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Abstract. Crack fault of a centrifugal impeller occurred while working. The finite element model
of the impeller was established and vibrational characteristics were analyzed for to find the reason
of the crack fault in this paper. The resonance frequencies of the impeller were identified with the
help of Campbell diagrams. The modal experiments were carried out with hammering method, the
modal parameters were obtained and the correct of the simulations was verified under the same
constraints with the FEM model. Computation effort was saved while accuracy was retained
making use of the cyclic symmetry technique in ANSYS. The results showed that simulating
results agreed well with that of the experiments.
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1. Introduction

The centrifugal impeller the axial flow compressor suffered enormous centrifugal and
aerodynamic force under high-speed rotating. At the same time, workload and working
environment of impeller were very complicated due to alternating load by vibration, corrosion and
oxidation during working time. A crack fault occurred in the actual working was discussed about
the impeller in this paper. Analysis results with fracture surface indicated a fatigue crack. Two
possible reasons were preliminary speculated: resonance or forced vibration caused by the
rectifying plate’s wake before the impeller [1-4]. The movement dynamics equations about the
impeller of multiple degrees of freedom were written as:

Mii(t) + Cu(t) + Ku(t) = Mw?r + f F(OASG), (1)
S

where Mii(t) and Cu(t) are called as centrifugal force and aerodynamic force of blade surface,
M, C and K as mass, damp and stiffness matrix respectively, u(t), u(t) and ii(t) mean
displacement, velocity and acceleration respectively. f(t) represent gas static pressure [5].

2. Simulation
2.1. The finite element model

The finite element model was established for the 1/16 of centrifugal impeller basing on actual
centrifugal impeller structure. The vibration characteristic analysis was completed for whole of
centrifugal impeller with cyclic symmetry method in this paper [5]. The impeller modals were
calculated basing on the basic sectors with the help of large general structural analysis software
ANSYS. The model was divided into 981522 elements and 192280 nodes and Solid 185 element
was adopted in ANSYS. The inner diameter about front face and end face of the disk were
constrained axially and circumferentially. The model about 3-D and grid of basic sector were
shown as Fig. 1 [6].
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a) 3-D model b) Grid of the basic sector
Fig. 1. Model

2.2. Simulation results

The Block-Lanczos method was applied to extract eigenvalues and eigenvectors. The natural
frequencies changed as the rotating speed due to the rotating stiffening effect. The centrifugal
force was applied by the prestress analysis in ANSYS to consider the rotating stiffening effect.
Modal analysis were conducted under 700 rad/s, 1400 rad/s, 2100 rad/s, 2800 rad/s, 3500 rad/s,
4200 rad/s, respectively. The results were listed according to the number of nodal diameter.
Campbell diagrams were shown as Fig. 2. The horizontal axis was the rotational speed and the
vertical axis was the natural frequency [7-10].
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Fig. 2. Campbell diagram
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From the results of Campbell diagrams, there is no dangerous resonance frequency of 1X while
there are some dangerous resonance frequencies of 5X. The dangerous frequencies occurred in the
first natural frequencies of 0 nodal diameter and the second natural frequencies of 1 nodal diameter.
The Fig. 2 showed that the discrepancy between resonance speed 34440 rpm and operating speed
33550 rpm was 2.65 %. Corresponding mode shapes were similar to centrifugal impeller crack
failure shape, shown as Fig. 3.
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a) Mode shape of 0 nodal diameter b) Mode shape of 1 nodal diameter
Fig. 3. Mode shapes

In addition, the common speeds operated on 20000 rpm (333.3 Hz, 2093.3 rad/s), 25000 rpm
(416.7 Hz, 2612.5 rad/s), 32400 rpm (540 Hz, 3391.2 rad/s), 32900 rpm (548.3 Hz, 3443.5 rad/s),
and 33550 rpm (559.2 Hz, 3511.6 rad/s) for the centrifugal impeller. According to Campbell
diagram, first-order and second order of 0 nodal diameter resonant frequency occurred near by the
21000 rpm and 24000 rpm respectively. At the same time, second-order of 1 nodal diameter
resonance frequency occurred near by 34000 rpm. The extreme difficulties existed for to avoid
the resonance frequency. These rotating speeds likely resulted in resonance.
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Fig. 4. Test mode
3. Modal test and analysis

The correctness of the calculation results were verified by the model analysis test with
hammering method. Geometry model which needed to correspond with the transfer function was
the basis of the modal animation display. The geometric structure figure, which had 208 geometric
points, was shown as Fig. 4 for the impeller disk basing on experiment scheme. Every point should
be measured at least 5 times and the measured mean value was used as the data of analyzing
transfer function to improve the measuring accuracy in modal test. According to the defined
geometric relations and directions of force, experimental data collection was completed under the
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same constrained condition. Every point’s input force and output response signal was calculated
under the analyzing window, which could get relevant transfer function. Frequency domain
method was used in the process of modal fitting. Frequency and vibration mode comparison results
were shown as Fig. 5 and Table 1.

Table 1. The comparison of frequency

Nodal diameter 1 2 3
Test frequency (Hz) 1637 3479 | 4038
Calculate frequency (Hz) | 1792.1 | 3357 | 4003.3
Error —8.6% [ 36% | 7.6%

File: F:

¢) The comparison of test and theoretical mode shape about 3 nodal-diameter
Fig. 5. The comparison of test modes and theoretical modes

The errors of results between calculating and testing excited —8.6 %, 3.6 % and 7.6 %
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separately about the impeller in the static frequency condition from Table 1 and Fig. 5. The
calculating accuracy was verified by the modal test for cyclic symmetry method applied FEM in
ANSYS.

4. Conclusions and future prospect

Comparing difference between the dynamic characteristics analyzed exactly by cyclic
symmetry technique and taking into consideration of rotating stiffening effect in ANSYS and
modal testing in the paper, the reasons of the fault were concluded as followings.

1) The resonance frequencies of the impeller were closed to multiple operating frequencies
according to the Campbell diagrams. It was possible that the resonances occurred nearby the
rotating speeds of 21000 rpm, 24000 rpm and 34000 rpm. Especially, the crack failure shape of
the impeller was similar to the shape of the maximum strain position about second natural
frequencies of 1 nodal diameter, it was possible to lead to fatigue crack failure if the impeller
worked at above rotating speeds.

2) The modal parameters and mode shapes obtained by modal test about static frequency were
basically agreed with the simulating results under the same constraints. The accuracy of simulating
method was verified.

3) The impeller modals were extremely rich. To adjust the resonance frequencies were
difficult. It was too hard to coordinate the contradiction between structure and frequency.
Therefore, the vibration of the axial flow compressor should be closely monitored.

4) On the foundation, the frequency spectrum would be analyzed in consideration of the forced
vibration under the aerodynamic force of the rectifying plate.

References

[1] Chen Xiang, Zhu Jing, Zhang Ya Vibration characteristics analysis of blisk with cracking blades on
axial flow compressor. Journal of Aerospace Power, Vol.30, Issue5, 2015, p.1141-1148,
(in Chinese).

[2] Saito A., Castanier M. P., Pierre C. Effects of a cracked blade on mistuned turbine engine rotor
vibration. Journal of Vibration and Acoustics, Vol. 131, Issue 6, 2009, p. 1-9.

[3]1 Jin Xiangming, Gao Deping, Cai Xianxin, Wu Liqiang Analysis of integrated centrifugal impeller
blade vibration reliability. Journal of Aerospace Power, Vol. 19, Issue 5, 2004, p. 610-613, (in
Chinese).

[4] Huang B. W. Effect of number of blades and distribution of cracks on vibration localization in a
cracked pre-twisted blade system. International Journal of Mechanical Sciences, Vol. 48, Issue 1,
2006, p. 1-10.

[S] Mao Yijun, Qi Datong, Xu Qingyu Numerical study on high cycle fatigue failure of a centrifugal
compressor impeller blades. Journal of Xi’an Jiao Tong University, Vol. 42, Issue 11, 2008,
p. 1136-1139.

[6] Fang X., Tang J., Jordan E., et al. Crack induce vibration localization in simplified bladed disk
structures. Journal of Sound and Vibration, Vol. 291, Issue 1, 2006, p. 395-418.

[7] Laxalde D., Thouverez F., Lombard J. P. Dynamical analysis of multistage cyclic structures.
Mechanical Research Communications, Vol. 34, Issue 4, 2007, p. 379-384.

[8] Laxalde D., Thouverez F., Lombard J. P. Dynamical multistage bladed disks systems. Journal of
Engineering for Gas Turbines and Power Vol. 129, Issue 4, 2007, p. 1058-1064.

[9] Yang Xingyu, Geng Zhongxing, Cai Xianghui Fracture analysis of the 2nd stage compressor blade
in an aeroengine. Journal of Aerospace Power, Vol. 16, Issue 4, 2001, p. 327-330, (in Chinese).

[10] Ejaz N., Salam I., Tauqir A. Fatigue failure of a centrifugal compressor. Engineering Failure
Analysis, Vol. 14, Issue 7, 2007, p. 1313-1321.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533 291




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /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 <<

    /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 [4000 4000]
  /PageSize [612.000 792.000]
>> setpagedevice


