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SUMMARY:

A wind tunnel test was conducted to measure the pressure distribution around a cross-section of an inclined circular
cylinder while the model was vibrating with dry galloping. The model was inclined by 30 deg. from vertical in the
wind direction vertical plane, and it allowed transverse vibration. The pressure measurement devices were installed
inside the model to avoid unnecessary interference caused by the sensor chords, and pressures at 32 points at equal
intervals on a cross-section were measured. Results at a wind speed of 9 m/s (Re = 1.6x10°) with standard deviation
response amplitude 4/D=0.34 are presented. Phase-averaged wind force in the transverse direction contributed to the
excitation of the model generally through the cycle. Phase-averaged fluctuating pressure distribution showed that the
excitation force seemed to act on the windward side of the model.
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1. INTRODUCTION

Dry galloping (or dry inclined cable galloping) is a wind-induced cable vibration under dry
conditions, initially named for which occurred due to the difference of the aerodynamic forces
around the drag crisis during a vibration cycle (Tanaka and Yagi, 2012; Macdonald and Larose,
2008). However, this mechanism cannot explain the purely transverse vibration, as observed by
one of the authors (Kimura et al., 2012). Another explanation is the contribution of the transition
in the critical flow regime (Benidir et al., 2015). But the mechanism can be understood more
clearly if the wind force characteristics are measured during dry galloping. In this study, dry
galloping was tried to be tested with a relatively low aspect ratio model due to the limitation of
the wind tunnel size, and the wind pressures were measured during the response.

2. WIND TUNNEL TEST

A closed-circuit wind tunnel was used at National Institute of Occupational Safety and Health,
Japan, with a test section of 2 m high, 2.3 m wide, and 17 m long. No turbulence-generating
device was used, and the turbulence intensity was less than 1 %.

A circular cylinder of a standardized polyvinyl chloride pipe with a diameter D of 267 mm and



length of 1583 mm, both sides of which were capped by aluminum hemisphere, was used. It was
suspended by two wires that allowed basically across-wind vibration. The angle of the model
axis was 30 deg. from vertical. Along-wind and torsional displacements were suppressed by long
wires attached to both sides of the model and extended in the wind direction (Fig. 1(a)). The
blockage ratio was around 9 %, and the aspect ratio of the model was as small as 5.9. This choice
was made to have a high Reynolds number that could be essential for dry galloping. The natural
frequency of the model was 0.478 Hz, the mass was 36 kg, and the structural damping ratio was
0.0012.

Pressures on a cross-section 400 mm from the bottom were measured at 32 points at equal
intervals, with a sampling frequency of 200 Hz. However, one pressure sensor at ch.18 was not
working, and its output was disregarded. The pressure measurement devices were installed inside
the model to avoid unnecessary interference caused by the sensor chords. The pressure sensors
were controlled, and the data were acquired by M5stack, connected from a PC via Wi-Fi. The
transverse model response was measured by laser displacement sensors at the same time. The
test was conducted in the wind speed range from 8.0 m/s to 17.0 m/s.

(a) Inside of the test section (from leeward side) (b Measﬁreﬁlét instruments installed inside the model

Figure 1. Experimental set-up and inside of the circular cylinder model.

3. RESULTS

Measured pressures were non-dimensionalized as pressure coefficients, and presented in the
following. Test result at a wind speed of 9.0 m/s (Re = 1.6x10°) where a relatively large response
was observed as 90.5 mm (standard deviation, A/D=0.34) is presented.

3.1. Mean pressure distribution
The mean pressure coefficient distribution is shown in Fig. 2. The wind was blowing from the
left, and the distribution is more or less symmetric.



3.2. Phase-averaged wind forces and pressure distribution

Wind force in the transverse direction (orange line) was calculated from the pressures and was
phase-averaged over 103 cycles based on the model displacement (blue line), and they are shown
in Fig. 3(a). For the phase average, only the data were used without much rolling, a rotating
motion around the axis through the model center in wind direction. Fig. 3(b) shows the phase-
averaged power done by the wind force (red line) and the displacement. From Fig. 3(b), it can be
seen that the excitation force was acting on the model generally through the cycle.

3.3. Phase-averaged unsteady pressure distribution

Fluctuating pressure components were calculated, and they were phase averaged. Their
distributions at each 16th phase are shown in Fig. 4. Characteristic pressure patterns can be seen
at the windward side that generates excitation force at 0 to 3778, 64/8 to 114/8, and 144/8 to
157/8.
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Figure 3. Phase averaged wind force and power (dashed line: moving averaged data).
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Figure 4. Phase-averaged distribution of fluctuating pressure coefficients.

4. CONCLUSIONS

Unsteady pressure distributions on a cross-section of an inclined circular cylinder model during
dry galloping were measured. The results at 9 m/s wind speed where relatively large response
occurred are presented. Characteristic pressure distribution patterns that generated excitation
force were seen.

ACKNOWLEDGEMENTS
The authors would like to thank the contribution of the former graduate students, particularly Mr. Qiushihao Du, for
his development of the measurement system and for taking initial test data.

REFERENCES

Benidir, A., Flamand, O., Gaillet, L, and Dimitriadis, G., 2015. Impact of roughness and circularity defect on bridge
cables stability. Journal of Wind Engineering and Industrial Aerodynamics 137,1-13.

Kimura, K., Kato, K., and Kubo, Y., 2012. Aeroelastic response of an inclined circular cylinder in smooth and
turbulent flow. Proceedings of the Seventh International Colloquium on Bluff Body Aerodynamics and
Applications (BBAA7), 2-6 Sept. 2012. Shanghai, China.

Macdonald, J.H.G. and Larose, G.L., 2008. Two-degree-of-freedom inclined cable galloping. Journal of Wind
Engineering and Industrial Aerodynamics 96, 291-326.

Tanaka, H. and Yagi, T., 2012. Cable vibrations and control methods. In Fujino, Y., Kimura, K., and Tanaka, H.
(eds.), Wind Resistant Design of Bridges in Japan: developments and practices. Springer, Tokyo, Japan, 197—
229.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


