
 
- 1 - 

Hot Sot Stability Analysis for Rotors with Brush Seals  December 2016   

Hot Spot Stability Analysis for Rotors with Brush Seals 
 
 
In version 4.2 the hot spot stability analysis has been introduced (also see release notes 
http://www.delta-js.ch/file/344/MADYN_2000_Release_42_rev1.pdf ). In version 4.3 it has been further 
extended. Hot spots can now also be modelled at locations with a flexible stator. All flexible stator 
models (SBS, DBS) are supported. 
In the following we would like to demonstrate a hot spot stability analysis with hot spots caused by 
brush seals. Brush seals are relatively new and it is known, that one must be careful when applying 
them, since they can cause hot spots, which lead to high vibrations in case of instability. 
MADYN 2000 allows modelling virtually any hot spot mechanism, among others hot spots caused by 
brush seals. Shaft trains with simultaneous considerations of 38 brush seals have been analysed. The 
example presented here is an industrial steam turbine with 3 brush seals. 
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1. Description of the System 
1.1 Rotor Bearing System 

The rotor can be seen in figure 1.1. The rotor is supported on two fluid film tilting pad bearings with 
load on pad as shown in figure 1.2. The bearing support is a spring damper system. Its data are 
shown in figure 1.1. The hot spot locations are indicated by the dark red flash. 

 

 
Fig. 1.1: Rotor model with support data 

 

         
Fig. 1.2: Fluid film bearings 
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1.2 Hot Spot Model of the Brush Seal 

For the hot spot at the brush seals is assumed, that the hot spot arises in direction of a vibration 
proportional to the contact stiffness of the brush seals. The heating model according to Kellenberger is 
applied: 

𝑥𝑥�̇�𝑇 = 𝑝𝑝Ω𝑥𝑥 − 𝑞𝑞𝑥𝑥𝑇𝑇  (1) 

with x as the displacement at the hot spot location, xT as the thermal deflection at some reference 
point and Ω as the rotor speed.  

More details are explained in the documentation in chapter II.15.1, in the release notes 
http://www.delta-js.ch/file/344/MADYN_2000_Release_42_rev1.pdf and in papers on our website 
http://www.delta-js.ch/en/downloads/technical-papers/hot-spot-stability/.  

For the factors p and q for the added and eliminated heat formulas are derived in the MADYN 2000 
documentation in chapter VIII.3. They are as follows: 

𝑞𝑞 = 3α𝐴𝐴
𝑚𝑚𝑚𝑚

 (2) 
𝑝𝑝 Ω
𝑞𝑞

= 𝜋𝜋 𝑘𝑘 µ 𝑢𝑢 β
2 α 𝐴𝐴

 (3) 

α as the heat transfer coefficient on the rotor surface, 
A as the surface area along the length subject to a temperature difference, 
m as the mass of the journal along the length subject to a temperature increase,  
c as the specific heat capacity of the shaft material, 
k as the contact stiffness, 
µ as the friction coefficient, 
u as the circumferential speed and 
β as the ratio of the thermal deflection to the cross sectional temperature difference. 

Some of the parameters such as the stiffness of the brush seals influenced by the friction between the 
bristles or the friction coefficient between brush and shaft surface are uncertain, which limits the 
accuracy of the model. Nevertheless the hot spot stability analysis will be able to clearly indicate 
dangerous speed ranges, although it will not be possible tell with 100% certainty, whether the system 
is stable or not. 

In the current example the factors p and q for the added and eliminated heat are as follows 

p = 50 for β = 1m/K  

q = 0.01 1/s 

The actual β value is automatically calculated at the hot spot location as reference point from the 
thermal deformation for 1oC cross sectional temperature difference along the length of the brush seal.1 
The thermal deformation for the 3rd hot spot can be seen in figure 1.3. The displacement at the hot 
spot is highlighted.  

                                                      
1 Note, that the length subject to the cross sectional temperature difference is an input value to the hot 
spot. It can be adjusted to results of measurements or a 3D finite element analysis. 

http://www.delta-js.ch/file/344/MADYN_2000_Release_42_rev1.pdf
http://www.delta-js.ch/en/downloads/technical-papers/hot-spot-stability/
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Fig. 1.3: Thermal deformation for the cross sectional temperature difference at the 3rd hot spot 
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2. Natural Modes of the System, Campbell Diagram 
The Campbell diagram of the system is shown in figure 2.1 and the modes in the critical speeds in 
figure 2.2. These results will help to better understand the results of the hot spot stability. 

 
Fig. 2.1: Campbell diagram  

 
Fig. 2.2: Modes in the critical speeds 
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3. Hot Spot Stability 
Eigenvalue results of the 3 hot spot modes caused by the 3 hot spots are shown in figure 3.1. The 
modes at a speed of 7’413 rpm can be seen in figure 3.2. They represent the response to the 
thermally bent shaft. All eigenvalues have a negative real part, so the system is stable. The 2nd hot 
spot mode has the largest real part at operating speed and the 3rd mode close to 3’000rpm. Both 
speeds are close to criticals, which are indicated by the black vertical lines. The imaginary part of the 
eigenvalue indicates the frequency of the hot spot in a fixed coordinate system. The difference to the 
rotor speed, which is shown in figure 3.1, is the frequency of the hot spot for one revolution on the 
shaft surface. A positive frequency means the rotation is in the same direction as the shaft rotation, a 
negative frequency in the opposite direction. 

 
Fig. 3.1: Eigenvalue of the hot spot modes 

 
Fig. 3.2: Hot spot modes at 7’413 rpm 
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The hot spot stability threshold can be shown as heat ratio of the added to eliminated heat as in figure 
3.3. This presentation is only possible, if all hot spots have approximately the same p and q values. 
Since the system is stable the threshold is above the actual heat ratio. 

 

 

Fig. 3.3: Stability threshold for the heat ratio 𝑝𝑝Ω
𝑞𝑞

 

 

Alternatively the threshold can be shown as a factor, by which the lowest heat ratio must be multiplied 
to reach the threshold (see figure 3.4). This presentation can always be applied, even if each hot spot 
has different p and q values. Since the system is stable the factors in figure 3.4 are larger than 100%. 

 

 
Fig. 3.4: Stability threshold factor 
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Although the system is stable it can be seen in the diagrams in figure 3. and figure 3.4, that the margin 
is not big at certain speeds. There is a low margin at about 3’000rpm which is caused by the 1st 
vertical bending mode of the turbine (see Campbell diagram and mode shape in figure 2.1 and 2.2). 
There is also a low margin close to operating speed, which is caused by the horizontal tilting mode 
(also see figure 2.1 and 2.2). 

 

4. Conclusions 
The hot spot stability of an industrial steam turbine with 3 brush seals has been analysed. Although 
the modelling of the brush seals is subject to uncertainties such as friction coefficients and stiffness 
values, it was shown, that such an analysis can quickly and easily reveal dangerous zones for an 
unstable hot spot caused by the brush seals. 

In the present rather simple system the dangerous zones are close to critical speeds. In more complex 
systems such as power generation shaft trains consisting of several rigidly coupled turbines and a 
generator the modes and the interpretation of dangerous zones is more complex. The analysis is also 
proven for such systems. Systems with up to 38 brush seals were analysed. 


	Hot Spot Stability Analysis for Rotors with Brush Seals


<<
  /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


