Chapter 3

Integral Boundary Layer Equations for

Three-Dimensional Flows

3.1 Definitions

The three-dimensional integral boundary layer equations derived using a Cartesian coordi-

nate system are:
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Equation 3.1 is the two-dimensional turbulent shear stress lag equation, 3.2 is the kinetic

energy equation, and 3.3 and 3.4 are the z and z momentum equations. The origin of

equation 3.1 is given in reference [21] and the derivation of equations 3.2-3.4 may be found

in [38]. K. is an empirical constant set to 5.6. ¢ is the lag direction which is taken to be

the chordwise direction, and the z-z coordinate system is an arbitrary, local, 2-D surface

coordinate system in a plane tangent to the 3-D BL surface. The main assumptions in these

equations are that pressure is constant in the normal direction through the thickness of the

boundary layer, and that only diffusion normal to the wall is significant.



In Equations 3.1 to 3.4, §*’s denote displacement thicknesses, 8’s signify momentum
thicknesses, 8*’s représent energy thicknesses, and §**’s are density thicknesses. In addition,
,1-/ 2 is the shear stress coefficient, Cl/ 2eq is the equilibrium shear stress coefficient, 7’s are
wall shear stresses, and D is the turbulent dissipation function. Section §B.1 provides the
definitions of the thicknesses for a streamwise-crossflow coordinate system (called the 1-2

coordinate system).

These integral boundary layer equations have a physical interpretation. Equation 3.2
may be thought of as a divergence of kinetic energy deficit (the p.q28% and p.q20?% terms)
balanced by mechanical work deficit (p.q263* 22, p.q262*%2) and dissipation (D). The
mechanical work terms are the products of pressure forces and densities; the pressures may
be recognized using Euler’s Relation dp = —pqdg; and the densities may be seen by the
definitions of ¢.42%, ¢.8}*. Equation 3.3 contains the z-momentum deficit due to fluxes in
the z-direction (p.g20;.) and z-momentum deficit due to fluxes in the z-direction (p.g26.,)
balanced by pressure gradient term (p,qcé;%—’;‘ + p,q,ﬁz-aa—“;) and wall shear stresses (7, ).

The pressure gradient term is seen once again using Euler’s Relation. Equation 3.4 is a

similar expression for z-momentum deficit.

3.2 Boundary Layer Domain

The three-dimensional boundary layer equations are a set of hyperbolic partial differential
equations [59, 11]. Consequently, these equations require an initial or starting solution, and
boundary conditions which depend on the mathematical characteristics entering or leaving
the domain. A typical boundary layer domain is depicted in Figure 3.2. The starting
solution for Equations 3.2 to 3.4 is specified at the attachment line near the wing leading
edge, and the starting solution for Equation 3.1 is specified at the transition line. Boundary

conditions are applied along the symmetry line, and the wingtip and waketip boundaries.

The main purpose of this research is to implement Fully Simultaneous coupling in three
dimensions which is a difficult problem in itself. Therefore more complicated issues such

as corner flows (at wing/body junctures) and three-dimensional free transition will not be

34





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts 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
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


