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Abstract. The failure occurred frequently when rubbing, especially when the rotating machinery
worked in abnormal conditions. The research of friction coefficient on rubbing behavior was not
much. The model of rubbing rotor system was established. The rubbing characteristics of the
different friction coefficient were compared and analyzed. The results showed the friction
coefficient had no effect on motion of period 1, period 2 and period-doubling bifurcation, when
rotating speed was low. With the increase of the friction coefficient, the chaotic motion
transformed into quasi-periodic, and period N motion when rotating speed was in 760-820 rad/s.
The chaotic motion disappeared when rotating speed was in 1260-1400 rad/s, and the zone of
quasi-periodic motion was expanding.
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1. Introduction

The failure occurred frequently when rubbing, especially when the rotating machinery worked
in abnormal conditions. A large number of researches were conducted in the world. Enrich [1]
studied the rotor system with gap characteristic and nonlinear contact. The sub-harmonic,
super-harmonic and chaotic behavior excited by unbalance was obtained. Yamane [2] studied the
rubbing behavior between protection ring and rotor passing critical speed, and analyzed simulation
results of collision model and contact model. Based on piecewise linear stiffness, viscous damping
and dry friction, a rubbing model was built, Goldman [3] simulated the super harmonic,
sub-harmonic chaotic behavior of the rotor system. Choy [4] studied transient response of rubbing
rotor system; the results showed unbalance and friction coefficient can induce anti-precession or
rotor. Zhang [5], Jiang [6] studied the stability of synchronous full annular rub motion. Chu [7]
studied nonlinear dynamic behavior of rub-impact using a Jeffcott rotor system. Yuan [8] studied
coupling rubbing behavior between axial and radial of rotor.

However, the research of friction coefficient on rubbing behavior was not much. The model of
rubbing rotor system was established. The rubbing characteristics of the different friction coefficient
were compared and analyzed, which provided engineering experience for rubbing research.
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Fig. 1. Dynamic model of rubbing rotor system
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2. Rubbing dynamic model of oil bearing rotor system

Figure 1 shows the dynamic model of rubbing rotor system. The physical parameters of system
are shown in Table 1.

Table 1. The physical parameters

Parameters Parameters
Diameter of oil bearing D | Damping of wheel disc Cy
Active length of oil bearing L | Eccentric e
Bearing clearance C | Stiffness of shaft k,
Dynamicviscosity u | Stiftness of stator kq
Equivalent mass of bearing m; | Damping of stator cy
Damping of bearing ¢3 | Gap of rotor and stator 9
Equivalent mass of wheel disc | m, | Nonlinear oil film force | Fy, F,

2.1. Rub-impact force

The piecewise smooth model was used in rub-impact force model [9]. Assuming radial
deformation of stator was linear, and rubbing conformed to the coulomb friction law. So the
rubbing force were as shown in equations (1):

Po=ki(1=6/m)[—(xr —x5) + f - O — ¥s)], (1)
Py = kl(l - 6/T)[_f ' (xr - xs) - (yr - ys)];

where, the initial position of the stator center was 0. The stator center was moved to O after the
first rubbing, which had coordinate values xg, y,. § was the gap between rotor and stator, r was
static relative displacement, and f was the friction coefficient.

2.2. Model of oil film force

Capone short bearing model was used and its dimensionless nonlinear oil film force was shown
in reference [9]. The equations were as follows:

{fx} _ [(x — 29)2 + (v + 2%)%]V/2 {3xV(x, y,a) — sinaG(x,y, a) — 2cosaS(x, y, a)} 2

fy 1—x2—y? 3yV(x,y,a) + cosaG(x,y,a) — 2sinaS(x, y, a)
where:
Ve )= 2 + (ycosa — xsina)G(x,y, a) s )= xcosa + ysina
%)= 1—x2%2—y2 ’ oY e) =1 (xcosa + ysina)?’
T 2 cosa — xsina
G(x,y,a) = + tan™! (y—),
\/1—x2—y2 \/1—x2—y2 J1—x2—y?
+ 2x T + 2x T
a=tan—1 (3: — 2}_}) - ESi n(z — 2)'1) - Esign(y + 2%),
UWRL (R\? / L \?
E=sWf, K =sWf, 5:7(;> (ﬁ) '

s was correction factor of Sommerfeld, W was half of the rotor weight.
2.3. Dynamic equations of rubbing rotor system

The dynamic equations were as follows:
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where, w was rotational angular velocity of rotor, C was bearing clearance, Py, P, was rubbing
force, Fy, F, was oil film force, t was dimensionless time, g was acceleration of gravity.

3. Numerical simulation

The system parameters were shown in Table 2. In order to obtain steady-state dynamic
response, the first 800 periods of 1000 periods were abandoned.

Table 2. Values of physical parameters

Parameters Values Parameters Values

D 66 mm [ 660 N-s/m

L 22 mm e 0.132 mm

C 0.242 mm k, 9.361x10° N/m
u 0.0198 Pa-s kq 2.2x107 N/m
ms 3.135kg [ 660 N-s/m
C3 330 N's/m é 0.242 mm
m, 13.86 kg f 0~0.4

3.1. Dynamic response without friction

Rubbing bifurcation with no friction when the speed increasing was shown in Figure 2, and
motion behavior was shown in Table 3. With changing of the rotating speed, the rotor system
response had periodic motion, quasi-periodic motion and chaotic motions. The rotor system had
period 1motion when the rotating speed was low. As the speed increases, the rotor system was
losing stability because of nonlinear oil film force and unbalance. A period-doubling bifurcation
occurred when the rotating speed was 400 rad/s. The rotor system went into chaotic motion by
period-doubling bifurcation, and was out chaotic motion region by inverse bifurcation when
rotating speed was 1120 rad/s. The rotor system went into transitory chaotic motion again when
rotating speed was 1310 rad/s, and lasted to 1330 rad/s. The rotor system had period N and
quasi-periodic motion in most of the remaining time.

Fig. 3 shows vibration of the rotor when it rotates at several speeds. The axis orbit and Poincare
map when speed was 560 rad/s were shown in Fig. 3(a) and Fig. 3(b). Its Poincare map had four
isolated points in Fig. 3(b), which indicated P-4 motion. The axis orbit and Poincare map when
speed was 860 rad/s were shown in Fig. 3(c) and Fig. 3(d). It was found that the axis orbit appeared
as chaotic trajectory. The Poincare map had self-similar structure, which was a typical chaotic
attractor. The axis orbit and Poincare map when speed was 1260 rad/s were shown in Fig. 3(e)
and Fig. 3(f). Its Poincare map was closed circle, which showed quasi periodic motion.
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Fig. 2. Bifurcation of wheel disk Y2 (f = 0)
Table 3. Responses without friction
Rotating speed Rotating speed
o (rad/s) Response  (rad/s) Response
200-430 P-1 1220 P-2
440-530 P-2 1230-1250 P-3
: period-doubling ) P
540-570 bifurcation 1260-1300 quasi-period
580-1110 chaotic 1310-1330 chaotic
1120-1130 P-4 1340-1360 P-1
1140-1210 P-1 1370-1400 quasi-period
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a) Axis orbit, w = 560 rad/s
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Fig. 3. Vibration characteristics of wheel disk
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d) Poincare map, w = 860 rad/s
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f) Poincare map, w = 860 rad/s
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3.2. Influence of friction coefficient on dynamic response

Figure 4 showed bifurcation of wheel disk Y2 when friction coefficient was 0.1. Figure 5
showed bifurcation of wheel disk Y2 when friction coefficient was 0.2. Figure 6 showed
bifurcation of wheel disk Y2 when friction coefficient was 0.3. The results showed the friction
coefficient had no effect on motion of period 1, period 2 and period-doubling bifurcation, when
rotating speed was low. With the increase of the friction coefficient, the chaotic motion
transformed into quasi-periodic, and period N motion when rotating speed was in 760-820 rad/s.
The chaotic motion disappeared when rotating speed was in 1260-1400 rad/s, and the zone of
quasi-periodic motion was expanding.
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1-
0.5
= 0 .
0.5

J00 400 600 800 1000 1200 1400
/(rad/s)

Fig. 6. Bifurcation of wheel disk Y2 (f =0.3)
4. Conclusions

1. The model of rubbing rotor system was established. With changing of the rotating speed,
the rotor system response had periodic motion, quasi-periodic motion and chaotic motions.

2. The friction coefficient had no effect on motion of period 1, period 2 and period-doubling
bifurcation, when rotating speed was low.

3. With the increase of the friction coefficient, the chaotic motion transformed into
quasi-periodic, and period N motion when rotating speed was in 760-820 rad/s. The chaotic
motion disappeared when rotating speed was in 1260-1400 rad/s, and the zone of quasi-periodic
motion was expanding.

References

[1] Ehrich F. High order sub harmonic response of high speed rotors in bearing clearance. ASME Journal
of Vibration, Acoustics, Stress and Reliability in Design, Vol. 110, 1988, p. 9-16.

[2] Yanabe S., et al. Rotor vibration due to collision with annular guard during passage through critic
speed. Journal of Vibration and Acoustics, Vol. 120, 1998, p. 544-550.

[31 Goldman P., Muszynska A. Dynamic effects in mechanical structures with gaps and impacting: order
and chaos. ASME Journal of Vibration and Acoustics, Vol. 116, Issue 4, 1994, p. 541-547.

© JVE INTERNATIONAL LTD. VIBROENGINEERING PROCEDIA. SEP 2015, VOLUME 5. ISSN 2345-0533 573



[4]
[5]

[6]
(7]
(8]
91

574

INFLUENCE OF FRICTION COEFFICIENT ON RUBBING BEHAVIOR OF OIL BEARING ROTOR SYSTEM.
CHANGLIANG TANG, JINFU YANG, DONGJIANG HAN, HUAN LEI, LONG HAO, TIANYU ZHANG

Choy F. K., Padovan J. Rub interaction of flexible casing rotor systems. ASME Journal of
Engineering for Gas Turbine and Power, Vol. 111, 1989, p. 652-658.

Zhang G. F., Xu W. N., Xu B., et al. Analytical study of nonlinear synchronous full annular rub
motion of flexible rotor-stator system and its dynamic stability. Nonlinear Dynamics, Vol. 57, Issue 4,
2009, p. 579-592.

Jiang J., Ulbrich H. Stability analysis of sliding whirl in a nonlinear Jeffcott rotor with cross-coupling
stiffness coefficients. Nonlinear Dynamics, Vol. 24, Issue 3, 2001, p. 269-283.

Chu F. L., Zhang Z. S. Bifurcation and chaos in a rub-impact Jeffcott rotor system. Journal of Sound
and Vibration, Vol. 210, Issue 1, 1998, p. 1-18.

Yuan Z. W., Chu F. L., Hao R. J. Simulation of rotor’s axial rub-impact in full degrees of freedom.
Mechanism and Machine Theory, Vol. 42, Issue 7, 2007, p. 763-775.

Li Chaofeng, Li Xiaopeng, Ma Hui, et al. The nonlinear dynamic behavior of a rotor-bearing system
with rub-impact by a continuous model. Journal of Vibration Engineering, Vol. 22, Issue 4, 2009,
p. 395-399.

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




<<
  /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


