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FOREWORD

Practical interests in flow control have no longer to be demon-
strated. Flow control has motivated rapid developments in the past
two decades in experiments, flow stability theory and computational
fluid dynamics (CFD). Recent advances in experimental studies in-
clude applications of more and more sophisticated actuators and sen-
sors. However, up to now, most of the results are predominantly
related to open loop, at most, adaptive approaches. Early closed-loop
applications of control methods were in noise control based on anti-
noise concepts. These studies established the pioneering link between
fluid mechanics and control theory. However, in most aerodynamic
applications, turbulent flows are encountered. Due to the intrinsic
nonlinearities, turbulence gives rise to a large variety of temporal
and spatial scales of more or less organized nature. Turbulence has re-
mained one of the last not satisfactorily resolved physical phenomenon
of practical importance in engineering sciences. It is obvious that the
complexity of these flows is so pronounced that simpler – if this term
can be used for turbulent flows – descriptions need to be derived.

The encountered complexity is observed at three levels. First, the
characterization of the flow itself is complex and depends on the type
of available information (e.g. sensors). Any state information is by
nature incomplete or of excessive extent for turbulent flows. Second,
the effect of any actuator is by nature 3D and unsteady, thus difficult
to characterize. Third, the complete modelling of the flow (CFD),
its sensitivity to perturbations, etc. exceeds available computer power
by many orders of magnitudes, particularly for online capability in
experiment. In the same vein, the predominantly (locally) linear ap-
proaches of control theory need to be adapted to the reality of the
complex, turbulent flow characteristics. This leads to different levels
of fluid mechanics one has to take into account. These levels can start
from a detailed fluid mechanics characterization, including the more
or less organized nature of the turbulent flows, the so called white-box
model and end with entirely black and eventually ’empty-box’ models.

The communities of flow control, applied mathematics and tur-
bulence in fluids have then to work altogether in a close manner.
Each domain enriches the other for the dedicated goal of controlling
different types of flows. No currently available approach can be re-



tained, due to the variability of the physics to be controlled (e.g. flow
separation, drag, lift, mixing, noise generation and fluid structure in-
teractions). The present volume is written by leading experts of flow
control and represents the state of the art of the different approaches
whose complementarity will open new areas by mutual fertilization.

Jean-Paul Bonnet
Research Director, CNRS

Institut Pprime, CNRS – Université de Poitiers – ENSMA



PREFACE

Active turbulence control is a rapidly evolving new field of fluid dy-
namics with large industrial importance. Several developments serve
as catalyzers. Actuators and sensors have become increasingly more
powerful, cheaper and more reliable to be considered for practical ap-
plications. In fact, aeronautic, car and other transport-related indus-
tries work at active turbulence control solutions for selected demon-
strators. Examples are the high-lift configuration of an airfoil or drag
reduction of cars. The past stigma of active control as proof of a
inferior aerodynamic design is replaced by the realization that active
control is a critical enabler for future performance enhancements. Not
much phantasy is required to envision a not-too-far future in which
active control will be commonly seen on cars, trains, airplanes, he-
licopters, wind energy plants, air-conditioning systems, and virtually
all flow related products. Active turbulence control is having an im-
pact of epic proportions.

Active control requires at minimum parameter adjustments for
flow conditions and occasionally in-time response using flow sensors.
Hence, active control generally requires — or at least benefits — from
a closed-loop scheme for optimal performance. Closed-loop control
has clearly been demonstrated to be superior to (blind) open-loop con-
trol in many cases. Performance of closed-loop control does not only
depend on the chosen actuators and sensors. It critically depends also
on the control logic with its underlying model.

Model development and control design for closed-loop flow con-
trol is the focus of this book. Wiener (1948) discriminates between
black-, grey-, and white-box models. The black-box models identify
the dynamics between the input (actuation) and the output (sensing)
from data — ignoring any other aspect of the flow. The white boxes
represent the full-state representation, here: Navier-Stokes discretiza-
tions. And the grey boxes resolve a small yet relevant portion of the
full state dynamics, here: the evolution of coherent structures. All
models have their relative merits and shortcomings. Black-box mod-
els represent the behavior of experiments with accessible accuracy.
On the downside, physical understanding of coherent structures and
associated nonlinearities is discarded. Navier-Stokes discretizations
are accurate representations of the flow but come with a large com-



putational load. This computational expense is a large challenge for
control design and too large for any foreseeable operation in experi-
ments. Reduced-order models for the coherent-structures are a good
compromise between required resolution and necessary simplicity for
online-capability in experiment. Their price is a large experience in
model development. For later reference, we add to Wiener’s clas-
sification model-free approaches (or ’empty boxes’) which make only
qualitative assumptions about the dynamics.

The authors describe the current state on closed-loop flow con-
trol from various, necessarily biased experimental and computational
angles. In particular, we have attempted to provide a book with ele-
mentary self-consistent descriptions of the main methods. Thus, our
book may serve also as guide through the large jungle of myriad of
publications in the field. Topics include the complete span of flow
control based on white-box models (first two chapters), grey-box mod-
els (second two chapters) and black- to empty-box models (final two
chapters):

These lecture notes originate from a course held at the Centre
International des Sciences Mécqniques (CISM) in Udine, Italy in
September 2008. The Editors thank Prof. W. Schneider for the kind
invitation to this course. We thank the CISM staff and the Rector
Prof. G. Maier for dependable, professional support in all technical
aspects of the course. The beautiful city of Udine, the cooperating
late-summer weather, and the magnificent Palazzo del Torso provided
the perfect forum for many memorable interactions during class-room
time, breakfast, lunch and dinner. We thank the authors for their ex-
cellent lectures and equally illuminating chapters. Each chapter con-
denses a long-term research and teaching effort of the corresponding
authors. We thank the participants for coming with large curios-
ity and penetrating questions, making our course a lively worthwhile
event.

Poitiers, Poznań and Boston in February 2010
Bernd Noack, Marek Morzyński and Gilead Tadmor

on behalf of the whole co-author team
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Feedback Flow Control in Experiment and Simulation Us-
ing Global Neural Network Based Models
by S. Siegel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

Optimal Closed-Loop Approaches in Flow Control
by R. King . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 287


	Title Page 
	Copyright Page 
	FOREWORD
	PREFACE
	Table of Contents 


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




