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Mitteilungen der Geschéftsstelle

Friher erschienen die STAB-Jahresberichte im Frihjahr des Folgejahres. Hiervon wird
seit 2011 abgewichen. Die Berichte werden bei den alternierenden Veranstaltungen
Symposium und Workshop als Sammlung der Kurzfassungen der Vortrage an die Tell-
nehmer verteilt. Somit erscheint dieser STAB-Jahresbericht 2016 zum 20. DGLR-Fach-
Symposium der STAB, das am 8. und 9. November 2016 in Braunschweig stattfindet.

Der Bericht enthalt 82 ,Mitteilungen® Gber Arbeiten aus den Projektgruppen und Fach-
kreisen, Uber die beim Symposium vorgetragen wird. Den ,Mitteilungen“ vorangestellt ist
ein Inhaltsverzeichnis (Seite 16 bis 21), das nach Projektgruppen/Fachkreisen geglie-
dert ist. Innerhalb der Rubriken ist alphabetisch nach Verfassern sortiert. Die Beitrage
verteilen sich (bezogen auf den Erstautor) zu 5 % auf die Industrie, 45 % auf die Hoch-
schulen, 50 % auf Forschungseinrichtungen (DLR, DNW, ISL). Auf Seite 186 sind die
Autoren und Koautoren dieses Berichtes aufgelistet.

Die Jahresberichte werden nur an den tatsachlich daran interessierten Personenkreis
verteilt. Alle Teilnehmer des diesjahrigen 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 nachsten Jahresberichts, in diesem Fall 2017, winschen,
schicken Sie bitte den unten beigeflgten Abschnitt zuriick. Der Bezug muss jahrlich neu
angefordert werden.

Dieser Jahresbericht erscheint in einer Auflage von 200 Exemplaren. Einige Rest-
Exemplare sind erfahrungsgemalf bis zum Ende des jeweiligen Jahres verfligbar.

Aktualisierte Informationen Uber STAB finden Sie auch unter: www.dIr.de/agstab

Gottingen, im Oktober 2016

Auch Uber e-mail; stab@dlr.de O Ich bitte um Zusendung des STAB-Jahresberichts 2017

Name:
Geschéftsstelle der STAB Organisation:
c/o DLR Anschrift:
Prof. Dr. C. Wagner Telefon:
Bunsenstral3e 10 E-mail:

37073 Gottingen


http://www.dlr.de/agstab




Zielsetzungen. chronologische Entwicklung und Organisation

Die Arbeitsgemeinschaft ,Strémungen mit Ablosung” (STAB) wurde auf Initiative der
Deutschen Gesellschaft fur Luft- und Raumfahrt (DGLR) - Lilienthal-Oberth, e.V. - 1979
von Stromungsforschern, Aerodynamikern und Luftfahrtingenieuren aus DLR, Hoch-
schule und Industrie ins Leben gerufen.

Sie entstand aus ,dem gemeinschaftlichen Bestreben, die Stromungsforschung in
Deutschland generell zu férdern und durch Konzentration auf ein wirtschaftlich und for-
schungspolitisch zukunftstrachtiges Teilgebiet zu vertiefen* (Auszug aus der Praambel
der Verfahrensordnung der STAB).

In Zeiten knapper werdender Kassen bei gleichzeitig massiv erhbhtem Wettbewerbs-
druck sind diese Ansatze notwendiger denn je. Die 6ffentlichen Finanziers setzen diese
Kooperationsbereitschaft inzwischen aber auch voraus. Da dieser Leitgedanke der
STAB dadurch inzwischen anderweitig verfolgt wird, konzentriert sie sich mehr auf fach-
liche Veranstaltungen.

STAB ist als ,Kompetenznetzwerk’ der DGLR angegliedert. Auf der DGLR-Webseite fin-
det man STAB unter: http://www.dglr.de/index.php?id=2428

In der STAB sind alle wichtigen Gebiete der Stromungsmechanik - insbesondere die der
Luft- und Raumfahrt - aus Grundlagenforschung, Grof3forschung und Industrie in
Deutschland zusammengeschlossen. Bei der Griindung Ende der 70er Jahre stand die
Idee dahinter, Uber ein hochaktuelles fachliches Thema - identifiziert wurde seinerzeit
~Stromungen mit Ablésung”“ - Forschungsverbiinde aus der Industrie, den Hochschulen
und der GroRforschung zu organisieren. In den folgenden Jahren sind auch andere
stromungsmechanische Fragestellungen aufgegriffen worden, womit die STAB sich in
der Fachwelt einen wohlbekannten Namen erworben hat. Es sind aber nicht nur diejeni-
gen angesprochen, die sich mit den traditionellen Themen der Stromungsmechanik be-
schaftigen, sondern es kénnen auch Probleme aus dem Automobilbau, der Gebaudeae-
rodynamik, der Verfahrenstechnik, dem Motorenbau, usw. diskutiert werden.

Die Programmleitung hat im November 2000 entschieden, zukinftig das ,AG" im Na-
men wegzulassen.

Die offentlichkeitsrelevanten wissenschaftlichen Aktivitaten spiegeln sich in der nachfol-
genden chronologischen Entwicklung wider:

DGLR-Symposium ,Forschung und Entwicklung auf Bonn, 29.11.-01.12.19/8
dem Gebiet der Stromungsmechanik und Aerody-
namik in der Bundesrepublik Deutschland”

»Gesprach uber Stromungsforschung in Deutsch- Ottobrunn, 30.01.1979
land”
~-Memorandum uber zuktlinftige nationale Zusam- Oktober 1979

menarbeit in der Stromungsforschung, insbesonde-
re der Aerodynamik auf dem Gebiet der Stromun-
gen mit Ablésung*

Programmprasentation anlasslich der BDLI- Bonn, 01.07.1980
Jahrestagung


http://www.dglr.de/index.php?id=2428

Programm der Arbeitsgemeinschaft
»Stromungen mit Abloésung*

Programmprasentation im Bundesministerium far
Forschung und Technologie

Konstituierung des Kuratoriums und Neuorganisati-
on der Arbeitsgemeinschaft ,Stromungen mit Ablo-
sung" (AG STAB)

Konstituierung von Programmlei-
tung/Programmausschuss

Erfassung STAB-relevanter Aktivitaten in der Bun-
desrepublik Deutschland (Stand Mitte 1981)

Fachtagung anlasslich der ILA '82
»Stromungen mit Ablésung®

Neue Impulse fir die Stromungsforschung- und Ae-
rodynamik; Vortrag von H.-G. Knoche,
DGLR-Jahrestagung

DGLR Workshop ,2D-Messtechnik*
Symposium

. DGLR-Fach-Symposium
. DGLR-Fach-Symposium
. DGLR-Fach-Symposium
. DGLR-Fach-Symposium

1

2

3

4

5. DGLR-Fach-Symposium
6. DGLR-Fach-Symposium
7. DGLR-Fach-Symposium
8. DGLR-Fach-Symposium
9. DGLR-Fach-Symposium
10. DGLR-Fach-Symposium
11. DGLR-Fach-Symposium
12. DGLR-Fach-Symposium
13. DGLR-Fach-Symposium
14. DGLR-Fach-Symposium
15. DGLR-Fach-Symposium
16. DGLR-Fach-Symposium

17. DGLR-Fach-Symposium

September 1980

Bonn, 19.03.1981

Ko6In-Porz, 23.02.1982

Gottingen, 24.03.1982

April 1982

Hannover, 19.05.1982

Hamburg, 01.-03.10.1984

Markdorf, 18.-19.10.1988

Munchen, 19.-20.09.1979
Bonn, 30.06.-01.07.1980
Stuttgart, 23.-25.11.1981
Gottingen, 10.-12.10.1983
Munchen, 09.-10.10.1986
Braunschweig,08.-10.11.1988
Aachen, 07.-09.11.1990
Ko6In-Porz, 10.-12.11.1992
Erlangen, 04.-07.10.1994
Braunschweig,11.-13.11.1996
Berlin, 10.-12.11.1998
Stuttgart, 15.-17.11.2000
Munchen, 13.-15.11.2002
Bremen, 16.-18.11.2004
Darmstadt, 29.11.-01.12.2006
Aachen, 03.-04.11.2008
Berlin, 09.-10.11.2010



18. DGLR-Fach-Symposium Stuttgart, 06.-07.11.2012

19. DGLR-Fach-Symposium Munchen, 04.-05.11.2014

20. DGLR-Fach-Symposium Braunschweig,08.-09.11.2016

Workshop

1. STAB-Workshop Gottingen, 07.-08.03.1983
2. STAB-Workshop KdIn-Porz, 18.-20.09.1984
3. STAB-Workshop Gottingen, 10.-11.11.1987
4. STAB-Workshop Gottingen, 08.-10.11.1989
5. STAB-Workshop Gottingen, 13.-15.11.1991
6. STAB-Workshop Gottingen, 10.-12.11.1993
7. STAB-Workshop Gottingen, 14.-16.11.1995
8. STAB-Workshop Géttingen, 11.-13.11.1997
9. STAB-Workshop Gottingen, 09.-11.11.1999

N e e T o o e
N~ o o b WON B O

. STAB-Workshop
. STAB-Workshop
. STAB-Workshop
. STAB-Workshop
. STAB-Workshop
. STAB-Workshop
. STAB-Workshop
. STAB-Workshop

Gottingen, 14.-16.11.2001
Gottingen, 04.-06.11.2003
Gottingen, 08.-09.11.2005
Gottingen, 14.-15.11.2007
Gottingen, 11.-12.11.2009
Gottingen, 09.-10.11.2011
Gottingen, 12.-13.11.2013
Gottingen, 10.-11.11.2015

Kurs Uber ,Application of Particle Image Velocimetry, PIV*:
findet seit 1993 regelméRig im DLR-GO6ttingen statt,
letztmalig am

14.-18.03.2016

Die STAB-Symposiums-Tagungsbéande durchlaufen einen Begutachtungsprozess.
Die Bande der letzten zehn Jahre finden Sie hier aufgelistet.

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

e 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. Hei-
nemann, R. Hilbig; Springer, Berlin Heidelberg New York, 2002
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e Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 87; Ed.:
Chr. Breitsamter, B. Laschka, H.-J. Heinemann, R. Hilbig; Springer, Berlin Heidel-
berg 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. Honlinger; Springer, Berlin Hei-
delberg New York, 2006

¢ Notes on Numerical Fluid Mechanics and Multidisciplinary Design, Vol. 96; Ed.: C.
Tropea, S. Jakirlic, H.-J. Heinemann, R. Henke, H. Honlinger; Springer-Verlag Ber-
lin 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. Schréder; Springer-
Verlag Berlin Heidelberg, 2010

e 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. Kramer, H.-P. Kreplin, W. Nitsche, U. Rist; Springer-
Verlag Berlin Heidelberg, 2014

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

Vorschau:

18. STAB-Workshop Gottingen, November 2017
(aktuelle Informationen dazu
werden regelmafig auf die
STAB-Website gestellt)

26. Kurs ,PIV* Gottingen, 20.-24. Marz 2017
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Programmleitung

Dipl.-Ing. R. Behr
roland.behr@astrium.eads.net

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

Prof. Dr. A. Dillmann (Sprecher)

andreas.dillmann@dir.de

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

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

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

Dr. G. Heller (Sprecher)
gerd.heller@airbus.com

Prof. Dr. E. Krdmer (Sprecher)

kraemer@iag.uni-stuttgart.de

P. Noding
peter.noeding@astrium.eads.net

Dipl.-Ing. T. Pinar
thilo.pinar@cassidian.com

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

Prof. Dr. C.-C. Rossow
(DLR, Braunschweig)

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

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

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

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

(Astrium-Space, Minchen)
Tel.: 089/ 607-251719

(Technische Universitat Minchen)
Tel.: 089/ 289-16137

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

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

(TU Dresden)
Tel.: 0351 / 463 37607

(LFK Schrobenhausen)
Tel.: 08252 / 99 8845

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

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

(EADS Astrium GmbH, Bremen)
Tel.: 0421 / 539-4752

(EADS Cassidian, Manching)
Tel.: 08459/ 81-7 92 50

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

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

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

(Eurocopter Deutschland, Minchen)
Tel.: 089 / 6000-6566

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

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

1"


mailto:gerd.heller@airbus.com
mailto:kraemer@iag.uni-stuttgart.de
mailto:thilo.pinar@cassidian.com
mailto:r.radespiel@tu-braunschweig.de
mailto:rist@iag.uni-stuttgart.de
mailto:dieter.schimke@eurocopter.com

Projektgruppen

Transportflugzeuge einschl.
Triebwerksintegration

Multidisziplindre Optimierung und
Neue Konfigurationen

Turbulenzforschung/-modellierung

Hyperschallaerothermodynamik

Flow Control, Transition und
Laminarhaltung

Hochagile Konfigurationen

Drehflligleraerodynamik

Technische Strémungen

Sprecher:

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

Dr. M. Hepperle (DLR, Braunschweig)
Tel.: 0531 / 295-3337
E-mail: martin.hepperle@dIr.de

und

Dipl.-Ing. D. Reckzeh (Airbus, Bremen)
Tel.: 0421/ 538-2136
E-mail: daniel.reckzeh@airbus.com

Prof. Dr. W. Schréder (RWTH, Aachen)
Tel.: 0241/ 80 95410
E-mail: office@aia.rwth-aachen.de

und

Prof. Dr. N. Adams (Technische Universi-
tat Minchen)

Tel.: 089 / 289-16120

E-mail: Nikolaus.Adams@tum.de

Dr. T. Eggers (DLR, Braunschweig)
Tel.: 0531 / 295-2436
E-mail: Thino.Eggers@dir.de

Dr. G. Schrauf (Airbus Deutschland,
Bremen)

Tel.: 0421 / 538-3232

E-mail: geza.schrauf@airbus.com

Dr. R. Hold (LFK-Lenkflugkdrpersysteme
GmbH, Schrobenhausen)

Tel.: 08252 / 99 8845

E-mail: roland.hoeld@mbda-systems.de

Dr. K. Richter (DLR, Géttingen)
Tel.: 0551 / 709-2631
E-mail: kai.richter@dIr.de

Prof. Dr. C. Wagner (DLR, Géttingen)

Tel.: 0551 / 709-2261
E-mail: claus.wagner@dir.de
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Fachkreise:

siehe hierzu die

,Querschnittsthemen (Q) der DGLR unter www.dglr.de:

Aeroelastik und Strukturdynamik

Q1.2

Fluid- und Thermodynamik
Q2

Numerische Aerodynamik
Q21

Experimentelle Aerodynamik
Q22

Stromungsakustik / Fluglarm
Q23

Versuchsanlagen
Q24

Wissenschalftlicher
Koordinator

Stand: Oktober 2016

Dipl.-Ing. J. Schweiger (EADS, Deutschland)
Tel.: 08459 / 8178847
E-mail: johannes.schweiger@cassidian.com

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

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

Dr. C. Breitsamter (Technische Universitat
Minchen)

Tel.: 089 / 289-16137

E-mail: christian.breitsamter@aer.mw.tum.de

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

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

Prof. Dr. Claus Wagner (DLR Gottingen)
Tel. 0551 / 709-2261
E-mail: claus.wagner@dir.de
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Verfassen von . Mitteilungen*®:

Auf der Sitzung der Programmleitung von STAB am 09.11.2010 in Berlin wurde der Be-
schluss gefasst, den Jahresbericht in der bisherigen Form abzuschaffen. Stattdessen sol-
len 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 Broschiire ersetzt
somit den bisher im ersten Quartal des Folgejahres erstellten Jahresbericht.

Die bisherige recht starre Vorgabe fur 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 vorge-
gebenen zwei Seiten pro ,Mitteilung*.

Tragen Sie bitte keine Seitenzahlen ein.

Der Druck erfolgt weiterhin ausschlief3lich in schwarz/weil3.

FUr Ruckfragen steht Ihnen die Geschaftsstelle gerne zur Verfiigung:
Tel.: 0551/ 709 - 2261

Fax: 0551/ 709 - 2241
E-mail: stab@dlr.de

Mit freundlichen Grif3en
Ihre Projektgruppenleiter / Ihre Fachkreisleiter / Inre Geschaftsstelle
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The CEAS Aeronautical Journal and the CEAS Space Journal were created under the um-
brella 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 version)
A Ol Knsmal o the Lot Journal no. 13272

of Dueapesn Aeoupsce Socetie

Springer Wien
http://www.springer.com/13272

Editor-in-Chief: Rolf Henke, DLR, Cologne
Managing Editors: Cornelia Hillenherms, DLR, Cologne

The CEAS Aeronautical Journal is devoted to publishing new developments and results in all
areas of aeronautics-related science and technology. Also of interest are (invited) in-depth re-
views of the status of development in specific areas of relevance to aeronautics and descrip-
tions of the potential way forward. The topics of the journal are aeroacoustics, aeroelasticity,
air transport system, air traffic management, flight mechanics, flight physics and aerodynam-
ics, propulsion, structures and materials. Reports on new developments in design and manu-
facturing of aircraft, rotorcraft, missiles and unmanned aerial vehicles are also welcome

The journal publishes peer-reviewed original articles, (invited) reviews and short communica-
tions.

CEAS Space Journal

An Official Journal of the Council of European Aerospace Societies
ISSN: 1868-2502 (print version), 1868-2510 (electronic version) Jour-
nal no. 12567

Springer Wien
http://www.springer.com/12567

Editor-in-Chief: Constantinos Stavrinidis (London, Imperial College)
Managing Editor: Wilhelm Kordulla, Torben Henriksen (ESA)

The CEAS Space journal is devoted to publish 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 al-
so (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, aerothermodynamics, environmental control and life sup-
port systems, guidance, navigation and control, mechanisms, propulsion, power, robotics, struc-
tures, testing and thermal issues.

The journal publishes peer-reviewed original articles, (invited) reviews and short communication
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Gebhardt
Kirz

Heykena
Ronzheimer
Friedrichs

Kéachele
Schneider
Niehuis

Knoth
Breitsamter

Landa
Radespiel
Ritter

Savoni
Rudnik

Waldmann
Lutz
Kramer

Bauer
Feldmann
Wagner

Knopp
Schanz
Novara

Schroder, A.

Schiilein
Reuther
Kahler

Nehring
Weinman
Gardner

Schiilein
Reuther
Knopp

Skeledzic
Lienhart
Ertunc
Jovanovic
Krauss
Delgado

1. Projektgruppe , Transportflugzeuge einschl. Triebwerksintegration*

Numerical Investigation of Slot and Configuration Impact on the Efficiency of
Tangential Blowing at a Vertical Tailplane with Infinite Span

Aerodynamic Assessment of Embedded Over-the-Wing Engine Installations on a
STOL Commercial Aircraft Concept

Steady and Unsteady CFD Simulation of a Bent Intake Geometry

Numerical and Experimental Investigation of a Helicopter Engine Side Intake

Simulations of Streamwise Vortices on a High-Lift Wing with UHBR-Engine

Aerodynamic Assessment of Pylon-Mounted Over-the-Wing Engine Installations
on a STOL Commercial Aircraft Concept

Instationare Simulation des abgeldsten Nachlaufs eines Verkehrsflugzeuges
mittels Detached Eddy Simulation

. Projektgruppe , Turbulenzforschung/-modellierung*“

Revisiting the Higher-order Statistical Moments in Turbulent Pipe Flow using
Direct Numerical Simulations

A new experiment of a turbulent boundary layer flow at adverse pressure gradi-
ent for validation and improvement of RANS turbulence models

Der turbulente Weg zum Gleichgewicht

Optische Messung der Wandschubspannung in turbulenten Grenzschichten mit
Druckgradient

Characterization of Turbulence Generated by an Active Grid with Individually
Controllable Paddles
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Ali
Radespiel

Marquardt
Klaas

Schroder, W.

Martinez-
Schramm
Edzards

Barth
Hein
Rosemann

Buzica
Breitsamter

Dechamps
Hein

Di Giovanni
Stemmer

Fehrs

Haucke
Hein

Kiefer
Feili
Seidel

Krause
Kreuzer
Stuke

Kruse
Klpper
Petzold
Munoz

Lohse
Berthold
Nitsche

Ludeke
Backhaus

Ost
Mateling
Klein
Puckert
Rist

Puckert
Rist
Risius
Costantini
Hein

Klein

3. Projektgruppe ,Hyperschallaerodynamik*

Freistrommessungen mit Stausonden im Hyperschall

PIV measurements of shock/cooling-film interaction at varying shock impinge-
ment position

Development of Ultra-fast Temperature Sensitive Paints for Hypersonic High
Speed Flows

. Projektgruppe , Flow Control, Transition und Laminarhaltung*

Redesigned swept flat-plate experiment for crossflow-induced transition studies

Experimental and Numerical Investigation on Delta-Wing Post-Stall Flow Control
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Introduction

The vertical tailplane (VTP) of a transport aircraft is needed for stability and control of the
aircraft about the yaw axis. One case determining the size of the VTP is the failure of the
critical engine. In the one-engine inoperative (OEI) condition, the resulting asymmetric thrust
condition creates a moment around the yaw axis. This must be counteracted by the VTP.
Here take-off is a critical flight segment where relatively low flight speed and high thrust re-
quirements coincide to necessitate large aerodynamic forces to be generated by the VTP.
On the other hand, in cruise flight at high aircraft velocity, the VTP is larger than necessary
to satisfy cruise stability requirements for modern transport aircraft with electronic flight con-
trol systems. It follows that the VTP size is determined by a rarely occurring failure case. In
this critical OEI case the rudder is highly deflected to achieve maximum side force but this
also leads to partial separation on the rudder. If the size of the VTP could be reduced by
applying some means to increase the side force, drag and weight could be lowered which in
turn would lead to a reduction in fuel burn. One possibility is the use of active flow control
(AFC). With this the side force coefficient produced by the VTP can be increased without
increasing its size by delaying flow separation to higher sideslip and/or rudder deflection an-
gles.

Previous Work

Sensitivities of different active flow control parameters were investigated in a previous study
using a 2D VTP airfoil [1]. The results showed that the flow on the rudder can, with sufficient-
ly high blowing velocity and mass flow rate, remain attached on the rudder also at high de-
flection angles. This was accompanied by an increase of the lift coefficient of the airfoil. Also
unsteady blowing using a pulsing jet has been investigated for this 2D geometry [2]. As in-
tended and also known from other studies the mass flow rate for the actuation could be re-
duced for a similar increase in the lift coefficient.

Tangential blowing has already been investigated experimentally and numerically in several
studies, e.g. [3], but mainly for the use on wings. Due to the small aspect ratio and the large
sweep angle of the VTP the results obtained for the wing might not be directly transferable.
Currently research is done at NASA and Boeing with a VTP geometry using an experimental
approach. However, no study was found in which the underlying mechanism driving the vari-
able efficacy of different slot configurations along the VTP span was investigated.

Aim of this Study

In the frame of the current study the

numerical investigation to increase

the side force coefficient by tangential

blowing is extended to 3D. This allows

examining effects in span wise direc-

tion. Here the width of discrete slots

and the size of the gap between them  Fig. 1: Geometry with detail view of four slots (orange)
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are varied. An example of one resulting geometry is shown in Fig. 1. In addition, the blowing
velocity is varied.

In this study, starting from a continuous jet, the slot area is reduced in span wise direction.
Keeping the blowing velocity constant, this can again lead to a reduction of required mass
flow rate to achieve the same increase in side force on the VTP compared to a configuration
with a continuous slot.

Since a whole 3D VTP would mean a large mesh resulting in excessive calculation time, a
2.5D geometry is used. It has an infinite span and a constant chord length but incorporates
the sweep angle of the VTP. In addition to a variation of the slots the leading edge sweep
angle is also altered since it is expected to have an impact on the lift increase at a constant
momentum coefficient as well as the curvature of the rudder shoulder just behind the blow-
ing slots.

Results

Without blowing the deflected rudder is separated. Using tangential blowing with a sufficient-
ly high mass flow rate leads to an attached flow on the rudder. This in turn leads to an in-
crease of the side force coefficient up to 60% for a discrete slot configuration at a compara-
tively low momentum coefficient C,=0.5%. For the continuous slot a C,=1% was needed to
achieve the same side force coefficient. This large difference makes it obvious that when
moving from a continuous slot to discrete slots additional and beneficial effects occur in the
flow field over the rudder. This improvement is due to a vortex pair which develops for each
discrete jet as show in Fig. 2. It is not present for the continuous slot. The effect of the vortex
system will be analyzed.

Changing the slot spacing alters the impact on the side force. For example a too dense
spacing reduces the possible side force coefficient since the vortex system on the rudder
cannot fully develop. Due to the underlying vortex development mechanism discussed by the
authors, the leading edge sweep angle should also influence the generation of the vortex
system.

This is the case as shown in Fig. 3. For three different sweep angles the side force coeffi-
cient Cy is shown for three different jet blowing velocities. It can be seen that the side force
coefficient increases with increasing blowing velocity. However, with a reduction of the lead-
ing edge sweep angle also the gain in Cy decreases. In addition, a change of the curvature
of the rudder shoulder is analyzed which also has an impact on the generated side force.

Fig. 2: Rear view onto the rudder: field stream  Fig. 3: Change of side force for a variation of
traces and vortices generated by several dis- the leading edge sweep angle for three differ-
crete slots ent velocities
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The numerical study presented here deals with the integration of an Over-Wing-Nacelle
(OWN) to a Wing-Body aircraft configuration at high flight velocities. Nacelles installed over
the wing offer a great variety of benefits like noise reduction during take-off and landing,
landing gear length and weight reduction as well as short take-off and landing potential.
Moreover, this configuration can also accommodate nacelles for efficient jet engines with
increasing bypass ratios (BPR). These benefits used to be more than offset by a poor aero-
dynamic leading to a unfavorable higher overall airframe drag.

Recent studies have shown, however, that OWN installations can also improve aerodynamic
performance. By positioning the nacelle at the wing trailing edge the inlet slows down the
flow approaching the nacelle. As a result the wing shock strength can be reduced. This leads
to a better overall aircraft performance at high cruise velocities. To connect a nacelle to the
airframe pylons are commonly used, not only for conventional under wing configurations but
also for OWN configurations. Within the presented study a more integrative approach was
chosen. The purpose of the presented study is to analyze the aerodynamic performance of
an OWN, which is embedded into the wing, and to evaluate the influence of the placement of
the nacelle.

The aircraft investigated in this study is sized for short distance missions with 100
passangers, 45t max. payload and a cruise speed at Ma = 0.78. It is a low wing configuration
powered by two ultra-high bypass ratio (UHBR) geared turbofan engines with a bypass ratio
of 18 and max. thrust of 100kN at take-off to ensure short take-off and landing attributes of
the aircraft. The corresponding generic UHBR-nacelle was designed to fit the geometric re-
quirements derived from the propulsion system’s thermodynamic cycle, which is dimen-
sioned to meet the thrust requirements of the aircraft. The DLR-FNG airfoil profile is used for
shaping the wing geometry. Figure 1 below shows the half model of the aircraft in the clean
configuration without nacelle on the left side, which serves as a reference for the perfor-
mance evaluation of the configuration. The right hand side of Figure 1 is to illustrate the pos-
tion of the OWN at the trailing edge of the wing.

N

Figure 1: Clean configuration (left) and position of OWN (right)
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The generation of the surface model of the wing/body/nacelle configuration was done using
CATIA V. A suitable parameterization for the junction of the wing and nacelle was to be im-
plemented to establish a easy to vary surface model for the following placement study of the
embedded OWN. For the grid generation the commercial grid generator CENTAUR from
CentaurSoft was chosen. Previous studies have shown that the hybrid grid setup can easily
be transferred to modified configurations while achieving the same level of mesh quality for
all investigated positions of the OWN. For the steady 3D RANS simulations the DLR TAU-
Code was used which is an established tool for this kind of aerodynamic problems.

In the numerical study a half model of the aircraft with UHBR nacelle installed at the wing
trailing edge is examined. From an aerodynamic point of view it is expected on one hand that
the nacelle influences the wing shock by weakening the shock strength due to the decelera-
tion of the flow in front of the nacelle. On the other hand it is assumed that the inlet length to
fan diameter ratio of the UHBR-nacelle can be significantly reduced because of the influence
of the wing flow field. This leads to a decline in wetted area which has a positive impact on
the drag of the configuration. To decrease the wetted area of the configuration further the
nacelle is also embedded into wing, which is supposed to lead to a better performance in
terms of thrust to drag of the investigated configuration.

For the described configuration a fundamental engine placement study will be conducted to
asses aerodynamic characteristics of an embedded OWN installation at cruise conditions.
Several positions will be investigated while keeping the spanwise position of the OWN con-
stant. Figure 2 shows the schematic wing/nacelle reference position at the spanwise position
of the wing. During the sensitivity study the OWN will be varied in x-direction from 0.9 to 1.4
while the z position will be shifted from 0.9 to 1.2. Thus, a representative parameter space
for an embedded OWN will be covered to gain an understanding on the impact of the engine
placement for such a configuration.

XNacelle = x"chg
—

Fan
Face

Nacelle Znacelle = Z/Zges

Zng,max

CWing z

Figure 2: Reference position of the Nacelle in relation to the wing

The project lies within the framework of the Collaborative Research Center (Sonder-
forschungsbereich) SFB880. As an alternative to the embbeded OWN installation a pylon-
mounted OWN configuration for the same baseline aircraft and engine will be analyzed by
DLR, Institut of Aerodynamics and Flow Technology, Department of Transport Aircrafts.
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Modern aircraft concepts often feature complex engine intake configurations. Whereas the
reduction of aircraft drag through boundary layer ingestion motivates the development of
such civil configurations, a low observability by means of hiding the highly reflective fan
plane of the jet engine lies in the focus of military applications. These unconventional ge-
ometries provoke a disturbed flow regime towards the compression system of the jet engine
leading to performance deficits and a reduced stability margin. The generated flow distor-
tion within the aerodynamic interface plane (AIP) between intake and engine is both depen-
dent on the duct geometry as well as the upstream influence of the distorted compressor.
To improve the knowledge about this interaction and to validate different simulation ap-
proaches, a highly bent intake geometry (cf. Figure 1) was developed for an experimental
investigation within the engine test facility of the Institute of Jet Propulsion at the University
of the German Federal Armed Forces in Munich [1] in cooperation with MTU Aero Engines
AG. This paper presents results of steady and unsteady RANS computations of the inner
aerodynamics of this intake geometry obtained with the flow solver TRACE.

A
X - L

Figure 1: Flow regime inside duct (I.) and AIP total pressure distortion (r.)

As this solver is developed and optimized for turbomachinery applications, no best practice
for s-duct simulations was available. Hence, results of an experimental NASA-test cam-
paign of a single s-bent duct [2] were used for the calibration of the numerical setup. The
flow field of this duct is characterized by a high subsonic Mach number and a large flow
separation due to an increase of cross-sectional area and wall curvature — the same flow
features, which are present within the bent intake geometry. In this context, sensitivity stud-
ies included mesh density, wall treatment, turbulence modeling, and a variation of the inflow
conditions. The accuracy of the obtained simulation results with the final setup were compa-
rable or even superior to those of other RANS-solvers also deploying two-equation eddy
viscosity turbulence models. Additionally, a strong influence of the inflow turbulent length
scale on the wall pressure distribution was observed, while a high mesh resolution did not
lead to an increased accuracy.

The setup showing best predictive capabilities was then applied on the bent intake geome-
try where steady RANS-simulations were carried out with undisturbed inflow conditions as
well as flow conditions as they are expected to occur during the experiment within the en-
gine test facility. Again, mesh density had a minor impact on the duct flow, while a strong
dependence on the inflow conditions illustrates the importance of a precise acquisition of
the experimental inflow conditions for successful post-test calculations. In both cases, con-
vergence problems and asymmetric flow solutions occurred for some numerical setups
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which had produced valid results for the NASA case. This suggested an unsteady flow
regime within this more aggressive duct geometry. URANS computations were thus carried
out.

Again, no experience for duct simulations was available. Thus, a broad range of numerical
settings was investigated. In addition, a time-step study as well as a variation of the extent
of computational domain was necessary. Results include global performance and distortion
parameters as well as unsteady probe data and an analysis of the dominant frequencies
such as shown in Figure 2.
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Figure 2: Unsteady mass flow fluctuations (l.) and the frequency spectrum of the signal (r.)

The unsteady character of the large flow separation close to the location of the smallest
cross-section (denoted as “A” in Figure 1) dominates the mass flow and total pressure ratio
fluctuations of the duct geometry. While the separation location remains almost unchanged,
the AIP flow conditions, especially flow angles and local total pressure, exhibit a strong un-
steady behavior due to the oscillation of the separation wake. The resulting frequencies are
independent on a broad time step range but are sensitive to turbulence modelling and wall
treatment.

As a conclusion, an uncertainty range for the numerical simulation results of the bent intake
geometry can be estimated. This information is important for two reasons: First for an as-
sessment of the expected loads during the experiment defining the strength of the duct
structure as well as support structures, second, for the prediction of the produced flow dis-
tortion towards the jet engine to enable a save operation during the experiment.
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Summary:

Engine installation plays an important role to guarantee fuel-efficient engine operation and decrease
emissions. For this purpose, in the sub-project Green RotorCraft 2 within the Clean Sky JTI (Joint
Technology Initiative) an aerodynamic optimization of novel engine air intakes was conducted at the
example of a light twin-engine helicopter. As a part of GRC 2 in the ATHENAI project (Aerodynamic
Testing of Helicopter Novel Air Intakes) wind tunnel (W/T) tests have been performed on a full-scale
model of a helicopter fuselage section at the Institute of Aerodynamics and Fluid Mechanics of the
Technische Universitat Minchen (TUM-AER), Fig.1.

In order to evaluate the aerodynamic performance of three engine side intake variants, the flow field
characteristics in the AIP (Aerodynamic Interface Plane: directly upstream of the compressor inlet) are
determined using a circumferentially adjustable 5-hole pressure probing system. For the evaluation a
pressure drop coefficient, swirl angle and distortion parameter are investigated, Ref.[1]. A reduction of
total pressure losses in the inflow region results in a raised thermal efficiency. Decreased swirl and
total pressure distortion further improve the engine efficiency which leads to reduced fuel consumption
and emissions. The total pressure distortion level and distribution in the AIP gives information about
the change of the surge margin due to the intake flow [2].

For the wind tunnel model design several aspects have been taken into account. In order to fulfil local
Mach and Reynolds numbers simultaneously, the wind tunnel model is designed in full scale. The
fuselage is truncated to achieve a blockage of 7-8%. To ensure a flow field upstream of the intake
comparable to in-flight conditions parts of the fuselage section are incorporated. Components with little
influence on the intake flow field in level flight are not accounted for in the model. For the reproduction
of engine mass flow rates suitable to in-flight operation, a system including a fan and a venturi meter
are connected to the W/T model as depicted in Fig.1. Three baseline intake variants were tested in the
first wind tunnel campaign of the project, Ref.[1]. The Baseline variant 1 (BSL 1), which is investigated
further as part of this research, is developed as a static side intake configuration.

In addition to the experimental investigations, CFD simulations of the helicopter fuselage section
including the ATHENAI BSL 1 intake with the use of ANSYS CFX have been carried out taking into
account the complete inner structure of the engine air intake. The W/T nozzle, collector and test
section geometry are modelled to reproduce the flow field around the fuselage section and intake
parts in accordance with the experiments, Fig. 1. For the complete domain a structured meshing
approach has been chosen using ICEM CFD. A high resolution discretization scheme in space and an
implicit second order backward Euler scheme in time have been applied. The use of the k-w SST
turbulence model with a boundary layer resolution (y+ < 1) led to a good accordance of the measured
AIP velocity distributions with the CFD results, see Fig. 3, Ref [3].

Further, numerical investigations are performed for the entire helicopter fuselage geometry including
the side intake to assess the influence of a truncated fuselage section, i.e. the wind tunnel
configuration, with respect to the entire fuselage geometry. As basis for this assessment the flow field
on the truncated fuselage section is analyzed for the cases with and without wind tunnel test section
geometry.

As reference data the experimental results of the first ATHENAI wind tunnel campaign are considered.
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Abstract
In the flow field around modern aircraft in high-lift configuration, streamwise vortices occur at
various positions on the wing. One of these positions is the region downstream of an engine,
which is integrated under the wing. The pylon of the engine is in a geometric conflict with the
slat. To avoid this conflict, for realistic aircraft the slat is intercepted in spanwise direction. At
this slat cut-out different vortices arise. In addition, another vortex develops at the nacelle,
and this is advected downstream over the suction side of the wing. The resulting system of
streamwise vortices strongly influences the flow in this region, which in general leads to a
loss of maximum lift. One possibility to reduce these losses is to create a particular vortex by
a nacelle strake that in turn positively influences the flowfield [1, 2].
Against this background, numerical simulations have been performed to study the prediction
of streamwise vortix effects on high-lift. The simulations have been performed with the DLR
TAU-Code with two turbulence models of different type. As an eddy-viscosity model, the
Menter-SST turbulence model has been applied. This model is numerically rather robust and
thus, it has been used to create a fundamental understanding of the flow around this geome-
try. Nevertheless, the ability of this model to accurately simulate vortices is limited. To obtain
improved predictions of the behavior of the vortex system, the JHh-v2 turbulence model has
been applied, which belongs to the class of Reynolds-Stress models [3].
Recently, the authors presented results of simulations on a simplified high-lift configuration
without engine [4, 5]. This configuration has a slat outboard, which is cut off instead of an
intercepted slat along the whole span. At this configuration, a vortex system with reduced
complexity occurs. Thus, a deeper insight into the flow physics and knowledge about the
numerical settings and the influence of the computational grid on the prediction of the vorti-
ces was achieved.
Within the present contribution, a more complex configuration with an intercepted slat and
an UHBR-engine is investigated based on the findings obtained from the simplified configu-
ration. With both turbulence models simulations at different angles of attack have been per-
formed to characterize the dependency of the vortex behavior on the incidence. In particular
the effect on stall behavior of the high-lift wing is of great interest.

Figure 1: Visualization of the vortex system (Iso-Surfaces of vorticity) at a=6° (left), a=10° (mid-
dle) and a=14° (right), Menter-SST turbulence model, Re=15.687x10°
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Exemplarily, figure 1 shows the visualization of the vortex system at the position of
the integrated UHBR-engine, as simulated with the Menter-SST turbulence model. It
appears, that different vortex systems occur. Two vortices arise at the outboard edge
of the slat and at the corresponding step of the clean nose. Another vortex develops
on the upper side of the engine from the flow around the nacelle, proceeding on the
suction side of the wing. Furthermore, a system of vortices comes from the inboard
interception of the slat. The strength, the appearance and the behavior strongly de-
pend on the incidence, which will be discussed in detail in the final paper.

Figure 2: Streamtraces and regions of separated flow close to the UHBR-engine simulated with
the Menter-SST turbulence model at a=6° (left), a=10° (middle) and a=14° (right), Re=15.687x108

Figure 2 exhibits streamtraces and regions of separated flow close to the UHBR engine. At
low angles of attack (a=6°), the flow on the wing is completely attached. At moderate inci-
dences (a=10°), local regions of separated flow occur downstream of the engine and at the
inboard slat interception. With increasing incidence, these regions of separated flow grow. At
an angle of attack of a=14°, both regions have growninto a large, single flow separation. As
a result, the flow on the wing downstream of the engine is detached.

The final paper will also display and analyze simulations with the JHh-v2 Reynolds-Stress
model. Differences regarding the prediction of the vortices and the mechanism of stall will be
discussed and evaluated. Of particular interest will be signs of vortex burst and resulting un-
steadyness of flow fields.
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Introduction

Low noise emissions, low fuel consumption and subsequently low pollution are some of the
most compelling requirements of an aviation technology which is striving to become every
day more “environmental friendly”. These requirements can, however, be in net contrast with
the growing need of increasing the number of passengers and flights. As shown in [1], the
worldwide passenger traffic, measured in Revenue Passenger Kilometers (RPK), is ex-
pected to double in the next fifteen years and it will grow by 145% to 15.2 trillion RPKs by
2034. In this scenario, it is quite appeal-
ing to make operational those airports
which are at present not accessible due
to their limited size or because of their
proximity to residential areas. The Col-
laborative Research Center (Sonder-
forschungsbereich) SFB880 aims to ad- |
dress this need with short take-off and
landing (STOL) vehicles with a capacity
of 100 passengers that feature low noise
emission characteristics. As determined *
in [2], the capability of taking-off and Figure 1: REF3 configuration for SFB880
landing on 800 m runway would double with Over the Wing Mounted Engines

the possible point-to-point connections

with respect to the current situation. Figure 1 depicts one of two reference configurations of
the SFB880 [3]. The so-called REF3 configuration is characterized by a low wing allowing
the installation of a UHBR turbofan over the wing aft of the trailing edge. This design has
proven to offer a potential for an efficient aerodynamic engine installation, a significant noise
reduction potential and a decrease of FOD risk during ground operations [4]. Neverthless,
the engine installation presents many challenges, especially to manage the interference drag
at transonic conditions. Combining this with STOL capabilities has not yet been attempted.
The present study aims to provide results of a first investigation of the effects of the installa-
tion of an UHBR turbofan engine over the wing, in terms of wing and nacelle interference
drag in the transonic regime and lift drop. The engine will firstly be considered in the refer-
ence position and subsequently a variation of the vertical position of the engine will be ana-
lysed.

Description of the geometry and of the numerical approach

To the aim of evaluating the aerodynamic performance of an OWM engine aircraft, the
REF3 wing/body/engine (WBE) configuration has been studied and compared to the
wing/body (WB) configuration. To be able to separate aerodynamic installation effects, the
pylon is omitted in this phase of the studies and it will be considered later. The engine is
mounted aft of the wing trailing edge, since this proved to be beneficial for drag reduction in
previous studies [4]. The reference position used for the preliminary analysis is the one
prescribed in [3].

32


mailto:luciana.savoni@dlr.de
mailto:ralf.rudnik@dlr.de

The CFD simulations have been carried out with the DLR TAU-Code using a 3D RANS
approach, with a Central main discretization scheme using the 80% of matrix dissipation and
Backward-Euler time integration scheme. The turbulence model is Spalart-Allmaras in the
so-called negative formulation.

The computational grid has been generated with the CENTAUR grid generation package.
9,000,000 grid points are used for the WB configuration and around 14,000,000 nodes for
the WBE. The study is carried out for cruise conditions corresponding to M=0.78, CL=0.46
and an altitude of 11277 m.

Preliminary results

The analyzed test case corresponds to start of cruise, with both engines operative and a
Mach number equal to 0.78. Furthermore, off-design conditions with Mach numbers between
0.70 and 0.82 will be computed to examine in detail transonic flow phenomena and the
interaction of the engine with the upper wing shock as this represents the key for a potential
aerodynamically superior engine integration compared to conventional configurations [4].
Figure 3 depicts the surface grid of the configuration with engine. Figure 4 shows isobars on
the upper surface of the WB configuration indicating the extent of the supersonic areas and
the shock location.

Engine reference|
position

Figure 3 Detail of WBE grid Figure 4 WB surface isobars

Outlook

The final paper will provide a study of aerodynamic interference effects of over-the-wing-
mounted engine aircraft concepts for different engine position and thrust settings. The
wing/body configuration will serve as a reference. Special attention will be devoted to the
mutual interference of the engine inlet streamtube and the supersonic flowfield of the wing. A
complementary study, dealing with the same baseline configuration and an embedded
turbofan engine, will be proposed by the Institute of Jet Propulsion and Turbomachinery
(IFAS) of the Technical University of Braunschweig.
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Einfuhrung

Im Rahmen von in den vergangenen Jahren innerhalb der Arbeitsgruppe Luftfahrzeugaero-
dynamik des IAG durchgefuhrten Arbeiten [1,2,3] wurden Mdglichkeiten erarbeitet, mittels
hochaufgeldster instationdrer Simulationen das Verstandnis fir massiv abgeléste Nach-
laufstromungen an Verkehrsflugzeugen zu starken. Dabei wurden sowohl instationare
RANS-Verfahren als auch hybride RANS/LES-Ansatze verfolgt, die jeweils im Rahmen ihrer
Anwendbarkeit zu zuverlassigen Ergebnissen filhrten. Die Erkenntnisse dieser Vorarbeiten
sollen durch Variation der rdumlichen und zeitlichen Auflésung der numerischen Simulatio-
nen vertieft werden.

Vorgehen

Das NASA Common Research Model (CRM) [4] ist eine Verkehrsflugzeugkonfiguration, die
speziell zum Zwecke der Validierung von CFD-Daten entworfen und publiziert wurde. Dabei
ist das CRM eine generische Reprasentation eines modernen flr transsonische Machzahlen
konzipierten Grof3raumflugzeuges. Die Verfligbarkeit der Geometrie und die weitreichende
Verwendung des CRM haben zu einer grof3en Anzahl von Veroéffentlichungen gefiihrt, die
sich mit verschiedensten Aspekten der Luftfahrzeugforschung beschéftigen.

In [1] und [2] wurden mit dem Stromungsloser TAU durchgefiihrte instationdre Simulationen
des CRM bei hohen Anstellwinkeln sowie hohen Reynoldszahlen im subsonischen Bereich
beschrieben. In diesem Rahmen wurde auch eine teilweise Vailidierung dieser Rechnungen
durchgefuihrt, wobei eine gute Ubereinstimmung mit den im Windkanal ETW ermittelten Da-
ten festgestellt wurde. Gleichzeitig wurde aufgezeigt, in welchen Bereichen noch Unzulang-
lichkeiten existieren. So gibt es Verbesserungsbedarf in Bezug auf Wiedergabe der Nach-
laufdelle im zeitlichen Mittel sowie des Oberflachendruckes. Mittels einer Variation von nu-
merischen Parametern wie der zeitlichen und raumlichen Auflésung soll in der vorliegenden
Arbeit erortert werden, inwiefern diese Einstellungen die Simulationsergebnisse beeinflus-
sen. Dabei werden wiederum die in [1] beschrieben experimentellen Datensatze zum Ver-
gleich herangezogen.

Neben der Validierung mittels Messdaten wird der Einfluss der Auflésung auf die Stro-
mungsph&nomene in der Fligel- und Nachlaufstromung untersucht. Ein Beispiel hierfur ist
die Ablésung, die beim betrachteten Anstellwinkel unmittelbar hinter der Fligelvorderkante
stattfindet. So konnte beispielsweise beobachtet werden, dass das Verhalten der Stromung
in diesem Bereich von der zeitlichen Auflésung abhangt, s. Abb. 1.
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Abbildung 1: Aufgeldste Reynoldsspannungskomponente uu in Anstromrichtung am Fligel
des CRM. Physikalischer Zeitschritt entsprechend 0.01tcony (links) und 0.005 teony (rechts).

Da davon ausgegangen werden kann, dass die Ablésung und darauf folgende Ausbildung
der turbulenten Strukturen eine wichtige Rolle fur das Verhalten des Nachlaufes spielen,
werden diese Zusammenhénge detailliert beleuchtet. Die Auswirkungen der rdumlichen und
zeitlichen Auflésung werden anhand der Druckfluktuationen an den Flugeloberflachen sowie
anhand der Entwicklung der turbulenten Fluktuationen im Nachlauf verglichen. Neben der
Betrachtung der Statistiken wie beispielsweise der in Abb. 1 gezeigen Reynoldsspannungen
liefern spektrale Analysen weitere Informationen Uber die turbulenten Fluktuationen. Die so
durchgefihrten Vergleiche sollen Aussagen utber Auflosungsanforderungen ermdglichen und
so Anhaltspunkte fiir zukinftige Studien dieser Art liefern.
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Outline: Statistical moments of fully developed turbulent pipe flows have been investigated by means of
direct numerical simulations (DNS), such as Wagner et al. (2001). While the latter study was restricted
to pipe lengths of L = 5D, experimental investigations revealed the need for larger domains in order to
capture so-called very large-scale motions (VLSM), which are known to appear in wall-bounded turbu-
lence (Kim and Adrian, 1999). According to Monty et al. (2009) and others, VLSM contribute to Reynolds
stresses but their influence on even higher statistical moments, such as skewness and kurtosis has not
been rigorously studied yet. Furthermore, the origin of high kurtosis levels of wall-normal velocity fluc-
tuations in the very vicinity of the wall was found to be caused by very strong events (velocity spikes)
that are rare both in time and in space (Xu et al., 1996). Due to their large normal velocities they are
difficult to observe within experiments, which is, according to the author of the latter study, the reason
why such high kurtosis levels have not been measured in experiments yet. In order to resolve both high
gradients near the wall and VLSM, a DNS requires a fine near-wall grid resolution as well as a large flow
domain. Besides the computational requirements the convergence of higher statistical moments is yet
to be studied, since they correspond to rare events, as stated above. The aim of the current study is to
revise statistical moments in turbulent pipe flows, such as turbulent intensities, skewness and flatness
factors in large domains with high near-wall grid resolutions. The influence of outer flow motions, which
penetrate into the buffer layer on turbulent statistics shall be revealed and scaling laws for higher statis-
tical moments are to be found.

Numerical Methodology: In order to elucidate the effect of VLSM on higher statistical moments a DNS
based on the incompressible Navier-Stokes equation is carried out within a domain of L = 21D, where
D is the pipe diameter. The governing equations

ou
- Bvi Vo =
U Vu+Vp

o Viu (1)

V.-u=0, (2)

where Re, = u.D/v is the friction Reynolds number, based on friction velocity, pipe diameter and kine-
matic viscosity, are integrated in time using a Leapfrog-Euler scheme, after being discretized by means
of a fourth-order finite volume method (Shishkina and Wagner, 2007). The scheme is based on the
projection method of Chorin (1968) and consists of three basic steps. First, an auxiliary velocity field is
computed from the momentum equation (2) neglecting the pressure term. Then a Poisson equation is
solved in order to fulfil the divergence free condition, before the actual velocity and pressure fields are
updated from the auxiliary field and the solution of the Poisson equation. Due to the flow geometry, an
explicit time integration scheme would require very small time steps (At) in the vicinity of the cylindrical
axis in order to fulfil stability conditions. To overcome this problem, a semi-implicit scheme, as proposed
by Kim and Moin (1985), is applied in the region of interest, where flow variables are treated implicitly
with respect to the azimuthal direction. Furthermore, a second semi-implicit region will be introduced in
the vicinity of the pipe wall with respect to the radial direction, to make small grid resolutions affordable.
Based on a coarse grid simulation a convergence criteria for higher statistical moments will be stated
and a finer grid simulation will be integrated in time until turbulent statistics reach a fully converged state.
Table 1 shows the current simulation setups used within this study, which are settled in the low Reynolds
number regime. The grid resolution in wall units satisfies commonly accepted values of Az* < 5,
R*Ap < 5and Arf,,, < 5. The wall-normal grid spacing at the wall was chosen to be somewhat smaller
than comparable studies (Ary,, = 0.11). Besides the mentioned ones, higher Reynolds number cases
will be set up to determine scaling laws of higher statistical moments.

case Re, L Nz x N, x Nr Azt R*Ap  Art,  Arga
PIPE360CO 360 21D 1536 x 256 x 84 4.9 4.4 0.31 4.4

PIPE360FI 360 21D 1536 x 256 x 104 4.9 4.4 0.11 4.4

Table 1: Turbulent pipe flow simulation cases
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Results and Outlook: Figure 1 shows isocontours of wall-normal velocity fluctuations within an instan-
taneous flow field realization from turbulent pipe flow DNS. A highly energetic velocity spike can be found
in the vicinity of the wall near the dashed line. Such motions contribute to the high wall-normal kurtosis
level as shown in figure 2 (b). Cases involving finer grid resolutions and higher Reynolds numbers will
be carried out until the symposium, which gives us the possibility to perform convergence studies and
investigate the impact of outer flow motions on the higher-order statistics.

Figure 1: Isocontours of instantaneous wall normal velocity fluctuations v/ in the rz-plane in fully devel-
oped turbulent pipe flow PIPE360CO, Re, = 360.
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Figure 2: Skewness (a) and flatness (b) profiles from turbulent pipe DNS P/IPE360CO in wall units with
focus on the near-wall region and R the pipe radius. (a): —, S(uz); —, S(ur); —, S(uy). (b): —, F(uz);
—, F(u;); —, F(u,).
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Thema: A new experiment of a turbulent boundary layer flow at adverse
pressure gradient for validation and improvement of RANS turbulence models

The prediction of pressure induced separation of a turbulent boundary layer (TBL) in the
low-speed regime using RANS-based CFD is still associated with significant
uncertainties. Well-defined and documented validation test cases at an adverse pressure
gradient (APG) and at Reynolds numbers relevant for aircraft flows are rare in the
literature. Therefore, a new boundary layer experiment was designed. The design
includes the lessons learned from a previous experiment which was performed within the
DLR internal project RETTINA, see [2]. The aim is to ensure well-defined flow
conditions and to reach higher values of the Reynolds number by increasing the flow
velocity up to 36m/s, yielding Req=64000 in the APG region. The measurements were
performed in the Atmospheric Windtunnel (AWM) at the UniBw in Minchen. The work
was funded by DFG. Highly resolved data for the Reynolds stresses were obtained using
the 3D PTV STB approach. The wall shear stress was determined directly using oil film
interferometry and from the mean velocity profiles in the viscous sublayer obtained using
the 2D uPTV technique.

ok s Divergent wind tunnel wall
E " —M
9 10
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Fig. 1 — Left: Geometry of the experiment mounted to the wind tunnel wall in the AWM.
The first step for RANS modelling at APG is to derive a new wall-law for the mean
velocity in the inner 15% of the boundary layer. This wall-law is based on a log-law
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formulation in the inner part and a square-root-law (sqrt-law) formulation in the outer
part [1]. We present an empirical blending correlation based on the pressure gradient
parameter in inner scaling Apyx'. For Apx — 0, the log-law is recovered for the entire
inner layer. The value of the slope parameter (k in the log-law at zero pressure gradient)
is a function of Apx" and is decreasing with increasing values of Apy'. Then we derive a
composite formula for the turbulent viscosity vi. From the profiles for the mean velocity
and for v in the log-law region and in the square-root-law region at APG, we derive the
solutions for the turbulence quantities k and ® in both regions.

In the second step, we study the boundary-layer equations for k and ® in the log-law
region and in the sgrt-law region at APG. The w-equation is consistent with the derived
solution at APG in the log-layer, but needs to be modified in the sgrt-law region.

In the third step we consider state-of-the-art eddy-viscosity based models (SA, k- SST)
and differential Reynolds stress models (DRSM), i.e., the SSG/LRR-o model and
different versions of the JHh-model. In the sqrt-law region, the mean velocity profiles
predicted by the SST model and the SSG/LLR-®» model show a different behaviour than
the JH-type models. This can be explained by the inexact transformation of the e&-
equation to the w-equation used in the SST model and in the SSGLRR-®» model. We use
the exact w-equation given in [4]. Then we modifiy the SSG/LRR-®» model by combining
the exact m-equation with the sensitivity terms at APG developed for the SST model in
[1]. The resulting model gives good agreement for the mean velocity profiles with the
experimental data, see. Fig. 2, both in dimensional units and in viscous units.
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Fig. 2 — Mean velocity in the APG region at U,,=36m/s in dimensional units (left), in inner viscous units
(center) and surface distribution for the skin-friction ¢; including the OFI data (right).
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Ausgangspunkte

In dem STAB-Workshop 2015 wurde das anliegende Gleichungssystem vorgeschlagen, das
auf der Grundlage elementarer Erhaltungssiatze Welle- und Teilcheneigenschaften von
Fluidelementen korreliert. Als raum-zeit-abhdngige Variable kommen dabei, wie in der
molekularen Theorie, die vektoriellen GréRen Translation¥,Vibration@und Rotation bin
Betracht, sowie die skalare Gesamtenergie ¢ eines Systems. Die Skaleninvarianz dieses
Ansatzes bedeutet dass die irreversible Entwicklung eines Stromungsfeldes von Mittelwerten,

D3 1 also makroskopisch, bestimmt wird. Empirisch begriindete
DT gradd = Re, Av +é | statistische Annahmen werden zunéchst nicht benutzt. Das ist
Do | maoglich, weil sich im Gleichgewicht (stabil oder instabil)
pr T ddivy = R_%Ad’ unterschwellige positive und negative Vibrationen und
ae -1 Rotationen zu null kompensieren, sodass in geschlossenem
3¢ ot = R_eeAv Raum allein die energetische Anfangsverteilung maRgeblich
3_13+ rotd = 0 ist. Das umgebende Feld beeinflusst so das Fluidelement, das
ot seinerseits dank der Integralsétze von GaulR und Stokes auf die

Umgebungruckwirkt. Die Welleneigenschaft dieses Modells folgt aus einer Analogie zu den
Maxwell-Gleichungen fiir elektrische und magnetische Felder.

Ein Welle-Teilchen-Dualismus

Ausgehend von einer
anisotropen energetischen
-{ Anfangsstérung  entwickelt
D)\ sich das Strémungsfeld in
einer  Simulation  (Kubus)
unterschiedlich, je nachdem
ob Mittelwerte (verborgener)
unterschwelliger & und b
Fluktuationen  berlcksichtigt

R werden oder nicht. Abb.1
Abb.1 v-Feld Abb.2 v-Feld + ¢, b zeigt Geschwindigkeitenohne

,,unelastische* Reibungs-
arbeit, wahrend andernfalls Wellen und Verwirbelungen auftreten (Abb.2). Ein derartiger
Prozess verlauft irreversibel und fihrt schlieBlich zu einem chaotischen Gleichgewicht.

Abb.3/4zeigenden Verfall anfanglicher Information - Vibrationen und Rotationen betreffend.
Die Vektoren bilden die jeweiligen lokalen Grofien ab, zusammengefasst als Linien zur
besseren Anschauung.

40



-
b

\ |
L ,/’“;6); t(s)

Abb.3Vibrationen@, t> t, Abb.4 Rotationenb, t> t,Abb.5Fluktuationen (t)

VR
Ui
C’i)

Auf dem Weg zum Gleichgewicht ist die zeitliche Entwicklung der Divergenz der
Vibrationen € pro Raumgebiet (Abb.5) maRgeblich. Verglichen mit logarithmischen Kurven
einer Entropiezunahme zeigen sich allerdings Stufen einer negativen Entwicklung, die fern
vom Gleichgewicht starker sind als in Gleichgewichtsndhe. Dies konnte als
Austauschzwischen aufierer und innerer Entropieproduktion interpretiert werden, konkret als
Wechselwirkung zwischen Vibration und Rotationbzw.als Energieubertragung auf
Wirbel,formal ahnlich den Stufen im Franck-Hertz-Versuch, die auch auf unelastische St6l3e
(mit Gasatomen) zurtckzufihren sind.

Die vorliegenden Gleichungen (EB-Modell)
wurden in Open FOAM implementiert und fur
reibungsfreie Flisse mittels eines hybriden
aufwind/zentralen Verfahren fur die reibungsfreie
Flusse gelost. Fir abnehmende isotrope
Turbulenz wurde dieses Modell mit der DNS-
Simulation eines Experiments von Comte-Bellot
at al [1] verglichen. Das Rechengebiet bestand
aus einem Kubus mit 64 Elementen in jede
Richtung, und eine Kantenlinge von 2m. Zur
Anpassung an ein gemessenes Energiespektrum
- [2] wurde anfangs ein Divergenz-freies

Abb. 6 3D Energiespektrum gegen Geschwindigkeitsfeld vorgegeben, angepasst an

Wellenzahl die gemessenen Energiespektren fiir Re=1000.
Aullerdem war eine zusétzliche Initialisierung erforderlich: eine normal verteilte ¢pVariable,
iterativ gelost bei eingefrorenem Geschwindigkeitsfeld - bis ¢  bei abklingenden
Geschwindigkeitsfeld konvergierte. Anliegend zeigt Abb. 6 einen Vergleich experimenteller
Ergebnisse mit DNS- und EB Modellrechnungen. Das neue Modell gibt die k=2 Steigung
bei kleine Wellenzahlen korrekt wieder. Die Energieverteilung Uber die mittleren
Wellenzahlen weicht leicht von den DNS Ergebnissen ab-es wird nochversucht, den Ursprung
dieser Differenzen zu klaren. Das numerische Schema ist zwischen DNS und das EB Modell
identisch.

[1] H.G. Weller, G. Tabor, H.Jasak, C.Fureby: Atensorial approach to computational continuum mechanics using
object-oriented techniques, Computers in Physics, Vol.12, No 6, Nov/Dec 1998

[2] G.Comte-Bellot, S.Corrsin: Simple Eulerian time correlation of full- and narrow-bandvelocity signals in grid-
generated, ‘isotropic’ turbulence, J. Fluid Mech Vol 48, pp. 273-337, 1971
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Im Rahmen des Projekts RETTINA wurde ein Windkanalexperiment zur Untersuchung von
turbulenten Grenzschichten unter Einfluss von positiven Druckgradienten bei hohen Rey-
noldszahlen konzipiert [1]. Das grol3skalige Windkanalmodell besteht aus zwei S-férmigen
Umlenkflachen, die durch eine 4 m lange ebene Platte getrennt sind. Diese ebene Platte
dient als Beruhigungsbereich fir die turbulente Grenzschicht, die stromab einem vordefinier-
ten Druckgradienten ausgesetzt ist. Um eine maoglichst dicke nattrliche Grenzschicht in die-
sem Bereich zu etablieren, wurde das Modell bindig in der Wand des Atmospharischen
Windkanals Minchen (AWM) der Universitat der Bundeswehr (UniBw) in Mldnchen einge-
baut, der nominell Uber eine 22 m lange Messstrecke mit einem Querschnitt von 2.0 x 1.8 m?
verflgt.

Die Wandschubspannung gehért bekanntlich zu den wichtigsten OberflachengréRen in der
Stromungsmechanik. Die Olfilminterferometrie (OFI) ist seit Jahren bekannt als zuverlassige
berthrungslose Messtechnik zur Erfassung von Wandschubspannungen [2, 3]. Beim paral-
lelen Wandstromlinienverlauf in 2-D Strdmungen reicht die Kenntnis (iber die zeitliche Ande-
rung der Olschichtdicke auf der Testoberflache um die Schubspannung auszurechnen. Die
Olschichtdicke wird dabei nach dem Prinzip eines Fizeau-Interferometers erfasst (Bild 1).

Die aktuelle Arbeit beschreibt die Ergebnisse einer OFI-Messkampagne am AWM, die Juli
2015 durchgefiihrt wurde. Die eigentliche Herausforderung dabei war der ausgedehnte
Messbereich von ca. 1.7 m Lange. Um eine ausreichende Auflosung der Interferenzbilder zu
erhalten wurde diese Strecke in mehrere Abschnitte aufgeteilt. Finf handelstbliche hochauf-
I6sende Digitalkameras NIKON D7100 wurden parallel eingesetzt um die gesamte Messzeit
moglichst kurz zu halten. Die Oberflache des Modells ist fir die Messungen mit einer
schwarzen reflektierenden PVC-Folie (0.1 mm dick) beklebt worden. Als Lichtquellen kamen
Natriumdampf-Niederdrucklampen SOX-E 18W zum Einsatz, die jeweils mit weiRen diffusen
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Bild 1: Prinzip der Bild 2: Vergleich der Wandschubspannungsverteilungen
Olfilminterferometrie nach [3] im Langsschnitt z = -10mm bei 36 m/s (gemessen mit-

tels OFI, PIV und pPIV).
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Reflektoren (0.6 x 0.6 m?2) ausgestattet waren und somit als ausreichend groRRe Flachen-
leuchten dienten. Die einzelnen Leuchtfelder waren von auf3en an den vorhandenen Fens-
tern des Windkanals angebracht. Aufgrund der gewahiten ortlichen Auflésung konnte von
jeder Kamera ein Feld von ca. maximal 0.18 x 0.25 m2 beobachtet werden. Zum Einsatz
kamen ELBESIL-Silikonéle verschiedener kinematischer Viskositdt zwischen 5 und 50
mm2/s, die abhangig vom Einsatzbereich und Testbedingungen verwendet wurden. Die
Messungen sind gleichzeitig an mehreren Stellen entlang des Testbereichs durchgefihrt
worden, wobei der Olfilm vor dem Versuch in diinnen Streifen senkrecht zur Strémungsrich-
tung aufgetragen wurde. In mehreren kurzen hintereinander folgenden Versuchen konnte
somit die gesamte Wandschubspannungsverteilung in einem Streifen von ca. 1.70 x 0.16 m?2
erfasst werden.

Drei verschiedene Strémungsgeschwindigkeiten von 10, 23 und 36 m/s wurden untersucht.
Ein Beispielergebnis der Wandschubspannungsmessung fir 36 m/s in einem Langsschnitt
bei z = -10mm (parallel zur Mittelachse des Modells) ist in Bild 2 dargestellt. Der gewahlte
Schnitt entspricht der Lage der friheren PIV- und pPIV-Messungen [4], die unabh&ngig am
gleichen Modell durchgefuhrt wurden. Ein direkter Vergleich der Daten demonstriert eine
verlassliche Verteilung der Wandschubspannung entlang der Langskoordinate. Der Grund
far eine leichte Abweichung in der Tendenz im letzten Abschnitt (x > 1950mm) konnte bis-
lang nicht geklart werden.

Im Bild 3 ist eine interpolierte flachige Darstellung der gleichen OFI-Ergebnisse im gesamten
Messbereich prasentiert, die eine leichte Dreidimensionalitat der Grundstromung am Test-
modell aufweist. Bei geringeren Stromungsgeschwindigkeiten (nicht gezeigt) ist dieser Effekt
noch weniger ausgepragt.

Weitere Ergebnisse zum Effekt der Anstromgeschwindigkeit (Reynoldszahl) sowie des di-
mensionslosen Druckgradientenparameters (nach Clauser) auf die Wandschubspannung
werden im endgultigen Artikel prasentiert und analysiert.

Z[mm]
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400 600 800 1000 1200 1400 1600 1800 2000 2200
A [mm]
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Bild 3: 2D-Wandschubspannungsverteilung aus OFI-Messung bei 36 m/s
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When it comes to studying turbulence in basic research well-defined and repeatable means
to generate turbulence are needed. Typically static grids are used for this purpose but the
possible variety of mesh size and blockage of the grid is very much restricted as long as
homogenous turbulence is under consideration. Makita (1991) proposed a so called active
grid to generate turbulence of large integral scale, high turbulence intensity and high
turbulence Reynolds number. Exactly with the same aims an active grid was designed and
built at Lehrstuhl fur Stromungsmechanik (LSTM) at Friedrich-Alexander-Universitat
Erlangen-Nurnberg.

The active grid finally shall be installed in the Refractive Index Matched Tunnel (RIMT) at
LSTM which uses a cosmetic white oil as the test fluid. Therefore, the size and the
construction of the active grid is adapted to its final use. It spans a cross section of

600 x 450 mm? and its components are made from stainless steel. The cross section is
covered by 24 paddles arranged in 6 columns and 4 rows, the axis of rotation of each paddle
is under 45° in an alternating orientation. In contrary to Makitas approach we decided to go
for individually driven paddles, this means each paddle is activated by its own servo motor,
which gives additional degrees of freedom in the possible patterns of paddle movement. The
24 independent actuators can give a rotation of maximum 90° each. In other words it can
fully open and fully close the cross section. However, the geometry of the paddles is
designed in such a way that at the fully closed state, the tunnel is not blocked completely
due to the circular openings and spacing between the paddles. These openings also initiate
smaller scales of turbulent fluctuations and in this way promote the generation of an
equilibrium spectrum of scales in the turbulence cascade. A photograph of the active grid is
shown in Figure 1, left.

Control of 24 servo motors is made by a real time FPGA (Field Programmable Gate Array)
system installed inside of the tunnel. Motion parameters (driving protocols) are delivered to
the FPGA by WLAN so that only power cables have to pass into the tunnel which minimizes
leakage problems. A sketch of the control electronics can be found in Figure 1, right.

WLAN \

: In the tunnel :

I

Aquisition : /t Micro- !

Computer i : Controller :

: [uss |

: pc S Servo- |

I FPGA : Outputs |

Power | S :
Supnl | erno-

I : Controller :

|

Figure 1: Active grid on left side, control electronics on right hand side
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Due to the very time-consuming and costly operation of the Refractive Index Matched
Tunnel, a first set of characterization tests were conducted in the wind tunnel of LSTM. As
the kinematic viscosity of air and the white oil used in RIMT are approximately the same, the
achievable turbulence Reynolds number Re, is very much the same. Because the cross
section of the test section of the wind tunnel is much larger than the cross sectional area of
the active grid, the active grid is mounted inside a specific closed test section insert which is
positioned in the open test section of the wind tunnel. The measurements were performed
using a DANTEC StreamLine constant temperature hot-wire system, the probe was mounted
on the computer controlled wind tunnel traversing unit which had access to the test section
insert through a slot in the top lid. A sketch of the set-up is shown in Figure 2.

U Traversing Unit

Active Grid —

Closed Testsection Insert

A\ A 4

Figure 2: Test set-up with test section insert in LSTM wind tunnel

The results of the measurements presented were acquired along the vertical symmetry
plane in the wake of the active grid. Statistical quantities of the fluctuating velocity such as
mean and rms values, correlation functions and spectra will be shown to characterize the
turbulence generated depending on the motion scheme of the paddles. In order to find
appropriate motion schemes to generate high turbulence Reynolds numbers and large scale
homogeneous turbulent flows different driving protocols of the servo motors were tested. As
large scales in turbulence means high correlation, an increase in correlation of the motion
scheme of neighbouring paddles shall result in an increase of the integral length scale.
Results and limitations of this approach will be presented.

References:
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Ausgangssituation : Experimentelle Untersuchungen von Transitionsvorgéngen in Hyper-
schall-Grenzschichten von stumpfen oder schlanken Korpern kénnen bei groRen Reynolds-
zahlen nur in sogenannten konventionellen Hochgeschwindigkeitskanalen durchgefihrt wer-
den, die kanaltypische Stérpegel der Stromung in der Messstrecke haben. Dieser Storpegel
beeinflusst die Transition laminar-turbulent, so dass in vielen Féllen ein anderer physikali-
scher Ablauf des Transitionsvorgangs und eine geringere laminare Lauflange der Grenz-
schichten am Modell im Vergleich zum Freiflug erwartet werden muss. Daher ist die Kennt-
nis Uber die Art und die raumliche Verteilung der Stérung der Zustromung im Windkanal
bedeutsam. Stérspektren setzen sich aus 3 unterschiedlichen Grundstérmoden zusammen
und hierbei dominieren die akustischen Stérungen fiir Hochgeschwindigkeitsanlagen [1].
Diese Stérungen werden vom Stromungslarm der turbulenten Grenzschicht der Kanaldiise
verursacht.

In einer Kooperation der TU Braunschweig mit der RWTH Aachen wurde bereits der Ver-
such unternommen, aus den Messdaten einer Kegelsonde und mit Hilfe von zugehdérigen
DNS-Simulationen der Wechselwirkungen von generischen Stérmoden mit der Sonde die
tatsachlichen Pegel der ungestérten Zustromgrolien im hypersonischen Windkanal HLB der
TU Braunschweig zu bestimmen. Das gelang nur mit Einschrankungen aufgrund der Ahn-
lichkeit der Ubertragungsprozesse, die initiale Entropiemoden und akustische Moden bis
zum Erreichen der Sensorposition erfahren [1].

Ziel und Ergebnisse: In der Fortfihrung dieses Vorhabens haben erste Berechnungen ge-
zeigt, dass Staupunktssonden ein signifikant besseres Antwortverhalten (response coeffi-
cient) von Schwankungen der Zustromung zu Schwankungen der beobachteten Gro3e an
der Sensorposition besitzen und somit eine eindeutige Zerlegung der Fluktuaktionsgrof3en

ermdglichen sollten.
L
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Bild1 : von links nach rechts : zyindrisch, runde und abgeschragte Frontkontur der Stausonde

Im nachsten Schritt wird die geometrische Form (s. Bild 1) des Sondenkopfes, in der die
Sensorik oberflachenbiindig sitzt, bewertet. Hierfur werden zunéchst numerische Simulatio-
nen der laminaren Stromung um den Sondenkopf herangezogen, die z.B. Ablésungen und
die Gleichférmigkeit des Drucks und des Warmeubergangs im Bereich des Sensors anzei-
gen. Fur die Bewertung sind auch die kurzlich veréffentlichten Arbeiten um Chaudhry et al
[2] sehr hilfreich, die anhand von mehreren untersuchten Stausondengeometrien zeigen,
dass die Antwort von Staupunktssonden auf akustische Wellen einen welligen Verlauf im
Spektrum aufweist und dass die lokalen Maxima des Druckspektrums an der Sensorposition
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durch Wechselwirkungen der akustischen Wellen mit der Kopfwelle des Sonde hevorgerufen

werden.

Mit neuen Messungen der Fluktuationen fiir Druck und Warmestromdichte mit 3 verschiede-
nen Sondenkdépfen fir variierende Einheits-Reynoldszahlen wird nun der Stérpegel von
akustischen Wellen und Entropiewellen genauer als zuvor bestimmt. Hierzu kommen dyna-
misch hochauflosende Warmestrom- und Drucksensoren (ALTP und PCB) zum Einsatz, s.
Bild 2. Zusatzlich werden mit einer Referenzsonde als Nachbau einer Stausonde des ame-
rkanischen Hyperschallkanals AEDC T9 vergleichbare Staumessungen durchgefihrt. In der
weiteren Auswertung werden diese Daten fir schmale Frequenzbénder gefiltert und mit den
Ergebnissen der DNS, den response coefficients, ausgewertet um daraus die Stérmoden
der Anstromung zu bestimmen. Weiterhin sind in den nachsten Monaten noch Hitzdraht-
messungen geplant, um die ggf. vorhandenen Vorticitystérungen in der Messstrecke des

Windkanals HLB zu detektieren.
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Bild 2 : Linke Spalte : dynamisches Verhalten der normierten Druckschwankungen (oben nach unten : zylin-
drisch, konisch, rund). Rechte Spalte : Dynamisches Verhalten der normierten Warmestromdichteschwankungen
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1. Introduction

In supersonic applications with high thermal loads, e. g., scramjet combustors, supersonic
film cooling through two-dimensional slots is a promising cooling concept for surface tempe-
rature reduction [1, 2, 3]. In those combustors, shocks occur that interfere with the cooling
film, which leads to a locally reduced cooling effectiveness.

The scope of this study is to analyze the effect of the impingement position of an oblique
shock impinging upon a supersonic cooling film flow by means of high-speed particle-image
velocimetry (PIV). The cooling film is injected tangentially to the main flow with an injection
Mach number of Ma; = 1.8 through a two-dimensional slot nozzle into a supersonic turbulent
boundary layer at a freestream Mach number of Ma,, = 2.45. An oblique shock generated by
a 5° flow deflection impinges upon the cooling film. In this study, the flow field is analyed in
detail for two impingement positions, namely 15 nozzle heights and 37 nozzle heights
downstream of the injection point using high-speed 2C/2D PIV measurements. The compara-
tive analysis comprises the mean flow fields as well as turbulence statistics.

2. Experimental setup

The experiments have been conducted in the trisonic wind tunnel of RWTH Aachen Universi-
ty. This wind tunnel is an intermittent working vacuum storage tunnel that is able to provide
flows at Mach numbers reaching from 0.3 to 4.0 which are stable up to 3 seconds. The unit
Reynolds number varies between 6-10° and 16-10° m~! depending on the Mach number
and the ambient conditions.

a) b)

Fig. 1. Dimensions of the wind tunnel model and its location in the test section (a) and cross section of
the slot nozzle (b)

The model, mainly made of aluminum, spans across the entire 400 mm x 400 mm test sec-
tion of the wind tunnel, has an overall length of 960 mm, and possesses a thickness of 20
mm. The dimensions of the model and its position in the test section are sketched in figure
1a. The incoming flow is tripped by a 0.2 mm thick zigzag tape 10 mm downstream of the
wedge-shaped leading edge to ensure a uniform turbulent boundary layer at the position of
injection. The cooling flow is injected 560 mm downstream of the leading edge through a 200
mm wide, centered slot nozzle and develops on a 400 mm long flat plate. The nozzle is de-
signed as a symmetric, bell-shaped nozzle with an exit height of S = 4 mm and a lip thick-
ness of 1 mm (Fig. 1b). The oblique shock is generated by a 5° wedge spanning the entire
test section. The expansion fan emanating from the shock generator reaches the model 120
mm downstream of the shock impingement location.

48 STAB


mailto:p.marquardt@aia.rwth-aachen.de

The PIV setup consists of a Quantronix Darwin Duo laser (627-40-M) and a Photron Fastcam
SA5 which are synchronized by an ILA synchronizer. In the current setup, the PIV system
records 1000 samples per second with a resolution of 1024 x 1024 px®. The light sheet en-
ters the test section through a window in the ceiling of the test section and is oriented vertical
and parallel to the flow on the centerline of the model, as sketched in figure 1a. The camera
is equipped with a 180 mm Tamron tele macro lens to realize a field of view of 20 mm x 20
mm in the measurement plane. The main flow as well as the cooling flow are seeded with
DEHS particles. The effective mean diameter of the particles is d,, = 1.2 um and the corres-
ponding relaxation time is 7, = 7.1 us.

Each measurement consists of 1000 snapshots recorded over 1 s. After subtraction of a
background image, the particle images are preprocessed using a non-linear Gaussian blur
working in the logarithmic scale to reduce camera noise. The image evaluation uses an itera-
tive correlation scheme with subpixel-accurate image deformation. The window size used for
PIV evaluation is 48 x 48 px® with 75% overlap. Outliers in the vector field are determined
using a normalized median test.

3. Results

The freestream Mach number is Ma,, = 2.45, with air being injected at an injection Mach
number of Ma; = 1.8. The total temperature of both the freestream and the cooling flow va-
ries between 290 K and 295 K and depends on the ambient conditions. The unit Reynolds
number is 10 - 10° m™1 leading to a thickness of the boundary layer developing on the model
of 699 = 8 mm at the point of injection.

Hmp _ 15 v m2/s?)
S

X;
l;np — 37 u"U’ [mZ/SZ]

Fig. 2. Contours of the Reynols stress u'v’ in the model centerplane. Results of several test runs with
different streamwise measurement position. Shock impingement at x/S = 15 (top); shock impinge-
ment at x/S = 37 (bottom).

The distributions of the Reynolds stress u'v’ for the cases with shock impingement at
x/S = 15 (top) and x/S = 37 (bottom) are presented in figure 2. In both cases, the Reynolds
stress is greatly increased by the shock interaction. In the case with the shock interaction
closer to the nozzle, the increase in u’v’ is more pronounced in the shear layer, whereas in
the case with the shock impingement further downstream, the turbulent mixing is more in-
tense in the boundary layer on the bottom wall. In the final paper, the shock/cooling-film inte-
raction will be discussed in detail. The analysis will comprise the mean velocity distributions
as well as turbulence statistics at various positions downstream of the cooling film injection.
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The precise experimental determination of the heat loads acting on vehicles traveling
at hypersonic speeds is crucial for the design of the vehicle’s thermal protection sys-
tem (Bertin and Cummings, 2006). Computational fluid dynamics methods provide
increasingly powerful possibilities for the simulation of such hypersonic configura-
tions. Nevertheless, the difficulties in the accurate modeling of high-temperature ef-
fects in chemically reacting flows, boundary-layer transition and shock-
wave/boundary-layer interactions, mean that ground-based testing will remain an
important tool for evaluating the heating levels encountered by high-speed vehicles
for the foreseeable future. Conventional heat-flux sensors, such as thin-film gauges
and thermocouples, have been employed successfully in hypersonic wind tunnels in
general and also in the High Enthalpy Shock Tunnel Géttingen (HEG) for a few de-
cades (Schultz and Jones (1973)). Such gauges are limited in terms of the spatial
resolution they provide and occasionally geometrical constraints may prevent the
installation in complex model geometries. An attractive nonintrusive alternative, pro-
viding global heat-transfer measurements at potentially much lower costs and efforts,
is the use of temperature sensitive paints, TSP.
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Figure: Schematics of the TSP measurement technique.

A TSP consists of a luminescent molecule, the luminophore, dissolved in a suitable
binder and applied to the surface of the body to be inspected. When illuminated with
light at appropriate wavelengths, the intensity of the emitted light of the color is reci-
procal dependent on the mean temperature of the luminophores in the TSP layer.
Thus, the emission intensity recorded by an imaging device can be related to the
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temperature at any visualized location on the surface during an experiment in HEG.
The heat transfer rate can subsequently be determined from the time evolution of the
temperatures on the surface.
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Figure: Schematics of the TSP calibration appartus.
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The paper will describe the development and deployment process of TSP in HEG.
Special care has been taken to bring the technique up to recording frequencies to
the ranges needed to derive time resolved heat fluxes within a few milliseconds of
test time in HEG. Among a lot of matters considerd, e.g. linearity, repeatability, accu-
racy, the degradation of the TSP layers with time has been measured and quantified.
The paper will demonstrate the feasibility of usage of this measurement technique by
discussing various applications in HEG.
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1 Introduction

In the 80s and 90s, Bippes et al. performed comprehensive experiments on crossflow-induced
laminar-turbulent transition mostly using an experimental setup consisting of a swept flat plate
with a displacement body arranged above [I]. The displacement body imposed a pressure
gradient on the plate surface with a constant acceleration along most of the chord length. Saric
et al. showed that artificial excitation of a stationary crossflow instability with a wavelength
smaller than the naturally most amplified can delay transition [3]. This transition control
strategy has been comprehensively studied using Direct Numerical Simulation at the University
of Stuttgart where it has been named “upstream flow deformation” (UFD) [4]. In order to
reestablish a setup suitable for detailed studies on crossflow-dominated transition and its control,
a new swept flat-plate experiment has been designed, constructed and tested at DLR Gottingen.

2 Goals and Design

The original design of Bippes et al. offered some key advantages over comparable experiments.
The choice of a flat surface over a curved wing greatly facilitates boundary layer measurements
while surface curvature effects could be neglected in numerical treatment. The experiment also
offered a good approximation of infinite swept-wing conditions. However, for the study of the
UFD method, a new pressure distribution with varying degrees of acceleration over the length
of the plate chord was needed. A strong acceleration in the first 20% and a weaker acceleration
further downstream cause stationary crossflow instabilities with a wavelength smaller than the
integrally most amplified instability mode to be amplified stronger initially than the latter.
This means that even for weak actuation, instabilities at these smaller wavelengths reach locally
higher amplitudes compared to the integrally most amplified ones. This enables the nonlinear
effects of UFD and ultimately the desired transition delay. In order to design a displacement
body which imposes a suitable pressure distribution on the plate surface, an inverse design
method was used. The resulting pressure distribution is shown in comparison to the original
Bippes et al. experiment in Fig. 1(b) and the resulting shape can be seen in a cross-section
of the new setup in Fig. 1(a). This design process was accompanied by local stability (LST)
analyses in order to ensure the desired instability conditions. At us, = 30m/s, Ma = 0.087,
Re = 1.54-10° (based on the plate chord length in the direction of the oncoming freestream) the
most amplified stationary crossflow instabilities have a wavelength of A = 9mm, and laminar-
turbulent transition is expected on the upper side of the plate.

3 Results

The experimentally determined pressure distribution is in good agreement with the numerical
design and can be seen in Fig. 1(b). Using a smoke generator, the flow around the setup
was visualized and it was verified that no unexpected flow separation occurs. Using hot-wire
anemometry the infinite swept wing conditions were verified and the flow field in the plate’s
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Figure 1: (a): Cross-section of the new experimental setup, (b): pressure distribution compared
to the idealized pressure distribution in experiments of Bippes et al., (¢): 3D boundary-layer
visualization of the mean streamwise velocity component with visible deformation by station-
ary crossflow vortices, (d): Development of the integrally most amplified stationary crossflow
instability amplitudes and onset of transition as sudden rise in high-frequency disturbance am-
plitudes

upper surface boundary layer was investigated comprehensively. Especially the development
of stationary and travelling crossflow instabilities, as well as the appearance of high-frequency
secondary instabilities have been investigated in detail for the new setup, see Fig. 1(c) and
Fig. 1(d). The newly designed swept flat-plate experiment offers a platform for pursuing new
research ideas in crossflow-induced laminar-turbulent transition. First experiments on transi-
tion delay using active flow control methods with pneumatic actuation and plasma actuators
were conducted within the LuFo IV-4 project AKSA in cooperation with TU Berlin and TU
Darmstadt, the results of which will be presented separately (see e.g. [2]).
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Large vortex flow structures are typical for high maneuverable aircraft configurations with
high sweep angle and low aspect ratio (e. g. delta wings). Starting from the leading edge the
flow around this type of wing separates even at moderate incidence angles resulting in a free
shear layer which rolls up into a large scale vortex. This flow structure produces high suction
peaks over the wing, responsible for a nonlinear increase in lift compared to attached flow.
Therefore wings with leading-edge vortices generally achieve higher maximal angles of at-
tack. Due to the unsteady nature of these vortical structures, instabilities with non-linear in-
teraction occur over a broad frequency spectrum. Vortex breakdown is a phenomenon of
great importance. It causes undesired effects such as structural excitation and loss of flight
stability thus limiting the flight envelope. In the post-stall flight regime the flow completely
detaches from the suction side and generates a sudden lift drop. The active manipulation of
the separating shear layer at the leading edge is of great interest in increasing the aerody-
namic performance of delta wing configurations and extending the flight envelope. This study
focuses on the vortex flow control through pulsed blowing and oscillating miniature flaps
along the sharp leading edge of a slender, 65° swept generic half wing model. Wind tunnel
investigations as well as time accurate CFD simulations demonstrate the receptivity of vortex
breakdown and shear layer roll-up to actuation at moderate to high angles of attack.

The above mentioned investigations comprise experiments with two half wing models in a
low speed wind tunnel. The models represent the geometry of the Vortex Flow Experiment 2
configuration (VFE-2). The wing measures a chord root of ¢, = 0.977 m, a half span of s =
0.456 m and a thickness of & = 0.033 m, resulting in an aspect ratio of A = 1.867. Two ac-
tuation systems are integrated in each leading edge. Both wind tunnel models generate at
the formation of the shear layer unsteady flow disturbances in a mechanical and pneumatic
manner: by flap excitation from two segments and by dynamic blowing through three seg-
ments with evenly arranged air slots respectively (see Figure 1). The measurement tech-
nigues consist of force balance measurements, hot wire anemometry, surface pressure
monitoring and stereo particle image velocimetry. Figure 2 compares the measured lift and
rolling moment coefficients of both configurations with the best typical actuation frequency.
For the configuration with the blowing slots a dimensionless frequency of F* = 1.0 was se-
lected, whereas the flaps oscillate at F* = 2.7. The first mechanism injects additional momen-
tum into the outer flow, thus achieving greater lift increase in the post-stall flight regime.
Greater rolling moments are also resulting, which is important for flight control and stability at
this extreme flight conditions. By exciting the shear layer through the miniature flaps the typi-
cal post-stall lift drop between 42° and 43° is shifted by Aa = 1° towards higher angles. In
the rolling-moment coefficient plot no significant change is depicted.

The PIV measurements show good agreement with the aerodynamic loads. The three di-
mensional averaged velocity field around the wing is reconstructed in Figure 3 and com-
pared to selected URANS-SAS results for an angle of attack of a = 45°. The unsteady blow-
ing reattaches the separated flow as suggested by the spiraling of the streamlines and re-
duces the backflow region. Thus a vortex-like structure producing additional suction on the
upper side is generated. CFD simulations on the same configuration with and without pulsed
blowing shows good agreement with the experiments.
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Introduction

Flows subject to rotating geometries are encountered in a great number of aeronautical
applications (e.g. propellers, rotors, wind turbines, helicopter blades, etc.). However the ef-
fects of rotation on the stability of boundary layers are still only partially understood. It is well-
known that the laminar-turbulent transition is postponed for propellers and wind turbines in
comparison with a non-rotating configuration [1,2]. A physical interpretation is that the radial
velocity component generated through the centrifugal force leads to an azimuthal Coriolis
force, which acts as a negative pressure gradient and thus stabilizes the boundary layer.
The main consequence is a delayed separation on the suction side.

The present work aims at contributing to a better understanding of the effect of rotation
on the stability properties of boundary layers. For this purpose, the Parabolized-Stability-
Equations based NOLOT code [3] was extended to rotating reference frames through the
inclusion of the centrifugal and Coriolis forces. Stability analyses of two flow configurations
were then considered for verification: the rotating Blasius profile and the Gortler instability. A
third flow configuration, which is currently studied, is the three-dimensional flow due to a ro-
tating disk. This last configuration is intrinsically more similar to a rotating propeller and is
more challenging than the two other test cases.

Test cases

The first considered flow configuration is the standard Blasius profile for boundary layers
on which a rotation is applied along the spanwise direction (see Fig. 1). The dimensionless
inviscid instability criterion of the rotating shear flow is Ro du/dxs>1 where Ro=u./2Q0 is the
Rossby number. This means that a negative rotation vector tends to destabilize the flow and
inversely for a positive rotation number. This artificial flow configuration was thoroughly stud-
ied by Yecko and Rossy [4]. Local parallel stability computations are performed in this case.

The second flow configuration is the Gortler instability subject to spanwise rotation. The
basic flow is identical to the previous case except that streamwise curvature is now included.
The most unstable mode appears as steady longitudinally elongated vortices. Rotation in the
same direction as the flow stabilizes the flow and inversely for a rotation opposed to the flow.
Local parallel and non-parallel stability computations are performed in this case.

Results

Figure 1 shows the neutral curves for the rotating Blasius profile for different values of the
Rossby number. A perfect matching is observed with the numerical results of [4]. One sees
that rotation affects only marginally the modified Tollmien-Schlichting (TS) instability. A more
pronounced effect is observed at high spanwise wavenumbers with the appearance of a new
kind of instability at low streamwise wavenumbers. This new instability is characterized by
much higher growth rates than the TS instability.

Figure 2 shows the neutral curves for the Gortler instability for different values of the rota-
tion number N=QR/ u... At high spanwise wavenumbers, a perfect matching is observed with
the local non-parallel results of Zebib et al. [5] (with rotation) and Floryan et al. [6] (without
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rotation). As expected, a stabilization is observed when the rotation is in the same direction
as the flow and inversely for a rotation opposed to the flow.
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Fig. 1: Geometry (left) and neutral curves (right) for the rotating Blasius profile. Because of the
use of different reference length, the Rossby number Ro had to be adjusted in order to match
the numerical results of Yecko and Rossy [4] (dots).
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Reentry capsules are equipped with ablative Thermal Protection Systems (TPS) to
protect and insulate the vehicle. Since turbulent heat-transfer rates at the wall can be
much higher than laminar ones, the prediction of the laminar-turbulent transition of
the boundary layer on the capsule surface is a crucial issue in the realisation of the
TPS. Although the flow on the wind-ward side of the capsule is laminar in the first
phase of typical return paths, with transition moving from back to front with decreas-
ing altitude, uncertainties on predicting hypersonic transition and the lack of transition
criteria have so far constrained the design of the TPS to be based on a fully turbulent
flow.

Transition on a reentry capsule with laminar ablated TPS is largely affected by the
surface roughness, as classical, linear instabilities are absent for the strongly accel-
erated boundary layer. Even though extensive experimental investigations have been
conducted on capsule models with distributed roughness, further numerical investiga-
tions based on new computational methods are still needed [1]. Direct Numerical
Simulations (DNS) represent a valuable investigation tool as wind-tunnel experiments
at reentry conditions matching all relevant dimensionless parameters including the
Damkaohler number are extremely difficult.

The presented work is part of a joint effort to investigate laminar-turbulent transi-
tion on a generic Apollo capsule geometry and focuses on the influence of the high-
temperature effects, such as molecular dissociation and thermal non-equilibrium, on
the high-enthalpy boundary layer of the capsule under reentry conditions. By means
of the finite-volume code NSMB, DNS are performed for a three-dimensional geome-
try (capsule at 24° angle of attack) for both the smooth and the rough wall geometry.
The gradual inclusion of chemical reactions and non-equilibrium will show the influ-
ence of the gas modelling on the stability of linear perturbations in the case of
smooth geometry as well as on the steady disturbances developing in the presence
of roughnesses.

Parallel DNS are performed on a grid including the shock ahead of the capsule
(Fig. 1a). Results from these simulations are used to generate inflow profiles for a
more refined, restricted domain for the boundary-layer flow on the wind-ward side of
the capsule. On the restricted domain, a 4th-order central discretisation scheme is
used on a grid consisting of more than 50 millions points. With regard to reentry mis-
sions, a realistic scenario at Ma = 20 at an altitude of H = 57.7 km has been chosen.
The roughness patch is modelled modulating the capsule wall with a superposition of
sinusoidal functions with different wavelengths and quasi-random phase and ampli-
tude.
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To validate the method used to generate the base flows, a comparison between
experimental data and numerical results at wind-tunnel conditions are presented for
both cold and high-temperature flows.

In the case of a smooth wall, flow profiles under reentry conditions have been an-
alysed by means of Linear Stability Analysis. As a consequence of the strong accel-
eration of the boundary layer, the base flow was found to be stable with regard to lin-
ear perturbations. However, the analysis revealed that the incorporation of dissocia-
tion as well as of chemical non-equilibrium significantly reduces the damping rate of
the stable modes.

In the case of a rough wall, a simulation database of boundary-layer flows has
been generated, including various roughness parameter (e.g. roughness average,
roughness-based Reynolds number) and different gas models (ideal gas, chemical/
thermal equilibrium as well as non-equilibrium). The development of the steady dis-
turbance downstream of the roughness patch (Fig. 1b), which is a starting point for
stability investigations, is analysed and compared.

Figure 1: (a) Capsule with roughness patch and schematic representation of the re-
stricted computational domain;, symmetry plane coloured by the value of the Mach
number (wind-tunnel conditions); (b) vorticity disturbance downstream of the rough-
ness patch.
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Hintergrund

Aeroelastische Probleme beinhalten in der Regel ein Zusammenspiel aus Tragheits-, aerodynami-
schen und elastischen Kraften. Fiir die Behandlung aeroelastischer Fragestellungen ist daher eine
Modellierung eben dieser Krafte notwendig, um auftretende Effekte hinreichend genau abzubilden.
Die vorliegende Mitteilung behandelt den Effekt der Grenzschichttransition auf die aerodynamischen
Krafte im Rahmen der numerischen Stréomungsberechnung mittels Reynolds-gemittelten Navier-
Stokes-Gleichungen. Laminare Grenzschichtstromungen haben einen erheblichen Einfluss auf die
aerodynamischen Krafte, das Abldseverhalten der Grenzschicht und StoBsysteme, die an Profilen
und Tragfliigeln auftreten. Aus diesem Grund werden valide und robuste Modelle zur Transitionsbe-
stimmung im Bereich der Aeroelastik benétigt.

Zielsetzung

In Bereich hoher Reynolds- und Machzahlen und niedrigen Turbulenzgraden liefern bisherige Korre-
lationsmodelle unbefriedigende Ergebnisse. Ziel der Arbeit ist eine valide Transitionsbestimmung fur
die genannten Randbedingungen zu ermdglichen. Hierbei soll das Modell mit modernen CFD-Codes
kompatibel sein und nur geringe Vorgaben von Nutzerseite benétigen.

Losungsansatz

Ein Transitionsmodell wird vorgeschlagen, das auf dem existierenden -Re, Transitionsmodell [1]
aufbaut, dieses vereinfacht und speziell fiir externe Aerodynamikanwendungen erweitert. Das +-Rey
Transitionsmodell wird auf die Transportgleichung fiir die Intermittenz-Variable ~ reduziert:

dpy | IpUpy d vy
—_— =P, —-FE 4+ — — 1
o " an DT BTy |ty 1)
Der Produktionsterm P, und der Destruktionsterm E., sind gegeniiber dem ~-Rey Transitionsmodell
modifiziert und das Transitionskriterium wird neu bestimmt. Dieses hdngt vom Turbulenzgrad 7 der

freien Stromung und dem Beschleunigungsparameter K ab:

Reg; = = f(r, K). (2)

Hierbei wird der Turbulenzgrad vom Anwender vorgegeben und K direkt in der Grenzschicht be-
rechnet. Das Transitionskriterium geniigt daher einer algebraischen Gleichung und die Rey; Trans-
portgleichung entféllt. Das neue Modell wird in Anlehnung an das ~-Rey Transitionsmodell als
Transitionsmodell bezeichnet.
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Ergebnisse

Es werden mit dem kalibrierten Modell berechnete Profilumstréomungen bis zu Reynoldszahlen Re =
50,0 - 10 und Machzahlen Ma = 0,825 prasentiert. Dabei zeigt sich, dass befriedigende Ergebnisse
im Hinblick auf Reynoldszahl-Effekte erzielt werden. Im Fall von transsonischen Strémungen wird
das Ergebnis der Transitionsbestimmung durch die Eigenschaften des zugrundeliegenden Turbulenz-
modells im Bezug auf Ablésungen und StoBlagen beeinflusst.

Abbildung 1 zeigt die Auftriebs- und Widerstandspolare eines modifizierten NLF(2)-0415—Profils
bei Re = 15,0 - 10° und Ma = 0,38. Die e”-Methode und das « Transitionsmodell sagen eine
Laminardelle voraus, die vom ~+-Rey Transitionsmodell nicht berechnet wird. Die Bestimmung der
Laminardelle und die Anderung der aerodynamischen Beiwerte beim Ubergang aus oder in die La-
minardelle ist fiir aeroelastische Fragestellungen von groBer Bedeutung, da die Luftkraftderivative
EingangsgroBen fiir Flatterberechnungen sind.

1,0 T T T T T T T T T T
e—e  SST k—w Modell | : : : :
o—0 'y Modell | o |
M= Y Re Modell T [
A—4 eV Methode :
0,6 f— i SR Y AR e - - 3
3 |
© !
S N T I
) SEU P R N ‘
‘ ‘ ‘ ‘ ‘ : {
. Q
: ‘G :
0,0 I I I I I | I
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o/ deg Cu
Abbildung 1: NLF(2)-0415M: Auftriebs- und Widerstandspolare.
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Within the framework of the German Collaborative Research Centre “SFB 1029”, dynamically forced
impingement cooling is investigated experimentally. This will provide a contribution to compensate the critical
effects of a turbine inlet temperature increase induced by innovative combustion concepts. The present study
describes experimental investigations regarding dynamically forced heat transfer between a flat surface and an
array of up to 7 by 7 circular impingement jets. Fast switching solenoid valves are used to periodically pulse each
cooling jet separately by changing frequency, duty cycle and phasing. Depending on the excitation parameters,
strong ring vortices can be generated around each single jet. Thereby, the maximum velocity within the core
zone of each single jet can be extremely increased. Simultaneously, the vorticity is increased, which induces
higher local and temporal wall shear stress after impinging on the wall and thus enhanced convective heat
transfer as well. Considering a multi nozzle arrangement, the vortex structures of each impingement jet will
interfere with the adjacent ones, which strongly influences convective heat transfer.

Liquid crystal thermography (LCT) is employed to determine the distribution of the Nusselt number in the
impingement area under steady state and dynamically forced flow conditions. The LCT foil is of type Hallcrest
“TKTLCR25C5WM” and has an adhesive backing, which is used to attach it to a thin steel foil. The unaffected side
of the steel foil is directed to the impingement jets. The visible side of the LCT foil is placed on a transparent,
even glass plate, which is used as an impingement plate. In order to fix the LCT assembly on the glass plate, the
edges are sealed and the trapped air is sucked out by a vacuum pump, thus creating a vacuum and pressing the
laminate together. The steel foil is connected to a power source and can be heated by controlling the electrical
current. Simultaneously, each impinging jet is cooling the steel foil, which affects a wall heat flux. Depending on
the resulting local wall temperatures, the liquid crystals reflect specific wave lengths originating from a light
source through the glass plate back to a color camera. These wave lengths are read out from the camera sensor
as RGB values. In a post process, these RGB values will be converted in values of Hue, saturation and intensity.
In order to complete this temperature measurement technique, both a geometrical and a color calibration are
necessary for dewarping and allocating the real quasi wall temperatures.

In order to achieve a better physical insight, a time resolved PIV measurement system is used to achieve the two-
dimensional velocity flow field. DEHS-droplets, each with a diameter of about 1um, are used as tracer particles
and are produced by a seeding generator, which is integrated in the compressed air supply of the corresponding
impingement jets. Two pulses of high energy laser light with a wavelength of 527nm are used in order to visualize
the DEHS-tracer particles. Therefore, a ND:YLF double pulse laser Quantronix Darwin-Duo-PIV-80 is employed,
which allows a maximum repetition rate of the laser pulses of 10kHz. The pulse energy depends on the repetition
rate and varies between 15mJ and 30mJ. Two high speed cameras of the type Photron APX RS are arranged
stereoscopically to capture the laser light scattered by the DEHS-droplets. In this case, the determination of all
three velocity components in the analyzed two dimensional layer is possible. The cameras are equipped with a
CMOS-sensor, which allows a maximum frame rate of 3 kHz at full resolution of 1024px by 1024px. Thereby 2048
single images can be buffered on the internal memory. Based on these specifications, 1024 double images at a
frame rate of 1.5 kHz can be captured. Case by case, the spatial resolution is reduced to 640px by 480px in order
to achieve a higher frame rate of 8 kHz and thus a higher temporal resolution.

In the present experimental study, detailed heat transfer investigations have been performed at a Reynolds
number of Rep = 8000. Thereby, the effect of impingement distance and pulse frequency on the local heat
transfer is analyzed in more detail. The results show a significant potential in heat transfer enhancements due to
the dynamic forcing. Using the most effective pulse parameter, the percentage rise of the local Nusselt number
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is up to 50%, compared to corresponding steady state blowing case. Generally, the convective heat transfer rises
with decreasing impingement distances.

Fig. 1: Experimental Setup.

Furthermore, the results show that pulsed blowing at an impingement distance of z/D = 5 is capable to
outperform the Nusselt number profile for z/D=1 determined under steady state blowing conditions. The most
efficient combination of pulse parameters is found at a Strouhal number of Srp = 0.12, which corresponds to a
pulse frequency of f=100Hz, and an amplitude of AMP = 0.8. These values are valid for the employed actuator
system. Accompanying PIV measurements clarify the impact of dynamic forcing on the local flow field. Per pulse
cycle a sequence of several toroidal vortices can be generated that are capable to reach and to interact directly
with the impingement plate. Thereby, on time average the level of velocity and vorticity close to the wall is
increased compared to the steady blowing case, which is the main reason for the increase in time averaged
Nusselt numbers.

Fig. 2: Vorticity distribution of interacting impingement jets.
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Introduction

Laminar—turbulent transition in three-dimensional boundary layers is often caused by statio-
nary or travelling crossflow instabilities. At low turbulence levels, as in free flight, stationary
crossflow vortices usually dominate in amplitude because they are promoted by surface rough-
ness. Further downstream those stationary crossflow vortices reach rather high amplitudes and
thus tend to saturate in amplitude. High—frequency secondary instability modes that final-
ly trigger laminar—turbulent breakdown probably are introduced directly into the disturbed
boundary layer by environmental disturbances via a yet unknown receptivity mechanism in
this case. In some previous work this transition scenario was therefore studied by successive
application of two different numerical methods. In a first step the nonlinear development of
the stationary crossflow vortices and their subsequent saturation in amplitude was either si-
mulated by PSE (e.g. in [1],[2]) or the saturation stage was directly modelled by nonlinear
equilibrium solutions [3]. The resulting steady flow was then used as input for a subsequent
linear secondary instability analysis based on Floquet theory or a more general 2D eigenvalue
problem formulation.

Numerical approach

In contrast to previous literature the numerical approach used here makes use of a bi-
directional coupling of a nonlinear PSE code (the DLR/FOI NOLOT code) with a secondary
instability analysis code based on Floquet theory (see [3] for details about the latter code).
The NOLOT/PSE code provides the primarily disturbed mean flow needed as input for a
secondary instability analysis as described above. However, selected secondary eigenmodes
computed with the secondary instability analysis code then are imported back into the non-
linear PSE computations and used there as initial conditions for subsequent studies on linear
and nonlinear development of the secondary instability modes further downstream. Thereby,
both the effects of flow non—parallelism on the secondary instability growth and the nonlinear
stages of secondary instability development are covered. Hence, the feedback of the finite-
amplitude secondary instability modes on the stationary crossflow vortices during the later
stages of crossflow-dominated laminar-turbulent transition is also modelled by the present
approach, i.e. stages where the usual classification into primary and secondary disturbances
is no longer justified.

Results

The new approach has been tested for the setup of the DLR swept—flat plate experiment.
Stationary crossflow vortices of fundamental spanwise wavelength were initialized at a chord
position z./c = 0.04, represented by Fourier mode (0,1) in the nonlinear PSE computations.
Slightly further downstream the stationary crossflow vortex mode starts to be amplified and
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Figure 1: a) PSE results showing the nonlinear development of stationary crossflow vortices
represented by modes (0,n), the linear and nonlinear growth of a high-frequency secondary
instability (modes (1,n)) and its first higher harmonic (modes (2,n)). b) RMS isocontours of
the wu,-velocity component of the high-frequency secondary instability in a wall-normal plane
at chord position z./c = 0.85 plotted on top of the isolines (dashed) of the time-averaged
velocity component in z,-direction. The x,-direction is locally aligned with the direction of
the primary stationary crossflow vortex axis.

as its amplitude increases successively higher harmonics (0,n) are generated nonlinearly (Fig.
1a). Due to these modes, regions of high shear develop in the mean flow which support the
growth of high—frequency secondary instabilities. A low-amplitude high—frequency secondary
instability was added to the PSE computation at x./c ~ 0.70 (Fig. 1a). This secondary mode
develops into the structure shown in Fig. 1b and nonlinearly generates higher harmonics.
The subsequent nonlinear disturbance development could be studied up to the stages where
the feedback of the finite—amplitude secondary instability modes on the stationary crossflow
vortices is no longer negligible (Fig. 1a). At those stages of laminar-turbulent transition the
skin-friction coefficient starts to deviate from that due to the mean flow distortion caused by
the stationary crossflow modes alone. This could be used as a criterion for imminent laminar—
turbulent transition within the saturation region of the stationary crossflow modes, which
was lacking in any nonlinear PSE analysis of crossflow—dominated transition until now.
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A novel approach for flow manipulation to reduce the frictional losses of turbulent flow
zones is presented: flow manipulation by focused acoustic waves. Focused acoustic
waves are well known and can be used to levitate small objects. This effect is called
acoustic levitation and was first described in 1933 [1]. It can also be used as a trap
for cold gases, revealing visual patterns in the shape of a fir tree. This was shown by
R. Tuckermann and S. Bauerecker at a frequency of 40 kHz [2]. Acoustic levitation is
possible when a standing wave with very high sound pressure (>120 dB) is
generated by a setup of a transducer and a reflector in a distance of n - A/2.
Alternatively, one or more arrays of acoustic transducers can be used, focusing in
one point to highly increase the sound pressure (shown by Y. Ochiai et al. [3]). With
this method it is even possible to create three-dimensional standing waves.

This principle can also be used for flow manipulation. The underlying idea is that the
standing waves are like "virtual riblets”, which can lead to a reduction of turbulent
friction analogous to a shark skin. Figure 1 shows the influence of a standing wave
on a hot convective current generated by a halogen bulb with 50 W. This effect is
visualized by the background-oriented schlieren method (BOS) [4]. In direct
comparison it can be seen that by the influence of the standing wave the hot gas is
streaming in expanded and lamellar form. For additional visualization, levitating
polystyrene balls were placed in the acoustic nodes (black points).

Our intention is to use this approach for drag reduction on airplanes. For this purpose
a planar actuator incorporating an array of ultrasound transducers is required that
can be fully integrated into the surface of an airfoil. Figure 2 shows a schematic
diagram of the planned actuator with an array of 5x5 single transducers operating at
a frequency of 40 kHz. Driving the transducers in a phase shifted mode generates a
focus zone in the center which alternates into the plus and minus sound pressure like
an antinode. By building a cluster of several arrays and driving the actuators pair
wise with a phase-shift of 180° generates a “virtual standing wave” with only planar
actuators.

The sound patterns can be adjusted continuously by adapting the phase and the
frequency of the individual transducers, which can be implemented in a closed loop
control system, including appropriate sensors. This opens up the future prospect to
control and reduce the turbulent drag significantly.
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Figure 1: BOS visualization of hot streaming generated by a halogen bulb. Left:
uninfluenced, right: influenced by a standing wave.

Figure 2: Left: Drawing of the planned planar transducer with 5x5 single ultrasonic
transducer. Right: Simulated sound field (pressure distribution) of an array (5x5) of
planar transducers operating at 40 kHz. A phased array operation generates a focus
in the center.
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Abstract:

Hybrid Laminar Flow Control (HLFC) is one of various promising future aircraft appli-
cations intended to reduce drag and hence also fuel consumption. Airbus investigat-
ed laminar flow control technology in previous decades with active suction at the
leading edge of the vertical tail plane (VTP). These previous investigations lead to
several flight test campaigns. The most important projects were ELFIN, ELFIN I,
A320 HLF fin ([1] and [2]), HYLTEC and ALTTA [3], where the focus was mainly on
suction of the wing or VTP leading edge region to keep the flow laminar.

Recent HLFC approaches concern not only laminar flow control but also system de-
tails such as internal compartment shape and air outlet design. One possible tech-
nical solution involves passively driving the system through suction at an air outlet.
The current CFD investigation is intended to aid the definition of a robust system so-
lution that will be implemented on a flight test aircraft in upcoming years. Here, HLFC
will be applied at a specified VTP section.

Figure 1: Vertical Talil Plne with Ioer air outlet location to passively drive HLFC

This CFD investigation was carried out on a typical passenger aircraft. Variations of
outlet size, shape, opening angle and location were investigated. A detailed analysis
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of typical cruise flight conditions, i.e. variations of Mach number, flight level, AoA and
sideslip angle, was performed.

The focus of this investigation is the aerodynamic performance of the outlet; laminar
flow control is not included in the CFD simulations.

The DLR-TAU RANS solver was used for this investigation. A sensitivity study was
first performed with application of different turbulence models. Finally the Menter-
SST (Shear Stress Transport) turbulence model was chosen for all subsequent com-
putations. This two-equation eddy-viscosity turbulence model is very robust and gives
reasonable physical outcomes. Additionally this turbulence model is also commonly
used and has been validated for other air intake and air outlet applications.

The main results of the investigation were the achieved suction pressures and hence
the mass flows driven through the system. There were large differences in system
efficiency depending upon the outlet location and shape. A system mass flow re-
quirement in order to apply HLFC at a specified VTP section was fulfilled by all three
investigated air outlet locations: at the VTP tip, at a middle location and at a close-to-
root location. However, the aerodynamic performance of these air outlets was very
different. The locations at the VTP tip and mid-VTP required large outlet areas and /
or large flap opening angles. This generated high aerodynamic drag. The lower VTP
location was found to be the most promising compromise with respect to the
achieved suction pressures and associated aerodynamic drag.
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Zusammenfassung

Nach dem Umbau des DNW-NWB zum turbulenzarmen Akustikkanal bietet sich dieser
Windkanal fur experimentelle Untersuchungen mit freier Transition im Niedergeschwindig-
keitsbereich besonders an. Durch die Verbesserung der Stromungsqualitat sind jedoch altere
Angaben zu kritischen N-Faktoren fur den NWB Uberholt und bedurfen der neuerlichen Be-
stimmung anhand von Validierungsexperimenten. Kipper & Rohhardt [1] zeigten bereits an
einem 2D-Profil, das im NWB flur Tollmien-Schlichting Instabilitat kritische Werte von Ntsgit =
11.8 erzielt werden kénnen. Mit Hilfe eines weiteren Transitionsexperiments soll nun der kri-
tische N-Faktor fur Querstromungsinstabilitat Ncgerit bestimmt werden.

Als geeignetes und verfligbares Modell fiir Experimente mit Transition durch Querstrémungs-
instabilitdt wurde das Sichelfligelmodell der TU-Braunschweig ausgewahlt [2]. Das Modell ist
durch seine, in drei Segmenten spannweitig veranderliche Pfeilung charakterisiert. Abhangig
vom Anstellwinkel, der Reynoldszahl und der Fllgelseite, kénnen verschiedenste Um-
schlagszenarien in den einzelnen Flugelsektionen erzielt werden. Eine im Modell integrierte
Heizung sowie der Aufbau der Oberflache ermdglichen hohen Kontrast fir Transitionslagen-
bestimmung mittels Infrarotthermographie. Weiterhin ist der Flugel mit insgesamt 108
Druckmessbohrungen in drei Schnitten ausgeristet. Abbildung 1 zeigt das in die geschlos-
sene Messstrecke des NWB eingerustete Windkanalmodell.

Im Rahmen der Messkampagne wurden zahlreiche Anstellwinkelreihen bei Reynoldszahlen
zwischen 2,7-10° — 4,5.10° gefahren. Das Transitionsverhalten wurde dabei anhand der
Warmeabstrahlung des beheizten Modells gemessen. Pro Seite des Fllgels stand hierzu
jeweils eine IR-Kamera mit Weitwinkeloptik (f=12mm) zur Verfugung. Eine dritte IR-Kamera
wurde fir Detailaufnahmen eingesetzt. In Folge schrager Betrachtungswinkel der Hauptka-
meras sowie der Linsenaberration der Weitwinkelobjektive entsteht eine Bildverzeichnung,
die durch einen entsprechenden Entzerralgorithmus korrigiert wird. Der entwickelte Entzer-
ralgorithmus nutzt vorab erstellte Kalibrieraufnahmen des installierten Fligels, so dass wah-
rend der Transitionsmessungen keine Stérung der Grenzschicht durch Positionsmarkierun-

Abbildung 1: Sichelfliigel im DNW-NWB Abbildung 2: entzerrte IR-Aufnahme
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gen auftritt. Abbildung 2 zeigt eine derart bearbeitete IR-Aufnahme.

Fir die Auswertung der spannweitigen Transitionslinie wurde ein automatisiertes Bildverar-
beitungsverfahren entwickelt. Dieses detektiert den Ort des Grenzschichtumschlags anhand
eines Temperaturgradientenkriteriums. Um Fehler durch Bildrauschen zu vermeiden, wird
ein eigenschaftserhaltenes Filterungsverfahren eingesetzt. Alle Arbeitsschritte der Transiti-
onslagenbestimmung einschlieBend, ergibt sich fur die Standartabweichung der Ortsauflo-
sung ein Wert 3,25mm, entsprechend 0,41% der Fligeltiefe.

Zur Berechnung der 3-D Grenzschichtdaten werden hochaufgeldste numerische Simulatio-
nen unter Vorgabe der experimentell bestimmten Transitionslage mit dem RANS Strémungs-
I6ser TAU durchgefuhrt. Um eine mdglichst exakte Nachrechnung der im Experiment vorlie-
genden Bedingungen zu erreichen, wird die Messstrecke des Windkanals sowie die Duse fur
die Berechnung mit modelliert. Es zeigt sich, dass hierdurch eine sehr gute Ubereinstim-
mung zwischen experimenteller und numerisch gewonnener Druckverteilung erzielt wird.

Fir die Stabilitdtsanalyse der Grenzschicht wird das lokale, lineare Stabilitdtsanalyseverfah-
ren lilo eingesetzt. Die Integration der lokalen Anfachungsraten erfolgt entlang von Grenz-
schichtrandstromlinien, welche als Approximation der Gruppengeschwindigkeitstrajektorie
herangezogen werden [3]. Fur eine nahezu flachenhafte Abtastung werden pro Seite des
Fligels 108 Stromlinien ausgewertet. Fur jede der Stromlinien wird am Ort der vorgegebe-
nen Transitionslinie das Wertepaar Ntscit und Ngrerit €rmittelt. Durch Selektion von geniigend
Testfallen mit querstrdmungsdominiertem Umschlagverhalten (eNr>>e"'s) |3sst sich ein Un-
sicherheits-gewichtetes, arithmetisches Mittel flir den gesuchten Wert Nce: bilden. Von der
Auswertung ausgenommen werden Bereiche stark veranderlicher Querstrémung (siehe
Schraffur Abb. 4, Pfeilungstibergange, Fligelspitze), da hier Grundannahmen der lokalen
linearen Stabilitatstheorie verletzt werden. Auf Grundlage der bisher ausgewerteten Falle
ergibt sich fir den NWB ein kritischer N-Faktor fir Querstromungsinstabilitat
von Nepgir =84+ 08.

Eine auffallige Abhangigkeit der ermittelten kritischen N¢e-Faktoren von der Fllgelseite ist
Gegenstand aktueller Arbeiten, in denen der Einfluss von Krimmungs- und nichtlokalen Ef-
fekten sowie der Einfluss der Oberflachenrauhigkeit untersucht wird.

10}
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Abbildung 3: Konturdarstellung Nce Abbildung 4: Spannweitige Nts & Ncg Verteilung

1] Rohardt, C.-H., Kipper, A. : Determination of the NTS-factor for the DNW-NWB. 19. DGLR-Fach-Symposium der STAB,
4.-5. November 2014, Miinchen.

[2] Petzold, R. : Einfluss stark veranderlicher Querstrémung auf den laminar turbulenten Grenzschichtumschlag, NFL-
Forschungsbericht 2014-10, Dissertation TU-Braunschweig, ISBN 9783844032505, 2014.

[3] Krimmelbein, N., Radespiel, R.: Transition prediction for three-dimensional flows using parallel computation. Comp. Fluids,
2008. doi:10.1016/j.compfluid.2008.01.004

Die gezeigten Arbeiten wurden im Rahmen einer Beauftragung des DLR durch den DNW-Research-Fond durchgefiihrt.
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Experimental studies on the receptivity of stationary crossflow modes to pneumatic
actuation

J. Lohse, A. Berthold and W. Nitsche
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The transition process induced by stationary crossflow vortices has been extensively studied
in the last 30 years experimentally, theoretically and by means of DNS. Saric et al. (1998)
successfully employed a passive control mechanism where the crossflow disturbance is
forced with a spanwise row of distributed roughness elements (DRE), Wassermann & Kloker
(2002) proposes nearly the same concept, named Upstream Flow Deformation (UFD). Both
introduced a system of narrower spaced longitudinal crossflow vortices into the three-
dimensional boundary layer in order to weaken the growth of the naturally most amplified
crossflow mode. Thus, the onset of high frequency secondary instability and the following
laminar-turbulent transition is shifted farther downstream. Using this control strategy in com-
bination with a pneumatic actuator, experiments have been performed in the redesigned
Bippes experiment at the DLR Goéttingen. It was shown that both methods, steady blowing as
well as steady suction are suitable for transition control. Although blowing enables a signifi-
cant shift of the transition position in chordwise direction, it is limited by bypass transition at
the actuator position while this was not an issue in the suction case (Lohse et al. (2016)).

In the present work we experimentally continue this control strategy and investigate the pos-
sibility of a pneumatic actuator system for generating high-amplitude artificial crossflow vor-
tices with a selected wavelength without bypass transition. All experiments were conducted
in a closed-loop wind tunnel at TU Berlin. The test section used for the measurements in the
three-dimensional boundary layer is depicted in figure 1. A displacement body imposes a
negative and thus favorable pressure gradient on a swept flat plate. In conjunction with the
geometric sweep angle of 45° crossflow instabiliti es are amplified while Tollmien-Schlichting
waves are suppressed. Curved end plates minimize spanwise gradients in the flow field and
the Reynolds number based on the chord length C was Rec=960000.

end plates ]

pressure tabs
c)
=I§¥displacement body
Co
ZWt —) < I
I flat plate flap
vat

Fig. 1. Experimental setup: a) isometric view b) top view and c) section along the axis of the
wind tunnel Xyt
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The actuator insert enables steady blowing or suction through spanwise-periodic orifices at
X/C=0.1. After identifying the base flow properties experimentally with subsequent Linear
Stability Analysis, the influence of different actuator parameters were investigated. Therefore
the size, the shape and the angle of the actuator orifices was varied. The spanwise distance
was kept constant at A=8mm which is equal to the naturally most amplified crossflow mode.
In consequence, the present work rather addresses the receptivity of stationary crossflow
modes to different pneumatic actuation parameters than the transition control.

The flow field was investigated using a miniature three-hole pressure-probe mounted on a
three-axis traverse indicating the two velocity components parallel to the flat plate. Figure 2
shows the streamwise velocity contours at different chordwise positions for the baseflow and
the case with steady blowing through drilled holes with a diameter of 0.3mm. In the baseflow
case, stationary crossflow instabilities can be observed in the rear part of the flat plate. Their
weak amplification is caused by the interaction of travelling and stationary crossflow waves
due to the turbulence level of the wind tunnel. By switching on steady blowing through the
actuator holes, the amplitude of the stationary crossflow vortices has increased and the
spanwise distribution of the vortices is more homogenous.

The pneumatic concept allows to control the amplitude of the introduced stationary crossflow
mode over a wide range by varying the applied momentum coefficient c,, which is calculated
as a ratio between the introduced momentum by the actuator and the momentum of the
boundary layer at the actuator position.

a) baseflow b)c”=0,002

Fig. 2: Streamwise velocity contours: a) baseflow and b) steady blowing through drilled holes
with ¢;=0.002
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Direkte numerische Simulation von TS-Wellen hinter der generischen Stufe eines
Laminarprofils fur Windkanaluntersuchungen

Heinrich Ludeke
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Kai Backhaus
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Fur die Vorhersage des laminar-turbulenten Uberganges an einem umstréomten Korper exis-
tiert fir ebene Falle mit dem linearen Ansatz der eM-Methode eine angepasste Theorie, die
auch praxisnah einsetzbar ist. Fir komplexere Szenarien, wie gescherte oder abgel6ste
Grenzschichten, Stufen, Wellen oder auch Anlegelinientransition sind fundierte Theorien
teilweise erheblich aufwandiger und mussen umfangreich validiert werden. Mit Hilfe der di-
rekten numerischen Simulation (DNS) kdnnen einerseits wichtige Validierungsfélle fur ver-
besserte Theorien gestellt werden, vgl. Kloker (1993), andererseits ist fir einzelne komplexe
Problemstellungen die DNS auch direkt zur Vorhersage des Transitionvorgangs nutzbar.

Direkte Simulationen der Anfachungs-Vorgange von Tollmien Schlichting (TS) Wellen
erlauben die Validierung von Vorentwurfsverfahren auch fir Geometrien mit Oberflachensto-
rungen wie vor- oder riickspringenden Stufen (siehe auch Lideke (2010) ). Ziel der vorlie-
genden Arbeit ist die direkte numerische Simulation und Untersuchung von lokalen Instabili-
taten einer Stufenstrdmung an einem Laminarprofil. Als Referenz dient das im Rahmen des
.ProwinGS“-Projektes im NWB untersuchte Laminarprofil mit einstellbarer Stufe. Fir die ex-
perimentellen Untersuchungen wurde ein Windkanalmodell ausgelegt, dessen Druckvertei-
lung im Mittelschnitt einem generischen Laminarprofil fiir eine Transportflugzeugkonfigurati-
on entspricht. Da es sich bei den betrachteten TS-Wellen um zweidimensionale Stérungen
einer Grenzschicht ohne Querstromkomponente handelt, gentigt eine zweidimensionale Si-
mulation der Stromung.

Um hierzu effiziente Einstellungen fir die verwendete Numerik zu finden, wurden in friheren
Studien durch Backhaus (2014) verschiedene DNS-Auswertungen mit Ergebnissen der
linearen Stabilitatstheorie erfolgreich
verglichen. Zur hochgenauen Ldsung
der Navier-Stokes-Gleichungen steht mit
dem DLR FLOWER-Code ein struktu-
riertes Finte-Differenzen-Verfahren 4.
Ordnung zur Verfugung.

Die Rechnungen werden unter Verwen-
dung der Profil-Geometrie und der voll-
standig vernetzten Stufe durchgefihrt.
Die Extraktion des kritischen Bereichs
vor und hinter der Stufe und eine Netz-
verfeinerung zur Auflésung der TS-
Wellen erlaubt die effiziente zeitgenaue

00582 | e 05 045 04 035 03 0263 0256 0254 Simulation der Instabilitaten in dieser
0.2005 0.2010 0.2015 Region. Fur die extrahierte Grenzschicht

el werden am Einstromrand zeitgenau Sto-

Abb. 1: Stromung Uber Stufe mit Ablésung, Stu- rungen vorgegeben, die in Frequenz und
fenposition: 20% wandnormalem Amplitudenverlauf den

erwarteten TS-Wellen entsprechen. Aus
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den Anfachungsraten der TS-Wellen hinter der Stufe lassen sich Ruckschlisse auf die Posi-
tion des laminar-turbulenten Ubergangs ziehen.

Abbildung 1 zeigt die Grundstromung an der Stufe bei 20% Profiltiefe. Als Stufenhéhe wurde
der Nominalwert von 0.6 mm, bezogen auf eine Profiltiefe von 2.75 m gewahlt, der auch im
NWAB intensiv vermessen wurde und somit Vergleiche mit der experimentellen Auswertung
erlaubt.

cp: 0.354 -0.352 0.35 -0.348 -0.346 -0.344 -0.342 -0.34 -0.338 -0.336

0.21 0215 0.22 0.225 023 0.235 0.24 0.245
xe []

Abb. 2 : Windkanalmodell im DNW-NWB und TS-Wellen Verlauf stromab der Stufe

In Abbildung 2 ist links der Aufbau im Windkanal gezeigt, der mittlere Nasenbereich des La-
minarprofils ist mit einem verstellbaren Einsatz versehen, der die Betrachtung unterschiedli-
cher vor- oder riickspringende Stufen erlaubt und seitlich durch Grenzschichtzaune zur Ver-
besserung der Grenzschichtqualitat erweitert wurde.

Lokale DNS auf unterschiedlich feinen Rechennetzen wurde bei mehreren Strouhalzahlen
und Stéramplituden tber mehrere Millionen Iterationen durchgefiihrt. Exemplarisch zeigt
Abbildung 2 rechts die Ausbildung der TS-Wellen als raumlich angefachte Druckstérung mit
einem ausgepragten Verlauf Stromab der Stufe.

Die in dieser Arbeit vorgenommenen Simulationen liefern die Grundlage flr weitere lokale
DNS zur Untersuchung von Stufeneinflissen auf die Stabilitéat der Grenzschicht. Die verwen-
dete Prozesskette, von der Ermittlung des Strémungsfeldes bis hin zur lokalen DNS mit Im-
plementierung einer Stérung, konnte erfolgreich nachvollzogen werden und erlaubt Verglei-
che mit den gezeigten Windkanalversuchen.

Die Anwendbarkeit von DNS Ergebnissen zur Validierung von LST-Vorhersageverfahren an
Oberflachenstérungen bestéatigt sich somit durch die gezeigte Studie erneut.

Kloker, M. (1993) Direkte numerische Simulation des laminar-turbulenten Strmungsumschlages
in einer stark verzégerten Grenzschicht, Dissertation, Fakultat Verfahrenstechnik der Universitat
Stuttgart, Institut fur Aerodynamik und Gasdynamik

Ludeke, H., Wartemann, V., Seitz, A. (2010) Direct Numerical Simulation of Tollmien Schlichting
Waves to Support Linear Stability Analysis, In: Notes on Numerical Fluid Mechanics and Multi-
disciplinary Design, New Results in Numerical and Experimental Fluid Mechanics VIII, Vol. 121.
Springer Verlag, Seiten 227-234.

Backhaus K. (2014) Direkte numerische Simulation der Anfachungsraten von Tollmien-
Schlichting-Wellen. Bachelorarbeit Nr. 628 an der TU-Braunschweig.

75



Mitteilung
Projektgruppe / Fachkreis: Laminarhaltung und Transition

Reattaching Flow Behind a Square Bar Investigated with Temperature-
Sensitive Paint

J. Ost*, E. Mételing§, C. Klein*, D. Puckert®, U. Rist°
*Deutsches Zentrum fur Luft- und Raumfahrt e.V. (DLR),
Bunsenstralte 10, D-37073 Gottingen, Germany, jonathan.ost@dlr.de
$ Institut firr Luft- und Raumfahrtsystheme, RWTH Aachen
Wouellnerstralle 7, D-52062 Aachen, Germany
°Institut fur Aerodynamik und Gas Dynamik, Universitat Stuttgart
Pfaffenwaldring 21, D-70569 Stuttgart, Germany

Introduction

Reattaching flow is of major concern for airfoils with steps and separation bubbles. In
combination with heat flux a separated flow with reattachment on a surface is signifi-
cant for the design of heat exchangers. Also for future application of laminar wings
this combination is relevant for non-adiabatic wall conditions, e.g. in cases of warmed
fuel [8] or batteries providing momentarily great amounts of power.

The flow phenomena of backward facing steps are extensively studied, i.e. the reat-
tachment length of the flow with respect to the step Reynolds number [2] and the co-
herent structures in the reattached flow [3]. These experiments were mostly conduct-
ed in ducts of small aspect ratio and rather large expansion ratios. For square bars,
primarily the excrescence’s influence on laminar to turbulent transition is investigated
[11] or tests were performed in turbulent flow [7]. The combination of excrescences
and heat flux is investigated mainly for heat exchanger configurations [1].
Temperature-Sensitive Paint (TSP) is used to visualize flow phenomena which cause
a variation in surface temperature or heat transfer coefficient, respectively, e.g. lami-
nar to turbulent transition, vortex footprints, and laminar separation bubbles [10]. The
TSP application in water [5], [6] is especially favorable due to the low flow speed and
the resulting low propagation speed of flow structures. A systematic study of the wall
bound flow phenomena caused by a square bar in a Blasius flow is performed with
the TSP method. The Reynolds number Rey based on the bar height k and the ve-
locity at the upper edge of the bar ux spans 127 < Rey < 1898.

Experimental Setup

The experiments were conducted in the IAGs Laminarwasserkanal, which is a lami-
nar water tunnel with the test section being an open channel flow [9]. The facility has
a turbulence level of 0.02 % (0.1-10 Hz) and velocities up to 0.2 m/s are possible. For
the experiment a thin TSP element was manufactured, which is placed on top of the
already installed flat plate. This element consists of a substrate made of glass fiber
reinforced plastics, an embedded layer of carbon fiber reinforced plastic to electrically
heat the model [10] and the TSP coating. The entire TSP element measures 1.07 m
in length, 1 m in width and 0.85 mm in thickness. Only the mid third of the model can
be heated, the area coated with TSP is 0.25 m wide and symmetric to the model cen-
ter. The heating is split into two parts, which causes the dark area about 14 square
bar heights downstream of the bar, see Figure 1. Due to the high flow quality it was
possible to acquire the TSP images through the free water surface. The 2D flow is
disturbed by a rectangular bar (height to width ratio of 0.5) with sharp edges, which is
placed at xx = 0.9 m downstream of the leading edge directly on top of the TSP coat-

ing.
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Result

During the test conditions of laminar, transitional and turbulent reattachment
(127 < Rey < 1898) have been investigated. An example for transitional reattachment
(Rewk = 732) is given in Figure 1. The flow separation upstream of the square bar is
clearly distinguishable because of the low heat flux in the vicinity of flow separation.
This leads to the bright line about one bar height in front of the square bar. The flow
structures downstream of the excrescence are less distinct. The first part, which is
mainly a region of low heat flux, also exhibits streaks of increased heat flux roughly
aligned with the main flow direction. These structures end about six bar heights
downstream. Between the square bar and the beginning of the first impinging struc-
tures, which is roughly 17 square bar heights downstream of the obstacle, the tem-
perature gradually decreases in downstream direction. These structures are charac-
terized by the tips of vortex-like structures that are aligned with the flow. These have
a spacing of about 30 mm (indicated by white lines in Figure 1), which is in accord-
ance with Beaudoin et al. [3]. The maximum heat transfer is located approximately at
(x-xx)/ k=22 and is just preceding the reattachment location [4]. The reattached
region has a good heat transfer and is therefore well cooled. The location shift of flow
reattachment and the variation of the impinging flow structures to characterize the
flow will be shown in the final paper. Furthermore, the influence of the temperature
difference between model surface and fluid, which is required for the TSP method,
will be addressed, especially for low Rey at low flow speed.
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Figure 1: Visualization of the flow over a square bar at Rey = 732. Bright regions correspond
to low heat transfer and are therefore warmer than dark regions.
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The need for drag-reduction of aircraft increases continuously and a deeper understanding
of the laminar-turbulent transition of boundary layers is essential for future designs. In this
context, roughness elements in laminar boundary layers have been found to either promote
or delay transition, depending on the parameters [1, 3]. A recently published, three-
dimensional analysis using linear stability theory (LST) predicts the instability of ‘global
modes in the wake of a roughness without parallel-flow assumption [2]. This numerical tool
is promising for future stability predictions, but is yet lacking a comparison to a physical ex-
periment. This article provides hot-film measurements to verify theoretical predictions of the
critical roughness height, disturbance frequencies and symmetry of the eigenfunctions found
by the global LST.

The Laminarwasserkanal (LaWakKa, laminar water channel) is a unique facility with low tur-
bulence intensity that allows experiments with greater time and lenght scales than most wind
tunnels in this field of research. A hot-film probe has been traversed in a plane downstream
of the roughness element with height k at X / k = 20 to measure the time-averaged mean
flow and rms disturbances (Figure 1). The time-averaged flow reveals a central low-speed
streak, surrounded by a pair of symmetrical high-speed and low-speed streaks. A high dis-
turbance level, indicated by grey-scale contours, is located on top of the central low-speed
streak and at locations of high spanwise velocity gradients. As predicted theoretically [2],
spanwise shear of an streamwise elongated region nurtures disturbances in the wake of the
roughness. The central peak of disturbances is the result of shear in vertical direction, which
can develop into hairpin vortices when the Reynolds number is high enough.
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Figure 1 : Streaky baseflow downstream of a roughness element. Time-averaged, mean flow
(solid black lines) and rms-disturbances (contours).

The hot-film probe has then been traversed in downstream direction to measure the disturb-
ance growth. The time-signal shows strong initial, transient growth of a dominant frequency
(Figure 2) at X = 8, followed by a decay to a rather chaotic signal. A Fourier transform of the
signal shows a clear energy-density peak at a frequency of 0.75 Hz, which is in good
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agreement with the frequency of the most unstable mode of the global LST [2]. Rms and
skewness of the signal are analyzed in streamwise direction to find the transition region for
different Reynolds numbers Rex based on the roughness height. An increase of rms can be
seen when Re reaches 574 in this set-up (Figure 3), which is also in good agreement with
the critical Reynolds number predicted by the global LST. Further, a rms peak occurs up-
stream of the turbulent region in the case with Rex = 574 at X / k = 10, which results from
self-induced vorticity in the wake of the roughness. This experiment has been repeated for
different positions in the boundary layer. Interestingly, there are cases where the rms func-
tions show an initial peak, but then settle down to a level of laminar flow. In these cases, the
vorticity is not self-sustaining and viscosity has a damping effect on the disturbances.
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Figure 2: Hot-film signals of u’ at downstream  Figure 3: Downstream development of rms
positions for Rex =574 fluctuation for different Rex-numbers
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Introduction

Drag reduction by means of natural laminar flow technology is a promising way to reduce wall shear
stress, which can significantly reduce fuel consumption of commercial aircraft [1]. Tollmien-Schlichting
(T-S) waves are the dominating mechanism to trigger 'natural' transition in low free-stream disturbance
environments for boundary layers developing on smooth two-dimensional surfaces. At these conditions
the linear stability theory [2], in particular the e method, predicts a stabilizing effect of compressibility on
boundary layer transition [3]. However, there is only limited experimental verification of this effect for Mach
numbers up to highly subsonic conditions. In this work we show a systematic experimental investigation of
pressure gradients (dcy/dx=-1.2 to 0.251/m), Mach numbers (M=0.35 to 0.77) and chord Reynolds
numbers (Re, = 3.5%10° to 16.0*10°, with ¢ = 0.2 m).
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Figure 1: Side view (cross section) of the PaLASTra model with an additional aft part at the trailing
edge and temperature-sensitive paint (TSP) on top.

Experimental setup

The experiments were performed in the low-turbulence (Tu,,~0.06%) Cryogenic Ludwieg-Tube
Gottingen (DNW-KRG) [4, 5], with a two-dimensional wind tunnel model that is based on the PaLASTra
model [6, 7]. In order to reduce the size of the separation region at the rear edge of the original PaLASTra
model an additional aft part was added to the model (fig. 1). The surface pressure distribution was
measured using pressure taps, while the temperature distribution and transition location was detected by
means of temperature-sensitive paint (TSP) on the upper side only [8]. A systematic variation of the
pressure gradient was possible by adjusting the angle-of-attack between -3.5 and 0 degrees. Boundary
layer computations were performed using the boundary layer solver COCO [9], which was modified in
order to incorporate not only the measured surface pressure but also surface temperature distributions as
inputs. These computations were used in order to determine displacement (6;) and momentum thickness
(62), as well as the shape factor Hy, = 0:/6,, which was used to characterize the boundary layer velocity
profile. Amplification rates of T-S waves for the computed boundary layer were determined by means of
LILO [10]. The results of the stability computations were then correlated with the measured transition
location to assess the critical N-factors.
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Figure 2: TSP results, which indicate laminar (white) and turbulent regions (black) and detected
transition locations (red line). The flow is from left to right and pressure taps cause two turbulent
wedges in the middle of the model. An uncoated region at x/c =35 +/-2% has been masked with a
white strip. Measurements at three different Mach numbers 0.35, 0.65 and 0.77 (from left to right)
are shown. The acceleration of the flow increases from left to right due to more favorable pressure
gradients with dcy/dx =-0.101/m, -0.30 1/m and -0.52 1/m respectively. The corresponding average
transition locations are at x,/c =63.5 %, 61.3 % and 62.7 %.

Results and conclusions

Figure 2 shows TSP images that were taken at three different Mach numbers (0.35, 0.65 and 0.77) at the
same chord Reynolds number Re. = 6*10° (with ¢=0.2m). It can be seen that the average transition
location remains at approximately 62.5+/-1.2%. The corresponding transition Reynolds number is
Rey = Xg*U/ Vo = 3.75 +/-0.05*10°%, which is within the measurement uncertainty. Thus, the transition
Reynolds number remains essentially unchanged although Mach number and flow acceleration increase.
These results appear to stand in contrast with the stabilizing effect of compressibility and pressure
gradient as predicted by linear stability theory [3]. However, due to the operation principle of DNW-KRG
also wall temperature effects and the free-stream disturbance environment (which are both Mach number
dependent) have to be taken into account in order to conduct a comprehensive assessment of Mach
number effects on transition Reynolds numbers. These influences will be discussed in the final version of
the paper.
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Einleitung:

In der technischen Umwelt kommt es haufig zur ungewollten Grenzschichtablésung an ge-
krimmten Oberflachen. Zur Verzégerung der Grenzschichtablésung werden u.a. erfolgreich
Wirbelgeneratoren eingesetzt, da diese der Grenzschicht kinetische Energie zuflihren. In
dieser Arbeit wird die radiale Umstromung eines rotierenden Zylinders analysiert, da auch
hier eine Grenzschichtablosung auftreten kann. Zusatzlich erzeugt der rotierende Zylinder
eine Magnus-Kraft, welche beispielsweise flr zukinftige Schiffsantriebe genutzt werden
kann. So zeigte bereits das Enercon E-Ship-1 im Jahr 2011 das Potential sogenannter
Flettner-Rotoren im Bereich der Schifffahrt [1]. Zur Grenzschichtbeeinflussung wird in dieser
Arbeit eine definierte Oberflachenstrukturierung, ahnlich eines Golfballs, gewahlt. Achen-
bach [2] konnte einen Unterschied zwischen einer Golfballstruktur (sogenannter Dimples)
o8 und rauen Oberflachen auf die
! Umstromung einer Kugel zeigen (vgl. Abb
|

o5

1). Der Effekt scheint Uber eine reine
P— Transitionsverlagerung hinaus zu gehen.
‘ Lo In den Arbeiten von Kovalenko et al. [3]
und Vincent et al. [4] werden
| Stromungsformen  innerhalb  einzelner
S Dimples auf einer ebenen Platte analy-
7" smooth sphere siert. Es kénnen dabei definierte Wirbels-
i | trukturen gezeigt werden. Das Ziel dieser
6 8w . 2 ¢ Arbeit ist es, Stromungsformen innerhalb
Abbildlu ng 1 Luftwid?rstandsbeiwert von Kugeln mit \dlg? z[L)Jm;ﬁlaelssiaeL:Lr?IEﬁzjn c;’(e):leer:eg::](falzsiygg;
verschiedenen Oberflachen [2] y .
die Zylinderumstromung zu bewerten.

Methodik:

Zur Analyse der Stromungsformen werden numerische Simulationen mit Hilfe des DLR ei-
genen Theta-Solvers durchgefihrt. Zur Turbulenzmodellierung der URANS-Simulation wird
das Wilcox-k-w-Modell eingesetzt. Die Oberflachenstruktur des Zylindersegments (vgl. Abb.
2) wird so variiert, dass Ubereinstimmend mit der Literatur eine groRRtmdgliche Variation an
Stromungsformen zu erwarten ist. Die Reynoldszahl der Zylinderumstromung betragt kons-
tant Re=134000. Das Verhaltnis von Anstrom- zur Umfangsgeschwindigkeit liegt konstant
bei 1,5. Um eine Zylinderrotation simulieren zu kénnen, wird die sogenannte Chimera-
Technik verwendet, bei der der Simulationsraum aus zwei sich Uberschneidenden Netzen
besteht.
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Ergebnis:

Eine Validierung der numerischen Methode erfolgt anhand des nicht rotierenden Zylinders
mit Dimples und experimenteller Daten aus der Literatur. Der Widerstandsbeiwert weicht um
11%, die Strouhal-Zahl um 2% ab. Diese Abweichungen werden auf Unzulanglichkeiten des
k-w-Modells im Bereich der Stromungsabldésung hinter dem Zylinder zurtickgefihrt. Fur die
hier im Fokus liegende Stréomung innerhalb der Dimples kann eine sehr gute Ubereinstim-
mung der Strémungsformen mit Daten aus der Literatur [3,4] gezeigt werden.

Zur Variation der Oberflachenstruktur wird das Verhaltnis von Dimple-Durchmesser zu des-
sen Tiefe verandert. Fir den rotierenden Zylinder mit Dimples kénnen finf Stromungsfor-
men innerhalb der Vertiefungen voneinander abgegrenzt werden. Fur seichte Vertiefungen
kann eine konvergent-divergente Stromung beobachtet werden. Mit steigender Tiefe 10st die
Stromung an der Vorderkante des Dimples ab und formt eine konvergent-divergente Stro-
mung mit Rezirkulationsgebiet aus. In Abhangigkeit der Lage des Dimples zur Anstromrich-
tung kann zusatzlich hinter einem Dimple ein lokales Rezirkulationsgebiet beobachtet wer-
den. Daruber hinaus stellt sich in bestimmten Fallen eine vorwiegend chaotische Strémungs-
form innerhalb der Vertiefungen ein. Fir den Einsatz von Dimples als Wirbelgeneratoren
kann die in den Abbildung 2 und 3 dargestellte Stromungsform von besonderem Interesse
sein. Fur vergleichsweise tiefe Dimples kdnnen in Bereichen mit positivem Druckgradienten
gegenlaufig rotierende Wirbelpaare beobachtet werden. Aus Abbildung 2 wird bei Betrach-
tung des Reibungsbeiwertes Cf deutlich, dass diese Wirbelpaare auch aul3erhalb des Dimp-
les die Stromung beeinflussen. Eine detaillierte Beschreibung der Stromungsformen und
deren Einfluss auf die Zylinderumstromung wird in dieser Arbeit vorgenommen.

Geschwindigkeit v_y [m/s]

10 0

Druck [Pa]
i =

80
I%400

Abbildung 2 Vorderansicht, Anstrémung in Blickrichtung Abbildung 3 Detailansicht aus Abb. 1 der Wirbelstruktur inner-
halb eines Dimples
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To achieve laminar flow for larger aircraft, we need to apply hybrid laminar flow control
(HLFC). The current state of the art is to stabilize the boundary layer with the help of suction
through a micro-perforated titanium surface. The necessary suction power to drive the HLFC
system can be obtained by a fan or a compressor. If this is the case, we have an active suc-
tion system. We can, however, generate the suction power with the help of an outlet flap.
Because such a system does not require a compressor, we call it a passive HLFC system.

In the presentation we will describe a simple method to pre-design such an outlet flap and
present comparisons with TAU-calsulations.
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The afterbody geometry of a classical space launcher is characterized by a step de-
crease in diameter at the junction between main body and rocket engine. The
boundary layer on the main body separates at this step, a large recirculation region
forms, and a turbulent shear layer develops (see Figure 1, left). This separation-
dominated flow field is highly unsteady and induces strong wall-pressure oscillations
that can excite structural vibrations [2,3,6,7]. At stages along the flight trajectory at
higher altitude, the displacement effect of the afterexpanding propulsive jet causes
an enlargement of the recirculation region and a pressure increase at the main-body
base [6,7]. The flow might not reattach on the afterbody, and hot gases from the jet
can be convected upstream in the separation zone and harm the structure.

Means to stabilize and reduce the reattachment length to reduce dynamic loads on
the launcher are therefore of great interest. Particularly passive vortex generators
have drawn a lot of attention [4], both due to promising results on two-dimensional
backward-facing step geometries [1,5], and their simplicity and robustness [4].

In the current study, we investigate the influence of a convoluted trailing edge (lobes)
on the wake of a generic space-launcher model in supersonic flow (see Figure 2),
and analyze the technique’s potential to control the separation length and dynamics.
Kahler et al. [1,5] investigated different lobe geometries on a 2D backward-facing
step in transonic flow. The lobes introduce counter-rotating streamwise vortices that
increase turbulent mixing and create a highly three-dimensional flow field with a
spanwise component [1]. Behind lobe peaks, the separation is locally rather strong,
but the overall separation length is significantly reduced, and the dynamic motion of
the reattachment location is stabilized [1,5]. The induced vortices should be of similar
size as coherent structures in the wake [1], and larger lobes have a stronger effect.
Our research goals are to a) contribute to a better understanding of the flow field to
enable efficient control, b) study the effect of lobes on the wake topology of an ax-
isymmetric model (Similar as for 2D backward-facing step?), c) characterize the dy-
namic behavior of the surface pressure signal, since this represents a footprint of
coherent structures in the wake [3], and d) analyze the interaction with the afterex-
panding jet plume (Will the flow reattach under the influence of control?).
Experimental investigations are performed in the Hypersonic Ludwieg Tube
Brauschweig in supersonic configuration, at a free-stream Mach number of M- = 2.9
and a Reynolds number based on the model diameter of Rep = 1.3 - 10°. The model
consists of a nose cone and two cylindrical bodies representing the main body and
nozzle, respectively (see Figure 1). The implemented TIC-nozzle allows to simulate
propulsive jets, a cold air jet in the present case, with an exit Mach number of 2.5.
The model is installed in the wind tunnel with a sword-shaped strut support.

In previous studies, we investigated the baseline case (with smooth trailing edge), as
well as the effect of the jet plume on the wake [6] in detail. For the baseline case, the
mean velocity field from PIV and the power spectral density of the base-pressure
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fluctuations are shown in Figure 1. For the current study, we implemented square
lobes with a height of 0.2h and a deflection angle of 18° at the main-body base (see
Figure 2). Kulite XCQ-093 pressure sensors with a range of 0.35 bar absolute are
flush-mounted into the base at a radial position of r/D = 0.42 and at different angles
(6 = 180°, 190°, and 240°) to capture 3D effects. Further Kulite LE-062 sensors are
installed on the nozzle fairing at x/D = 0.77 (reattachment location in baseline case)
and x/D = 0.31, the presumed reattachment location for the controlled case [1,5].
The dynamic behavior and spectral content of the wake is analyzed based on these
unsteady wall-pressure signals. In addition, we carry out schlieren flow visualizations
to study the effect of the lobes on the mean flow topology, in particular the reattach-
ment length. The wake with and without jet plume is investigated downstream of the
lobe peak and valley positions (see Figure 2). The experiments are currently ongo-
ing, and will be concluded and analyzed well before the symposium.

10
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Figure 1 Wake of a launcher model with afterbody (uncontrolled baseline case). Left: Schematic of the
mean-flow topology, superimposed on a contour plot of the mean radial velocity component V from PIV
(normalized with free-stream velocity U-). Right: Base-pressure spectra. Data from [6].
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Figure 2 Left: Sketch of the axisymmetric space-launcher model with convoluted trailing edge and strut
support (dimensions in mm). Right: Rotatable lobe ring with measurement locations L1 and L2.
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The flow around bluff bodies is common in nature as well as in many engineering
applications such as road vehicles and bridges. It is mainly characterized by a large
vortex shedding and a low pressure region in the wake, which is the main source of
the elevated drag. The wake dynamics can also cause serious structural vibrations
and acoustic noise. These issues can be minimized or even mitigated with the use of
passive or active flow control (AFC) devices.

Various passive means for bluff body drag minimization have been investigated in
numerous experiments. For example, Bearman [1] described the benefits of a splitter
plate on the wake. Significant drag reduction on a blunt body was achieved by modi-
fying vortex shedding using wavy trailing edges or vortex disruptors (e.g. [2], [3]).
However, away from their design operating conditions passive devices are known to
have a lot of adverse effects. For this reason, active flow control (AFC) systems be-
came the more popular alternatives. Examples include tangential blowing [4],
Coanda blowing [5] and rotating cylinders [6].

The current study aims to numerically optimize passive and active flow control devic-
es for an existing D-shaped model. The two types of devices are: Coanda actuation,
and randomly-shaped flap. As illustrated in Figure 1, the optimization sequence was
performed using several coupled softwares, which ranged from the genetic algorithm
software DAKOTA, to the mesh generator Pointwise, to the CFD solver OpenFoam.
The sequence is initialized by DAKOTA, which generates a set of variables charac-
terizing the geometry as well as the actuation intensity. The flap geometry is defined
through a cubic polynomial, whereas the Coanda forcing is characterized by the
blowing intensity (Cp) and the radius of the Coanda surface (rc). These variables are
then processed by Matlab to generate the corresponding shape, which is then trans-
ferred to Pointwise for meshing. The mesh is subsequently used by OpenFoam for
the RANS numerical simulations. After each simulation, the cost functional is calcu-
lated and then passed to DAKOTA which evaluates it and generates a new set of
variables, and the cycle continues. For the passive device, the cost functional is the
drag coefficient, whereas for the active device it is the power ratio.

The optimization leads to a 40% drag reduction for the optimal flap (Figure 3), and a
total power savings of ~ 70% for the optimal Coanda actuator (Figure 4). This reduc-
tion is mainly achieved through changes in the base flow and a suppression in the
vortex shedding. The addition of either an active or a passive device creates two ad-
ditional smaller recirculation regions near the base that shift the larger recirculation
region away from the body and thereby increase the base pressure. The results were
validated against more refined URANS simulations for selected cases. Further ex-
perimental validation in the wind tunnel are currently ongoing, and their results will be
presented in the final paper.
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Eine signifikante Wirkungsgradsteigerung des Kreisprozesses einer Gasturbine ist mittels iso-
chorer Verbrennung zu erwarten [1], [2]. Die angestrebte Wirkungsgradsteigerung liegt bei
10% verglichen mit dem herkdmmlich in Turbomaschinen eingesetzten Joule-Prozess, mit iso-
barer Verbrennung. Das neuartige Verbrennungskonzept ist stark instationédr und Riickkopp-
lungen mit den benachbarten Turbokomponenten sind zu erwarten. Eine Mdglichkeit die iso-
chore Verbrennung zu integrieren ist es eine Ringrohrbrennkammer zu verbauen, wodurch die
Verbrennung sequenziell durchgefiihrt werden kann und sich eine periodische Androsselung
des Verdichteraustritts ergibt. Diese wiederkehrende Instationaritdt kann die Stabilitdt des
Statorgitters beeintrachtigen. Ein stabiler Verdichterbetrieb ist fir eine Turbomaschine aller-
dings eine essenzielle Forderung. Mittels aktiver Strémungskontrolle kann der stabile Arbeits-
bereich des Verdichter Stators vergrof3ert werden.

In diesem Beitrag werden Experimente an einer 2D Niedergeschwindigkeitsverdichterkaskade
vorgestellt. Abbildung 1 zeigt den experimentellen Aufbau der verwendeten Messstrecke. Im
Nachlauf des Statorgitters befindet sich ein Drosselapparat, welcher die instationaren Rand-
bedingungen einer isochoren Verbrennung simuliert. Zur Beschreibung des Stréomungsfeldes
sind sowohl Druckmessungen auf der Statorschaufel als auch 2D/3C-PIV-Messungen in der
Statorpassage, bei einer Reynoldszahl von Re=600000 und einer Strouhalzahl der Androsse-
lung von Sr = 0,03, durchgefiihrt worden. Der Versuchsstand ist mit 7 hoch belasteten Ver-
dichterstatorprofilen ausgestattet, welche im Auslegungspunkt einen Umlenkwinkel von
AB=60° besitzen. Abbildung 2 zeigt die sich in Folge des periodisch angedrosselten Nachlaufs
andernde Anstrominzidenz eines Statorprofils, welche aus PIV Messungen errechnet wurde.
Durch die signifikante Anderung des Einstromwinkels von AB; = +-3,5° wird das Gitter perio-
disch Uberlastet, wodurch periodische Strémungsablosung die Folge ist [3].

Abbildung 1: Experimenteller Aufbau Abbildung 2: Periodische Inzidenzanderung
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Mittels PIV und Druckmessungen konnten geeignete Positionen zur Anwendung von aktiver
Stromungskontrolle an der Seitenwand und der Schaufel selbst identifiziert werden. Drei ver-
schiedene Aktuationssetups wurden hinsichtlich des Einflusses von eingebrachtem Impuls
und der Ausblasfrequenz auf den Druckriickgewinn einer Passage untersucht. Die unternom-
menen Experimente zeigten eine deutliche Reduktion der periodischen Strémungsabldseer-
scheinungen.

In den Experimenten wurde pulsie-
rendes Ausblasen eingesetzt. Dabei
wurden fluidische Aktuatoren entwi-
ckelt welche in die Seitenwand und
die Statorschaufel integriert worden
sind. In Abbildung 3 sind verglei-
chend drei Profile der Druckvertei-
lung auf der Statorschaufel im Mit-
telschnitt gezeigt. Zum gezeigten
Phasenpunkt der Androsselung ist
die Messpassage maximal verb-
lockt. Die schwarze Kurve zeigt die
Druckverteilung im Referenzfall,
d.h. ohne Aktuation. Strémungsab-
I6sung tritt ab circa x/c = 0,7 Schau-
felsaugseitig auf. Durch das an-
Abbildung 3: Einfluss der Aktuation auf die Druckverteilung der Mess- gchalten der Seitenwandaktuation
schaufel (grine Kurve) werden die im Ver-
dichtergitter auftretenden Sekun-
darstromungen  (Eckenablésung)
beeinflusst. Diese Beeinflussung mittels der Seitenwandaktuatorik entblockt die Verdichter-
passage und bewirkt einen héheren Druckriickgewinn, welcher sich im erhéhten Hinterkanten-
druck wiederspiegelt. Wird zur Seitenwandaktuation nun die Schaufelaktuation auf der Saug-
seite mit verwendet (rote Kurve), ist deutlich ein Druckanstieg bis zur Hinterkante des Stator-
profils zu verzeichnen. Die verwendeten Impulsbeiwerte betrugen, fur die eingeschalteten Ak-
tuatoren, im dargestellten Fall jeweils c,,swa = Suea=1,6%.

Die Schaufeldruckmessungen wurden genutzt, um geeignete Aktuationsparameter zu finden.
Das Stromungsfeld in der Passage wurde phasengemittelt mittels 2D/3C — PIV Messungen in
mehreren Schnitten r&umlich aufgeldst. Die Messungen lassen detaillierte Schliisse tber die
Wirkungsweise des Aktuationskonzepts auf die periodisch instationédre Passagenstrémung zu.
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For several decades now, the existence of coherent structures within the turbulent boundary
layer has been known. However, it is still unexplained how these structures occur, develop
and how they interact with each other in the turbulent boundary layer, it is even not clear how
these structures have to be defined mathematically [5]. It is known that they play an impor-
tant role in the generation of turbulence. Therefore, the manipulation and control of these
very large structures is one of the main subjects in turbulence research due to the fact that
coherent structures have a major influence on the total drag of conventional aircrafts. Over
the last years, the assumption was confirmed that the instability of low- and high-speed
streaks alternating within the near-wall region of the boundary layer causes the formation of
quasi-streamwise vortices, so called “hairpin vortices”. Their interaction with the viscous
sublayer of the boundary layer induces new streaks again [2]. Large Scale Motions (LSMs)
are formed by individual hairpin vortices with the same velocity and flow direction [5]. Diffe-
rent “hairpin packets” [1] in turn vary in speed and growth rate depending on their structural
age and wall distance. An overlap of several packets, the so-called Very Large Scale Mo-
tions (VLSMs), can be observed [5]. After reaching a critical size, these VLSMs collapse ini-
tiating the generation of new hairpin vortices which in the long run merge again to new
packets. During this development cycle, also called “autogeneration”, a large amount of tur-
bulent shear stress is produced leading to a second energetic peak which can be detected in
the nearwall turbulence production [3].

Focal point of the present work is a new boundary layer actuation concept which is able to
disrupt the autogeneration mechanism leading to a reduction of turbulent friction drag. Flush-
mounted discs of the same diameter, located next to one another, rotate with the same tip
velocity and generate a thin disc boundary layer above each disc and quasi-streamwise vor-
tices between neighboring discs [4] (the installed actuator is shown in fig.1). The disc

4000 =

2000 =

0

x+
Figure 1: Installed "Rotating Discs Figure 2: Velocity field of the turbulent boundary
concept" layer at Reg=10000 with cascade-shaped hairpin
layers
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boundary layer causes a phase displacement of near-wall structures whereas the quasi-
streamwise vortices retard the flow between the discs with respect to the mean flow [6]. Both
processes lead to a weakening of the viscous wall cycle and therefore to minimize the friction
drag. For the purpose of understanding the complexity of coherent structures (LSMs and
VLSMs) which is necessary to manipulate and control them in order to achieve drag reduc-
tion, a basic research experiment on a flat plate was performed in the Seitenwindkanal Gét-
tingen (SWG). In the first step, a free, un-actuated turbulent flow was investigated by three
single Stereo-PIV-systems. As shown in figure 2, cascade-shaped vortices-packets with dif-
ferent velocities and sizes can be detected within the turbulent boundary layer. Also the over-
lap of several packets to VLSMs can be identified.Within the framework of the experiment,
the development cycle of these coherent structures, especially the drag production and the
burst process, is examined in order to specifically use actuator concepts manipulating the
stress-producing cycle and minimizing the total drag. After considering the un-actuated flow,
the “Rotating Discs” were tested and examined by the use of three Stereo-PIV-systems with
regard to its impact on the coherent structures. As can be seen in figure 3, a clear minimiza-
tion of the spatial coherent structures’ extension can be observed by operating the “Rotating
Discs” with a tip velocity of W* = 10.

Discs off W*+=10
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Figure 3 : Two point-corredation of u compponent done at y/5 = 0.05

The paper will give a detailed overview of the results obtained by the wind tunnel experiment.
The physical understanding of coherent structures within the turbulent boundary layer and
their interaction with the viscous sublayer and buffer layer will be considered in detail. In ad-
dition to that, the “Rotating Discs actuator concept” and its physical mechanisms within the
flow are presented and evaluated with regard to their efficiency to influence the stress-
producing cycle and minimizing the viscous drag and therefore the total drag of the model.
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Bei aktuellen Flugzeugentwicklungen ist niedriger Kraftstoffverbrauch eine wichtige Zielgrofse.
Aufgrund von reduzierten Luftreibungsverlusten bietet die Laminarhaltung der Strémung auf
den Tragfliigeloberflichen ein grofes Einsparungspotential. Allerdings konnen kleine Oberflé-
chenunebenheiten wie Rauigkeiten, Stufen und Spalte zu einem deutlich verfriihten laminar-
turbulenten Strémungsumschlag fiihren. Deshalb werden Methoden gesucht, die den negativen
Einfluss reduzieren oder gar eliminieren konnen. Absaugung von Luft durch die Oberflache stellt
eine Moglichkeit dafiir dar. Die aktuelle Arbeit befasst sich mit einer vorspringenden Stufe, die
an der Fiigestelle zwischen zwei Bauteilen auftreten kann, z.B. an der Trennstelle zwischen
Fliigelvorderkante und Hauptfliigel. Hier wird zur Absaugung gezielt der Fiigespalt genutzt.

Mittels zweidimensionaler direkter numerischer Simulation wird zuerst die Grundstrémung er-
mittelt, die sich iiber der Spalt-Stufen-Kombination (Fiigestelle) ausbildet. Abgesehen von einer
Stufe und einem davor liegendem Spalt ist die Oberfliche dabei glatt und ungekriimmt. Der Um-
gebungsdruck p,, = 1bar, die Umgebungstemperatur 7T,,, = 288 K und Mach-Zahl Ma., = 0,6
werden in der Arbeit konstant gehalten. Daraus resultiert eine Geschwindigkeit von 204 m/s
im Freistromgebiet oberhalb der Grenzschicht. Die Position der Fiigestelle ist, gemessen von
der Vorderkante der ebenen Platte, bei der Reynoldszahl Re, = 2,9 - 10°. Stufenhéhen bis zu
h = 0,44 mm werden untersucht. Dies entspricht der zweifachen Verdrangungsdicke der Grenz-
schicht an der Stufenposition fiir den Fall der ebenen Platte ohne Fiigestelle. Die Reynoldszahl,
gebildet mit der Stufenhohe, betragt Re, = 6000. Eine scharfkantige, vorspringende Stufe die-
ser Hohe verursacht laminar-turbulenten Stréomungsumschlag direkt an der Stufe, vergleiche
Abbildung 1. Um den Einfluss dieser Stufe auf den laminar-turbulenten Strémungsumschlag
zu eliminieren, muss die Stufenkante abgerundet werden und durch den Spalt Luft abgesaugt
werden, siehe Abbildung 2. Bei dieser besonders kritischen Stufenhéhe und der Spaltbreite von
0,33 mm betrigt die notwendige, mittlere Absaugegeschwindigkeit 20% der Freistromgeschwin-
digkeit.
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Abbildung 1: Geschwindigkeit und Stromlinien im Bereich einer Fiigestelle ohne Absaugung
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Abbildung 2: Geschwindigkeit und Stromlinien im Bereich einer Fiigestelle mit Absaugung
durch den Fiigespalt

Die Bewertung von Stufen beziiglich des laminar-turbulenten Strémungsumschlags mit und oh-
ne Absaugung wurde bereits auf dem STAB Workshop 2015 vorgestellt, siche Zahn und Rist
[1]. Dazu wurde die ¥ Methode verwendet, siehe van Ingen [2]. Basierend auf diesen Ergebnis-
sen wird die Umsetzung des Konzepts in praktischen Anwendungen untersucht. Der Entwurf
einer Fliigelvorderkante fiir Laminarfliigel von Hiihne, Uckert und Steffen [3] sieht eine Fiige-
stelle zwischen der Vorderkante und dem Hauptfliigel vor. Diese wird als vorspringende Stufe
ausgefiihrt, weil dadurch eine viel kritischere riickspringende Stufe (z.B. aufgrund von Ferti-
gungstoleranzen) vermieden wird. Im bisherigen Entwurf wird die Trennstelle mit Fiillmaterial
ausgefiillt. Dadurch kann allerdings ein negativer Einfluss auf die laminare Strémung entste-
hen. Deshalb wird in der vorliegenden Arbeit untersucht, wie Absaugung hier integriert werden
kann. Bei Absaugung an Fliigelvorderkanten ist der nétige Unterdruck, der durch die Saugpum-
pe erzeugt werden muss, fiir Effizienz von grofer Bedeutung. Die Moglichkeit der Integration
des vorliegenden Konzepts in bereits entwickelte Absaugesysteme, siehe z.B. Havar et al. [4],
wird unter diesem Gesichtspunkt bewertet.

Eine Methode zur passiven Absaugung auf einer ungekriimmten Oberfliche wurde ebenfalls
auf dem STAB Workshop 2015 vorgestellt, siche [1]. Dabei wird der Uberdruck durch Auf-
stauung vor der Stufe ausgenutzt, um iiber einen Bypass Stromung abzusaugen. Der Auslass
des Bypass befindet sich weit stromab der Stelle wo laminar-turbulenter Umschlag ohne Fiige-
stelle erwartet wird. Dadurch wird der laminar-turbulente Umschlag im Vergleich zur glatten
Oberfliche deutlich verzogert. Eine Weiterentwicklung dieser Methode sowie die Bewertung des
Einsparungspotentials ist ebenfalls Gegenstand dieser Arbeit.
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Uberblick

Bei der Entwicklung neuer Flugkorper sowie der Leistungssteigerung existierender
Flugkorper gewinnen numerische Methoden zunehmend an Bedeutung. Dabei lie-
fern numerische Methoden, wie sie beim Konzept des ,Virtuellen Windkanals” einge-
setzt werden, einerseits Moglichkeiten zur Reduzierung von Kosten und Entwick-
lungszeiten, andererseits ergeben sich durch deren Einsatz aber auch neue Chan-
cen im Bereich der Optimierung von Flugkorpern.

Die klassische Entwicklung kompletter aerodynamischer Datenséatze, oder erforderli-
cher Korrekturen, basierend auf experimentell ermittelten Daten im Windkanal ist seit
langem ,State oft the Art". Im Gegensatz dazu stellt der Einsatz des ,Virtuellen
Windkanals" Herausforderungen dar, die insbesondere im Hiblick auf Verlasslichkeit
der erzeugten Daten noch kritisch zu bewerten sind. Dies trifft insbesondere dann
zu, wenn Teilbereiche oder auch der gesamte aerodynamische Datensatz aus-
schlie3lich auf dem Konzept des ,Virtuellen Windkanals” basieren.

In der vorliegenden Arbeit werden Arbeiten zur numerischen Erzeugung aerodyna-
mischer Daten im ,Virtuellen Windkanal“ bei der Flugkorperentwicklung vorgestellt.
Als numerische Methode wurde dabei im Wesentlichen der CFD (Computational Flu-
id Mechanics) Code Tau des DLR eingesetzt. Es wird insbesondere auf die Erzeu-
gung eines kompletten aerodynamischen Datensatzes unter Verzicht auf experimen-
telle Windkanalversuche eingegangen und Vor- und Nachteile, sowie neuartige Fra-
gestellungen, die sich bei diesem Ansatz ergeben, eingegangen.

Inhalt

Die Entwicklung der numerischen Methoden im Bereich CFD in Kombination mit den
verfugbaren Rechenleistungen im Bereich HPC (High Performance Computing) er-
laubt es heute, dass bei der Erstellung aerodynamischer Datenséatze und bei der Op-
timierung von Flugkoérpern heute ganz oder teilweise auf experimentelle Windkanal-
versuche verzichtet werden kann. Es ergeben sich hieraus neue Chancen aber auch
neue Herausforderungen.

Die Arbeit geht an ausgesuchten Beispielen darauf ein, welche neuen Mdglichkeiten
der Virtuelle Windkanal bietet und welche Herausforderungen sich bei dessen Ein-
satz ergeben. Der industrielle Einsatz des Virtuellen Windkanals reicht derzeit von
der Bewertung des aerodynamischen Einflusses durch Konturdnderungen bis hin zu
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einer kompletten Flugkorperentwicklung, die ganz auf experimentelle Windkanalda-
ten verzichtet. Letzteres stellt hohe Anforderungen und Zuverlassiglkeit and die CFD
Simulationen. Hieraus leiten sich auch hohe Anforderungen an Flugversuche ab, die
erforderlich sind, um die erstellten Datensatze zu verifizieren.

Hauptaugenmerk liegt bei der Arbeit auf der Eintwicklung aerodynamischer Daten-
satze fur ein Flugkorperpdrojekt unter Verzicht auf experimentelle Windkanalversu-
che. In einer ersten Phase wurde dabei ein Demonstrator entwickelt und dessen
Leistungsfahigkeit in Flugversuchen nachgewiesen. In einem zweiten Entwicklungs-
schritt wird der Flugkérper fur eine Einsaztreife weiterentwickelt. Die hierfur erforder-
liche Aerodynamik ist aus verschiedenen Grinden komplexer als die des Demonst-
rators und stellt erhéhte Anspriiche an den Datensatz und die CFD Simulationen. In
der Arbeit werden die jeweiligen Anforderungen und Herausforderungen dargestellt
und bewertet, sowie Vor- und Nachteile des Konzeptes ,Virtueller Windkanal* ge-
nannt. Neue Chanchen und Maoglichkeiten aber auch aktuelle Grenzen, die der Ein-
satz des Virtuellen Windkanals derzeit aufweist, werden aufgezeigt.
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Aufgrund der einsatzbedingten Anforderungen fir Unmanned Combat Air Vehicles (UCAV)
ist die Verwendung eines integrierten Triebwerkseinlaufes mit geringer Einbauhéhe typisch.
Die S-Schlag-Geometrie eines solchen Einlaufes ist stromungsmechanisch problematisch,
da sie zur Ablosung neigt. Zusammen mit der in den Einlauf eingetragenen Wandgrenz-
schicht ergibt sich eine ungleichméaRige Gesamtdruckverteilung in der Verdichtereintritts-
ebene des Triebwerks. Dies fuhrt zu einer Leistungsverminderung und im schlimmsten Fall
zum Aussetzen des Triebwerks. In der Vergangenheit wurden bereits verschiedene numeri-
sche und experimentelle Untersuchungen von den Autoren zum o.a. Themenkomplex
durchgefuhrt. Hierbei ging es um die Optimierung der Einlaufgeometrie, den Grenzschicht-
eintrag in den Einlauf und damit im Zusammenhang stehende Parameter wie Machzahl,
Reynoldszahl und Massenstrom unter besonderer Berticksichtigung der Gesamtdruckverlus-
te in der Verdichtereintrittsebene des Triebwerks, [1]-[4].

In der hier beschriebenen Arbeit wird der Einfluss einer zusatzlichen Stérung untersucht, die
unter kritischen Flugzustdnden am UCAV auftreten kann und die Zustromung zum Triebwerk
u.U. massiv beeinflusst. Es wird der Eintrag eines Wirbels simuliert, wie er sich bei hohen
Anstellwinkeln an der Vorderkante einer fir UCAVSs typischen Deltafliigelkonfiguration bildet.
Die Auswirkungen des Eintrags auf die Gesamtdruckverteilung in der Verdichtereintrittsebe-
ne wurde sowohl experimentell als auch numerisch fir eine Reihe von Testféllen untersucht,
bei denen sowohl der Massenfluss durch den Einlauf als auch die Machzahl vor dem Einlauf
unabhangig voneinander variiert wurden.

Die Messungen wurden am Kryo-Rohrwindkanal (KRG) der Deutsch-Niederléandischen
Windkanéle (DNW) an einer ebenen Platte mit integriertem Einlauf durchgefuhrt, Abb. 1.
Anhand numerischer Voruntersuchungen wurden Wirbelgeneratoren in Form von Dreiecks-
blechen ausgelegt, die einen Wirbel erzeugen, der in seiner GrofRe einem abgehenden
Vorderkantenwirbel eines UCAV entspricht, Abb. 2. Insgesamt wurden drei Wirbelgenerato-
ren mit verschiedener Hohe und damit unterschiedlicher Zirkulation verwendet.

Abb. 1: Messstrecke des KRG mit eingebauter, Abb. 2:  Wirbelgenerator  stromauf
ebener Platte mit integriertem Einlauf vom integrierten Einlauf
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Mittels eines drehbaren Sondenrechens mit geringer Verdrangungswirkung konnten
Gesamtdruckverluste in der Verdichtereintrittsebene bestimmt und so der sog. DC60-Wert
ermittelt werden. Ein kleiner DC60-Wert beschreibt dabei eine gleichméalige Gesamtdruck-
verteilung in der Verdichtereintrittsebene und ist ein wichtiger Parameter bei der Auslegung
von Triebwerken.

Wird lediglich die Wandgrenzschicht in den Einlauf eingetragen, zeigt sich ein massiveres
Gesamtdruckverlustgebiet hauptsachlich im unteren Teil der Verdichtereintrittsebene bedingt
durch die dortige Abléseneigung der S-Schlag-Einlaufgeometrie und aufgrund der Gesamt-
druckverluste aus der Wandgrenzschicht, Abb. 3a). Bei Eintritt eines Wirbels in den Einlauf
zeigt sich durch die Drehbewegung des Wirbels ein von der Wand hinweg bewegtes
Gesamtdruckverlustgebiet. AuBerdem kommt es im Einlauf zu einer Seitwartsbewegung des
Wirbels, die mit zunehmender Zirkulation so groR ist, dass der Wirbel die senkrechte
Symmetrieebene sogar kreuzt, Abb. 3b). Analysen zeigen aul3erdem, dass bei zunehmender
Zirkulation des eingetragenen Wirbels die Gesamtdruckverluste zwar zunehmen, der
DC60-Wert jedoch abnimmt. Die wandnahen Druckverluste im oberen Teil der Verdich-
tereintrittsebene sind Druckverluste durch Ablosung, die durch die dortige Wandkrimmung
und den damit verbundenen Druckgradienten verbunden sind. Die numerischen Ergebnisse
aus TAU bestatigen die experimentellen Ergebnisse aus dem KRG, Abb. 3c).
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Abb. 3: Gesamtdruckverlustverteilung in der Verdichtereintrittsebene, Ma, = 0.60,
Re; = 30-10° m™; a) ohne Wirbeleintrag (KRG); b) mit Wirbeleintrag (KRG); ¢) mit Wirbelein-
trag (TAU)

Der Einfluss des Wirbeleintrags auf die Druckverteilung in der Verdichtereintrittsebene
wurde analysiert, ebenso wie der Einfluss unterschiedlicher Wirbelstarken. Die experimentel-
len und numerischen Ergebnisse wurden gegenibergestellt. Dartiber hinaus wurde der
Einfluss des Massenflusses bei konstanter Machzahl untersucht, sowie der Einfluss der
Machzahl bei konstantem Massenfluss analysiert, wobei in einem Fall mittels der adaptiven
Wande der Windkanalmessstrecke zusatzlich ein Stol3 vor dem Einlauf erzeugt wurde, wie
er bei sehr hohen Fluggeschwindigkeiten auftreten kann.
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Die Schubvektorsteuerung stellt eine wirksame Methode zur Erh6hung der Manovrierbarkeit ei-
nes Flugkorpers dar. Neben etablierten mechanischen Konzepten (Strahlruder/ schwenkbare Diisen [1])
existieren auch alternative Konzepte. Eine Moglichkeit der fluidischen Schubvektorsteuerung in Uber-
schalltriebwerken stellt ein sekundirer Seitenstrahl dar (QD), der nahezu normal zum Hauptstrahl
der Triebwerksdiise ausgeblasen wird (Abb. 1a). Der ausgeblasene Seitenstrahl, im folgenden Quer-
schubstrahl genannt, induziert lokal einen sich stromauf des Querschubstrahls befindlichen Bugstof3.
Der BugstoB3 und dessen Wechselwirkung mit der Hauptstrahlgrenzschicht induziert eine asymmetri-
sche Druckverteilung an der Triebwerksdiisenwand, die im giinstigsten Fall die Steuerkrifte erhoht
(Impuls des Querschubstrahls + asymmetrische Druckverteilung). Am Diisenaustritt dufert sich dies
in Form einer Hauptstrahlumlenkung. Diese Art der fluidischen Steuerung wird in der aktuellen Ar-
beit an einer kompletten Flugkorperkonfiguration untersucht. Abweichend zu den meisten anderen
Arbeiten zu diesem Thema befindet sich die Querschubstrahldiise relativ nahe am Schubdiisenaustritt
(Abb. 1a). Des Weiteren ist die Querschubdiise so orientiert, dass der QD-Schubvektor nicht auf die
gegeniiberliegende Wand der Triebwerksdiise trifft. Hierdurch kann der Impuls des Querschubstrahls
auch bei ausgebranntem Triebwerk noch zur Steuerung des Flugkorpers genutzt werden. Der Haupt-

QD-Schubvektor i

Diisenaustritt h

/
J
al .
\' h Diisenaustritt
Ause 118
I

initale Position QD

Bugsto3

Seitenstrahl

(a) Axiale Variation (b) Variation der Diisenform

Abbildung 1: Skizze der Variation der Querschubdiise.

teil der aktuellen Arbeit stellt die Untersuchung des Einflusses der axialer Querschubdiisenposition
(Abb. 1a) und der Geometrie der QD-Diise (Abb. 1b) auf die entstehenden Steuerkrifte dar. Um
die Leistung der fluidischen Schubvektorsteuerung einordnen zu kénnen, findet des Weiteren ein Ver-
gleich mit dem herkommlichen Querschubsteuerungskonzept statt, bei dem die Querschubdiise an der
AuBenhaut des Flugorpers platziert ist. Fiir dieses Konzept wurden zwei Positionen am Flugkorper
ausgewihlt. Eine befindet sich am Heck (QH), die andere am Ubergang der Nase in den zylindrischen

Flugkorperteil (QS).
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Die vorliegende numerische Arbeit wurde mit Hilfe des DLR-TAU-Codes [2] durchgefiihrt. Mit
dem TAU-Code werden die stationdren RANS-Gleichungen in Verbindung mit dem Menter-SST-
Turbulenzmodell gelost. Vereinfachend werden Realgaseffekte in der Simulation im Bezug auf die
heifle Diisenstromung vernachlédssigt. Die Machzahl am Diisenaustritt betrigt Ma = 4. Die Querschub-
steuerung wird an einem generischen Uberschallflugkérper, der sich mit Ma = 4 bewegt, untersucht.
Die Simulationen wurden hauptséchlich fiir eine Flughohe von 10 km durchgefiihrt. Punktuell fanden
auch Simulationen bei einer Flughohe von 30 km statt, um den Einfluss des Staudrucks auf die Wirk-
samkeit der Steuerkonzepte bzw. Diisenpositionen zu untersuchen. Es ist bekannt, dass der Staudruck
einen wesentlichen Einfluss auf die Wirksamkeit besitzt.

In Abb. 2 sind Ergebnisse fiir die I-Diisengeometrie in Form des Gesamtflugkorperkraftbeiwerts

Cr fiir die z-Achsenrichtung aufgetragen. Der Wert Cr-Impuls gibt den Kraftbeiwert an, der sich
aufgrund des reinen Impulses der Querschubdiise ergibt. Wie sich zeigt, fiihrt die axiale Variation
der Position des Querschubstrahls in der Triebwerksdiise zu keiner wesentlichen Verdnderung in der
Leistung. Ein betragsméBiges Maximum fiir den Kraftbeiwert Cr ergibt sich fiir die Diise, die zwel
Querschubdiisendurchmesser stromauf der Ausgangsdiisenposition (Initial) zu finden ist (Abb. 1a).
Interessanter als der Vergleich der Diisenpositionen
in der Triebwerksdiise ist der Vergleich der Effekti-
vitdat der Querschubdiisen fiir verschiedene Positio-
nen am Gesamtflugkorper. Hier ergibt sich fiir die
Diise am Nasen-Zylinderiibergang (QS) der gerings-
te Kraftbeiwert. Dieser liegt sogar unter dem Wert
fiir Cp-Impuls. Verantwortlich hierfiir sind Effek-
te der Querschubstrahl-Grenzschichtwechselwirkung,
die sich marginal bis zum Heck auf die Ober-
flachendruckverteilung des Flugkorpers auswirken.
Aufgrund der Linge des Flugkorpers entsteht integral
ein negativer Effekt auf die Kriftebilanz. Fiir die bei-
den Querschubdiisen im Bereich des Flugkorperhecks
(QD/ QH) ergeben sich dhnliche Kraftbeiwerte.

In der endgiiltigen Fassung des Artikels wer- Abbildung 2: Gesamtkraftbeiwert in z-
den folgende Punkte zusdzlich bzw. tiefer behan-

del Richtung fiir Ma = 4 bei einer Flughohe von
elt:

10 km fiir die I-Diisengeometrie

e Detailliertere Analyse der Stromungsfelder

e Detailliertere Analyse der Beiwerte auch auf Ba-
sis des Verstdrkungsfaktors [1] und des Mas-
senstroms der Querschubstrahlen

e Detailliertere Analyse des Vergleichs der Diisenlagen,
Positionen und Flughthe
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Towards density reconstruction of helicopter blade tip vortices from high-speed
background-oriented schlieren data

J. N. Braukmann®*, A. Bauknecht, C. C. Wolf, M. Raffel

German Aerospace Center, Aerodynamics and Flow Technology, BunsenstraB3e 10, 37073 Gottingen
* johannes.braukmann@dlr.de, Tel. 0551/709-2443

A helicopter main rotor produces blade tip vortices during flight. In certain maneuvers and flight conditions
these vortices interact with the following rotor blades. This effect is called blade-vortex interaction (BVI).
BVlIis one of the main reasons for noise and vibration emissions on helicopters. Therefore, understanding
the generation and decay of the vortex is of high interest.

Particle image velocimetry (PIV) and the background-oriented schlieren (BOS) method are commonly used
to characterize the flow field of vortices. In contrast to measuring the velocities with PIV, BOS visualizes
and also quantifies density gradients in the flow field as deflections of a stochastic background pattern. The
vortex rotation and consequent centrifugal forces lead to a lower static pressure and a lower density in the
vortex core. The objective of this work is to reconstruct the density distribution of young blade tip vortices
from 2D density gradient data measured with a high speed, laser speckle-illuminated BOS setup.

The data for the density reconstruction was aquired within the DLR STAR (Smart-Twisting Active Rotor)
project, which was carried out to investigate the functionality and effect of actively twisted blades on the
rotor wake. The STAR rotor was a 41% Mach-scaled, 4-bladed BO105 rotor with a diameter of 4m. The
blades had a linear pre-twist of —10°/R and a rectangular planform. The described density reconstruction
was done for a non-actuated test case in hover conditions at a rotational frequency of 17.35 Hz with blade
loadings of Cr /o = 0.025 to 0.064. Using a setup with two high speed cameras as depicted in Fig. 1, 15
images with an azimuthal increment of AWy = 2.8° were taken after each blade passing. This results in an
azimuthal range of ¥y = 2° to 41°.

Yy =4.91° Yy =30.23°
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Figure 1: DLR STAR stereo BOS Figure 2: Density distribution at two different vortex
setup after Bauknecht [1] ages for a variation of the blade loading
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The apparent background shift measured with BOS is nearly proportional to the density gradient along
the line of sight. A pseudo-density distribution can therefore be obtained by a spatial integration of the
image shift. This distribution then represents a projection of the 3D density object onto a 2D plane.
To reconstruct the 3D density distribution, multiple views from different angles are necessary. Using
the assumption that a blade vortex is almost rotationally symmetric along its axis, all projections per-
pendicular to this axis are equal. Therefore, a single projection allows for the 3D reconstruction of a
rotationally symmetric object as done in this paper. Due to the complex optical measurement setup a
reference measurement with a hot air stream was carried out to calibrate the density magnitude. As a
result, density distributions as shown in Fig. 2 were obtained. Figure 2 shows cross-sectional distribu-
tions of the reduced density at two vortex ages for different blade loadings. The curves are plotted with a
vertical offset of 3 % p.. for better readability. The density outside the vortex equals the ambient density,
and reaches a minimum in the vortex center. For young vortices (Wy = 4.91°) and a blade loading of
Cr/o = 0.064 (marked by =), this minimal value is about 17 % lower than p... For vortices corresponding
to Cr/o = 0.025 (marked by o) at the same age, the minimum is only 3 % lower than p... The density
deficit recovers with rising vortex age. In addition to the measured data, fits of the Scully [3] vortex
model are depicted as black lines in Fig. 2. The model shows a good agreement with the obtained data.

5
To quantify the vortex size, the vortex core
radius 7., pos Was defined as the half-width o
at the half-height of the density deficit. The ooy

W
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100 reore /t
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initial decrease in vortex core radius is visible + Tecore,pos (median)
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ing core radii as indicated by the black line. 0

This behavior suggests a vortex roll-up within 0 10 20 30 40

the first 15° of vortex age, as already de- Py (°)

scribed by Bauknecht [1] and Ramasamy et Figure 3: Development of the vortex core radius mea-
al. [2]. sured by PIV and BOS after Bauknecht [1]

A further description of the applied methods and an intensive discussion of the results will be given in the
full paper.
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Unsteady boundary layer transition detection by automated analysis of hot
film data

A. Goerttler*, A.D. Gardner', K. Richter*

The state of the flow over the rotor blades plays an important role in reducing the power consump-
tion of a helicopter. Currently wind tunnel data is necessary to get results on unsteady transitional
characteristics. The state of the art technique for unsteady transition detection is hot film anemome-
try. This paper will present an algorithm which automatically analyzes the voltage of each sensor to
obtain the unsteady boundary layer characteristics.

Data was obtained from 61 hot film sensors operated in constant temperature mode on a DSA-
9A airfoil. The airfoil was mounted horizontally in the test section of the Transonic Wind Tunnel
Gottingen (DNW-TWG). The 2D model was driven by two hydraulic motors to execute a sinusoidal
pitching motion. Every dynamic test case was sampled for 80 periods at a rate of f = 135kHz.
Automated algorithms replace time-consuming manual analysis and produce results approximately
two orders of magnitude faster. Furthermore automated algorithms can analyze every period on their
own resulting in a quantification of the scatter between the periods.
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Figure 1: Voltage signal of all periods (a) and their root mean square (b) for the sensor at x/c = 0.20
on the upper side for ¢ =0°+7°, f =6.6Hz, M = 0.3 and Re. = 1.8 x 10°

Fig. 1 shows the voltage (a) and the standard deviation signals (b) of the sensor at x/c = 0.20 on the
upper side for a sinusoidal pitching case with o¢ = 0°+7°, f = 6.6Hz, M = 0.3 and Re, = 1.8 x 10°.
Transition can be seen with hot film data results since laminar and turbulent flow develop different heat
transfer coefficients, with turbulent flow (0.35 < ¢/T < 0.7) requiring higher power than laminar flow
to maintain the constant temperature of the sensor. The skewness is used to evaluate the unsteady
boundary layer. The skewness is the third central moment and describes the symmetry of a given
distribution. The skewness, taken in a sliding window, is shown in Fig. 2(a). Two similar peaks occur
in the graph. These peaks turn out to be a reliable indicator for the transition process. The prominent
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10, 37073 Gottingen, Germany, Andreas.Goerttler @dlr.de, Tel. 0551/709-2277
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zero crossing marks the 50 % intermittency point with equal laminar and turbulent parts. Fig. 2(b)
represents the mean of all detected points in the phase-averaged voltage signal. Since the algorithm
examines every period, the standard deviation is also computed (not shown). Fig. 3 compares manual
and automated results, which both agree well. The standard deviation is for all sensors less than one
percent of one period.

Alternative algorithms will be thoroughly explained and their results compared.
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Figure 2: Positions of the detected transition points in the skewness signal (a) and in the phase-
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M = 0.3 and Re. = 1.8 x 10°, detection based on single periods skewness, O= onset/end of laminar
flow, 0= 50% intermittency, [ 1= onset/end of turbulent flow

10 T T
—=—manual
0.8} automated |
L 06| & :
= ![a o
04 § i
LY F
0.2 A":?l :;75;‘ |
00 | | \ | {/\ |

0.00 0.25 0.50 0.75 1.00
t/T
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Numerical and Experimental Investigations of Twin-Engine-Light Utility Helicopter
Wake Flow
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The knowledge of the wake flow of helicopters as well as the related unsteady effects is im-
portant conceming comfort and safety. Especially, the interaction of the wake flow with the
downstream located components of the helicopter requires accurate information already in
the design process. Nevertheless, the precise prediction of the wake flow is a difficult goal by
applying computational fluid dynamics. For a precise simulation of the wake flow, the origin
of a flow structure as well as the convection has to be captured appropriately. There are high
requirements on the modeling of the physical effects, due to the variety of different flow re-
gimes, i.e. laminar or turbulent and attached or separated flow. Furthermore, low numerical
dissipation is needed to reproduce the convection accurately [1].

In order to find a suited modelling approach, numerical and experimental investigations are
conducted. Latter shall be used to provide a reliable database for validation. The experi-
ments are carried out using a 1:5 scale model of the twin-engine-light utility helicopter con-
figuration. This includes the cabin and skid landing gear as well as a five-bladed rotor head.
The blades are truncated at the first aerodynamic effective radial position. Furthermore, a
fully functional swashplate is included, which allows cyclic and collective pitch motion. Addi-
tionally, the model includes an aerodynamic optimized tail shape with contoured strakes [2],
[3]. These shall avoid the up-rolling vortex-pair and reduce the size of the region of separated
flow. Figure 1 left shows the helicopter configuration mounted in the wind tunnel A. Figure 1
right shows the setup for the numerical simulation. Therefore, some simplifications at the
rotor head were done.

Figure 1: Helicopter configuration mounted in the wind tunnel A (left). Geometry used for the numerical
simulation (right).

The experimental investigations are conducted in the wind tunnel A of the chair of aerody-
namics and fluid mechanics of the Technische Universitat Minchen. Therefore, force meas-
urements with a six-component underfloor balance are carried out, which are mainly used for
validating the integral coefficients. For a more detailed investigation of the wake flow field
stereo Particle Image Velocimetry (P1V) in different crossflow-section is applied.
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The numerical grids are generated with ANSYS ICEM CFD. For this purpose, a block-
structured hexahedron mesh is applied. The dimensionless wall distance is set to y* = 1.
The grid is divided into three parts which are connected by sliding mesh interfaces. The static
domain contains the helicopter configuration. Furthermore, a rotating disk is embedded to
model the motion of the rotor. Therein, an additional domain is designed which realizes the
cyclic movement of each rotor blade. The numerical simulations are performed with the
commercial software ANSYS Fluent. Therefore, the Reynolds-averaged Navier-Stokes equa-
tions are solved. Due to the low Mach number Ma < 0.3 the flow is considered to be incom-
pressible. Turbulence is modelled by the scale-adaptive simulation model [4]. In order to ob-
tain low numerical dissipation, for the spatial discretization the ,Bounded Central-Difference-
Scheme* is applied and for the temporal discretization the ,Bounded Second Order Implicit"
scheme [5] is used. Furthermore, the Courant-Friedrichs-Lewy number of CFL < 1 is set in
the wake flow.

Figure 2 left shows the normalized time-averaged axial velocity distribution in a crossflow
plane downstream of the fuselage obtained by PIV. Figure 2 right presents the same quantity
for the result of the numerical simulation. Both provide a velocity deficit between the strakes
as well as in the wake of the skid landing gear. Furthermore, a good accordance between the
numerical and experimental solution is shown.

u/U: 0 0.1020.304050.60.70.80.9 1

Figure 2: Normalized time-averaged axial velocity distribution in a crossflow plane downstream the
fuselage obtained by PIV (left) and provided by the numerical simulation (right).
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Wind energy turbine wake vortex influence on helicopter rotor trim
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Introduction: The wake of wind energy (WE) rotors is modeled as a tip vortex helix with a
vortex strength estimated from its rotor thrust. An analytical helicopter rotor model is used to
estimate the WE wake vortex impact on rotor trim. Also, a comprehensive helicopter simula-
tion program is used to expose a helicopter to the WE vortex and identify trim perturbations.
Figure 1 sketches the WE wake vortex spiral geometry and the aerodynamic problem for a
helicopter rotor exposed to the WE vortex swirl velocity field.

(a) WE turbine wake with a helicopter ( b)) Helicopter rotor in WE turbine wake
Fig. 1. Sketch of the WE turbine wake — rotor interaction problem

The analytical isolated rotor model: Based on the sketch of Fig. 1 (b) the velocities acting
at a rotor blade element tangential (in the rotational plane, normal to the radial axis) and
normal to the rotational plane can be established. It is assumed that the helicopter’s flight
path is parallel to the WE turbine’s tip vortex axis and the rotor is horizontal. As indicated in
the sketch the vortex center lies in the plane of the rotor disk and therefore only vertical vor-
tex-induced velocities are acting on the blade elements. The vortex axis is assumed to be
parallel to the rotor longitudinal x-axis and the vortex-induced velocities are a function of the
lateral coordinate y only. By means of blade element theory this allows the analytical compu-
tation of rotor collective and cyclic controls to reject the WE vortex induced velocity perturba-
tions. A rotor of the size of a Bo105 is assumed for the calculations.

The helicopter model: For flight mechanics purposes the Institute of Flight Systems at DLR
uses the non-linear “Helicopter Overall Simulation Tool” HOST for desktop simulation. HOST
was developed by Airbus Helicopters and is now used and further developed in cooperation
of them with ONERA and DLR. It is a modular tool that has the ability to simulate any type of
helicopter and calculate trim, time domain response and linearization. For the results ob-
tained here HOST was used in a special configuration with the “Big Size Aircraft Vortex
Wake Model”. This model includes a pair of wing tip vortices whose parameters are user-
specified. The vortex induced velocities are calculated at all specified helicopter aerodynamic
bodies and provided to HOST's flight mechanics simulation. In this study, only the main rotor
is selected. A helicopter trim without the vortex is performed first, followed by trim including
the vortex. The perturbations in rotor trim controls and those of the helicopter pitch attitude
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and roll angle relative to the undisturbed trim can be compared with results of the analytical
isolated rotor model. The helicopter used in simulation is a Bo105 of 2.2 ton gross weight.

Results: The perturbations in rotor trim controls of the analytical isolated rotor model are
found to be linear proportional to the peak swirl velocity, made non-dimensional by the rotor
blade tip speed and called the peak induced velocity inflow ratio A;,,,. The analytical rotor
blade begins at 25% radius and blade tip losses are approximated by means of an effective
radius of 97% of the physical radius. The computed rotor control perturbations in collective
A®, and longitudinal cyclic AGs are given in Fig. 2 as a function of the WE vortex core radius
1., related to the rotor radius R. The largest impact of the WE vortex on collective control is
present when it is located at the outer border of the rotor disk because in that case the entire
disk is immersed in either downwash or upwash of the WE vortex, depending on its position
right or left of the rotor. This also causes large induced velocity gradients across the disk,
thus the cyclic control is also large in magnitude to counteract the disturbance. The cyclic
control also is large when the WE vortex is located in the middle of the rotor. In this case,
one side is subjected to downwash, the other side to upwash.
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Fig. 2: Isolated rotor trim perturbations due to a WE vortex

The complete helicopter trim involves the WE vortex induced velocities within the main rotor
aerodynamics, but not on other components of the helicopter. However, any disturbances of
rotor blade aerodynamics cause a modified main rotor power and the tail rotor thrust is used
to compensate it, which also causes a roll moment about the helicopter center of gravity. As
a consequence, this modifies the helicopter overall trim, including the pitch attitude and roll
angle, and requiring additional main rotor control inputs to maintain the trimmed steady flight.
Thus, the entire helicopter trim will require larger controls for WE vortex disturbance rejection
than the isolated rotor model. The results of Fig. 3 for two WE turbines of 3 and 7 MW power
in different distances of y = 100 m and 500 m downstream of the WE turbines confirm this.
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Fig. 3: Comparison of HOST complete helicop- tor model, because other components
ter trim perturbations with isolated rotor analysis like the tail rotor affect the overall trim.
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Experimentelle Untersuchung von Flattermechanismen in Abhangigkeit des Pfei-
lungswinkels bei subsonischer Anstromung und kleinen Reynoldszahlen
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Motivation: Zahlreiche Untersuchungen zum Flatterverhalten und zur aeroelastischen Stabi-
litat von gepfeilten Fligeln sind bekannt [1,2,3]. Diese weisen stabilisierende Effekte einer
positiven Pfeilung bzgl. der Flattergrenze, entsprechend einer Verschiebung der Flat-
tergeschwindigkeit hin zu héheren Anstromungsgeschwindigkeiten nach.

Bei bisherigen experimentellen Untersuchungen lag jedoch stets eine Kopplung bei der Va-
riation von strukturmechanischen und aerodynamischen Parametern vor. Eine Veranderung
des Pfeilungswinkels fiihrte somit zu einer Verédnderung weiterer Systemparameter. Eine
klare Trennung zur Identifikation der rein aerodynamischen Auswirkungen der Fllgelpfeilung
auf die Flattersystematik und eine quantitative Beschreibung der Effekte steht bislang noch
aus.

Zielsetzung: Im Rahmen der vorliegenden Arbeit erfolgt eine systematische experimentelle
Untersuchung von Flattermechanismen bei Variation der Fligelpfeilung unter einer signifi-
kanten Reduktion auf die wesentlichen aerodynamischen Systemparameter. Hierbei steht
insbesondere eine genaue Betrachtung des Pfeilungseinflusses unter Berlicksichtigung der
Lage der elastischen Achse bzgl. des Flatterverhaltens im Fokus.

Experimenteller Aufbau: Der experimentelle Aufbau besteht aus einem Flatterver-
suchsstand fir einen Niedergeschwindigkeitswindkanal (Remax = 4-10°) am Institut fir Aeroe-
lastik.

Das Versuchssetup umfasst einen Flatteraufbau mit einem elastisch gelagerten Trag-
fligelsegment mit den Freiheitsgraden Schlag und Drehung. Die Modellaufnahme ermdglicht
eine Variation der Position der elastischen Achse. Weiterhin lasst das Setup eine vollstan-
dige Drehung des gesamten Flatteraufbaus im Freistrahl des Windkanals zu. Hierrtiber wird
eine kontinuierliche Verstellung des Pfeilungswinkels (bis maximal 45°) gewahrleistet.
Zugleich werden die elastomechanischen Systemparameter konstant gehalten.

Lasertriangulatoren und Beschleunigungssensoren zeichnen die Modellbewegung in beiden
Freiheitsgraden auf und ermoglichen eine Verfolgung der Amplituden, Phasen und Frequen-
zen der Schwingungsmoden. Eine elektrodynamische Erregung wird zur aktiven Anfachung
oder Dampfung der Modellbewegung eingesetzt.

Methodik: Fir einen Pfeilungswinkelbereich von 0° bis 45° und einer Variation der Lage der
elastischen Achse wird bei einer systematischen Erh6hung der Anstrémungsgeschwindigkeit
eine aktive Modellanregung (unterhalb der Flattergeschwindigkeit) vorgenommen. Oberhalb
der Flattergeschwindigkeit wird das selbsterregte Aufklingen der Modellbewegung
aufgezeichnet.

Aus dem Ab- bzw. Aufklingen der Bewegungsmoden werden die Frequenzen, Dampfungen
und Phasenbeziehungen ermittelt.

110 STAB


mailto:Marc.Braune@dlr.de

Flattergrenzen werden aus einer Interpolation der Dampfung in Abhangigkeit der
Anstromungsgeschwindigkeit bestimmt. Der Nulldurchgang entspricht dem Flatterpunkt.

Exemplarische Ergebnisse:
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Abbildung 1: Anstrémungsgeschwindigkeiten ur, Abbildung 2: Flattergeschwindigkeiten ur in Ab-
Frequenzen fr und Phasenbeziehungen ¢r zwi- hangigkeit des Pfeilungswinkels A sowie Appro-
schen der Schlag- und der Drehbewegung im ximation der Messergebnisse mit einer Kosinus-
Flatterpunkt in Abhangigkeit zum Pfeilungswinkel funktion fur zwei Positionen der elastischen Ach-
N fur zwei Positionen der elastischen Achse e. see.

Exemplarisch sind in Abb. 1 die Verlaufe der Stromungs- bzw. Flattergeschwindigkeiten so-
wie die zugehdrigen dominierenden Frequenzen und Phasenbeziehungen zwischen der
Hub- und der Drehbewegung in Abhangigkeit des Pfeilungswinkels dargestellt. Die Messun-
gen wurden fir zwei verschiedene Positionen der elastischen Achse, bezogen auf die Fligel-
tiefe, durchgefuhrt. Abb. 2 zeigt die Verlaufe der Flattergeschwindigkeit (ber dem
Pfeilungswinkel. In Anlehnung an ein Kosinusgesetz, wie es auch bei [1] verwendet wird,
wurden die Messergebnisse mit einer 1/cos"(A) — Funktion approximiert.

Neben einem erwarteten Anstieg der Flattergeschwindigkeit mit zunehmender Pfeilung zei-
gen sich quantitative Unterschiede in den Verlaufen fur die zwei Achsenlagen. Dies zeigt
insbesondere die Abweichung des Exponenten (n = 0,63 flir e = 0,44 % und n = 0,79 fir e =
0,39 %) der Kosinusapproximation untereinander.

Eine Anderung der Flatterfrequenz ist in beiden Fallen nicht zu beobachten, was fur einen
von der Pfeilung weitestgehend unabhangigen Flattermechanismus spricht. Hier fuhrt ins-
besondere eine von der Achsenlage abhangige Strukturmechanik zu einer Veranderung der

Frequenz.

Ahnliches zeigt sich auch in den Verlaufen der Phasenbeziehungen, wobei der starke Abfall
der Phase bei hohen Pfeilungswinkeln fir e = 0,44 % auf weitere komplexere Zusammen-

hénge hindeutet.

Die starken Anstiege der Flattergeschwindigkeit, die groer ausfallen als bisherige Experi-
mente [1,2,3] dies vermuten lie3en sowie die quantitativen Unterschiede bei einer unter-
schiedlichen Lage der elastischen Achse geben den Anlass fir weitere Messungen.
Vorgestellt werden nunmehr systematische Untersuchungen fiir eine Vielzahl von
Pfeilungswinkeln und Lagen der elastischen Achse, wobei die Systematik und Quantifizie-
rung des Pfeilungseinflusses diskutiert wird.

[1] BARMBY, J. G. ; CUNNINGHAM, H. J. ; GARRICK, |. E. : Study of effects of sweep on the
flutter of cantilever wings. NACA TN 2121, 1950

[2] BABISTER, A. W. : Flutter and Divergence of Swept-back and Swept-forward Wings. R.
& M. 2761, 1950

[3] MOLYNEUX, W. G. : The Flutter of Swept and Unswept Wings with Fixed-Root Condi-
tions. R.& M. 2796, 1950
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Throughout the last decades, the wind energy technology has received great of interest due to the
environmental concern. One prevailing trend in wind energy technology has been for example to
increase the size of the rotor. The respective wind velocities are generally higher, which could offer
better conditions for the turbines and larger machines can capture more energy throughout its lifetime.
However, larger turbines mean heavier blades, higher structural loads and more fatigue, which results
in considerable design issues. One possibility to overcome the structural-design concern could be the
use of form variable systems within the blade of the turbine. Active and passive flow control devices
showed indeed good promises in load reduction on a wind turbine blade. Basualdo [1], for example,
numerically investigated an airfoil, whose geometry could be altered using a rear-mounted flap. The
study was conducted using a potential theory method to a variable-geometry airfoil by analyzing the
fluctuations of the airfoil displacements. It was found that the use of such a device could lead to load
alleviation as it reduces the airfoil displacement fluctuations, which affects directly the fatigue
phenomenon. The Princeton windmill research group [2] and Béguin [3] similarly investigated
respectively a Sailwing and an elasto-flexible membrane wing. Both models were based on a structure
mainly composed of a rigid leading- and trailing-edge, and an adaptive flexible material wrapped around
the structure. It was found out that such an adaptive concept could provide better aerodynamic
performance compared with its rigid counterpart. The membrane’s flexibility of Béguin permits indeed
the airfoil to adapt itself to the surrounding flow field by naturally redistributing the pressure difference
on the upper-side and the lower-side of the membrane. This capacity of adaptivity results furthermore
in a delay of the stall to higher angles of attack and can produce an increase of the camber and a reduction
in the thickness, which could provide more favorable lift-to-drag characteristics.

An elasto-flexible membrane wing concept is investigated via numerical analysis in conjunction with
an experimental study at the Technical University of Munich (TUM). The purpose of this present work
is to give an overview of the development of a Fluid-Structure-Interaction (FSI) platform using the U-
RANS fluid solver TAU from the DLR and the FEM based structural solver CARAT++ from the Chair
of Structural Analysis at TUM. The present work is divided in two main parts:

- afirst preliminary investigation about a cavity (FSI) bench mark,
- asecond 2D FSI analysis of an elasto-flexible membrane airfoil.

The purpose of the first investigation is to identify the possible complications and issues regarding
the development of the FSI platform and to verify the coupling between TAU and CARAT++.

The second part focuses on the numerical coupled investigations of a 2D airfoil and a comparison
with wind tunnel results to be able to conclude about the accuracy of the numerical FSI results. The
studied airfoil consists of an elasto-flexible membrane wrapped around a rigid double-elliptical leading-
edge and a rigid trailing-edge, Fig. 1. The membrane is an anisotropic material, whose mechanical
properties are different in the weft and the warp directions. The respective E-moduli for the weft and
the warp directions are 2.18MPa and 1.01MPa respectively. In the structural model, the upper and lower
surface of the airfoil are modeled using membrane elements which are fixed at the trailing-edge. As it
was mentioned above, the leading-edge is made with a double-elliptical spar in order to avoid too-high
gradient of pressure on the upper-side of the airfoil. Concerning the fluid setup, a hybrid mesh is
generated for the fluid using ICEM-CFD. A block method is realized around the airfoil and an
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unstructured mesh is then used to fill the entire domain. As the interface between structured and
unstructured mesh could influence the results, three different meshes differing with in their specific
resolution, are tested to realize a mesh independency study.

The FSI investigations on the 2D airfoil are then compared to experimental tests realized in the wind
tunnel B of the Institute of Aerodynamics and Fluid Mechanics of the TUM. Force measurements are
performed to obtain the aerodynamic forces acting on the airfoil. The photogrammetry technic is used
to measure the deformation of the membrane and a hot wire anemometry system is exploited to acquire
the flow velocities around the model. Both numerical and experimental analysis are performed for
Reynolds numbers (Re) equal to 0.23.10° and 0.56.10° and for different angles of attack (AOA = 6°, 15°
and 22°).

Results of the analysis agreed with a typical behaviour of a flexible membrane wing. Compared to
its rigid counterpart, the flexible membrane wing presents higher lift values and better aerodynamic
efficiency as the camber of the geometry increases with the angle of attack. Furthermore, as the slope
of the membrane adapts itself to the flow environment, the flow separation is postponed to higher angles
of attack and is smoother. In Fig. 1, some results of the photogrammetry and the hot-wire anemometry
tests are represented for an AOA = 15° and U, = 35m/s.
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a) Scheme of the experimental model and the b) Mean axial and vertical velocity field and the
associated investigated geometry and results of respective deformed geometry for U, = 35m/s
the photogrammetry test for U,, = 35m/s and and AOA = 15°

AOA =15°
Fig. 1-
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The industrial design and analysis process of next generation aircraft is characterized by
involved multidisciplinary computations and numerically costly optimizations in order to
achieve the efficiency goals such as the reduction of emissions and fuel consumption. In this
regard, the aspect ratio of the wings tends to be increased, whereas it is envisioned to con-
currently decrease the structural weight. Considering those highly-flexible structures, the
accurate prediction of aeroelastic phenomena that arise through the interaction of structural,
inertial, and flow-induced forces will become of paramount importance in the future. Hence,
efficient and precise methods are required to compute motion and gust induced aerodynam-
ic forces as well as the overall aeroelastic response. With respect to the accuracy of the re-
sults, the aim of the research efforts is to use modern CFD methods for the unsteady aero-
dynamic computations. However, due to the vast number of parameters, i.e., various free-
stream conditions, geometry parameters, flap deflection angles, and fuel levels, the numeri-
cal effort of comprehensive multi-physics calculations is still not manageable using the avail-
able computer technology.

A possible remedy is to construct and utilize so-called reduced-order models (ROM). For this
purpose, CFD-based training data samples describing the input/output relationship of the
underlying system are exploited in terms of a linear or a nonlinear system identification. In
the context of aeroelastic computations, the system input is regarded with the structural de-
grees of freedom, whereas the outputs are the motion-induced (generalized) aerodynamic
forces. Following this methodology, the time-domain unsteady aerodynamic forces can be
predicted with high accuracy, whereas the simulations are performed within seconds once
the ROM has been generated.

The ROM methods originating from linear identification principles are proven to provide ac-
curate and reliable results for small structural perturbations, i.e., for a dynamically linear de-
pendence between the flow quantities and the excitation. However, the nonlinear identifica-
tion that allows for capturing larger amplitude motions or varying freestream conditions are
still challenging. Many nonlinear models that are based for example on neural networks or
Kriging interpolation exhibit a high precision with respect to the so-called one-step prediction
problem. However, often an unstable behavior for multi-step ahead predictions is encoun-
tered for these approaches due to the feedback of the model outputs. The methodology for
unsteady aerodynamic modeling proposed by Winter and Breitsamter [1] uses a nonlinear
identification technique which is not prone to simulation instabilities. Nonetheless, the model
is not very accurate if the system is governed by strong dynamic nonlinearities. Therefore,
the idea followed here is to favorably combine a model which is suited for highly nonlinear
static predictions with the local linear neuro-fuzzy models employed in [1].

The new ROM method depicted in Fig. 1 involves two sequential training steps. Firstly, the
recurrent neuro-fuzzy model is trained by the local linear model tree algorithm (LOLIMOT,
[2]). In this regard, the model input vector consists of the time-delayed system inputs and the
time-delayed model outputs, whereas the neural network parameters are optimized by mini-
mizing the one-step prediction error with respect to the CFD response. After the neuro-fuzzy
model is obtained, the multi-step ahead prediction can be evaluated for the given training
data. Secondly, a multi-layer perceptron neural network (MLP, [2]), which is a high perfor-
mance multi-dimensional function approximator, is trained using nonlinear Levenberg-
Marquardt optimization. For this step, the input vector comprises the time-delayed system
inputs and the time-delayed outputs of the previously generated neuro-fuzzy model. Analo-
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gously to the first training procedure, the model parameters are iteratively updated to repro-
duce the system outputs. The advantage of this coupled approach is that the second model
is not operated in a recurrent manner, since no outputs of the MLP neural network are fed
back to the respective input vector. Hence, the second model can be considered to perform
a nonlinear correction of the neuro-fuzzy model outputs.

Figure 1: Schematic of the new reduced-order model for highly-accurate unsteady aerodynamic simulations.

In order to evaluate the performance and efficiency of the proposed method, the NLR 7301
supercritical airfoil undergoing a pitch and plunge motion is investigated at transonic flow
conditions. For this purpose, a forced-motion CFD computation was carried out to yield the
aerodynamic response induced by amplitude-modulated pseudo-random binary deflections.
Subsequently, the proposed ROM framework is conditioned according to the described pro-
cedure and the model is tested exemplarily by means of amplitude and frequency varying
sinusoidal excitations. The result of these considerations is visualized by means of the pitch-
ing moment coefficient for both the neuro-fuzzy model without the nonlinear correction (Fig.
2) and the coupled static and recurrent neural network method (Fig. 3), while a comparison
with the reference CFD solution is presented for performance classification. It is shown that
the new method leads to a notable improvement of the simulation quality, especially, if
stronger nonlinear characteristics are encountered. Future work will focus on the coupling of
aerodynamic ROMs with structural models in order to perform highly-efficient aeroelastic
simulations capable of predicting limit-cycle oscillations.

Figure 2: Simulation of the pitching moment coeffi- Figure 3: Response of the pitching moment coeffi-
cient using the neuro-fuzzy model em- cient predicted by the proposed ROM
ployed in [1]. methodology.
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Die Kondensation von Wasser ist ein generell auftretendes Phanomen in Beliiftungssystemen ungeachtet des

Einsatzgebiets. Dabei kann das Auftreten von Kondensation an unerwiinschten Stellen im System ein erhe-

bliches Problem darstellen, wie beispielsweise das Eindringen von Kondensat aus der Kabinenabluft in das

Isolationsmaterial zwischen Kabine und FlugzeugauBenhiille, was langfristig zu einem erhohten Gewicht und

reduzierter Isolationswirkung fiihrt[/1]].

Die herkommliche Herangehensweise fiir die Betrachtung von Kondensation an Oberflachen beruht auf der

Nusselt’schen Wasserhauttheorie, die einen Zusammenhang zwischen der Kondensatfilmdicke und dem Wiarme-

iibergang herstellt[2]. Ausgehend von dieser zunichst nur fiir die eingeschrinkte Problemstellung von ruhen-

dem Dampf und laminar abflieBendem Kondensat geltenden Formulierung existieren Anpassungen der Theorie,

die die Anwendung fiir Kondensation in der Gegenwart von Inertgasen, bei stromender Dampfphase und mit

turbulenter Filmoberfldche erlauben.

Die Durchfiihrung einer Direkten Numerischen Simulation (DNS) von turbulenter Stromung mit Phaseniibergang
erlaubt die Untersuchung der Wechselwirkung zwischen Oberflichenkondensation und Stromungsstrukturen

auf allen relevanten Lingenskalen und damit ein besseres Verstidndnis der Effekte, die die Anpassung der

grundlegenden Nusselt’schen Wasserhauttheorie an komplexere Problemstellungen nétig machen. Mit den auf

diese Weise gewonnenen Daten wird eine bessere Modellierung von Kondensationsphinomenen iiber eine brei-

tere Spanne von Stromungssituationen moglich.

Kern der Untersuchung ist die numerische Losung

der zeitlich und rdumlich diskretisierten Navier- 0

I
o

Stokes-Gleichungen im Rahmen einer DNS mithilfe

der Programmbibliothek OpenFOAM. Die Losung 25]
der Impulsgleichung erfolgt mittels eines expliziten =
Leapfrog-Verfahrens zweiter Ordnung, die rium- 376 1m0
lichen Ableitungen werden in vierter Ordnung ap- Jix gl
proximiert. Zusitzlich zum Geschwindigkeitsfeld er-  °

fordert der Temperaturgradient zwischen der adia- Figure 1: Simulierter Kanal mit festen Winden in y-
baten oberen und isothermen unteren Kanalwand die Richtung und periodischen Randbedingungen in x- und
Behandlung von sowohl diffusivem als auch konvek- z-Richtung.

tivem Transport der Temperatur 7 mittels d7 /dt =

kV2T —u- VT mit der Temperaturleitfihigkeit k. Durch den Temperaturgradienten induzierte Dichteunter-
schiede im stromenden Fluid und die damit verbundenen Auftriebskrifte in wandnormale Richtung werden
mithilfe der Boussinesq-Approximation erfasst. Dariiber hinaus wird auch der diffusive und konvektive Trans-
port der Luftfeuchtigkeit iiber den Stoffmengenanteil cy,p, von Wasser in der Luft analog zum Vorgehen bei der
Temperatur abgebildet, dcyap/dt = DVzcvap —u- Veygp, dabei ist D die Diffusionskonstante.

Als Systemgeometrie dient ein Kanal mit periodischen Randbedingungen in Stromungs- und Spannweitenrich-
tung sowie Winden mit Haftrandbedingungen in der verbleibenden Richtung, wie in Fig. [[|gezeigt. Die mittlere
Stromungsgeschwindigkeit # in x-Richtung ist vorgegeben, sodass sich der Druckabfall in Strémungsrichtung
und die Schubspannungsgeschwindigkeit u; einstellen.
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Die genaue Kenntnis aller thermodynamische Variablen sowie von cy,p im kompletten System und zu jedem
Zeitpunkt ermoglicht es, lokale Unterschreitungen der Taupunkttemperatur exakt zu erfassen und in den so
identifizierten Regionen innerhalb des Kanals Kondensation einsetzen zu lassen. Hierzu wird die Formulierung
der Kondensationsrate von Schrage aufbauend auf der Hertz-Knudsen-Gleichung verwendet [3], bei der der
Massentransport iiber die Phasengrenze proportional zur Differenz zwischen dem herrschenden Partialdruck
Pvap und dem temperaturabhingigen Sittigungsdruck des in der Luft gelosten Dampfes pg (T) ist[4]:

) 20, M ( )
= \/ — :
2— o, \ 2zRT \PYee T Psat

Hierbei ist M die molare Masse von Wasser, R die Gaskonstante und o, der Kondensationskoeffizient. Mithilfe
des somit bekannten Masseniibergangs kann dann der zusitzliche Wirmeeintrag ins System durch Freiwer-
den der Verdampfungsenthalpie AH bestimmt werden. Nach der Kondensation wird das Wasser nicht weiter
simuliert, sodass der Einfluss von fliissigem Wasser an der Kanalwand vernachléssigt wird.

Fiir die vorliegende Untersuchung wurden die Stoff-

eigenschaften des stromenden Fluids entsprechend i [me/s]
derer von Luft gewihlt, das heillit eine kinema- 1 10
tische Viskositit von v = 1.35- 107> m? /s, eine Tem-

peraturleitfihigkeit von k¥ = 1.898 - 10> m? /s, eine 0.5

spezifische Wirmekapazitit von ¢, = 1.005kJ /kgK, 0 s
sowie ein thermischer Ausdehnungskoeffizient von

a = 3.674-1073K~!. Die Diffusionskonstante von 0.5

Wasserdampf in Luft betrigt D = 2.82- 107> m? /s,

die Verdampfungsenthalpie AH = 2280kJ/kg. Die 0 0
charakteristische Linge des Systems ist die halbe Oy ! 2 3 4 >
Kanalhthe 6 = 0.04m, damit betrigt die Reynold- B

szahl Re = ud/v = 2280, wodurch sich Re; =

ur8/v = 15_0 ergibt. Die Temperat.ur d‘er unteren  gioyre 2:  Massentransferrate am Phaseniibergang.
Kanalwand ist 7. = 278.15K. Das simulierte Volu- Oben:  Situation wihrend des FEinstrémens der

men wurde fiir die DNS in 394 x 180 x 316 Zellen zer- - goqstigten feuchten Luft. Unten: Stationiirer Zustand.
legt, die in x- und z-Richtung mit Ax™ = u;Ax/v =6

beziehungsweise Az" = 3 dquidistant verteilt sind und in y-Richtung mit zunehmender Nihe zur Wand feiner
aufgeldst sind, mit Ay™ = 0.2 direkt an der Wand und Ay* = 3 in der Kanalmitte.

Fig. 2| zeigt vorldaufige Ergebnisse einer Validierungssimulation fiir die Massentransferrate am Phaseniibergang
in einem zweidimensionalen Kanal, in den mit Wasserdampf gesittigte Luft mit laminarem Geschwindigkeit-
sprofil einstromt. Zu Beginn kondensiert Wasserdampf iiber die gesamte Kanalhohe und die gesamte Linge des
Kanals hinweg, wohingegen nach Autheizen des Systems durch das Freiwerden der Verdampfungsenthalpie
die Kondensation im stationdren Zustand nur am Einlass und in unmittelbarer Nihe zur gekiihlten Wand stat-
tfindet. Auf dem Symposium werden stattdessen Ergebnisse fiir den dreidimensionalen, turbulenten Fall wie
oben beschrieben prisentiert werden.

Literatur:

[1] M. Griinder, “Kondenswasser an Bord,” Flug Revue, vol. 10, 2003.

[2] W. Nusselt, “Die Oberflichenkondensation des Wasserdampfes,” Zeitschrift des Vereins Dtsch. Ingeniuere,
vol. 60, pp. 569 — 575, 1916.

[3] R. W. Schrage, A theoretical study of interphase mass transfer. PhD thesis, Columbia University, 1953.
[4] R. Marek and J. Straub, “Analysis of the evaporation coefficient and the condensation coefficient of water,”

International Journal of Heat and Mass Transfer, vol. 44, no. 1, pp. 39 — 53, 2001.

117
STAB



Mitteilung
Projektgruppe / Fachkreis: Numerische Simulation
Modellierung beweglicher Steuerflachen mit dem DLR TAU-Code

Ralf Heinrich, Laia Alcaraz Capsada
DLR Institut far Aerodynamik und Strémungstechnik
Lilienthalplatz 7, 38108 Braunschweig
ralf.heinrich@dIr.de

Ausgangssituation: Fir eine Reihe von Anwendungen ist die Modellierung von beweglichen Steuerfla-
chen eine unbedingte Voraussetzung. Genannt seien hier die Trimmung eines Flugzeuges, die Vorhersage
von aerodynamischen Lasten infolge von Steuerflaichenbewegungen, die Wirksamkeit von Steuerflachen
sowie die Simulation eines mandvrierenden Flugzeuges. Fir letztgenanntes Szenario mussen alle Primar-
steuerflachen modelliert werden. Dazu gehéren Querruder, Seitenruder, Héhenruder, horizontaler Stabili-
sator und Spoiler. Insbesondere die Modellierung beweglicher Spoiler stellt fir hochgenaue CFD Verfah-
ren eine besondere Schwierigkeit dar.

Ziel: Um mit dem TAU-Code [1] alle Primarsteuerflachen modellieren zu kénnen, sollen entsprechende
Strategien entwickelt und umgesetzt werden. Die Techniken sollen an einer Reihe von Beispielen bis hin
zur multidisziplindren Simulation eines manévrierenden Flugzeuges demonstriert werden.

Losungsweg: Im Rahmen dieser Arbeit werden unterschiedliche Strategien vorgestellt, zum einen fur
Steuerflachen wie Querruder, Hohenruder und Seitenruder, zum anderen fur Spoiler. Fir die erstgenann-
ten hat sich gezeigt, dass sich die Bewegung der Steuerflachen sehr gut mittels Netzdeformation realisie-
ren lasst. Bild 1 zeigt ein Beispiel fir ein generisches Verkehrsflugzeug, bei dem diese Steuerflachen alle
mittels Netzdeformation bewegt werden. In diesem konkreten Beispiel werden die spannweitigen Spalte
nicht aufgeldst. Die Verschiebungen werden in der Nahe der AuBenkanten der Steuerflachen vom ausge-
schlagenen Zustand auf den Wert Null Gbergeblendet. Dies ist fur kleinere Ausschldge unproblematisch.
Allerdings wachst der Fehler mit dem Ausschlag der Steuerflache. Daher ist eine weiter Strategie entwi-
ckelt worden, die diese Spalten berticksichtigen kann. In ein reguléres Fligelgitter ohne Steuerflachen
werden fur die Steuerflachen zusatzliche Gitterblocke Uber die Chimera-Technik eingebracht, in denen
der Spalt modelliert wird. Es werden jeweils ein Gitter fUr die Steuerflache selber, sowie zwei weitere
Gitterblocke rechts und links von der Steuerfliche generiert. Die Bewegung der Steuerflache geschieht
mittels Netzdeformation, jedoch ohne ,Blending”. Fiur diese Gitterblécke werden strukturierte Gitterblo-
cke verwendet, da sich hier die Punkteverteilung insbesondere im Spalt besser steuern lasst. Bild 2 ver-
deutlicht die verwendet Strategie. Weiterhin wird auch ein Ergebnis einer Simulation fir eine ausgeschla-
gene Steuerflache gezeigt. Sehr schén zu sehen sind insbesondere die an den AuBenkanten der Steuer-
flache entstehenden Wirbel.

Fur die Modellierung von Spoilern wird ebenfalls, wie fir z.B. Querruder, die Chimera-Technik angewen-
det. In das Gitter fur einen Fligel mit Aussparung an der Position des Spoilers wird ein zusatzlicher Gitter-
block eingebracht. Die Bewegung des Spoilers wird hier allerdings tGber Rotation des Gitterblockes einge-
bracht. Eine wesentliche Voraussetzung dafir ist ein leistungsfahiger Algorithmus zum Lochschneiden [2].
Bild 3 zeigt eine erste Spoiler-Anwendung im 3D, bei der in einen NACA-Fligel insgesamt 3 Spoiler ein-
gebracht worden sind, was Ublicherweise auch als ,Spoiler-Piano” bezeichnet wird.

Weiteres Vorgehen:

Im Beitrag werden die unterschiedlichen Strategien vorgestellt. Anhand von Beispielen werden die jewei-
ligen Vor- und Nachteilen verdeutlicht. Weiterhin soll die Strategie mit Blending mit der Strategie mit
Auflésung der spannweitigen Spalten verglichen und bewertet werden. Als Anwendung ist unter ande-
rem der Manoverflug eines Flugzeuges geplant (Aerodynamik gekoppelt zur Flugmechanik).

Literatur:
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Bild 1: Generische Flugzeugkonfiguration mit Steuerflachen, bewegt mittels Netzdeformation
mit Blending

Bild 2: Links: NACAFIugel-Gitter; Mitte: Fligelgitter mit zusatlichen Blécken fur die Steuerflache;
Rechts: Simulationsergebnis mit ausgeschlagener Steuerflache

Bild 3: Simulation eines , Spoilerpianos”
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When performing an aerodynamic optimization of an aircraft configuration in steady flight,
it is usual to require some force balance conditions to hold. For typical transport aircraft in
cruise flight, these conditions are (neglecting small angles) that the aircraft weight must be
balanced by lift, and the pitching moment around the center of gravity by the tail force. When
these forces are balanced, it is said that the aircraft is in a trimmed state.

There are two ways to achieve trimmed state during the optimization: either the required
force balances are posed as constraints for the optimizer to satisfy by the end of optimiza-
tion [2], or they can be satisfied at each design evaluation by an internal iteration within the
flow solver [1]. In the optimizer-based approach, the trim control parameters — angle of attack
« and tail deflection angle § — are included as design parameters in the optimization, together
with the actual shape design parameters. With the goal to minimize drag, this approach can be
formulated as

min Cp(u(p))
subject to Cp(u(p)) = C, Car(u(B)) =0,
with flow solver satisfying R(u(p)) =0,

where p = (p,«,d) is the composite vector of shape design parameters p and trim control
parameters, C'p is the drag coefficient, C, the lift coefficient, C)s the pitching moment coefficient,
R the residual of flow equations and u the flow state variables. In the flow solver-based approach,
« and ¢ are treated as flow state parameters, i.e. the force balance equations are solved for during
the simulation together with the flow residual equations. This approach is formulated as

mpin Cp(u(p)),

with flow solver satisfying R(u(p)) =0, Cr(u(p)) = C;, Cp(a(p)) =0,

where & = (u,,d) is the composite vector of actual flow state variables and trim control
parameters.

The flow solver-based approach may be attractive if it is desired to have a feasible design
at each evaluation, or if the chosen optimization algorithm is not able to treat constraints
directly [1]. But if maintaining feasibility in each evaluation is not required and a constrained
gradient-based optimization algorithm is used, which of the two approaches leads to smaller
optimization run time? Intuitively, the optimizer-based approach should be more favorable,
since it will not waste time making feasible the initial, far-from-optimal designs, and simulation
time may be smaller because of less equations to satisfy.

However, figure 1 shows a case where the opposite is true. An RAE 2822 airfoil is optimized
using both approaches, and with only the lift balance equation. The flow is modelled with
RANS equations, gradients are computed by the adjoint approach, design parameters are 15
Bezier polynomials, and the optimization algorithm is SNOPT [3]. It can be seen that with
the flow solver-based approach only 15 evaluations are needed to reach the optimum, while it
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Figure 1: Drag optimization of RAE 2822 airfoil with optimizer-based and flow solver-based
control of lift coefficient, at Mach number M = 0.73 and target lift coefficient C7 = 0.80.

takes 85 evaluations with the optimizer-based approach. Even with the run time of single design
evaluation in flow solver-based approach being about 30 percent higher than in the optimizer-
based approach, this case shows a clear benefit when using the flow solver-based approach.

In the final paper, the two approaches will be compared on a more relevant test case, based
on the Common Research Model (CRM) [4] wing-fuselage-tail-nacelle configuration as shown on
figure 2. Both lift and pitching moment balance equations will be included, as well as single-
and multi-point optimization problems. Design parameters will be free-form deformation (FFD)
control points on the wing. The paths by which the optima are reached, as well as any differences
in the optima, will be examined, and conclusions on best practice drawn.

Figure 2: CRM wing-fuselage-tail-nacelle configuration to be used for trimming investigation.
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Incompressible flows in the turbulent regime are of fundamental significance for engineering
and biomedical applications. Accurate and reliable numerical simulation of such flows demands
for extremely high spatial and temporal resolution despite the steady improvement in modeling
of unresolved scales. The INDEXA code (INcompressible Discontinuous Galerkin towards the
EXA scale) uses discontinuous Galerkin (DG) for spatial discretization due to their high-order
capability, stability in convection-dominated flows, efficiency in massively parallel computations,
and geometrical flexibility with respect to complex geometries and curved boundaries. The con-
vective term is written in conservative form and discretized using a Lax—Friedrichs flux formu-
lation. For discretizing the second derivatives in the viscous term and in the pressure Poisson
equation, the symmetric interior penalty method is applied.

For efficient time integration, we choose a velocity correction method (dual splitting scheme)
that advances the convective term, the pressure term, and the viscous term of the Navier—
Stokes equations in separate substeps. The splitting method is based on the third-order ac-
curate backward differentiation formula (BDF3). While the viscous term is treated implicitly for
stability reasons, we use an explicit formulation of the convective term that implies a CFL re-
striction of the time step size. Recent publications have shown that projection methods such
as the dual splitting scheme become unstable in the limit of small time steps if they are not sta-
bilized appropriately. This lower limitation of the time step size essentially depends on the grid
size h and the viscosity v. While this time step restriction is less of a concern for well-resolved
simulations, it is in conflict with the CFL condition in the marginally-resolved, high Reynolds
number regime. The source of instabilities are divergence errors related to a finite spatial res-
olution that occur as source terms on the right-hand side of the pressure Poisson equation,
scaled by the inverse of the time step size. We propose a stabilization technique for this insta-
bility by using a consistent divergence penalty term when projecting the intermediate velocity
onto the space of divergence-free vectors. This stabilization both enhances the robustness of
the method in the sense that the method is stable for arbitrarily small time steps and, more
importantly, is crucial when applying the method to flow problems in the under-resolved, high
Reynolds number regime.

The temporal splitting leads to easier-to-solve equations such as a pressure Poisson equa-
tion and a Helmholtz equation in the viscous step for which optimal solver strategies are avail-
able. We use Krylov subspace methods such as the conjugate gradient method and the gener-
alized minimum residual method which represent state-of-the-art iterative methods showing op-
timal algorithmic performance when combined with appropriate preconditioners. The Helmholtz
equation is effectively preconditioned by the inverse mass matrix especially for high Reynolds
numbers. From a computational point of view the most demanding part is the solution of the
pressure Poisson equation. To obtain mesh-independent convergence rates of the Poisson
solver a geometric multigrid method with polynomial Chebyshev smoothing is applied. The
solver uses fast matrix-free operator evaluation using recent developments in the deal.ll finite
element library [3,1]. These developments have recently been rewarded support through the
DFG-SPPEXA project ExaDG (Pls: Guido Kanschat, Katharina Kormann, Martin Kronbichler,
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Wolfgang A. Wall). All substeps in the solver, including the smoother in the geometric multigrid
method, evaluate residuals in terms of cell and face integrals. These integrals are computed
with a sum-factorization approach that combines low operator complexity with high computa-
tional intensity [3]. For example, the code reaches 50-65% of arithmetic peak on Phase 1 of
SuperMUC (Sandy Bridge), providing close-to-ideal strong and weak scaling up to all 147,456
cores. Moreover, the code is written in a modular and generic way that allows porting to up-
coming computer architecture such as next-generation Intel Xeon Phi (Knights Landing). Our
realization brings together a state-of-the-art algorithm with an excellent implementation, ensur-
ing that we reach as low absolute run times as possible for a given solution quality.

The resulting computational approach is highly efficient for direct numerical simulations (DNS)
as the cost per time step is approximately independent of the polynomial order. In the talk we
present DNS computations of turbulent channel flow up to Re, = 590 and up to 131 x 10°
DoFs, which is visualized via the Q-criterion in figure 1. We also show that this scheme yields
excellent results for implicit large-eddy simulation of the same benchmark cases.

With regard to LES of wall-bounded turbulent flows, the computational cost of resolving the
relevant near-wall scales depends on the friction Reynolds number approximately as Re? with
supplementary restrictions on the time step size if explicit time integration schemes are used.
In order to circumvent this dependence, we currently include a novel wall model based on
function enrichment in this code, which has recently been proposed in the framework of the
continuous Galerkin method and shows excellent performance especially in separated flows
with high adverse pressure gradients where many standard wall modeling approaches fail [2].
The basic idea is that classical wall functions such as Spalding’s law-of-the-wall are not used to
prescribe boundary data, but they are built into the function space, in addition to the standard
polynomial part. The computational method is consequently capable of resolving the mean
boundary layer, similar to detached-eddy simulation, even if the first off-wall node is located at
up to y;~ = 500.

Figure 1: Q-criterion of DNS of turbulent channel flow at Re, = 590.
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Current concepts for airframe noise reduction call for replacing wing trailing edges
with materials that effectively reduce local noise sources. This can be performed by employ-
ing segments of porous materials. The approach makes it necessary to simulate the aerody-
namic effects of porous material inserts at high Reynolds numbers.

A volume and Reynolds averaged Navier-Stokes solver was therefore developed'?
for turbulent flow simulations over and inside porous media. This model is based on the
Reynolds stress turbulence model JHh-v2® and has been extended by volume averaging of
the Navier-Stokes equations. This VRANS model was implemented into the DLR-TAU flow
solver. In order to accurately resolve the transition across non-porous - porous interface, a
number of special conditions are implemented into the turbulence equations leading to a to-
tal of six new model parameters governing the flow at the interface with the fluid and inside
the porous media. These parameters are:

B : coefficient that defines the jump of velocity-gradients across the nonporous-porous inter-
face.

Br : coefficient that defines the jump of gradients of Reynolds-stresses over the interface.
Cwaq : wall distance offset parameter to control the wall-induced damping of wall-normal
stresses.

Cqp : accounts for additional diffusion of Reynolds normal stresses inside the porous me-
dium.

C: : parameter for modelling velocity fluctuations triple correlations inside porous medium.
C.n : parameter for modelling triple correlations of fluctuating velocity components and veloc-
ity-gradients in the dissipation equation.

These modelling parameters were first calibrated in Ref.[1-2], by assessing model
sensitivities in an expert-centred manual process and by comparing to DNS-simulations of
channel flow from Breugem®* as reference. This calibration was done for generic porous ma-
terial that consisted of geometrically aligned cubes. Since several of the model parameter
are material-dependant a more general calibration procedure is sought. Hence Polynomial
Chaos Expansions (gPCE) based calibration of the model parameters has been recently
demonstrated [5,6]. The data for the Bayesian calibrations is assimilated based on the
Markov Chain Monte Carlo (MCMC) methods. The data is scanned over a uniform Halton
sequence of the modeling parameters based on the prior knowledge of their numerical
range. However, a large number of such parametric combinations were non-converging so-
lutions of the VRANS model and the so-called Kernel trick is used to separate these non-
physical samples.

As stated above a generic porous medium composed of cubes is considered in the
DNS simulations that serve as a calibration reference. A similar porous channel setup has
been then designed to obtain the modelling parameters for porous aluminium PA 80-110
material. This material is designed to attenuate broadband trailing edge noise of airfoils and
wings. Experimental tests for this porous material at the trailing edge of a DLR-F16 airfoil
were performed in the low speed wind tunnel MUB’ and in the acoustics wind tunnel AWB-
DLR. To numerically simulate the flow through the porous medium at the wind tunnel condi-
tions, it is important to achieve similarity with the flow conditions at the trailing edge of the
DLR-F16 airfoil at wind tunnel conditions. The Reynolds number in the channel is therefore
derived from similarity of the momentum-thickness Reynolds number of the boundary layer
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Figure 1. Mean velocity distribution from pore resolving LES
simulations along the height of the channel where lower
1mm of the channel is porous material PA 80-110. The pic-
ture insert displays a zoom of the porous surface region
where negative mean velocities result from secondary verti-
cal flow in within the first pores below the surface.

at the trailing edge of a DLR-F16 airfoil at
wind tunnel conditions. Based on the ge-
ometry scan data of a PA 80-110 sample,
geometry resolving LES simulations are per-
formed for a representative channel flow
with the porous wall at the bottom as shown
in Figure 1. The various flow and turbulence
data e.g. Reynolds stresses as shown in
Figure 2, from these LES simulations are
used as a reference for a Bayesian calibra-
tion of the modelling parameters for the PA
80-110 material. The LES results in mean
flow, Reynolds stresses and triple correla-
tions to be used as reference data in the
Bayesian update. The full paper will present
the sensitivities of the VRANS modelling
parameters for porous aluminium material
along with the confidence data of the Bayes-
ian update. Validation data will then be pro-
vided by comparisons with wind tunnel data
of DLR F16 airfoil".
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Figure 2 (a) normal and (b) shear Reynolds stresses along the height of the channel from LES simulations.
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Introduction

Scale-resolving simulations such as hybrid RANS/LES methods (HRLM) are considered as
promising approaches for improved numerical predictions of aeronautical flows near the
boarder of the flight envelope. Due to the requirement to locally resolve turbulent fluctua-
tions, these methods rely on an accurate spatial discretization, both in terms of the grid reso-
lution and the numerical scheme for the flow equations. For this reason, most scale-
resolving flow solvers apply structured grid metrics, which provide regular mesh cells and
allow for rather easy implementation of higher-order schemes. However, with the increasing
demand for simulations of complex geometries, e.g., high-lift wings with brackets and in-
stalled engines, the generation of purely structured grids becomes infeasible and is often
abandoned in favour of unstructured methods, such as the widely-used DLR-TAU code.

To qualify the TAU code for accurate scale-resolving simulations, a low-dissipation low-
dispersion (LD2) scheme suitable for unstructured solvers has recently been developed [1].
While the LD2-scheme has already been shown to improve HRLM predictions on structured
grids [2], the present work comprises first systematic studies on the applicability and accura-
cy of the LD2-scheme on industry-relevant unstructured or hybrid grids.

Conducted Work and Results

For a systematic assessment of the LD2-scheme on unstructured grids, different flow cases
with increasing complexity are computed and validated against experimental or numerical
reference data. To estimate the relative accuracy of the new scheme, a standard central
scheme (denoted as Reference scheme) is used for comparison.

The investigation starts with the plane periodic channel flow at Re; = 395 (Res = 6875), which
is computed with wall-resolved LES (WR-LES, using the WALE model) on fine grids, as well
as wall-modelled LES (using Improved Delayed Detached-Eddy Simulation, IDDES) on
coarser grids. The analysis considers different unstructured/hybrid grid topologies which
combine hexahedral (structured), prismatic (semi-structured), or tetrahedral (unstructured)
cells, see for illustration a mixed hexahedral / tetrahedral grid in Fig. 1 (left). They are de-
signed to approximately retain the original resolution of the hexahedral grids used in [2].
Generally, the channel-flow results confirm the improved accuracy of the LD2-scheme over
the Reference scheme on unstructured grids, as exemplarily shown in Fig. 1 (center) for
wall-modelled LES on the grid of Fig. 1 (left). However, with such a grid topology large cell-
volume jumps at the hexa/tetra interface can hardly be avoided, which results in the dis-
turbed log-law region in the mean velocity profile in Fig. 1 (center). Compared to that, the
use of wall-normal prism stacks, as often found in near-wall regions of industrial hybrid grids,
allows for accurate WR-LES predictions of the velocity profile (see Fig. 1, right) and the re-
solved Reynolds stresses (not shown here for brevity). To extend the assessment to more
relevant flow conditions, the full paper will also include wall-modelled LES results at higher
Reynolds numbers, up to Re; = 4200.

The next test case under consideration is the flow over periodic hills at Re,, = 10600 (where h
is the hill height). It features a local separation behind the hill which is usually overestimated
by conventional RANS turbulence models. The flow is computed with WR-LES and the LD2-
scheme on a prismatic unstructured grid which is approximately derived from the structured
grid used in [3]. The results are compared with reference LES results from [3], as well as
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TAU results obtained with the Reference scheme. Moreover, grid sensitivities are studied by
using coarsened versions of the grids, as well.

Finally, as a complex aeronautical demonstration case, the Delta wing with a sharp leading
edge from the VFE-2 project [4] is computed at Re = 1 million and a = 23° using SST-based
Delayed DES. The unstructured grid was provided by an industrial partner in the EU-project
ATAAC and consists of tetras and near-wall prism layers. To avoid numerical instabilities in
coarsely-resolved inviscid flow regions, the LD2-scheme is applied in its hybrid form (HLD2)
[2], which blends the LD2-scheme with the more dissipative Reference scheme via a local
sensor function, o. According to Fig. 2 (left), which shows an iso-surface of the Q-criterion
coloured by the sensor value, the LD2-scheme is active (1-0 = 1) in most parts of the re-
solved vortical flow region.

The predictive accuracy is assessed by comparing statistical values of the surface pressure
in different spanwise cuts with experimental reference data. The exemplary cut at x/c, = 0.6
in Fig. 2 (center and right) shows convincing agreement of the HLD2 simulations with the
measurements of both the mean pressure and the root-mean-square values of the pressure
fluctuations, whereas the Reference scheme clearly underpredicts the RMS(c,)-peak due to
the primary vortex. This is primarily attributed to the low-dispersion properties of the LD2-
scheme. The further analysis in the full paper will also consider statistical data (mean veloci-
ty and turbulent kinetic energy) in field-cut planes along the Delta wing.

Fig. 1: Periodic channel flow. Left: Hybrid hexa/tetra grid. Center: Velocity profiles from wall-modelled
LES on the hybrid grid. Right: Velocity profiles from wall-resolved LES on a prismatic grid.

Fig. 2: Delta wing at a = 23° computed on a hybrid grid. Left: Iso-surface of Q-criterion coloured by
the numerical sensor function of the Hybrid LD2-scheme. Center: Mean surface pressure at x/c, = 0.6.
Right: Root-mean-square of the pressure fluctuations at x/c, = 0.6.
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Eine Vielzahl numerischer Anwendungen im Rahmen der Flugzeugauslegung auf Basis
hochgenauer Verfahren macht die Berlcksichtigung der Geometrieveranderung des Flug-
zeuges erforderlich. Dazu gehoéren beispielsweise die Fluid-Struktur-Wechselwirkung, die
Mandversimulation, welche die Bertcksichtigung beweglicher Steuerflachen erfordert, sowie
die Formoptimierung.

Um eine Strdmungssimulation fiur die veranderten Geometrien durchzufiihren, ist eine An-
passung des Berechnungsgitters notig. Dabei werden die Modifikationen an der Oberflache
des Flugzeugs ins Innere des Fluids transportiert. Fur diese Volumennetzdeformation sind
verschiedenen Verfahren denkbar. Hier wird ein Verfahren verwendet, das das Volumennetz
— analog eines physikalischen Kdrpers — elastisch verformt. Fur kleine Deformationen reicht
es hierbei aus, eine Linearisierung der physikalischen Modellierung zu I6sen. Um den Be-
sonderheiten eines Netzes flr reibungsbehaftete Stromungen mit anisotropen Zellen gerecht
zu werden, werden dabei kleine Zellen kiinstlich versteift [1]. Dies bewirkt, dass insbesonde-
re die Randschicht bei der Deformation gut erhalten bleibt. Auch virtuelle Materialparameter
wie die Poissonzahl haben wesentlichen Einfluss auf die Netzqualitdt und die Robustheit der
Methode [2]. Zuséatzlich zu den linearen wurden auch die nichtlinearen Elastizitatsgleichun-
gen betrachtet, die insbesondere bei groRen Deformationen zu qualitativ hochwertigeren
Netzen fuhren.

Um das deformierte Netz fir weitere Stromungsrechnungen verwenden zu kénnen, missen
gewisse geometrische Eigenschaften erhalten bleiben. Ein fundamentales Kriterium ist etwa,
dass die Volumina aller Zellen positiv sind. Ist dieses Kriterium nicht erfillt, kann das Netz
nicht mehr fir Anschlussrechnungen verwendet werden. Selbst wenn nur wenige Zellen ne-
gatives Volumen aufweisen, wird daher haufig eine komplett neue Netzdeformation mit an-
deren Parametern oder einem anderen Verfahren durchgefiihrt. Um diesen Aufwand zu re-
duzieren, wurde das hier vorgestellte Netzdeformationsverfahren fiir lokale Netzreparaturen
eingesetzt. Die Problemgré3e und Laufzeit kénnen dadurch erheblich reduziert werden.

Neben der Kopplung mit Strukturmechanik oder der Mandversimulation, bei denen sich die
Flugzeuggeometrie aufgrund von mechanischen Belastungen oder der Bewegung von Steu-
erflachen verandert, ist auch die Formoptimierung von Bedeutung. Um eine hochwertige
gradientenbasierte Optimierung durchflihren zu kénnen, werden die Einfliisse der Netztrans-
formation auf die Zielfunktion mithilfe sogenannter adjungierter Probleme bestimmt.

Die Implementierung der Netzdeformation auf der Plattform Flow Simulator erméglicht die
Durchfiihrung oben angesprochener multidisziplindren Anwendungen sowie die Durchfiih-
rung gradientenbasierter Optimierungen. Aufgrund der Problemgréf3en war dabei eine voll-
standig parallele Vorgehensweise unter Zuhilfenahme von iterativen linearen Lésern und
Mehrgitterverfahren von Bedeutung. Die Skalierbarkeit und parallele Effizienz der implemen-
tierten Algorithmen wurde anhand von Beispielen untersucht. Die Qualitat der Deformation
wurde anhand von Zellqualitaten bewertet [3].

Im Rahmen des Beitrages wird die implementierte Methode vorgestellt, sowie eine Reihe
von Anwendung zur Demonstration der Leistungsfahigkeit und Effizienz der Methode préa-
sentiert.
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Bild 1 Ausgangsnhetz (links) und Deformation (rechts) einer Hochauftriebskonfiguration.
Trotz einer Rotation von 70° wurden mithilfe der linearen Elastizitatsgleichungen kei-
ne Zellen negativen Volumens erzeugt. Die Farben rechts stellen die Qualitatsdnde-

rungen der Zellen dar.

Bild 2 Modifizierte Fligelgeometrie (rot) gegeniber Ausgangfligelgeometrie (grau). Das

Volumennetz (blau) wurde mithilfe der linearen Elastizitatstheorie deformiert.
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Problem Statement:

Despite substantial progress over the last decades, robust and fast integration of the Reyn-
olds Averaged Navier-Stokes (RANS) equations remains the key challenge in numerical flow
simulation. In this contribution, two major problem areas will be addressed.

The first area is the treatment of discrete stiffness due to high aspect ratio cells in an un-
structured code. On meshes with high aspect ratio cells the performance of unstructured
codes still falls behind the efficiency of structured codes, since structured codes rigorously
exploit the directional information inherent in the mesh topology [1]. Despite several at-
tempts, up to now unstructured codes have not been able to adequately cope with such situ-
ations, not even for 2D problems. However, for applications in aeronautics with geometries
like high aspect ratio wings and blades of rotors and propellers, meshes with large aspect
ratio cells are required for reducing the number of cells to increase overall efficiency. Thus, it
is highly desirable to establish aspect ratio information in cells of unstructured meshes in a
similar way as in structured meshes, however on a purely local basis without the need for
information of the general grid topology.

The second area concerns the integration of the equation(s) for the turbulence model. There
are two main strategies followed to integrate both the main flow equations and the turbulence
equations(s): integrating the equations in a coupled or in a weakly coupled manner, and it is
still not clear which strategy is the most efficient one. When fast solution algorithms such as
implicit Runge-Kutta (IRK) schemes are combined with multigrid, the different properties of
the equations become evident by deteriorated convergence. This situation is aggravated by
the fact that it is not yet clear how far multigrid as an acceleration technique is at all suited for
equations with such large source terms as occuring in the turbulence equation(s) [2]. There-
fore, a common strategy is to treat the turbulence equation(s) differently than the main equa-
tions, as accomplishd in [3]. Despite the fact that efficient convergence could be established,
solving the main equations and the turblence equation(s) with completely decoupled and
different solution strategies increases the code structure to an a much higher level of com-
plexity. Thus, an infrastructure with a high degree of commonality between integration of the
main equations and the turbulence equation(s) is highly desirable.

Objective:

The first objective is to replace in a structured code all algorithmic elements which are based
on information of the structured grid topology by local formulations suited also for application
in an unstructured environment. This mainly concerns the classical aspect ratio scaling [1]
based on the spectral radii related to topological grid line directions. Also, all directional grid
line solves have to be replaced by topologically independent algorithms.

The second obijective is to establish an alternative to the weakly coupled solution strategy of
Ref. [3] which at least uses the same multigrid infrastructure for the turbulence equation as
for the main equations.

Strategy:

To provide similar information about the cell aspect ratio locally, (i.e., without resorting to
global grid topological information), an approach is developed where cell aspect ratio infor-
mation is established on purely local geometrical considerations. To make additional parts of
a structured testbed code independent of grid topological information, algorithmic parts need-
ing such information are reformulated, (e.g., prolongation is established by injection instead
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of bi- or trilinear interpolation). Furthermore, all directional solution strategies are replaced
either by Jacobi-type methods or red/black Gauss-Seidel is employed. In case that line-
solves are strictly required (e.g., to account for stiffness of source terms in the turbulence
model), an unstructured line search method which does not refer to topological grid infor-
mation is established. For the Spalart-Allmaras one-equation turbulence model, an efficient
integration strategy for the main flow equations and the turbulence equation is established by
using a W-cycle multigrid and a three-stage implicit Runge-Kutta scheme for the main flow
equations as general framework. For the turbulence equation, only the first leg of the W-cycle
to coarser grid levels is used, and then direct prolongation to the finest grid is performed.
Thus for the turbulence equation a typical V-cycle is performed as a subset of the W-cycle of
the main flow equations, see the sketch in Figure 1. Instead of using a three-stage implicit
Runge-Kutta scheme for the turbulence equation, a point-implicit red/black Gauss-Seidel
scheme is used, which is augmented by implicit line solves along lines identified by a line-
search algorithm typically applied in unstructured codes. These line-solves are done inde-
pendently from each other, (i.e., in a Jacobi-type manner), to make the solution algorithm
independent of a sweeping direction. In the final algorithm configuration, the implicit system
in the Runge-Kutta implicit scheme for the main flow equations is solved by red/black Gauss-
Seidel solves, which are intensified by additional sweeps on all points identified by the line-
search algorithm used for the line solves of the turbulence equation.

Results:

Results are obtained on the basis of the 3-stage IRK-scheme and 2" order Roe-upwind dis-
sipation of Ref. [3] for the RAE2822 airfoil using the classical case 9 onflow conditions. A
comparison is made between the solution strategy derived in this contribution, which uses no
topological grid information any more and solves the main flow equations in a coupled man-
ner, and the implementation of Ref. [3], where a purely structured code is used, and the main
flow equations and the turbulence equation are solved in a weakly coupled manner requiring
increased complexity. Figure 2 shows, as in Ref. [3], an asymptotic convergence of the tur-
bulence equation similar to that of the main flow equations, demonstrating the viability of the
derived strategy.

Future Work:
To show the applicability to a larger range of problems, the method will be applied to airfoil
cases with different shock strength and Reynolds number, and to incompressible airfoil flow.
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Introduction It is of great interest in many engineering applications to simulate turbulent mixed convection,
1.e. the combination of forced and natural convection, at high Rayleigh and Reynolds numbers. Since simula-
tions of such highly turbulent flows are still not within reach for Direct Numerical Simulations (DNS), reliable
turbulence models are needed. Research on Large Eddy Simulations (LES) has yielded a variety of modeling
approaches for the approximation of subgrid-scale (SGS) stresses for the momentum equation. Although, only
a few of them are applicable to buoyancy driven flows. One turbulence model for the heat flux vector in the
filtered Navier-Stokes equations (NSE) has been proposed by Peng & Davidson [[1]]. This model is formulated
in analogy to an eddy-viscosity model for the SGS stresses in the momentum equation. Additionally, in [3] a
dynamic scale similarity model was developed to approximate the turbulent heat transport in Rayleigh-Bénard
convection. In the present study, both approaches will be applied in LES of mixed convection in a vertical
channel in comparison to DNS performed with the same finite-volume method. The objective is to benchmark
these different dynamic modeling approaches and to analyse their potentials with respect to the prediction of
flow relaminarization in mixed convection.

Computational Details A vertical channel flow with differentially heated walls driven by an upwards pressure
gradient at friction Reynolds number based on the channel height and the friction velocity based Reynolds num-
ber Re; = 291 and a Grashof number of Gr = 9.6 - 10° are considered. In the LES, the filtered incompressible
Navier-Stokes equations (NSE) are solved together with the Boussinesq approximation. A finite volume method
based on a fourth-order spatial interpolation technique adapted from Feldmann & Wagner [2]] in combination
with a second-order Euler-leapfrog scheme for the temporal integration and Chorin’s projection method for the
velocity — pressure coupling is employed. A grid with equidistantly distributed nodes in the streamwise and
spanwise directions is used. The wall-normal grid resolution is non-uniform in order to account for the high
velocity and temperature gradients close to the walls. The channel domain extends L, = 2.57d in streamwise
direction and L, = md in spanwise direction, with d being the channel height. The grid resolution for the DNS
is sufficiently high with a grid spacing in wall units of A} = 4.46, AT = 3.57 in streamwise and spanwise direc-
tions, respectively. The spacing in wall-normal direction is provided by a hyperbolic tangent function leading to
0.26 < A;r < 4.45. All LES are conducted on a coarser grid with Aj =17.86, A; =14.28 and 0.99 < Aj <9.51.

Results Figure || shows the averaged rms velocity profiles obtained with DNS in comparison with the data
obtained by means of LES. Figure [2| shows profiles of the temperature rms-values. From the rms-profiles of
the velocity fluctuations it can be seen that the turbulence intensities are higher close to the cooled wall. This
counter-intuitive behaviour is therefore interpreted as the result of buoyancy induced flow relaminarization close
to the heated wall. Figure shows the instantaneous streamwise velocity fluctuations ” at z* = 14.5 on the left
and z© = 276.5 on the right. The velocity fluctuations are organized in streaky structures and exhibit a more
uniform behaviour close to the heated wall (left picture) while they are much more disrupted close to the cooled
wall (right picture) which is another indication of the relaminarization effect. Thus, the case considered here is
perfectly suited for studying the performance of SGS models in the case of flow relaminarization. The different
LES models exhibit different behaviours with the Rotational Rate Smagorinsky model [4] being the best overall
candidate out of the eddy-visosity type models so far. Eddy-viscosity SGS models are known to be more
dissipative in comparison to structure-based scale similarity models. Thus, it is expected that the LES based on
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Figure 1: Profiles of streamwise rms velocity fluctua- Figure 2: Profiles of temperature rms values
tions (noM: no Model, stat: static Smagorinsky model

and ROSM: Rotational Rate Smagorinsky Model)

Figure 3: Colour contours of the fluctuating streamwise velocity at z™ = 14.5 (left) and z* = 276.5 (right)
showing streaks, taken from the DNS.

eddy viscosity SGS models will predict a faster decay of the aforementioned streaky structures, while the scale
similarity model is expected to be able to represent effects concerning the formation of coherent structures at
the walls with better accuracy. This hypothesis is based on a physical reasoning and will be examined in detail
and presented at the symposium.
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Introduction

Impact of droplets on solid surfaces has a wide variety of applications. For instance,
vehicle soiling and aircraft icing are problems related directly to the splashing phe-
nomena [1,2]. Considering the high impact Velocities and the water droplets Diame-
ter for these cases, it is clear that the associated Weber number, given by
We=pu?D/o, where o is the surface tension and p the density of water, is high
(We>2,000). There are currently few experimental data available that contributes
with information at these high values, due to the complexity of the experiments [1-4].
Investigations conducted by [1] measured the secondary droplets using shadow-
graph techniques at We=3,500, 5,000 and 10,000. However, the time evolution of
the splashing phenomena is still unexplored. That is why, we report in this publica-
tion the results of high speed imaging that visualizes the time development of the
droplets at high Weber numbers.

Experimental set-up

A single droplet is released from the droplet generator and falls down by gravity. This
droplet impacts on a surface, which is mounted on a motor-driven flywheel using a
substrate (see Figure 1). In order to achieve the desired Weber number, we adjusted
the angular velocity of the flywheel w. The free falling droplet is protected from the
turbulent gas flow around the flywheel by a shielding tube. This tube and the impact-
ing surface are made of glass. A Shimadzu HPV-2 high speed camera was posi-
tioned once perpendicular to the flywheel, and once with 40° respect to the x-z plane.

frontal view lateral view
droplet generator\_Lg_l
|§’ shielding tube 3$|
Z X

N

light barrier \ fly wheel

trigger
light barrier
Figure 1: Flywheel experiment
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Results

Primarily, we measured the primary water droplet diameter using shadowgraph
methods and the standard deviation was 2.8+0.2mm. The Figure 2 and 3 shown dif-
ferent instants and perspectives during the impact of these droplets onto the dry sur-
face at We=10,000. The images were recorded with the high speed camera at
63,000fps for We=5,000 and 10,000 and at 32,000fps for We=3,500. We observed
the development of the splashing phenomena and compared the generated second-
ary droplets. Moreover, we described the time evolution of the corona and the depos-
ited mass. The velocity of them was estimated as well as the maximal spreading di-
ameter for all the three Weber numbers. The data was compared with existing im-
pact models for low Weber numbers.

Figure 2 Water droplet impact at We=10,000 and t=1.59e-5s after impact. Perspective view (left)
and perpendicular view (right)

o

Figure 3 Water droplet impact at We:10,00 énd t= 11.13e-5s after impact. Perspective view
(left) and perpendicular view (right)
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An underestimated challenge in experiments with circulation controlled wings is the precise
quantification of the blowing intensity. The first experiments with blowing, carried out in the
1930s (Bamber [1]) for boundary layer control, expressed the blowing intensity in terms of a
blown air volume coefficient (C, = Q/v,, S, where Q is the volume flow rate, v, is the free
stream velocity, and S is the projected wing area). The momentum coefficient was first intro-
duced by Poisson-Quinton et al. [2] & [3], as the blowing jet thrust normalised by the product
of the free stream dynamic pressure and a reference area (C, = Mjet Vjer/qow S, Where m;,,
is the jet mass flow rate, v;,, is the jet exit velocity, q., is the free stream dynamic pressure,
and S is the projected wing area). The momentum coefficient became the ubiquitously used
blowing parameter, as it proved most suited in characterising the effect of the blowing jet in
suppressing the flow separation.

The main obstacle to the introduction of circulation control in civil aviation is the high bleed air
required for blowing. Reductions in the bleed air requirements have been the focus of many
studies recently (Pfingsten et al. [4], and Burnazzi et al. [5] & [6]). The development of circu-
lation control wings to reduced bleed air expenditure has demanded more precise measure-
ment of the momentum coefficient, as the current blowing intensity became significantly
smaller.

This study investigates the challenges encountered in the quantification of the momentum co-
efficient of circulation controlled wings with Coanda-flaps in two separate experiments. The
first was carried out with a half wing model in the Niedergeschwindigkeits-Windkanal Braun-
schweig (NWB) in the scope of the Burgernahes Flugzeug (BNF) project. The second was part
of Coordinated Research Centre 880’s (CRC-880), and was conducted in the Large Water
Tunnel Facility in Braunschweig (Grof3er Wasserkanal Braunschweig). The figures below show
sample results of pressure measurements from the water tunnel experiment.
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Four difficulties in accurately determining the momentum coefficient were identified in the two
experiments.

1) It is not easy to accurately and dynamically measure the mass flow rate of the Coanda-jet,
especially in air, due to thermodynamic effects.

2) The direct measurement of the jet exit velocity is not possible, due to the tiny blowing slot
(0.0006c¢), without extensively obstructing the Coanda-jet. Thus, the jet velocity must be cal-
culated from the pressure difference between the plenum inside the wing and the exit plane
correcting for viscous effects and assuming isentropic expansion in air (Jones et al. [7]). If the
plenums’ pressure is increased beyond the point where the nozzle becomes choked, then
additional momentum will be imparted to the flow as the jet expands outside the nozzle.

3) Even with accurate mass flow measurements, the conservation of mass principle cannot be
invoked without corrections for changes in blowing slot dimensions under load. Those changes
are very small in dimension, and therefore difficult to measure during the experiment, but are
still significant in their effect on the momentum coefficient.

4) Guarantying a spanwise evenness of blowing is challenging, as setting a constant slot
height along the span is difficult, due to mechanical restrictions and the accuracy of available
gap measuring devices. Moreover, the evenness of the jet pressure distribution along the span
can be distorted by local disturbances and wall effects, causing an uneven spanwise jet veloc-
ity distribution. This unevenness goes quit often unnoticed, since the jet exit pressure is usually
measured at only few locations along the span, so not to disturb the Coanda-jet too much.

All those factors have to be considered and compensated for when doing experiments with
circulation controlled wings. The present work addresses all these issues and suggests work-
able solutions and corrections.
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1. Introduction

The shock wave/turbulent boundary-layer interaction with separation in the transonic flow
around airfoils may induce large-amplitude, low-frequency, self-sustaining shock wave oscil-
lations without any external forcing. This aerodynamic phenomenon is known as transonic
buffet. The initially steady flow around the profile becomes unsteady and induces changes in
lift and drag. The interaction between these periodic aerodynamic forces and the wing struc-
ture may excite periodic inflection and torsion vibrations of the wing and can lead to danger-
ous structural failure. Although buffet flows have been investigated intensively in the past,
the details of the mechanisms leading to the shock oscillations are not fully understood.
Therefore, a deeper understanding of the mechanisms leading to buffet is still of great inter-
est, since it might help to predict the conditions for buffet onset and to find strategies to fur-
ther postpone the buffet boundary. Lee [3] suggested a feedback loop between up- and
downstream propagating disturbances within the flow field downstream of the shockwave
which was improved by the formulation of Hartmann et al. [2]. The sound waves generated
at the trailing edge are a main feature in this model. They propagate outside the separated
recirculation area and impart energy on the shock wave movement. The oscillation period is
thereby given by the time it takes a shock induced disturbance to convect downstream to-
wards the trailing edge plus the time it takes the sound waves that originate at the trailing
edge to reach the upstream located shock [3]. Figure 1 indicates the main features of the
transonic buffet flow over a supercritical airfoil.

shock wave

f sound waves
’h uffet

M<1 / M>1

shock induced recirculation region
disturbances

Fig. 1: Schematic of the main features in a transonic buffet flow over a supercritical airfoil.

Experiments conducted by Hartmann et al. [1] of the transonic flow over a supercritical airfoil
encountering self-sustained shock wave oscillations gave hints that the sound pressure level
of the sound waves originating at the trailing edge and reaching the shock wave varies. As a
consequence, the shock is forced to move upstream when the sound pressure level of the
sound waves reaching it is high, while the shock moves back to its downstream position
when the sound pressure level of the sound waves reaching it is low. It is furthermore ex-
pected that the sound waves are of high frequency, i.e., about ten times higher than the
shock wave oscillation frequency, but that their sound pressure variation frequency corre-
sponds to the buffet frequency, i.e., shock oscillation frequency. In this study, the buffet flow
field over a supercritical airfoil is overlaid with artificially introduced sound waves to study the
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impact of varying trailing-edge noise on the buffet flow characteristics. Therefore, well de-
fined sound waves are introduced to the flow field downstream of the trailing edge over the
airfoil by a loudspeaker.

2. Experimental setup

The experiments are conducted in a transonic wind tunnel equipped with a test section that
measures 0.4 m x 0.4 m and which is equipped with flexible upper and lower walls in order to
simulate unconfined flow conditions. The DRA 2303 airfoil model has a chord length of

150 mm and is equipped with steady und unsteady pressure transducers. PIV measure-
ments are performed in a measurement region on the suction side of the airfoil. A loud-
speaker connected to a horn is installed downstream in the freestream chamber of the wind
tunnel and serves as an acoustic sound source (see fig. 2).

BMS 4591
midrange driver

M. M o
- I 480 mm blm M. DRA 2303

test section 1 freestream chamber test section | freestream chamber

Fig. 2: Top view (left) and side view (right) of the wind tunnel test section with the airfoil model and the
artificial sound source.

3. Results

The artificial sound is of high frequency in the range of the natural trailing-edge noise and
the sound pressure level varies at low frequency. The results show that the shock oscillation
can be influenced by introducing this artificial noise in the trailing-edge region. The signal
analysis of an unsteady pressure sensor located in the shock wave region indicates that the
sound pressure level variation of the artificially introduced sound waves influence the shock
oscillation and force it to "lock™ into this excitation frequency (see fig. 3).
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Fig. 3: Frequency spectrum of the signal of a pressure transducer on the airfoil suction side located in
the shock wave region for the buffet flow with artificially introduced sound waves, variation of sound
pressure level, constant sound frequency of 1100 Hz.
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Gemal der Zulassungsvorschriften fur Verkehrsflugzeuge (CS25) missen die Methoden, die
zur Bestimmung der Lasten verwendet wurden, durch Flugversuche validiert werden. Dies
wurde in der Vergangenheit vor allem durch direkte Lastmessungen mittels Dehnmessstrei-
fen bewerkstelligt. In jingerer Zeit wurden diese Messungen vermehrt durch direkte Bestim-
mung der aerodynamischen Lasten basierend auf der Messung der statischen Dricke unter-
stitzt. Einerseits kann dadurch einer der gro3ten Beitrage zur Gesamtlast direkt bestimmt
und somit eine Differenzierung der einzelnen Lastanteile ermdglicht werden, zum anderen
eroffnet die genauere Kenntnis der aerodynamischen Lasten die Mdglichkeit der Verbesse-
rung der aerodynamischen Modelle, die zur Lastberechnung verwendet werden.

Die Messung der statischen Driicke erfolgte dabei bisher vor allem Uber kleine Bohrungen in
der Oberflache, die mittels Schlauchen mit zentral installierten Druckmesssensoren verbun-
den werden. Wo die direkte Einbringung von Bohrungen in die Flugzeugstruktur nicht mog-
lich ist (z.B. im Bereich der Fliigeltanks) werden alternativ exakt angepasste Belts angefertigt
und aufgeklebt. Diese Art der Instrumentierung ist sehr zeitaufwendig und teuer. Daher wer-
den inzwischen verstérkt elektronische Sensoren (Micro-Electro-Mechanical Systems — kurz:
MEMS), die ebenfalls als Belt flexibel auf die Oberflache aufgeklebt werden, verwendet.

Zur Bestimmung der einzelnen aerodynamischen und flugdynamischen Effekte werden un-
terschiedliche Flugversuchsmanover geflogen. Hierzu z&hlen quasistationdre Mandver wie
Stalls und Wind-up-turns, bei denen Anstellwinkelanderungen kontinuierlich oder stufenwei-
se durch Variation von Geschwindigkeit oder Lastfaktor erreicht werden. Aufgrund der Be-
schrankungen der pneumatischen Messkette eignen sich fir die Analyse vor allem diese
Mandver. Bei Verwendung von MEMS entfallt diese Beschrankung und auch die Analyse
von dynamischen Manévern wird moglich. Hier sind insbesondere Multi-Step-Mandéver zu
nennen, bei denen durch gegensinnigen Ausschlag von Steuerflachen die Flugzeubewegung
angeregt wird [1].

Abbildung 1: Elevator Multistep und Stall Manover

Aus den gemessenen Driicken werden mittels Integration lokale Schnittlasten und Gesamt-
last auf dem Bauteil bestimmt. Aufgrund der beschrankten Anzahl von z.B. spannweitigen
Messschnitten ist ein Auffillen der resultierenden Lastverteilungen erforderlich. Dazu werden
vorwiegend vorhergehende Simulationen, die auf Windkanalversuchen oder CFD Rechnun-
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gen basieren konnen, genutzt. Der Prozess der Lastberechnung kann weitgehend automati-
siert erfolgen. Voraussetzung ist allerdings eine sorgfaltige Analyse und gegebenenfalls Kor-
rektur der gemessenen Druckbeiwerte. Diese umfasst sowohl das Ersetzen fehlerhafter
Messungen als auch das Eliminieren unerwiinschter Stérungen.

it

Abbildung 2: Von Druckbeiwert zum Lastbeiwert

Im Rahmen der A350-900XWB Flugversuche wurde dieses Verfahren erfolgreich fur die Va-
lidierung der Lastenberechnung einiger Bauteile angewendet. Inshesondere die High-Lift
Komponenten (Slats und Landeklappen) konnten so ausschlief3lich basierend auf der aero-
dynamische Analyse zertifiziert werden. Fir weitere Bauteile lieferte die Analyse der stati-
schen Druckmessungen wertvolle komplementére Erkenntnisse. Diese Ergebnisse konnten
als zusatzliche Informationsquelle in der Entwicklung der A350-1000XWB direkt verwendet
werden.

Aufgrund der positiven Ergebnisse wird diese Form der Flugversuchsanalyse und -
validierung eine noch grof3ere Rolle bei zukiinftigen Flugversuchen bei Airbus spielen. Hier-
zu sind weitere Fortschritte bei der Entwicklung der Messtechnik wie auch der Analyseme-
thoden wichtig. Gleichzeitig kann so die Grundlage fir weitere Verbesserungen im Bereich
der Vorhersage aerodynamischer Lasten und damit der strukturellen Auslegung zukunftiger
Flugzeuge gelegt werden.
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Introduction

The application of microphone arrays for the allocation of sound sources at objects moving along a
known trajectory is of special interest in case of the investigation of noise-sources at trains. Especially
in case of high-speed trains it is a challenging task, since the angular velocity of the sound sources is
high if the recording takes place at close distances of around 10 m from the track. Different
techniques exist for the localization and quantification of sound sources. Examples are elliptical
acoustic mirrors and phased microphone arrays. In case of microphone-arrays the focussing process
is carried out by means of summing up signals from different sensors with defined phase delay. A
short overview of the history of microphone array measurements for train investigations is provided by
Michel 2006. In order to detect a flat or even spatial distribution of sound sources with a directional
microphone with a concave acoustic mirror, the concave mirror has to be moved with the microphone
at its focal point for scanning the volume of interest. This implies a fixed position of the sound sources
of interest. When using a microphone-array, the focus point can be varied as desired in the post-
processing of the recorded signals, leading to much smaller acquisition times compared to
measurements with acoustic mirrors. However, a high spatial resolution requires a large number of
microphones distributed on a 2-dimensional mesh.

In the following a new type of microphone-array combining a line array with a two-dimensional elliptical
acoustic mirror is described. The combination of both techniques allows a three-dimensional
reconstruction of the source distribution. The design was successfully tested on a high speed train
track in Germany, which is used by different type of Inter City Express and other passenger trains. It
was possible to improve the quality of the results signifficantly and individual wheel sets and
aeroacoustic noise caused by roof structures can be identified in the source maps.

Experimental setup

The here presented microphone array combines a line array with a two-dimensional elliptical acoustic
mirror. Figure 1 (right) depicts the function principle of the array. An acoustic wave emanating from a
sound source located at the first focal line is reflected via the elliptical mirror to the microphones locat-
ed at the second focal line. Mirror microphones are included in the drawing in order to illustrate the
total path length of the acoustic waves. This length has to be taken into account for the phase shift of
the time signals when applying the so called delay and sum beamforming algorithm. For the specific
geometry of the array used in the study presented here the distance between the two focal lines is 8m.
The width of the mirror itself in x-direction is 4m. The array is equipped with a number 31 microphones
(type:M51 linearX) positioned along the second focal line of the elliptical mirror with a maximum dis-
tance of 2.5m to each other. The individual distances of the microphones to each other follow a non-
linear function in order to cover a wide range of frequencies and to avoid aliasing effects occurring in
case of equidistant arrangements. The whole setup is mounted on a aluminium frame. Figure 1 (left)
shows pictures of the array taken during the drive by tests.

Measurement results

Results from an ICE-3 train with single traction and pantograph at the rear part passing with 55.4 m/s
are shown in figure 2 (bottom). Additional results for an ICE-1 train with single traction and rear panto-
graph are presented in figure 2 (top) for a comparison with results from array measurements with the
elliptical mirror unmounted. The figures show the source-maps for the third octave band frequency
f 1/3 = 4 kHz in case of the front part of the train. In order to provide an orientation and identify main
components like head, bogie, intercar-gap and pantograph the contour of the train front and rear sec-
tion is depicted in the background. Additional vertical lines are drawn at the positions of the axles and
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junctions of the wagons. Horizontal lines are drawn at the positions of the track, underfloor and roof.
The dominant sources are located at the bogie positions. It is known from the literature that in the bo-
gie section of high-speed trains the rolling noise as well as the flow induced noise contributes to the
overall emission in this frequency range located at the axle positions. In the front section shown here
additional sources are located at three positions at the roof region (x = 22, 28, 46). According to Mar-
tens 2006 these sources can be attributed to installations on the roof top of the train including the pan-
tograph in down position (x = 46).

The results show, that the spatial resolution of the resulting source maps can be significantly in-
creased in case of the elliptical mirror array in comparison to a line array without the geometrical re-
flections and amplification of the acoustic waves emanating at the position of the first focal line of the
mirror. The new type of line array is especially improving the results for sources moving along a known
trajectory, which is the case for rail vehicles.
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Figure 2: Resulting source-maps for the third octave band frequency f_1/3 = 4 kHz in case of
the front part of the train. Top: Without elliptical mirror. Bottom: With elliptical mirror.
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Die Wandschubspannung gehért bekanntlich nicht nur zu den wichtigsten, sondern auch zu
den am schwierigsten zu erfassenden OberflachengréfZen in der Stromungsmechanik. Ob-
wohl die theoretischen Grundlagen einer beriihrungslosen Erfassung der Wandschubspan-
nung mittels Olfilminterferometrie (OFI) in komplexen 3-D Strémungen seit mehreren Jahren
bekannt sind [1], bleiben solche Messungen sehr rar. Das Problem liegt vor allem in der
aufwendigen Auswertung, die sich nicht ohne weiteres automatisieren lasst. Zur quantitati-
ven Bestimmung der Schubspannung im Rahmen von OFI werden namlich die Informatio-
nen Uber die Verteilungen der lokalen Olflussrichtung (Wandstrémungsrichtung) und der
zeitlichen Anderung der Olschichtdicke bendtigt [2]. Eine mdglichst genaue computerge-
stiitzte (automatische) Bestimmung dieser Daten aus einer erfassten Sequenz von Olfilmin-
terferenzbildern kénnte den Aufwand deutlich verringern und die Messgenauigkeit erhdhen.
Um die Dicke der Olschicht moglichst genau nach dem Prinzip eines Fizeau-Interferometers
bestimmen zu kdénnen, wurden bislang Uberwiegend monochromatische Lichtquellen oder
Interferenzfilter (Bandpassfilter) verwendet [1, 2]. Die Nutzung der Weillichtinterferometrie
fur diese Zwecke ist nur in [3] an einer 2-D Stromung demonstriert worden. Die Anwendung
einer WeiRlichtquelle ist wegen der kleinen Kohéarenzlange zwar nur fur relativ dinne Ol-
schichten geeignet (h < 2-3 pm), kann aber in diesem Bereich durch deutlich bessere Ge-
nauigkeit punkten. Da bei dieser Methode Farbinformationen anstelle von Intensitatswerten
verwendet werden, lasst sich iterativ eine pixelweise Berechnung der kompletten Olschicht-
dickenverteilung aus Interferenzbildern durchfihren [3].

Die aktuelle Arbeit beschreibt einen Demonstrationsversuch zur Anwendung der Weil3licht-
Olfilminterferometrie auf der Leeseite eines angestellten Deltafliigels (Bild 1). Diese Konfigu-
ration wurde gewahlt, weil die komplexe Stromungstopologie am Deltaflliigel eine besonders
anspruchsvolle Testplattform fir vergleichbare Messverfahren darstellt. Die Experimente
fanden bei Windgeschwindigkeiten von 50 m/s im Niedergeschwindigkeitswindkanal 1MK
des DLR in Goéttingen statt. Der Anstellwinkel des Flugels wurde im Bereich von 5° bis 25° in
5°-Schritten variiert.

‘ Der optische Teil des Versuchsaufbaus be-
Angleof . stand aus einer handelsublichen 40W-

attack

Weillicht-LED-Flachenleuchte mit Abmessun-
gen 0.6x0.6 m? als diffuse Lichtquelle sowie
einer hochauflosenden digitalen Farbkamera
SONY NEX-6. Das Spektrum der LED-Leuchte
wurde vor Ort mit Hilfe eines AVANTES AvaS-
pec-USB2 Spektrometers vermessen.

Das Deltafligel-Testmodell hat eine Pfeilung
von 75° mit einer scharfen Vorderkante und
einer in Draufsicht abgerundeten Nase (R = 6.9
mm). Die maximale Spannweite des Modells
betragt 150 mm, die Gesamtlange ist 260 mm,
. und der Abstand zwischen der virtuellen Na-
Bild 1: Schematische Darstellung der senspitze und der Hinterkante ist 280 mm. Die
Strémungstopologie am Deltafliigel [4] Oberflache des Fliigelmodells ist fiir die Mes-
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sungen mit einer schwarzen reflektierenden PVC-Folie (0.1 mm dick) beklebt und kanten-
bindig zugeschnitten worden. Zum Einsatz kam transparentes Silikonél ELBESIL B 100 mit
einer kinematischen Viskositat von 101.7 mm?/s bei 24°C.

Ein Beispielergebnis der Wandschubspannungsmessung ist in Bild 2 fir einen Anstellwinkel
von 25° bei 50 m/s dargestellt. Zusatzlich zur ermittelten Verteilung der Wandschubspan-
nung (absolute Werte) sind hier die Wandstromlinien eingezeichnet worden, die aus mehre-
ren Interferenzbildern extrahiert werden konnten. Die lokale Richtung der Wandstrémung in
Raumen zwischen den eingezeichneten Stromlinien wurde bei der finalen Auswertung inter-
poliert, so dass eine flachendeckende Auswertung der Interferenzbilder moglich war.

Wie man in Bild 2 gut erkennen kann, kommt es bei erwahnten Testbedingungen zur Bil-
dung des priméaren Hauptwirbelpaars mit einer gemeinsamen Anlegelinie entlang der Mittel-
achse des Flugels. Die sekundare Ablésung der Wandstrémung im weiteren Verlauf am Au-
Renrand des Flugels, sowie das erneute Anlegen direkt entlang der Vorderkante entspre-
chen etwa der Struktur des sekundéaren Wirbels, die in Bild 1 schematisch dargestellt ist.
Aufgrund dieser Stromungstopologie ist es plausibel, dass die ermittelte Wandschubspan-
nung ausgehend von der Mittelinie zunachst unter dem Prim&rwirbel ansteigt und im weite-
ren Verlauf zur sekundaren Abloselinie wieder abfallt. Aufgrund der anwachsenden Grenz-
schicht nimmt das lokale Maximum im Bereich zwischen der priméren Anlegelinie und der
sekundéren Abldselinie mit der Entfernung zur Fligelnase immer weiter ab.

Weitere Ergebnisse zum Effekt des Anstellwinkels auf die Stromungstopologie und die
Wandschubspannungsverteilungen in ausgewéhlten Querschnitten werden im endgultigen
Artikel préasentiert.

Bild 2: Stromlinien und Wandschubspannungsverteilung auf der Saugseite eines 75°-
Deltafliigels bei 50 m/s und 25°
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Wahrend des Fluges wird die Leistungsfahigkeit einer Flugzeugtragflache in
Hochauftriebkonfiguration von ihrer aeroelastischen Deformation beeinflusst. Eine genaue
Kenntnis der tatsachlichen Fliigelform ist von gro3er Bedeutung, um die 6kologische und
O0konomische Effizienz im Langsamflug, wie zum Beispiel im Landeendanflug, zu steigern.
Der herzustellende Zusammenhang umfasst deshalb den Maximalauftrieb mit zugehdrigem

Anstellwinkel und die sich einstellende Fligeldeformation.

Mit der optischen Deformationsmesstechnik Image Pattern Correlation Technique (IPCT)
lassen sich im Flugversuch dreidimensionale Oberflacheninformationen aufzeichnen, um
zum Beispiel das Deformationsverhalten einzelner Segmente oder mehrerer Bereiche
zueinander zu analysieren. Dazu werden bei dieser beriihrungslosen Methode aus
Stereobildpaaren des aufgezeichneten Objektes mithilfe von Kreuzkorrelation und

Triangulierung flachige Informationen gewonnen [1] [2].

Der hier vorgestellte Beitrag behandelt das Vermessen einer Flugzeugtragflache in
Hochauftriebkonfiguration, welche im Rahmen des LuFo-1V/3-Projektes ,High lift INflight
Validation“ (HINVA) mit dem DLR Forschungsflugzeug Airbus A320 ,ATRA* durchgeflhrt
wurde [4]. Vier Stereo-Kamerasysteme bestehend aus insgesamt acht monochromen
Digitalkameras waren dazu in der Kabine des Versuchstragers installiert, welche jeweils
verschiedene Bereiche einer Tragflache durch die Kabinenfenster stereoskopisch

aufzeichneten [3]. Das Bild 1 zeigt die entsprechende schematische Anordnung.

Aus aerodynamischer Sicht sind insbesondere die globale Flugelverformung (Biegung,
Verwindung) sowie die sich tatsachlich im Flug einstellenden geometrischen Parameter des
Hochauftriebssystems fiir das Hochauftriebs- und Uberziehverhalten der Tragflache von

Bedeutung. Eine prézise Ermittlung dieser Grol3en, direkt oder indirekt, ist mir IPCT mdglich.
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Bild 1: schematische Kameraanordnung zum Vermessen der Tragflachenverformung eines
Mittelstreckenflugzeuges mit der Image Pattern Correlation Technique [3].

Der innere Vorfligel und der Bereich der Landeklappen wurden mit IPCT vermessen. Ein
markerbasiertes Verfahren erfasste die globale Fligelverformung. Neben stabilisierten
Flugzustanden mit Variation unter anderem von Anstellwinkel, Gewicht und H6he umfasste
die IPCT-Versuchsreihe ebenfalls dynamische Flugmandver mit Anstellwinkelerhdhung bis

zum Strémungsabriss.

Nach einleitenden Erlauterungen zu Messprinzip und Versuchsaufbau, beinhaltet dieser
Beitrag die Diskussion ausgewahlter Messpunkte mit Fehlerbetrachtung. AuRerdem erfolgt
eine vergleichende Gegeniberstellung mit Ergebnissen aus numerischen Simulationen. Der
Beitrag schlief3t mit einer kurzen Zusammenfassung und einem Ausblick auf zukinftige

Arbeiten und Anwendungsgebiete.
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The understanding and prediction of high lift aerodynamics of a civil aircraft in landing configuration still
lacks validated and comprehensively assessed databases involving simultaneous numerical simulations,
wind tunnel tests as well as flight tests. The joint research project HINVA (High lift INflight VAlidation)
aims on closing this gap for a short to medium range transport aircraft with its specific high lift devices.
The research aircraft and hence the common denominator for all three methodologies was the Airbus
A320 ATRA (Advanced Technology Research Aircraft) operated by the Research Flight Department
Braunschweig. This aircraft was chosen to serve as a flying test bed for two flight test campaigns and as
basic configuration for a wind tunnel model as well as baseline geometry for numerical simulations. In
the end, all three methodologies fall back on the same realistically shaped and equipped aircraft model
in high lift state to provide comparable data.

The herewith presented work comprised an airborne Particle Image Velocimetry (PIV) measurement
conducted during the second flight test campaign of the project HINVA. The specific task of the PIV
system was the quantification of the outer strake vortex which was initiated by the vortex generator of
the nacelle at high angles of attack. To realise such an experimental configuration a high energy laser
was placed inside the aircraft cabin. The laser light sheet was propagating through an experimental cab-
in window and was aligned normal to the longitudinal axis of the aircraft with a significant vertical diver-
gence. Four PIV cameras were placed on both sides of the light sheet in a stereoscopic order to obtain
the 3C velocity data inside a predetermined field of view. The flow tracing particles could not be inserted
in an artificial manner, hence naturally occurring cloud droplets served as seeding source for this exper-
iment. This however introduced manifold uncertainties regarding the particle dynamics inside the strake
vortex and the impact of cloud turbulences on the PIV measurement. These two aspects will be further
addressed in the contribution to the symposium.

In the end, two flight tests took place at the beginning of 2015 departing from the Airport Braun-
schweig-Wolfsburg. PIV data at different Reynolds numbers and angle of attacks was acquired and
evaluated. The PIV results indicated a strong vortex system emerging over the wing surface at angles of
attack above 10°. A further preparation and utilization of the data can be used to support the experi-
mental outcome of the wind tunnel test conducted at the European Transonic Wind Tunnel (ETW) and
numerical simulations with the DLR TAU code.
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This contribution summarises this experimental flight test study against the background of its specific
boundary conditions, in particular the impact of the free flight characteristics such as turbulences and
microphysical properties of clouds. The realised installation inside the aircraft cabin and outside the
fuselage will be presented. A brief inside on the qualification and flight test procedure can provide an
idea about the complexity of such an installation. Finally a discussion about the 3c-PIV results initiates
an analysis about the viability and potential of such a non-intrusive method for full scale applications.

Figure 1: Observed flow field at high angle of attack and the corresponding 3C-PIV result.
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Thema: Recent advances in volumetric flow measurements: High-density particle
tracking (‘Shake-The-Box’) with Navier-Stokes regularized
interpolation (‘FlowFit’)

We present an overview of the activities of our group at DLR over the last three years in
the field of volumetric flow measurements. Starting from experimental setups and
evaluations using the techniques of tomographic PIV (TOMO-PIV) [1], a novel particle
tracking method (‘Shake-The-Box’ [2]) was developed, which utilizes the temporal
information residing in successive imaging of a consistent, dynamic particle distribution
to enhance the reconstruction of each time step. By effectively separating true particles
(which inside a volume cannot disappear in time) from false reconstructions (‘ghost
particles’) the technique is able to process particle concentrations at least comparable to
TOMO-PIV and more than one order of magnitude above the limits of typical 3D PTV.
The temporal information is captured by predicting the particle positions of all known
(tracked) particles in each following time-step. The occurring positioning errors are
corrected by successively moving each particle in small steps in space (‘shaking’) until
the local residual is minimized. The particle positions of the first four images are
reconstructed using lterative Particle Reconstruction (IPR) [3]. Four-step tracks are
extracted as coherent paths with acceleration below a threshold. From there on, the
prediction of the particle position simplifies the reconstruction problem by reducing the
perceived particle image density on the residual images (see Fig. 1). Within a few time-
steps the algorithm converges to a stable number of tracked particles (see Fig. 2, left, top)
- close to the real number of particles - allowing for highly accurate particle placement
(see Fig. 2, left bottom) and high computational efficiency.

The STB-algorithm was applied to various experimental datasets of time-resolved
measurements in water and in air, in volumes ranging from less than a cubic centimeter to
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more than half a cubic meter. Exemplary tracking results are given in Fig. 2 (Middle) and
Fig. 2 (Right), showing results from investigations of an impinging turbulent jet (up to 16
m/s) and a thermal plume in air. For the latter, 275.000 instantaneous tracers could be
tracked over long sequences of 1000 images.

To quantify flow structures described by the locally highly accurate particle tracks, a
spatial interpolation scheme (‘FlowFit’ [4]) was developed. It results in a uniform cubic
B-spline representation for velocity and pressure by minimizing a cost function. This cost
function connects the measured velocities and accelerations to the B-spline variables
where the fitted acceleration is derived from the fitted velocity and pressure according to
the Navier-Stokes equation for incompressible and uniform-density flows. The cost
function includes physically-motivated regularizations by penalizing divergence of
velocity, its temporal derivative and high wavenumber components of velocity. Fig. 2
(Right) shows a FlowFit-result for a single time-step as isosurfaces of Q-criterion for the
mentioned thermal plume.

The performance of STB and FlowFit was assessed in comparison to state-of-the-art
TOMO-PIV algorithms in the scope of the 4" international PV Challenge (2014) [5].

fraction of undetected particles F u

0

3

0.6 [+ —().125 i 50
3 1

05 % 000

04 % 100

6
4
2
0
3

03
800
0.2

0.1

0 10 20 30 40 50 | -2t 600

snapshot

y [mm]

mean error of detected particles Ap [px]

0.02
0.015

400

0.01

0.005 11 | 4-400

200
K -450
01f-1 %

-500

o
o
a

.. L
0 10 20 30 70 50 700 T w0 400
snapshot X fmm] z[mm]

Figure 2: (Left) Development over time-steps of fraction of tracked particles and 3D positional error for different
particle image densities (0.01 ppp to 0.125 ppp, synthetic experiement). (Middle) Particle tracks for impinging jet in air
at 15 m/s. (Right) Particle tracks as given by STB and isosurfaces of Q-criterion as given by FlowFit for experimental
investigation of thermal plume, color-coded by streamwise velocity
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Abstract: In this contribution, an application of a computational aeroacoustic code
as a hybrid Zonal LES tool is presented. The here used hybrid approach is based
on a novel implementation of the Non-Linear Perturbation Equations extended with
fluctuating viscous terms, denoted as “Overset” since a perturbation analysis is per-
formed on top of a background flow. The extension to LES is demonstrated with
isotropic decaying turbulence, where the expected temporal decay and scaling of
the reference DNS data is recovered with the LES employing a classical Sma-
gorinsky model. Furthermore, investigation of sound sources is illustrated with the
application to trailing-edge noise.

INTRODUCTION

PIANO is a Computational Aeroacoustics (CAA) code from DLR which incorporates many
traditional CAA features such as block-structured, high-order, low dispersive and dissipative
characteristics [1]. PIANO solves perturbation equations over a time-averaged background
flow and therefore represents a hybrid approach. Such hybrid approaches are common in
simulating aeroacoustic problems (see, e.g., [2, 3]). The task of computing the sound gener-
ation is separated from the sound propagation, where this latter propagation is computed
with perturbation equations. Implemented equations include the Linearised Euler Equations
(LEE), Acoustic Perturbation Equations (APE), and also nonlinear Euler Equations.

Viscous and nonlinear effects are often negligible in aeroacoustics as they play a minor role
when sound propagation over small distances is studied. However, such approaches ignore
the direct influence of viscosity on the sound generation and propagation. Furthermore, it is
essential to account for viscous effects for Direct Noise Computation (DNC, see [3]) of
sound generation and propagation problems. The nonlinear Euler equations have been sup-
plemented by fluctuating viscous terms and therefore represent the full (non-linear) Navier-
Stokes equations expressed in perturbation form over a given background flow (see, e.g., [2,
4]). Hence, the CAA-code PIANO can be applied as a Direct Numerical Simulation (DNS)
tool to directly simulate laminar or turbulent sound generation or even DNC.

Computational demand is stringent for DNS. Large Eddy Simulation (LES) offers an alterna-
tive by resolving only the large energetic scales and model the more universal small scales.
Hybrid approaches provide a further alleviation of the computational demand as LES is only
performed in regions where it is needed (such as highly unsteady, massive separated flow)
and the less computational demanding RANS is performed in the remainder of the domain
[5]. As opposed to the so-called embedded approach, the here proposed method is denoted
as “Overset” to emphasise that the DNS is performed on top of a background flow.

METHOD

The basis of the present work are the viscous Non-Linear Perturbation Equations, which are
derived from the compressible Navier-Stokes equations in nonconservative form. For a de-
tailed derivation the reader is referred to Ref. [2]. The primitive variables are decomposed
into a base flow part and a fluctuating part (i.e., po and p’, respectively). Terms containing
solely background flow contributions are grouped on the right-hand side. Typically, these
residuals source terms represent the residual turbulent viscous stress and heat flux whose
definition is related to the base flow. In general, the only assumption made is that the back-
ground flow is also a solution of the Navier-Stokes equations.
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RESULTS
Isotropic decaying turbulence is investigated for the subgrid-scale investigation. The flow is

Figure 1: (left) 3D Energy spectrum for various Smagorinsky constants at time t=1/3, 3, and
5. DNS is indicated by points and viscous PIANO with lines. (right) lllustration of an Overset
LES computation of trailing-edge noise.

initialised with high-resolved DNS data from Wray [6] after which decay sets in. The simula-
tions were performed at Re,=104.5 on a 642 grid. By varying the Smagorinsky constant Cs,
the scaling and temporal decay can be evaluated as compared to the reference data. This
procedure is illustrated in Fig. 1 (left) for only three small variations of the Smagorinsky con-
stant. For the case of no sub-grid scale model (i.e., Cs=0) a significant energy pile-up to-
wards higher wave numbers is observed. By enabling the subgrid-scale functionality, the
spectrum can be tuned towards the DNS reference, where Cs=0.145 can provide for the
appropriate amount of modelled dissipation. A schematic of an OLES application to trailing-
edge noise is presented in Fig. 1 (right). Firstly, the turbulent sound sources are determined
with the OLES approach on top of the background flow. In a second step, these sound
sources are propagated on a coarser CAA-grid outside the OLES domain.

RESULTS

The Overset LES method was concisely presented. The used numerical code is based on
the CAA-code PIANO, here denoted by “viscous PIANO” to emphasise the use of the full
Navier-Stokes equations in perturbation form as governing equations. The validation of de-
caying isotropic turbulence revealed good agreement between the Smagorinsky subgrid-
scale model and DNS reference spectra. Further ongoing tests in turbulent channel flow
simulations confirmed these promising results. Finally, the application of the OLES is illus-
trated with trailing-edge noise.
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Introduction

This contribution concerns numerical prediction of slat noise. A hybrid approach based on
RANS and CAA with stochastic sources is used. Here, for the first time 3D-computations
based on the Eddy-Relaxation source terms are presented. In the final paper this novel ap-
proach will be described in detail. Furthermore, the final paper will include comparisons to
experimental results obtained in the DNW-LFF test facility in Marknese, Netherlands.

Numerical approach

A hybrid CFD — CAA approach was used for the slat noise prediction of the DLR F15 high-lift
configuration. This configuration is depicted in figure 1. A RANS computation using the DLR
TAU code was conducted to obtain the mean flow and turbulence data. The mean flow is
considered in the following CAA computation using the DLR Piano code. Piano is applied in
this work with nonlinear perturbation equations. The sources in this computation are based
on the turbulence data obtained from RANS.

The Fast Random Particle Mesh Method (FRPM) was used to insert the sources within the
slat region, cp. Fig. 2. The Eddy-Relaxation source model proposed by Ewert et al. [1] was
used. Further information about this model will be given in the final paper. This novel source
model can be operated in two different modi operandi:

Deterministic Mode: A direct coupling between reference and resolved vorticity is rea-
lized, i.e. that vortex dynamics is completely impressed.

Forced Mode: The relaxation parameter is defined by a vortex viscosity model accor-
ding to the actual CAA grid resolution. In this case turbulent scales within the limits of
the CAA grid resolution are resolved while smaller structures are modelled by FRPM.

In the forced mode larger structures are directly resolved. The final paper will include a com-
parison between both modes and highlight the advantages of directly resolving the larger
structures.

The CAA-computations were conducted on a structured, curvilinear grid consisting of ap-
proximately 18 million points and 109 blocks. The lateral grid extent covers 75% of the slat
chord length. This is about 20% of the main chord length. For the lateral sides of the compu-
tational domain a periodic boundary condition was chosen. Solid surfaces were treated as
adiabatic no-slip walls.

Results

The computations were conducted for the DLR F15 high-lift configuration, depicted in fi-
gure 1. In this figure also the cp-distribution obtained from the RANS is shown.

The sources were inserted within the slat region. The FRPM computational domain is shown
in Fig. 2. In this computation the source model was operated in deterministic mode. The con-
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tour displays the FRPM forcing and the isolines the realization in Piano. The agreement bet-
ween contour levels and isolines displays the direct coupling between reference (FRPM) and
resolved (Piano) vorticity.

A snapshot of the resulting sound field dis given in figure 3. The contour displays the sound
pressure. The sound waves originate from or slightly behind the slat, where the sources are
accelerated. Also a microphone is indicated. Figure 4 displays spectra of the sound pressure
at this location. The spectra show broad band noise and a single tone at 450 Hz. This tone
was also observed in the experiments.

With the chosen computational approach the effects of noise generation in the slat region
can be captured properly. The final paper will also include comparisons to experimental data.

- I 1 | | 1 | . -
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X

Figure 1: DLR F15 configuration and c,-distribution Figure 2: FRPM computational domain within
the slat region

Figure 3: Snapshot of the acoustic pressure Figure 4: Narrowband spectra of sound pres
emanating from the slat region ; black dot indicates sure at indicated microphone position
microphone position

[1] R. Ewert, J. Dierke, A. Neifeld and S.M.A. Moghadam, Linear and Non-Linear Pertur-
bation Equations with Relaxation Source Terms for Forced Eddy Simulation of Aero-
acoustic Generation, AIAA Aviation, 20th Aeroacoustics Conference, AIAA 2014-
3053.
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Die Perspektiven flr den weiteren Ausbau der Windenergie in Deutschland liegen neben der
Windenergienutzung auf See bei der optimierten Nutzung der Windenergie an Land, insbe-
sondere dem Repowering. Gerauschminderungstechnologien haben neben der Verringe-
rung der Larmbelastigung und Erhdhung der Akzeptanz bei Anwohnern auch eine wichtige
wirtschaftliche Bedeutung, da in der Genehmigungspraxis Gerauschemissionen als Kriterium
fur die Festlegung einzuhaltender Abstandsflachen herangezogen werden. Mit Blick auf
Repowering-MalRnahmen von Onshore-Parks wird dieses deutlich. Gelange etwa eine
Larmminderung der einzelnen Windenergieanlage um 1 dB, 2 dB oder 3 dB, ware theo-
retisch das Potenzial geschaffen, die Anzahl der Windkraftanlagen (und mithin die Leistung)
des Parks um 25 %, 58 % oder 100 % zu erhdhen bei gleichem Gesamtschall des Parks.
Weiterhin kann eine Larmabsenkung notwendig sein, um nach gegeniber der Erstzulassung
verscharften Vorschriften eine Betriebsgenehmigung des erneuerten Parks zu erwirken.

Das Vortragsthema ist bewusst auf Rotorblatttechnologie fokussiert mit Blick auf die fir
Windenergieanlagen zentralen Guteparameter Leistung und Larm. Nach heutigem Kennt-
nisstand stellt die Schallentstehung an der Hinterkante im dufR3eren Bereich der Rotorblatter
den wichtigsten Larmentstehungsmechanismus an modernen Windkraftrotoren dar. Belege
hierfir finden sich einerseits in der gemessenen typischen Abstrahlcharakteristik, der
Schallquelllokalisation am Rotorblatt mittels Arraytechnologie sowie der messtechnisch
nachgewiesenen Effizienz von MaRnahmen der Hinterkantengestaltung auf die Gesamt-
schallabstrahlung der Anlage. Der Beitrag der dul3eren Blattspitze, allgemein eher im hohe-
ren Frequenzbereich zu erwarten, spielt bei sauberer akustischer Auslegung heute keine
wesentliche Rolle mehr: Gemal gangiger Praxis wird der auf3ere Bereich des Rotors zum
Zwecke der Larmminderung entlastet, was allerdings den Ertrag limitiert. Zusatzlich treten
am Rotor auch partiell Ablosungen auf, die zu gesteigerter Hinterkantengerduschemission
im niedrigen Frequenzbereich fuhren. Die Quantifizierung des ebenfalls im tieferen Fre-
guenzbereich auftretenden Vorderkantengerausches ist gegenwartig aufgrund seiner Ab-
hangigkeit von der Eingangsturbulenz noch mit grof3en Unsicherheiten behaftet.

Zielsetzung laufender Forschungsarbeiten am DLR im Rahmen des BMWi-geftrderten Pro-
jektes BELARWEA - Blattspitzen fiur effiziente und larmarme Rotoren von Windenergie-
anlagen — ist der Entwurf effizienter und gleichzeitig gerduscharmer Windenergierotoren mit
abschliel3ender Verifikation an 3D-Blattspitzenmodellen im Niedergeschwindigkeitswindkanal
Braunschweig (DNW-NWB). Dies impliziert einerseits den Entwurf aeroakustisch giinstiger,
leistungsfahiger Rotorblattprofile (duBBere 20 % des Rotorblatts) sowie andererseits den
Entwurf geeigneter Winglets (4ul3ere 4 % des Rotorblatts). Hierzu werden numerische Simu-
lationsverfahren sowie vorerprobte passive Gerauschminderungstechnologien aus der Luft-
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fahrt fur die Anwendung am Windkraftrotor weiterentwickelt. Die Projektschwerpunkte liegen
auf der gezielten aeroakustischen Methodenerweiterung und -validierung sowie auf der
Ubertragung passiver Minderungsmafnahmen fiir Kantengerausch.

Neben einer allgemeinen Projektubersicht werden im Vortrag aktuelle Zwischenergebnisse
aus numerischen Simulationen im Vergleich zu Windkanalmessungen an 2D-Profilen im
Akustischen Windkanal Braunschweig (AWB) des DLR prasentiert, sieche Abbildungen. Das
Gerauschminderungspotential von Kantenmodifikationen (gezahnte bzw. anderweitig porése
Hinterkanten) sowie bestehende Einschrankungen in der Umsetzbarkeit werden anhand
vorliegender AWB-Messdaten diskutiert.

2D-Simulation des Schallfeldes fir einen Schnitt durch ein Rotorblatt mittels Compu-
tational Aeroacoustics (CAA); unten: Vergleich mit Schalldruckspektrum aus 2D-

Profilmessung fir eine (im Bild markierte) Mikrofonposition.
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The prediction of the sound pressure level in an complex aircraft cabin is still challenging.
There are three major aerodynamic noise sources contribute to the sound level in the cabin.
Besides engine and boundary layer noise, there is also the noise generated in the air distri-
bution system of the air conditioning system. In this respect, it is the objective of this study to
predict the sound generation realistic cabin air intakes (CAl) and the propagation in segment
of aircraft cabin Do728. For this purpose the cabin air flow has been computed with the CFD
Code StarCCM+ using Large Eddy Simulation (LES), Delayed Detached Eddy Simulation
(DDES) and unsteady Reynolds-averaged Navier-Stokes Simulations (URANS). All these
simulations provide the the pressure fluctuations at the cabin walls. Based on the latter, the
sound propagation in the cabin is simulated using the Ffowcs Williams-Hawkings model. In
the last decade aeroacoustical simulations from heating, ventilation and air conditioning
(HVAC) systems of passenger cars has been addressed in many studies, for example in
[1]. They showed that the main noise sources are located in the air intakes. Thus, in the pre-
sent study we first focus on the sound generation in aircraft cabin air intakes (CAl). .

Numerical Simulations were carried out applying LES, DDES and URANS. In LES the WALE
(Wall-Adapting Local-Eddy Viscosity) Subgrid Scale model has been used. DDES calcula-
tions were carried out with DDES-based SST (Menter) k — o turbulence model. Finally the
URANS simulations were performed with k — @ (SST) model.. In all simulations the govern-
ing equations have been solved with second-order accurate schemes for spatial discretiza-
tion and second-order time discretization. In addition the Ffowcs Williams-Hawkings [2]
model is applied to predict the sound propagation in the cabin.

Calculations have been conducted with two different sets of boundary conditions (bc). In the
first set of bc the mass flow is prescribed at all inlets and a flow-split outlet conditions are
used at the outlet boundaries (velocity is computed from adjacent cell value with correction
using the prescribed split mass flow rate and the pressure values are extrapolated from the
adjacent cell using reconstruction gradients). Further, a symmetry plane is enforced at the
front and back frame of the segment, and no-slip velocity condition are prescribed at all
walls. The second set of bc combines free-stream boundary conditions on all inlets and out-
lets surfaces..

The presented predictions of the sound generation in cabin air intakes and sound propaga-
tion in segment of aircraft cabin are based on the solutions of the unsteady and weakly com-
pressible Navier-Stokes equations. Any of the unsteady simulation provide pressure and
density fluctuations. The latter are then used for applying computational aeroacoustic (CAA),
which deliver the distribution of acoustical pressure and SPL spectra at characteristic probe
points. Additionally, the noise contributions from different wall elements to the total sound
are investigated.

The LES and DDES of the flow in the aircraft cabin resulted in similar pressure spectra.

However, the computations reveal that the boundary layer structures has a strong impact on
sound propagation. Since DDES use RANS in the boundary layer they predict weaker pres-
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sure signals, (see Fig.1). It is also observed that the sound level resulting from URANS are
substantially lower than those obtained from LES and DDES. Finally, a comparison with
sound measurements performed in the Do728 showed that the LES based predictions
agreed best. Additionally, the SPL distributions for fixed frequencies in cross-sections of air-
craft cabin are calculated with the LES model (Fig. 2). The presented work demonstrates
clearly that the sound propagation is closely connected with the flow development in the cab-
in. The comparison of sound propagation from the CAl in the segment of aircraft cabin and
from individual CAl in free space [3] revealed that the cabin walls have to be considered in
CAA computations of the sound propagation in aircraft cabins.
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Figure 1: SPL spectra for probe point 1 calculated with different turbulence models.

Figure 2: Distribution of acoustical pressure at two characteristic frequencies.
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In this work a hybrid RANS/CAA method as described in Ewert et al. in [1] is applied to study
jet-wing interaction noise for a generic problem based on a single stream jet and a NACA
0012 wing section. An Eddy Relaxation (ER) source model proposed in Ewert et al. [2] is
applied, which realizes a partly scale resolving simulation of the aeroacoustic sound genera-
tion and radiation problem using non-linear disturbance equations (NLDE) in conjunction with
an active stochastic forcing method (FRPM) [1]. Herein, the synthetically generated vorticity
fluctuations realize turbulent backscattering from unresolved scales [5]. Quantitative correct
levels of vorticity fluctuations are derived with FRPM from a precomputed RANS solution.
First studies with this approach have been already performed with an isolated single stream
jet (Ma; = 0.9) at rest, which delivered encouraging results as reported in Neifeld et al. [3].

The present work is dealing with a generic Jet-NACAQ0012 configuration as defined in the
framework of the European project JERONIMO. The configuration consists of a single
stream jet with Ma; = 0.6 and ambient conditions at rest in combination with a rectangular
unswept wing with NACA0012 airfoil. The airfoil chord is oriented parallel to the jet axis. The
chord length is four nozzle diameters. The wing trailing edge (TE) is located one nozzle di-
ameter vertically above the jet axis (H/D; = 1) and has axial displacement L/D; = 4 from the
nozzle exit plane. At the moment, the only available measurement that can be used for com-
parison is a Jet-Flat Plate interaction experiment conducted by Cavalieri et al. [4]. Neverthe-
less, equivalent noise radiation from both configurations is expected since the position of the
TE with respect to the jet position as well as other flow conditions and geometrical dimen-
sions are identical. Based on this presumption, the flat-plate measurement is subsequently
used for the validation of the CAA results.

The comparisons between computed and measurement spectra are illustrated in Fig.1. Two
different polar angles are shown, i.e. 8=90° (normal to the jet axis and trailin edge) with a
predominant radiation of fine-scale jet noise and at 8=40° with predominant noise radiation
from large-scale (coherent) jet structures. A low frequency hump is observable in the spectra
for both polar angles, which can be attributed to trailing edge noise. The noise generation
mechanism that underlies TE noise can be explained by the scattering of hydrodynamic in-
stabilities of the jet. The good match between measured and computed spectra for different
azimuthal and polar angles leads to the conclusion that effects like shielding and relative
levels of jet and TE noise are numerically well reproduced and turbulent dynamics from
large-scale jet structures are well captured by the simulation.
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With the growing interest in the reduction of air traffic noise over the past years, a significant
reduction of the emmited engine noise and jet noise has been achieved. Contrariwise, a si-
milar progress concerning airframe noise still requires continued research. Thereby, a pro-
minent noise source mechanism is the broadband turbulent-boundary-layer trailing-edge
noise (TBL-TEN), which is generated by the interaction of turbulent eddies with the pointed
trailing edge of an airfoil. In 1974, Hayden and Chanaud showed, that the application of po-
rous material at airfoil trailing edges has a beneficial effect on the emitted noise [1]. Re-
cently, experimental investigations on a high-lift airfoil by Herr et al. demonstrated, that a
broadband noise reduction of about 6 dB to 8 dB can be achieved with rigid, porous per-
meable materials [2]. In the meantime, Falimann et al. povided a numerical prediciton of the
noise reduction by said porous materials. Thereby, a hybrid CFD/CAA (Computaional Fluid
Dynamics / Computational Aeroacoustics) approach has been developed, which involves a
stochastic source model to generate the TBL-TEN [3]. The present abstract will give an
overview of the subsequent work, which involes modeling of complex porous materials.
These feature an anisotropic and a non-uniform, gradual distribution of the permeability. Aim
of the current work is to come up with a physical understanding of the beneficial effects of a
porours trailing edge on an airfoil by conducting simulations with different sets of porous pa-
rameters.

As proposed by FaBmann et al., the porous material is modeled by a volume averaged nota-
tion of the flow variables [3]. By this, a set of volume averaged Linearized Euler Equations
(LEE) is derived. These depend on the parameters of the porous material, which are namely
the porosity @, the permeability k and the Forchheimer coefficient ce. For a solid material,
these parameters would be @ =0, k = 0 and ¢e = 0, whereas for @ =1 and Kk — « the deri-
ved set of volume averaged LEE become the well-known LEE for free flow.

To take into account complex porous materials, the above mentioned parameters k and cr
are symmetrical 3x3 tensors. Hereby, anisotropic characteristics are modelled, which might
be favourable in finding optimized materials that meet both aerodynamic and aeroacoustic
constraints. Furthermore, the ability to simulate effects of non-uniform porous materials is
pursued to avoid discontinuities in the transition from the solid airfoil to the porous trailing
edge. It is asumed that such edge may act as a source region for turbulent-boundary-layer
induced noise.

The two-step hybrid CFD/CAA procedure to simulate the generated TBL-TEN is based on
the DLR PIANO-CAA-Code [4]. First, a time-averaged turbulent flow needs to be computed
by a CFD solver. Then, in the CAA step, time dependent linear propagation equations are
solved to obtain the acoustic field. Thereby, the sound sources need to be posed explicitly.
In the case of trailing edge noise, a vorticity based forcing sound source is applied to the
momentum equation. This source is computed by the Fast Random Particle-Mesh Method
(FRPM), a synthetic turbulence method based on the turbulent statistics of the time avera-
ged CFD solution [5].

1 Corresponding author, Lennart.Rossian@dir.de
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Within the simulation framework, the interface between either two different porous materials
or a free flow and a porous material is of special interest. To model the physical link between
the two different regimes, Rossian et al. proposed a set of acoustic jump conditions [6],
which have later been modified. For now, the primitive variables p, vi, p and their normal de-
rivatives with respect to the interface are taken to be conserved directly. On the numerical
side, a new compact boundary scheme has been implemented into PIANO to provide the
ability to implement the acoustic jump conditions.

For now, a series of numerical test cases have demonstrated the capability to simulate
acoustics inside and around complex, meaning anisotropic and non-uniform, porous mate-
rials. Thereby, the means to simulate the possible trailing-edge noise reduction of an airfoil
with an arbitrary porous trailing edge are at hand. First results presented in [6] already show
a good overall quality of such simulation.

For the final manuscript, further improvements in the FRPM turbulence reconstruction will be
applied to enhance the quality of the numerically determined sound spectra. Furthermore,
the effects of anisotropic as well as non-uniform pourous materials will be studied. The aim
is to develop a deeper physical understanding of the beneficial influence of a permeable air-
foil trailing edge.
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The prediction of flow noise is still not fully understood for a variety of real world applica-
tions. An important area of research is the noise emitted during the interaction of flows with
structures in aerodynamics. A currently relevant example here is the sound emission from the
jet-wing-flap interaction, as considered in this work. As a result of efficiency-optimizing mea-
sures the engine diameter are getting bigger, which results in engines being installed closer
to the wing. Thus, there is an interaction between the flap and engine jet in the case of an
extended flap, which can lead to an increased noise emission. Since this is the case primarily
at takeoffs and landings, in the acoustically most relevant flight phase, this situation gained
increased attention from aircraft manufacturers.

In this project, the 3-D jet-wing-flap interaction of a real geometry will be investigated nu-
merically, by using large-eddy simulation in the acoustic near field and acoustic analogies in
the far field. One objective of this work is to develop a hybrid solution method for the accurate
numerical prediction of the interaction between jet and flap. Moreover, the influence of differ-
ent Mach numbers, Reynolds numbers, flap angles and wing positions on the emitted sound
field should be investigated. Furthermore, a deeper insight into the sound-generating mecha-
nisms is sought, with comparisons to experiments and simulations performed by EADS. Since
the simulation of the entire configuration is very complicated, fundamental studies were per-
formed first, using simplified test cases originating from the planned configuration, see figure
1 for example. A verification of the far-field solver based on analytical solutions of generic test
cases and the flow around a 2-D NACA0012 profile was performed. Moreover, a comparison
with the DLR code PIANO [1] is sought.

Fig. 1: Preliminary work: 2-D jet-flap-interaction. Dilatation field and contours of vorticity are shown.

As a basis for the LES simulations, the open source package Overture [2] is used. The program
offers the possibility of fluid mechanical calculations using finite differences on overlapping
grids, see Figure 2. Thus, more complex geometries can be handled efficiently using structured
grids. The compressible solver was already modified for acoustic purposes and extended to
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Fig. 2: Preliminary work: 3-D Nozzle. Whole domain (left), 3-D nozzle surface grid (right).

handle wave propagation over far-field boundaries [3]. Radiation and outflow boundary con-
ditions, proposed by Tam and Dong [4], were implemented. Time integration is performed
using a 3rd-order Runge-Kutta scheme and 4th-order finite difference schemes for the spar-
tial derivatives. The explicit filter variant [5, 6] of the approximate deconvolution model [7]
is used for subgrid modelling, alternatively implicit LES is possible.

During the conference first results of the three-dimensional turbulent flow interacting with
the wing are presented and discussed, for different flap angles. The Reynolds and Mach num-
bers for these cases are fixed at Rep, = p,UsDg/pu = 1.32 X 10% and M, = Us/cs = 0.37.
Furthermore, the sound pressure level for these configurations is plotted and compared.
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Aim

Helmholtz resonators play a key role as silencers in many technical applications. The aim of
this work is to study the mechanism that governs the emission and reduction of noise. For
the first time we closely monitor the interaction between the acoustic field of a Helmholtz res-
onator’s detailed geometry and a fully turbulent shearing flow by a Direct Numerical Simula-
tion. We compare our results to an experimental study by [Golliard, 2002]. Further quantities
beyond the scope of experimental measurements are extracted from our Direct Numerical
Simulation: This helps to better understand the damping mechanism of acoustic resonators
in general.

Figure 1: Three dimensional geometry of the investigated Helmholtz resonator with grid refinement. Details
are found in the PhD thesis by [Golliard, 2002] (S. cavity C1, 86g9=11 mm with 14 mm stream wise opening).

Method

This work uses a skew-symmetric formulation of the compressible Navier-Stokes equations
[Reiss, 2014]. The resulting finite-difference scheme is fully conservative and of arbitrary
order in space and time as needed for acoustics. The parallelization (MPI) is achieved by a
hybrid approach using a multi-block-code with a ghost layer synchronization as well as block
internal decomposition. This allows load balancing. Additionally, mesh refinement reduces
the cost of the computation. Thereby the resolution of the Direct Numerical Simulation re-
solves the acoustic Stokes boundary layer as well as the viscous lengthscale &, of the vis-
cous sub-boundary layer. A recycling-rescaling strategy is implemented [Pirozzoli und Ber-
nardini, 2011] to stimulate physical inflow turbulence. The case under investigation (S. Fig. 1)
has a Mach number of M = 0.1 (38.5 m/s), a Reynolds number of Reg = 2900 with respect to
the momentum thickness 0, a constant Prandtl number of Pr = 0.7 and standard temperature
and pressure (273 K, 100 kPa).
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Results

The performed simulation of a Helmholtz resonator under grazing flow (S. Fig. 2) is success-
fully compared to the experimental result by [Golliard, 2002, Kooijman et al., 2008]. New as-
pects of the coupling between ordered acoustic phenomena and turbulent flow are revealed.
The resonator’s eigenfrequencies are identified by a frequency analysis. The turbulence sta-
tistics and mean flow features are investigated and contrasted for example with the analytic
solution of Van Driest (S. Fig. 2). In particular, we show the differences between the modifi-
cations of the characteristic fluid structures (and their respective frequencies) due to the
presence of the Helmholtz resonator and the case of the turbulent flat plate flow without any
resonating volume.

Mean turbulent boundary layer profile
T

2 — Van Driest profile

---Karman Log-Law|

1 + +
Linear u =y

=u/u
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Figure 2: Top: Mean flow profile of the here considered turbulent boundary layer (in terms of wall units).
Bottom: Velocity norm m/s in the xy-plane of the turbulent flow over the investigated cavity (ug=38.5 m/s).
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Introduction

The prediction of the total energy consumption of new or further developed rail vehicles is a
fundamental task in the railway industry. The aerodynamic drag is the dominant part of the driving
resistance for most rail vehicles [1]. An educated estimation of the energy consumption therefore
requires information of the aerodynamic drag. Current state-of-the-art computational studies fail to
meet the high accuracy level required to reliably predict the total energy consumption of a rail vehicle.
Wind tunnel experiments do not simulate realistic near wall flow conditions on scale models and
cannot predict the friction drag. Besides, no test facility exists to measure the aerodynamic drag of full-
scale trains. Nowadays, coasting test is the primarily tool used by the industry to predict the
aerodynamic drag of rail vehicles.

One disadvantage of coasting tests is the strong impact of the environmental conditions on the
measurement results. Therefore, a large number of test runs - associated with high costs - is
necessary to produce reliable experimental results. A key interest from DLR industry partners is the
reduction of development costs by increasing the performance of computational studies to predict the
aerodynamic drag of a rail vehicle.

The friction drag combined with the pressure drag from the leading nose and the trailing nose account
for most of the aerodynamic drag. The friction drag is the result of the developing boundary layer on
the train surface and is defined by the wall shear stress.

This article presents an experimental study performed on an electric double-deck train KISS to meas-
ure the wall shear stress under real operating conditions. The results are compared to theoretical val-
ues and results published in the literature. The measured wall shear stresses will help to improve the
predictability of computational studies by modifying the surface roughness of the vehicle surface to
achieve the same values as measured in the experiment. The oil film interferometry used to measure
the wall shear stress is a non-intrusive method [2].

Experimental setup

To measure the wall shear stress, the oil film interferometry technique [2] was used. To avoid any
influence of measuring probes, the experimental setup was installed inside the train. The measure-
ments were performed on one side of a four car double-deck train KISS (Figure 1, left), provided by
the Swiss Federal Railway (SBB), at driving velocities of 120 and 160 km/h. The second door of the
first car located 19.09 m from the vehicle front (Figure 1, middle) served as measuring position. Based
on two driving velocities and two driving directions, measurements at four different length-scale Reyn-
olds numbers were performed. The measurements took place on the SBB railway line between Mar-
tigny and Sion in Switzerland. The 30 km long track is flat and straight.

The oil film interferometry method is based on an interference pattern generated by the overlap of light
reflection on the oil film and the ground. Before the test, an oil film was applied on an exterior of a
window. Depending on the measurement position and the driving speed of the train, silicone oils of
two different viscosities (50 and 100 cSt) were used during the investigations. A LED panel type Eco-
light-PLs-40n with 40W and a size of 600 x 600 mm from Xtend EcoLight GmbH served as light
source to generate the interference pattern (Figure 1, right). The panel has a maximum light flux of
3800 lumen. A thermoelectrically cooled 1.92 megapixel CCD camera from PCO (pco.1600) with a
resolution of 1600 x 1200 pixels and a grey-scale resolution of 14 bit was used to record the interfer-
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ence pattern. The camera was equipped with a Zeiss Planar T* 1.4/100 camera lens and a interfer-
ence filter (589 nm) in front of the camera lens to increase the image contrast. It was controlled using
the software tool CamWare installed on a notebook connected via a GigE interface and was installed
on a mounting device above the light source (Figure 1, right). The electric energy to power camera
and light source was provided by the train infrastructure.

Figure 1. Electric double-deck train KISS (left), measuring position in the first car (middle) and exper-
imental setup consisting of a CCD camera and a LED panel (right).

The challenge by measuring the interference pattern from inside the train is the additional reflection
from the double glass windows which reduce the contrast of the interference pattern and therefore
decrease the quality of the raw data (low dynamics).

Measurement results

In Figure 2, left, the recorded interference after 190 s measuring time at a driving velocity of 160 km/h
and a length-scale Reynolds number of 5.56 - 10’ is shown. The visualisation in Figure 2, right, pre-
sents the measured skin friction coefficients at two different driving velocities and two different train
direction. In total, results at four different length-scale Reynolds numbers are available.
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Figure 2. Recorded interference pattern at Re, = 5.56-10" with flow direction from the left (left) and
measured skin friction coefficient at the four investigated Reynolds numbers (right).

The article will compare the experimental results with the theory and results from the literature.
Further, a comparison is made with performed computational studies at different surface roughnesses
to improve the transferability to the reality.
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Einleitung

Um dem zukinftig zu erwartenden gesteigerten Verkehrsaufkommen im Schienenverkehr auf der
vorhandenen Schieneninfrastruktur gerecht zu werden, missen Losungen zur Steigerung der Stre-
ckenkapazitaten gefunden werden. Eine Mdglichkeit dies zu erreichen besteht in der abschnittweisen
Kopplung mehrerer Ziige zu einem Verbund. Der Vorgang des Koppeln wird als Fliigeln bezeichnet.
Bisher wird das Fligeln in den meisten Fallen stationar an Bahnhofen durchgefiihrt; auf dem deut-
schen Schienennetz wird dies z.B. abschnittsweise bei ICE-Ziigen umgesetzt. Der Nachteil dieser Art
des stationaren Fliigelns besteht in der geringen Flexibilitat und der limitierten Anzahl von koppelba-
ren Zigen aufgrund der eingeschrankten Bahnsteiglange. Um diese Nachteile zu Gberwinden, wird im
Rahmen des DLR-Projekts ,Next Generation Train“ (NGT) die Methode des sogenannten dynamische
Flugelns untersucht. Dabei handelt es sich um eine bertihrungslose Verbindung von mehreren Ziigen
zu einem Zugvberbund. Im Gegensatz zur mechanischen Kopplung im Stand, wird beim dynamischen
Fligeln lediglich eine drahtlosen Datenverbindung zwischen den Ziigen zur fernwirkenden Kopplung
benétigt. Diese Methode wird daher auch als ,virtuelles Fligeln* bezeichnet.

Die Methode bietet den Vorteil, dass der Rangiersto3 am Bahnhof vermieden wird und eine Kopplung
geschwindigkeitsunabhéngig und nicht zwingend an einem Bahnhof stattfinden kann. Durch flexibles
Bilden von Verblinden, auch von unterschiedlichen Zugtypen, fahren die Ziige in konstantem Relativ-
anstand hintereinander her. Das dynamische Fligeln bietet damit eine Losung, um die Streckenaus-
lastung ohne gréRere StrukturmalRnahmen zu erhdhen und diese je nach Tagesbedarf an die Anforde-
rungen durch vergréfRern oder verkleiner der Verbande anzupassen.

Aus aerodynamischer Sicht sind bei dieser Aufgabenstellung verschiedenste Aspekte von Interesse.
So kann das dynamische Flugeln, vergleichbar zum sogenannten Platooning im Automobilbereich [1,
2], zu einer Reduzierung des Stromungswiderstandes und somit des Verbrauches fiihren. Instationare
Effekte durch aerodynamische Wechselwirkungen zwischen den Ziigen sind dariiber hinaus sowohl
komforttechnisch (z.B. Akustik oder Schwanken), als auch regelungstechnisch von Bedeutung.

Versuchsaufbau

Die Versuche zum dynamischen Fligeln werden im Wasserschleppkanal Géttingen (WSG) mit einge-
setzten Plexiglasflachen zur Bodensimulation (siehe Abb. 1) durchgefiihrt. Dies bietet gegenuber ei-
nem klassischen Windkanal mit festestehendem Modell den Vorteil, dass mit deutlich geringerem
Aufwand d.h. ohne den Einsatz eines laufenden Bandes und Grenzschichtabsaugung die Bodeninter-
aktion simuliert werden kann. Auch die Aufdickung der Kanalgrenzschicht Gber die Lauflange der
Zugmodelle kann damit vermieden werden. Der zur Bodensimulation benétigte eingehdngte Boden
besteht aus je 4m langen linken und rechten Hélften, die in dem Kanal mittels Aluminiumprofilen be-
festigt werden. Zwischen den Halften besteht ein kleiner Spalt, um die Modellbefestigung durchfihren
zu kdnnen.

Als Versuchstrager wurden zweitilige NGT-Modelle im Mal3stab 1:50 inklusive der Drehgestelle mittels
3D-Druck gefertigt. Die Gesamtlange betragt jeweils X,;=820mm. Die Hohe z¢ ist 90mm und die
Breite y=60mm.

Die Bewegung durch das Wasser erfolgt durch einen Wagen, der auf dem Wasserschleppkanal durch
ein Seil mit bis zu 4m/s vorbewegt wird. Unterhalb dieses Schlittens sind fur die Kraftmessungen an
jedem Zug eine piezo-elektrische 6-Komponenten Kraftwaagen angebracht. Die Verbindung zwischen
Zug und Waage erfolgt mit Hilfe von vier, 30mm langen, NACA-0021 Profilen (Schwerter), welche an
der Unterseite des Zuges angeschraubt sind. Aufgrund der Form und der Befestigung unter dem Zug
soll der aerodynamische Einfluss minimiert werden. Zwischen Waage und Schwerter wiederum
befindet sich ein X-95-Profil, welches einen Versatz des Zige auf der x-Achse erméglicht, um den
Abstand variieren zu kénnen.

Um den Einfluss der Schwerter abschéatzen zu kénnen., wurden auch Fahrten ohne Zug durchgefthrt.
Die Messungen werden bei einer Reynoldszahl von Re=360000 (basierend auf der Modellbreite)
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durchgefiihrt. Die Ermittlung der instationaren Kréfte erfolgt lediglich Gber dem Bereich mit
eingesetzem Boden, ausgelost durch Lichtschranken. _

0l 5

Abbildung 1: (I.)Wasserschleppkanal mit Schlitten und Ziigen (vom Boden verdeckt) Uber Bodeneinsatz.
(r.) ICE-Zugmodell im Verbund unter dem Boden.

Ergebnisse:

Es wurde der Verbund von zwei NGT Ziigen bei 5 verschiedenen Abstanden gemessen. Die bendtigte
Anzahl von 35 Fahrten fir stabile Mittelwerte wurde in Voruntersuchungen ermittelt. Die Abstande
betrugen 1,2%; 12,2%; 24,4%; 36,6%; 48,8% und 60,1% der Einzelzuglange.

Abbildung 2 zeigt die Entwicklung des Beiwerte der einzelnen Zugmodelle, wobei bei zwei Abstanden
die niedrigsten c,-Werte von 0.57 flr den gesamten Verbund ermittelt wurden. Betrachtet man die
Einzelfahrzeuge, so ist beim kleinsten Abstand von 1,2% der geringere Widerstand des vorderen
Zuges die Ursache fur den niedrigen Gesamtwiderstand. Bei 36,6% ist hingegen der Widerstand am
zweiten Fahrzeug Ausloser fir die Widerstandsreduktion. Ein &hnliches Verhalten zeigt sich bei Zabat
et al.[1], welcher zeigt, dass in einem Verbund aus zwei PKW der Widerstand fir den vorderen Wagen
bei kleineren Abstéanden stark abnimmt. Auch der zweite Wagen zeigt bei gro3eren Abstanden
nochmals einen vergleichbaren Einbruch im Widerstandsbeiwert. Es wird von den Autoren keine
Ursache angegeben, aber eine ahnliches Strémungsphdnomen scheint plausibel. Derzeit finden PIV-
Messungen im Wasserscheppkanal am DLR Goéttingen statt. Die Analyse der instationdren und
gemittelten Geschwindigkeitsfelder soll Aufschluss tber die Wechselwirkung der Nachlaufstruktur mit
dem Zugkopf des hinterhereilenden Zugteiles und eine physikalische Erklarung fir die
Widerstandsreduktion geben

Der von Zabat et al.[1] beobachtete geringere cyw-Wert des vorderen Fahrzeuges bei kleinen
Abstanden kann im Zugverbund nicht bestétigt werden.

Im Vergleich zum vorderen Zugteil zeigt sich wahrend der gekoppelten Fahrt allderings durchweg eine
Widerstandsreduktion fur den hinteren Zug.

0.75 |
0.65
0.55 -
= 0.45 ¥—\orderer Zu
S = g
0.35 == Hinterer Zug
0.25 —.\._ Verbund
0.15 -+ t
0 0.2 0.4 0.6

Zugabstand [% X,.]

Abbildung 2: Entwicklung des Widerstandsbeiwertes beim dynamischen Flugeln von zwei Ziigen bei ver-
schiedenen Abstanden
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Introduction

Three-dimensional (3D) flow occurring in the near hub region of a rotating wind turbine blade is a
complex flow phenomenon involving massive flow separation and a strong 3D effect due to rotation.
Centrifugal and Coriolis forces were identified to have a strong influence on the flow under such
situation, and this leads to an increase of sectional lift coefficient (C/) compared to two-dimensional
(2D) airfoil data [1].

Accurate predictions of this effect is important for the design of more reliable wind turbine blades and
RANS simulations have been shown to innacurately predict these phenomena at high operating wind
speeds [2]. Unfortunately, even the use of the most modern turbulence models could not essentially
improve the situation [3]. Large Eddy Simulations (LES) offer a better prediction for massively
separated flow field, but the computational cost is way more expensive than RANS. Detached Eddy
Simulations (DES) use the capability of LES in resolving large eddies while the smaller flow structures
near the wall are modelled using RANS. By doing so, the 3D flow characteristics are better captured
but the computational cost can be kept small. It has been shown by Johansen et al. [4] that DES
calculations were able to resolve more 3D flow structures near the blade root compared to RANS
which allowed a better examination on the 3D effects. Using the same turbine, Li et al. [5] confirmed
this observation.

On this basis, the present study aims to obtain a better insight into the 3D effects by employing the
capability of DES in resolving the eddies. The predicted sectional loads are examined and compared
with RANS prediction. At last, the centrifugal and Coriolis forces influence on the velocity profiles
within the blade boundary layer is presented.

Test Cases and Computational Setup
The examinations were performed on the AVATAR (Advanced Aerodynamic Tools for Large Rotors)
blade [6]. The blade is 102.9 m in radius (R) and designed to operate at rated wind speed of 10.5 m/s.
Two different wind speeds (U) were investigated, rated and stalled wind speeds, listed in Table 1. By
doing so, two variations of the geometric angle of attack (a,) were obtained. The rotational speed and
pitch angle in the stalled wind speed case (Case 2) was purposely set not according to the original
blade design [6] in order to artificially generate massive separation on the blade.

The unsteady simulations were carried out using the multi-block structured CFD code FLOWer [7],
employing Improved Delayed DES (IDDES) simulations [8] based on the (URANS) SST k-w model.
The simulations were carried out with fully turbulent boundary layer. The implicit residual smoothing
with variable coefficients and third level multigrid were used. The time integration was carried out by
an explicit hybrid multistage Runge-Kutta scheme with dual time-stepping scenario. The timestep
value was 0.052 s, an equivalent to three degrees blade revolution for every physical time step. The
blade mesh was C-H type and grid
independency studies have been carried out in

Table 1. Simulated cases.

[9]. The periodic boundary condition was used, Label Ulm/s] n[rpm] Pitch [°]
assuming periodicity of the flow from one blade Case 1 (Rated) 10.5 9.02 0
to the other blades, so that only one blade was Case 2 (Post stall) 20 9.02 0

modeled. The Chimera interpolation method
was employed in the overlapping grid area.

Results

Figure 1 shows CFD predictions of the sectional loads for two different cases. The forces are non-
dimensionalized by the local kinematic velocity, V = (U* + (2r))"° with Q is the rotational speed in

172



rad/s. It can be seen that IDDES predicts much larger aerodynamic forces than RANS especially for
the blade inner region. The largest differences between the two CFD methods are observed at 0.15 <
r/R < 0.4 for Case 1. For higher wind speed (larger a,), this region is shifted further outboard and the
affected area is much larger especially for F, (see the arrow).

These differences are driven by the flow behavior near the blade as illustrated from the kinematic
streamwise velocity (u;;,) plot in Fig. 2. Separation is delayed and its area is much reduced in IDDES
prediction compared to URANS. The velocity profiles in Fig. 2 (right) show that IDDES predict
stronger chordwise and radial velocities than RANS in the vicinity of the wall (point P). This indicates
a stronger Coriolis and centrifugal forces so that separation is delayed considerably. Thinner
boundary layer (3) is also observed for IDDES. Furthermore, the wake downstream the airfoil section
at 0.24R is better resolved (Fig. 2, left). URANS predicts smeared velocity field at L distance
downstream of the airfoil which seems unphysical. This behavior, however, is not shown in IDDES
prediction.

Fig. 1: Time-averaged non-dimensional sectional loads; (left) Fn and (right) Ft.

Fig. 2: Velocity field at 0.24R (left) and (right) velocity profiles extracted from the black - dashed lines
in the left figures for Case 1.
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Einleitung

Lastschwankungen an Windenergieanlagen (WEA) haben zwei wesentliche negative Einflisse auf die
Wirtschaftlichkeit der Windenergie. Auf der einen Seite sind Windkraftanlagen wéhrend ihrer Lebenszeit
einer Vielzahl solcher Lastwechsel ausgesetzt. Diese entstehen beispielsweise durch die Turbulenz in
der atmosphérische Grenzschicht, den Nachlauf anderer Windkraftanlagen, die Positionierung in kom-
plexem Gelande, Schraganstromung oder den Turmvorstau [1]. Diese Lastfluktuationen rufen Ermu-
dungslasten hervor, was die Lebensdauer der Anlagen negativ beeinflussen kann. Auf der anderen
Seite kdnnen Lasten, beispielsweise hervorgerufen durch das Eigengewicht der Blétter, eine weitere
VergroRerung der Rotordurchmesser verhindern. Aus diesen Griinden werden Lastreduktionsprinzipien
an Windkraftanlagen immer wichtiger. Im Zuge des DFG PAK780 Projektes werden verschiedene aktive
und passive Systeme sowohl experimentell, als auch numerisch untersucht. Neben 2D Untersuchungen
werden die Konzepte auch in rotierenden Systemen analysiert. Da die Implementierung der Systeme in
eine reale Windkraftanlage zu einem so frihen Entwicklungsstatus schwer umsetzbar ist, wurde an der
Technischen Universitét Berlin, in Zusammenarbeit mit der SMART BLADE GmbH, die Modellwindkraft-
anlage BeRT (Berlin Research Turbine) entwickelt [2]. An dieser Modellanlage, die einen Rotorradius
von R=1,5m hat, kénnen die Blatter ausgetauscht und somit verschiedene Lastreduktionssysteme ge-
testet werden.

In der vorliegenden Mitteilung wird kurz auf das numerische Setup eingegangen. Die CFD-basierten
numerischen Untersuchungen befassen sich vorerst mit einem reinen Rotor, welcher als 120°-Modell
mit periodischer Randbedingung realisiert wurde. Darliber hinaus wird auf ein Vergleich der Lasten zwi-
schen einem Setup mit Fernfeldrandbedingung und einem Setup mit einem approximiertem Windkanal
der TU Berlin mit Euler-Wanden eingegangen, um so den Einfluss des Windkanals auf den Rotor abzu-
schétzen. Ein vollstandiger Artikel wird zusatzlich eine Gitterkonvergenzstudie nach Celik [3], sowie
Untersuchungen mit reibungsbehafteten Windkanalwanden und Anstellwinkelauswertungen enthalten.

Numerisches Setup

In den vergangenen Jahren wurde am IAG eine Pro-
zesskette fur die numerische Untersuchung von Wind-
energieanlagen entwickelt [4], auf deren Grundlage die
hier vorgestellten Simulationen durchgefuhrt werden.
Als Stromungsloser wird der CFD-Code FLOWer, wel-
cher vom Deutschen Zentrum fir Luft- und Raumfahrt-
technik (DLR) entwickelt wurde und am IAG fir Wind-
kraft- und Hubschrauberanwendungen weiterentwickelt
wird, eingesetzt [5]. FLOWer verwendet ein Finite-Volu-
men-Verfahren zur Losung der kompressiblen Navier-
Stokes-Gleichungen fir blockstrukturierte Netze. Die
einzelnen Komponenten der WEA werden separat ver-
netzt und die Netze mit Hilfe der Chimera-Technik Uber-
lappt, wodurch ein kdrperangepasstes Netz fir jede
Struktur verwendet werden kann. Die Vernetzung der
Rotorblatter erfolgt automatisiert durch ein am IAG ent-
wickeltes Skript [4], wobei darauf geachtet wird, dass fur
die wandnéachste Zelle y*<1 ist. Die restlichen Netze
werden von Hand erstellt. Abbildung 1 zeigt das Drittel-
modell der BeRT-Anlage im Hintergrundnetz.

Das Hintergrundnetz selbst besteht aus einem Drittel ei-
nes Zylinders. Die Rotorebene befindet sich in der Mitte
der ca. 64m (=43Rp.xr) langen Domain. Im Bereich der

Abbildung 1: Netze des BeRT
1/3-Modells.

174 STAB



Anlage haben die Zellen eine konstante GréRe von 0,25mx0,25mx0,25m. Das Hintergrundnetz mit
Fernfeldrandbedingung hat einen Radius von ca. 17m (=11Rg.zr), Wohingegen das Netz mit Eulerwand
einen Radius von ca. 2m hat, was der Halfte des hydraulischen Durchmessers der Messstrecke im
Windkanal entspricht. Das Blattnetz enthalt ca. 5,5 Mio. Zellen, das gesamte Setup mit Fernfeld ca. 13,1
Mio. Zellen, das mit Eulerwénden ca. 11,4 Mio. Zellen.

Exemplarische Ergebnisse

Die Anlage wurde stationar vorgerechnet und anschlieRend instationar mit 3° pro Zeitschritt bis zur
Konvergenz der Lasten simuliert. Die Anzahl an inneren lterationen lag zwischen 30 und 100 pro Zeit-
schritt. Das Stromungsfeld um die Anlage entwickelt sich im Fall mit Fernfeldrandbedingung aufgrund
des grof3en, zur Verfiigung stehenden Raumes nur sehr langsam, wodurch eine lange Simulationszeit
bis zur vollstandigen Expansion des Nachlaufs benétigt wird. Dadurch andern sich die Induktion und
damit der Anstellwinkel an der Anlage Uber einen langen Zeitraum hinweg, was wiederum Einfluss auf
die Umstrémung der Blatter hat. Hat sich die Stromung voll ausgebildet, sinkt der Anstellwinkel nicht
weiter, die Strémung am Blatt liegt Gber den gesamten Radius an (Abbildung 2, links) und die Lasten
an der Anlage konvergieren. Bei der Simulation mit Windkanal ist die Expansion des Nachlaufs aufgrund
des Wandeinflusses sehr klein, sodass eine Konvergenz der Lasten schneller erreicht wird. Im Vergleich
zur Simulation mit Fernfeld fuhrt die geringe Expansion zu einem Anstieg der Strdmungsgeschwindig-
keit in der Rotorebene, sowie um die Anlage herum, wodurch die Spitzenwirbel schneller abtransportiert
werden. Durch die héhere Geschwindigkeit sieht die Anlage einen héheren Anstellwinkel, der auf der
Saugseite zu Ablosungen fuhrt (Abbildung 2, rechts) und der damit einen grof3en Einfluss auf die Aero-
dynamik des Blattes hat. Abbildung 3 zeigt den Verlauf des Schubes (F,, oben) und der antreibenden
Kraft (F,, unten) tber dem Radius, jeweils normiert mit dem Maximum der Fernfeldlésung, tUber finf
Umdrehungen, sowie gemittelt Uber finf Umdrehungen. Aufgrund der erhéhten Geschwindigkeit im Fall
mit Windkanal steigen Schub (=35%) und Leistung (=65%). Fir diesen Fall treten Ablésungen im Be-
reich der Blattwurzel, sowie zwischen R=0,8m und 1,2m auf, was an E, gut zu erkennen ist. Somit haben
die Wande des Windkanals einen bedeutenden Einfluss auf das Geschwindigkeitsfeld der Anlage und
damit auch auf deren Lasten.

Abbildung 2: Oberflachenlésung der Saugseite Abbildung 3: Normierte, sektionale Lasten in
mit Stromlinien fur den Fall mit Fernfeld (links) x-Richtung (Schub, oben) und y-Richtung (antrei-
und mit Eulerwand (rechts). bende Kraft, unten)

Die Prasentation wird sich naher mit den hier aufgefiihrten Effekten befassen und dabei auch auf die
Entwicklung das Anstellwinkels und der Induktion eingehen. Daruber hinaus wird eine Gitterkonver-
genzstudie sowie die Simulation eines Windkanals mit reibungsbehafteten Wanden prasentiert.
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1. Introduction

Airfoil characterizations are usually performed in highly laminar flows. In order to incorporate
unsteady effects, either pitched airfoils in laminar inflow have been used or the inflow has
been periodically altered with a fixed airfoil. These cases are mainly representative for heli-
copter applications. Attempts to include turbulence were made using classical and fractal
grids [6][5], but they do not cover the typical operational conditions of wind turbines very well
[2]. The consideration of wind energy applications will be addressed in our presentation of an
experimental setup for the investigation of airfoil characteristics in different turbulent inflows
with customizable features, which was developed at the University of Oldenburg. An active
grid is used to manipulate either the flow velocities or inflow angles. The presented study on
a DU 00-W-212 airfoil was carried out within in the EU FP7 project «<AdVanced Aerodynamic
Tools for IArge Rotors» (AVATAR), which is aiming at a comparison and validation of simula-
tion tools based on BEM methods, CFD and wind tunnel experiments.

2. Experimental Setup

An experimental setup for airfoil characterizations in the return-type acoustic wind tunnel at
the University of Oldenburg is presented. The wind tunnel is operated in laminar condition
with a background turbulence level of 0.3% for the measurement of classical airfoil polars -
constituting the baseline case for the comparison presented later on.

An active grid can be inserted between the wind tunnel nozzle and the test section in order to
generate reproducible, customized turbulence patterns with different characteristics [7][8].
The turbulent patterns can be tailored using 16 individually controlled shafts with attached
flaps. However, only the nine vertical shafts were used for the presented work as all seven
horizontal shafts remained in open position (least blockage) to render a quasi two-
dimensional turbulence pattern with customized inflow angle variations. A grid transfer func-
tion was therefor recorded and used to translate the desired inflow angle variations into flap
movements — so-called grid protocols. This method allows not only to impose a statistical
distribution of inflow angles but also to mimic atmospheric wind time series (of inflow velocity
or angle) in the wind tunnel.

The investigated DU 00-W-212 airfoil is a wind turbine dedicated airfoil, designed by the TU
Delft as a blend of two other DU airfoils [9]. It is designed for the use in the tip region of state-
of-the art wind turbine blades and is part of the AVATAR reference wind turbine. For the ex-
periments at Re 500,000 and Re 900,000, an aluminum airfoil model with a chord of 0.3m is
vertically mounted inside the closed wind tunnel test section with cross-section of 1.0m x
0.8m (w x h) and 2.6m length. The airfoil has an aspect ratio of 2.68 and is fixed to two rotat-
ing plates at its ends, which are fitted flush with the test section floor and ceiling. Two 3-
component load cells at the top and bottom axis are used for the highly resolved force meas-
urements. The angle of attack is adjusted with a stepper motor and is monitored with an an-
gle encoder at the bottom airfoil mount. Chord-wise pressure distributions are measured via
48 pressure taps connected to a system of three synchronized multi-channel scanners.

3. Results

Two different unsteady turbulent inflows were generated with the active grid in order to
compare the impact of different turbulence on the airfoil performance. A sinusisoidal exitation
protocol was used to generate periodically varying inflow angles with a frequency of 5Hz. A
second turbulent grid protocol features intermittent angle variations. Both inflow cases were
characterized in the empty wind tunnel prior to the installation of the airfoil model using
highly-resolving x-wire measurements on the wind tunnel center line at the downstream posi-
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tion of the designated airfoil’s leading edge. While both grid protocols were designed to pro-
duce inflow angle variations within approximately +6° and yield almost similar turbulence in-
tensities (5% and 3.7%), they deviate in other features significantly. Unstead flow situations
are usually characterized by a reduced frequency [1], but the absence of a pronounced fre-
quency in the intermittent inflow makes such a characterization more difficult. To be still able
to compare both cases, the power spectral density of the inflow angle variations is consid-
ered in dependence of the reduced frequency. The reduced frequency spectrum of the inter-
mittent inflow covers a wider range of reduced frequencies (0<k<0.5) as it is expected for the
operation of wind turbine blades in turbulent atmospheric flows [4], while the sinusoidal case
exhibits one pronounced reduced frequency at k=0.18. It is therefore more likely to mimic the
natural flow conditions with turbulence of this characteristics.

Averaged polars of the measured load cell data were compared for both turbulent cases with
the laminar reference case at Re 500,000 and Re 900,000. The results for both Re numbers
are almost similar for the laminar case. The lift polars show a clear lift peak with a rather
quick drop in the stall region, while the larger Re number leads to a slight reduction in C_ pax.
In contrast, the turbulent inflow causes a significantly larger Re-effect on the polars as shown
in Figure 1. In both Re cases, all three lift polars differ in the slope of the linear region and the
turbulent cases show a delayed stall with an extended stall region and increased C| max.
While the increase is rather small in the low Re number range, it is significant for the larger
Re number.
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Figure 1: Polars for Re 500,000 (left) and Re 900,000 (right) measured in laminar, sinusoidal and
intermittent inflow cases.

Analysis of the fully resolved data sets show similar minimal and maximal lift values for the
sinusoidal and intermittent cases, while the standard deviations were significantly lower in the
intermittent case. Further examination of the full data will be performed to improve the des-
cription of turbulence and grasp its impact on the airfoil performance.
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Within the framework of International Energy Agency (IEA) Task 29 a key interest is the ge-
neral improvement and calibration of aerodynamic models for wind turbine applications. Du-
ring the associated Mexnext-1ll project, detailed wind tunnel measurements have been un-
dertaken in order to provide a database for the assessment and improvement of current ae-
rodynamic methods. The wind tunnel measurements have been conducted on a model wind
turbine in the open test section of the DNW-LLF wind tunnel facitilty, as shown in Figure 1.
The rotor of the model wind turbine has a diameter of 4.5m and was operated at a rotor
speed of 425.1 rpm at a blade pitch of -2.3°. During the wind tunnel experiment detailed flow
data has been collected under axial and yawed flow conditions including blade pressures
and loads, near field velocity measurements (PIV) as well as accoustic measurments. The
present paper presents RANS simulations using the DLR TAU code for three axial flow
testcases of the New MEXICO rotor experiment and gives a comparison of the RANS results
to the available wind tunnel measurements. The RANS simulations assume an isolated, rigid
rotor geometry as previously used by e.g. Lutz et al. [1] or Bechmann et al. [2]. For the pre-
sent simulation the wind tunnel test section was neglected since its influence on the rotor
flow field has been found to be small (Réthoré et al. [3]). For the RANS simulation an overset
grid with a total of 29 million grid points was used, consisting of a cylincrical background grid
with farfield boundary conditions and three blade grids. TAU simulations were run for three
testcases corresponding to wind tunnel speeds of vime= 10, 15 and 24m/s using the Wilcox-
kw turbulence model. As shown by Figure 2 the axial flow upstream (x<0) and downstream
(x>0) of the rotor could be simulated in general good agreement to the experiment. Due to
the momentum extraction of the rotor, the velocity deficit in the downstream region is clearly
visible. Axial velocity fluctuations caused by the tip and root vortex are well resolved, es-
pecially for the high wind tunnel speed at viume= 24m/s with large areas of separated flow at
the suction side of the rotor. For this flow case the Menter-SST turbulence model was found
to improve the prediction of largley separated blade flow.The computation of the pressure
distributions at the rotor blade sections is considered in general good agreement to the expe-
riment, as exemplary shown for vume= 15m/ in Figure 3. The RANS simulation slightly un-
derstimates the pressure measurements on the suction side. In order to study the infuence of
the rotor blade boundary layer state on the rotor thrust and torque, laminar-turbulent RANS
simulations were conducted as well. Since the rotor blades were equipped with zigzag tape
up to 70% of rotor radius during the experiment, the TAU simulations were run with locally
tripped and free transition, as exemplary shown in Figure 4. The final paper will analyze axial
and radial traverses, pressure distributions and rotor thrust and torque for all three wind tun-
nel speeds, including laminar-turbulent results.
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Figure 1: New MEXICO rotor experiment in the DNW-LLF - smoke visualization of the blade tip vortices under
axial flow conditions (Photo from Boorsma, K.; Schepers, J.G.:, “Description of Experimental Setup”, ECN, 2015).

Figure 2: New MEXICO rotor experiment—axial flow u upstream and downstream of the rotor for three different
wind tunnel speeds Vi, comparing PIV measurements and TAU RANS simulation results near the blade tip (Y-
ne=1.5m) and near the root (ypne=0.5m).

e Experiment
— TAU (RANS)

Figure 3: New MEXICO rotor experiment (Viynne=15,06m/s) — pressure distributions at four rotor blade sections
comparing experiment and TAU RANS simulation (isolated rotor, fully turbulent, Wilcox-k® turbulence model).

Figure 4: New MEXICO rotor experiment (Vyu,=15,06m/s) — computed skin friction lines and predicted laminar-
turbulent flow areas on the suction side of the rotor blade with locally tripped and free transition (TAU RANS simu-
lation, isolated rotor, Wilcox-k® turbulence model, AHD and C1 transition criteria).
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As ultimate and fatigue loads play an important role in today’s wind turbine design, load
reduction and control is one of the focus points of today’s wind energy research. A reduction
would lead to reduced rotor weight and costs, to an increase of turbine reliability or allow a
further enlargement of the diameter to increase power output. Active trailing edge flaps
applied to the outer part of the rotor blade constitute a very promising approach for these
matters. As flaps are able to increase or decrease the local lift by adapting the deflection
angle, it is possible to partly compensate load variations due to variations of the effective
inflow angle. These variations are caused by changes in the incoming wind speed resulting
from e.g. tower blockage, atmospheric shear and turbulence or yawed inflow.

The suitablility of trailing edge flaps for wind turbine load control has been shown in various
publications, both experimentally (e.g. [1]) and numerically (e.g. [2]). Fatigue load reductions
up to approximately 30 % have been found for a trailing edge flap covering up to 25 % of the
blade span of a 5 MW turbine [3]. Most numerical studies were conducted on the basis of
blade element momentum (BEM) theory. As viscous and unsteady aerodynamics have a
great influence, it is however important to also apply higher fidelity models in order to validate
the results. Within the European FP7 project AVATAR extensive studies on trailing edge
flaps have been performed including models of various fidelity ranging from BEM to CFD [4].
The paper will in detail present an extract of the CFD simulations performed at the IAG with
the main focus point on a study on the flap design parameters meaning flap shape
(rigid/morphing), flap length, radial positioning of the flap center and radial sizing.

The simulations have been conducted making use of the process chain for the simulation of
wind turbines developed at the IAG, University of Stuttgart. The main part constitutes the
CFD code FLOWer, which originates from the German Aerospace Center (DLR) [5]. Trailing
edge flaps are realised with the use of grid deformation by deforming the flap part of the
airfoil or respectively rotor blade while the rest is kept rigid. This approach allows to vary the
design parameters easily without the need to generate new meshes for each case.

2D simulations are performed for a representative airfoil located at 75% rotor blade radius.
Within this 2D simulations paramters like flap length and shape are varied at realistic inflow
conditions. In 3D a pure rotor model is at first analysed in a 120°-model with periodic
boundary conditions. Different flap positions and sizes along the blade span are evaluated
for a deflection angle of 10° as shown in Figure 1 and Figure 2 for the DTU 10 MW turbine

[6].

1000 — 12000 ,”-\if; Y
—_ E N \
E =
= — 10000
§ 800 ?

E 600 —g_ 8000 -

o No Flap ©

£ wof — Flap mid: r/R=0.7 S 6000 No Flar:) .

> e =) Flap mid: r/R=0.7

o Flap mid: r/R=0.8 x [ eeee--s Flap mid: r/R=0.8
200 e Flap mid: r/R=0.9 - 4000 R e _ Flap mid: r/R=0.9

a0 CI 80 20 50 80 70 80
blade_radius [m] blade_radius [m]

Figure 1: Variation of flap radial position
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Figure 2: Variation of flap radial size

Most important with regard to load control is the impact of the flap on the out-of-plane forces
meaning the blade thrust and resulting moment at blade root. As it is visible in the plots the
variation of the position along the blade span shows that the flap is more effective the further
outboard it is located. A higher increase of the force is possible leading to an even higher
impact at blade root due to the longer lever arm. The variation of the radial size indicates that
a larger extension along the blade span is favourable. Apart from the bigger area that is
covered, 3D effects are reduced as the thrust increase is higher at mid flap position for the
20% extension. Vortices which appear at the flap edges due to the gradient of bound
circulation decrease the flap effectiveness in the flap section as a downwind is induced.

The presentation will include a description of the numerical setup and gradually go through
the different steps of the study.
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Einleitung

Im Rahmen der siiddeutschen Verbundprojekte LidarComplex und KonTest wurden Untersuchungen
an einem potenziellen Testfeldstandort fiir eine Forschungswindenergieanlage in Baden-Wiirttemberg
durchgefihrt. Eine der zentralen Zielstellungen der Projekte war die Charakterisierung der Strémung im
Gelande sowie der Interaktion zwischen atmospharischer Turbulenz, Gelande und Windenergieanlage.
Zunachst wurden auf Basis von verschiedenen Messverfahren die grundlegenden Stromungszustande
im Gelande charakterisiert. Hierbei kamen Schalenkreuz- und Ultraschallanemometer an einem Mess-
masten, Lidar-Messungen (Light Detection And Ranging) sowie Messungen mit einem unbemanntem
Luftfahrzeug (UAV) zum Einsatz [Schulz2015]. Auf Basis der so gewonnen Daten wurden mit numeri-
schen Modellen atmospharische Zustromfelder generiert und als Eingabegrof3en fir die Simulation ver-
wendet. Die sich an die Messungen anschlieBenden Simulationen des Testgelandes konnten eine gute
Ubereinstimmung mit den Messungen erzielen, weswegen in einem weiteren Schritt eine Windenergie-
anlage in die Simulation eingegliedert wurde. Anhand dieser Simulationen wurden Untersuchungen zum
aerodynamischen Verhalten und dem Nachlauf der Anlage durchgefiuhrt. In dieser Mitteilung soll kurz
auf die Simulation der Windenergieanlage im komplexen Gelande unter atmosphérischer Turbulenz und
einen analogen Vergleichsfall im ebenen Gelande eingegangen werden. Ein vollstandiger Artikel wird
ebenfalls detaillierte Informationen zu den Messungen und den Simulationen des Gelandes ohne An-
lage enthalten. Die zentrale Bedeutung der Untersuchungen liegt in der bisher ungeniigenden Vorher-
sagegenauigkeit des Verhaltens von Windenergieanlagen und deren Nachlauf im komplexen Gelénde.

Numerisches Modell

Die numerischen Simulationen von Windenergieanlagen werden am IAG basierend auf einer eigens
entwickelten Prozesskette Windenergieanlagensimulation durchgefiihrt [Meister2009]. Als Stromungs-
I6ser wird dabei der CFD-Code FLOWer des Deutschen Zentrums fur Luft- und Raumfahrt (DLR) ein-
gesetzt. Durch Verwendung der Gitterliberlappungstechnik (Chimera) wird es ermdglicht die Netze der
einzelnen Strukturen der Windenergieanlage unabhéngig zu gestalten. Fur die Vernetzung der Rotor-
blatter wird dabei auf ein erprobtes Skript zurlickgegriffen [Meister2009]. Zur Erstellung des Hinter-
grundnetzes im Gelénde wurde ein Uber MPI parallelisiertes Vernetzungsprogramm entwickelt, welches
ein kartesisches Hintergrundnetz erstellt und auf Basis von Gelandeoberflachen deformiert. Insgesamt
wurden fir die Simulation der Windenergieanlage im Testgelande ca. 180 Mio. Zellen verwendet. Als
Randbedingung am Einstrémrand des Hintergrundnetzes wurde ein konstantes exponentielles Ge-
schwindigkeitsprofil vorgegeben. Stromab des Einstrémrandes wurden anschliel3end turbulente Fluktu-
ationen in Form von Kdrperkréaften in einer Ebene senkrecht zur Strémungsrichtung zeitlich aufgelést in

das Feld eingebracht [Troldborg2014]. Dabei berechnet sich der in das Feld eingebrachte Kraftvektor f

wie folgt:

: pu 1

= (U 310)

Dabei sind % der zu modellierende Geschwindigkeitsschwankungsvektor und u,, dessen Normalkom-
ponente, An die Gitterweite und U,, die mittlere Geschwindigkeit in Normalenrichtung. Die so berechne-
ten Korperkrafte werden durch Manipulation des Residuums, &hnlich des Aktuatorscheiben-ansatzes,
in das Feld eingebracht. Die Fluktuationen % werden in der Simulationsvorbereitung nach dem Modell
von Mann bestimmt [Mann1998].
Alle Simulationen in den oben genannten Projekten wurden als DES97 durchgefiihrt. Nahe der Wind-
energieanlage, in deren Zustromung und Nachlauf wurde ein WENO-Verfahren fiinfter Ordnung zur
Berechnung der konvektiven Flisse benutzt [Liu1994]. Die zeitliche Diskretisierung erfolgte mittels dual
time stepping Methodik nach Jameson. Fir alle Simulationen wurden neun Minuten simuliert, bevor die
Daten uber eine Minute ausgewertet wurden. Die bendtigten Ressourcen belaufen sich dabei auf sieben
Tage auf ca. 4600 CPUs auf der Hazel Hen des HLRS.
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Exemplarische Ergebnisse

Die Wechselwirkung zwischen atmospharischer Zustromung und Gelande fiihrt zu einer starken Ge-
schwindigkeitsiiberh6hung an der Anlagenposition. Durch eine geeignete Wahl der Zustrdomgeschwin-
digkeit im Fernfeld wurde die Simulation so kalibriert, dass an der Anlagenposition im Gelande die glei-
che Geschwindigkeit herrscht wie im ebenen Vergleichsfall. Bedingt durch den Gelandeanstieg werden
Stromgungswinkel von unten stérker betont (Abbildung 1).

Abbildung 1: Stromungsfeld um die Anlage im Gelande; relative Geschwindigkeit als Kontur

Dies fihrt zu ahnlichen aerodynamischen Effekten wie eine Schraganstromung der Rotorblatter, ledig-
lich um eine Viertelrotorumdrehung gedreht. Das Rotorblatt bewegt sich auf die Strémung bei seiner
Abwartsbewegung zu und ist bei der Aufwartsbhewegung nachlaufend. Infolge dessen kommt es zu einer
Anstellwinkeldnderung im Vergleich zur ebenen Zustrémung. Diese bewirkt neben einer Lastverande-
rung auch eine Ablenkung des Nachlaufes der
Anlage, da sich die Induktion Gber den Umlauf
des Rotors stark &ndert. Verstarkt wird diese
Anstellwinkelinhomogenitiat durch die vom
Gelande verursachte Geschwindigkeitsuber-
hoéhung. Das Grenzschichtprofil der Zustro-
mung wird vor allem im unteren Rotorbereich
volliger, wohingegen es im oberen lediglich
eine geringe Geschwindigkeitszunahme er-
fahrt. Dies ist in direkter Konsequenz in einer

Erhohung der Lasten im unteren Rotorbereich Abbildung 2: Rotorschub (Last in x-Richtung) und

zu sehen (Abbildung 2). In gro3erer Hohe tber : N . .
dem Grund ist die Ubergeschwindigkeit durch Standardabweichung tber dem Azimutwinkel.

den Hugel also geringer als am Boden, weswegen die mittlere Stromungsgeschwindigkeit hier niedriger
ist als im ebenen Vergleichsfall. Ein weiterer auftretender Effekt ist die Reduzierung der Standardab-
weichung in longitudinaler Richtung auf dem Hugel, welche sich ebenso in einer Abnahme der Fluktua-
tionen der Lasten zeigt (Abbildung 2). Die Ursache ist vergleichbar mit dem Duseneffekt, welcher lon-
gitudinale Schwankungen dampft. Uberdies verwischt der Turmschatteneffekt im Gelande sowohl in
Standardabweichung der Last als auch in den Spektren des Anstellwinkels. Dies beeinflusst die Nach-
laufausbreitung vor allem in Bodennahe neben anderen Effekten. Bedingt durch die atmospharische
Turbulenz kommt es zudem zu einem friiheren Aufbrechen des Nachlaufes und zu einer starkeren In-
teraktion dessen mit der Umgebungsturbulenz, was in Anséatzen in Abbildung 3 verdeutlicht wird. Die
Prasentation wird sich ndher mit den Schwankungen des Anstellwinkels, der Lasten und den Einfliissen
auf die Nachlaufausbreitung befassen. Zudem werden néhere Details zur Modellierung der turbulenten
Zustrémfelder erortert.

Abbildung 1: Wirbelviskositat auf Nabenhohe; Draufsicht; Anlage bei x=1200 m
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Ausgangssituation: Blood is a rather complex heterogeneous multi-phase mixture of solid
corpuscles suspended in a liquid plasma showing several non-linear and non-Newtonian prop-
erties. These are e.g. shear-thinning, viscoelasticity or stress-relaxation. In general, the rheo-
logical characteristics of blood are determined by the properties of these blood components
and their interaction with each other as well as with the surrounding. Hemodynamic phenom-
ena as e.g. flow separation, secondary flow structures in curved vessels, oscillatory

wall shear stress, as well as flow induced blood coagulation are dominated by the complex
blood rheology and are believed to play important roles in the development of the numerous
problems in long term application of artificial (“extra-corporal’) lungs. Therefore, a complete
understanding as well as a sufficient modelling of the hemodynamics in complex flow regimes,
as e.g. in membrane oxygenators, is of big importance.

Ziel: Within this work, a newly set-up environment for reliable numerical simulation of blood
flow regimes in rather complex realistic geometries will be presented by the example of blood
flow through an extracorporeal membrane oxygenator (ECMO). An ECMO is a medical treat-
ment which is a cardiopulmonary bypass circuit. The blood is removed from the venous sys-
tem, oxygenated by an oxygenator and then returned back into the body by a pump. Typical
complications associated with ECMO in long term use are decreasing gas exchange efficiency
by coagulopathy (induced by biocompatibility issues and flow) and finally (pharmacologically
induced) bleeding.

Some research groups already implemented successfully innovative numerical models for co-
agulation representation in highly resolved simple vessel configurations. Nevertheless, the
complexity of a complete oxygenator system prevents the application of higher order simula-
tion techniques for coagulation representation due to its immense computational costs. An-
other important fact is, that blood viscosity shows many non-linear effects with respect to shear
rate, haematocrit as well as with vessel diameter. Especially for diameters below 300 microns.
The first two effects are mostly considered in recent numerical blood viscosity models.
Whereas the clear width impact on viscosity is mostly neglected although it affects the relative
viscosity by a factor of ~3 (lower viscosity in smaller vessels, Fahraeus-Lindqvist-Effect, FLE).

Lésungsweg: Presented will be a numerical approach which allows not only the consideration
of blood viscosity changes due to shear rate and haematocrit (Carreau-Yasuda) but also due
to clear diameter changes. This enhancement is necessary for realistic oxygenator flow anal-
ysis. The membrane fibres are stacked crosswise and by that they build sinuous wave-like
channels with varying diameters between 100 and 400 microns.
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Blood coagulation on the other hand is represented statistically by means of flags which are
transported with flow. They represent either activated or inactivated platelets. On a statistical
base they can be activated by shear stress or by interaction with an already activated platelet.
If activated platelets approach each other (come close together) this region will be marked as
coagulation regime and local viscosity modifications as well as mesh movement will take place.
Activated platelets without any interaction, on the other hand, will be inactivated with time.

All model enhancements are adjusted/validated by means of real blood flow experiments and,
furthermore, comparison with medical image micro-ct data analysis of real oxygenators. The
effect of viscosity change in accordance to the diameter of blood vessels results mainly from
tumbling motions of erythrocytes caused by velocity gradients within the flow. Depending on
the vessel diameter, this results either in the formation of a so-called plasma skimming layer
close to the vessel wall without erythrocytes for intermediated vessel diameter or in a pseudo
haematocrit reduction which leads to the formation of a plasma bolus between single erythro-
cytes for small vessel diameter (see figure 1). Both effects result in a significant change of the
local viscosity. Since most investigations on blood viscosity change due to FLE have been
undertaken in straight or tapered pipes, not much is known on the erythrocyte motion and its
effect on viscosity in wavy channels. Therefore, additional experimental investigations on
erythrocyte motion at different velocity gradients and haematocrit levels are carried out in wavy
micro channels using optical tracking techniques.

Ergebnis: Preliminary results of numerical investigations on blood flow in complex membrane
oxygenators using standard non-Newtonian blood viscosity models showed a more or less
equally distributed flow shear between the single membrane fibres in the membrane stack.
The calculated shear rate for this case exceeded the physiological level capable of triggering
(flow induced) blood coagulation. However, comparison of potential blood coagulation regions
derived from CFD data compared to medical image data from real clinical oxygenators re-
vealed, that CFD overpredicts the appearance of flow induced coagulation. Therefore, as a
first approach, a clear width based enhanced blood viscosity model was implemented into DLR
CFD THETA code based on published data of viscosity change due to vessel diameter for
straight vessels. Due to the fixed assignment of viscosity change and clear width of the flow,
the local viscosity changes directly with change in flow shape, which is a non-realistically be-
haviour. Therefore, the need arose to take into account the tumbling motion induced phase
shift between change of geometrical flow shape and viscosity change. These temporal and
spatial effects have to be investigated in wavy micro ducts of different shapes.
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Figure 1: Principle mechanisms of the Fahraeus-Lindqvist-Effect [Elsevier]
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134
54
168
80
56
160, 162
44
58
152, 160
50
142
136
44
152, 154, 160, 162
162
122
60
66
138
36
174
174
9%
124

Friedrichs
Fuchs
Gardner
Gebhardt
Geisler
Gesemann
Goerttler
Haff
Haucke
Hein
Heinrich
HeiBelmann
Heister
Heitmann
Held
Henning
Herr
Heykena
Hold
Holling
Huhn

llic

Jost
Jovanovic
Kachele
Kahler
Keye
Kiefer

Kirz

Klaas

Klein
Kleindienst
Knopp
Knoth
Koch
Konstantinov
Kramer
Krank
Krause
Krauss
Krenkel
Kreuzer
Kronbichler
Kumar

24

148
40, 104
22

92, 148
150
104
168

62

52, 56, 64, 80
118
176
178
154
140
142, 168, 170
156

24

96

176
150
120
174,180
44

26

38

120

66

22
48,138
76, 80
148
38, 42
28

98

158

34,172,174, 180, 182

122
68
44
184
68
122
124

186

Kdmmel
KUpper
Kutscher
Landa
Lauterbach
Lehmann
Lienhart
Lohse
Loose
Ludeke
Lunte

Lutz
Marquardt
Martinez-Schramm
Méateling
Merle
Meyer
Munoz
Nehring
Neifeld
Niehuis
Nitsche
Novara
Ost
Peinke
Petzold
Piquee
Politz
Probst
Puckert
Radespiel
Raffel

Rein

Reiss
Rempke
Reuther
Richter
Risius

Rist

Ritter
Ronzheimer
Rosemann
Rossian
Rudnik

106
70
124
30
142
108
44

72
168
74
144
34,172,174, 180, 182
48

50

76
120
146
70

40
160
26
72,90
38, 150
76
176
70
112
148
126
76,78
30, 46, 124, 136
102
98
166
128
38, 42
104
80
76,78, 94
30

24

52
162
32



Rutten
Saeedi
Savoni
Schanz
Schneider
Schnepf
Schomberg
Schrauf
Schreyer
Schroder, A.

Schroder, W.

Schulein
Schulz
Schuster
Schitz
Seidel
Semaan
Sesterhenn
Skeledzic
Staats
Stein
Stemmer
Stuhlpfarrer
Stuke
Surrauer
SuB

Taskin
Thieme
van der Wall
VoB
Wagner
Waldmann
Wall
Weihing
Weinman
Wetzel
Wiggen
Wilhelmi
Winter
Wolf
Wichner
Zahn

82,92, 98, 184
112

32

38, 150
26

100

82

84

86

38, 92, 150
48, 138
38,42, 100, 144, 168
182
142
164

66

88, 136
166

44

90

166

58

106

68

96

184

86

170
108

92

36, 116, 132, 158, 170
34

122
172

40

132
110
170
114
102
112

94

187
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