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ABSTRACT:

Fan blade bird resistance is one of the most important certification requirements for
modern jet engines. The development test to meet the requirement is difficult and costly
experiment. The expenses can be significantly reduced by using the numerical
simulation of fan blade bird strike problem in the design of jet engine. The common
technique for such simulations is modeling of bird as a solid cylinder or ellipsoid with
material properties similar to water.

The paper presents some results of fan blade bird strike analysis using LS-DYNA"
Lagrangian, SPH and ALE approaches to model the bird. The main objectives of the
investigations are to compare the results obtained by means of different approaches and
to find out the advantages and disadvantages of every approach.
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INTRODUCTION

One of the main problems in the bird strike analysis is choosing of a shape, material
properties and a simulation approach for an object, which model the bird. The common
technique is modeling of the bird as a solid ellipsoid, cylinder or hemispherical ended
cylinder [1-7]. The material properties are usually chosen to be similar to the properties
of water. The simulation approach can be chosen among Lagrangian, SPH or ALE
approaches, realized in LS-DYNA® [8].

The paper presents comparison of the fan blade bird strike analysis results, obtained
using Lagrangian, SPH and ALE approaches. The parameters to compare are the contact
force of interaction of the bird’s model and blades, visual bird’s deformation behavior
during the process and total CPU time, required to complete solution. In frames of
Lagrangian approach, different contact algorithms of interaction of the bird and blades
are also investigated.

STATEMENT OF THE PROBLEM AND DESCRIPTION OF
COMPUTER MODELS

A computer model of the fan blades and three computer models of the bird were created
for the numerical simulations. A view of the blades and the bird models prepared for
ALE approach is represented in Figure 1.

Solid finite elements and material model *MAT RIGID are used for the blades’ model.
The model consists of about 440,000 finite elements. Rigid material is used in order to
decrease calculation time and exclude possible influence of blades’ deformation process
on the total CPU time, required to complete solution. It is assumed that the blades are
rotated with constant angular velocity.

For all approaches the bird is modeled as a solid ellipsoid with the properties similar to
water. At the start of the calculations, the bird model is given an initial velocity towards
the fan blades.

Lagrangian model of the bird consists of 90,000 solid finite elements, SPH model
consists of 100,000 particles. ALE mesh consists of 720,000 finite elements and the bird
is initially defined in ~25,000 ALE cells. This mesh is chosen as a result of preliminary
calculations and consultations with LS-DYNA® developers. In our opinion, this number
of ALE elements is close to the minimum, required to obtain relatively adequate results.
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Figure 1: Computer model (ALE approach)

RESULTS OF LAGRANGIAN CALCULATIONS

In frames of Lagrangian approach, different contact algorithms of the interaction of the
bird and blades are investigated:

Calculation Lagrl — CONTACT NODES TO_SURFACE;
Calculation Lagr2 — CONTACT ERODING SURFACE TO SURFACE;

Calculation Lagr3 — a combination of CONTACT NODES TO SURFACE and
CONTACT ERODING SURFACE TO SURFACE.

RESULTS OF CALCULATION LAGRI1

In this calculation the contact between the bird and blades is modeled using
NODES TO_SURFACE contact algorithm. All the nodes of the bird model are used as
the slave set and all the external segments of the blades — as the master set. This
technique is allowed nodes to be active in contact even after surrounding elements fail.

The total CPU time for calculation Lagrl is 3 hours. The results of the calculation are
presented in Figures 2, 3. Figure 2 shows dimensionless forces of the contact interaction
of the bird and blades. Figure 3 shows the deformed shape of the bird during the
interaction with one of the blades. As it can be seen from the picture, the forward edge
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of the blade penetrates into the bird’s material. This situation appears because the bird is
modeled in the contact by nodes, but not by segments. This allows the blade to penetrate
through the middles of bird’s elements.
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Figure 2: Forces of the contact interaction of ~ Figure 3: Interaction of the bird with one
the bird and blades (Lagrl) of the blades (Lagrl)

RESULTS OF CALCULATION LAGR2

In this case the contact between the bird and blades is modeled using
ERODING _SURFACE _TO_SURFACE contact algorithm. All the external segments of
the bird model are used as the slave set and all the external segments of the blades — as
the master set. This technique helps to avoid penetration of the blades into the bird’s
material.

The total CPU time for calculation Lagr2 is 3 hours. Figure 4 shows dimensionless
forces of the contact interaction of the bird and blades. As it can be seen from the
picture, all the forces are much less then ones in calculation Lagrl. The cause of this is
that eroding nodes are not active in the contact after surrounding elements fail. This
leads to underestimation of the contact forces.

RESULTS OF CALCULATION LAGR3

In this calculation the contact between bird and blades is modeled using the
combination of ERODING SURFACE TO SURFACE and NODES TO SURFACE
contact algorithms. The forces of the contact interaction are determined using
FORCE_TRANSDUCER PENALTY algorithm. This technique is both allowed nodes
to be active in the contact even after surrounding elements fail and helps to avoid
penetration of the blades into the bird’s material.
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Figure 4: Forces of the contact interaction ~ Figure 5: Forces of the contact interaction
of the bird and blades (Lagr2) of bird and blades (Lagr3)

The total CPU time for calculation Lagr3 is 5 hours. The results of the calculation are
presented in Figures 5, 6. Figure 5 shows dimensionless forces of the contact interaction
of the bird and blades. As it can be seen form the picture, all the forces are quite close to
ones, obtained in calculation Lagrl. Figure 6 shows sequential views of the interaction
of the bird and blades. The analysis of the pictures shows that there is no penetration of
the blades into the bird’s material and all the eroding nodes stay active in the contact.

Figure 6: Sequential views of the interaction of the bird and blades (Lagr3)
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RESULTS OF SPH CALCULATION

In SPH calculation the contact between the bird and blades is based on
NODES TO SURFACE contact algorithm, the same as in the calculation Lagr1.

The total CPU time for SPH calculation is 8 hours. The results of the calculation are
presented in Figures 7, 8. The analysis of the results shows that they are in a good
agreement with Lagrangian results for contact forces as well as for the bird’s
deformation behavior.
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Figure 7: Forces of the contact interaction of the bird and blades (SPH)
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Figure 8: Sequential views of the interaction of the bird and blades (SPH)
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RESULTS OF ALE CALCULATIONS

Two variants of modeling of the interaction of the bird and blades are investigated:

Calculation ALE1 — the interaction of the bird with whole surface of the blade is
considered;

Calculation ALE2 — the interaction of the bird with only one of the side surfaces of the
blade is considered.

RESULTS OF CALCULATION ALE1

CONSTRAINED LAGRANGE IN SOLID algorithm is used to simulate the contact
between the bird and blades. All the external segments of the blades are used as the
slave set.

The total CPU time for the calculation ALEI is 17 hours. The results of the calculation
are presented in Figures 9, 10. The analysis of the results shows that ALE1 contact
forces, especially the component Fx, significantly differ from ones obtained in
Lagrangian and SPH calculations. Moreover there are visible differences in the obtained
deformation behavior of the bird. The possible cause of the differences can be that ALE
mesh is not fine enough. The size of ALE cells is chosen to be close to the size of
elements on the blade’s side surface, whereas the blade’s thickness near the forward
edge is about 10 times less. Refinement of ALE mesh could decrease differences, but
this refinement will increase number of ALE cells to several million elements. This will
result in significant rise of the calculation time, which even with the current mesh is
much higher than in Lagrangian and SPH calculations.

1,0

—8—Fx
—6—Fy
0,84 —A—Fz
——F
0,6
8 04 b iﬁ
2 i
0,2 i N
0,0 5 ’ o Oy ~ .
MJ N %{( RWM%
'0*2 T \ﬂfu\\( T T
0,0 0,2 0,4 0,6 08 1,0

Time

Figure 9: Forces of the contact interaction of the bird and blades (ALE1)
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B R

Figure 10: Sequential views of the interaction of the bird and blades (ALE1)

RESULTS OF CALCULATION ALE2

In this calculation the contact between the bird and blades is modeled using
CONSTRAINED LAGRANGE IN_SOLID algorithm. The segments covered only one
of the blade’s side surfaces are used as the slave set. This technique allows excluding
the interaction of the bird with the forward edge of the blade.
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Figure 11: Forces of contact interaction Figure 12: Interaction of the bird with the
of the bird and blades (ALE2) blades (ALE2)
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The total CPU time for the calculation ALE2 is 18 hours. Figure 11 shows
dimensionless forces of the contact interaction of the bird and blades. As it can be seen
form the picture, all the forces are quite close to ones, obtained in Lagrangian and SPH
calculations. At the same time, analysis of the interaction of the bird and blades shows
that obtained results are physically incorrect, because the blades penetrate through the
bird’s material and the bird is not split into different fragments (see Figure 12).

COMPARISION OF LAGRANGIAN, ALE AND SPH
APPROACHES

The main advantages and disadvantages of each approach, which are found out in
frames of this work, are presented in Table 1.

Table 1: The main advantages and disadvantages of approaches to model a bird

Approach Advantages Disadvantages

Low CPU time, wide choice of Mesh distortion, eroding nodes

Lagrangian the contact algorithms moves independently from each
other
SPH Mesh-free method, no mesh | Impossible to describe the contact

distortion between the bird and blade’s edge

High CPU time, requires high

ALE No mesh distortion number of ALE cells

The comparison of the results, obtained using the different approaches, shows that the
results, obtained using Lagrangian and SPH approaches are quite close to each other for
the contact forces as well as for the bird’s deformation behavior. The results, obtained
by means of ALE approach differ from Lagrangian and SPH ones. The comparison of
the contact forces shows that ALE approach underestimates loads to the blades. The
refinement of the ALE mesh could resolve this problem, but it will result in significant
rise of the calculation time.

Choosing from Lagrangian and SPH approaches, the first one is more preferable,
because both of them give close loads to the blades, but the total CPU time for
Lagrangian approach is ~1.5 times lower than for SPH.
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SUMMARY AND CONCLUSIONS

The calculations of the fan blades bird strike problem were carried out using Lagrangain,
SPH and ALE approaches to model the bird. The analysis of the obtained results allows
finding out the main advantages and disadvantages of every approach. Basing on the
analysis it can be concluded that Lagrangian approach is currently more preferable for
such problems.

ACKNOWLEDGEMENTS

The authors thank Dr. Arthur Shapiro, LSTC, for constant support of Russian LS-
DYNA® users and Dr. Ian Do, LSTC, for help in tuning of the ALE bird model.

REFERENCES

1. T.J. Vasco “Fan Blade Bird-Strike Analysis and Design”, 6" International LS-
DYNA Users Conference, Dearborn, Michigan, 2000.

2. M. Souli, L. Olovsson, 1. Do “ALE and Fluid-Structure Interaction Capabilities
in LS-DYNA”, 7" International LS-DYNA Users Conference, Dearborn,
Michigan, 2002.

3. S. Kukanov, D. Roschikhmarov, F. Mantovani “Bird Strike on Composite Inlet
of a Jet Engine”, FEA information newsletter, May 2005.

4. S.C. McCallum, C. Constantinou “The Influence of Bird-Shape in Bird-Strike
Analysis”, 5™ European LS-DYNA Users Conference, Birmingham, 2005.

5. M. Anghileri, L.-M L. Castelletti, F. Invernizzi, M. Mascheroni “Birdstrike
onto the Composite Intake of a Turbofan Engine”, 5™ European LS-DYNA
Users Conference, Birmingham, 2005.

6. C.-H. Tho, M.R. Smith “Bird Strike Simulation for BA609 Spinner and Rotor
Controls”, 9™ International LS-DYNA® Users Conference, Dearborn, Michigan,
2006.

7. L. lannucci, M. Donadon “Bird Strike Modeling Using a New Woven Glass
Failure Model”, 9" International LS-DYNA® Users Conference, Dearborn,
Michigan, 2006.

8. LS-DYNA® Keyword User's Manual Version 971, Livermore Software
Technology Corporation, Livermore, 2006.

2.88 233




<<
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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 [473.386 595.276]
>> setpagedevice


