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The purpose of this paper is to develop interferometric CT (Computed Tomography) technique to 
observe high-speed and three-dimensional (3-D) flow field that includes unsteady shock waves, and to 
clarify 3-D flow phenomena induced by the shock waves. In our previous study, 3-D complex flows 
discharged from square open end and a pair of circular open ends were studied by interferometric CT 
method[1],[2]. The shock Mach number at the exits of the open ends were both higher and lower than 
2.0. As the results, various phenomena of 3-D flow field were clarified by the imaging techniques such 
as pseudo-color images, pseudo-schlieren images by pseudo-schlieren technique, 3-D isopycnic 
images, etc. In this paper, together with these processed data, computational fluid dynamics (CFD) 
simulation is also applied to our 3-D flow fields to clarify the experimental results. The CFD results 
can represent not only density but also another properties - pressure, temperature, velocity, etc - in the 
flow fields. Detailed discussion has been performed on experimental results of 3-D flow field 
discharged from a pair of circular open ends for incident shock Mach number of 2.0 by taking these 
properties into consideration. We applied a novel presentation method for flow field, which is named 
as “distribution combined schlieren image: DCSI” to our CT and CFD results to demonstrate the 3-D 
features of complex flow field with unsteady shock waves. 
 
Experimental Apparatus:  

We use a diaphragmless shock tube to produce a shock wave with good reproducibility. Figure 1 
shows a schematic diagram of our experimental apparatus and CT observation system. The 
observation system consists of a CCD camera, a Mach-Zehnder interferometer, a pulsed nitrogen laser, 
a delay/pulse generator, and a personal computer. The shock wave is generated in the low-pressure 
tube of 3.1 meters in length, and its inner cross section is 40 mmx 40 mm square. A rotation duct 
model is installed at the end of the low-pressure tube. The duct is open to the low-pressure test section. 
Figure 2 illustrates the coordinate system of the rotation model with a pair of circular open ends and a 
finite-fringe interferogram taken by CCD camera, where zs is a frontal position of the primary shock 
wave, D is a diameter of circular open end, and zs/D is the normalized frontal position of the primary 
shock wave. The Mach number of the incident shock wave Mi is calculated by pressure jump across 
the shock wave. In this paper, Mi is fixed to 2.0.  To obtain 3-D image of the flow field, we need the 
multidirectional projection data for a reproducible flow. A set of experiments are performed for several 
rotation angles at a combination of fixed initial driver/driven gas pressure conditions. The experiment 
is performed for 19 rotation angles between 0 degree and 90 degrees at five-degree intervals with fixed 
light path, considering the symmetric nature of the flow. The 3-D density distribution is recon- structed 
from a set of projection data for the same Mi and zs. The CT reconstruction algorithm is the 
convolution back- projection method by Shepp and Logan type filter function [3]. 
 
Numerical Simulation:  

The CFD simulation for inviscid and compressible flow has been carried out on the 3-D flow field 
behind the shock waves discharged from a pair of circular open ends. The basic equations are the 
Euler equation system for compressible and inviscid flow assumed as perfect gas (γ = 1.4).  The 
equation system is solved with a Harten-Yee type second-order upwind TVD scheme using finite 
difference method. The third-order Runge-Kutta method is applied to time integration. 
 
Results and Discussion:  

Experimental CT results and CFD results are illustrated in Fig. 3. Pseudo-shlieren images at y-z 
cross section are shown in Fig. 3. In pseudo-schlieren image, various phenomena of flow field induced 
by shock wave are exhibited clearly. Primary shock wave (PSW), secondary shock wave (SSW), 
contact surface (CS), transmitted shock wave (TSW), two vortices and shock-shock interaction are 



identified. In x-y cross section the shape of vortex ring, PSW on x-y plane can be observed. We find 
two vortex rings ejected from a pair of circular open ends. In the image CT results and CFD results 
agree well. So we have succeeded to identify various phenomena of the high-speed flow by using 
interferometric CT measurement.  

The experimental results represent the density distribution and density gradient calculated from 3-
D density distribution. The CFD results represent not only the density but also another distributions - 
pressure, temperature, velocity, etc. Taking these CFD properties into consideration, a detailed 
discussion of experimental result can be produced. Thus, we propose a novel method for visualization 
- Distribution Combined Schlieren Image (DCSI). DCSI is a fusion of pseudo-color images and 
pseudo-schlieren image. Figure 4 shows DCSI of CT and CFD results. The left side is the CT DCSI 
and the right side is the CFD DCSI of density distribution at y-z cross section. In our interferometric 
CT measurement, we can obtain 3-D density distribution and density gradient. From these data DCSI 
of experimental CT results can be obtained. This is one of the advantages of our 3-D CT measurement. 
We can easily interpret our complex flow field (eg. where is compressed, expanded...) at sight in DCSI. 
This DCSI will be a powerful tool for displaying and studying complex and real3-D flow phenomena. 
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Fig. 1. Schematic diagram of experimental apparatus 

 
Fig. 2. The coordinate system of the rotation model and  

a finite-fringe interferogram taken by CCD camera. 
 

 
Fig. 3. Pseudo-schleren images at y-z cross section. 

 
 

    
Fig. 4. Distribution combined schlieren images at y-z cross section 

C CFD

 

 



<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments 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
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 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
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /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
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


