase in aerodynamic efficiency. Especially, electrically powered aircraft require an
optimized propeller design to ensure high endurance and cruising range. This is caused by the
reduced specific energy of batteries compared to conventional fuel. Therefore, within the
research project AURAIS, a sophisticated tool chain to optimize the shape of the propeller
blade is developed at the Chair of Aerodynamics and Fluid Mechanics of the Technical
University of Munich (TUM-AER) [1]. The optimization process is divided into two main phases.
In the first phase, a preliminary design study, the basic parameters like chord and twist
distribution as well as appropriate airfoils are determined. Hereby, the best candidates in terms
of aerodynamic efficiency are identified. In the second phase, the best pre-designs are
analyzed in more detail with the help of 3D CFD simulations. Furthermore, a 3D shape
optimization is performed.
The preliminary design optimization tool chain consists of five major program blocks, which
are controlled by Python scripts, see Figure 1. The optimization is based on the BEMT method.
Consequently, the propeller blade is divided into several radial 2D sections. The forces of each
section are calculated individually. In order to calculate the total propeller thrust and torque,
the quantities of each section are summed up. Therefore, to maximize the propeller efficiency
(𝜂 = (𝑇 ⋅ 𝑉∞ )/𝑃), the airfoil sections are successively optimized. Afterwards, the complete
propeller (chord and twist distribution) is investigated.
The first block of the tool chain is the open source optimization tool box Dakota, which
generates the input data and evaluates the results. In the second block the airfoil optimization
for the radial 2D sections takes place. This step is executed in a separated optimization loop.
There are two different methods implemented in order to calculate the airfoil properties: A
vortex panel method coupled with an integral boundary layer method [2] and 2D CFD
simulations. Both methods use a multi objective genetic algorithm (MOGA) for the optimization
purpose. As objective functions, the maximization of the lift to drag ratio and the lift coefficient
as well as the minimization of the drag coefficient are considered. During the airfoil optimization
process, design constraints are evaluated. These include the required area to resist the
centrifugal force evoked by the propeller rotation. Figure 2 shows the parametrized airfoil
model and the results of the airfoil optimization process. In the third program block, the
propeller model is discretized by lining up the previously optimized airfoils at different radii. The
airfoils are chosen based on the previous airfoil optimization results applying the single
objective genetic algorithm (SOGA) algorithm. The fourth block represents the actual propeller
optimization. Based on the BEMT method, the optimal chord and twist distribution are
calculated. Moreover the produced thrust and generated torque of the propeller are determined
by this method [3]. In the last block the objective function is evaluated and returned to Dakota.
As objective function the maximization of the propeller efficiency is chosen.
After the preliminary design optimization, a more detailed analysis by means of 3D CFD
simulations takes place. Selected propeller designs are calculated, applying the rotating frame
technique. The CFD results enable the validation of the preliminary design study results and
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provide further information to identify optimization potential. Based on the CFD results, a 3D
shape optimization of the propeller blade shall be performed including a readjustment of the
blade twist. This is necessary due to the interactional effects between the different blade
sections, which have been neglected in the preliminary design phase.

Figure 1: Schematic structure of the optimization tool chain for the preliminary design phase

Figure 2: Parametrized airfoil geometry by two Bezier curves (left) and results of the airfoil design
optimization (right)

Figure 3: Optimal chord distribution (left) and twist distribution (right) of the preliminary design optimization
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Im europäischen Clean Sky 2 Projekt « Fast Rotorcraft » wird der innovative Hochgeschwindigkeits-Verbundhubschrauberdemonstrator RACER (Rapid and Cost Efficient Rotorcraft,
Abb. 1) bis 2020 unter Leitung von Airbus Helicopters entworfen und gebaut, anschließend
auch im Flug erprobt. Das DLR Institut für Aerodynamik und Strömungstechnik ist an der
aerodynamischen und aeroakustischen Bewertung und Gestaltung der Flügel und des Höhenleitwerks beteiligt [1]. Dafür werden hauptsächlich hochgenaue RANS-Simulationen eingesetzt, die durch Methoden niedrigerer Genauigkeit ergänzt werden. Diese Veröffentlichung gibt einen Überblick über den praktischen Einsatz aerodynamischer Verfahren niedrigerer Genauigkeit, insbesondere des 3D-Panelverfahrens VSAERO [2], bei der Analyse und
Optimierung der Flügel und des Leitwerks des RACER Demonstrators.

Abb. 1: Airbus Helicopters RACER Konzept

Abb. 2: Prozesskette

Für die schnelle Evaluierung von Designvarianten, aerodynamischen Interferenzeffekten und
Steuerflächenausschlägen wurde eine hochintegrierte Prozesskette mit VSAERO als Kernmodul aufgebaut (s. Abb. 2). Die folgenden Schritte wurden automatisiert und in die Prozesskette integriert:
1. Geometriegenerierung und Oberflächennetzerzeugung
(parametrisches CATIA V5 CAD-Modell und Python-Module)
2. Aerodynamische Analyse mit dem 3D-Panelverfahren VSAERO
3. Postprocessing
(Extraktion bzw. Berechnung der benötigten Kenngrößen aus den VSAERO-Ausgaben)
Die Prozesskette wurde in die hauseigenen Optimierungsumgebungen Pyranha [3] und
POT [4] eingebunden, so dass unterschiedlichste Verfahren zur Durchführung von Optimierungen oder Parameterstudien genutzt werden können. Typische Anwendungsszenarien für
die Prozesskette sind Untersuchungen, die eine große Anzahl Simulationen erfordern, dabei
den Gültigkeitsbereich der dem Panelverfahren zugrunde liegenden vereinfachenden Annahmen (z.B. Vernachlässigung von Viskositäts- und Kompressibilitätseffekten) aber nicht
nennenswert verletzen. Im Vergleich zu CFD-Simulationen kann der Rechenaufwand in vielen Fällen um mehrere Größenordnungen reduziert werden. Beispielhaft werden drei Anwendungen der Prozesskette vorgestellt:
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1. Optimierung der Zirkulationsverteilung der Flügel in Boxwing-Konfiguration für minimalen induzierten Widerstand im Reiseflug. Das Verfahren wird zunächst anhand
nichtplanarer Flügelkonfigurationen validiert, für die eine optimale Zirkulationsverteilung aus der Literatur (z.B. [5]) bekannt ist (s. Abb. 3). Anschließend wird es für die
RACER-Konfiguration angewendet (inkl. Rumpf und Getriebeverkleidungen).
2. Berechnung von Kennfeldern der Steuerklappen an den Flügeln. Um die Änderung
der Gesamtkräfte und -momente der Flügel für alle Kombinationen von Steuerklappenausschlägen zu bestimmen, werden Ergebnisse von Low-Fidelity (VSAERO) und
High-Fidelity (RANS) Verfahren in einem Ersatzmodell miteinander kombiniert (s.
Abb. 4). Dadurch kann der Gesamtrechenaufwand deutlich reduziert werden.
3. Untersuchung der Leitwerkswirksamkeit. Die Effizienz des Höhenleitwerks wird für
verschiedene Konfigurationsvarianten untersucht, dabei werden insbesondere die Interferenzeffekte mit Boxwing, Rumpf und Höhenleitwerk beleuchtet.

Abb. 3: Validierung des Prozesses zur Optimierung der Zirkulationsverteilung am Beispiel eines
Ringflügels und Vergleich des Normalkraftbeiwerts mit theoretischem Ergebnis aus [5]

Abb. 4: Auftriebszuwachs in Abhängigkeit des
Ausschlags der Klappen am oberen und unteren
Flügel (links: VSAERO, rechts: Ersatzmodell mit
CFD-Samples)

Durch die Simulationen konnten grundlegende Erkenntnisse zum Verständnis der komplexen aerodynamischen Konfiguration des RACER Demonstrators und den Wechselwirkungen
der verschiedenen aerodynamischen Komponenten gewonnen werden. Der Rechenaufwand
für einige Analysen konnte deutlich reduziert werden, verglichen mit der alleinigen Anwendung von RANS-Verfahren. Die Ergebnisse zeigen, dass Panelverfahren immer noch ein
wertvolles Werkzeug für den aerodynamischen Entwurf neuartiger Konfigurationen sind.
Dennoch sollte man sich bei der Anwendung stets der Grenzen der Verfahren bewusst sein
und das Anwendungsgebiet entsprechend wählen.
Die Autoren möchten den Projektpartnern ONERA und Airbus Helicopters für die gute, intensive und fruchtbare Zusammenarbeit ihren Dank aussprechen. Dieses Projekt hat im
Rahmen der Zuwendungsvereinbarung Nr. CS2-AIR-GAM-2014-2015-01 Fördermittel vom
Forschungs- und Innovationsprogramm Horizon 2020 der Europäischen Union erhalten.
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[4] G. Wilke, "Variable Fidelity Optimization of Required Power of Rotor Blades: Investigation of Aerodynamic Models and their Application," in 38th European Rotorcraft Forum,
Amsterdam, Netherlands, 2012.
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The boundary layer transition location is a crucial parameter in airfoil aerodynamics. When
considering the cyclic variation of inflow conditions that is encountered on helicopter rotors
or wind turbine blades, boundary layer transition measurements become an unsteady problem. Infrared thermography (IRT) is a well-established technique for transition detection in
steady aerodynamics. Transition to turbulence increases the local skin friction and due to
the similarity between momentum and temperature boundary layer, likewise the local Stanton number. In subsonic aerodynamics, a distinct peak in the temperature gradient on the
surface under investigation indicates the transition location, when a sufficient temperature
difference between the model and the flow is present. The key advantage of IRT as transi tion detection method is that the entire surface is captured, contrary to alternative discrete
sensor measurements. When the transition location is rapidly moving, this technique fails as
the temperature gradient becomes difficult to sense, since the surface material does not react immediately to the flow. Other techniques, for example hot films, do not exhibit this dis advantage. Differential infrared thermography (DIT) aims to avoid this problem by subtract ing subsequent infrared images, therefore ideally re-establishing a distinct signal peak, as illustrated in Figure 1. Results from this approach have been first published by Raffel et. al.
[1]. Since then, the theory and practice of the technique has been updated and refined, as
briefly described below. This paper contributes to this process.
For validating the DIT results of this work, pressure sensor measurements are acquired si multaneously with the infrared data. These measurements are used for generating benchmark data points, by analyzing the pressure signals using the ensemble-averaging flow
analysis of Gardner and Richter [2]. This method has been shown to be equivalent in accuracy to hot film measurements, but when DIT measurements are compared with these two
techniques, the DIT results appear to be flawed by thermal hysteresis effects and a systematic time lag is observed [3]. Numerically simulated DIT data has recently been analyzed to
investigate the thermal behavior of a pitching airfoil [4]. In these computations a 1D heat
transfer model was coupled with a 2D URANS solver to give a qualitative analysis of the
DIT results. It was found that a smaller time separation between the subtracted images can
reduce the systematic time lag, but likewise reduce the signal strength of the sought temperature difference peak. To verify the numerical findings, experiments are carried out in the
1MG wind tunnel at DLR Göttingen (see Figure 2).
The airfoil model (DSA-9A profile, chord length c = 300 mm, span s = 997 mm) is posi tioned horizontally and the pitching motion is driven by a hydraulic motor on one side of the
model. The test conditions are Re = 1,000,000 and Ma = 0.14. The airfoil model is made of
carbon fiber reinforced epoxy, additional experiments are run with thin (<100 µm) plastic
coatings on the model surface. The model is equipped with 50 Kulite unsteady pressure
sensors mounted directly under the airfoil surface. The setup for measuring the surface
temperature on the suction side of the airfoil includes a 2 kW heat lamp positioned ca. 2 m
above the model, which keeps the surface temperature approximately 10 K above the flow
temperature. The camera is a FLIR SC 7750-L high-speed infrared camera with a cadmiummercury-telluride focal plane array detector, sensitive in the spectral range 7.85 to 9.5 µm. A
50 mm focal length lens with an aperture 2.0 is used. The shutter time is 190 µs and the
noise-equivalent temperature difference in this setup is 35 mK. The image resolution is set
to 511x636 pixels. Reduced pitching frequencies k = (ω⋅c)/(2⋅u∞ ) are varied from
k = 0.005 to k = 0.15 and the pitching amplitude around the mean incidence angle of 4°
varies from 1° to 8°. For each test case, 5000 images are acquired at fs = 99.98 Hz.
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Figure 2: Setup in 1MG

Figure 1: DIT schematic, adapted from [1]

Figure 3: Unsteady effects on boundary layer transition measurements
Figure 3 shows the steady transition locations determined with IRT compared to unsteady
transition locations calculated from pressure signal analysis (PSA) and preliminary DIT results for a sinusoidal pitching motion of α=4 ° −8°⋅cos(2⋅π⋅t / T ) with k = 0.08. The goal
is to generate an improved data set with DIT, that reduces systematic errors and matches
the PSA data in accuracy. It should be avoided that DIT adds a thermal hysteresis time lag
to the aerodynamic hysteresis of the boundary layer transition. In the paper, the ideal time
step size for the DIT image separation to achieve this will be discussed. This parameter is
expected to depend on both frequency and amplitude of the pitching motion and on the
thermal properties of the surface material. Furthermore, the paper will include a comparison
of different transition location detection algorithms for DIT. The entire two-dimensional transition front can be detected with IRT and this advantage shall be extended to the DIT tech nique as well.
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After the mobility company UBER published its white paper [1] on electrical vertical take-off
and landing (eVTOL) concepts there is a ‘gold rush’ [2] in the VTOL community. While it is
possible to lift loads vertically by using a purely electrical propulsion system, it is still questionable as to whether this is feasible for urban transport or not.
Recently, the aerodynamic possibilities of employing electric propulsion to vertical take-off
and landing vehicles have been investigated by the DLR Institute of Aerodynamics and Flow
Technology. While changing the propulsion concept not necessarily changes the aerodynamics per se, two potential advantages are identified that could improve the vertical lift concept in general using distributed electrical propulsion systems:
•

•

Using many smaller propellers instead of one large rotor allows for the control of the
vehicle alternating the RPM in contrast to a pitch control system known to conventional helicopter configurations. Besides the reduction of the mechanical complexity of
such a system, this also enables the utilization of more efficient propellers [3].
When using tilt-wing concepts, the wing itself can be made more efficient by immersing it in the slip-stream of many small propellers that cover the whole wing area instead of a single propeller. When correctly employed, a tip wing mounted propeller
might reduce the required power by 8.5% or a row of propellers might increase the lift
by 106% [4].

Therefore, from the many different configurations available, two concepts closely resembling
existing vehicles are investigated. The first concept is related to the eHang 184 [5], a coaxquadrocopter featuring eight propellers in total. The second concept is loosely based on the
A3 Vahana [6], a tilt-wing concept also comprising eight propellers on two wings. Both
vehicles aim at a short-haul of one person in urban environments.
The aforementioned literature utilizes simplified aerodynamic models, with the highest being
free-wake model coupled to a computational fluid-dynamics (CFD) code [4]. In this paper,
pure CFD simulations are performed including laminar-turbulent transition prediction and the
employment of a higher order filtering method. The latter is superior to capturing the wake
interaction caused by the propellers to current state-of-the-art second order CFD solvers.
Both vehicles are investigated in hover and forward flight. While in hover, polars are generated, which show the effectiveness of RPM control, in forward flight the vehicles are trimmed for cruise condition. Both results are taken into account when the overall flight performance of the vehicles is estimated.
Figure 1a shows the vorticity field surrounding the coaxial rotor configuration in hover, while
Figure 1b shows the vortices of the tilt-wing configuration in forward flight. In Figure 2, the
Figure of Merit over thrust is plotted in hover for both vehicles. It is seen that the RPM controlled coaxial rotor is more efficient than the pitch-controlled duo-tilt wing configuration.
The final paper discusses the differences of coaxial and single rotor configuration for the
quadcopter, while for the duo-tilt wing configuration the effect of either using four or eight
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propellers is discussed. The outcome is that for they are suited for their specific mission, yet
factors other than aerodynamics will be an issue, such as safety regulations.

Figure 1: a) vorticity field of coaxial rotor in hover b) vortices of duo-tilt-wing configuration in
forward flight

Figure 2: Figure of Merit over thrust polar for the rpm controlled coax-quad and the pitchcontrolled duo-tilt wing configuration in hover
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Um das Integral des Schubs über die gesamte Flugbahn einer Trägerrakete zu erhöhen,
sind adaptive Schubdüsen ein aktuelles Forschungsthema im Rahmen des Sonderforschungsbereich Transregio 40 der Deutschen Forschungsgemeinschaft (DFG). Im Detail
handelt es sich dabei um sogenannte Dual-Bell Düsen, bei welchen das Interesse der Wissenschaft in den letzten Jahren enorm gestiegen ist [1, 2, 3]. Durch ihre Bauähnlichkeit zu
aktuellen Raketendüsen sind sie vergleichsweise einfach in bestehende Systeme zu implementieren.
Vergangene Forschungsarbeiten haben sich viel mit der Transition vom Bodenmodus in den
Höhenmodus beschäftigt, indem sie beispielsweise unterschiedliche Außendrücke auf die
Düse aufgeprägt haben. Bei diesen Versuchen gab es allerdings keine Umströmung des
Raketenhecks, welche zu Interaktionen der Düsenströmung mit der Außenströmung führen
kann. Vor allem im Bodenmodus, welcher hauptsächlich unter der Schallgrenze stattfindet,
könnte eine Interaktion einer abgelösten Scherschicht mit dem Rezirkulationsgebiet im zweiten divergenten Teil der Düse zu unvorhersehbaren Phänomenen bzw. Stabilitätsproblemen
der Düsenströmung führen. Da die Moden so einer Scherschicht sich vom niedrigen Unterschall bis in den Transchall sehr ähnlich verhalten [4], ist dieser Bereich von der ganze Flugtrajektorie als kritisch für die Düsenströmung einzustufen.
Aus diesem Anlass wird am trisonischen Windkanal München (TWM) der Universität der
Bundeswehr München die Interaktion der Außenströmung mit der Düsenströmung mit Particle Image Velocimetry (PIV) untersucht. Die Versuche finden unter Anderem im Transchall
bei einer Machzahl von Ma∞ = 0,8 statt, bei welchem die planare Dual-Bell Düse durch ein
Düsendruckverhältnis von NPR = 7 im Bodenmodus arbeitet. Der Vorkörper der Rakete wird
durch eine symmetrische und planare zurückspringende Stufe vereinfacht modelliert.
Die Ergebnisse zeigen dass es eine starke Interaktion zwischen der Außenströmung und der
Düsenströmung gibt. Abbildung 1 zeigt die x-Komponente des mittleren Geschwindigkeitsfeldes. Hier ist durch das Rückstromgebiet, bzw. die Stromlinie die in die Düse hineinläuft,
deutlich zu sehen dass die Düse im Bodenmodus arbeitet. Anhand dieser Stromlinie kann
man auch auf eine Interaktion schließen. Um die Kohärenz dieser Interaktion zu verdeutlichen wird in Abbildung 2 die Zwei-Punkt-Korrelation von dem mit + gekennzeichneten
Punkt mit dem Rest des 2D Strömungsfeldes gezeigt. Hierbei wurde der fluktuierende Anteil
der y-Komponente der Geschwindigkeitsvektoren, v’, miteinander korreliert. Es ist deutlich
zu sehen wie die Außenbereiche der Strömung hohe Korrelations- so wie auch AntiKorrelationswerte mit der Düsenströmung aufweisen. Dies weist eine hohe gegenseitige
Abhängigkeit der beiden Strömungen nach.
Im Rahmen des Konferenzbeitrags soll dies unter Anderem detailliert analysiert werden. Des
Weiteren wird auch die Transition vom Boden- in den Höhenmodus, und die damit verbundenen Schwierigkeiten, gezeigt werden. Die Ergebnisse geben wichtige Aussagen über die
Realisierbarkeit von Dual-Bell Düsen und vorteilhaften Transitionskriterien unter realen Flugbedingungen.
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Abbildung 1: Darstellung der x-Komponente des mittleren Geschwindigkeitsfeldes bei Ma∞ =
0,8

Abbildung 2: Zwei-Punkt-Korrelation von v' um die kohärente Interaktion zwischen Ausßenund Düsenströmung darzustellen
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The heating and cooling dynamics for vertical ventilation concepts for future cars
gains interest in the recent years. Such ventilation concepts have the potential of
improving thermal passenger comfort, increasing efficiency and attended energy reduction [1]. Further, they have attracted the attention of scientists and car manufacturers with regard to successful commercialization of modern electric cars and are
necessary for autonomous driving, in particular for configurations with rotating front
seats [2].
A full-scale generic car mock-up (GCM) was developed and constructed at the German Aerospace Center (DLR) in Göttingen to evaluate vertical ventilation concepts
for future cars in a realistic measurement environment [3]. The dimensions of the
GCM follow the interior of typical mid-size cars. To investigate winter and summer
conditions, a jacket heating/cooling was implemented in the structure. The heat release as well as the obstruction of passengers were simulated by four thermal manikins (TM) with a constant heating power of 75 W. More than 70 resistance temperature detectors (RTDs) were conducted in order to observe the boundary conditions
air inlet, air outlet and ambient temperatures. The manikin surface temperature was
captured using an IR- camera in the dashboard. Local equivalent temperatures were
calculated by dummy surface temperature to verify the thermal comfort.
a)

b)

c)

d)

Figure 1: Illustration of the four investigated ventilation system in the generation car cabin. a)
mixing ventilation (MV), b) cabin displacement ventilation (CDV), c) low momentum ceiling
ventilation (LMCV) and d) hybrid ventilation (HV), a combination of CDV and LMCV

The present study has two aims. The first one is the verification of the cooling efficiency of the different ventilation systems and the second one is the evaluation of the
thermal comfort. The reference case is the mixing ventilation (MV, Figure 1a)), which
is state of the art for ventilation of passenger car compartments. The present application of MV represents a simplified configuration with four circular air supply tubes
in the dashboard of the GCM. MV is characterized by a high mixing degree of the
inflowing air jet with cabin air. This horizontal ventilation concept was compared to
three vertical ventilation systems. The additional concepts are: cabin displacement
ventilation (CDV, Figure 1b)), low momentum ceiling ventilation (LMCV, Figure 1c))
and hybrid ventilation (HV, Figure 1d)). All concepts are featured by very low inflow
velocities, where in case of CDV the air supply is realized by airbags mounted under
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the seats, for LMCV by a trickle membrane at the ceiling. CDV and LMCV have been
evaluated in various studies in aircrafts, trains and car cabins in the last years. Further, a hybrid ventilation (HV, Figure 1d)) system was investigated to combine the
benefits of CDV and LMCV [3].
For sake of comparability of the dynamic processes it is necessary to have stationary
starting conditions. To obtain thermal equilibrium for the summer season condition
(Tambient = 30 °C) the GCM operated three hours with heated TMs before starting air
supply with air inlet temperature of 15 °C. Further, we run the setup at least 2.5
hours for stationary conditions of the cabin surfaces. For the evaluation of thermal
comfort, the investigation of single thermal parameters is insufficient. To evaluate the
equivalent temperature, which includes air temperature, air velocity as well as radiation [4], a calibration methodology was validated with a TM in an isolated box [5].
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Figure 2: Equivalent temperatures (1) and empiric comfort zones (2) of different body parts
at the end of cooling down for a) MV, b) CDV, c) LMCV and d) HV. e) shows the response
time of decay curves of averaged equivalent temperature for four body parts

Figure 2(1) depicts the mean equivalent temperatures for the different body parts at
the end of cooling period for the investigated ventilation systems (a) – d)). Significantly lower temperatures for MV were observed in comparison to the vertical ventilation concepts. Since the TMs operated under constant heat release, the reduced
temperatures unveil an increased heat transfer due to forced convection. Further,
CDV reveals temperature stratifications with differences of 6 K between head and
legs. In contrast, homogeneous temperatures could be observed for LMCV. At HV,
temperature differences between left and right are found. Figure 2(2) depicts the appraisal of the thermal comfort based on empiric comfort zones ([4]) from too cold (1)
to too warm (5). For MV, all body parts exempt the legs are neutral comfortable. The
vertical systems reveal comfortable but warm upper body parts which indicates potential to warm inflow temperatures. The response time of decay curves α in Figure
-αt
2e) (T(t)=Ae +c) shows fast changes of equivalent temperatures for upper right arm
position of MV because of the higher forced convective heat transfer. At the conference, we will present the results and a detailed analysis of the cooling dynamics as a
function of thermal comfort and energy efficiency.
References
[1] Alahmer A., Abdelhamid M. and Omar, M., 2012, Design for thermal sensation and comfort
states in vehicle cabins. Applied Thermal Engineering 36, 126-140
[2] Diels C. and Bos J.E., 2016, Self Driving carsickness. Applied Ergonimics Journal 53, 374382
[3] Dehne T., Volkmann A., Schmeling D., Konstantinov M. and Bosbach J., 2017, Vertical
ventilation concepts for future passenger cars. Building and Environment 129, 142-153
[4] ISO 14505-2, 2006, Evaluation of thermal environments in vehicles – Part 2: Determination
of equivalent temperatures. International Standardization Organization DIN EN ISO 14505-2
[5] Lange P., Westhoff A., Schmeling D. and Bosbach J., 2018, Cost-effective human comfort
manikin with realistic thermal load for studies of convection-driven ventilation systems, Proceedings of Roomvent&Ventilation
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Der Sonderforschungsbereich (SFB) 871 ,,Regeneration komplexer Investitionsgüter’’ erforscht seit
2010 den arbeitsprozessbedingten Verschleiß von zivilen Flugtriebwerken und anderen Baugruppen,
wie z.B. Windenergieanlagen, um neue Regenerationspfade wissenschaftlich zu erschließen und als
Grundlage für die Industrie anwendbar zu machen. Aufgrund des hochkomplexen dynamischen
Arbeitsprozesses der Triebwerke sind Vorhersagen von Verschleißursachen, sowie die Identifizierung
von Interaktionen zwischen regenerierten und nicht ersetzten Bauteilen zurzeit analytisch und
numerisch kaum möglich.
Ein Ziel des SFB 871 ist die Untersuchung der aero-thermodynamischen Auswirkungen von
unterschiedlichen Bauteilen und kombinierten Baugruppen-Varianzen eines Turbofantriebwerkes.
Dafür wird das stationäre und transiente Betriebsverhalten in verschiedenen Betriebspunkten, sowie
der vollständige Kreisprozess des Gesamtsystems analysiert und insbesondere auf die Agilität und
Systemdynamik des Gesamtsystems und der einzelnen Komponenten eingegangen.
Für die Simulationen wird das institutseigene Programm ASTOR (AircraftEngine Simulation for
Transient Operation Research) verwendet. Anders als bei herkömmlichen Programmen zur
Berechnung und Beurteilung des Betriebsverhaltens von Turbomaschinen, ermöglicht ASTOR die
Simulation der Trägheit und der Dynamik des Gesamtsystems.
ASTOR basiert auf der Bond-Graph Theorie nach Karnopp et al. 2012 (1), die durch Potentiale und
Flüsse die Interaktion zwischen den Komponenten berechnet und somit das dynamische Verhalten
bei transienten Lastfällen beschreiben kann. Mithilfe der algebraischen Schleifen werden die Energieund Impulssätze im Kreisprozess modelliert, wobei die Entropie durch die Kennfelder der einzelnen
Bauteile ermittelt und zu den Berechnungen hinzugefügt wird. Durch die Integration der Kennfelder
werden die Informationen verschlissener und regenerierter Komponenten berücksichtigt, wodurch die
Trägheit und Dynamik der unterschiedlichen Baugruppen deutlich wird.
In dieser wissenschaftlichen Arbeit werden die Berechnungsmethoden vorgestellt und anhand des
institutseigenen Verdichters, dem Low – Speed – Research - Compressor (LSRC), angewandt.
Detailliertere Informationen, sowie die umfangreiche Datenbank über den LSRC sind bei Städing 2012
(2) nachzulesen.
Das Ziel der Arbeit ist die Berechnung unterschiedlicher Betriebspunkte und Betriebslinien. Zudem
wird das dynamische Zusammenspiel zwischen den Komponenten analysiert und transiente Lastfälle
simuliert. Um die Methodik auf weitere Komponenten anzuwenden, werden die Ergebnisse zunächst
mit den gemessenen Werten des Verdichters verglichen und validiert.
Abschließend werden die Methoden auf ein Einwellen-Einstrom-Triebwerk, bestehend aus Verdichter,
Brennkammer, Turbine und Welle, übertragen. Die berechneten Betriebspunkte werden mit
kommerziellen Programmen validiert und die Trägheit und Dynamik diskutiert.
Ergebnisse:
In der Abbildung 1 werden verschiedene Drosselkurven des Verdichters dargestellt. Dabei befindet
sich auf der Abszisse der reduzierte Massenstrom ̇ und auf der Ordinate das Druckverhältnis . Die
gelben Linien beschreiben die gemessenen Drosselkurven des LSRC und die rote Linie stellt die
Ablösekurve dar. Neben und auf den gemessenen Drosselkurven befinden sich die berechneten
Kurven (grün). Des Weiteren wird eine gemessene (blau punkt-gestrichelt) und eine berechnete (grün
gestrichelt) Arbeitslinie miteinander verglichen. Die Ergebnisse besitzen eine hohe Überschneidung,
deren Abweichung im weiteren Prozess der Modellierung reduziert wird.

114

STAB

Abbildung 1: Kennfeld des LSRC: Gemessene Drosselkurven (gelb), berechnete Drosselkurven (grün), gemessene
Betriebslinie (blau punkt-gestrichelt), berechnete Betriebslinie (grün gestrichelt), Ablösungsgrenze (rot)

In der Abbildung 2 wird die Systemdynamik der Turbine des Triebwerkes gezeigt. Das Diagramm stellt
das normalisierte Drehmoment
der Turbine über der Zeit dar. Dafür wird der Druck vor der Turbine
nach 2 s sprunghaft erhöht, wodruch das System kurzzeitig in Schwingung gerät und sich gedämpft in
den neuen Zustand und Betriebspunkt einpendelt.

Abbildung 2: Sprungantwort der Turbine: Normalisiertes Drehmoment (rot) und Druckverhältnis (blau)
über die Zeit

Referenzen:
(1) System Dynamics, Karnopp D., Marglois D. und Rosenberg R., John Wiley & Sons, Inc.,
2012
(2) Untersuchung der Wirkungsweise von Stator- und Rotor-Clocking in Axialverdichtern,
Städing J., Doktorarbeit, 2012
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The aerodynamic resistance can account for up to 80% of the total resistance of a freight
train at a speed of 115 km/h. This resistance thus contributes significantly to energy consumption in rail freight transport. In view of the goal of transporting goods by rail at a speed
of more than 160 km/h in future, it is important to improve the aerodynamics of the freight
car and the entire train. There is great potential for aerodynamic optimization in the case of
freight cars, which have hardly undergone any modernization or fundamental redevelopment
in the last 100 years. The entire contour of the existing wagons is determined by the laws of
traditional steel construction. UIC (International Union of Railways) compatibility also greatly
restricts the options for optimizing the drag reduction. Considering these aspects, as part of
the FR8RAIL project in the framework of the EU joint undertaking Shift2Rail, an innovative
freight wagon will be developed. In order to do so, different strategies for an aerodynamic
optimization are evaluated in a wind tunnel test campaign. This includes measures in the
underfloor region as well as in the vicinity of the top-units (i.e. a container).
Experiments are performed in SWG-wind tunnel (Seitenwindkanal Göttingen) at the Institute
of Aerodynamics and Flow Technology at DLR-Göttingen with at a free stream velocity of 50
m/s. The test section has a length of 9m with a cross-section of 2.4m x 1.6m. For studying
the under-body flow conditions a moving belt is installed.
The basic configuration of the wind tunnel model consists of three main parts: upstream and
downstream dummy vehicles and wagon with container. The whole model is attached to the
ceiling using a vertical sting which is completely detached from the wind tunnel to avoid the
influence of wind tunnels vibrations and any ground contact (Figure 1). To acquire aerodynamics forces, piezo electric force transducers are installed between two plates inside the
wagon. The bottom plate is fixed and connects upstream and downstream vehicles; the upper plate is used for collecting forces applied on the wagoIn. In this regard the wagon is
completely detached from the main model.
Different extension designs with various dimensions are examined on the rear surface of the
container and combination of different baffle concepts and axis coverings on the under-body
are investigated as well. The main goal is to achieve a unique and aerodynamically optimized container integrated with an optimized wagon design. Figure 2 represents first results
of drag analysis using different rear extensions. The frame extension on four edges (config.
1-4) and vertical side plates (config. 5-7) show an excepted trend for drag reduction by increasing dimensions. The hull-shaped extension (config. 8-10) and boat-tailing (config. 1113) with curved designs show their drag improvement after a certain length which are not as
effective as straight extensions (config. 1-7).
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Figure 1: Basic configuration of experimental model in wind tunnels test section

Figure 2: Variation of drag coefficients using various rear extensions on containers
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Als Konsequenz des Auftriebs produzieren Flugzeuge Wirbelschleppen, bestehend
aus gegenläufig rotierenden diskreten Wirbelpaaren, di e nach ihrer Entstehung
stromab in Richtung Boden absinken. Durch die niedrige Überflughöhe bei Start und
Landung können Hausdächer in An- und Abflugkorridoren von Flughäfen durch diese
beschädigt werden (siehe Abb. 1). Obwohl in den vergangenen Jahren zahlreiche
Schäden an Hauseindeckungen dokumentiert wurden, wurden bisher sehr wenige
wissenschaftliche Untersuchungen zu diesem Thema veröffentlicht. Darüber hinaus
gibt es eine öffentlich diskutierte Diskrepanz zwischen in Planungsgutachten vorhergesagten und tatsächlich auftretenden Schadensfällen. Neuere Gutachten kommen
zu dem Schluss, dass als Ursache für die beobachteten Schäden nur der im Wirbelzentrum herrschende Unterdruck in Betracht kommt. Zur Bestimmung der Eintrittswahrscheinlichkeit eines solchen Ereignisses wird angenommen, dass dieser Unterdruck nur bei Wirbelschleppen auf die Dachoberfläche einwirken kann, deren Wirbelachse bereits so stark ausgelenkt ist, dass der Wirbel unter einem steilen Winkel auf
die Dachoberfläche auftrifft. Dies setzt jedoch ein hinreichendes Alter der Wirbelschleppe voraus. Auf Basis dieser
Annahmen wurden beispielsweise
für die neu eröffnete Landebahn
Nordwest am Flughafen Frankfurt/Main 0,0249 Vorfälle pro Jahr
(Luftfahrzeugklassen Medium und
Heavy) vorhergesagt. Dem gegenüber stehen seit 2011 bereits 35
durch Anwohner gemeldete Schadensfälle im an den Flughafen an- Abb. 1 Dachbeschädigung durch Wirbelschleppen[1]
grenzenden Ort Flörsheim.[2, 3]
Motiviert durch die Diskrepanz zwischen vorhergesagten und tatsächlich auftretenden Schadensfällen wurden experimentelle Untersuchungen in einem Wasserschleppkanal mithilfe eines generischen Flügel- und Hausmodells durchgeführt, um
die Vorgänge beim Auftreffen eines Wirbels auf ein Hausdach prinzipiell zu untersuchen. Die Sichtbarmachung der Interaktion der Wirbelschleppen mit dem Hausmodell erfolgt durch Wasserstoffbläschen und ist in Abb. 2 für verschiedene Zeitpunkte
t dargestellt. Nachdem die Wirbelschleppe zunächst absinkt, trifft sie nach etwa 3,5 s
auf den Giebel des Hausmodells auf. Dem Auftreffen vorausgehend erfolgt zunächst
eine Krümmung der Wirbelschleppe, die dann in der Nähe des Giebels in zwei separate Einzelwirbel aufbricht. Diese beiden Hälften bewegen sich anschließend in Form
zweier Windhosen entlang der Dachoberfläche abwärts, wodurch der in den Wirbel-
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kernen herrschende Unterdruck direkt auf die Dachfläche einwirkt und entsprechende Schäden verursachen kann.

Abb. 2 Visualisierung der Wirbelschleppeninteraktion im Wasserschleppkanal

Ergänzend zu den experimentellen Untersuchungen wurden numerische Simulationen mit dem Strömungslöser TAU durchgeführt. Hierzu wurde zu Beginn der Simulation ein generischer Wirbel im Rechengebiet oberhalb des Daches initialisiert und
anschließend dessen weitere Entwicklung mit Hilfe eines zeitgenauen URANSVerfahrens simuliert. Die Modellierung der nichtaufgelösten turbulenten Schwankungsanteile erfolgte dabei mit Hilfe des SSG/LRR-Reynolds-Spannnungsmodells.

Abb. 3 Visualisierung der URANS-Simulation mittels der ISO-Fläche des Q-Kriteriums (grau)
und des auf das Dach wirkenden Drucks

Die Simulationsergebnisse zeigen, dass bei Annäherung der Wirbelschleppe an die
Dachfläche der auftreffende Wirbel Sekundärwirbel in der Nähe des Dachfirsts induziert, deren Stärke während des Interaktionsprozesses zunimmt. Wie in Abb. 3 links
zu sehen ist, wickeln sich diese Sekundärwirbel um den Primärwirbel und führen zu
einer Ablenkung der Achse des Primärwirbels hin zum Dach und letztendlich zum
Aufbrechen der Wirbelschleppe. Nach dem Aufbrechen legt sich die Wirbelschleppe
analog zu den experimentellen Beobachtungen an die Dachfläche an, wodurch der
Unterdruck im Wirbelkern auf die Dachfläche wirkt und somit zu hohen Sogkräften
führt. Daher sollten möglicherweise bei der Beurteilung des Gefährdungspotentials
von Wirbelschleppen an Flughäfen zukünftig auch solche kaum gealterten und noch
ungestörten Wirbelschleppen zusätzlich berücksichtigt werden.
[1] P.A. Blackmore, Slate and tile roofs: avoiding damage from aircraft vortices, Digest 467, pp. 1–12, (2002).
[2] GfL, Gutachten G1 Umweltverträglichkeitsstudie und Landschaftpflegerischer Begleitplan, Ausbau Flughafen Frankfurt Main, 2006
[3]
Bürgerinitiative
Flörsheim-Hochheim,
URL:
https://www.fluglaermprotest.de/wirbelschleppen/auflistung-wirbelschleppen (Zugriff: 07.06.2018)
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Für eine optimale und komfortable Umgebung in einer Fahrzeugkabine ist eine Analyse der
ausströmenden Luft im Bereich der Instrumententafel zwingend notwendig. Hierfür können
die strömungsmechanischen Parameter mit Hilfe von experimentellen sowie numerischen
Untersuchungen ermittelt werden. Die Einflussfaktoren der Strömung sind abhängig von den
geometrischen Abmaßen des Fahrgastraumes, der Konstruktion der Ausströmer und
Luftsteuerelemente sowie von den eingestellten Volumenströmen am PKW-Klimagerät. In
vorangegangenen Strömungsuntersuchungen der zirkulierenden Luft in einer
Fahrzeugkabine lagen die Modelle in geometrisch vereinfachter Form vor [1,2] oder wurden
nur an lokalen Stellen im Innenraum punktuell analysiert [3]. Die vorliegende Arbeit
präsentiert detaillierte Particle Image Velocimetry (PIV) Messungen und entsprechender
Computational Fluid Dynamics (CFD) Simulationen der Luftströmungsverteilung. Hierbei
wurde die Strömung in der Nähe konventioneller Lammellenausströmer in einem
Fahrzeuginnenraum unter Berücksichtigung variierender Luftmengenvorgaben und
unveränderter Fahrzeugabmaße betrachtet. Im Bereich der verwendeten CFD-Methoden
baut die Arbeit unter anderem auf die Vorgehensweise von Günther et al. [4] und You et al.
[5] auf.
Bei dem Untersuchungsobjekt handelt es sich um die Fahrzeugkabine eines VW Golfs. Um
über die gesamte Messzeit konstante Randbedingungen sowie eine isotherme
Strömungsbetrachtung zu gewährleisten, werden die experimentellen Studien in einer
Klimakammer durchgeführt. Abbildung 1 zeigt eine qualitative Darstellung der betrachteten
14 Messebenen. Vier CCD-Kameras analysieren die jeweilige Geschwindigkeitsverteilung in
diesen Ebenen. Abbildung 2 illustriert die Bildbereich der einzelnen Kameras.

Abbildung 1: x-z-Messebenen in Bezug
auf den Fahrzeuginnenraum

Abbildung 2: Bildsegmente der CCD-Kameras
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Für das CFD-Modell wird die exakte Geometrie der Fahrzeugkabine herangezogen und mit
Hilfe der OpenFOAM-Umgebung modelliert. Eine Netzvergröberung im Freistrahlbereich
zeigt zu große Abweichungen im Geschwindigkeitsprofil des Luftkegels auf. Aus diesem
Grund wird das Netz speziell in diesem Bereich sowie in den Luftkanälen adaptiv verfeinert.
Die resultierende Netzgenerierung ergibt eine Zellanzahl von ca. 40 Millionen. Die
Einlassrandbedingung gibt am Klimagerätausgang einen über die Fläche konstanten
Volumenstrom vor. Die Auslassrandbedingung befindet sich an der Hutablage. Die Lage
dieser Druckrandbedingung zeigt keinen Einfluss auf den Freistrahl im Bereich der
Ausströmeraustritte auf. Die CFD-Simulationen basieren auf der Reynolsds-averaged
Navier-Stokes (RANS) Methode mit Zuhilfenahme des k-ω-SST-Turbolenzmodells.
Abbildung 3 und 4 zeigen ein beispielhaftes resultierendes Geschwindigkeitsfeld der
experimentellen beziehungsweise simulativen Untersuchung, bei einer vorgegebenen
Volumenmenge von 256m³/h Frischluft am Klimagerätausgang. Zusätzlich werden die
Geschwindigkeitskomponenten an drei Geraden ermittelt, um eine detailliertere Analyse der
Luftströmung
zu
erhalten.
Diese
Geraden
stehen
jeweils
senkrecht
zur
Hauptströmungsrichtung, befinden sich im Bereich des Freistrahls und sind ebenfalls in den
folgenden Abbildungen dargestellt. Hieraus konnte eine Analyse der Abweichungen
zwischen den Geschwindigkeitsprofilen ermittelt werden.

Abbildung 3: Geschwindigkeitsverteilung bei
einer Luftmenge von 256m³/h [PIV-Messung]

Abbildung 4: Geschwindigkeitsverteilung bei
einer Luftmenge von 256m³/h [CFD-Simulation]

Diese
Arbeit
analysiert
anhand
von
experimentellen
und
numerischen
Strömungsuntersuchungen
die
Freistrahlentwicklung
bei
konventionellen
Lamellenausströmer in einem Fahrzeuginnenraum. Die hieraus aufgebauten Modelle zeigen,
dass die verwendeten Vorgehensweisen bei den CFD-Simulationen für weitere
Untersuchungen in diesem Bereich einen Grundbaustein generieren konnten.
Literatur
[1] F.J. Huera-Huarte, Xavier Cort, Enrique Aramburu, Xavier Vizcaino, Luis Casto, "DPIV
Measurements of the HVAC Aerodynamics Inside a Passenger Car", SAE Technical Paper,
2014-36-0214, 2014
[2] Paul Danca, Florin Bode, Ilinca Nastase, Amina Meslem, "On the possibility of CFD
modeling of the indoor environment in a vehicle", Energy Procedia, 2017
[3] Andrea Piovano, Laura Lorefice, Giuseppe Scantamburlo, "Modelling of Car Cabin
Thermal Behavior during Cool Down, Using an Advanced CFD/Thermal Approach", SAE
Technical Paper, 2016-01-0213, 2016
[4] Gero Günther, Johannes Bosbach, Julien Pennecot, Claus Wagner, Thomas Lerche, Ingo
Gores, "Experimental and numerical simulations of idealized aircraft cabin flows", Aerospace
Science and Technology, 2006
[5] Ruoyu You, Jun Chen, Zhu Shi, Wei Liu, Chao-Hsin Lin, Daniel Wei, Qingyan Chen,
"Experimental and numerical study of airflow distribution in an aircraft cabin mock-up with a
gasper on", Journal of Building Performance Simulation, Volume 9, Issue 5, 2016.
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The expression mixed convection (MC) refers to flows, where forced convection (FC) and thermal convection (TC) coexist and have the same order of magnitude. Often, MC occurs on large scales, for
example in case of aircraft cabin ventilation [1]. The passengers emit heat and warm air rises due to
buoyancy and interacts with FC from the air-conditioning. As a consequence, large-scale flow structures
develop. The shape, the orientation and the dynamics of these structures determine the heat transport
and thus the thermal comfort as well as the efficiency of aircraft cabin ventilation. With the objective to
determine the characteristics of these structures an experimental study of MC is carried out as a function
of the ratio of buoyancy to inertia forces.
MC is examined in a down-scaled generic cabin segment of an Airbus A380 upper deck. The spatial
scaling of the cabin is based on a verified concept [2] in order to obtain full-scale characteristic numbers
on laboratory scales. In accordance with the scaling concept, the volume flow V̇ , the heating power of the
thermal manikins (TM) Q̇TM and the fluid pressure P are adjusted to obtain similitude between a downscaled and the full-scale cabin. A photo of the configuration is shown in figure 1. The spatial scalingfactor for the cabin is sL = 7. Hence, the dimensions of the cabin are as follows: height H = 0.31 m,
width W = 0.726 m and length L = 1.0 m.
The convective air flow and the heat transfer in the cabin are defined by a set of nondimensional numbers including: the Grashof
number Gr = g β ∆T H 3/ν 2 , the Reynolds number Re = V̇ L/Ain ν , the Nusselt number for the
TMs Nu = Q̇TM H/ATM λ ∆T and the Prandtl number Pr = ν/κ. Here g denotes the gravitational
√
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Figure 2: Proper density functions of the time-averaged velocity vector fields for the u- and v-component,
respectively. (a) and (c) isothermal case at Re = 2380. (b) and (d) thermal case at Re = 2380,
Gr = 1.2 × 104 and St = 14.7 × 10−3 . (e) - (h) PSD calculated by means of the time series of µ and σ
of the corresponding PDFs. Here, red is used for the PSD of MC and black for the isothermal condition.
√
(fig. 1b). The velocity magnitude u2 + v 2 is colour-coded and standardised to the volume flow V̇ of
the incoming air. In both cases the air enters the cabin at the ceiling near the luggage compartment, follows the contour and detaches. However, in case of the flow with heated TMs, the additional buoyancy
forces impact the wall jets significantly. For all wall jets a broadening and a previous detaching of the
wall jet at the left and right side can be observed.
Since mixed convection in a cabin is generally turbulent, far from equilibrium or shows erratic behaviour,
the time series of the velocity vector fields are analysed using several static methods such as Property
Density Functions (PDF) of the velocity or Proper Orthogonal Decomposition (POD). Sample results of
the PDF analysis are depicted in figure 2. The histograms 2(a-d) show the velocity distributions of the
time-averaged velocity vector field (fig. 1(a) and (b)). Figures 2(a) and (b) depict the distribution of the
u-component and figures 2(c) and (d) the distribution of the v-component for the isothermal and thermal
case, respectively. Based on the assumption that the velocity components are normally distributed, the
mean value µ and the variance σ are calculated by means of a least-square-fit. For the u-component
it is found that the distribution of the isothermal and the thermal case are almost normally distributed
with µu = 0. However, in case of MC the interaction of the buoyancy flow with the wall jets leads to
a broadening of the PDF. For the isothermal flow the variance is σu = 2.18 × 10−3 and for MC it is
σu = 3.89 × 10−3 . In case of the v-component the sum of two Gauss functions is fitted, with the bluecoloured graph representing the distribution of the wall jet and the red one representing the distribution
for the bulk. Similarly, for the v-component, a broadening of the PDF at MC is found for the wall jet as
well as for the bulk. In addition, the PDFs are calculated for each instantaneous velocity field (recorded
at a repetition rate of 2 Hz). Based on these time series the power spectral density (PSD) of µ and σ is
computed by means of a fast Fourier transformation (FFT). Here, the red graphs represent the MC cases
and the black graphs those of the isothermal conditions. Figures 2(e) and (f) depict the PSD of µu and
σu for the u-component and figures 2(g) and (h) show the PSD for µv of the v-component for the bulk
and the wall jet, respectively. The PSD discovers a plethora of characteristic frequencies representing
primarily the dynamics of the wall jet detachment as well the dynamics of large-scale circulations. A
detailed discussion of these frequencies, to be exact the large-scale flow structure formation and its
dynamics as well as its effect on the heat transport, will be presented at the conference. Furthermore,
we will introduce the concept of scaling and the experimental configuration for the measurement under
high-pressure conditions.
[1] M. Kühn, J. Bosbach, and C. Wagner. Experimental parametric study of forced and mixed convection in a
passenger aircraft cabin mock-up. Building and Environment, 44(5):961 – 970, 2009.
[2] Andreas Westhoff. Spaitial Scaling of Large-Scale Circulations and Heat Transport in turbulent Mixed Convection. PhD thesis, Georg-August Universität Göttingen, 2013.
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Motivation:
Laminar flow technologies have taken an extensive position in research over the last decades as they
lead to drag reduction and thus to lower emissions of transport aircraft. Boundary layer transition is an
essential effect of this technique and has a large impact on the flow physics. In transonic flow, boundary layer transition is combined with the presence of shocks and shock boundary layer interaction. In
short, the aerodynamics of a laminar airfoil is highly nonlinear. For the unsteady aerodynamics of a
laminar airfoil, the physical mechanisms become even more complex and nonlinearities are more pronounced, as it was confirmed by multiple experimental and numerical studies on a CAST 10-2 supercritical laminar airfoil [e.g. 1, 2].
These nonlinearities are also present in the flutter behavior of the CAST 10-2 airfoil. Among other
things, limit cycle oscillations (LCO), pitch single degree of freedom flutter and subcritical bifurcations were found in the vicinity of the transonic dip [3, 4]. All of these effects show a large sensitivity
to boundary conditions like Mach number, stagnation pressure and the angle of attack. The present
paper will describe the uncertainties that arise with regard to the boundary of the transonic dip.
Experimental Setup:
A 2D flutter experiment with a CAST 10-2 supercritical laminar airfoil model was performed. The test
was conducted in the Transonic Wind Tunnel Goettingen (DNW-TWG).
In addition to a standard two degree of freedom (DOF) system with pitch and heave, a 1-DOF system was also investigated to study pure single degree of freedom flutter in pitch.
The wind tunnel model was equipped with unsteady pressure sensors, accelerometers and hot-film
sensors. The airfoil motion was measured by laser triangulators, aerodynamic forces and moments
were recorded with piezoelectric balances.
Measurements were performed in a Mach number range of 0.5 ≤ Ma ≤ 0.8 with a variable stagnation pressure p0 of 40 kPa up to 75 kPa, hence the Reynolds number varied from 1.15 · 106 to
2.83 · 106. Furthermore, the angle of attack was varied in a range of -1° ≤ α ≤ 1°.
Results:

Fig. 1: Hysteresis of the pitch LCO amplitude |Δα| while increasing
the Mach number first and decreasing Ma afterwards. The measurements were conducted at a stagnation pressure of p0 = 55 kPa and an
angle of attack of α0 ≈ 0°.

Fig. 2: Hysteresis of the pitch LCO amplitude |Δα| while varying the
mean angle of attack. The measurements were conducted at a stagnation pressure of p0 = 55 kPa and a Mach number of 0.732.
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1-DOF LCOs occur in the vicinity of the transonic dip and show a large sensitivity to the stagnation
pressure and to the Mach number [4]. The onset of these LCOs depends on the angle of attack α. A
small change of a few hundredth degree of α is sufficient to trigger the flutter onset.
In addition to the effective value of the Mach number or the angle of attack, the flutter behavior
also depends on whether Ma or α is increased or decreased, respectively. In both cases, a hysteresis
was found as it is depicted in Fig. 1 for a variation of the Mach number and in Fig. 2 for a variation of
the angle of attack.
For an increase of the Mach number, a first LCO occurs for Ma = 0.729 at a stagnation pressure of
p0 = 55 kPa. A further increase leads to growing LCO amplitudes until unbounded flutter occurs.
When the Mach number is decreased, the amplitude of the LCO decreases continuously until the
LCO vanishes at a Mach number of Ma = 0.721
and the stable region is reached again. So, the
flutter boundary is shifted by ΔMa ≈ 0.008 towards lower Mach numbers.
For the angle of attack the hysteresis is even
more complex. For a constant Mach number of
Ma = 0.73 and a stagnation pressure of
p0 = 55 kPa, α was varied by using the 2D-support
[5]. It was found that single degree of freedom
flutter occurs in a limited area. While the angle of
Fig. 3: Jump of the mean angle of attack of about Δα0 ≈ 0.1° before attack is increased, LCOs with different amplitudes occur around -0.2° ≤ α ≤ 0.6°, which than
a limit cycle oscillation occurs. The LCO was measured at a Mach
number of Ma = 0.729 and a stagnation pressure of p0 = 54 kPa.
again vanish upon further increase. If the angle of
attack is decreased again, LCOs were found in the range of 0.45° ≥ α ≥ -0.4°. So both, the onset and
offset of flutter exhibit a hysteresis.
In addition, these crossovers are combined with a jump in the mean angle of attack α0 before limit
cycle flutter occurs, as it is depicted in Fig. 3 for one selected LCO. In the vicinity of the stability limit, it was difficult to adjust α0, as a small change of the 2D-support angle, hence the angle of attack,
first led to a jump in pitch of the airfoil model before limit cycle flutter at a self-adjusted α0 occur afterwards.
Contribution of the paper:
The paper will start with a short overview of the recent flutter investigations on the CAST 10-2 laminar airfoil. Subsequently, the influences of boundary layer transition, Mach number, Reynolds number
and the angle of attack are examined and their influences on the flutter limit are discussed in more
detail. Furthermore, nonlinear effects like hysteresis, which was found for a variation of the Mach
number and the angle of attack will be presented and discussed. Thereby, the self-adjustment of the
mean angle of attack before the flutter onset will be shown. Finally the transonic dip of the laminar
airfoil will be considered with these effects in mind, as they lead to uncertainties of the stability region.
The paper contributes to a better understanding of the flutter onset of a laminar airfoil. Factors influencing the flutter boundary will be discussed which are, in general, of major importance to experimental or numerical estimations of flutter boundaries of transport aircraft and their flight envelopes.
References:
[1] Hebler, A., Schoja, L., and Mai, H., “Experimental Investigation of the Aeroelastic Behaviour of a Laminar Airfoil in
Transonic Flow”, International Forum on Aeroelasticity and Structural Dynamics (IFASD), 24-26 June 2013, Bristol,
United Kingdom
[2] Fehrs, M., “Influence of Transitional Flows at Transonic Mach Numbers on the Flutter Speed of a Laminar Airfoil”,
International Forum on Aeroelasticity and Structural Dynamics (IFASD), 24-26 June 2013, Bristol, United Kingdom
[3] Hebler, A., “Experimental Assessment of the Flutter Stability of a Laminar Airfoil in Transonic Flow”, International
Forum on Aeroelasticity and Structural Dynamics (IFASD), 25-28 June 2017, Como, Italy
[4] Braune, M., and Hebler, A., “Experimental Investigation of Transonic Flow Effects on a Laminar Airfoil Leading to
Limit Cycle Oscillations”, AIAA Aviation Forum, 25-29 June 2018, Atlanta, Georgia, accepted for publication
[5] Dietz, G., Schewe, G., and Mai, H., “Experiments on heave/pitch limit-cycle oscillations close to the transonic dip,”
Journal of Fluids and Structure, Vol. 22, No. 1, 2006, pp. 505-527
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Background: Laminar wing technology has the potential to reduce aircraft drag significantly. However, the impact on the aeroelastic behavior (e.g. the flutter boundary)
is still widely unknown and subject to ongoing discussion [1]. As a result of the varying boundary layer displacement due to laminar-turbulent transition non-neglible effects on the surrounding pressure field can be expected even at flight Reynolds
numbers. In particular, in the transonic off-design regime strength and position of
recompression shocks may differ considerably from the fully turbulent case. The motion-induced unsteady airloads, as the main driver of the flutter behavior, can be expected to inherit these effects. At present, fairly few knowledge exists on the unsteady aerodynamics and, hence, the flutter behavior of NLF wings compared to
conventional wings. Recent experimental and numerical evidence of a 2-dof heavepitch spring-mounted rectangular wing under transonic conditions clearly indicates a
lower flutter boundary at free transition than for tripped turbulent flow [2,3]. To the
authors knowledge there is, however, no such investigation available for threedimensional wing configurations relevant for modern transport aircraft.
Objective: The overall objective of this work is to gain more insight into the
aeroelastic behavior of NLF wings. On the one hand, the application of state-of-theart transition models to aeroelastic analysis of transport aircraft wings is to be assessed. On the other hand, previous experience based on 2D airfoils is to be extended to 3D wings.
Approach: Transition mechanisms are investigated based on selected airfoils and
wings. The DLR Tau Code is used for RANS simulations. Transition prediction based
on the linear stability code Lilo (eN method) as well as two correlation models (γ-ReΘ
and γ-model) are applied. Linearized system identification is used to determine the
unsteady aerodynamic behavior.
First, the effect of laminar-turbulent transition on steady aerodynamic characteristics
is analyzed numerically and compared with experimental data based on a 2D airfoil
case. Variation of Mach and Reynolds number is considered. Transition prediction
methods are compared and an unsteady aerodynamic response analysis is performed.
Finally, the analysis is extended to a 3D case. Steady and unsteady CFD simulations
are conducted and the transferability from 2D to 3D is assessed.
Results: Transitional flow around an airfoil can exhibit a significantly steeper (negative) gradient of the steady pitching moment polar compared to fully-turbulent flow.
Under these conditions, a considerable difference is observed in the unsteady aerodynamic behavior as well. Even a phase lead is found for the pitching moment derivative with respect to the pitch motion, which is enabeling 1-DoF flutter, theoretically.
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The suitability of different methods for transition prediction is assessed with respect
to transition prediction of transport aircraft wings in flight condition. The eN method is
considered as reference because of its comprehensive validation based on wind
tunnel as well as flight test experiments [4]. It is the superior method in some conditions under consideration. However, in the presence of strong shocks or laminar
separation the method can suffer from instability of the solution. On the other hand,
the appeal of correlation methods lies in their simplicity, e.g. with regard to parallelization as well as for URANS simulation. The present investigation confirms, however, the weakness of the γ-ReΘ transition model to represent the stabilizing effect of
accelerated flow at high Reynolds number and low turbulence conditions [5]. In contrast to that, the γ transition model, which is derived from the γ-ReΘ model in order to
remedy this inconvenience, is in good agreement with the results of the e N method.
In addition, it reveals superior robustness in some cases.

Figure 1: Comparison of fully turbulent and transitional flow; left:
Unsteady aerodynamic loads; right: Skin friction distribustion
The DLR-F5 wing was investigated at free transition in the Transonic Wind tunnel
Göttingen (TWG) by Sobieczky et al. 1994 [6]. The experimental results are particularly suitable for validation of numerical methods because special attention was
payed to the accurate definition of the boundary conditions. The steady test results
are well represented by numerical simulation. Finally, the effect of free transition on
the unsteady aeroelastic response (Figure 1) is investigated.
Literature:
[1] Tichy, L. (2017). Risk Analysis for Flutter of Laminar Wings. 17th International Forum on
Aeroelasticity and Structural Dynamics.
[2] Fehrs, M., Rooij, A. C., & Nitzsche, J. (2015). Influence of boundary layer transition on the flutter
behavior of a supercritical airfoil. CEAS Aeronautical Journal, 6, 291-303.
[3] Hebler, A. (2017). Experimental Assessment of the Flutter Stability of a Laminar Airfoil in Transonic
Flow. 17th International Forum on Aeroelasticity and Structural Dynamics.
[4] Schrauf, G. (2006). LILO 2.1 User’s Guide and Tutorial. Tech. rep.
[5] Fehrs, M.: Boundary Layer Transition in External Aerodynamics and Dynamic Aeroelastic Stability.
Dissertation, Technische Universität Braunschweig, ISSN 1434-8454, ISRN DLR-FB--2018-11, auch
NFL-FB 2017-27 (2018)
[6] Sobieczky, H. (1994). DLR - F5: Test Wing for CFD and Applied Aerodynamics. Test Case B-5 in
AGARD FDP Advisory Report AR 303 “Test Cases for CFD Validation”
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In the last decades the trend to ever larger rotor diameters of horizontal axis wind turbines
has reached new dimensions, motivated by economic factors both for onshore and offshore
applications. Under unsteady flow conditions the blades of this kind of wind turbines may
exhibit dynamic stall. Depending on the pitching angle, the amount of flow separation and the
strength of the dynamic stall vortex both light and deep stall can occur. In particular the latter
phenomenon is characterized by a strong hysteresis of the airloads and reduced damping
frequency, which results not only in severe aerodynamic loads and moments on the blades
and hub, but also in aeroelastic instability problems.
Quite a few studies on the dynamic stall phenomena have been performed using the welldocumented S809 aerofoil. Wind tunnel experiments on a S809 aerofoil under stationary or
dynamic pitching oscillations were for example performed by Ramsay et al. [1] and Somers
[2] for Reynolds numbers up to 3×106. Results of experimental tests have been used as reference for the development of cost-efficient models and CFD codes, e.g. the semi-empirical
Beddoes-Leishman model [3]. Gupta and Leishman [4] and Gonzalez and Munduate [5] used
this model to predict the unsteady aerodynamic behaviour of a pitching S809 aerofoil at reduced frequencies up to k = 0.077 for Re = 106. They showed that the model was able to
predict the dynamic stall characteristics of the aerofoil, but that in particular for the dynamic
stall vortex shedding and the reattachment process still a large discrepancy with the experimental results was present.
In order to improve the dynamic stall models for unsteady flow conditions taking place in
daily life (e.g. wind gusts and strong directional and spatial variations in wind shear), there is
a great need for validation experiments on the aerodynamic behaviour of wind turbine aerofoils during dynamic stall at numerous reduced frequencies for Reynolds numbers O(106) O(107) at low wind velocities. In the current paper first experimental results on the mean and
fluctuating aerodynamic coefficients of a two-dimensional S809 aerofoil under steady model
conditions and during pitching motions at high Reynolds numbers up to 8 million are presented.
The experiments are performed in the High-Pressure Wind tunnel (DNW-HDG), a closedcircuit low-speed wind tunnel that can be pressurised up to 10 MPa to achieve simulations at
high Reynolds numbers in the order of 107. The test section has a cross-section of 0.6×0.6
m2 and measures 1 meter in length. At half the length of the test section a turn table is positioned at both side walls, each of which is connected to an independent electrical torque motor. In this way not only the static angle of incidence of the model can be varied over 360º
with an accuracy of 0.0346º, but also forced high-amplitude dynamic pitching oscillations of
the model can be performed around each static angle of incidence up to reduced frequencies
of k = 1. On the rotation axis of the turn tables two three-component piezoelectric balances uniquely modified by Kistler for model pitching experiments in the High-Pressure Wind Tunnel - are located for measuring the steady and unsteady loading in lift and drag direction, as
well as the pitch moment. In the current experiment these data were recorded at a sample
rate of 1.28 kHz for static angles of incidence and of up to 24.6 kHz for dynamic experiments
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The wall interference effects are measured through 36 static pressure taps, equally distributed in flow direction over the upper and lower test section walls.
The wind tunnel model is a solid two-dimensional S809 aerofoil made from stainless steel
with a chord of c = 0.08 m and a span of 0.568 m. Its centre of gravity is located at xcg =
0.033 m (41% of the chord), whereas the centre of rotation is placed at 0.25c. The model is
mounted horizontally in the test section, thereby connecting the flanges at both model ends
to the balances. Slightly conical end plates are used at both side walls of the test section for
closure of the gaps between the model ends and the turn tables and for assuring a uniform
flow condition in the test section at the position of the model.
The variation of the mean global lift and moment coefficients with angle of incidence are
presented in fig. 1 for Reynolds numbers between 0.5×106 and 6×106. In the attached flow
region (|α| ≤ 6°) good agreement with experimental data for Rec = 1×106 and 2×106 of Somers [2] is achieved for both coefficients, whereas in the stall and post-stall regimes slightly
higher values are obtained in the current experiment. Fig. 2 shows the mean results for CL
and CM over 150 sinusoidal pitching oscillations at αmean = 10° and 3° ≤ Δα ≤ 15° for k =
0.075 and Rec = 6×106 together with the static model values. For both coefficients a large
dynamic hysteresis regime is observed, as well as high negative pitching moments in the
stall and post-stall regimes for Δα = 12° and 15°.

Figure 1: Distribution of the mean global lift coefficient (a) and pitching moment coefficient around
x = 0.25c (b) of the 2D S809 aerofoil as function
of the angle of incidence at various Reynolds
6
6
numbers. (▼: Rec = 0.5×10 , p : Rec = 1×10 ,
6
6
6
■: Rec = 2×10 , ¿ : Rec = 4×10 , l : Rec = 6×10 ;
6
6
--: Rec = 1×10 [2], -⋅ : Rec = 2×10 [2]).

[1]
[2]
[3]
[4]
[5]

Figure 2: Variation of the mean global lift coefficient (a) and pitching moment coefficient around x
= 0.25c (b) of the 2D S809 aerofoil with angle of
incidence for a reduced frequency of k = 0.075 at
6
Rec = 6×10 and V∞ = 20 m/s. (–: α = 10° ± 3°,
–: α = 10° ± 6°, –: α = 10° ± 9°, –: α = 10° ± 12°,
–: α = 10° ± 15°, l : static angle of incidence)
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The analysis of an aircraft’s flight envelope boundary is characterized by multidisciplinary
and computationally costly simulations. In this regard, the accurate prediction of aeroelastic
phenomena that arise through the interaction of structural, inertial, and flow-induced forces
is of paramount importance. Consequently, efficient and accurate methods are required to
compute the unsteady aerodynamic forces as well as the overall aeroelastic response. With
respect to the fidelity of the results, especially when considering the transonic flow regime,
recent research efforts aim to use modern computational fluid dynamics (CFD) methods for
the respective aeroelastic computations. However, due to the vast number of degrees of
freedom, parameters, and cases, the numerical effort of comprehensive multi-physics calculations is still not manageable using the available computing capacities. A possible remedy is
to develop and use reduced-order models (ROM) for aeroelastic purposes. Therefore, CFDbased training data samples describing the input/output relationship of the underlying system
are exploited by means of a linear or nonlinear system identification. However, most of the
established ROM methods were designed and validated in terms of predicting flutter or limitcycle oscillations.
Additionally to the aforementioned mechanisms, other important aeroelastic effects can limit
the aircraft’s flight envelope. For example, shock-induced flow separation associated with
more or less periodic fluctuations up to stochastic characteristics can occur under transonic
flow conditions if the critical angle of attack is exceeded. This aerodynamic phenomenon is
known as shock buffet or transonic buffet and is characterized by a pronounced shockboundary-layer interaction as well as the forming and receding flow separation (see Fig. 1).
The associated unsteady pressure fluctuations on the airfoil, wing, or tail surface in turn can
lead to a corresponding structural response, which is called buffeting.

Figure 1: Unsteady lift coefficient characteristics due to the buffet phenomenon (NACA 0012, Ma∞ = 0.72, Re =
10 Million, α = 6°, AER-NS).

The objective of this work is the development and application of nonlinear ROM methods
towards the prediction of transonic buffet. Therefore, the neuro-fuzzy model combined with a
multilayer perceptron neural network, which has been recently developed by the authors [1],
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is extended in order to capture the unsteady aerodynamic characteristics of buffet flows. In
contrast to the flutter or the limit-cycle oscillation modeling tasks, the flow for these cases
exhibits an infinite memory from a system’s point of view. In consequence, no steady state of
the flow is reached even for a rigid, non-excited structure, making the modeling task more
complex and challenging. Hence, only models with output feedback are suited for this problem class. The ROM is conditioned by the output of a time-marching unsteady Reynoldsaveraged Navier Stokes (URANS) simulation. Here, the focus is on calculating the integral
forces and moments such as the lift and pitching moment coefficients using the ROM method. Within the scope of thiis work, it is not intended to resolve locally pronounced fluctuations
or detailed flow effects.
In order to prove the functionality of the nonlinear ROM for buffet prediction, the methodology is demonstrated based on the NACA 0012 airfoil undergoing a pitching motion. The transonic flow condition can be characterized by a freestream Mach number of Ma∞ = 0.72, a
Reynolds number of Re = 10 Million, and an angle of attack of α = 6° [2]. Based on this setup, URANS simulations with and without pitching excitation are carried out to yield the training data for the ROM. In Fig. 2, the flow field in absence of any structural excitation is shown
at four time instances within a single buffet period. For the forced-motion CFD computation,
an amplitude-modulated pseudo-random binary time law is prescribed with respect to the
pitching angle. Using the computed input/output relationship, the recurrent neuro-fuzzy model with nonlinear quasi-static MLP correction is trained according to the workflow discussed
in [1]. Finally, the ROM is applied to user-defined cases. Here, harmonic pitching excitations
at specified reduced frequencies but also a case without excitation is studied. A comparison
with the reference CFD solution is presented for performance evaluation.

Figure 2: Mach number contour plots showing the buffet cycle of the NACA 0012 airfoil at Ma∞ = 0.72,
Re = 10 Million, and α = 6° (AER-NS). TBuffet refers to the buffet period.
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Bunsenstr. 10, 37073 Göttingen
christian.brueckner@dlr.de

Hauptströmungsrichtung

Konvektive Strömungen mit Phasenübergang treten in vielen technischen Anwendungen und
alltäglichen Situationen auf. Oft stellt die Kondensation dabei einen unerwünschten Effekt dar.
So kommt es beispielsweise im Auto bei bestimmten Wetterverhältnissen zu einem Beschlagen
der Scheinwerfer und der Scheiben, was durch die verringerte Sicht ein erhöhtes Unfallrisiko
birgt [2].
Auf Basis der Nusseltschen Wasserhauttheorie [1] soll ein
Modell für den Stoff- und Wärmetransport in konvektiven
z
Strömungen mit Phasenübergang entwickelt werden, das im Bey
reich der Klimatechnik anwendbar ist. Dazu ist es notwenx
dig, das Skalenverhalten des Stoff- und Wärmeübergangs bei
feuchter Luft mit geringem Wasseranteil zu identifizieren. NachLvor
dem bereits mithilfe der letzten experimentellen Studie [3]
das Skalenverhalten bei konstanter charakteristischer Temperaturdifferenz in Abhängigkeit der Eingangstemperatur untersucht wurde, soll nun ergänzend die Abhängigkeit von der
Einströmgeschwindigkeit untersucht werden. Weiterhin soll die
Lmess
Abhängigkeit vom diffusiven Stofftransport untersucht werden.
Analog zur vorhergegangenen Studie werden die Temperaturdifferenzen zwischen Lufttemperatur am Einlass, Kühlplattentemperatur und Taupunkt konstant gehalten, um die Triebkräfte
B
für die Kondensation über eine Reihe von Temperaturen konstant Lnach
zu halten. Die Messungen erfolgen in einem vertikalen Kanal
H
(Abb. 1) mit einer isotherm temperierten Kühlplatte (blau) an einer Wand und adiabaten Bedingungen an den anderen Wänden.
Abbildung 1: Vertikaler KaDer Kanal besteht aus einem Vorlauf von 1,5 m Länge, einer
nal mit Vorlauf, Messstrecke
Messstrecke von 2,05 m Länge und einem Nachlauf von 0,5 m
und Nachlauf
Länge. Vor- und Nachlauf stellen dabei sicher, dass eine ausgebildete Kanalströmung über die gesamte Messstrecke vorliegt.
Der Kanal hat eine Breite von 0,533 m und eine Höhe von 0,05 m, woraus sich ein Aspektverhältnis von 10.66:1 ergibt. Zur Aufzeichnung der Temperaturen im Luftstrom und der
Kühlplatte werden PT100 Widerstandsthermometer und zur Taupunktbestimmung am Ein- und
Ausgang kapazitive Feuchtigkeitssensoren verwendet. Die Bestimmung des Volumenstroms erfolgt mit einem Venturi-Rohr.
Zur Beschreibung des Systems werden verschiedene dimensionslose Kennzahlen verwendet:
Reynolds-Zahl Re = Udhydr /ν, Nusselt-Zahl Nu = q̇H/λLu f t ∆T und Sherwood-Zahl Sh = U pt H/D.
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q pt/qin−out

m pt/mwasser

U bezeichnet hier die mittlere Strömungsgeschwindigkeit als Verhältnis des Volumenstroms zur
Querschnittsfläche V̇Luft /AHB , dhydr den hydraulischen Durchmesser des Kanals, ν die kinematische Viskosität, q̇ den Wärmestrom, U pt die Kondensationsgeschwindigkeit als Verhältnis der
Kondensatmenge zur Kondensationsfläche V̇pt /A pt , H die Kanalhöhe, D den Diffusionskoeffizient für feuchte Luft, λLu f t die Wärmeleitfähigkeit und ∆T die charakteristische Temperaturdifferenz.
Für den globalen Wärmetransport ist die chaRe ≈ 2000 Re ≈ 4000 Re ≈ 8000
rakteristische Temperaturdifferenz die Differenz zwischen Einlass- und Auslasstemperatur,
0,20
während für den Wärmetransport durch Konden0,15
sation die Differenz zwischen mittlerer System0,10
temperatur und Kühlplattentemperatur gewählt
wurde.
20
30
25
Die vorhergehende Untersuchung der TempeTmean
raturabhängigkeit wurde bei drei verschiedenen Reynolds-Zahlen durchgeführt. Dabei zeigte Abbildung 2: Anteil der tatsächlichen Konsich, dass sowohl beim Stofftransport des Kon- densatmasse an der maximal möglichen
densats (Abb. 2) als auch beim Wärmetransport Masse
durch Kondensation (Abb. 3) eine Beeinflussung
durch die Strömungsgeschwindigkeit auftritt. Diese ist zum einen auf die geringere mittlere Verweilzeit der Luft im Kanal und zum anderen auf die unterschiedliche Querdurchmischung der
feuchten Luft aufgrund des steigenden Turbulenzgrades zurückzuführen.
Um das Skalenverhalten des Stoff- und WärmeRe ≈ 2000 Re ≈ 4000 Re ≈ 8000
übergangs umfangreicher beschreiben zu können,
soll die Abhängigkeit von der Reynoldszahl in
0,40
der durchgeführten Studie systematisch untersucht werden.
0,30
Um an die bisherigen Ergebnisse anzuschließen, werden zwei Punkte der Temperaturva20
30
25
riation ausgewählt und deren Bedingungen bei
Tmean
weiteren Reynolds-Zahlen untersucht. Die Temperaturdifferenz zwischen Eingangstemperatur Abbildung 3: Verhältnis von latenter zu senund Kühlplattentemperatur wurde konstant bei sibler Wärme
26,5 K gehalten. Der Taupunkt am Eingang wurde jeweils 10 K oberhalb der Kühlplattentemperatur gehalten. Um ergänzend den Einfluss
der diffusiven Triebkräfte zu untersuchen, wird eine weitere Versuchsreihe durchgeführt, bei
der die insgesamt enthaltene Wassermasse pro Zeiteinheit im Kanal konstant gehalten wird,
während die Reynoldszahl variiert wird. Mit dieser Methode werden die diffusiven Triebkräfte
im Verhältnis zum konvektiven Stoff- und Wärmetransport betrachtet. Auf dem Symposium
sollen die Ergebnisse der beiden durchgeführten Variationen diskutiert werden.
Literatur:
[1] Nusselt, W., Die Oberflächenkondensation des Wasserdampfes, Zeitschrift des Vereins
Deutscher Ingenieure 60(27), 1916, S. 541-546
[2] Bopp, R., and A. Peter. Windshield Fogging in Road Tunnels, Final Results na, 2006
[3] Brückner, C., Westhoff, A., Wagner, C. Experimentelle Untersuchung von konvektiver Kanalströmung mit Phasenübergang, Jahresbericht 2017 zum 18. STAB Workshop, 2017, S.
79
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Introduction
The isothermal flow past roughness elements has been addressed in many studies
in the last years. The investigations focused on the influence of different element
shapes and Reynolds numbers, on the laminar-turbulent transition, and on the wake
structures [e.g., 1,2]. In addition, some studies analyzed the effect of a heated
roughness element [3]. Nevertheless, the interaction of thermal buoyancy forces and
the wake of roughness elements was only scarcely analyzed and mainly for vertical
channels [4], although this combination might offer great potential in the design of
heat exchangers. For example, Biswas et al. [5] showed that buoyancy effects in a
horizontal channel flow can alter the steady wake of a rectangular cylinder, lead to
periodicity and asymmetry, and modify heat transfer and skin friction.
The combination of forced convection and buoyancy forces, i.e., mixed convection,
without perturbation by roughness elements has been investigated by several authors so that the literature provides a large data base concerning e.g., heat transfer,
the onset of longitudinal vortices and their spacing [6].
Temperature-Sensitive-Paint (TSP) is an optical surface temperature measurement
technique that is used to visualize flow phenomena characterized by a variation in
the surface temperature or the heat transfer coefficient, e.g., laminar-turbulent transition and vortex footprints [7]. The moderate velocities in water facilities result in a low
propagation speed of the flow features, which benefits the application of the TSP
technique in water [8] and allows time-resolved measurements. In the current study,
the influence of a varying relation between forced and free convection in combination
with a cylindrical roughness element in a horizontal flat-plate laminar boundary layer
is investigated using the TSP method. The Reynolds number Rek based on the element’s height k and the free stream velocity u∞ is varied between 398 ≤ Rek ≤ 1195
while the Grashof number ranges from 3.1 109 ≤ Gr ≤ 4.6 109.
Experimental Setup
The laminar water tunnel of the Institute of Aerodynamics and Gas Dynamics provides an adiabatic open channel flow with a turbulence level of 0.05 % (0.1-10 Hz)
[9]. On top of an already installed flat plate, a thin model consisting of glass fiber reinforced plastics with an embedded layer of carbon fiber reinforced plastic is placed.
This TSP element [10] is 1.07 m long, 1 m wide, and 0.85 mm thick. The TSP coating is applied symmetrically to the centerline with a width of 0.25 m. The mid quarter
of the test section in spanwise direction can be electrically heated by the model
which results in the generation of buoyancy forces. Additionally, the heating provides
a temperature difference between the TSP coating on top of the element and the
surrounding fluid to visualize the flow phenomena. Since the heating is split into two
134

STAB

parts due to operating reasons a dark area can be observed at x = 1.06 m downstream of the leading edge of the flat plate (see Figure 1). To complete the setup, a
cylindrical roughness element is placed on top of the TSP element at xk = 0.7 m
downstream of the leading edge. Due to the high flow quality, the images are acquired through the free water surface with a 14-bit scientific black-and-white camera.
Results
The measurements are carried out for varying Reynolds and Grashof numbers while
the latter are obtained by adjusting the electrical power of the heating element. In
Figure 1, a visualization of the flow features for Rek = 398 and Gr = 4.6 109 is shown.
Downstream of the roughness element, a recirculation region develops which is
characterized by a low heat transfer, i.e., a bright coloring in the image. This area is
framed by the legs of a horseshoe vortex with high skin friction and consequently
high heat transfer that is wrapped around the element. The influence of mixed convection is displayed by the longitudinal vortices [6], which appear beside the element’s wake and interact with the latter further downstream. Their intensity is comparable to the element’s wake but their spanwise wavelength is smaller than the width
of the horseshoe legs. Further downstream, the wavelength of the vortices increases
due to a merging process. Compared to mixed convection without a roughness element, this vortex merging and the beginning of the longitudinal vortices is shifted upstream, resulting in an overall increased heat transfer. Also, the wavelength of the
structures is increased by the presence of the roughness element. Further description and detailed analysis of the flow features will be presented in the final paper including a discussion of the influence of a varying Reynolds number.

Figure 1: Visualization of the flow features around a cylindrical roughness element at Rek = 398 and
9

Gr = 4.6 10 . Bright regions correspond to low heat transfer and are warmer than dark regions.
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Mixed convection describes the interaction of buoyancy and pressure gradient driven flows. Due to its
various technical applications especially in passenger cabin ventilation it is subject to ongoing research,
´
see e.g. [1]. To study mixed convection in a generic setting, experiments in a Rayleigh-Bernard
convection cell with additional volumetric flux have been conducted. The identification of large-scale structures
and the characterization of their shape, dynamics and stability inside the cavity has been studied in
previous investigations [2, 3]. In a preceding work by Schmeling et al. [2] spontaneous transitions
between large-scale flow structures have been observed and their dependency on the experimental parameters has been analyzed. However, the underlying physics responsible for transitions between two
configurations and their prediction is still subject to ongoing research [4]. Recently, spontaneous transitions between large-scale flow states have been accessed by Mommert et al. [4] using tomographic
particle image velocimetry (Tomo-PIV). The identified state changes were separated into frequent and
spontaneous reconfigurations. By employing stereoscopic PIV we aim to gain higher resolution insights
(compared to Tomo-PIV) in order to resolve smaller flow structures and to quantify effects responsible
for reconfiguration processes.
In a sample with a square cross section and a length to height ratio of five, a flow exhibiting convection
´
due to both inertia and buoyancy effects was prepared by extending the standard Rayleigh-Bernard
convection setup with an air inlet below the top plate and an outlet aligned with the bottom plate (see
Fig. 1). Forced convection arises from a pressure gradient between in- and outlet. The introduced
inertia is quantified by the Reynolds number Re = v̄H
ν , which is a function of the sample height H and
the mean inlet velocity v̄ derived from the volume flow rate through the external air supply. Buoyancy
effects originating from the temperature difference ∆T between top and bottom plate are characterized
gβ
by the Rayleigh number Ra = να
H 3 ∆T . α, β, g, ν are thermal diffusivity, thermal expansion coefficient,
gravitational acceleration and the kinematic viscosity of the working fluid air with respect to the current
laboratory condition, respectively. A general understanding whether buoyancy or inertia effects are
predominant is given by the Archimedes number Ar = Ra · Pr−1 · Re−2 . The Prandtl number amounts to
Pr = 0.7 and is assumed to be constant throughout the experiment.
Special subject to this study are spontaneous transitions between different large-scale flow field configurations. By exploiting the coupling between velocity and temperature fields [5] a trigger mechanism

Fig. 1: Scheme of the experimental setup: Blue and red
arrows: large-scale flow directon, yellow plane: LED generated light sheet, blue and red
plane symbolize a cooled or
heated plate. Labelled are:
cameras (A), the LED light
source (B) and the PIV domain
(C). Red dots at the rear wall
indicate the presence of a temperature sensor.
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(a) Temperature time series of three sensors
with a distance of (2.0 ± 0.3) · 10−3 H to the
rear wall and 0.25H above the bottom plate.
The gray box indicates the PIV time domain.
Dashed lines correspond to timestamps in PIV
measurements presented in Fig. 2b

(b) Time averaged flow field at the onset of a reconfiguration (top) and after
the reconfiguration (bottom). The fields have been averaged over 20 images
(10 s) and use the same vector and color scale. For visualization purposes
the vector field resolution has been reduced by a factor of two.

Fig. 2: Temperature time series and velocity fields measured during a reconfiguration process. Parameters are Ar = (3.71 ± 0.08) and Re = (6.80 ± 0.04) · 103 .
suggested by Mommert et al. [6] has been implemented to start PIV measurements at the onset of
a reconfiguration processs using temperature sensors attached close to the rear wall (see Fig. 1). An
example for temperature signals during a reconfiguration is given in Fig. 2a. Before the reconfiguration
starts the large-scale flow field has been stable for approximately 4500s. The temperature signals indicate a three roll state. The gray area in Fig. 2a highlights the period where PIV was conducted. Fig. 2b
shows two velocity fields that have been averaged over 10s: One at the onset of the reconfiguration
(t=4755s) and the other after the state change had finished (t=5355s). Both images share the presence
of a longitudinal roll due to forced convection indicated by the color coded out-of-plane velocity. At the
onset of the reconfiguration the large-scale flow field depicted in Fig. 2b (top) exhibits in-plane velocities
one order of magnitude below the out-of-plane component. After the reconfiguration process a largescale circulation can be identified while the in- and out-of-plane velocities are within the same order of
magnitude. Fluid rises at x/L = 0.25 and downwells at the left wall. The temperature signals indicate a
four roll configuration. This is also indicated by the flow at x/L = 0.4. The statistical quantities together
with a time resolved analysis of the transition process will be presented at the conference.
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The accurate prediction of the hot gas wall heat flux and its management through cooling
films is a critical element in the design process of a rocket combustion chamber. Due to
the extreme conditions in which they operate, this task can be quite challenging. In fact
since modern launcher engines work at very high pressures and low reactant temperatures, trans- and supercritical states can exist in proximity of the wall. Real gas effects
can lead to strong density gradients, which modify and inhibit turbulent fluctuations.
Moreover, the peculiarity of real fluids to have a maximum in the specific heat capacity
close to its mixture pseudo-critical temperature causes changes in the local temperature
profile and thus modifies the convective heat transfer coefficient.
Real gas cooling films are studied in channels with turbulent inlet conditions by means of
the in-house finite-volume code CATUM. Different factors can influence the effectiveness
of the coolant, and they are taken into account. The blowing ratio, defined as the ratio
between coolant and hot gas mass fluxes, plays a very important role on the matter.
Larger blowing ratios have been proven to perform better in terms of effectiveness. That
means that with equal injection speed, lower coolant temperature and larger operative
pressure provide better results. Therefore different thermodynamic states of the coolant
are simulated, including a liquid-phase film. Liquid films to this point have received only
a partial attention from the scientific community due to the practical difficulties using a
cryogenic fluid as coolant in combustion chambers. The liquid case is analysed here, in
order to draw a more comprehensive picture of the employable possibilities for combustion chamber cooling.
When the cooling film is injected, geometry and dimension of the film inlet have a strong
impact on the cooling effectiveness. For this work, both a circumferential and discrete
slots configurations are tested. The dimension of the slot itself has a critical influence on
the heat flux, with enhanced cooling expected with larger inlet film areas.
Wall roughness is also relevant in the study because it is known to enhance the heat
transfer coefficient and to diminish the film cooling efficiency. A modified wall model is
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Figure 1: Snapshot of a longitudinal section of the computational domain. Temperature
field of the CH4/O2 case with cooling film[4].
adopted to investigate the issue and to be able in the end to compare the results with
the smooth-wall case.
As validation reference, the experiment of Suslov et al. [4] is simulated for the methane/oxygen
case, the one of Arnold et al. [1] for the hydrogen/oxygen case. The setup is a simplified
geometry of the combustion chamber with a circular section. The nozzle is included, and
supersonic conditions are reached. LES is carried out for both hydrogen and for methane
cases.
The chemistry is not calculated to simplify the problem and save computation power.
This choice is justified by a pseudo-injector approach [2], which allows us to consider the
products of the combustion in thermodynamic equilibrium. The combustion in fact is
generally confined to a short distance from the injectors, so it is reasonable to introduce
the mixture of products at adiabatic flame temperature at the domain inlet. The composition itself of the mixture is fixed, such that two species have to be simulated taking
the cooling film into account. To save further computation time, only a 72° slice of the
domain section is simulated.
The aim is to obtain numerical data on the heat flux and temperature on the wall in
longitudinal direction. Both chamber pressure and fuel/oxydizer ratio are expected to
have a pivotal effect on the thermal development in the comustion chamber.
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Abstract
The phenomenon of an isothermal single drop impact onto a hot dry solid surface is determined
by impact parameters, liquid and gas material properties, substrate morphology and wettability.
Drop impact onto a hot surface is influenced by additional thermodynamic effects such as
Marangoni phenomena, evaporation, nucleate or film boiling. By varying the surface
temperature and impact parameters, various hydrodynamic and thermodynamic outcome
regimes can be observed [1]. The heat flux between the hot surface and impacting drop is
mainly determined by the initial surface temperature and the thermodynamic regime. A better
understanding of the heat transfer during drop impact onto a heated substrate is important for
improvement of the models for spray cooling and for models of secondary spray atomization
generated by spray impingement onto a hot surfaces.
The focus of this experimental study is the characterization of the heat flux during drop impact
onto a hot surface. To obtain the temperature and heat flux distribution during drop impact the
experimental setup has been equipped with a mid-wave, high-speed infrared camera. With the
camera the infrared radiation at the solid-liquid interface was recorded. The camera was
installed under an infrared transparent substrate, whose surface is covered by a high emissivity
coating. Such a configuration allows one to capture radiation from the liquid/solid interface in
the bottom view during drop spreading on a hot substrate.
The heated substrate has to fulfil multiple optical and thermal requirements, e.g. high
transmissivity of infrared radiation to minimize the influence of self-radiation, low refraction
index to reduce the influence of reflections at the substrate/air interface [2], high thermal
conductivity and thermal shock resistance. Therefore, a sapphire substrate has been chosen
for the experiments, which achieves the highest transmissivity in the wavelength range from 3
to 5 µm while withstanding the thermal shock during drop impact. The coating of the substrate
has to exhibit a high and uniform infrared emission in order to maximize the radiation and
decrease the influence of noise on the measurement signal. A high thermal conductivity of the
coating is important to lower the thermal effect on the heat flux between the heater and the
impacting drop. In the present study a graphite paint is used as coating, due to the high
emissivity and thermal conductivity of graphite.
Calibration measurements have been performed to reduce the influence of reflections, selfradiation and local differences in the emissivity of the coating, and finally to calculate the
temperature distributions based on the recorded radiation. The calibration was performed
using a temperature controlled, heated copper block placed onto the coated substrate. The
temperature of the copper block was measured close at the interface of the coated sapphire.
It is assumed to be uniform all over the copper and equal to the temperature of the surface
coating. By recording the emitted radiation and the temperature of the copper block at steadystate conditions, the radiation can be correlated with the temperature to calculate the
temperature distribution of the surface. The calibration measurements were repeated in steps
of 10°C from low to high temperatures to take temperature depend material properties into
account [3].
140

STAB

As a result of the non-isothermal drop impact a three-dimensional temperature gradient is
generated within the substrate. To calculate the heat flux between the hot surface and the
impinging drop the temperature gradient inside the substrate had to be taken into account. The
temperature gradient and heat flux is described by the equation of heat conduction
𝜕𝑇
= 𝛼𝐴𝑙2 𝑂3 ∇2 𝑇
𝜕𝑡
with 𝛼𝐴𝑙2 𝑂2 as thermal diffusivity of the sapphire substrate. To solve the heat equation and to
calculate the local heat flux, the equation is solved numerically using the computational fluid
dynamic solver OpenFOAM [3]. The boundary condition at the solid-liquid interface is the
measured temperature distribution from the infrared measurements. The side walls and bottom
walls can be assumed to be adiabatic. This condition is satisfied when the thickness of the
thermal boundary layer is much smaller than the thickness of the target. This condition was
satisfied during the time of drop spreading. The three-dimensional mesh is refined closer to
the thermal gradient and coarsen to the lower boundary to decrease the computational time.
The results of the heat flux calculations show that the implemented thermal imaging and
postprocessing works correctly and delivers the expected results. The heat flux increases for
increasing surface temperatures and decreases after a vapour layer is developed. During the
drop spreading and receding the highest heat flux can be observed during the early spreading
of the droplet and in the area of the rim of the spreading lamella. The lowest heat flux occurs
in the area between the rim and the lamella. Figure 1 shows exemplary the drop impact of a
water droplet with a diameter of 2.2 mm, impact velocity 1.18 m s-1 and surface temperature
204°C. It shows the highest heat flux during the early spreading and a few local spots with the
highest heat flux of about 4 to 5 MW m-2, which corresponds to the assumption of small wetted
areas of the surface.

Figure 1: heat flux over time during a drop impact. The initial drop diameter is 2.2 mm, impact velocity 1.18 m s-1 and surface
temperature 204°C
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Abstract
An important factor that can limit the performance of a multi-element high-lift system is the
behavior of the turbulent wakes generated by the leading-edge device and the main wing
when exposed to the adverse pressure gradient (APG) above the flap. The momentum deficit of the wakes represents a weak region of the flow where the APG can cause reversal
flow. This mechanism is also known as off-surface separation and can lead to wing stall also
without boundary-layer separation [1]. A number of studies have proved that numerical
RANS predictions of such phenomenon are not accurate. For instance, the work carried out
by Driver and Mateer [2] showed that the one-equation SA model and the two-equation k-ω
SST model have the tendency to underpredict flow reversal of wake flows at APG. Tummers
et al. [3] found out that the RANS misprediction is due, in part, to a deficiency in the
transport equation for the dissipation ε, which is not sensitive to turbulence anisotropy and
produces too high dissipation levels. Building on such findings, the present publication intends to characterize in more detail the behavior of turbulent wakes in adverse pressure
gradient by means of high-fidelity scale-resolving numerical data (IDDES: Improved Delayed
Detached Eddy Simulation) and ultimately identify the source of the inaccuracy that affects
RANS solutions.
A physically founded improvement of RANS models based on existing experimental data
does not seem possible due to the uncertainties of the flow conditions in the wind tunnel and
the lack of detailed data, including the terms of the Reynolds stress balance. For these reasons, the present work is based on zonal IDDES of the Driver and Mateer experimental setup [2]. The test case was designed to investigate the effects of adverse pressure gradients
on the development of the turbulent wake of a flat plate. The flat plate generating the wake is
located at the symmetry plane of a long straight tunnel section. Downstream of the plate
trailing edge, a diffuser generates the adverse pressure gradient. In the experimental set-up,
flow separation from the diffuser walls was avoided by employing tangentially blown jets.
Numerically, the geometry is simplified by replacing the tunnel walls with two streamlines
identified during the experiments (see Figure 1). The Mach number in the wind-tunnel was
constant and equal to 0.175 and the Reynolds number based on plate length was 107.

Fig. 1: Test case set-up by Driver and Mateer, as simulated by SPbPU.

The IDDES data employed to investigate the flow characteristics were provided by SPbPU
within the framework of the joint German-Russian project “Wake Flows in Adverse Pressure
Gradient” funded by DFG and RBRF (grants No. KN 888/3-1 and 17-58-12002)[4]. The zonal
approach employed the SST RANS model until 100mm upstream of the plate trailing edge
and a scale-resolving IDDES approach based on the same RANS model downstream. The
Volume Synthetic Turbulence Generator (VSTG) approach was applied at the RANS-IDDES
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interface to accelerate the generation of resolved turbulent structures in the IDDES region
and avoid the so called “grey-area problem”. The size of the numerical domain in span-wise
direction was 0.03 meters (5 times the plate thickness) and span-wise periodicity was assumed. The computations were performed with the use of the incompressible branch of the
SPbPU in-house code NTS. The resulting flow solution is shown in Figure 2, middle part.
In the first step of the analysis we assess the accuracy of different RANS models. In particular, expecting turbulence anisotropy to play an important role in determining the mean flow
topology, the analysis focuses on Reynolds-Stress Models (RSM), namely the SSG/LRR-ω
and three versions of the JHh-εh model. The comparison clearly shows the shortcomings of
the current RANS modeling for such flow. The SSG/LRR-ω model tends to underpredict flow
reversal whereas the JHh-εh models lead to a too large separation bubble (see Figure 2 top
part, where only one JHh-εh model is reported). With all tested models, too high levels of turbulence dissipation rate ε are observed, in agreement with the findings of Tummers [3] (Figure 2, bottom part). The second step of the work is the characterization of the flow in order to
identify the source of inaccuracy of the RANS solutions. As relevant flow parameters, the
pressure gradient, deviation from equilibrium (production vs. dissipation of turbulent kinetic
energy) and streamline curvature are subjected to close inspection. The effects of these
quantities will then be correlated to the anisotropy of the Reynolds stresses and of the turbulent dissipation rate ε. Finally, the balance among the different terms of the Reynolds stress
equations, the turbulent kinetic energy equation, and the ε equation will be considered to
identify the dominant terms and their sensitivity to the relevant flow parameters.

Fig. 2: TOP: Distribution of axial velocity along tunnel centerline.
MIDDLE: Pressure contour and streamlines from the IDDES solution field.
BOTTOM: Profiles of normalized turbulence dissipation rate along the wake.
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1. MOTIVATION
Für die Vorhersage von aerodynamischen Lasten, die durch Manöverflug, bzw. den Flug durch eine Böe resultieren, ist eine monodisziplinäre Betrachtungsweise nicht mehr ausreichend. Erst durch die gekoppelte numerische
Simulation von sich gegenseitig beeinflussenden Disziplinen ist eine hinreichende Vorhersagegenauigkeit für
zulassungsrelevante Lastfälle (nach CS-25) zu erreichen. Dieser multidisziplinäre Lösungsansatz soll hierbei
angewendet werden, um potentielle Lastabminderungstechnologien zu analysieren.

2. ZIEL
Innerhalb des Entwurfsprozesses nimmt die Lastanalyse einen wesentlichen Beitrag ein. Hierfür soll ein Gesamtkonzept zur Lastabminderung am Tragflügel unter Anwendung hochgenauer Simulationen entwickelt und
eingesetzt werden. Dabei sollen sowohl aktive als auch passive Maßnahmen an einem lastadaptiven Tragflügel
bewertet werden können. Diese Untersuchungen beinhalten neben der multidisziplinären Optimierung auch die
hier dargestellte Analyse durch multidisziplinäre Simulationen von zeitgenauen Böendurchflügen unter Berücksichtigung der aerodynamischen (CFD), strukturdynamischen (CSM) und flugmechanischen (6DOF) Eigenschaften.

3. LÖSUNGSWEG
Für die Simulation von instationären Böeninteraktionsrechnungen kommt eine multidisziplinäre Prozesskette zum
Einsatz, die innerhalb des DLR Projektes Digital-X [1] entwickelt wurde. Diese „Python“basierte Prozesskette
wird innerhalb der FlowSimulator Softwareumgebung eingesetzt [2]. Basisrechnungen werden mit einer klappenlosen Referenzkonfiguration ohne Lastabminderungsmaßnahmen durchgeführt. Diese dienen als Bewertungsgrundlage für die jeweiligen Lastabminderungskonzepte am modifizierten Tragflügel.
Ausgangssituation für die Böenrechnung ist die
Simulation einer ausgetrimmten, aeroelastischen
Flugzeugkonfiguration. Die Freiheitsgrade innerhalb
dieser Trimmrechnung zum Erreichen des unbeschleunigten Horizontalflugs sind der Anstellwinkel,
der Höhenleitwerkseinstellwinkel und die Triebwerksschubeinstellung. Hierbei erfolgt die Einstellung des Höhenleitwerks über Netzdeformation.
Hieran nachgeschaltet ist die Böeninteraktionsrechnung, bei der durch einen Störgeschwindigkeitsansatz ein zusätzliches Geschwindigkeitsfeld
– hier für eine Vertikalböe - innerhalb der Strömungssimulation berücksichtigt wird. Diese Rechnungen werden mit dem DLR TAU-Code realisiert
[3], [4]. Bild 1 zeigt beispielhaft den Durchflug einer
generischen Flugzeugkonfiguration durch eine
„1-cos“-Böenform, wobei hier eine Beschleunigung
von ca. 1,6g erreicht wird.

Bild 1: Beispiel einer instationäre Böensimulation

4. SENSITIVITÄTSSTUDIEN ZUR BÖENSIMULATION
Zum besseren Verständnis der Prozesskettenanwendung und der aerodynamischen Kräfte und Momente, die
aus der Böeninteraktion resultieren, wurden verschiedene Einflussgrößen, wie z.B. Böenamplitude, -wellenlänge
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und -geschwindigkeit untersucht. Exemplarisch ist in BILD 2 das zeitliche Auftriebsverhalten des Gesamtflugzeugs bei Variation der vertikalen Böenamplitude von 5m/s bis 40m/s bei konstanter Wellenlänge  = 100m
dargestellt. Die hieraus resultierenden maximalen und minimalen Auftriebsbeiwerte sind zusammen mit den
Nickmomentenbeiwerten in BILD 3 wiedergegeben. Bis zu Amplituden von ca. 15m/s sind die Verläufe noch
nahezu linear. Erst bei höheren Amplituden verschiebt sich der maximal, erreichbare Auftrieb zu früheren Zeitpunkten hin und jeweils nichtlinearen Verläufe in den maximalen und minimalen Beiwerten werden deutlicher.

Bild 2: Einfluss der Böenamplitude auf den zeitlicher
Verlauf des Auftriebsbeiwerts bei konstanter Wellenlänge  = 100m

Bild 3: Einfluss der Böenamplitude auf die min./max.
resultierenden Auftriebs-/Nickmomentenbeiwerte bei
konstanter Wellenlänge  = 100m

Die aus der Böensimulation resultierenden zeitabhängigen, aerodynamischen Ergebnisse können durch ein
erweitertes Postprocessing derart ausgewertet werden, dass aus der aero-strukturgekoppelten instationären
Flügelbewegung die Bewegungs- und Druckverteilungshistorie definierter Profilschnitte extrahiert werden. Auch
ist die aus der Integration der Oberflächendruckverteilung resultierenden, zeitabhängigen Lastverteilungen entlang der Flügelspannweite zu bestimmen (siehe Bild 4). Die Lastverteilungen der zwei Zeitschritte t = 0s und t =
0,66s zeigen deutlich, dass durch die Böenbeeinflussung mit einer Zunahme der Fz-Kraft-komponente zu rechnen ist.

Bild 4: Lastverteilung in Flügelspannweitenrichtung
zum Zeitschritt t = 0s und t = 0,66s

Bild 5: Simulation von Ruderausschlag durch Netzdeformation mit gleitenden Übergängen

5. WEITERES VORGEHEN
Durch geeignete Maßnahmen gilt es nun, diese zusätzlich, auftretenden Lasten zu kompensieren. Hierfür wird
derzeit die bisherige multidiziplinäre Prozesskette um die notwendigen Fähigkeiten erweitert, schrittweise die
aktiven als auch passiven Lastabminderungstechnologien zu berücksichtigen, um dadurch die Potentiale der
jeweiligen Maßnahmen zu ermitteln und eine Bewertbarkeit dieser zu ermöglichen. Hierzu gehört u.a. eine Gegenreaktion auf eine Böe durch schnelle gleichsinnige Querruderausschläge zu erzielen (siehe Bild 5). Diese
und mögliche weitere Maßnahmen werden in dem Beitrag wiedergegeben.

[1] Kroll, N. et al.: DLR-Projekt Digital-X, Auf dem Weg zur virtuellen Flugzeugentwicklung und Flugerprobung
auf Basis höherwertiger Verfahren, Deutscher Luft- und Raumfahrtkongress, DLRK2014-340099, 16.-18.
September, Augsburg, 2014
[2] Reimer, L. et al.: CFD-based Gust Load Analysis for a Free-flying Flexible Passenger Aircraft in Comparison
to a DLM-based Approach. AIAA Aviation 2015, June 22-26, Dallas TX USA
[3] Heinrich, R.: Simulation of Interaction of Aircraft and Gust Using the TAU-Code, in Dillmann, A. et al.: New
Results in Numerical and Experimental Fluid Mechanics IX, Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Springer-Verlag, Vol. 124, 2014, pp. 503-511.
[4] Heinrich, R., Reimer, L.: Comparison of different approaches for gust modeling in the CFD Code TAU, International Forum on Aeroelasticity and Structural Dynamics, 24-27June, Bristol, UK, 2013
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Introduction: Application of Active Flow Control (AFC) for postponement of boundary layer separation is extensively investigated in the aircraft industry. Even though there are only few AFC devices
which have yet reached a technology readiness level high enough to be integrated in real aircraft,
there have been many numerical and experimental studies where the fundamentals and the efficiency of AFC devices were analyzed. Most of the current RANS based numerical studies where AFC
is applied on aircraft configurations make use of simplified boundary conditions, such as top-hat
velocity profiles at the actuator outlet, because a physical representation of the actuator geometry
is linked to high complexity of the numerical model [1], [2]. However, in most cases the actuator
internal flow results in a highly non-uniform jet at the outlet, which in the case of unsteady actuators
is also time dependent [3].
Validation data comprising bench-top test and wind tunnel test data of the Suction and Oscillatory
Blowing (SaOB) actuator [4], which is part of the current study, were recently acquired by our team
and can be used to identify the influence of different actuator outlet boundary conditions on external boundary layer parameters. Furthermore, this investigation will show to what extend RANS
equations are able to capture the small scale and highly unsteady flow phenomena resulting from
the interaction between actuator and external flow.
Test Case and Numerical Setup: The SaOB actuator is capable of diminishing the mass flux deficit of
other AFC devices by adding suction flow to the pressurized air and blowing sequentially from a set
of nozzles and is thus a potential candidate for application on aircraft. Therefore, within the scope of
the EU Clean Sky2 Project INAFLOWT the goal was set to test this actuator regarding its efficiency on
an UHBR engine/high-lift wing configuration [5], shown in Fig. 1, at realistic Reynolds numbers. CFD
simulations of the wing configuration with different AFC setups will provide necessary information
regarding optimization for the wind tunnel tests. In a preliminary study, for reasons of validation of
the numerical setup this requires pre-tests on a flat plate described below.
The tests were conducted at the small, low-speed, laminar wind tunnel at the Tel-Aviv University,
where the test section floor served as flat plate. An actuator box was flush mounted to the test section floor, see Fig. 2. Inflow velocity was set to 10 m/s and transition triggering was applied at the
test section inlet. The blowing frequency was 54 Hz. A traversing system with a single hot wire anemometer was utilized to measure velocity profiles and velocity contours. The usage of this test case
with simple external flow, where the baseline flow can be captured with good accuracy by the RANS
simulations, will allow to ascribe differences between simulations and experiments solely to a deviation in AFC modelling.
The unsteady RANS simulations were conducted using the flow solver DLR TAU-Code with a SAO
turbulence model and fully turbulent inflow conditions. Chimera technique was deployed for combining the wind tunnel mesh with the meshes for the suction holes and the blowing nozzles, see
Fig.2, being the usual approach for integrating actuators into meshes already generated for the baseline flow computations.
Exemplary Results: The boundary layer suction is characterized by two effects, an increase in near
wall momentum and counter rotating longitudinal vortices emanating from each suction hole [6]. A
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qualitative comparison showed that while the first effect can be captured quite well by the simulations, as illustrated in Fig. 3, the dissipative nature of the RANS simulations leads to a fast breakdown
of the longitudinal vortices. Quantitative validation with measurement data will reveal if the diminishing of the latter effect causes major deviations in boundary layer parameters downstream of the
actuator.
When applying a top-hat profile at the inlet of the represented actuator nozzle, a large discrepancy
in the averaged nozzle exit velocity profile can be observed. Better agreement can be achieved by
utilizing the time averaged velocity profile measured at the nozzle inlet during bench-top tests, see
Fig. 4. Ongoing investigations with time accurate nozzle inlet boundary conditions, different mesh
topologies and numerical settings and subsequent validation with measurement data downstream
of the actuator will allow to draw further conclusions regarding the reproducibility of suction and
oscillatory blowing interaction with external flow using RANS simulations.

Figure 2: Actuation box (top) and computational mesh (bottom).

Figure 1: UHBR engine/high-lift wing configuration.

Figure 3: Velocity contour in horizontal plane,
experiments (top), simulations (bottom).

Figure 4: Time averaged blowing profiles at
nozzle outlet.
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A differential, near-wall Reynolds stress model (RSM) employed in an Unsteady RANS (ReynoldsAveraged Navier Stokes) framework, coupled with the equation governing the inverse turbulent time
scale relying on the so-called 'homogeneous dissipation' rate (
= / ), was applied to a tandemcylinder flow configuration characterized by the in-between spacing corresponding to = 3.7 . Reference experiments have been performed by Jenkins et al. (2005), Neuhart et al. (2009) and Lockard
et al. (2007) in the Basic Aerodynamics Research Tunnel (BART) and Quiet Flow Facility (QFF) wind
tunnel at the NASA Langley Research Center. The corresponding Reynolds and Mach numbers based
on the cylinder diameter and velocity of the incoming flow amount 166000 and 0.127 respectively.
Complementary to the ‘conventional’ (baseline) Reynolds stress model based on the Jakirlic and Hanjalic’s (2002) formulation (denoted by RSM), its version sensitized appropriately to account for the
turbulence unsteadiness was also applied. The latter eddy-resolving model, formulated by Jakirlic and
Maduta (2015), is termed as Instability-Sensitized RSM model (IS-RSM). The capturing of velocity
fluctuations is achieved by a selective enhancement of the turbulence production in line with the SAS
(Scale-adaptive Simulation) proposal (Menter and Egorov, 2010).
The presently investigated flow past the upstream cylinder relates to the so-called post-critical flow
regime according to Zdravkovich (1997). While the corresponding turbulent inflow conditions are appropriately modelled within the computational campaign, the turbulent boundary layer on the anterior
cylinder surface is triggered by transition strips in the experimental study. The resulting tandem cylinder flow is featured by a continuous, alternating vortex shedding in the gap region between the cylinders as well as in the wake region of the downstream cylinder (Fig. 1). In the time-averaged sense it is
analogous to a recirculation zone characterized by a free reattachment point situated in the gap between cylinders; the post-reattachment stream resembles a jet impinging onto the front side of the
downstream cylinder, followed by an intensified turbulence production within the impingement region.
The final outcome is an appropriate shortening of the recirculation zone behind the rear cylinder, representing obviously the consequence of an enhanced turbulence activity within the gap region. The
present instability-sensitive, eddy-resolving RSM formulation has been shown to be capable of capturing all important mean flow and turbulence features of the configuration considered, including the highly fluctuating vortex shedding process. The unsteady pressure field is regarded as the most important
flow variable acting as the noise-source representative. Its unsteady feature is represented through
the root-mean-square of the fluctuating pressure on both cylinders (Fig. 2) as well as the pressure
frequency spectrum by means of the power spectral density (PSD) at two points on the cylinder surface (Fig. 3). Additionally, aeroacoustic computations are performed in terms of far-field noise prediction by using a hybrid approach in line with the Curle’s acoustic analogy. The acoustic pressure is
thereby computed in far-field locations after each computational time step based on the unsteady flow
fields obtained by both the conventional RSM and IS-RSM models. The acoustic pressure is afterwards transformed to the PSD showing the sound pressure level over the frequency spectrum.
Conventional RANS models traditionally fail in predicting the afore-mentioned features because of
their time-averaging rationale. Therefore, the RSM computation results in a poor outcome in predicting
the tandem cylinder flow whereas the eddy-resolving IS-RSM results follow closely the experimental
data as illustrated in Fig. 1-3. All model equations are implemented into the Finite-Volume-Methodbased code OpenFOAM® with which all computations were performed.
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Figure 1: Tandem cylinder flow visualized by the Q-criterion with iso-contours denoted by
1.5 / colored by streamwise velocity obtained by the IS-RSM (left) and RSM (right) models.

=

Figure 2: Root-mean-square of the mean surface pressure fluctuations at both upstream (left) and
downstream (right) cylinders.

Figure 3: Surface pressure frequency spectrum by means of the power spectral density (PSD) at the
upstream cylinder at = 135∘ (left) and downstream cylinder at = 45∘ (right).
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Computational Fluid Dynamics (CFD) is an important cornerstone of modern, simulation-driven
engineering. Progress in predictive tools is essential for a wide range of problems, e.g. in
reaching upcoming emission targets.
The currently dominant finite volume (FV) method, is not accurate enough for future challenges
and not very well suited for upcoming computer architectures. Recent studies show that the
present top-ten High Performance Computer (HPC) systems only achieve about 2 to 5% of
their peak performance on “real-world” benchmarks – so efficient algorithms are a highly
pressing issue.
In addition, the creation of numerical meshes required for CFD methods are general, for realworld technical geometries, labor-intensive and thus expensive. This is particularly relevant if
flows with moving boundaries are to be investigated. These boundaries can be either a moving
geometry (e.g. rotors, pistons but also flexible structures such as heart valves) or the interface
between non-miscible fluids, e.g. the surface of an oil droplet in water. It is therefore a highly
relevant goal to develop highly accurate flow simulation methods for moving interfaces.
A promising alternative to overcome the limits of finite volume methods are discontinuous
Galerkin methods (DG), which are both highly accurate and better suited for modern
computers due to their algorithm structure. For the DG method, some field property, e.g.
velocity or pressure is approximated locally in each cell by a polynomial. Thereby, the method
can be constructed for arbitrary order of convergence.
However, DG methods still require numerical meshes, although with very different properties
than meshes for FV methods: in order to achieve high accuracy, the computational cells need
to be curved. E.g. in order to achieve 6th order of convergence, one needs to approximate the
computational geometry also with polynomials of 6th degree, which is currently not supported
by any commercially available meshing tool.
In order to simulate problems with dynamic interfaces – this includes topology changes, which
finally renders explicit meshing unfeasible – we developed the eXtended Discontinuous
Galerkin (XDG) method, where an arbitrary dynamic or static interface/boundary can be
embedded on a static background mesh.
Thereby, we are able to represent discontinuities at the interface (e.g. a pressure jump) exactly,
without any regularization technique (“smearing”). Thereby, the XDG method provides spectral
convergence rates for discontinuous solutions, which is a huge advantage over conventional
methods which usually degenerate to first order convergence in the presence of a
discontinuity.
We are going to present the important components for highly accurate XDG simulations with
moving interfaces as well as their integration into simulation tools for compressible and
incompressible flow simulation. In detail these components are:
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•
•
•
•
•

Novel algorithms in order to track the position of the dynamic interface by means of a
highly accurate Level-Set Method [6,7]
Numerical integration on cut cell, i.e. cells (of the numerical mesh) which are cut by the
interface, resp. the Level-Set [5]
Temporal integration of problems in which the with dynamic interfaces [3]
The application of these technologies to flow problems (compressible and
incompressible) [1,4]
The application of these technologies to multiphase problems [2], see also Figure 1.

These techniques and methods have been integrated in a single software package, the socalled BoSSS (Bounded Support Spectral Solver) code, which is developed at the Chair of
Fluid Dynamics, TU Darmstadt. The aim of this highly ambitious program is to provide software
for the highly accurate simulation of complex multiphase problems, e.g. the simulation of
primary jet breakup in the injection of fuels in engines or turbines.

Figure 1: Left: pressure in an ellipsoidal droplet (through a cut-plane); the jump in pressure at
the fluid interface, induced by surface tension, can be represented exactly in the XDG
discretization. Right: Error convergence against exact solution; while approaches which
regularize the pressure degenerate to a convergence rate of approximately one, the XDG
method provides spectral convergence.
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A long-term objective of DLR and its partners (above all Airbus) is the development of a
common multidisciplinary simulation environment based on high-fidelity tools that enables
aerospace design engineers to carry out virtual flight tests of aircraft, meaning testing that
entirely relies on computer modelling. With such a tool, it would be possible to inspect critical
areas of the aircraft’s flight envelope long before first flight, without the risk of harming environment, aircraft or crew. Weak points in an aircraft design could be detected at an early
stage; development risks and costs could be significantly reduced.
Several projects with DLR participation are devoted to this topic. In these projects, a
CFD-based massively-parallel multidisciplinary simulation environment is being continuously
developed on the basis of the FlowSimulator (FS) software framework [1-6]. The paper/talk
will present the simulation environment, its general concept and, in particular, the key technologies available therein that are of significance for accurate virtual flight test simulations of
flexible transport aircraft. Such technologies are, for instance, mesh deformation techniques,
techniques and concepts for modeling moving control surfaces, trimming methods, aeroelastic coupling methods, as well as techniques for modeling atmospheric disturbances such as
gusts and wake vortices.

Figure 1: Samples of virtual flight testing scenarios addressed in this paper/talk
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The capabilities of the developed simulation environment are demonstrated in various applications relevant to industry; for instance, trimming of elastic large transport aircraft during
unilateral engine failure, crossing of commercial aircraft through vortices of heavier aircraft,
or encounters of flexible commercial aircraft with gusts (see Fig. 1).
Finally, planned future developments and applications of the FS-based multidiciplinary simulation environment are outlined.
References:
[1]

[2]
[3]

[4]

[5]

[6]

Reimer, L. et al. (2015) The FlowSimulator---A Software Framework for CFD-related
Multidisciplinary Simulations. European NAFEMS Conf. on Computational Fluid Dynamics (CFD) -- Beyond the Solve, 2.-3. Dez. 2015, München, Deutschland
Kroll, Norbert et al. (2016): DLR Project Digital-X: towards virtual aircraft design and
flight testing based on high-fidelity methods. CEAS Aeronautical Journal, 7 (1)
Heinrich, R., Reimer, L., Ritter, M. (2016): Fortschritte und Perspektiven bei der Multidisziplinären Analyse von Flugzeugen. Deutscher Luft- und Raumfahrtkongress, 13.15. Sept. 2016, Braunschweig
Reimer, L., Ritter, M., Heinrich, R., Krüger, W. (2015): CFD-based Gust Load Analysis
for a Free-flying Flexible Passenger Aircraft in Comparison to a DLM-based Approach.
AIAA AVIATION 2015, 22.-26. Juni 2015, Dallas, TX, USA
Heinrich, R., Reimer, L. (2017): Comparison of different approaches for modeling atmospheric effects like gusts and wake-vortices in the CFD code TAU. 17th Intl. Forum
on Aeroelasticity & Structural Dynamics, IFASD 2017, 25.-28. Juni 2017, Como, Italien
Schuster, A., Reimer, L., Neumann, J. (2016): A Mesh-free Parallel Moving LeastSquares-based Interpolation Method for the Application in Aeroelastic Simulations with
the Flow Simulator. New Results in Numerical and Experimental Fluid Mechanics X,
Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 132, Springer

153

STAB

Mitteilung
Projektgruppe/Fachkreis: Numerische Aerodynamik
Randbedingungs-basierte Wirklinienmethode zur Simulation aerodynamischer
Wechselwirkungen an Flächenendpropellern
Michael Schollenberger, Thorsten Lutz, Ewald Krämer
Institut für Aerodynamik und Gasdynamik (IAG) , Universität Stuttgart
Pfaffenwaldring 21, 70569 Stuttgart
schollenberger@iag.uni-stuttgart.de
Einleitung
Durch die Positionierung der Propeller an den Flügelspitzen treten aerodynamische Wechselwirkungen zwischen den Randwirbeln des Flügels und der Propellerströmung auf, welche
vorteilhaft zur Gesamteffizienzsteigerung des Flugzeugs genutzt werden können. Dabei
kann die in den Randwirbeln ansonsten verlorengehende kinetische Energie teilweise zur
Schuberhöhung genutzt werden oder die im Drall des Propellerstahl enthaltenen Energie zur
Reduktion der Stärke der Randwirbel und damit zur Reduktion des induzierten Widerstandes. Die prinzipielle Wirkweise von sogenannten Flächenendpropellern wurde bereits in den
1960er bis 80er in Windkanalversuchen nachgewiesen, [1, 2, 3]. Deren Einsatz auf Basis
konventioneller Verbrennungsmotoren im Flugzeugbau standen jedoch bisher positionsabhängige Nachteile bei den Strukturlasten und der Treibstoffzuführung entgegen. Durch das
geringe spezifische Gewicht, die skalierungsunabhängige Leistung und die einfachere Energiezuführung durch elektrische Motoren können die Nachteile reduziert werden. Im
ELFLEAN-Projekt des Luftfahrtforschungsprogramm V-3 werden elektrisch betriebene Flächenendpropeller-Konfigurationen im multidisziplinären Verbund aus dem Institut für Flugzeugbau (IFB), für Flugmechanik und Flugregelung (iFR) sowie für Aerodynamik und Gasdynamik (IAG) der Universität Stuttgart untersucht. Im aerodynamischen Teil des Projektes
sind detaillierte Untersuchungen zur Wirkweise sowie ausführliche Parameterstudien durch
numerische Simulation (CFD) vorgesehen. Zur Berücksichtigung von Propellerströmungen
innerhalb von CFD-Rechnungen existieren derzeit verschiedene Methoden mit unterschiedlichem Vereinfachungsgrad, [6]. Den größten Vereinfachungsgrad besitzt ein Wirkscheibenmodell (engl.: Actuator Disk, ACD), bei welchem die gesamte Propellergeometrie durch eine
flächige, kreisförmige Randbedingung ersetzt wird. Eine Erweiterung stellt das Wirklinienmodell (engl.: Actuator Line, ACL) dar, bei welchem die einzelnen Propellerblätter jeweils
durch eine Linienlast ersetzt werden. Der geringste Vereinfachungsgrad wird erreicht, wenn
die Propellergeometrie aufgelöst und die Blattanströmung direkt in der CFD am mittels Chimera-Technik rotierenden Propeller berechnet wird. Der Rechenbedarf wird durch den dazu
notwendig hohen Diskretisierungsgrad und kleinen physikalischen Zeitschritt jedoch im Vergleich zu den Modellen (ACD, ACL) stark erhöht.
Bisherige Arbeiten
Um die im Projekt vorgesehenen Anforderungen an die Erfassbarkeit der aerodynamischen
Wechselwirkungen zur detaillierteren Untersuchung der Wirkweise einerseits sowie die für
die ausführlichen Parameterstudien notwendige geringen Rechenzeiten anderserseits einhalten zu können, wurde eine ACL in den DLR TAU-Code, [5], implementiert. Diese basiert
auf der bereits im Strömungslöser verfügbaren kreisförmigen ACD-Randbedingung (RB),
welche zum Einbringen der Kräfte ins Strömungsfeld verwendet wird. Der Berechnungsablauf der ACL unterscheidet sich jedoch grundlegend von der ACD. Die Blattpositionen werden in Abhängigkeit der Zeit bestimmt, an einer diskreten Anzahl an ACL-Punkten die lokalen Anströmgeschwindigkeiten und -Winkel aus den Werten der Nachbarzellen abgeleitet
und basierend auf der Blattelemente-Theorie Schub- und Widerstandskräfte aus Profilpolaren berechnet. Um numerische Probleme durch Diskontinuitäten zu verhindern, wird die an
jedem ACL-Punkt berechnete Kraft durch eine Verteilungsfunktion auf die Nachbarpunkte
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verteilt ins Strömungsfeld eingebracht. Durch das Berechnen und Einbringen der Kräfte auf
der kreisförmigen RB kann die Methode auch als hybrider Ansatz zwischen ACD und ACL
betrachtet werden. Implementiert wurden zwei unterschiedliche Ansätze zur Berechnung der
lokalen Anströmwinkel, sowie drei unterschiedliche Verteilungsfunktionen. Um eine Kraftverteilung zu erhalten, welche mehr derjenigen eines realen Propellerblattes entspricht wurde
alternativ zu der in ACL-Modellen üblichen isotropen Gauß-Verteilung eine anisotrope GaußVerteilung, sowie eine anisotrope Gumbel-Verteilung implementiert. Zur Validierung der neu
implementierten ACL sowie der Untersuchung der unterschielichen Ansätze wurde ein isolierter Propeller-Gondel-Testfall, [4], in TAU simuliert, siehe Abb. 1. Die Ergebnisse wurden
mit experimentellen Daten, sowie mit den Simulationsergebnissen der in TAU verfügbaren
stationären ACD und der aufgelösten Simulation der Propellerblätter mittels Chimera-NetzRotation verglichen. Dabei zeigt sich eine qualitativ gute Übereinstimmung der ACL mit den
experimentellen Daten. Die vorhandenen Abweichungen könnten dabei auf die angenommenen Profilpolaren als Eingangsparameter der ACL-Methode zurückzuführen sein. Abhängig von der Verteilungsfunktion können bei der ACL im Bereich der Blattspitzen qualitativ
und quantitativ höherwertige Ergebnisse als bei der ACD erzielt werden, siehe Abb. 2.

Abb. 1: Visualisierung der Blattspitzenwirbel, ACL

Abb. 2: Erfassbarkeit der Blattspitzenwirbel in der
Druckbeiwertsverteilung, ACL, ACD, Experiment

Weiteres Vorgehen
Zur weiteren Validierung der in TAU implementierten ACL ist die Simulation eines Flächenendpropeller-Testfalls vorgesehen. Die Ergebnisse sollen dabei hinsichtlich der Qualität der
Erfassbarkeit der aerodynamischen Wechselwirkungen einerseits sowie der Rechenzeit andererseits ebenfalls mit den Ergebnissen der stationären ACD und einer aufgelösten Chimera-Simulation verglichen werden. Durch eine kritische Gegenüberstellung der Methoden sollen die Vor- und Nachteile der Methoden für unterschiedliche Anforderungen geklärt und die
Basis für eine objektivere Methoden-Auswahl der weiteren im ELFLEAN-Projekt geplanten
Simulation geschaffen werden. Des Weiteren werden Erweiterungen der ACL zur Reduktion
der Rechenzeit oder der Erhöhung der Approximations-Genauigkeit diskutiert.
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Applications of external aerodynamics frequently feature the phenomenon of laminar separation. This process still is challenging to predict in numerical flow simulations due to its strong
dependence on the turbulence model. Commonly such simulations are performed using turbulence-resolving methods. However, DNS of the process is limited to quasi two-dimensional
airfoil configurations with a small extension of the domain in spanwise, periodic direction. Larger spans are usually treated using LES or hybrid methods [1,2,3].
Typically on an airfoil the shear layer formed by the separated flow tends to develop vortices,
which break up into turbulence. By the enhanced transport of momentum into the boundary
layer the flow re-attaches when sufficient turbulence intensity has been achieved. This process
is strongly affected by the freestream turbulence in the approaching flow. As shown in experiments by Istvan and Yarusevych [4] the increased momentum transport into the boundary layer
delays the separation and also accelerates the re-attachment. With increasing turbulence intensity of the approaching flow the separation finally vanishes. This process also depends on
the scale of the turbulent vortices. In the setup according to Istvan and Yarusevych small-scale
turbulence appears, in which the fluctuations by their size easily can penetrate the boundary
layer and affect the separation characteristics as well as the transition to turbulent flow by
destabilising the quasi two-dimensional shear layer vortices and breaking them up into threedimensional turbulence.
In the present study a quasi two-dimensional NACA0018 airfoil has been simulated at a Reynolds number of 80000 and an angle of attack of 4°. The approaching flow features small-scale
turbulent fluctuations with an integral length scale ℓ=3% of the chord length at different levels
of turbulence intensity from Tu=0% up to 2%. Simulations have been performed using an incompressible formulation from the OpenFOAM flow solver toolbox. The non-resolved turbulence has been modelled with the Spalart-Allmaras based DDES model. The discretisation is
of second order both in space and time.
The mesh is of block-structured type with a C topology and features 5.6·106 cells. The outer
farfield boundary is locted 20 times the chord length from the airfoil. It appears unfeasible to
transport the turbulent fluctuations from the inlet boundary towards the airfoil into the zone of
focus, where the separation process takes place. This pocedure would require a high grid
resolution throughout major parts of the domain and a long span of simulated time to cover the
process. Instead the fluctuations have been introduced within a specific zone shortly upstream
of the airfoil by a volume force, which appears in the momentum equation. The method is
based on the one proposed by Schmidt and Breuer [2]. Thus only a limited region needs to by
refined. The momentum equation then becomes
𝜕𝜕𝑢𝑢
�⃗
+ ∇ ⋅ (𝑢𝑢
�⃗𝑢𝑢
�⃗) − ∇ ⋅ (𝜈𝜈∇𝑢𝑢
�⃗) = −∇𝑝𝑝 + 𝐹𝐹⃗ 𝑠𝑠𝑠𝑠𝑠𝑠
𝜕𝜕𝑡𝑡
with the volume force term 𝐹𝐹⃗ 𝑠𝑠𝑠𝑠𝑠𝑠 , which is calculated from the desired fluctuation velocity
(𝑢𝑢′ )𝑠𝑠𝑠𝑠𝑠𝑠 and the transition time through the forcing zone. Finally it is smoothed towards the
borders of the forcing zone by a normalized Gaussian bell-shape function for better numerical
stability. The volume force also needs to be considered in the pressure equation. An additional
term representing the divergence of the force field arises. Neglecting this term still will lead to
a converged solution. However, the number of reuired iterations will decrease if the term is
considered.
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To achive the synthetic turbulent fluctuations a method described by Kempf et al. [5] has been
used. A diffusion process is performed on a field of random fluctuations until the desired length
scale is achieved. Then the components are scaled to fit the prescribed Reynolds stress tensor.
The intensity produced by the forcing method slightly depends on the streamwise width of the
forcing zone, since a fluid element will experience slightly changing forces, if its transition time
is longer. A larger extension, which is favourable for numerical stability, leads to a slightly lower
turbulence intensity. To overcome this occurrence the method has been supplemented with a
control loop as indicated in Figure 1. Downstream of the forcing region the produced fluctuation
intensity is measured and compared with the desired value. The difference of the values is
processed in a PID controller algrithm, which then rescales the volume force field. Another
effect of the scaling by control loop is, that one field of generated synthetic turbulence may be
used for several levels of turbulence intensity as long as length scale and cross correlations
remain unchanged.
The simulations, which are currently underway, indicate a good agreement with the experimental findings by Istvan and Yarusevych [4]. While for low turbulence intensities up to
Tu=0.5% the separation stil takes place, it vanishes at the highest setting of Tu=2%.

Figure 1 : Synthetic turbulence is introduced
by a volume force field and adjusted within a
control loop.
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Introduction and Overview: In cooperation between the Chair of Aerodynamics and Fluid
Mechanics of the Technical University of Munich (TUM-AER) and the Vectoflow, an unsteady
five-hole pressure probe was developed recently, that can measure unsteady flow phenomena
up to 10 kHz. In order to validate its measurement ability, a well-known and documented test
case is chosen. The turbulent wake flow of circular cylinders has been studied extensively and
is well documented in literature [1-4]. Therefore, measurements with an unsteady probe are
conducted in the near wake of a cylinder at various Reynolds numbers 𝑅𝑒𝐷 = (𝐷 ∙ 𝑈)/𝜈. The
Reynolds number of 𝑅𝑒𝐷 = 3900 is chosen because of its high occurrence in literature.
Reynolds numbers in the region of 𝑅𝑒𝐷 = [5000; 10000] at which a broader relative bandwidth
of the detached vortices can be observed are also under investigation. The pressure probe
measurements of the von Kármán vortex system in the wake of the cylinder are compared with
measurements of a 3-wire hot wire probe and numerical as well as experimental results in
literature. Besides the velocity field of the turbulent near wake, the main emphasis lies on the
velocity frequency spectra.
Calibration: Before using the unsteady pressure probe it has to be calibrated. For the spatial
calibration procedure, the pressures at the probe tip ports are measured while dedicated
combinations of angle of attack, sideslip angle and free stream velocity are set in the calibration
wind tunnel. When the probe is placed in an unknown flow field, the calibration dataset can be
used for interpolating the unknown flow properties. In the temporal calibration, the acoustic
system within the probe itself is characterized. Due to the geometric properties and the
uncertainty of manufacturing of the probe channels, the system can’t be defined analytically
and, thus, a transfer function that is experimentally obtained can be found to describe the
acoustic system. The hot wire probe is calibrated with the Dantec “StreamLine Pro Automatic
Calibrator”. The generated data can be used as a look-up table in an unknown flow field.
Experimental Setup: The wind tunnel experiments of the near wake of a cylinder are
performed in the low-speed model wind tunnel “Wind tunnel-B” at TUM-AER. Cylinders with
different diameters are mounted vertically near the nozzle of the wind tunnel. The cross-section
of the nozzle is ℎ = 1.2 𝑚 in height and 𝑏 = 1.55 𝑚 in width. The free stream turbulence
intensity is below one percent 𝑇𝑢 < 1%. The unsteady five-hole probe and the hot-wire probe
are installed on a computer controlled traversing system near the vertical center line. The
probes are traversed in the near wake in lateral and streamwise direction. The measurement
grid contains points between 0.5 ≤ 𝑥 ⁄𝐷 ≤ 10 in x-direction and −5 ≤ 𝑦⁄𝐷 ≤ 5 in y-direction
from the rear end of the cylinder. The unsteady five-hole probe is equipped with five Meggitt
Endevco 8507C-2 piezoresistive sensors which are connected to a National Instruments DAQSystem with two NI9237 cards. The 3-wire hot wire probe, that was manufactured inhouse at
the TUM-AER, is connected to a Dantec constant temperature anemometer “StreamLine Pro”
and thereafter to the Data Translation A/D converter. The free stream dynamic pressure is
measured with a Prandtl-probe that is placed at the nozzle entry plane.
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Preliminary results: Obtained results regarding the validation of the unsteady probe can be
split in observations concerning the velocity frequency spectra – the shedding characteristic in
the wake – and the velocity field. Figure 1 shows the Strouhal number versus the Reynolds
number. The Strouhal number is defined as 𝑆𝑡 = (𝐷 ∙ 𝑓𝑠 )/𝑈∞ , with 𝑓𝑆 being the shedding
frequency of the von Kármán vortices in the wake of the cylinder and 𝑈∞ denoting the free
stream velocity. Compared to data from literature, a good agreement between the shedding
frequencies measured with the hot wire and the pressure probe can be achieved. In Figure 2,
the RMS-values of the velocity component in flow direction normalized by the free stream
velocity 𝑢𝑟𝑚𝑠 /𝑈∞ and the mean lateral velocity component 𝑣̅ /𝑈∞ are shown for three
downstream positions 𝑥 ⁄𝐷 = [1; 2; 4].

Figure 1: Strouhal number vs. Reynolds number: Hot wire data (X), unsteady five-hole pressure
probe data (+), reference data (Norberg 1994, --)

Figure 2: RMS-values for downstream velocity component (left) and lateral velocity component
normalized by the free stream velocity in different downstream positions (right)
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In recent years low Reynolds (Re) number aerodynamics is growing in interest since technological
achievements allow the development of small (autonomous) flyers, often referred to as Micro Air
Vehicles (MAV). MAVs are typically operated at chord based Reynolds numbers between 50,000 and
200,000, which is significantly lower than the ones commonly studied in classical aerodynamics (Re >
500,000). Airfoils operated at low Re generally have a lower performance, which is mainly attributed
to a separation of the laminar boundary layer on the suction side. The majority of studies that
address low Re aerodynamics concentrate on the transition in the separated shear layer and a
subsequent reattachment of the boundary layer in the turbulent regime, forming a laminar
separation bubble (LSB).
It is known since several years that LSBs are very sensitive to flow disturbances in the free-stream.
However, there are only a few systematic studies, which investigate the influence of the free-stream
turbulence intensity (Tu) on the phenomenon of laminar separation. Just recently, Breuer (2018)
found in a LES study that the location of flow separation moves downstream when Tu is increased. At
the same time, the location of reattachment moves upstream. This is in good agreement with a study
by Istvan et. al (2018), who attribute the reduction in total bubble length mainly to an upstream shift
of the mean transition location caused by increased initial disturbance amplitudes in the boundary
layer at higher Tu. Moreover, the results of Breuer (2018) showed that the laminar separation bubble
vanished in the mean flow field for Tu ≥ 5.6% for a SD7003 airfoil.
A turbulent intensity of Tu = 5.6% is rather high compared to commonly studied Tu levels in low noise
wind tunnel facilities (Tu ≤ 0.1%). However, the flight environment of MAVs is typically within the
atmospheric boundary layer where turbulence intensities can reach values over 50%. When the
relative flight velocity is taken into account (u = uwind+uflight), the effective Tu is reduced; however, the
values are still higher than in most of the available literature sources. The size of turbulent structures
can be assessed by means of the turbulent integral length scale L11. Besides the turbulence level,
they are an important parameter for MAV flight, which applies in particular to the stability and
controllability of the airfoil. Very large structures (L11≫c) lead to a change in lift and effective angle of
attack and can be easily taken care of by the (auto-)pilot. Also very small statistically distributed
structures of a size way less than the airfoil (L11≪c) are no significant problem. In contrast, structures
of
the
same

Figure 1: Turbulence grid

Figure 2: Turbulence decay behind a double grid (DG) and the
corresponding single grids (SG).
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order of magnitude as the chord length (L11≈c) can lead to varying forces along the span which are
complicated in terms of controlling. In addition, recent results from Herbst et al. (2018) at turbulent
inflow conditions with L11≈c show an alternating behavior of the boundary layer. Depending on the
angle of attack and the integral length scale there is a certain probability of instantaneous LSBs. For
the current study the special interest lies in the effect of L11 at Tu = 10% on the flow over a finite wing
with a low aspect ratio.
To generate the desired turbulent flow conditions, several passive grids were examined. There is no
uniform law in the literature that proposes a certain grid for a particular combination of Tu and L11.
Large-scale grids in particular, which produce high intensities and large length scales, have hardly
been investigated in the accessible literature to date. Therefore, a new grid for a combination of Tu
and L11 has to be found in an iterative process. It proved particularly difficult to achieve the high
degree of turbulence for the smaller structure lengths L11 = c and c/2. Here, double grids support the
iterative process, since the grid spacing ∆x is an additional parameter that can be easily varied. Figure
2 shows the effect of a second grid.

Figure 3: Wind tunnel model of an SD7003 wing and PIV setup.

The flow over an SD7003 wing (s. Figure 3) with a chord of c = 0.2m and a span of s = 0.4m is
investigated experimentally at a chord based Reynolds number of 60,000 for angles of attack of 4 and
8 degrees. Planar (2D2C) Particle Image Velocimetry (PIV) show a long LSB on the suction side for the
baseline case, whereas in turbulent conditions there is no separation visible in the mean flow fields.
The measured lift forces lie well below the ones of the 2D model. It is, however notable that the lift
increases in turbulent conditions compared to the baseline case for the finite wing, while the twodimensional flow over an airfoil with end plates shows the opposite effect. To investigate the
influence of the turbulence on wing tip vortices, which might explain this effect, measurements in a
cross sectional plane have been conducted. Figure 4 shows a visualization of these measurements for
the baseline case (left) and in turbulent inflow conditions (right).

Figure 4: Visualization of the tip vortices at Tu=0.5% (left) and at Tu=10%, L11=0.1m (right).

Breuer M (2018) Effect of Inflow Turbulence on an Airfoil Flow with Laminar Separation
Bubble: An LES Study. Flow, Turbulence and Combustion.
Herbst SL, Kähler CJ, Hain R (2018) Laminar separation bubble on an SD7003 airfoil under
large-scale turbulent inflow conditions. In 5th ICEFM, Munich, Germany.
Istvan MS, Kurelek JW, Yarusevych S (2018) Turbulence Intensity Effects on Laminar
Separation Bubbles Formed over an Airfoil. AIAA J 56:1335-1347.
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Thema:

Experimental and numerical investigation of 3-D corner separation in a channel
flow with adverse pressure gradient

Scale-resolving simulation approaches promise the benefit of higher predictive accuracy because they require
less complex physical models. However, their application for high Reynolds number flows in an industrial environment on a day-to-day basis is still decades away due to limited computational resources. Hence, Reynoldsaveraged Navier-Stokes (RANS) models will remain in high demand. Modern designs require increasingly accurate prediction not only of the flow around aerofoils but also of the complex secondary flow patterns in turbomachines such as vortex systems and three-dimensional flow separation. It is these kinds of flows where RANS
models based on the Boussinesq assumptions reach their limits and Reynolds stress turbulence models offer a
promising framework. To assess and further improve these models, high quality reference data with well documented boundary conditions and isolated physical effects are crucial. To investigate 3D separated flow, which
occurs at end wall/blade junctions, a generic experiment was designed in the DLR project VicToria. In the following, we will introduce the experiment, describe the measurement techniques and offer a first comparison with
RANS simulations.
Experiments are conducted in a small scale wind tunnel with a test section consisting of a plane diffuser (see
Fig. 1). The square inlet cross-section of h² = 76 × 76 mm² expands to an area of 76 × 152 mm² (h × 2h) within a
running length of 6 h. Based on a constant inlet velocity of ub=10 m/s the channel Reynolds number is 51.000.
All sides of the channel are made of anti-reflex coated glass providing full optical access down to the micrometer
range for laser based velocimetry down into the viscous sublayer. The wall pressure distribution is measured near
the center plane through sharp edged glass bores by a pressure transducer of a linearity error of 1% f.s. and repeat-precision of 1% f.s. (f.s.=200 Pa). The modular design of the wind tunnel allows further experiments to be
carried out at expansion ratios up to 2.3.
Two-component and stereoscopic PIV was applied to determine the mean inflow velocity distribution and velocities inside the diffuser. Mean axial velocity components at the center plane indicate a separation region including
reverse flow approximately between 4.8h < x < 7h (see Fig. 3 a) which expands upstream in a range between 3.9h
< x < 6.8h near the side wall. Vertical velocity components (see Fig. 2 c, d) indicate a ramp induced corner vortex which extends far beyond the ramp. The evolution of the APG boundary layer and skin friction coefficient
(see Fig. 4) is obtained by means of high resolution 2C-PIV profile measurements at various stations [1] in which
the wall gradient du/dy is evaluated through 1-D cross-correlation of wall-parallel image lines. Statistical quantities of velocity (e.g. mean, variances, covariance, skewness and kurtosis) are based on large sets of up to 10,000
PIV samples recorded at 200 Hz.
A first comparison with RANS simulations shows significant variations depending on the choice of turbulence
model (c.f. Figs. 3 and 4). For instance, the size of the 3D separated flow region is dramatically overestimated by
Menter’s SST model, whereas some improvements can be seen when a Reynolds stress model (SSG/LRR-ω) is
used. In our final manuscript, we will provide a more detailed comparison between experiments and CFD.

Fig. 1: Schematic diagram (left) and photo (right) of the APG laboratory wind tunnel
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a)

b)

c)

d)

Fig. 2: Mean axial (a, b) and vertical velocity components measured by 2-c PIV
at center plane (a, c) and near the side wall (b, d)

Fig. 3: Measured wall pressure distribution in comparison with CFD using different RANS models

Fig. 4: Measured skin friction coefficient on the flat (left) and angled (right) diffuser wall at the centerline in
comparison to RANS results for different spanwise locations (y)
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Introduction
Three-dimensional (3D) roughness elements in a laminar boundary layer are of significant
importance for the laminar-turbulent transition of streamline shaped bodies, e.g., rivet heads
on wings. Depending on the boundary conditions the elements can move the location of laminar-turbulent transition either in upstream direction [1] or further downstream [2]. Therefore,
3D roughness elements of different shapes and sizes were intensely studied [1, 2, 3].
The Temperature-Sensitive Paint (TSP) method is a thermographic measurement technique
used for surface-based flow visualizations of phenomena which significantly change the skin
friction [4, 5], e.g., laminar-turbulent transition, laminar separation bubbles, and vortex footprints. For the application in low-speed experiments a heat flux between surface and fluid is
necessary [5]. When the occurring frequencies are sufficiently low as it is usually the case in
water facilities the TSP method can be used for time-resolved surface visualizations of large
areas [6].
In the presented study the capabilities of the TSP method to capture large areas synchronously are applied to investigate the near-wall flow structures of an isolated cylindrical
roughness element in a flat-plate laminar boundary layer. The roughness Reynolds number
Rekk = uk k ν-1 is varied between 355 ≤ Rekk ≤ 1139 by changing the roughness element
heights k, and the freestream velocity u∞, which also alters the velocity at the top edge of the
roughness element uk. The conditions of the test enable time-resolved TSP surface visualizations, which distinguishes the current study from previous investigations.
Experimental Setup
The test was conducted in the laminar water channel of the Institute of Aerodynamics and
Gas Dynamics, which provides a low turbulence environment (Tu = 0.05 %) and flow speeds
up to 0.2 m/s [7]. A flat plate of 8 m length with an elliptical leading edge is installed in the
test section. To perform TSP visualizations in the facility a thin device providing an electrical
model heating and a substrate for the TSP coating was designed and placed on top of the
flat plate [6]. The power settings of the heating were adjusted to the flow conditions to avoid
buoyancy forces, which alter the flow significantly [8].
Two cylindrical roughness elements of the same height k but different diameter d, i.e., aspect ratio η, are placed directly onto the TSP surface at two different locations xk. The
roughness elements are made of brass. Because of the high flow quality the influence of
surface waves is negligible and the visualization are acquired in top view through the free
water surface.
Results
The time-average result, which is derived from a time-resolved TSP visualization, of the
complex flow structure of an isolated roughness element at Rekk = 806 is presented in figure 1. Each result is shown with the flow direction equal to the x-direction and the darker
shade of gray indicates larger skin friction. The areas of low skin friction in figure 1 are ex164
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pected to be the result of laminar flow. Close to the roughness element and in its wake the
skin friction is significantly increased, which reveals the near-wall flow structures: two horseshoe vortices are wrapped around the roughness element and a recirculation area with low
skin friction is directly attached to the downstream end of the roughness element, see also
the detail in figure 2. From the time-resolved data it can be concluded that the wake becomes turbulent, because of the visible small structures, see figure 2. The time-resolved
measurements also reveal a cyclic generation of structures at the rear end of the recirculation zone, most likely caused by hairpin-vortices [1]. The final paper will present the timeresolved results and discuss the influence of the roughness Reynolds number and the aspect ratio of the roughness element on the near-wall structures.

Figure 1: Averaged TSP result of the wake of a cylindrical roughess element (η = 3, Rekk = 806)

Figure 2: A time-resolved result of the area close to the roughness element.
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Die Wechselwirkung zwischen instationären Anströmbedingungen und deren Kraftanwort beeinflussen bei
Schienenfahrzeugen sowohl den Fahrkomfort als auch die Betriebssicherheit. Allerdings ist diese Wechselwirkung
bislang nicht hinreichend erforscht [1]. Am DLR ist hierzu ein Böengenerator entwickelt worden, mit dem
sinusförmige Böen als instationäre aerodynamische Ereignisse simuliert werden können. Um die Zusammenhänge
zwischen der instationären Aerodynamik und den erzeugten Kräften besser zu verstehen, sollen im ersten Schritt
geometrisch einfache Versuchskörper, sogenannte „bluff bodies“, untersucht werden. Hierzu wird in dieser
Arbeit, wie in Abbildung 1 dargestellt, eine Kugel über eine Miniatursechskomponentenwaage an einem Sting in
der Strömung aufgehängt.

Abbildung 1 Darstellung des Versuchskörper-Kraftwaage-Sting Systems

Eine besondere Herausforderung an den Kraftmessaufbau ist die Messung der auf das Modell wirkenden
instationären Kräfte, die sich auf die gesamte Kraftmesseinrichtung übertragen und dabei Schwingungen anregen.
Damit in der Auswertung der Kraftsignale instationäre aerodynamische Effekte von der mechanischen Schwingung
des Kraftmessaufbaus getrennt werden können, muss das mechanische Schwingverhalten des Aufbaus im Vorfeld
untersucht werden. Besonderes Augenmerk liegt hierbei auf der Stingkonstruktion. Bei diesem Bauteil
konkurriert die Forderung nach einer möglichst geringen Beeinflussung der Umströmung des Versuchskörpers
mit den Möglichkeiten der günstigen Beeinflussung der mechanischen Eigenschaften, wie im Folgenden aufgezeigt
wird.
Das primäre Ziel der Auslegung des Kraftmessaufbaus für instationäre Kraftmessungen ist es, die
Eigenschwingungen so abzustimmen, dass die Frequenzen von den Anregungsfrequenzen trennbar sind, die
Eigenschwingungen eine kleine Amplitude aufweisen und letztere gut gedämpft sind [2]. Der gesamte
Kraftmessaufbau vomVersuchsmodell bis hin zur Stingverankerung als Gesamtsystem ist mit seinen mechanischen
Eigenschaften schwer zu simulieren. Insbesondere Materialdämpfungswerte sind nicht als Kennwerte tabellarisch
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erfasst und lassen sich entsprechend schwer in die Auslegung übertragen [3]. Für die Vorauslegung wird das
Gesamtsystem daher in drei unterschiedliche einzelne mechanische Schwingsysteme zerlegt. Versuchskörper und
Kraftwaage fungieren als Masse-Feder-System, der Sting wird als Kragbalken betrachtet und die Stingverankerung
wird als Trägheitsmasse angenommen. Damit das an die mechanische Eigenschwingung gesetzte Ziel erfüllt wird,
ergeben sich entsprechend des mechanischen Modells folgende Anforderungen an die Auslegung der
Einzelsysteme. Das Masse-Feder-System wird mit seiner Eigenfrequenz sehr hoch abgestimmt, indem die Masse
gering und die Feder steif gewählt wird. Die hierbei entstehenden Eigenschwingfrequenzen liegen bei guter
Auslegung weit entfernt von den Anregungsfrequenzen und können so im Rahmen der Auswertung gut von den
zu messenden Effekten getrennt werden. Die Stingverankerung als Trägheitsmasse liegt weitgehend außerhalb der
Strömung. Bei diesem Einzelsystem wird die Amplitude der Schwingung durch eine hohe Masse gering gehalten.
Zusätzlich ist bekannt, dass Reibverbindungen, wie Verschraubungen, das Dämpfungsverhalten in
Schwingsystemen gegenüber der reinen Materialdämpfung dominieren. Kritischer als die beiden erst genannten
4

𝐸𝐼
Schwingsysteme ist die Auslegung des Stings. Die Eigenfrequenzen eines Kragbalkens sind durch 2𝜋𝑓 = √𝑘𝐿4 𝜌𝐴

gegeben. In diesem Zusammenhang beschreibt k die modenabhängige Schwingzahl, L die Länge des Kragbalkens,
E das materialabhängige E-Modul, I das Flächenträgheitsmoment, ρ die Dichte und A die Querschnittsfläche.
Damit das eingangs gesetzte Ziel einer hohen Eigenfrequenz erreicht wird, werden bei einem Kragbalken hohe
Steifigkeit, geringe Länge sowie ein großer Querschnitt gefordert. Diese Eigenschaften widersprechen jedoch zum
Teil den Forderungen nach einer möglichst geringen Beeinflussung der Strömung. Um dies gewährleisten zu
können, muss der Sting möglichst lang und dünn sein. In dieser Arbeit sind Stingkonfigurationen mit einer Länge
von 350 mm und einem Durchmesser von 22 mm untersucht worden.
Für die Analyse des Schwingverhaltens wird angenommen, dass die instationären Kräfte, die von dem
Versuchskörper über die Waage in die Aufhängung übertragen werden, die Kräfte der Anregung der Aufhängung
durch aerodynamische Effekte übersteigen. Dementsprechend wird das gekoppelte System aus Versuchskörper,
Kraftwaage und Sting untersucht, indem der Versuchskörper angeregt wird. Dieses System beinhaltet folglich den
Übertragungsweg vom Versuchskörper über die Kraftwaage auf das kritische Bauteil, den Sting. Untersucht wird
das Schwingverhalten durch Analyse der Impuls- oder Frequenzantwort. Zur Bestimmung des Schwingverhaltens
wird bei Impulsantwortanalysen der Versuchskörper
mit einem scharfen Impuls angeregt. Die Signale der
Kraftwaage bilden dann das Schwingverhalten des
gekoppelten Systems ab. Wird dieses Verhalten für
einen klassischen Sting aus Einsatzstahl betrachtet, kann
das unterschiedliche Schwingverhalten der beiden
gekoppelten Systeme analysiert werden. Die langsam
abklingende niederfrequente Schwingung ist die
Schwingung des Stings. Die überlagerte höherfrequente
Schwingung gehört zu dem hochfrequent abgestimmten
Abbildung 2 Exemplarisches Schwingverhalten eines
Masse-Feder-System. Deutlich zu erkennen ist die
Versuchskörper-Kraftwaage-Sting-Systems
relativ hohe Amplitude und die geringe Dämpfung der
Stingschwingung, siehe Abbildung 2. Ein solches Schwingverhalten des Stings würde eine instationäre
Kraftmessung derart überlagern, dass eine gezielte Auswertung gestört wird.
Zur Lösung werden verschiedene Carbonstingkonfigurationen hinsichtlich ihres Schwingverhaltens analysiert. Die
Verwendung von Carbon bietet eine erhöhte Steifigkeit gegenüber einer klassischen Stahlkonstruktion. Damit die
weiteren Forderungen an ein geeignetes mechanisches Verhalten erfüllt werden, sind die Stingkonstruktionen um
unterschiedliche Materialdämpfer erweitert worden.
[1] C.J. Baker and M. Sterling “Aerodynamic Forces on Multiple Unit Trains in Cross Winds”, Journal of Fluids Engineering Vol. 131 (2009)
[2]P.W. Bearman “An investigation of the forces on flat plates normal to a turbulent flow” Journal of Fluid Mechanics Vol. 46 (1971)
[3] J.P. Billingsley “Sting Dynamics of Wind Tunnel Models” Reportnr AEDC-TR-76-41 (1976)
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Much research has been performed to investigate the flow around cylindrical structures
with bluff cross-section, motivated by the fundamental flow phenomena involved as well as
for its relevance to engineering application in the fields of aerospace, civil, marine and mechanical engineering. The fluctuating aerodynamic loads on the structure, owing to the (a)periodic separation of the wall boundary layers, can lead to flow-induced vibrations like galloping and flutter and in the ultimate case to a failure of the structure.
Whereas for circular cylinders the Reynolds number plays a dominant role on the transition and separation positions of the wall boundary layer, the flow around square-section cylinders with sharp edges is strongly sensitive to variations in the angle of incidence [1,2]. To
avoid the occurrence of galloping instabilities or high drag forces over a wide range of Reynolds numbers, square-section cylinders with rounded or chamfered corners are nowadays
often used. Besides geometric parameters it is known from studies on circular cylinder flows
that the surface roughness (e.g. marine growth, rust or bug impacts) significantly influences
the aerodynamic behaviour of the structure as well, in particular in the critical and supercritical Reynolds-number regimes [3].
Whereas extensive research has been conducted on the aerodynamics of smooth and
(slightly) rough circular cylinders, no attention has been paid to the flow behaviour of rough,
sharp-edged and rounded square-section cylinders. No experimental or numerical data are
available on the effect of surface roughness alone or on the combined influence of surface
roughness and corner radius on the aerodynamic loads and vortex shedding process at realistic Reynolds numbers.
To fill this gap the current study focusses on the mean and fluctuating aerodynamic forces, the vortex shedding frequency and the near-wake profile for Reynolds numbers based on
the diameter of the cylinder in the range of 60,000 up to 12 million, hence from subcritical to
high transcritical.
The experiments were conducted in the closed-circuit low-speed High-Pressure Wind
Tunnel Göttingen (DNW-HDG), having a test section with cross-section dimensions of 0.6 m
× 0.6 m and a length of 1m. Four partially hollow stainless steel square-section cylinders with
side widths of D = 60 mm and an aspect ratio L/D = 10 were used as models. The four
spanwise edges of each of the cylinders were rounded to a non-dimensional corner radius of
r/D = 0.16 or 0.29, after which the cylinder surfaces were either polished to achieve a value
of the non-dimensional equivalent sand-grain surface roughness of ks/D = 5×10-6 or covered
with a uniformly distributed metal coating for a slightly rough cylinder surface with ks/D =
1×10-3. Two angles of incidence, α = 0° and α = 45°, were investigated, since for these two
angles a symmetric flow fields was to be expected.
With the use of piezoelectric balances the global lift and drag forces were obtained at a
sample rate of 5 kHz, from which additional information like r.m.s. values of the lift and drag
fluctuations and frequency spectra were extracted. At about 6 cylinder diameters behind the
models a pressure rake was placed vertically in the centre plane of the cylinders. It was used
to measure the non-dimensional total pressure loss in the near wake, with which the width of
the near wake could be determined, and to give a quantitative overview of the (a)symmetry
168

STAB

of the vertical wake flow at this position with respect to the horizontal centre axis of the cylinder.
The analysis of the experimental data revealed distinct effects of the cylinder parameters
on the trends of the aerodynamic coefficients throughout the complete range of Reynolds
numbers. An increase in corner radius of the square-section cylinders results for all investigated flow regimes in a lowering of the critical Reynolds number, a decrease of the drag
forces and the r.m.s. values of the lift fluctuations, as well as a strong increase of the vortex
shedding frequency (fig. 1). A change in the angle of incidence from α = 0° to α = 45° has a
stabilising effect on the position of the boundary layer transition and separation points. This
leads to an increase of the value of the critical Reynolds number and exact opposite trends
of the various aerodynamic coefficients as are found for an increase in corner radius (fig 2).
The critical and supercritical flow states furthermore reduce in length, whereas a longer upper transition and transcritical flow state is observed.

Figure 1: Distribution of the drag coefficient (a)
and Strouhal number (b) as function of the Reynolds number for a slightly rough circular cylinder
(●) and the square-section cylinders at α = 45°
with r/D = 0.16 (■) and 0.29 (▼).

Figure 2: Influence of the angle of incidence and
surface roughness on the Reynolds-number dependency of the drag coefficient (a) and Strouhal
number (b) for the square-section cylinders with
-6
-3
r/D = 0.16. α = 0°: ks/D = 5×10 (∆), ks/D = 1×10
-6
-3
(▲);α = 45°: ks/D = 5×10 (□), ks/D = 1×10 (■).

An increase in the height of the surface roughness by about O(10³) largely influencesthe
length of the various flow states, as a result of which for the slightly rough cylinder cases the
transcritical flow state is already reached at those Reynolds numbers at which the flow is still
in the subcritical state for the corresponding cylinders having a smooth surface (fig. 2). With
the exception of the subcritical flow the aerodynamic parameters are less dependent on the
Reynolds number for the models with the larger surface roughness, which is seen in particular in the data in the critical Reynolds number range and in the upper transition. The same
holds for the values of the total pressure loss in the near wake as well as the wake width at
that position.
[1]
[2]
[3]
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The reduction of turbulent drag plays an essential role in the increase of the total efficiency
of aircrafts. Especially the minimization of viscous drag, produced within the turbulent
boundary layer (TBL) at high Reynolds numbers, is one of the research challenges based on
the fact that the viscous drag represents 55 % of the total drag of an aircraft [1]. Research
results of the past years have shown, that the development of coherent structures within
TBLs and their interactions with the wall are essential for the production of viscous drag [2].
However, there is no detailed understanding of the initiation and development of coherent
structures at high Reynolds numbers [3] why it is part of ongoing turbulence research. Nevertheless, there are several approaches dealing with hairpin-shaped vortices as fundamental
elements of the generation of coherent structures [4,5]. In this context, packages of individual hairpin vortices with the same velocity and flow direction, form coherent structures, the socalled Large Scale Motions (LSMs) [6].
The present work is focused on the investigation of LSMs in high Reynolds number TBLs. A
zero-pressure gradient flat plate was installed in the SWG wind tunnel (German: Seitenwindkanal Göttingen) shown in Figure 1. The transition was fixed by a zig-zag tape located
downstream of the elliptical leading edge in order to guarantee a uniform development of the
TBL on the entire model. The experiments were performed at Reynolds numbers larger than
ReΘ = 10,000, which guarantees the occurrence of LSMs. For high-resolution studies, the
MultiPulse-Shake-The-Box 3D Lagrangian Particle Tracking measurement technique (MPSTB) [7,8] was applied to a field of view of about 80 x 120 x 10 mm³ in streamwise, spanwise

Figure 1: 3D sketch of the flat plate installed in the Cross-Wind Test Facility (left inset)
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and wall-normal direction, respectively. The measurement position was located in the center
of the span of the model and 6,900 mm behind the tripping tape ensuring a full development
of the TBL over a long characteristical length. As a consequence, despite slow velocities,
high Reynolds numbers could be achieved. This has the advantage that at the measurement
position a large boundary layer thickness prevails allowing a detailed observation of coherent
structures. The measurement volume was illuminated by two dual cavity double pulse lasers
entering the test section through side windows. Eight PCOedge cameras imaged the illuminated volume at a recording frequency of 10 Hz. The MP-STB was employed to reconstruct
instantaneous particle tracks within the 3D domain; all three components of the velocity vector were measured at the scattered locations corresponding to the tracers position (3D-3C
measurement). The Navier-Stokes-regularized interpolation method FlowFit [9], applied to
the scattered results from MP-STB, provided access to the full velocity gradient tensor information. This strategy offers useful information for the comprehension of the complexity of
coherent structures and their dynamic mechanisms in the near-wall and log-region. An instantaneous STB result is displayed in Figure 2-left presenting the arrangement of high- and
low-speed streaks meandering through the log-layer of the TBL. It can be observed that
these regions have a spanwise size of about 400 visous lengths whereas the dimension in
wall normal direction can extend to the edge of the measurement volume (200 wall units).
When the FlowFit algorithm is applied, the Q-criterion can be calculated capturing even
small scale vortical structures within the volume (Figure 2-right). In the context of this work,
optimizations in the MP-STB evaluation are made regarding the data capturing near the wall.
Thereafter, a detailed structure analysis of the coherent structures and their interactions
within the near-wall and log-region is outlined.

Figure 2: Instantaneous MP-STB results gained at ReΘ = 10,000 color coded by streamwise velocity component. Left - approximately 68,000 four-pulse tracks. Right – FlowFit interpolation of
the same time step showing the iso-surfaces of Q-criterion
Computer resources for this project have been provided by the Gauss Centre for Supercomputing/Leibniz Supercomputing Centre under grant: pr62zi
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Introduction
The general assumption in the aerodynamics of lifting surfaces is that they are impermeable to air. There are however some applications, were this assumption does
not hold.
Early airplanes were built out of wood and fabric, which was sometimes not even
treated with wax or glue. The rear part of a bird’s wing is permeable to air, because
its feathers allow some air to seep through. Recently trailing edges of wings and wind
turbine rotor blades made from porous materials have been investigated in order to
reduce acoustic noise [1].
One direction of research on the influence of permeability on aerodynamic coefficients relies on analytical methods such as for example thin airfoil theory [2]. Current
research focuses on supporting industrial applications by using computational fluid
dynamics to simulate the flow simultaneously in the porous media and in the surrounding fluid [3]. Experimental studies for example into the influence on acoustic
and boundary layer properties exist as well [1].
The goal of the present study is to derive a third, even simpler method for assessing
the influence of permeability on the lift and drag of finite wings. This method takes the
form of a correction of existing aerodynamic coefficients based entirely on the permeability characteristics of the fabric.
Analytical approach
In comparison to impermeable lift over angle of attack curves, the permeability causes a decrease of the lift slope with increasing inflow velocities and thereby increasing
the pressure gradient between top and bottom of the lifting surface. The lift dependent part of drag coefficient also increases with the pressure gradient, but does not
change the drag at zero lift.
A similar effect is observed in lifting line theory, where velocities perpendicular to the
lifting surface are induced and cause changes in the local angle of attack. These in
turn lead to the lift dependent induced drag and change the lift curve slope.
The idea behind the new approach is to extend the classical lifting line theory by adding the flow through the permeable wing to the induced velocities. Applying Darcy’s
law for flows through porous media and assuming an average pressure difference of
∆ =
from the lift over the wing area leads to an analytical formulation for the
change in angle of attack and the additional induced drag:
∆ =
= ∙ +
∙
and
=∆ ∙ .
The proportionality constant

=

!"

consists of density #, thickness $, dynamic

viscosity %, porosity & and permeability '. It can be determined entirely from independent permeability measurements. This approach can be used to add or remove
the effect of permeability from lift and drag curves.
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Experimental setup
In order to isolate the influence of permeability on
the lift characteristics of a finite wing, a simplified
experiment was set up. A wing-body configuration
was placed in a 1x1m wind tunnel with an open test
section as shown in Figure 1. Aerodynamic forces
were measured using a 6-component balance. The
rectangular wing had a wing span of 0.8m and an
aspect ratio of 4. It consisted of a thin cambered
plate with a camber ratio of 1/12 and large cutouts.
The top of the wing was covered with fabric.
Separate lift and drag curves for untreated, permeable fabric and coated, impermeable fabric were
recorded at inflow velocities of 16 *
* 28 ./0
and angles of attack in the range of 12 * * 15°.
Results
The angle of attack of the permeable lift
curves can be corrected using the analytical approach in a manner similar to
typical wind tunnel correction methods.
As depicted in Figure 2 the agreement
between the measured impermeable
curve and the alpha-corrected permeable curve is good in regions of attached
flow. As soon as the flow detaches at
higher angles of attack, the correction
can no longer be applied. At small angles of attack a recirculation bubble
forms under the leading edge of the
wing, which also leads to larger deviations of the corrected curve.
An effect, which cannot be predicted by
the linear approach is the shift of the
stall onset to lower lift coefficients.

Figure 1: Experimental setup.

Figure 2: Measured and corrected lift over angle of
attack of the simplified experiment for an inflow
velocity of 4 = 567/8.

Future work
An extension of the approach based on the quadratic Darcy-Forchheimer relationship
will be presented. The analytical approach will then be validated for a range of inflow
velocities.
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Introduction
The concept of engine noise shielding by the airframe of an aircraft is a potentially highly
effective means to reduce the noise emitted towards the ground. Exploiting sound shielding
requires re-thinking engine integration and therefore the aircraft configuration as a whole,
since the engines need to be placed unconventionally above parts of the airframe. Since this
assessment cannot be done at real aircraft without invoking a humongous technical effort
highly accurate prediction of the noise shielding is required. While shielding at objects is a
solved problem of classical acoustics, requiring most of all an appropriate description of the
diffraction at edges, this problem becomes quite complex in aeroacoustics, i.e. whenever
(viscous) flow is present, because refraction comes into play as well as vortex shedding (or
rather the conversion of part of the acoustic signal into vortical signals). Commonly, shear or
the flow altogether is neglected whenever dealing with small Mach number flows, say M<0.3.
The question arises, whether this assumption is justified, or, whether there are conditions, at
which viscous flow effects indeed need to be taken into consideration.
Observations
There are indeed cases at low Mach number flows where the viscous mean flow effect
becomes crucial for the shielding at a slotted high lift wing as observed in [1] and explained
in [2]. Similar effects were seen at an airfoil in [3] in computations as well as experiments.
The diffraction of fan tones about the nozzle lip of the bypass stream of a turbofan engine
shows a remarkable sensitivity of the upstream radiated sound amplitude on the shear at the
nozzle lip [4].
Analysis/Influence of shear flow on shielding
The Linearized Euler Equations (LEE) were solved numerically to analyse the shielding using
DLR’s PIANO code [5]. Figure 1 shows the shielding of sound from a pulse wave, initiated
0.2c behind the trailing edge and 0.125c above the symmetry line of a NACA0012 airfoil of
zero angle of attack and chord length c. For high frequency components of the signal the
acoustic shadow below the airfoil is strongly influenced by the viscous flow even at low Mach
number M=0.16, while the potential part of the flow has almost no effect at all even when
compared to the no flow case. This viscous flow effect appears to be negligible for frequencies with a wavelength considerably larger than the boundary layer thickness at the trailing
edge of the airfoil. For the high frequency considered a considerably increased shielding
attenuation (~8dB) occurs due to the presence of the boundary layer when compared to the
cases without viscous flow.In the considered situation, the increased shielding is a result of
refraction effects of the boundary layer shear on the sound before hitting the trailing and
leading edge of the airfoil. Whenever sound hits a shearlayer there is transmitted and a reflected part, the latter of which becomes particularly significant when the angle o incidence
approaches the angle of total reflection. In the considered case total reflection at the boundary layer occurs for the sound hitting the upper side of the airfoil ; all of the sound intensity
is reflected already above its actual surface. Therefore, no sound is diffracted around the its
leading edge into the geometric shadow region (dark shaded area in Figure 1). Although the
sound field component hitting the airfoil’s trailing edge undergoes no total reflection in this
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case, part of the signal is reflected and this less sound is diffracted into the shadow region.
In order to illustrate the trailing edge situation further, Figure 2 shows a simplified arrangement, where only a parallel shear flow at M=0.3 is present (no geometry). The right hand
side subfigure shows a wake flow and the occurrence of total reflection at the critical angle
along with a distinct shadow region, even without shielding object. If the trailing edge of a
slender airfoil or plate with chord orientated parallel to the flow is placed inside the shadow,
little diffraction is expected and consequently better shielding than without the wake-related
shadow. The presence of the wake virtually increases the extent of the airfoil for the purpose of shielding. The observed phenomenon is however not only dependent o the frequency, but also strongly dependent on the position of the source. Decreased shielding attenuation may be observed when the source is located farther upstream at about the position of
the trailing edge. The paper discusses systematically the viscous mean flow effects on shielding as a function of source position and frequency. Furthermore, the additional effect of
sound-induced vortex-shedding on the diffracted sound pressure will be dealt with.

Figure 1 : Attenuation of sound pressure γ P =
20lg(p/pinc) due the presence of NACA0012
airfoil for different flows at M=0.16 for 60kHz
and a chord length of c=0.2m; p, pinc : rmsvalues of pressure, incident pressure.

Figure 2: Propagation of sound in the presence of a parallel shear flow of M=0.3. Left const. flow, center: shear layer, right: wake. White arrow marks critical position of total reflection (analytical solution).
Bright shaded upper left area (active sponge for incident wave). Lp sound pressure level.
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Wind turbines contribute to the global energy revolution by harvesting a prevalent renewable
energy source. One of the popular points of criticism on wind turbines is the amount of emitted noise, what is accordingly an issue during design and licensing of new wind turbines. As
a state of the art, wind turbine noise is mainly estimated by means of semi-empirical methods. Suchlike methods predict the overall sound pressure levels with acceptable accuracy.
The contribution in hand intends to improve the noise prediction. A largely non-empirical
method is presented for computing sound pressure level spectra and directivity functions
based on acoustic 2D high fidelity simulations. At the same time, the computational effort is
limited to a finite number of pre-computed flow conditions. The total sound emission is determined by superposition of a number of local blade elements at the observer positions.
According to [Orlemans et al.], only the outer 25% of the rotor blade is regarded as acoustically relevant.
In its current state, the approach concentrates on noise generated by the interaction of the
turbulent boundary-layer with the trailing-edge. The method allows for expansion to further
relevant sound sources at the rotor blade like tip noise, separation noise and interaction
noise at the leading edge caused by inflow turbulence.
local flow conditions

local sound pressure level spectra
and directivity function

basic information

Figure 1: Process of the emulation of sound pressure level spectra from the initialization of the underlying data
base to the final result at arbitrary conditions

The method is illustrated in Fig. 1. It is based on four pre- computed basic conditions which
are defined regarding the design conditions of a candidate wind turbine rotor. The basic conditions are numerically processed by a 2D toolchain including CFD (Computational Fluid Dynamics) and 2D CAA (Computational AeroAcoustics) simulations, [Rautmann]. The results
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are stored in an airfoil catalogue. Currently, the airfoil catalogue contains eight basic airfoils,
five angles of attack α and five different combinations of (Ma, Re). Further, two turbulent
boundary layer states are simulated to meet different states of soiling of the rotor blades.
Using an adjusted scaling model, the sound pressure level spectra can be emulated for the
local flow conditions of any blade element along the acoustical relevant part of the rotor
blade, [Fassmann et al.]. The method is taking into account the local angle of attack, the total
flow velocity, and the chord length and even the local airfoil shape.

Figure 2: Comparison of emulated and simulated
sound pressure level spectra of a DU96-W-180 airfoil
at an angle of attack α=4°. The spectrum is emulated/simulated for a verification condition at Mach number of 0.235 and Reynolds number of 1,500,000. The
boundary layer is partially laminar with forced transition
at 10% of the local chord lc length. The microphone is
placed perpendicular to the flow directly below the
trailing edge.

Figure 3. Sound pressure level spectra of a hybrid
airfoil averaged from the two bounding airfoils
DU96-W-180 and LN118 in comparison to simulations
of the bounding airfoils and the hybrid one. The Spectrum at α=2° is interpolated between emulated data
from the airfoil catalogue. It is determined for a verification condition at Mach number of 0.235 and Reynolds number of 1,500,000. The boundary layer is partially laminar with forced transition at 10% of the local
chord length. The microphone is placed perpendicular
to the flow directly below the trailing edge.

The presented method is capable to provide acoustic results for conditions and angles of
attack which are not pre-computed, see Fig. 2. The method is successfully verified. Further
the procedure is applied to a blended airfoil, see Fig. 3. This attempt also shows good
agreement to verification data.
The emulation of acoustic results at arbitrary conditions relies on the well-chosen basic conditions and well computed input data. As the method averages the power spectral density of
the sound pressure, it smoothes spectral characteristics of the two bounding airfoils if applied
to hybrid airfoils.
In the final contribution further verification and validation of the method will be presented.
Besides this, the overall sound emission of a wind turbine rotor will be available.
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[Oerlemans et al.]: Oerlemans, S., Fisher, M., Maeder, T., and Kögler, K.; Reduction of Wind Turbine Noise Using
Optimized Airfoils and Trailing-Edge Serrations, AIAA Journal, Vol. 47, No. 6, 2009, pp. 1470—1481.
[Rautmann]: Rautmann, C., Numerical Simulation Concept Low-Noise Wind Turbine Rotors, Dissertation, Technische Universität Braunschweig, Germany, DLR report 2017-35, ISSN 1434-8454, ISRN DLR-FB-2017-35, 2017.
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The trend to large wind turbines with increased blade diameters requires efficient noise reduction to increase public acceptance and to avoid further limitations in land use or shutdown times during night. Within the German national wind energy project BELARWEA improved methods to support the design of both, aerodynamically efficient and low-noise, wind
turbine rotors are developed and validated.
Aeroacoustically driven 2D profile design, 3D winglet design and 2D/3D CFD and CAA analysis are supplemented by the transfer of passive noise reduction technologies
(slotted/brush-type/porous trailing edges) from aerospace applications to wind turbine
blades. Experimental demonstration and tool validation is provided in systematic validation
steps, i.e.
 at 2D blade sections in the Acoustic Wind-Tunnel Braunschweig (AWB) of DLR [1, 2],
 and at 3D blade tips in the larger acoustic facility DNW-NWB, operated by the German-Dutch Wind-Tunnels foundation.
The current communication will mainly concentrate on the results of a new series of wind
tunnel tests in the DNW-NWB.

Fig. 1 Acoustic test setup in DNW-NWB.
1

DNW-NWB
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The BELARWEA reference blade is a 1:6 down-scaled derivative of the outer 20% radius
portion of the NREL-5-MW-reference rotor [3] which is based on NACA 64-618 profile sections. An overview of the model variants based on a new low-noise profile design RoH-W18%c37 is provided in Fig. 2.

Fig. 2: Model variants and instrumentation.
Tests were conducted in both the closed (3.25 m x 2.80 m) and ¾-open test sections of the
DNW-NWB. Tests in the closed test section served to measure the aerodynamic coefficients
and to derive detailed flow fields in the near tip region. Acoustic measurements (cf. Fig. 1)
comprised
 sound source identification with two phased microphone arrays, array 1 (~3 m diameter, 140 microphones) facing the suction side (SS) of the model and array 2 (~1 m
diameter, 96 microphones) its pressure side (PS);
 trailing-edge noise measurements in the approximate 2D-region of the model with a
directional microphone system (elliptical mirror with 1.6- m diameter);
 comparative measurements with free field reference microphones;
 measurements of the hydrodynamic surface pressures in the TE source region using
4 Kulites on each model variant (on suction side only, at positions further characterized by static pressure distribution measurements at equivalent spanwise positions).
References
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Progress in helicopter noise prediction
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Motivation
Noise emissions remain a challenge for the development of helicopters, even though recent
models have introduced substantial technical improvements, especially at the main rotor and
tail unit. Numerical simulation has reached a level of accuracy by now, that results from computations are capable to guide acoustic optimisation, in combination to extensive flight testing, of course. Similarly to aerodynamic tuning as an outcome of computational fluid dynamics, acoustic postprocessing of such data can provide more insight into the fundamental
noise mechanisms in various flight states, and identify characterising parameters and their
respective influence. Often, predicting a reliable variance between alternatives is sufficient
for selection or optimisation, and which usually can be stated with good confidence. In additi on, even absolute levels are now within reach for carefully built simulation setups, utilising
advanced flow solver frameworks and acoustic tool chains.

Methods
Such a framework and tool chain has been established at the IAG over the last nearly two
decades. The fundament consists of the flow solver FLOWer, originally developed by DLR
and significantly extended by IAG. Blade dynamics are considered using loose fluid-structure
coupling to either one of the comprehensive codes CAMRAD II or HOST. These tools also
provide the fluid mechanics trim to adjust control angles and attitudes to obtain free flight
conditions of vanishing global forces and moments in stationary flight.
Acoustic postprocessing is accomplished by the Ffowcs Williams-Hawkings code ACCO, developed by IAG, and validated and continuously improved over the years. Nowadays it allows
the highly parallel evaluation of porous surface integrals to propagate sound to possibly large
observer numbers in the far field, over several repetitions of long time lines of CFD data.
Due to the excellent transport properties of FLOWer with its high order formulation and highly
resolved grids, the placement of the integration surface is not restricted by dissipation and dispersion errors, but purely on physical considerations. Several studies in the past have
shown near-independence of the results on the positioning. Advancing from [1], reflection
and shielding effects by the airframe are thus taken into account by choosing an appropriate
integration surface containing the entire helicopter, see Fig. 1. This approach relies on the
transport of sound by FLOWer within this volume, before switching to the analytical propagation of ACCO towards the observers.
In addition to the tool chain used in [1],
broadband noise components are included
this time by means of the empirical model
developed by Pegg [2]. In flight situations
with dominant impulsive noise, those deterministic sources can be predicted sufficiently accurate by carefully crafted CFD.
However, in other conditions broadband
sound can contribute significantly, leading
to a severe underestimation of total noise.
Fig. 1: H145 integration surface [1]
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Although the model was developed and calibrated with measurements on helicopters of
about 50 years ago, it is still useful for current rotor technology and gives a significant benefit
in acoustic prediction quality. This was also confirmed by Snider et al. in [3].

Configuration
The helicopter under investigation is Airbus
Helicopters' H145, as already looked into in
[1]. The computational setup including grids
is reused in the present study. This time,
the approach flight was supplemented by
the other two acoustic certification points of
take-off climb and flyover level flight. From
a physical point of view, take-off looks complementary to the approach condition at
first, but does not experience blade-vortex
interaction phenomena, making it less accessible for numerical simulation with this
technology. Level flight also does not suffer
from BVI, but its higher flight speed amplifies the impulsive noise components, which
are handled more easily in simulation.
Fig. 2: SPL trends in flyover and take-off conditions

Results
The method can clearly differentiate the
various flight conditions and reflects important propagation phenomena. The inclusion of broadband noise modeling improves the predictive capability, for example in spectral content, and especially in
the departure phase of the manoeuvres
investigated

Outlook
The final paper will contain not only detailed analyses of the flight cases and their
different characteristics, but also comparison to experimental data, after having obtained permission from Airbus Helicopters. In summary, the method works very Fig. 3: Impulsive CFD and modeled broadband noise
well and extends the previous success to
other relevant parts of the flight envelope.
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application of noise reduction technology
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By reducing the propulsion related noise sources on aircraft, the airframe noise becomes a
more important contributor to the overall emitted noise. Especially during approach and landing the high-lift systems do already play a significant role. One possible approach to reduce
the noise imission on the ground is a fundamental design change of the entire high-lift system from the classic three element slat-wing-flap configuration to a slot-less system with
droop nose and high flap angles in conjunction with active flow control (cf. figure 1). There
exits experimental reference, that such a design change can be favorable from the aeroacoustic point of view [1]. It was shown that circulation control airfoils can provide a noise reduction above 2 kHz on the model scale. However, in the low-frequency domain additional
noise was measured, that could not yet be clearly related to a specific source mechanism.

Figure 1: Circulation control airfoil with droop nose

To overcome this, the combination of acoustic wind-tunnel tests and numerical simulations is
supposed to be an appropriate approch. Therefore, measurements are run in DLR's Acoustic Wind Tunnel Braunschweig (AWB) [2]. Free field microphones and microphone arrays as
well as surface pressure tabs are used to record the overall emitted noise and to localize
specific source mechanisms. Furthermore, DLR's aeroacoustic high-order finite differences
code PIANO [3] is applied in a hybrid CFD/CAA procedure to enable an analysis of the different source mechanisms on such a circulation control airfoil. Therein, different approaches to
the time-domain description of the sources are pursued. On the one hand, a jet-mixing noise
model based on the work by Tam and Auriault [4] is used to capture the turbulenceturbulence interaction in the high speed jet used for flow control on the flap. On the other
hand, an eddy relaxation source term is applied to capture the turbulence-airfoil interaction
noise [5]. According to the analytical analysis of acoustic sources on a circulation control
airfoil with active flow control by Howe [6] classic trailing edge noise as well as a curvature
noise source on the flap can be important contributors to the overall noise.

1

Corresponding author, Lennart.Rossian@dlr.de
182

STAB

First insights into the relation of the different source mechanisms have already been presented based on both measurements and simulations [6]. The aim of the upcoming investigations is to provide a more detailed analysis and therewith understanding of the different
source mechanisms and their relative importance. This is particularly important when it
comes to the design of a low noise high lift system. The aim is to apply noise reduction technology to the circulation control airfoil to further reduce the emitted noise. In the preceeding
investigations, it was found that the trailing edge of the flap is in fact a prominent noise
source location. Thus, the application of brushes resulted in an overall noise reduction of 23 dB in the range of 2 kHz to 9 kHz on the model scale.
One way to reduce the trailing edge self-noise of an airfoil is the application of complex porous materials at the airfoil's trailing edge (cf. figure 2). It was shown both experimentally [7]
and numerically [8] that with the choice of appropriate materials a significant broadband reduction of the trailing edge noise can be achieved. Within the numerical investigations of
different porous materials it showed that non-homogeneous material properties are favourable from the acoustic point of view as they enable a smooth transition from the solid part of
the airfoil to the free flow.

Figure 2: Airfoil with porous trailing edge
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Motivation
Im Rahmen der gegenwärtigen Forschung an energieeffizienten und emissionsarmen Flugzeugtriebwerken
wurde das Konzept des Contra-Rotating Open Rotor Triebwerks (CROR) wieder aufgegriffen. CRORs
zeichnen sich aufgrund des großen Rotordurchmessers durch einen hohen Vortriebswirkungsgrad aus.
Ihr Hauptnachteil, die hohe Lärmemission, hat jedoch den serienmäßigen Einsatz bei Passagierflugzeugen bisher verhindert. Um die hierzu durchgeführten
numerischen Simulationen mit experimentellen Daten
zu validieren wurde am IAG im Rahmen einer Zusammenarbeit mit der MTU Aero Engines AG ein Modell
eines CRORs aufgebaut (vgl. Abb. 1).

Abb. 1: CROR im MWK des IAGs

Aufbau des Modells
Der vordere Rotorkranz hat sieben, der hintere sechs Blätter. Beide haben den gleichen Außendurchmesser
von 38 cm und können getrennt voneinander angetrieben werden. Die aerodynamische Auslegung erfolgte in
Anlehnung an [1]. Montiert ist das Modell im Mittleren Niedergeschwindigkeitswindkanal (MWK) des Instituts.
Dieser ist ein umlaufender Kanal Göttinger Bauweise mit Freistrahlmessstrecke mit einem Durchmesser von 1 m
und ermöglicht Windgeschwindigkeiten von vW = 55 m/s, was in etwa einem Flugzeug im Startfall entspricht.
Die Maximaldrehzahl der Rotoren beträgt bei voller Kanalgeschwindigkeit etwa 12 500 U/min. Somit können in
dem für die Lärmbewertung wichtigen Startfall ähnliche Machzahlen wie in der Realität erreicht werden.
Da der Windkanal nicht für akustische Messungen ausgelegt ist, wurde der Messbereich mit schallabsorbierenden
Materialien und Keilen ausgekleidet. Durch Messungen mit definierten Schallquellen konnte gezeigt werden,
dass durch diese Maßnahmen eine deutliche Reduktion der Reflexionen und damit eine Verbesserungen der
akustischen Messumgebung erzielt werden konnte. Zur Schallmessung sind 227 Mikrofone an drei Seitenwänden
(Vorderwand, Decke und kreisförmig um die Düse) in die Dämmung eingelassen (vgl. Abb. 1). Somit können
sowohl die azimutale und polare Lärmabstrahlung, als auch die Lärmabstrahlung auf eine Fläche gemessen
werden.
Obwohl die akustischen Messungen den Schwerpunkt bilden, sind bei beiden Motoren Schub- und Drehmomentsensoren integriert. Ebenso sind entlang der Verkleidung insgesamt 30 Druckmessbohrungen (15 vorne,
15 hinten) zur Messung des statischen Drucks angebracht, um auch die aerodynamische Qualität von CFDSimulationen bewerten zu können.
Messergebnisse
Abbildung 2 zeigt die gemessenen Drücke bei zwei unterschiedlichen Betriebsbedingungen. Ohne Anströmung
und bei 0◦ Anstellwinkel ist in Abb. 2(a) gut zu erkennen, wie der Drucksprung über die Rotoren bei steigender Drehzahl entsprechend der zunehmenden Schuberzeugung immer größer wird. Die rotationssymmetrischen
Punkte im Vorderbereich und an zwei Kreisen bei x = −424 mm und x = 125 mm liefern wie zu erwarten identische Werte. In Abb. 2(b) hingegen spielt die Umfangsposition aufgrund des Anstellwinkels von 10◦ eine Rolle,
was sich in unterschiedlichen Werten in diesen Bereichen zeigt. Durch die Anströmgeschwindigkeit tritt bei den
niedrigeren Drehzahlen noch ein Druckanstieg über die Rotoren auf, sie liefern folglich im Nabenbereich keinen
Schub.
1
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(a) uW = 0 m/s, α = 0◦

(b) uW = 55 m/s, α = 10◦

Abb. 2: Druckverlauf entlang der Verkleidung bei verschiedenen Drehzahlen
Der gesamte abgestrahlte Schall kann wie in Abb. 3(a) in seine einzelnen Frequenzanteile zerlegt werden, wobei
hier die Blattfolgefrequenzen mit nfmr bezeichnet werden. Es ist gut zu erkennen, dass vorne und in der Mitte
der Einzelrotorlärm dominiert, während die Interaktionsfrequenzen hinten am äußeren Rand dominieren. Die
Änderung des Lärms bei dieser Frequenz bei verschiedenen Drehzahlen zeigt Abb. 3(b). Die beiden Strichpunktlinien sind identisch, bei niedrigeren Drehzahlen sinkt wie erwartet die Lärmabstrahlung. Der Windkanallärm
ist deutlich niederfrequenter und wirkt sich auf die hier betrachtete Frequenz nicht aus.

(a) Bei 12 000 U/min für verschiedene Frequenzen

(b) Für die Frequenz 0f1r bei verschiedenen Drehzahlen

Abb. 3: Polare Schallbstrahlung bei uW = 55 m/s und α = 0◦
Eine andere Darstellung der Lärmabstrahlung liefert
die Betrachtung aller Mikrofone an der Decke bei einer
Drehzahl und einer Frequenz, wie in Abb. 4 dargestellt.
Hier zeigt sich konsistent zu den anderen Auswertungen, dass der hintere Einzelrotorlärm überwiegend in
Rotorebene bzw. leicht nach vorne abgestrahlt wird.
Ausblick
In Vortrag und finalem Paper soll zunächst detaillierter auf den Aufbau des CROR-Modells eingegangen werden. Anschließend werden, wie hier beispielhaft
dargestellt, die Messergebnisse von Schub und Drehmoment, Druck und Akustik gezeigt. Dabei wird insbesondere darauf eingegangen werden, wie sich diese Werte bei unterschiedlichen Anstellwinkeln, Anströmgeschwindigkeiten und Drehzahlen verhalten.
Abb. 4: Lärmteppich bei 12 000 U/min für die Frequenz 0f1r
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Prediction of Trailing-Edge Noise for Separated Turbulent Boundary Layers
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Measurements of the trailing-edge noise (TEN) and the surface pressure upstream of the
trailing-edge were performed at small and high angles of attack (α) with the DU96-W-180
airfoil in the AWBa [2]. Those measurements show that the turbulent boundary layer (TBL)
separates starting from a medium value of αg = 8◦ , the geometric angle of attack. While the
flow separates, the lift curve continues to increase up to the point of stall (not measured). Thus,
with unsteady upstream conditions, such as the atmospheric conditions experienced by wind
turbine blades, intermittent flow separation may occur, produce more noise and increase the
annoyance level of communities around a wind turbine.
The surface pressure measurements show that when the boundary layer separates, the surface
pressure power spectrum changes in two ways compared to, for example, that of the canonical
zero pressure gradient power spectrum. (i) An increase in the lower frequency region, f < 1 kHz
and (ii) a reduction in the higher frequency region. The second trend is also observable in the
TEN measurements, using a directional mirror-microphone [3]. However, the directional mirrormicrophone used in the study is limited to f ≥ 1 kHz, such that the frequency of the spectral
peak of trend (i) was not captured.
A recent development describes the scaling of the mean velocity profile, U , and turbulent shear stress, vv, for separated TBL. The scaling is based on the outer layer parameters:
the boundary layer thickness, δ, and the local√freestream
pvelocity at y = δ, Ue , and a nondimensional maximum shear velocity Um = ( Reδ /Ue ) τm /ρ, where Reδ is the Reynolds
number based on Ue and δ, τm is the maximum viscous shear stress, and ρ is density. This
scaling is also suitable to scale both the surface pressure integrated power spectrum and TEN
sound pressure level (SPL) spectrum, figures 1-2 [4], where the vertical and horizontal axes are
Lp,1/3;3 = Lp,1/3 − 50 log(Ue /a∞ ) + 20 log(Um ) − 10 log(δ/lref )
(1)
fδ 1
f+ =
(2)
2
Ue Um
,respectivelyb . The two spectra show good agreement with each other in the frequency domain
for the lower, more interesting frequencies.
In the final paper, a continuation of the previous work will be presented for predicting
the trailing-edge noise of a separated TBL. The surface pressure is calculated using the socalled TNO model that assumes only mean shear-turbulent interaction, Eq. (3)c , as the source
of sound [5]. The far-field noise is calculated by integrating the predicted surface pressure
spectrum, Eq. (4)d [6]. After non-dimensionalization of Eq. (3), it can be used to “curve fit”
the spectra in figure 1 and provide the unknown but self-similar function Lvy Φvv Φm .
∗

Corresponding author: alexandre.suryadi@dlr.de
Acoustic Wind tunnel Braunschweig[1]
b
Lp,1/3 : 1/3-octave band sound pressure level, pref = 20 µPa, a∞ : speed of sound, lref : reference length, 1 m.
c
Wavelength in chordwise, kx , and spanwise, kz , direction, ω: radial frequency, Φvv : the vertical velocity power spectral density, Φm : the moving-axis spectrum, and Lvy (y): the vertical lengthscale of the vertical
velocity v
d
R: distance of the observer from the sound source, L: length of a line source ≈ span of the trailing edge
a
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Figure 1: Normalized surface pressure spectra
in 1/3-octave bands. Eqs. (1)–(2)

Figure 2: Normalized far-field noise in 1/3octave bands. Eqs. (1)–(2)
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Sound generation in a boundary layer flow an analytical approach
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The basic idea of the present analysis is to
study acoustics from the point of view of sta𝑈∞
y
bility in boundary-layer type shear flows. Similar to Orr [1] and Sommerfeld [2], who derived the equation for the instability of incomδ
acous�c waves pressible plane parallel shear flows, in 1958
x Pridmore-Brown [3] derived an ordinary differential equation for the acoustic waves in
Fig. 1: Sound generation in a boundary layer plane parallel shear flows based on the normalmode ansatz, which is also presently employed
with an exponential velocity profile.
by us. Before our study, there were only analytical solutions for the simplest case, i.e. the
equation with a linear shear profile, since the complete solution of other velocity profiles turned
out to be difficult due to various mathematical obstacles.
In our approach, we study analytical solution of the Pridmore-Brown equation


1 d2 ρ0(m)
1 2αe−y dρ0(m)
α2
2
+ 2
+ ω
e − 2 ρ0(m) = 0,
(1)
M 2 dy 2
M
ω
e
dy
M
where the boundary layer profile is approximated by an exponential velocity profile (see Fig. 1).
Here ρ0(m) represents the amplitude of the density perturbation, α denotes the dimensionless
streamwise wave number, ω stands for the dimensionless frequency, M is the Mach number and
ω
e = ω − α(1 − e−y ) is the so-called Doppler shifted frequency. This Pridmore-Brown equation
can be solved in terms of the confluent Heun function, which is a solution of the confluent Heun
equation (CHE) introduced by K. Heun [4], as a kind of generalization of the hypergeometric
equation. We found a complete solution of equation (1) which reads


√
√
αe−y
−y
−y
ρ0(m) (y) = C1 eiM αe + θy Hc(a) p∗ , α∗ , γ∗ , δ∗ , σ∗ ;
+ C2 eiM αe − θy ×
α−ω
(2)


αe−y
(a)
× Hc
p∗ , α∗ − γ∗ + 1, 2 − γ∗ , δ, σ∗ + (−4p∗ + δ∗ )(γ∗ − 1);
,
α−ω
where θ = −M 2 (α − ω)2 + α2 and the Hc(a) function [5] is the solution of the CHE with five
parameters
√
iM (α − ω)
1 √
p∗ =
, α∗ = iM (α − ω) − − θ, γ∗ = 1 − 2 θ,
2
2
(3)
√
δ∗ = −2, σ∗ = iM (α − ω) − 2M 2 (α − ω)2 − 2 θ [iM (α − ω) + 1] .
Then, together with the appropriate boundary conditions, i.e. the acoustic perturbation disappearing at infinity and the acoustic analogue of an impermeable wall,
ρ0(m) (∞) = 0,

dρ0(m)
(0) = 0,
dy

(4)
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the boundary value problem (2)-(4) is converted to an eigenvalue problem of the form






p
α
α
α
0 (a)
(a)
2
2
2
−iM α − −M (α − ω) + α Hc
;
−
Hc
;
= 0,
α−ω
α−ω
α−ω

(5)

0

where Hc (a) is the derivative of the Hc(a) function and its parameters are omitted. An asymptotic analysis reveals, that the equation (5) allows for a Taylor-series expansion for small α.
When α goes to zero, the analytical relation between ω and α is given by
2
M 2M 2 + 15M + 12
M +1
ω(M, α) =
α−
α3 + O(α4 ).
(6)
M
72(M + 1)4
For small α the eigenvalues are unique and all real numbers. While in the limit α → ∞ the
equation (5) admits a Laurant series starting with a linear term
√
M + M2 + 4
ω(M, α) =
α + k(M ) + O(α−1 ),
(7)
2M
√
√
√
√
√
√
±i 2(M 4 −M 3 M 2 +4+2M 2 −2) −M 2 + M 2 +4−2M 5 +2M 4 M 2 +4−4M 3 +8M −4 M 2 +4


q
where k(M ) =
.
√
√
√
4iM ±2 2 −M 2 +M (M 2 +4) [(−M 4 −4M 2 −2) M 2 +4+M 5 +6M 3 +8M ]
For large α, due to the multiple values and imaginary parts of k(M ), the eigenvalues are not
only multiple but also involve imaginary parts. The above analytical results are validated by
numerical methods, see Fig. 2. It is to be concluded that the existence of an imaginary part of
ω indicates towards an acoustic instability of the exponential boundary layer.
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Fig. 2: Numerical computation of eigenvalues when the Mach number M = 0.1.
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Adjungierte Turbulenz
In diesem Beitrag wird die Anwendung der Adjungiertenmethode zur Optimierung eines
Kraftfahrzeugbremskühlschachts beschrieben. Die dazu erforderlichen Sensitivitäten
werden sowohl mit dem „Frozen-Turbulence“-Ansatz als auch unter Anwendung adjungierter Turbulenz ermittelt. Zu diesem Zweck sollen sowohl eine Low-Re-Variante des Kε-Modells [1] als auch das K-ε-ζ-f Modell vollständig adjungiert, implementiert und die
ermittelten Sensitivitäten zunächst numerisch validiert werden. Nach Abschluss der darauf folgenden Optimierung werden die Ergebnisse und die Praktikabilität der Anwendung adjungierter Turbulenzmodelle verglichen und diskutiert.
Die in der Fahrzeugaerodynamik auftretende Um- und Durchströmung eines Kraftfahrzeugs resultiert in sehr vielfältigen und komplexen Zielen im Rahmen der Fahrzeugentwicklung, zum Beispiel hinsichtlich des Luftwiderstands cx oder den zum sicheren
Betrieb notwendigen Kühlluftmassenströmen [2].
Die automatisierte Optimierung bestimmter Komponenten hinsichtlich entsprechender
Zielgrößen kann die Komplexität des Entwicklungsprozess verringern, erfordert jedoch
präzise Informationen darüber, welche geometrischen Änderungen der Komponenten
erforderlich sind. Diese Informationen, auch Sensitivitäten, können mit gradientenbasierten Methoden, wie der Adjungiertenmethode, ermittelt werden.
Die Adjungiertenmethode bietet, verglichen mit alternativen Verfahren, wie z.B. Finiten
Differenzen, einen sehr effizienten Weg zur Ermittlung der Sensitivitäten. Ein großer
Vorteil der Methode ist der Rechenaufwand, welcher kaum mit der Zahl der Designvariablen skaliert und sie damit für Probleme mit vielen Designvariablen, wie etwa in der
Fahrzeugaerodynamik prädestiniert [3]. Sie erfordert lediglich die Lösung eines auf
den Hauptgleichungen basierenden zusätzlichen Gleichungssystems, um die Gradienten hinsichtlich aller Designvariablen zu ermitteln.
Die Herleitung des Adjungiertengleichungssystem beginnt mit der Festlegung der zu
optimierenden Zielfunktion J. Anschließend wird dieser das Produkt aus den Residuen
der Hauptströmunsgleichungen Rj und den Adjungiertenvariablen λj hinzuaddiert:
L = J + λj R j
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Anschließend folgt eine Differenzierung von L, der sogenannten Lagrangefunktion,
nach den Designvariablen α. Die daraus resultierenden Ausdrücke können durch partielle Differentiation derart umgeformt werden, dass daraus ein adjungiertes Gleichungssystem 𝑅̃𝑗 sowie ein Ausdruck für die Ermittlung der Sensitivitäten gebildet werden können. Durch Lösung dieses Adjungiertensystems können anschließend die
Sensitivitäten ermittelt werden.
Werden die ermittelten Sensitivitäten anschließend auf die Oberfläche der untersuchten Struktur aufgetragen, lassen sich Bereiche großen Optimierungspotentials schnell
identifizieren. In Abbildung 1 ist dies an einem Krümmer beispielhaft dargestellt, einmal
mit dem „Frozen-Turbulence“-Ansatz und einmal mit dem adjungierten LaunderSharma K-ε-Modell. Die dabei hervortretenden Peaks in den gekrümmten Bereichen
sind gut zu erkennen. Auch wird deutlich, dass die Bereiche, über welche sich die
Sensitivitäten erstrecken, beim Vergleich der beiden Ansätze unterschiedlich sind, was
die mögliche zusätzliche Genauigkeit der Sensitivitäten mit adjungierter Turbulenz unterstreicht.
[W/m]
1e7

Outlet

0

Inlet
-1e7
Abbildung 1: Sensitivitäten der Verlustleistung für Frozen-Turbulence (links) und Adjoint-Turbulence (rechts)

Alternativ kann man die Sensitivitäten auch mittels Kopplung mit einem Morpher zur
automatisierten Optimierung nutzen. Dies soll durch die Nutzung des Vertex-Morphing-Verfahrens [4] abschließend für den Bremskühlschacht durchgeführt werden.
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In today’s vehicle development process the aerodynamic optimisation is conducted for statistically stationary incoming flows, although the flow under on-road conditions is non-stationary.
Since Schröck [1] and Fuller [2], among others, showed that unsteady aerodynamics can impact
the forces on the vehicle significantly, there is a need to consider actual on-road conditions for
optimising the aerodynamic design.
In this respect, measurements of on-road conditions have been performed by Wordley [3] and
McAuliffe [4] in Australia and Canada considering statistically stationary traffic conditions and
characterising them in terms of turbulent intensity, anisotropy and length scales. In addition,
Schütz [5] performed numerical simulations on the scenario of a vehicle driving behind another
vehicle at fixed distances focusing on the mean forces. In contrast, Lichtneger [6] measured the
non-stationary forces on a stationary road-side obstacle (RSO) induced by a full-scale driving
heavy vehicle and Kremheller [7] recorded pressure series at 13 points around a car in a horizontal plane during overtaking and passing manoeuvres. However, the incoming flow was not
characterised in both studies. Thus, there is clear scope for further research focusing on the
characterisation of the inflow conditions in general on-road driving as well as during specific
driving manoeuvres such as overtaking.
The here presented results are part of an IVK/DLR project, supported by the Research Association of Automotive Technology (FAT) that aims at the development of a method to incorporate
the on-road flow conditions in the vehicle development process. As a first step various on-road
situations are investigated. This abstract presents the first time-resolved results of a full-scale,
on-road overtaking manoeuvre between a heavy vehicle and a car. The experiments aim at a
deeper understanding of the undisturbed, transient, short-term incoming flow effects and their
effect on the on-car pressure distribution. Various flow properties, such as velocities, pressures,
angles, turbulence intensities and large scale structures will be investigated.
The experiments were conducted on a closed, 2.9 km long runway at an army base in Faßberg,
using a full-scale Volkswagen Golf 7 as the experimental vehicle. To measure the incoming flow
properties, a 3 by 3 grid of five-hole probes was aligned 1 m in front of the car. The probes were
spaced 0.98 m from each other in horizontal and 0.6 m in vertical direction, starting 0.5 m above
the ground. The center probes were aligned in the car’s plane of symmetry. At the grid’s bottom
line two additional five-hole probes were included, resulting in a horizontal resolution of 0.48 m.
To determine the influence of the flow on the car, pressures were measured at 188 surface
pressure taps using ESP 32/64 HD transducers connected to a DTC Initium.
The velocity over ground was recorded with a Kistler Correvit Sensor. The experiments were
carried out with both cars driving at constant velocities (vcar:= 27.8 m/s, vheavy = 22.2 m/s). The car
started from behind and remained on the lane to the left of the heavy vehicle at all times.
The incoming flow is characterised by its velocity and its yaw angle. The influence on the car is
determined by means of the pressure coefficient. Fig. 1a presents the incoming flow velocity v
and the yaw angle β (at the center probe 0.5 m above the ground) of the incoming flow
over
the time during a passing with 22.2 m/s (heavy vehicle) and 27.8 m/s (compact car). To account
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for non-stationary aspects of the flow, a transient
̅̅̅̅̅)/𝑣̅ is introduced,
turbulent intensity ITrans =√ ⋅ (𝑣̅̅̅̅̅ + ̅̅̅̅̅
𝑣 +𝑣
that is calculated over a moving 2 s window. Fig. 1b
shows the development of ITrans over the same timeframe as A. This time series reflects four characteristic sections. Section A shows the increasing fluctuation in the wake of the heavy vehicle in terms of the
velocity and angle. This results in an ITrans of up to
6.5 %. This maximum of ITrans of the heavy vehicle’s
wake is roughly in the region of the results found by
McAuliffe [4] behind a truck. The averages found in
traffic by McAuliffe as well as by Wordley [3] (excluding freeway traffic) are lower. After passing the
wake, the fluctuations decrease and ITrans decreases to
2 % (region A-B). In region B the flow shows a sudden decrease in its yaw and an increase in the flow
velocity due to the displacement of the flow next to
the box vehicle. When the compact car has passed Fig. 1: Plot of the incoming flow veloci(C), fluctuations in v, β and ITrans are significantly re- ty, yaw angle (a) and ITrans. (b) A-C mark
duced, as the vehicle is in free stream. In fig. 2 the sections of the manoeuver.
change of the pressure coefficient over time is plotted for a different run (thus, the origin of
time is shifted). An increase of pressure fluctuation is again apparent, in addition to reoccurring,
larger oscillations at t = 8-19 s. A sudden pressure change occurs when the passenger vehicle is
next to the heavy vehicle, before returning to free-stream conditions (t > 30 s). The sudden
change is comparable to the changes of v and β at t = 26-28 s in section B of fig. 1a. Additionally, the pressure time series are asymmetric during the overtake.
1
3

𝑥

′2

𝑦

′2

𝑧

′2

Time t [s]

Fig. 2: Pressure coefficient at the front right (blue) and left (red) during the overtaking event
The results show the complexity of flow properties (v, β, ITrans and cp) during an overtaking event
and the strong influence of the positions of the cars. The surface pressures reveal a similar trend
for the pressure coefficient of the left tap, v and β. The pressure values provide a better understanding of the asymmetric influence on aerodynamic changes due to the incoming flow. The
results for the incoming flow will be utilised as input for the next phases of the project to better
recreate the on-road flow situations in the wind tunnels or in numerical simulations. The results
of the surface pressures will be used to validate the developed methods.
[1] Schröck, “Eine Methode zur Bestimmung der aerodynamischen Eigenschaften eines Fahrzeuges unter
böigem Seitenwind,” Expert Verlag, Stuttgart, 2012.
[2] Fuller, Best, Nikhil and Passmore, “The Importance of Unsteady Aerodynamics to Road Vehicle
Dynamics,” J. Wind Eng. Ind. Aerodyn., no. 117, pp. 1-10, 2013.
[3] Wordley, On-Road Turbulence, Monash University: PhD Thesis, 2009.
[4] McAuliffe, Belluz and M. Belzile, “Measurement of the On-Road Turbulence Environment Experienced
by Heavy Duty Vehicles,” SAE Int. J. Commer. Veh., pp. 685-702, 7(2) 2014.
[5] Schütz and Vollmer, “Some Aspects on On-Road Aerodynamics,” in Progress in Vehicle Aerodynamics
and Thermal Management, Stuttgart, 2017.
[6] Lichtneger and Ruck, “Transient Wind Loads on Flat Elements Induced by Passing Vehicles,” in Proc.
21. Fachtagung „Lasermethoden in der Strömungsmesstechnik”, Universität der Bundeswehr
München, 2013.
[7] Kremheller, “Aerodynamic Interaction Effects and Surface Pressure Distribution During On-Road
Driving Events,” SAE Int. J. Passeng. Cars - Mech. Sysyt., 8(1):2015.
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Introduction
Darrieus vertical axis wind turbines (VAWTs) appear promising for low wind speed and urban area conditions.
Therefore the noise production accomplished with the turbine operation is a critical aspect for public acceptance and should be well examined. However, its aerodynamic and aeroacoustic behavior is very complicated
as VAWTs wakes are intrinsically unsteady. This unsteadiness results from the instantaneous change of the
local angle of attack with respect to the azimuthal variation. Hence, it is challenging to simulate the real flow
behavior of VAWTs using computational fluid dynamics (CFD) approach as the turbulence needs to be correctly modeled. In the present study, the behavior of two different numerical techniques, URANS (Unsteady
Reynolds Averaged Navier Stokes) and DDES (Delayed Detached-Eddy Simulation), is compared to determine their accuracy in the prediction of aerodynamic and aeroacoustic performance. The URANS method
with the central differencing scheme according to Jameson Schmidt Turkel (JST). Further, the DDES approach with a high order discretization Weighted Essentially Non-Oscillatory (WENO) scheme for the flux
computation is applied. Both aerodynamic and aeroacoustic models are compared. Then the DDES approach
with the higher order scheme is used to investigate the noise mechanisms of Darrieus VAWT at different
operating conditions. As currently there is no plethora of information available describing the aerodynamic
noise mechanisms associated with VAWT operation, and only a few attempts to study the overall noise. As
a result, an obvious gap is exciting, that is tried to be filled in the current work.

Computational Setup
The Numerical simulations were carried out using the finite volume block-structured CFD solver FLOWer from
German Aerospace Center (DLR) [1]. The code has been extended during the last years for wind turbine
applications at the Institute of Aerodynamics and Gas Dynamics, University of Stuttgart. The time integration
was carried out by an explicit hybrid 5-Stage Runge-Kutta scheme. In order to improve conservation of vortical
structures, the 6th order WENO (Weighted Essentially Non-Oscillatory) scheme for the reconstruction of the
convective flux at cell boundaries together with a HLLC Riemann solver on block-structured grids of the background was applied [2]. The convergence was accelerated by a three-level multigrid method. The time discretization is achieved by integrating the governing differential equation in space with the implicit dual timestepping approach according to Jameson [3]. Delayed Detached-Eddy simulation [4] was employed with the
Shear-stress-Transport K-ω turbulence model according to Menter [5]. For the URANS simulations, the convective fluxes are discretized by default with the central Jameson-Schmidt-Turkel(JST) scheme [6] and Shearstress-Transport k-ω turbulence model according to Menter was used. The time step size used is equivalent
to 0.5o of blade rotation per physical time step, based on time step size study that is consistent with the
published results [7], with 100 sub-iterations per time step.
In order to calculate the noise emission towards an observation point in the far field, the in-house Ffowcs
Williams-Hawkings equation code ACCO [8] is used. The basis for the computation is given by the converged
solution of the CFD computation in terms of a data extraction over the time. The data used for aeroacoustic
noise analysis is extracted from CFD at each time step. The time-dependent CFD simulations variables over
a prescribed surface yield to acoustic monopole and dipole sources while if the volume zone enclosed by the
prescribed surface is defined, quadrupole sources could be determined, however quadrupole is neglected at
such small Mach number.

Exemplary Results
Increasing speed ratio causes a drop in the angle of attack, which reduces the probability of dynamic stall.
However, the rate of change of bound circulation becomes higher, leading to stronger vorticity shedding. The
Darrieus VAWT flow topology is shown in Fig. [1] where the vortex structure is compared for different turbulence resolving approaches and numerical schemes. It is quite clear that at high-speed ratio a strong vorticity
is shed into the wake due to the high rate of change of bond circulation. As a result, DDES with WENO
scheme shows significance to resolve the turbulence that cannot be resolved using URANS with JST. In
contrast, at λ=0.75 most of the turbulence in rotor area can be captured with URANS-JST and the difference
is not as significant as at λ=2.75. The detailed impact of the speed ratio on the aerodynamic performance (the
basis of the aeroacoustic results) and the aeroacoustic performance will be demonstrated in the full paper.
Fig. [2] represents the instantaneous noise generated over the whole rotor azimuthal range. Therefore, it can
refer to the source strength at every single position. Furthermore, it demonstrates that the dominant noise
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mechanism at the low-speed ratio operation is considered as dipole sound source, while at high-speed ratio
as a monopole sound source. Fig. [3] shows the sound pressure level (SPL) footprints surrounding the turbine
based on the BPF (Blade Passing Frequency) for the low and high-speed ratios. Although the noise level at
the near field zone in the low speed-ratio is extremely high, it is not effective in the far-field zone compared
to the high speed-ratio. The full paper will discuss further the noise mechanisms of the turbine and the impacts
on the surroundings.

(a)
(b)
(c)
(d)
Figure 1: Wake of the Darrieus VAWT with different turbulence resolving approaches and speed ratios, λ2 =-0.002 isosurface: a) URANS-JST/λ=2.75, b) DDES-WENO/λ=2.75, c) URANS-JST/λ=0.75, and d) DDES -WENO/λ=0.75.

(a)
(b)
Figure 2: Instantaneous noise generated over a complete turbine revolution at a) λ=0.75, and b) λ=2.75.

(a)
(b)
Figure 3: Aeroacoustic noise footprint on a carpet 40 rotor radius at a) λ=0.75, and b) λ=2.75.
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Introduction
When doing site assessment for wind energy turbines, measurement data is usually scarce
and limited to one or few met masts. In order to evaluate the whole site and optimize turbine
placement, numerical simulations can be used to get the full wind field that can be evaluated
at arbitrary locations. Measurement data is still valuable to collect statistics on wind
speed/direction and stability classes and can also be used to calibrate simulation parameters
to improve agreement between simulations and measured data. The presented work deals
with the extension of the DLR THETA code to perform these site assessment simulations
and is part of the BMWi-funded project THESIS.
Numerical method and modeling of the atmospheric boundary layer
The DLR THETA code uses a pressure based segregated solver for the incompressible Navier-Stokes equations. A vertex centered, dual cell based finite volume scheme is used for
the spatial discretization and a collection of one and two equation RANS models (e.g. SA,
standard k-ε, Wilcox k-ω, Menter SST) is available for the simulation of turbulent flows [1].
In order to accurately simulate the atmospheric boundary layer, it is important to extend the
standard k-ε turbulence model. On the targeted scales, the flow is driven by a fixed pressuregradient force which is in equilibrium with the Coriolis force above the boundary layer. Within
the boundary layer, where the flow speed is reduced by friction, its direction starts to turn
towards the low pressure area, leading to the so called Ekman-spiral. Furthermore, it is necessary to limit the turbulent length scale, which is done by introducing an additional production term in the epsilon equation [2]. The boundary condition on the ground is still based on
the classical log-law where the roughness length z0 is used as a simple model for surface
type.
When considering non-neutral conditions with positive (stable case) or negative (unstable
case) upwards heat flux on the ground the Navier-Stokes equations are extended by a
transport equation for the potential temperature, while still only considering incompressible
flow. The vertical temperature gradient is then used to either amplify (unstable case) or
dampen (stable case) the turbulent production, which leads to a thicker or thinner atmospheric boundary layer, respectively. We employ an approach where the local Richardson number
is used [3]. The boundary conditions are still log-law based, but are modified according to the
Monin-Obukhov similarity theory (MOST) [4].
The varying temperature can also be utilized in a Boussinesq approximation for buoyancy in
the momentum equation. Alternatively, one can switch to a model with varying density, where
the density is evaluated based on an equation of state with fixed reference pressure. Numerical experiments show, that there is no significant difference between these approaches for
simulations of atmospheric boundary layers.
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Results
All modeling extensions described in the previous section are verified and validated on a
series of test cases with increasing complexity. The Leipzig wind profile is considered as a
reference for an idealized neutral, horizontally homogenous steady-state atmospheric
boundary layer. Numerical results using the simulation methodology for neutral conditions
show a very good agreement with the post-processed Leipzig data [5].

Figure 1: Comparison of numerical results from THETA with an analytic profile (left) and post-processed measurement data from Leipzig [5]. Velocity components u and v, length scale l and the turbulent mixing coefficient KM
are shown.

In another series of numerical experiments the flow over a synthetic cosine hill is considered
for varying stability conditions. Results regarding the flow topology are consistent with expectations and compare well to simulations using a different modeling approach that is explicitly
based on the scaled height above ground z/L, where L is the Monin-Obukhov length [4]. The
effect of buoyancy in the momentum equation is comparably small, while the differences in
turbulence intensity for different stability classes have a visible effect on the length of the
separation behind the hill. In the unstable case the increased turbulent mixing leads to a
smaller separation bubble, while stable conditions with less turbulent mixing result in a larger
recirculation zone.
Outlook
Several extensions of the standard k-ε turbulence model have been implemented in the DLR
THETA code that are required to accurately simulate the atmospheric boundary layer in flow
over complex terrain for varying stability conditions. These capabilities can be used in site
assessment for wind energy turbines to extrapolate measurement data from individual met
masts to the whole site by numerical simulations. The next step is to conduct such simulations for a real site with several met masts and validate the results.
5. References
[1] T. Knopp, X.Zhang, R. Kessler and G. Lube, "Enhancement of an industrial finitevolume code for large-eddy-type simulation of incompressible high Reynolds number
flow using near-wall modelling", Computer Methods in Applied Mechanics and Engineering, Vol. 199, pp. 890-902, 2010.
[2] D. Apsley, I. Castro, “A limited-length-scale k-ε model for the neutral and stably-stratified
atmospheric boundary layer”, Boundary-Layer Meteorology, Vol. 83(1): pp. 75-98, 1997.
[3] A. Sogachev, M. Kelly, M.Y. Leclerc, “Consistent Two-Equation Closure Modelling for
Atmospheric Research: Buoyancy and Vegetation Implementations”, Boundary-Layer
Meteorology, Vol. 145(2), pp. 307-327, 2012.
[4] C.-Y. Chang, J. Schmidt, M. Dörenkämper, B. Stoevesandt, “A consistent steady state
CFD simulation method for stratified atmospheric boundary layer flows”, Journal of Wind
Engineering and Industrial Aerodynamics, Vol. 172, pp. 55-67, 2018.
[5] H. Lettau, “A Re-examination of the Leipzig Wind Profile Considering Some Relations
Between Wind and Turbulence in the Frictional Layer”, Tellus, Vol. 2, pp. 125-129, 1950.

197

STAB

Mitteilung
Projektgruppe/Fachkreis: Windenergie
Preliminary performance assessment of a twin-rotor horizontal axis wind turbine
using fast aerodynamic methods
Benedikt Michels
DLR – Institute of Flight Systems
Lilienthalplatz 7, 38108 Braunschweig
benedikt.michels@dlr.de
Introduction: In order to maximize the energy capture, horizontal axis wind turbines (HAWT)
see a trend towards ever increasing rotor radii. However, the increased blade length poses
technological, manufacturing and transportation challenges. Therefore, alternative concepts
with multiple smaller rotors on a shared tower are currently being investigated. Most of the
studies performed in this context either handle non-overlapping equally sized rotors or coaxial rotors of different diameters. The work of Kotb and Soliman [1] is one of the few publications on overlapping wind turbine rotors. A combination of momentum, blade element and
vortex correction theory was used to predict the performance of a staggered twin-rotor
HAWT. Their findings suggest a power deficit of the downwind rotor depending on the overlapping disk area. As they only investigate the unidirectional impact of an upwind rotor partially blocking the inflow of a downwind rotor, performance changes of the upwind rotor cannot be predicted.
Within the helicopter community intermeshing or tandem rotors are more common. Early experiments on coplanar twin-rotor hover performance date back to the late 1940s [2]. Griffiths
and Leishman [3] tried to predict some of the experimental results with free-vortex wake
methods. Both the numerical analysis and one of the experiments [4] indicate the existence
of a beneficial rotor overlap range. In this region, a twin-rotor system requires less power for
a given thrust compared to two isolated single rotors. Although other experiments, e.g. [5], do
not confirm this trend, it still seems worthy to investigate the influence of rotor overlap on the
aerodynamic performance of a staggered twin-rotor HAWT.
Test case and numerical methods: The rotor of the SkyWind 3.4 MW wind turbine is used
as baseline case. A sketch of the geometric arrangement of the twin-rotor is shown in Fig. 1.
The overlap ratio 𝑜 is defined in terms of the shaft-to-shaft distance 𝑠 and the rotor diameter
𝐷: 𝑜 = 1 − 𝑠/𝐷. An overlap of one then corresponds to a coaxial configuration. The gap 𝑔
between the rotor planes is nondimensionalized with the rotor radius 𝑅. A value of 0.4 𝑅
seems feasible from a design standpoint.
For this first analysis the structural dynamics of both the rotor blades and the support structure are not taken into account. The aerodynamic simulation is performed employing a weak
coupling of the in-house codes S4 [6] and Freewake [7].
Results: The first results are obtained at the rated wind speed using a single isolated rotor
as reference case. The axial induced velocity field of the single isolated rotor is shown in Fig.
2. Areas of positive and negative induced velocities are highlighted by the zero-velocity isoline. The twin-rotor setup is simulated with different overlap values and a fixed gap size. Both
rotors are operated at the same blade pitch setting and equal prescribed rotor speed. The
resulting power output is shown in Fig. 3. Both rotors converge towards the same power of
the single isolated rotor for large negative overlap values (in the order of 𝑠 = 10 𝐷, not
shown here). Up to an overlap ratio of roughly 27% the combined power output of the twinrotor is higher than that of two isolated rotors. Further increasing the overlap leads to a sharp
decline in power output. The benefits of additional induced velocity in wind direction at the
inner blade sections of the second, downwind rotor (cf. Fig. 2) are then outweighed by the
detrimental effect of the blade tip being more and more immersed in the upwind rotor downSTAB
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wash. The power share between the rotors seems counter-intuitive at first glance, as the
downwind rotor produces more power than the upwind one for overlap ratios below 45%.

Fig. 2 Axial induced velocity of single rotor, downwind
rotor (𝑜 = 10%, 𝑔 = 0.4 𝑅) shown for reference only

Fig. 1 Geometric arrangement of the twin-rotor setup
with shaft-to-shaft distance s and gap g

Fig. 3 Relative twin-rotor power output vs. rotor overlap
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Introduction:
Rotorcraft of the ultra-light class (autogiros and helicopters) operate from sport airfields, often
with wind turbines (WT) in the surroundings. During their flight at typically low height above
ground they may encounter the wake of the WT including the tip vortices. The wind deficit
inside the WT wake tube is not large, but the much larger swirl velocities of the tip vortices
spiraling around the wake tube may be of concern. The problem is two-fold: first, do pilots
have enough control margin and/or authority to mitigate the vortex impact on their rotorcraft
trim; second, in case of no pilot action: will the flapping developing be within allowed limits?
Encounter scenarios are shown in Fig. 1 (a) and lead to two physically different problems.
First, for the case when the rotorcraft encounters the WT wake at the top or bottom of the
tube, the WT vortex axis lies planar in the rotor disk, such that the vortex swirl-induced velocities primarily are normal to the rotorcraft disk and thus affect the blade section angles of
attack, Fig. 1 (b). Second, for the case when the rotorcraft enters the wake tube at half
height, the WT vortex axis is practically perpendicular to the disk and the swirl induces inplane velocities at the blade elements, thus affecting primarily the local dynamic pressure,
Fig. 1 (c). A sketch of an ultra-light coaxial helicopter isshown in Fig. 1 (d) with indication of
an amount of differential flapping that leads to blade collisions in the front.
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Fig. 1: Wind turbine vortex – helicopter rotor interaction and vortex-induced velocities.
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Methodology:
The WT wake-induced velocities for the two scenarios are estimated for a 7 MW WT by
means of a spiral wake geometry for an operating condition of the WT that generates the
strongest circulation. Blade element momentum theory is used for the rotorcraft aerodynamics. A trim for flight in undisturbed air using rotor thrust and zero hub moments is performed
first, followed by a trim including the WT vortex at different positions from left outside the rotor, across the rotor to right outside of it. The difference in trim controls relative to trim in undisturbed air are related to an estimated control margin available. In addition, when the rotor
is not retrimmed, the amount of flapping is computed. In case of a coaxial rotor helicopter
differential flapping ±𝛽𝛽 will result, which maximum amount is depending on the rotor separation distance 𝑑𝑑. In most coaxial rotor designs 𝑑𝑑 = 0.2𝑅𝑅 with a flapping margin Δ𝛽𝛽 = 5.7 deg.
The properties for an example ultra-light autogiro and coaxial rotor blade are estimated, in
both vehicles a central flapping hinge is used. Ultra-light rotorcraft like autogiros or coaxial
helicopters typically have a blade tip speed about 75% of that used in small, medium or
heavy class helicopters. This makes them more sensitive to aerodynamic disturbances. The
rotors are also smaller and therefore the size ratio of atmospheric disturbance to rotor radius
becomes larger, compared to small, medium or heavy class helicopters.
Results:
At a distance of 100 m behind a WT of different power class the example ultra-light rotorcraft
are investigated in terms of the pilot controls needed to mitigate the WT vortex impact on
trim, and the flapping developing in case of no pilot action taken, Fig. 2. The difference in
controls are related to an available control margin of 8 deg assumed to be available (in case
of the coaxial helicopter only, the autogiro has no blade pitch controls) and the differences in
flapping are related to an available flapping margin before blade collisions occur (coaxial
helicopter). In case of an autogiro, mast bumping or tail strike are limiting the amount of flapping allowed. In addition, rotor power required is influenced by the WT vortex, which may as
well be a limiting factor when compared to the available power. For comparison, the results
obtained for an encounter with a Boeing-747 wake vortex are also computed.
1.5

A
C
limit

RFR

1.0

B
D

0.5

0.0
-2

(a) Rotor blade control margin

-1

0

1

2

(b) Rotor blade flapping margin

A-C: flight 100 m behind a 3, 7, 10 MW WT; D: flight into a Boeing-747vortex 2 km behind it.
Fig. 2: Control and flapping margins of an ultra-light coaxial helicopter.
Conclusions:
For autogyros WT vortices may become hazardous, because the blade flapping developing
in addition to that of the flapping due to the flight condition may result in mast bumping. Ultralight coaxial helicopters may also be in danger due to the potential of blade collisions, because a vortex encounter results in differential blade flapping that cannot be compensated by
pilot control. Big aircraft vortex encounters exceed a RCR of 1, and WT vortices cause a
RCR of almost 0.5. The limited amount of differential flapping becomes dangerous in case of
a large fixed wing vortex encounter, and the RFR generated by WT vortices may reach 0.6.
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In 1903 Wilbur and Orville Wright started the first motorized flight with the ability to control
the movement of the plane in human history. The main advantage of the Wright Flyer was
the possibility to control the horizontal position of the aircraft by using twisted airfoils in combination with tailplanes. Otto Lilienthal [1] showed that a curved profile increases the lift, in
comparison to a flat plate, enormously without raising the drag significantly. Since the success of the Wright brothers, a typical feature of all aircrafts is the separation of the lift and
propulsion device. Birds in contrast use the wing for both, lift and propulsion generation by
using an appropriate flapping motion in combination with a periodic angle of attack variation.
In our modern world the research on birds is still an important technological interest, because
their combined lift thrust system performs very well at small velocities 𝑢∞ or low Reynolds
numbers 𝑅𝑒 = (𝑢∞ ⋅ 𝑙)/𝜈. Flying at low Reynolds numbers is technologically important for
small drones that are able to travel quiet with high efficiency over long distances. As a result,
the bird flight is an attractive model for flying at Reynolds numbers lower than 250000. To get
information about the aerodynamic attributes the shape of a bird wing and its orientation with
respect to the flight direction must be evaluated for each phase angle of the flapping motion.
In comparison to Otto Lilienthal, who investigated the aerodynamic performance of rigid airfoils at varying angles of attack and flow speeds in a wind tunnel, the direct determination of
a free flying, flapping bird with a contactless measurement method is much more complicated. It requires to resolve the complex flapping motion together with the wing shape and angle
of attack variations over a number of flapping periods. In Figure 1 a flapping cycle is depicted
in 4 different time steps to illustrate the geometry variations over one flapping period. The
large deformation of the wing during a flap is essential for efficient lift and thrust generation.
𝜌
2
𝐿 = 𝑐L ⋅ 2 ⋅ 𝑢TOTAL
⋅𝑆
(1)
During the upstroke a negative downthrust is limited due to the reduced wing area and
properly selected angle of attack. On the other hand during the downstroke the wing area is
at maximum and the lift force is further increased by selecting the right angle of attack for
each phase angle.

Figure 1 - Up and downstroke of a Saker falcon in flapping flight

Bachmann [2], Friedl [3] and Wolf [4] investigated moving and stationary measurement setups and compared evaluation methods like Stereo Matching, Optical Flow and laser light
section process. The moving frame setup requires a huge amount of space. Furthermore the
recorded bird needs to fly very similar in every fly through because the flight path is defined
before the measurements. In other cases the moving system is hard to adapt to the velocity
of the bird. Therefore barn owls in gliding flight were investigated within these studies. In
case of gliding flight the variations between different flights is low and repeatable. On the
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downside gliding flight does not give insights into the lift and thrust generation that is
achieved by flapping and strong wing deformations. In contrast, our method uses camera
pairs that are mounted around the Atmospheric Wind Tunnel Munich to overcome the drawbacks mentioned. From the measurement point of view a stationary configuration reduces
the uncertainties and allows for the masking of the moving bird from a steady background.
Furthermore the resting cameras minimize the problem of relocation between the cameras
on the basis of acceleration of a moving frame. Moreover the projection of an artificial pattern
used by Wolf is problematic as a focused projection in every depth position is impossible and
this results in large measurement uncertainties. To overcome this problem the measurements of Friedl [3] used the natural texture of the birds without artificial pattern application or
pattern projection. Bachmann [2] on the other hand applied laser light sections. Our approach allows for the evaluation of the complete surface of the bird with high resolution and
low measurement uncertainty. In addition our method allows to measure birds with high flapping frequency and flight velocity. Another way to reconstruct the 3D surface and the changing shape of a bird wing during a wing beat by using structured light was presented by Deetjen et.al [5]. To reduce the influence of random light patterns, our setup provides a stable,
equally illuminated environment that calms the falcon down so that the natural flight can be
investigated. To obtain 3D point clouds from two or more camera images our method utilizes
procedures from Computer Vision. At first a volumetric calibration is carried out to get a
mathematical relation between matching point coordinates (𝑥; 𝑦) and real world coordinates
(𝑋; 𝑌; 𝑍). The calculation of the 3D point position is done by triangulation. The correspondence problem between two camera images to obtain matching point pairs is solved by the
automatic determination of sparse feature pairs and subsequently a Semi-Global Block
Matching (SGBM) algorithm. A detailed explanation of the used algorithm is presented by
Heinold and Kähler [6]. An aerodynamic analysis of the point clouds of the bird geometry
reveals the basic aerodynamic characteristics, e.g. angle of attack variations, wing acceleration during down- and upstroke, wing half span s , the flapping frequency falcon and the
relative falcon air speed ufalcon. In Figure some results from the aerodynamic analysis are
presented. Especially the right image shows the efficiency of the bird propulsion system. During upstroke (till phase angle 𝜙 = 239° (upper turning point of the wing)) there is a small
negative 𝑐l /𝑐d value. Afterwards during down stroke values of up to 50 can be reached.

Figure 2 - Aerodynamic properties from Xfoil simulation (left: lift coefficient over the phase angle of an up and down stroke,
middle: lift coefficient over the effective angle of attack; right: lift-drag coefficient during an up and down stroke)

Quellen:
1. Lilienthal, O., Der Vogelflug als Grundlage der Fliegekunst. Ein Beitrag zur Systematik der Flugtechnik, 1st ed., Gaertner, Berlin, 1889.
2. Bachmann, T., and Wagner, H., “The three-dimensional shape of serrations at barn owl wings:
towards a typical natural serration as a role model for biomimetic applications,” Journal of Anatomy, Vol. 219, 2011, pp. 192–202.
3. Friedl, A., and Kähler, C. J., “Measuring and Analyzing the Birds Flight,” STAB Fach-Symposium zur
Strömungsmechanik, 2010.
4. Wolf, T., Konrath, R., Erlinghagen, T., and Wagner, H., “Shape and Deformation Measurement of
Free Flying Birds in Flapping Flight,” Notes on Numerical Fluid Mechanics and Multidisciplinary
Design, Vol. 119, 2012, pp. 135–148.
5. Deetjen, M. E., Biewener, A. A., and Lentink, D., “High-speed surface reconstruction of a flying
bird using structured-light,” Journal of Experimental Biology, 2017.
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Healthy nasal respiration is essential for the human well-being. Functional deficiencies caused by
anatomic deflective positions may lead to strenuous respiration, a reduction or even a loss of the senses
of smell and taste. Furthermore, the filtering functionality and the ability to prepare the inhaled air
for the lungs can be impaired. Patients suffering from transverse maxillary deficiencies, i.e., maxillary
constrictions, often have narrowed airways compared to healthy humans [1]. Diverse studies show that
transverse maxillary deficiency is a relatively widespread clinical problem [2]. Rapid Maxilliary Expansion (RME) has become more or less standard for the treatment of this pathology [3]. RME can, however,
produce undesirable effects such as buccal crown tipping, root resorption, failure of suture separation and
marginal bone loss, when applied to adults [4]. Therefore, a new method, the Miniscrew-Assisted Rapid
Maxillary Expansion (MARME), has been developed to minimize the occurrence of these side effects
[2, 5]. Different studies investigate the volume of the nasal cavity before and after a treatment by RME
and MARME and show these methods to lead to a volume increase of the nasal cavity [5, 6]. The effects
of such volume changes on the fluid mechanics of respiration have, however, not been analyzed. Hence,
it is not clear how a volumetric increase affects the respiratory functionalities.
Therefore, the nasal cavity of a patient, who suffered from transverse maxillary deficiency and was
treated by MARME, is numerically analyzed in this study. A Lattice-Boltzmann method (LBM) with the
Bhatnagar-Gross-Krook (BGK) collision model is used. It operates on hierarchical Cartesian meshes.
The meshes are generated using a parallel grid generator [7]. That is, an initial cube, which covers
the whole geometry, is continuously subdivided into eight equally sized children cells and cells outside
the geometry are removed in each refinement step. As shown in figure 2a, the mesh is additionally refined in the vicinity of the wall to accurately predict near-wall flow gradients. For the temperature, a
passive scalar transport equation is solved in addition to the lattice-BGK equation, i.e., a second set of
particle probability distribution function (PPDF) is introduced by a Multi-Distribution Function (MDF)
approach [8]. On the walls, the no-slip condition for the velocity is prescribed using an interpolated
bounce back scheme [9]. Furthermore, an isothermal wall condition is used to prescribe a body temperature TBody = 309.15 K [10]. To obtain a volume flux of 250 ml/s, i.e., for respiration at rest, the
Reynolds number, which is a function of the hydraulic diameter of the pharynx, the corresponding velocity, and the kinematic viscosity of air, is set to Re ≈ 700. The pressure that fits the volume flux and the
Reynolds number is calculated by an iterative procedure. At the nostrils, the equation of Saint-Venant
and Wantzel is used to calculate the pressure from the extrapolated momemtum. The temperature at the
nostrils is set to the ambient air temperature (Tinlet = 293.15 K) [9].
Figure 1 shows the cross sections of the nasal cavity before (case A) and one year after the treatment
(case B). Obviousliy, the airway in A is narrowed compared to case B. An increase of the nasal volume
by 10% from A to B corroborates the anatomical modification caused by MARME. Especially the narrow regions in A require a high resolution boundary refined mesh, consisting of about 150 ∗ 106 cells.
Such simulations can only be performed on HPC systems such as the JURECA system at the Jülich Supercomputing Centre [11]. Figure 2b shows preliminary results of the flow in case B. At the symposium,
detailed results and a comparison of cases A and B with respect to pressure loss, heating capability, and
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wall-shear stress distributions will be presented. The results will be used to evaluate the effect of the
MARME on respiration.

Figure 1: Cross sections of nasal cavity before (A, left) and after (B, right) MARME

(a) Cartesian grid of nasal cavity A, every second grid
line is shown

(b) Streamlines in nasal cavity B

Figure 2: Simulation results of nasal cavity
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