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ABSTRACT 
This paper summarizes latest DLR activities in turbomachinery research, involving the laser-based planar 

particle image velocimetry technique (PIV, see Raffel et al., 2007). In the first part of this contribution the 
experimental investigation of a single-stage transonic axial compressor equipped with casing treatment (CT) 
will be described. The measurements focused on the investigation of the blade tip interaction with the CT and 
flow phenomena occurring at the compressor's surge line. A new approach regarding light sheet introduction via 
periscope probe as well as a smoke-based type of seeding particles have been approved. The results obtained 
were subsequently used for comparison and validation of numerical calculations of the same compressor 
geometry performed in parallel to the experiments. The second part of this paper gives an overview on PIV 
measurements performed in the diffuser passage of a transonic high pressure ratio centrifugal compressor. PIV 
was used to analyze and further improve the understanding of the complex flow phenomena inside the vaned 
diffuser given the capability of capturing spatial structures. 

 
INTRODUCTION 

Regarding turbomachinery, the fields of application for conventional and laser-based measurement 
techniques are both diverse and challenging. For these the prime emphasis is on improving the understanding of 
the complex flow phenomena present inside turbines, compressors or entire stages and combustion chambers for 
jet engines as well as stationary gas turbines.  

The first part of this contribution describes the PIV investigation of a single-stage transonic axial 
compressor equipped with a casing treatment (CT), consisting of 3.5 axial slots per rotor pitch. The nearly 
rectangular geometry of the CT cavities shown in Fig. 1 allowed one dividing bridge between two slots to be 
made of quartz glass with curvatures matching the casing. Thus the flow phenomena could be observed with 
essentially no disturbance caused by the optical access. Contrary to most other studies (e.g. Hathaway 2002, Lu 
et al. 2005 and 2006), the CT was designed especially accounting for an optimized optical access in the 
immediate vicinity of the CT, rather than giving maximum benefit in terms of stall margin extension. Details on 
the compressor facility can be found in Müller et al. (2007). Two periscope light sheet probes were specifically 
designed for this application to allow for precise alignment of the laser light sheet at three different radial 
positions in the rotor passage (see right part of Fig. 1, at 87.5%, 95% and 99% blade height). For the outermost 
radial position the light sheet probe was placed behind the stator and aligned to pass the light sheet through one 
stator passage into the blade tip clearance. For the two remaining light sheet positions in the tip region of the 
blade passage another special periscope probe was place upstream of the rotor in a clearance groove of the 
casing with a considerable circumferential and axial distance to the blades, hiding the end cap of the probe. This 
measure allowed minimizing the effect of the probe to the main inlet flow field. It was demonstrated that the 
PIV technique is capable of providing velocity information of high quality even in the tip clearance region of the 
rotor blades. Phase-constant measurements were carried out with a resolution of 8 phase angles per blade pitch 
in relation to the CT slots visible in the camera’s field of view. The chosen type of smoke-based seeding with 
very small particles (about 0.5 µm in diameter) supported data evaluation with high spatial resolution, resulting 
in a final grid spacing of 0.5 x 0.5 mm.  

The PIV results were compared with numerical simulations of the same compressor stage including the CT 
geometry, carried out using the DLR TRACE code following a new approach to efficiently perform time-
accurate casing-treatment simulations (see Yang et al. 2003, 2006). The PIV data base established in this project 
will also be used for validation of the new implementations of DLR TRACE code.  

In the second part of this paper a PIV application in the diffuser passage of a highly loaded transonic 
centrifugal compressor is presented. Based on previous, primarily, point-wise laser-optical measurements the 
compressor was re-designed resulting in an improved impeller as well as an advanced diffuser geometry with a 
single-stage pressure ratio of 6:1 at 50,000 rpm. Due to the conical shape of the diffuser geometry (Fig. 2, upper 
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right part) as well as high pressure and temperature, it was not possible to use standard, off-the-shelf light sheet 
probes with a common 90° deflection of the light sheet at the exit. Again, a periscope light sheet probe needed to 
be designed specifically for this application. The periscope probe shown in Fig. 2 (left part) allowed for 
adjustment of the light sheet in rotational and axial position and angle relative to the chord of the vane profile. 
The probe was purged with dry and clean air for cooling purposes during compressor operation and to avoid 
seeding contamination of the optical parts at the tip of the probe. This study also included phase-resolved 
measurements of the diffuser vane passage flow with respect to the impeller blade position (16 phase angles 
related to one complete main-splitter-main passage). Velocity fields have been acquired for three light sheet 
planes in the diffuser passage, adjusted at the different span-wise positions chosen for investigation (total 
passage height approximately 8 mm). In addition, the potential of stereo PIV for this type of turbomachinery 
application could be successfully demonstrated. 

As in the previously mentioned research project the flow field results obtained by PIV are to be used for 
validation of related CFD calculations, which in turn are expected to lead to further improvements in 
compressor performance. Based on the combined results of PIV measurements and CFD calculations of the 
same compressor geometry a better understanding of the complex flow characteristics can be achieved. 

 
RESULTS AND DISCUSSION 

In Fig. 3 the combined flow field results of the PIV measurements in the axial compressor are shown for all 
three light sheet planes and for one phase relation (Φ = 0°) between the rotor and the CT. The left part of the 
figure represents the phase-averaged absolute velocity distribution at peak efficiency of the aerodynamic design 
point (PE-ADP) at 100% rpm. A clear bow shock can be detected upstream of the rotor blade's leading edge. An 
additional passage shock develops on the blade pressure side at approximately 10% chord length. While for the 
lowest light sheet position the homogeneous inlet flow dominates the flow field, the two upper light sheet planes 
show evidence of the CT interacting with the rotor flow. Driving the compressor to near stall conditions by 
increasing the back pressure of the stage (see right part of Fig. 3), the leading edge bow shock moves upstream 
and is now much more detached. The pressure side passage shock also moved upstream merging with the 
detached bow shock. At near stall conditions the influence of the CT is also more pronounced for the lowest 
light sheet plane, which is indicated by the non-homogeneous inlet flow approaching the rotor. For the 
measurement planes at 95% and 99% blade height the effect of the CT to the main flow is visible in terms of 
smaller structures of higher and lower velocity, scaling with the dimension of the slot width. Those structures 
are due to mass flow recirculation between the main passage flow and the CT: a portion of the fluid is driven 
into the CT slots from the blade pressure side and injected to the main flow again on the suction side of the 
blade. Therefore regions of very low in-plane velocity can be interpreted to have a very strong out-of-plane 
component, which unfortunately could not be quantified during the PIV measurements presented herein. In the 
accompanying CFD calculations of the same compressor stage the mass flow recirculation could be detected 
clearly and the velocity maps are in very good agreement with the PIV results (see Voges et al. 2008, Schnell et 
al. 2008). In an additional part of the research program stereoscopic PIV measurements are planned to validate 
the interpretation of the third velocity component from the PIV data of the first measurement campaign.  

Regarding the phase-resolved PIV measurements performed in the highly loaded diffuser of the 
circumferential compressor stage, the instantaneous velocity fields given in Fig. 4 are dominated by small 
structures and strong gradients, indicating the unsteady and highly turbulent character of the diffuser flow. In 
contrast to that the flow direction is strongly aligned with the chord line of the diffuser vanes. The only variation 
of flow direction can be observed for the interaction with impeller blade wake flow or with the leading edge of 
the diffuser vane. Following the development of the transient diffuser passage flow obtained from different 
phase angles, the flow structures of the passing impeller can be observed. Downstream in the diffuser inlet area 
the fast mixing process of blade passage flow and the wake smoothes out the turbulent structures. Although the 
passage height in the diffuser is only about 8 mm, the flow field shows a strong 3-dimensional behavior, which 
was predicted by the accompanying CFD calculations and successfully validated by means of the point-based 
Laser-2-Focus technique as well as stereoscopic PIV measurements. 
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Fig. 1 Transonic axial compressor stage with the investigated casing treatment geometry (left part); light 
sheet positions in the blade tip region (87.5% and 95%) and in the tip clearance (99%) of the rotor (right 

part 
 

 

 
 

Fig. 2 Schematic of the periscope light sheet probe (left and lower right part) and PIV setup at the 
centrifugal compressor stage (upper right part) 

 
PE-ADP NS 

  

Fig. 3 Measured velocity fields with treated casing at 100% RPM comparing peak efficiency (PE-ADP, 
left part) and near stall (NS, right part) conditions, illustrated for a rotor phase angle of Φ = 0° 
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Fig. 4 Instantaneous Mach number distribution in the diffuser passage at 50% span comparing two 

opponent phase angle relations of the impeller at a rotational speed of 50,000 RPM (number of shown 
vectors reduced for better overview) 

 

REFERENCES 
Hathaway, M.D.: Self-Recirculating Casing-Treatment Concept for Enhanced Compressor Performance, 

ASME paper GT2003-30368, Amsterdam/NL, June 2002 
Lu, X., Zhu, J.: The Effects of Bend Skewed Groove Casing Treastment on Performance and Flow Field 

Near the Endwall of an Axial Compressor, AIAA 2005-809, 2005 
Lu, X., Zhu, J.: Experimental and Numerical Investigation of a Subsonic Compressor with Bend Skewed 

Slots Casing Treatment, ASME paper GT2006-90026 
Müller, M.W., Schiffer, H.P., Hah, C.: Effect of Circumferential Grooves in the Aerodynamic Performance  

of an Axial Single-Stage Transonic Compressor, ASME paper GT2007-27365, Montreal/Canada, May 2007 
Raffel, M., Willert, C., Wereley, S., Kompenhans, J.: Particle Image Velocimetry, a practical guide 

(Second Edition), 2007, Springer Berlin Heidelberg, ISBN 978-3-540-72307-3 
Schnell, R., Voges, M., Mönig, R., Müller, M.W., Zscherp, C.: Investigation of Blade Tip Interaction with 

Casing Treatment in a Transonic Compressor – Part 2: Numerical Results, to appear in: ASME Turbo Expo 
paper GT2008-50210, Berlin, Germany, June 9-13, 2008 

Voges, M., Schnell, R., Willert, C., Mönig, R., Müller, M.W., Zscherp, C.: Investigation of Blade Tip 
Interaction with Casing Treatment in a Transonic Compressor – Part 1: Particle Image Velocimetry, to appear 
in: ASME Turbo Expo paper GT2008-50210, Berlin, Germany, June 9-13, 2008 

Yang, H., Nürnberger, D., Nicke, E., Weber,A.: Numerical Investigation  of Casing Treatment 
Mechanisms with a Conservative Mixed-Cell Approach, ASME paper GT2003-38483, Atlanta/GA, June 2003 

Yang, H., Nürnberger, D., Kersken, H.-P.: Towards Excellence in Turbomachinery Computational Fluid 
Dynamics: A Hybrid Structured-Unstructured Reynolds-Averaged Navier-Stokes Solver, ASME Transactions, 
Journal of Turbomachinery, pp. 390-402, Vol. 128, 2006 

 

Transonic and Supersonic Flow in Cascades and Turbomachines



<<
  /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 false
  /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 false
  /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 <>
    /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.)
    /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 /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


