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Tracking Down
Vibrations Fast with FSI
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With high-speed iterations between mechanical and fluids software, fluid
structure interaction quickly pinpointed the cause of damaging vibrations
and assessed new designs for offshore oil and gas equipment.

By Johan Gullman-Strand and Kenny Krogh Nielsen, Lloyd’s Register ODS, Copenhagen, Denmark

Companies operating offshore oil and gas platforms
can lose significant revenue for even a few days of down-
time, so they must efficiently study and rectify equipment
failures that could shut down any part of the operation.
Case in point was the appearance of fatigue cracks and
open tears in exhaust stacks for gas turbines, that

powered electrical generators and natural gas compressors
on arig in the North Sea. The 10 meter-high welded sheet-
metal structures safely direct the flow of 540-degree Celsius
exhaust gases, with velocities up to 180 meters per second,
up and away from the gas turbine. Field measurements with
accelerometers placed on one of the stacks indicated
extreme vibration levels at a frequency of approximately
20 Hz, particularly in the lower cone section where most of
the cracks occurred.

The operator of the platform, StatoilHydro, engaged the
services of engineering consulting firm Lloyd’s Register
ODS (LR ODS) to study the behavior of the stacks.
The purpose of the project was to determine the root cause
of vibrations in the existing design and to evaluate
vibration levels of proposed new stack designs
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Engineers performed FSI iterations efficiently within a unified suite of software between
models created with the same meshing tool: ANSYS ICEM CFD. Fluid models (left in
each group) were constructed with volume elements, while shell elements were used
for structural models (right).

from two independent suppliers. The existing design
was mostly rectangular for the various sections, but both
new designs had cylindrical geometries in the mid-section
of the stack. One of the new designs, D1, had fairly long
plane wall sections.

Using engineering simulation, LR ODS studied the
designs in greater detail than would have been possible
through the time-consuming and expensive process of

Anatomy of an Exhaust Stack
The gas turbine exhaust stack directs hot gases from the gas turbine and power

turbine upward to the waste heat recovery unit (WHRU) or the bypass duct
(dependent on diverter valve setting). The geometry of the stack is rather complex
due to the arrangement of the gas turbine and existing ductwork as well as the need
to minimize flow separation of the high-velocity gases.

An exhaust collector with a circular inlet and a rectangular outlet diverts gas
flow 90 degrees from the gas turbine axis. In the original design, the collector was
followed by a bellow that mechanically decoupled the part from the rest of the stack
and allowed for thermal expansion of the duct structure. Next were two transition
cones: a lower rectangular-to-circular cone and an upper cone that went back to a
rectangular cross section. This double transition was based on historical reasons
and not primarily designed for good flow quality. A long rectangular silencer
| mid-section followed, leading to a smaller-diameter diverter cone connecting the
B85 o e Turbine exhaust duct with a valve house. The majority of the fatigue cracks occurred in
furbine the lower cone, where FSI simulations were used to study resonant vibrations
produced by turbulent flow of exhaust gases in the stack.
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building and testing physical prototypes. First, engineers
performed a modal analysis with ANSYS Mechanical
software, which calculated relatively low first natural
frequencies in the range of 15 Hz to 25 Hz. The mode
shapes from this analysis indicated that the maximum
vibration amplitude would occur in the lower cone of
each structure.

Next, the engineering team performed a fluid structure
interaction (FSI) simulation to study the turbulent flow of
exhaust gases through the stack and the resulting pressure
fluctuations on the sidewalls. By identifying pressure
fluctuations from exhaust gas, the team could determine
which vibration modes were excited. They could then
calculate stress levels experienced by the vibrating
structure. For this analysis, LR ODS used ANSYS CFX
and ANSYS Mechanical software for fluids and structural
computations, respectively.

For this project, the engineering team evaluated
different methods for representing turbulent fluid flow, each
well suited for particular applications. These included
Reynolds averaged Navier-Stokes (RANS), large eddy
simulation (LES), detached eddy simulation (DES) and
unsteady RANS (URANS), a variant of the efficient
RANS method in which flow can vary with time. Given the
efficiency of URANS in handling time variations for relatively
low-frequency excitations and LR ODS’ experience with
these various approaches, the company selected the
URANS method for the exhaust stack FSI study.

The team performed a two-way iterative FSI coupled-
field solution with a one-way limiter using the URANS model
for ANSYS CFX calculations of flow pressures. These flow
pressures were then fed into ANSYS Mechanical software
for calculating the resulting structural stresses as well as
sidewall deformations. To meet required solution accuracy,
iterations proceeded in one-millisecond time increment
steps — small enough to provide sufficient detail.

To simulate one second of stack operation, the software
was set to perform 1,000 iterations with a run time of less
than 12 hours — extremely
fast compared to the six days
sometimes needed for an FSI
solution using DES models.
Such high speed was possible
mainly because iterations
were completed so efficiently
— all performed within a
unified suite of software
between models created with
the same meshing tool:
ANSYS ICEM CFD.

FSI analysis indicated
that the root cause of the
vibrations for the original
design was a large flow
separation zone with pressure
fluctuations occurring at the

FSI analysis indicated the root cause of
the vibrations for the original design —
a large flow separation zone with low-
frequency pressure fluctuations that
coincided with very lightly damped duct
wall natural frequencies. Simulation
demonstrated that the recirculation
zone was reduced significantly in the
new D1 design.
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ANSYS CFX output from the FSI simulation
displays averaged pressure coefficient
distribution on the surface of design D1.

FSI stress levels computed by ANSYS
Mechanical software for new D1 design
at time 1.995 seconds, as seen from
two different viewpoints

same frequency as the stack wall natural frequency. FSI
results showed in a unique way how the large separated
vortex structures caused the stack wall to vibrate severely.
In these vibrations, cyclical stress levels exceeded material
fatigue limits, and deformation amplitudes were greater
than 2 millimeters.

Simulation demonstrated that the large recirculation zone
seen in the original design was significantly reduced.
Engineers modified the stack design in cooperation with the
manufacturer, Mjorud AS, to increase the first structural
natural frequencies beyond the dominant pressure fluctuation
frequencies. The modified design also increased the
structural damping using the thermal insulation. ANSYS
meshing and simulation were instrumental in this design
refinement, giving engineers insight into the vibrations
and enabling the team to quickly evaluate the impact of
various changes.

The manufacturer subsequently built and installed the
new stack design on the oil and gas platform for the five gas
turbine units. Field tests on one unit showed that the
maximum single-frequency vibration amplitude level had
been reduced by a factor of 30, and total vibration level was
reduced by 80 percent. Since then, the five exhaust stacks
have operated reliably for more than two and a half years.
In addition to solving this complex FSI problem, the
methodology developed by LR ODS has provided Mjgrud
with an efficient tool to quickly evaluate future stack
designs, thus saving significant time and expense
compared with troubleshooting problems in the field. B
References
[1] Gullman-Strand, J.; Nielsen, K.K.; Hansen, L.V. DES and FSI

for Industrial Applications, Proceedings of the Fourth National

Conference on Computational Mechanics, pp. 7-24, 2007,
ISBN 978-82-519-2235-7,

[2] Nielsen, K.K. et al. Coupled CFD—FEM Analyses Used for Gas
Turbine Exhaust Duct Vibration Troubleshooting, Proceedings of
Turbomachinery Symposium 2007.

[3] Website: www.Ir-ods.com.

Images courtesy StatoilHydro and Mjorud AS.

www.ansys.com




<<
  /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 /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.02333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.02000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /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 false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.08333
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [684.000 864.000]
>> setpagedevice


