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Abstract: The paper studies the calculating dependence of the
equivalents stiffness characteristics in both horizontal and vertical
directions of the node references with the clearances of the rotor
under the action of technological stress. The results make it possible
to conduct a qualitative investigation of the tasks of nonlinear
dynamics of rotor systems.

The development and construction of rotary machine design should take
into account the requirements to provide an acceptable level of vibration, which
is a testament to its excellence and serves as a guarantee of durability and
reliability, since work flow machine and vibration generated by it are closely
linked and interdependent. Rotary machine is a multi-parameter dynamic
system containing nonlinear relationships under the influence of loads, differing
both in nature and intensity of action.

The main working body of the machines of this type is a rotor, rotating in
the elastic supports. It should be noted that the motion of the rotor in horizontal
and vertical planes are interconnected, because of the gyroscopic members of
differential equations of motion of the rotor, and the presence of radial gaps in
its support, formed due to wear pins and bearings of the rotor.

The need to study the vertical oscillations of the rotor is predetermined by
the problem of calculating dynamic forces transmitted to the body of the car by
the rotor [1]. Vibrations of the rotor in the horizontal plane are determined for
certain types of rotating machinery quality and precision of manufacturing
operation. The examples of such machines are the ones used in leather
processing, intended for semi-finished leather with required thickness and a
smooth clean surface.

The problem of determining the equivalent linear stiffness characteristics
of reference sites with gaps loaded rotor, which makes it possible to conduct

l'anaeB Banentun VMBaHOBHY — KaHAMAT TEXHUYECKUX HayK, JOLEHT Kadeapsl «TeopeTu-
yeckas MexaHHkay», e-mail: tolmat@nnn.tstu.ru; Jlomakuna Onsra BrnagumupoBHa — xanampat
MeJarornueckux Hayk, noueHT kadenpsl «Teoperndeckas mexaHuka», e-mail: lomakinaolga@
mail.ru, Tam6I'TVY, r. Tam00B.

YHVUBEPCWUTET um. B.1. BEPHALCKOIO. Ne2(33). 2011. 387



some studies of dynamic processes based on the linear differential equations,
taking into account the qualitative features of «rotor — elastic supports with a
clearance» nonlinear system is considered.

The dynamic model of the rotor, rotating in the elastic supports with gaps,
is shown in Fig. 1. where m, C,,, C. equal to mass of rotor, overall rigidity of

the shell reference nodes in the horizontal and vertical directions respectively,
8(o) is a radial clearance in the bearings of the rotor as a function of the angle
of deviation of its pins from the vertical direction, o is a static deflection
angle due to the influence of the technological burden on the rotor, a is a

V4

dynamic angle of the rotor pins, f :I]::_ is the ratio between vertical and
y
horizontal components of the technological burden, y , z, are the static
displacements of the center of mass of the rotor in horizontal and vertical
directions, respectively, due to deformation of the support units, y,, z, are
absolute dynamic displacement of the center of mass of the rotor in that
direction.
The potential energy of the «rotor — an elastic support with a gap» system is

1 . . 2
1 =5Cy[ya + g — 8o+ ag )sin(o+ oug )+ 8(oLg )sinag |~ +

1
+ ECZ [z, + 24 — (o + g )cos(a + oy )+ 8(aLg ) cos oL, ]2 -

—mg|z, +zy + (0 )cos oLy |-

Fig. 1. A dynamic scheme of the examined mechanical system:
1 — bearing rotor; 2 — line contact pins of the rotor based;
3 — trajectory of the relative motion of the center pin of the rotor
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The kinetic energy of the rotor is calculated by the formulae

Tzém(jzf +2§)+%Aw2,

where 4 is a polar moment of inertia rotor; o is its angular velocity.
Generalized forces corresponding to non potential forces and coordinates,
Ya»> 2z, and o, for the considered mechanical system have the form:

0, =F; 0. =-F;
Oy = F, {[8(0u+ 01gy ) cos(an + oy ) +8'(0 + 0t )sin(on + oy )]+
+ f[8(ou+ org )sin(or + oug ) — 8'(a + oLy )cos(a+ aug )]},

where 8'(a+ oy ) is the derivative of the radial clearance on the corner o.
The equations for the dynamics of the system have the following form:

my, +Cp, = C3(a+ oy )sin(o + oy )+ C (0L )sin o = 0;

mz, +C,z, —C_8(o+ oy Jcos(a + oy )+ C,8(ag )cos o =0,
mg[8(a + oLy )sin(a + ag ) —8'(a + ag ) cos(ow + o )] —

—C) [y, =80+ o )sin(o + o ) + (oL )sin o | x

x[8'(ot + oty )sin(ar + oy )+ 8(a + arg, ) cos(ow + o )]+ (1)
+C,[z, —8(a+ o )cos(a + oy )+ S(0Lg ) cos o |x

x[8(ot + oty )sin(a + oty ) — 8'(a + g ) cos(o + o )| =

= F,{[8(0u+ g ) cos(o+ g ) + 8 + o ) sin (o + o )] +

+ f[8(ou + oy )sin(o + oug ) — 8 (oL + oy )cos(a + ag, )]}

The equation for determining the angle o obtained from the third
equation (1), if it takes o =0. After the linearization of the equation of this
system, we get:

. y yz A
my, +Cequya +Cequza =0;

mZy + Coquz, + Cezcyluya =0. 2)

According to the equations (2) the elastic supports with a clearance in the first
approximation can be regarded as a support to the following linear elastic
characteristics in the horizontal and vertical directions:

Fy = nguya + Ceyqzuza; Fz = CezquZa + Cezguyaﬂ
where
C, [mgr +cos” o (9 + f22°C, )]

2

Clyu = .
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_C. [mgr +cos® Ol (6 + szsz )]

Cezqu - A ’
3

O = C,C, cos” oy 0z(0+ fz)

equ equ A >

2 ' 2 " ’
r==9 (ast)+ 28 (ast) - 8(a5t )8 (ast )’ 0= 8(Otst)'i_ 5 (ast )tgast;
z =80 )tgary —8'(0lg, ); A=mgr+cos® o (0+ fz)(sz2 + Cyez).
Quantities Cpy,, Cequs Coqu are equivalent stiffness characteristics of the
support with a gap, and the stiffness reflects the relationship between the
movements of the rotor in horizontal and vertical planes. Thus, in the first

approximation it is not possible to study the dynamics of the rotor as linear
elastic supports with the above characteristics.

Equation (2) will not be linked, if CJ:, =0, and then it is possible in the

equ
following cases:

1) radial clearance in the bearings is equal to zero, while Cg,, =C,,

Cequ =Cz;

2) radial clearance and the constant angle o =0, that corresponds to the
idle mode of the rotor (radial displacement of the rotor in a vertical direction
relative to the support, in this case a small quantity of higher order than its

movement in the horizontal direction), while Cgy, =C.;

zo

3) radial clearance and constant angle a =90°, which corresponds to the
work of the rotor at the selected technological load gaps (radial movement of
the rotor in the horizontal direction, a small quantity of higher order than in the

vertical), while Ceyqu =C,;

4) value z =0, that corresponds to the radial displacement of the rotor with
respect to the support in the neighborhood of the point at which the tangent to
the trajectory of the relative motion of the center pin is horizontal

(a generalization of Case 2), while C¢y, = C.;
5) value®=0, the radial displacement of the rotor occurs in the

neighborhood in which a specified in Section 4 the tangent is vertical (a

generalization of Case 3), while Cgy, =C\;

6) value 0+ fz =0, which corresponds to a radial displacement of the rotor

relative to the support around the point, in which the normal to the trajectory of
the relative motion of the center pin of the rotor is directed along the line of
action of resultant forces F, u F, (specified displacement of the rotor with

respect to the support is much less than its movement with the support). It
should be noted that in this case C_,, = C, and Cg, =C,, was expected.

equ equ
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It is known that the frequency of free oscillations, and hence the equivalent
stiffness characteristics of nonlinear mechanical systems depends on the
amplitude of oscillations [2]. To obtain these dependencies in the expansion of
trigonometric functions in the equations of system (1) we need to take into
account higher order terms with respect to the angle o .

Let y, =4,sinoi¢, z, =B coswi, where 4, and B, is the absolute
amplitude of vibration of the rotor in horizontal and vertical directions w; is the

oscillation frequency. The assumption that absolute motion trajectory of the
center of mass of the rotor is close to elliptical is confirmed by the practice of
exploitation of rotors and theoretical studies of their dynamics [1].
Equivalent stiffness of the support nodes of the rotor is determined in
accordance with the formulas:
2n

o]
Cc’ :% I®y(ya,za)sinw1tdt;

equ
y 0
2 3)
o f
Coqn =—0 thz(ya,za)cosmlldt,
nB, |

where @, (y,,2,), ®.(,,z,) are thr coordinate functions y,,z, are

a

determined from the system of differential equations (1).
The results of integration in (3) allow us to obtain the specified stiffness as:

C, (mgr +C, cos ocstbz2 ) . Ci Ccos ocst\ueb3 (CfGZAﬁ + szzszz)

yo_ .
Cequ - A 8A3 ’
4
. C (mgr +C, cos ocstbé)z) C? cosayzb® (C§92Ay2 + szzszz)
Cequ = A + 8A3 B

where b=cos o (0+ /2); =80 ) +38/(0rg gy, —38"(0t )= 8" (01 tgrg;
€= 6(Otst )thLSt - 38'(Otst )_ 38"(Otst )tgast + 8W(Otst )

The analysis of (4) allows us to formulate the conclusions similar to those
previously considered special cases of the formulas of the first approximation
for the equivalent stiffness of the rotor bearing assemblies.

From these relations it follows that equivalent stiffness is interrelated not
only through the stiffness C,,, C. corps support units of the rotor, but also by

the amplitude 4,, B. of its absolute radial oscillations.

The results could be illustrated by the problem of forced oscillations of the

rotor poles with gaps, arising from its static unbalance. Considering the rotor as
linear elastic supports, which are equal to the rigidity Ceyqu, Cezqu, we write the

wave equation in the form

My, + CoquVy = mew? sin of; )
mz, + CoquZy = mew? cos ot

where ¢ is the eccentricity of the rotor, o is the angular velocity of rotor.
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For the amplitudes of the oscillations of the system (5) we obtain:

mea” mew*
vy =y 7y P = 2 (6)
Coqu —m® Coqu —m®
In (6) values Cj,, Cgp depend on the amplitudes 4,, B, so they

should be regarded as a system of equations for these amplitudes.
Resonant, A,, B,, B., P, and C,, C. the skeleton, the surface of the

system, built on the assumption of independent changes in amplitudes 4, and

B, in accordance with (6) and relations Cg,, =m(co£ )2, Cequ =m(03§)z, are

shown in Fig. 2. The values o}, o are the frequencies of free oscillations of

the system. Skeletal surfaces are elliptic paraboloid.
Resonance and the skeletal surfaces, corresponding to vibrations of the
rotor in horizontal and vertical planes, are built in different coordinate octants.

This figure also shows the planes C%, C L which are skeletal surfaces of the

z
linear system, when in terms of equivalent rigidities only the first terms are
taken into account, proving that the frequency of free vibrations of a linear
system does not depend on the oscillation amplitudes.

- .
Fig. 2. Graphical representation of the dynamic characteristics of the absolute
vibration of the rotor in the bearings with clearances
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Since the amplitude of forced vibration 4,, B, are interrelated, in order to
establish their value, corresponding to a given frequency of disturbing forces

®,, we must build the plane o = 036 and on the lines of intersection of this
plane with the surface ,, P,, u P, P, , and find relevant points with the

same coordinates, which will be the vibration amplitudes of the rotor . It is
possible that the same frequency will correspond to several of these points and
in this case in the system can be several modes of vibration, while some may be
unstable, and with a sustainable mode of motion, the system can switch to
another one as a result of random addition of external influences. Likewise is
the characteristics of nonlinear systems [3].

The growth of operating speeds of rotary machines, the requirements of the
stability of their vibration characteristics and dynamic functioning stipulate the
importance of research objectives and reduce fluctuations in nonlinear
mechanical systems of these machines.
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JluHaMudecKas JINHeAPU3aANMA JKeCTKOCTHBIX XapaKTEPUCTHK
YHOPYTHUX ONOP C paauaJIbLHBIMH 3230paMu
HATPY:KEHHOTO POTOpa

B.WM. I'anaes, O.B. JlTomakuna
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yHugepcumemy, 2. Tambos

KuroueBblie cjioBa M )pa3bl: aMIUTUTYAa; KOJIEOAHUS; OITOPHBII
y3€ll; paguaibHbIA 3a30p; PE30HAHCHAS U CKEJeTHasl MOBEPXHOCTH;
pOTOpHas MallliHAa; YaCcTOTa; SKBUBAJIEHTHAs KECTKOCTb.

AnHoTanms: ITosrydyeHsl pacueTHbIE 3aBUCUMOCTH SKBUBAJICHT-
HBIX KECTKOCTHBIX XapaKTEPUCTHK B TOPU30HTAIBLHOM U BEPTHKAJIb-
HOM HAalpaBICHUAX ONOPHBIX Y3JIOB C 3a30paMH pPOTOPA, HAXOAIIIe-
rocs MoJ JIEeHUCTBHEM TEXHOJIOTMYECKUX HArpy3ok. Pe3ynbTaTsl mo3-
BOJIAIOT NIPOBOAMTH KAYECTBEHHOE MCCIENOBAaHUE HEKOTOPBIX 3a7ad
HEIUHEHHOW JUHAMUKHA POTOPHBIX CUCTEM.

© B.U. TI'anaes, O.B. Jlomaknna, 2011

YHVUBEPCWUTET um. B.1. BEPHALCKOIO. Ne2(33). 2011. 393




<<
  /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


