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The European Flow and
Turbulence Control &
Europe/USA Collaborations

Jean-Paul Bonnet
LEA, Université de Poitiers CNRS
France

With thanks to J Delville, E Collin, P Jordan and the
Poitiers’ group
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Flow control is by nature multi-disciplinary,
typical TRIADIC (Computation/Theory-
applied math./Experiments):

focus here on some european initiatives

The European Research Community On Flow
Turbulence And Combustion ERCOFTAC SIG « Drag

Reduction & Flow Control » (K-S Choi )

The AIRBUS CAFEDA and the
European Forum on Flow Control EFFC

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007
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iBiopean Drag Reduction Meetings
Ohjectives

[dentiiyratea of drag reduction and flow control
devices for industrial applications in the context of
technology transter

Encourage collaborations among researchers in
Europe for academic research as well as funding
PUrpOSES




WraeRediction & fHow Control SIG
‘ﬁec@m HECtings

T

£
W A ropeaniDrag Reduction Meeting,
Aussois, Yance, June 2004.
-
[*" Enropean Forumn on Flow Control,
Poiters, Erance, October 2004.

European Drag Reduction and Flow
Control Meeting, Ischia, Italy, April 2006




Draelkediction & Elow Control S1IG
‘F iuneHmeetings

£,
Sropean Drag Rediction and Flow Control

Meez‘fng%])r@éd.en,, Germany, September 2008.

Worlshopmenidrag Redietion and Flow Control
using Surjace Plasma, Poiters, France. ..

Workshop on Electro-magnetic Flow Control,
Dresden, Germany...




ERCOFTAC SIG 20: European Drag Reduction
and Flow Control

Chairman K-S Cho1 (Un1iv. Nottingham)
Recent topics

Skin friction, flow separation and heat transfer control

Passive devices: riblets, LEBUs, vortex generators,
grooves, roughness, compliant coatings

Active devices: surface plasma, spanwise-flow
oscillation, blowing & suction, synthetic jets, MEMS,
electro-magnetic flow control

Additives: polymers, surfactants, microbubbles
Techniques: Neural network, POD, adaptive control

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



The AIRBUS CAFEDA and the
European Forum on Flow Control

The International Center for Renewable Energy
& Turbulence Aerospace
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The AIRBUS CAFEDA and the
European Forum on Flow Control

European Aeronautics Vision 2020

Challenges and associated goals

s Qu a”t-}; and o Reduced passenger charges
1H o Increased passenger choice
Affordahlllty o Transformed freight operations

o Reduced fime fo market by 50%
m S3 fEt'y" o Reduction of accidenis rale by 80%
o Uraslic reduction in human error and ifs conseguences

The Efficiency of o 3 capacity increase

é - the Air Transbort o §9% of flights within 15" of schedule
: System o Less than 15"in airport before short flights
- SECUTit‘y’ o Airborme - zero hazard from hostile achion

o Airport - 2ero access by unauthonsad persons or products
o Air navigation - No misuse. Safe control of hijacked aircralt

LESAS Mrichbs mow ol Corfidart il sy

...addresses the full scope of customer expectations



AlRNet - The Players

The International Center for Renewable Energy
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AlIRNet - CAFEDA: 2004-2007

Control of Aerodynamic Flows for the
Environmentally Driven Aircraft

The Network Partnership is

AIRBUS
University of Poitiers  University of Manchester
TU Berlin University of Madrid

The Network Objective is

To discover new technologies for the control of external flows around civil
transport aircraft and identify potential applications to enable a step-
change in aircraft performance in the long term.

New European Programme AVERT 2007-2010

Aerodynamic Validation of Emission Reducing
Technologies with more partners

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Recent advances inv flow control for energy
and evwirvonmental issues inv France and, invv
tuwrope

Present objectives of flow control:

e Reduce turbulent drag for low consumption then less
pollution (1% Cd red. saves 1,6 tons fuel for a long cruise
airplane)

e Delay separation for better performances and less noise
of aircrafts

e Control mixing, for better combustion, better pollutant
diffusion, noise abattement

e Main applications are focused on aircraft appplications,
but are of genral interest for energy and
environmental issues

The International Center for Renewable Energy
& Turbulence Aerospace

Puerto-Rico may-june 2007



European Forum on Flow Control
EFFC

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



European Forum on Flow Control
EFFC

The aim of the Forum is to provide an opportunity for
researchers from within and outside Europe to
collaborate and exchange ideas in a comprehensive
manner during long (3 months) stays

The main thrust of this Workshop is towards
aeronautical applications, however it is exclusively not
so, since flow control has many uses in other fields.

Although, as the name suggests, the focus of this
meeting is on flow control research being conducted in
Europe, we were fortunate to have a large number of
participants from many other countries for the first two
sessions

The EWFC will be similarly organized and conducted
every two years

EFFC-1: 2004 and EFFC-2 : 2006

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



1st EUROPEAN FORUM on FLOW CONTROL EFFC-1

Poitiers, France Sept-Nov 2004
Organized by
Laboratoire d’Etudes Aérodynamiques
CNRS - Université de Poitiers — ENSMA
Chairmen: JP Bonnet, J Delville, P Jordan and F Alvi (FSU)

Sponsored by :

AIRBUS within the AIRNet programme
Berlin/Madrid/Manchester/Poitiers —

Control of Aerodynamic Flows for the Environmentally Driven
Aircraft, CAFEDA

Centre National de la Recherche Scientifique (GDR
« contrble des decollements »)

ERCOFTAC SIG 20 “drag reduction and flow control”
Chaired by K-S Choi

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007
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European Forum on Flow Control EFFC-1
Sep- Nov 2004

O 13 Researchers from: Australia (2), France (7),
Germany (1), Spain (2), United States (1)

resrmmmenen) - RECHERCHE
"UNIVERSITE 1 Centre d'études aérodynamiques et thermiques

Chercheurs internationaux

a Poitiers
Le Ceat, Centre d'études aérodynamiques et ther-
miques, de l'université de Poitiers, accueille neuf cher-

cheurs internationaux qui travaillent dans le domaine
du contrdle des écoulements pour |'aéronautique.

‘EST une premiere en Euro-
« pe », souligne Jean-Paul
Bonnet, directeur de recherches
au CNRS (Centre national de la re-
cherche scientifigue), responsable
du programme, vice-président de
I'université de Poitiers pour la re-
cherche, et chercheur au Ceat
(prés de l'aéroport de Poitiers-
Biard). « Lidée de cc forum re-
monte & deux ans avec Airbus,
consortium qui s'est rapproché
des universités pour une re-
cherche plus  fondamentale.
Quatre universités ont été rete-
nues : Berlin, Manchester, Madrid,

et donc Poitiers, comme laboratoi-
re de références ».

Ce programme d'accueil per-
met de « regrouper des domaines
de compétences trés complé-
mentaires en matiére d‘améliora-
tion des performances et de ré-
duction de nuisance des aéronefs.
Le controle des écoulements
(Flow Control] offre de nouvelles
perspectives pour les
chercheurs. »

. Ces derniers vont travailler de
un a trois mois au Ceat. |l y a deux
Espagnols, deux Australiens, un
Ameéricain, une Allemande, et des

Frangais de Toulouse, Nancy, et
Paris.

Julio Soria, professeur a ['uni-
versité de Victoria en Australie,
vient pour la troisitme fois en Eu-
rope cette année. |l apprécie « /'in-
térét technologique du forum,
d'autant qu'il n'y a pas d'industrie
adronautique en Australie » et pré-
cise : « C'estimportant pour notre
économie compte tenu des dis-
tances dans mon pays. »

« Ces rencontres, financées par
Airbus et le CNRS, doivent débou-
cher sur des travaux en
commun - », indique  Jean-Paul
Bonnet, « sur un profil daile, par
exemple. Lintérét vient aussi des
contacts humains qui font naitre
des idées ». Une riche aventure

‘tant humaine que technologique.

Jean-Paul Bonnet, directeur de re-
cherches au CNRS.

Une partie des chercheurs du forum dont Julio Soria (2 gauche) d’Australie
qui commence & bien connaitre I'Europe.

081004-CP03.259725




2nd EUROPEAN FORUM on FLOW CONTROL EFFC-2
Poitiers,
France May-July 2006
Organized by
Laboratoire d’Etudes Aérodynamiques
CNRS - Université de Poitiers —- ENSMA
Chairmen: JP Bonnet, J Delville, P Jordan and F Alvi (FSU)

www://effc.ceat.univ-poitiers.fr

Sponsored by :

AIRBUS within the AIRNet programme Control of Aerodynamic
Flows for the Environmentally Driven Aircraft

CAFEDA

Centre National de la Recherche Scientifique
(GDR « contrdle des décollements »)

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007
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The EFFC-2nd session,
May-July 2006

JP Bonnet, J Delville and P Jordan, F Alvi (FSU)

1st group: Experimental study of unsteady
separation on a NACA 0015 airfoill

2nd group: Low order description of
turbulent flow in view of flow control (EFFC-
1 cont’d): Towards Quiet turbulence

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



o o S
EFFC 2006

Main results of the collaborative Studies on
Flow Separation Control over a NACA0015

7 Participants

W.L. Siauw, J.P. Bonnet, J. Tensi, J.M. Breux, W.H. Khoo,
Poitiers University (LEA-ENSMA-CNRS)

A. Seifert, O. Stalnov, Tel Aviv University (TAU)
B. V. Kumar, F.S. Alvi, Florida State University (FMRL)

C.H. Atkinson, Monash University, Australia (LTRAC)

L.D. Gomes Manchester University

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Objectives

Study the effects of different fluidic actuators on the
same NACAO0015 airfoil

Obtain an approximation of the timescales of
attachement & separation in view of re-active flow
control

Develop a multi orifice single chamber synthetic ZNMF
actuator

Profil non contrdlé Activation des VGF

Profil non contrdlé Activation des VGF



Test Facility

Closed loop tunnel 1'%

Test section 2.4m by \ \“
2.6m

Turbulence intensityestsecton24mbyzesm
0.4% at 40m/s

Instrumentation

Force measurement
Pressure measurement
Wa ke S uvey The International Center for Renewable Energy

& Turbulence Aerospace
Puerto-Rico may-june 2007




Model & Test Conditions

Model specification
NACAO0015 - 0.35m (chord) &
2.4m (span)
Model turbulated by 8 micron
carborandum at x/c of 2% to
4%.

Flow conditions
Free-stream velocity = 40m/s

Re = 0.96 million

WNACADND]LS

I
I
I
|
|
|
I
I
|
I
I
|
!
I
I

External

: _balance
wind Asgembly  of hobwire
' ~support and pitot tube

2.4m

A
v

Overview of the test section with the NACACC15 installed at
1m (reference from quarter chord which is the center of
rotation) above tunnel floor.

+—>
0.35m

Plan view of wing

TheInternational-Center for Renewable Energy
& Turbulence Aerospace

Puerto-Rico may-june 2007



Model Overview

Single row of jet orific
orientated at 30° (pitch) and
60° (yaw)

~ “Cavity integrated on_the.,.-,;...,'

,,iunder side of the cover
A *

Interior of NACA0015

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Fluidic Actuators Specifications

Mode of Means of Jet Position Number of
Deployment Deployment Orientation (x/c) Orifices

continuous 30deg 0.3 44
(pitch),
60deg (yaw)
continuous pressurized 0.3 51
cavity
continuous normal to 0.3 64
surface
Amplitude/plus | piezo- 0.3 56
ed modulated electric
P 2.4m -
Orifices distributed | | ———
approximately 1 A\ £
third of the airfoil < °
S pa N Single row of orifices machined
onto a removeable cover

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007
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Angled & Normal Steady Jets

Poitiers University (LEA-ENSMA)
Monash University (LTRC)
Florida State University (FMRL)

Participants : W.L. Siauw, J.P. Bonnet, J. Tensi, J.M. Breux, W.H. Khoo, F.S. Alvi, V. Kumar,
C.H. Atkinson, T. Stephens, L.D. Gomes

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Results (Angled Steady Jet, orifice diameter = 1mm at x/c=0.3) .

Surface flow visualization at 12° & 15°

| Orifice, x/c=0.3

. Flow direction

" Flow qirection

a =12°, Cu~0.36%, VR~3.5

Orifice, x/c=0.3

Flow direction

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007

(12° to 16°) Full
attachment was
observed.

At 15°, stall cells at
the central portion
was eliminated.

In all cases,
adjacent stall cells
(if exist) becoming
stronger.



@ Results (Angled Steady Jet, orifice diameter = 1mm at x/c=0.3) .

Lift coefficient comparison during actuator deployment

CL

1.15
1.1
1.05
1
0.95 / \\.
0.9
0.85 ‘ ‘ ‘ ‘ ‘ ‘ |

9 10 11 12 13 14 15 16
alpha (deg)

17

—s— baseline with orifices exposed
—%—C_mu~0.27%, VR=2.5
—— C_mu~0.36%, VR=3.5

At Cu~0.36%, Cl improve
between 3% and 14% (16°).
Stall characteristic is more

gradual when jets were
deployed

* Lift improvement could be 3 times more since
jets were deployed over 1/3 of airfoil span

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Results (Directed Steady Jet, orifice diameter = 1mm at x/c=0.3) .

Time scale of attachment & separation at 11° incidence

O — Qualitatively, typical
I | times of attachment &

separation are

observed to be of the

order of 0.1sec (T+~42
based on sep lenght)

L veladty ssapenes o 11deg inadence (mm showe mircd wafsce, 1 0mm from ireiling edge) i}

Hotwir

|
|
positio [
|
|

separation

Orifice, x/c=0.3

I Orifice, x/c=0.3

I Flow direction I Flow direction

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Zero-Net-Mass-Flux Jets

participants: A. Seifert and O. Stalnov
Tel-Aviv University (TAU)

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



ZNMF actuator - wing Integration

Integral part of the model cover
14 localized PZT actuators

Four, 1Imm diameter holes for
each localized actuator

Perpendicular to surface
Located at x/c=0.3

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



y

0.9
Conditions at lower speed: 0851 = ]
Reynolds number = 0.25x106 08 | A \ |
0.5 9 g7~ | -=Clbaseline N —

free stream velocity = 10m/sc
Incidence = 13°

Effects of ZNMF Deployment

- Cl, AM, F+=0.6|

0.65
Cu=0.32%, VR=3 061 .-Cl F+=30
. 0.55 ‘ | : : ‘ '
Provides stall control 8 9 10 M 12 13 14 15 18

Amplitude modulation (AM)
Actuator operated at 1.95kHz

(F=30) il
Modulated with a sine wave 077
at 41 Hz (F*=0.6) ¢ 03

Effects on Cl & Cd

Better drag reduction
characteristics at low
incidences

Cl improvement up to

Incidence(deg)

—=— C| baseline
—— CI, AM, F+=0.6
-e--Cl, F+=30

Cd

0 0.01 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

41 o/o(COUld be 3 tlmé'ge btét@;ij Center for Renewable Energy

bulence Aerospace
Puerto-Rico may-june 2007



{ 58 % j
% TEL AVIV UNIVERSITY

Development of Multi Orifice
Single Chamber
Zero-Net-Mass-Flux Jets

participants: L.D Gomes
Manchester University
WL Siaw Université de Poitiers

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Design of
Multi-Orifice Single Chamber Actuator

Study and
enhance the
performance of
a multi-orifice
ber

Design of the first prototype

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



A Characteristics of Multi-Orifice

Single Chamber Actuator

Test conditions: ' Hotwire
Excitation frequency = 1,270Hz Orifices
Excitation voltage = 140V | N | }7horificges
mper
Height of hotwire probe from cnampe
surface =2D 50 .
Orifice diameter, D, = 1.2mm R e e R
Hotwire diameter=1.0mm = ~ooommmthemmmmoesheeteees
Averaged peak jet velocity 01 I%ﬁ%‘ffepp

reached = 50m/s
Further work to exceed 100m/s

Optimization of chamber

volume, increasing input voltage
range (up to +/-250V) to further
augment the output vel. L

Assessment of actuator power Orifice position
consumption and efficiency

= Mean

[y*]
o

Peak jet velocity, mis
(%]
o

Peak jet velocity response = 50m/s ( £ 5%)

o

o

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



LA BORATOIRE ﬂ'E

EFFC Il Part 2 : Quiet turbulence and low order techniques

Peter Jordan & Joél Delville

Laboratoire d’Etudes Aérodynamiques,
CNRS UMR 6609, Université de Poitiers, France

peter.jordan@lea.univ-poitiers.fr

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



Collaborative research programme EFFC 2006

2nd group: theory and computation :
(J Delville and P Jordan + 10 participants)
Post processing and closed-loop methods for

turbulent flow control

Towards Quiet turbulence
(Data base from
Wei-Freund DNS)

Puerto-Rico may-june 2

Bernd NOACK TU Berlin

Michael SCHLEGEL TU Berlin

Dandy ESCHRICHT TU Berlin

Maja WANSTROM & W GEORGE
Chalmers

Oksana STALNOV & Avi SEIFERT
TAU Tel Aviv

The International Center for Renew
& Turbulence Aerospac]

Laurent CORDIER Nancy/Poitiers
Caroline Braud IMFL Lille
WEI Stanford

able Energy

fﬁJonhatan FREUND Urbana




Noisy turbulence...?

- Before we can make a flow quiet we need to know
what makes it noisy,

- Activity focused on analysis tools for improved
fundamental understanding,

From CFD data bases:

1. 2D Noise controlled mixing-layers of M. Wel
and J. Freund (DNS)

2. Round jet, Re=3600, M=0.9 of E. Grdschel & W.
Schroder (LES)

The International Center for Renewable Energy

Q_T || A
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2. ldentifying quiet modes in 2-D mixing-layer

M. Wel,

~F
L “ii. “l "“ I;h.u'
Hf”'l luli Wl o ’

”'l ! ;"'Iﬂ
ir'

-

Control zone

Survey zone

The International Center for Renewable Energy

& Turbulence Aerospace
Puerto-Rico may-june 2007

J. Freund, P. Jordan, D. Eschricht & F. Thiele

Adjoint method

Black Box approach... but
efficient

11 dB noise reduction
(2D...)

Wei M, Freund J., « A noise-
controlled shear flow », JFM
2006



Controlled and uncontrolled flows

it
W, e T
!i:hnu!{_lu_l

Before Control After Control

Q_T

| | A
X TuUrodicTicc Aciuspyalc

Puerto-Rico may-june 2007 Laboratoire d'Etudes Aérodynamiques



Proper Orthogonal Decomposition

q(x,t) = Z a; (1) (%)

i

0.2r v Control

Control ---
organization (!)

Mode n

The International Center for Renewable Energy
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Low-order behaviour of flows

'800 50 100 '800 50 100

The International Center for Renewable Energy
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Low-order behaviour of flows

Uncontrolled Controlled M<1

I

&
2k O\ M<1
i QF  ceccecenceceienend »
g . 3 ]
— ]2 ) .
s S Travelling /\/\/\/\
) wave
A
A
30 zaf
20F :
10f
El | o ; @ \
AN
ok : w=Kkc
s0f - 3 i L s A
a 25 =0 e 100
& b
b : Radiating
L 'z.;';:. |-"' o) '.: 10F E .
0 -."é\l e 133 [ ak E
g o .noise
20 I\./ s 20 : >
a0 nirinn i il “
] 25 ] ] ] ] Z5 1] = ] w=kc

The International Center for Renewable Energy
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Imperial College
L ondon

-
n___N

] ’_,.

Special session on EFFC-2 results

y

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



EFFC: a scientific AND human adventure!

UNIVERSITE

Le Laboratoire d'études
aérodynamigues (LEA)
de Poitiers, un des

uatre reconnus par

irbus, regoit depuis
trais mois une quinzai-
ne de chercheurs venus
de teus horizens. Leur
misslon : faire progres-
ser la rechercha dans la
domaine du contrdle
des écoulements.

AU, censammatian de ke

zéne, taud d'émission da
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fue les avions devront raduine
de maitie's Chorizon 2020, afin
de setisfaire au objectids s
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recharshe BAFQNALNIOLE BLNS-
pranne ACAREL Un erau de
teilla pour Alrbues, Pour e ré-
pondre, [avenneur aUcpoe &
dore fait apoal & guatre l2oares
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And now?

For a 2008, EFFC can evolve towards WFFC? An
Europe / USA joint venture (FSU, Syracuse, others?)

More on flow separation on « academic situation »: ramp
for « adaptative control strategies » in a « triadic
approach »?

By nature, flow control is multi-disciplinary domain.

Other actuators: surface plasmas, MEMS
More on sound sources and their control in jets ?

The International Center for Renewable Energy
& Turbulence Aerospace
Puerto-Rico may-june 2007



