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A Motivation

[Suiction at the wall can significantly stabilize laminar boundary-layer flows but introduction of
laminar flow technology in operational service of aircrafts still fails due to uncertainty resulting
from an insufficient understanding of the flow phenomena inside the boundary layer.

[Discrete suction through micro—holes generates stationary disturbances which can be amplified
in 3-D boundary layers like flows over swept wings of commercial airplanes, due to crossflow
instability. This behaviour constitutes an essential difference to 2-D boundary-layer flows
where stationary disturbances do not grow by primary instability.
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[Sbolution of the 3-D incompressible, unsteady Navier-Stokes equations in vorticity—velocity
formulation
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[Time integration with 4th—order Runge-Kutta method

u / z Q / [Space discretization in streamwise and wall-normal direction with 6th—order compact
- - differences on an equidistant grid with refined wall zone with halved Ay.
unswept wing, decaying vortices swept wing, persistent vortices
[Suction through spanwise slits, spanwise slots and holes is modeled by prescribing locally a
Visualization of suction-induced vortices behind a single row of holes wall-normal velocity distribution

C Disturbance excitation by suction

Hole array: Influence of streamwise extension

Influence of shape of s

Discrete spanwise ampl\lude‘?peclsruhmdof(jnormallzed {Va"-’!mms’f' Ve"’f"ﬁi distribution in the middle of suction Discrete amplitude spectrum over streamwise-spanwise wavenumber plane of normalized wall-normal velocity distribution
 oriice. Shaded area indicates primarnly unstable range. of hole array consisting of equally spaced hole rows in direction, corr to spectrum C1C
(v*: spanwise wavenumber of most amplified mode, see also D)
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slot as shown in B homogeneous hole-row hole-row unit with one hole out of
unit as shown in B order (spanwise offset 0.1s;)
[The stronger the non-uniformity in spanwise suction-velocity distribution is, the a) perspective view b) top view : Straight line in b) indicates wavenumber relation of amplified eigenmode of base flow. Dots indicate

broader is the spectrum of excited spanwise wavenumbers spanwise wavenumbers excited in DNS.
[Suction panels having a finite extension in streamwise direction always excite exponentially

[—Ipanwise spacing of suction orifices should be smaller than smallest wavelength of growing eigenmodes since the full spectrum of streamwise wavenumbers is excited

primarily amplified CF-modes
[As a first guideline for design streamwise and spanwise spacing of suction orifices should not

[Nevertheless, inhomogeneities like manufacturing imperfections or clogging always coincide with ¢—y combinations of amplified eigenmodes of base flow

cause the excitation of the whole wavenumber spectrum

Disturbance development for subcritical suction

Hole array of 33 hole rows with basic spanwise hole spacing s,=0.411", but one hole out of order (see C1C, but
2,=0.82), . ). S, is smaller than smallest amplified wavelength.

Slot array of 33 slot rows with spanwise slot spacing s,=2 1", where A* denotes wavelength of most amplified primary CF-mode
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t-modal amplitude development of stationary disturbances
(In order to illustrate the effect of suction a “test” disturbance has been intentionally

excited upstream of suction siots for cases without suction and homogeneous suction) ~310°3
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Suction excites damped modes of continuous eigenmode spectrum as well as exponentially growing modes of Despite the basic hole spacing is smaller than the smallest amplified wavelength amplified
the discrete spectrum. In general, the meanflow effect of suction damps the growth of discrete eigenmodes. In wavenumbers are also excited due to one-hole disorder. Again the amplitude is only slightly higher
case of slot array suction 3-D disturbances are only moderately excited and their amplitudes are only slightly than in case of homogeneous suction downstream of the hole array. At each hole a vortex emerges
higher than the test-disturbance amplitude in case of homogeneous suction. Each slot generates a leading to complex vortex interactions over the suction array. Note that v, is by a factor of 6.7 higher
streamwise vortex, thus the array creates a spanwise regular vortex pattern. than in left case for equal suction rate.

Supercritical sucti Conclusions and Outloo

Hole array of 33 hole rows with basic spanwise hole spacing s;=0.51", but one hole out of order (see C1C) [Non-uniformity in spanwise suction distribution results in excitation of amplified stationary 3-D

disturbances in 3-D boundary-layer flows

[slits or at least spanwise slots are preferable
[—when using holes, the porosity of the panel should be high and spanwise hole spacing should be smaller
than smallest wavelength of amplified crossflow modes

[—Simple stragegies like staggered hole orders which have been succesfully applied in 2-D boundary layers
do not work in 3-D base flows. One has to take into account the varying dispersion relation in streamwise
direction.

Consequently, an optimization algorithm can be devised to | | | | ||

minimize the excitation of discrete eigenmodes (see F. P. | | | | optimized

Bertolotti, NNFM 86, Springer, 2003). A sketch of such an | | configuration for
optimized slot array is shown to the right. For strong suction U0 ‘ ‘ || a given baseflow
rates stabilizing the boundary layer this approach fails as it | | | |

assumes unaltered receptivity properties, as our DNS revealed || | |II

in a joint project. An extension of such a concept has to

incorporate the altered receptivity of the modified base flow but

instationary disturbances B=20-400

T . :
3 2 5 6 L 7 can be done.
t-modal disturbance development in case of Vortex visualization. At the end of integration ) L . L ) ) .
hole array with pulse-like disturbance to domain traveling secondary finger vortices appear [Besides the application on aircrafts, it is conceivable to laminarize
investigate secondary instability behaviour triggering finally the breakdown of laminar flow. the flow over rotorblades of modern wind turbines. First experiments

have been undertaken by Waidmann (FH Aalen) showing a
promising performance increase.

Picture on the right shows the experimental set-up with a
continuous suction slit in spanwise direction.

[Qversuction denoting premature transition triggered by too strong suction is caused
by convective secondary instability primed by large—amplitude crossflow vortices.

[CSkcondary instability theory can be used to forecast whether a suction configuration
and its generated steady vortex pattern causes laminar breakdown.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


