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1. Introduction

The schlieren technique is widely used for visualizing compressible flows (Heinzel et al., 2007;
Chashechkin and Stepanova, 2008). The light source in this technique has a strong effect on the
quality of the visualizations. Common white light sources used in schlieren systems have included
incandescent lamps, arc lamps and spark gaps (Smith, 1994). Laser light sources are not particularly
suitable due to their coherence and given that one of the bases of this technique is the translation of
phase differences into amplitudes (Settles, 2001). In large field schlieren applications, extended light
sources have been generally used (Weinstein, 2000).

The suitability of light emitting-diodes (LEDs) for schlieren imaging in wind tunnel testing is
shown in the present work. A low-cost off-the-shelf LED is used in a continuous mode to capture flow
visualization images. A system is thus obtained which does not require synchronization between the
light source and the capturing device. A sample visualization of a complex shock-wave/turbulent
boundary-layer interaction with separation is presented. Based on these results, the use of
high-power LEDs for schlieren imaging is proven to offer an inexpensive, simple but highly effective
solution for high-speed wind tunnel labs.

2. Experimental rig
The present application was performed in the Cranfield University 2.5” x 2.5” Supersonic Wind
Tunnel. This facility is an intermittent, blow-down wind tunnel with a test section of 2.5 inches x 2.5

inches (63.5mm x 63.5mm). The freestream Mach number (A/_) during the tests was 2.42. The

stagnation pressure in the tunnel settling chamber was 99.7kPa and atmospheric temperature was
295K. A Toepler schlieren arrangement (Settles, 2001) was used as shown in Fig. 1(a). The main
items of the system included the LED light source (NSPW510BS Nichia white LED, 9200mcd, 20°
viewing angle), two parabolic mirrors (1036mm focal length, 101.6mm diameter), a horizontal
knife-edge and a digital single-lens reflex (DSLR) camera (Nikon D80) that was operated at shutter
speeds of 1/1000s. The LED was fixed on a small box which facilitated the alignment of the system
and it was powered by a 9-volt AC/DC supply. The flowfield visualized was that of an oblique shock
wave created by a 13°-deflected shock generator and the turbulent boundary layer on the working
section top wall. The Reynolds number based on the boundary layer thickness just ahead of the
interaction (6=5mm) was 2.6x10%. A schlieren image of the test region is shown in Fig. 1(b) indicating
the configuration of the shock generator and the general aspect of the flow in the working section.
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Fig. 1. Experimental test case.
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3. Flow visualization

Incident shock-wave/turbulent boundary-layer interactions take place in transonic, supersonic and
hypersonic aerodynamic bodies when a shock wave impinges on a surface boundary layer.
Interactions in which the adverse pressure gradient imposed by the incident shock is strong enough
to cause the separation of the boundary layer from the surface are of special importance not only due
to the resulting increase in local thermal and pressure loads but also to their unsteady nature.

A close-up view of the interaction region and the corresponding schematic representation of
the flow field are shown in Fig. 2. The compression caused by the incident shock is communicated
upstream through the subsonic portion of the flow resulting in compression waves that form the
reflected shock upstream of the shock impingement locus. The reflected shock therefore intersects
with the incident shock. An expansion fan appears at the location where the incident shock reaches
the boundary layer to maintain a constant pressure through it. At the point where the boundary
layer is reattached to the wall a compression of the flow would also be expected which would result in
the appearance of a reattachment shock. This is however not observed in the schlieren visualization
given that the boundary layer reattaches further downstream.
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Fig. 2. Schematic representation of sample test case and corresponding schlieren image.

The use of an LED as a schlieren light source is therefore demonstrated to provide suitable
visualizations of the flow under test. Important information of high-speed flows can then be obtained
by using a similar system which is within the reach of most wind tunnel labs and which may even
facilitate the development of high-speed schlieren arrangements (Estruch et al., 2008).

References

Chashechkin, Y. D. and Stepanova, E. V., Schlieren visualization of vortices and internal waves generated by vertical stroke
oscillations of a disk, Journal of Visualization, 11(1) (2008), 6.

Estruch, D. et al. Measurement of shock wave unsteadiness using a high-speed schlieren system and digital image processing,
Review of Scientific Instruments, 79(12):126108, (2008).

Heinzel, V. et al. Schlieren and “focused” shadowgraphy visualization of the shape and wake of single air bubbles freely rising
in quiescent water, Journal of Visualization, 10 (1) (2007), 9.

Settles, G. S., Schlieren and Shadowgraph Techniques, (2001), Springer-Verlag Berlin Heidelberg New York, ISBN
3-540-66155-7.

Smith, L. G., Pulsed-laser schlieren visualization of hypersonic boundary-layer instability waves. In 18th ATAA Aerospace
Ground Testing Conf. ATAA-94-2639, (1994).

Weinstein, L. M., Large-field schlieren visualization from Wind Tunnel to Flight, Journal of Visualization, 2 (3/4) (2000),
321-329.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /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 /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
  >>
  /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 [7200.000 7200.000]
>> setpagedevice


