1. Turbulence and mixing in a tube

(a) The laminar velocity profile is parabolic, and the turbulent profile looks somewhat like pseudo-
plastic flow, since there’s less mixing, and lower turbulent viscosity, and steeper velocity gradient
near the tube walls away from the center. Your sketches should have looked something like:
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(b) Start by calculating the average velocity, to get the Reynolds number and friction factor:
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At this Reynolds number, and the dimensionless roughness ¢/d = 107°m/107?m = 1073, the
graph provided gives a friction factor of approximately 5.5 x 1073.

Next we set the drag force magnitude equal to the pressure force, since they’re equal and opposite,
and solve for AP:
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(¢) The Higen-Poiseuille equation states:
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This is used for laminar flow, so in this turbulent case, it gives a good estimate of the average
turbulent viscosity in this tube. Just substitute u; for u and solve for p;:
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So the turbulent viscosity is more than forty times the molecular viscosity of 10*3ﬁ.

(d) Use the turbulent Prandtl number of one to estimate the turbulent diffusivity:
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This mixes across the tube in approximately the diffusion timescale of the diameter (or radius is
okay):
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This is the time required to mix (but not homogenize) the substance across the width of the tube,
and is nearly the time required to travel the length of the tube!
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The power is the flow rate times pressure drop: power = QAP and the energy dissipation rate per
unit volume is simply the power dissipated divided by the volume: ¢ = power/V. If we assume
that all of the power goes into turbulent dissipation, this gives us:
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Since one newton-meter is a joule, and a joule per second is a watt, this is 2.27 x 106%.
The expression for turbulent microscale was given on the equation sheet:
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The dissipation rate € (not the surface roughness €) comes from part le, and the viscosity used
is the molecular viscosity (not the turbulent viscosity) because molecular viscosity is turning
mechanical power into heat energy in these small eddies, turbulent viscosity mixes the fluid at
much larger lengthscales. So we have:
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About five microns.

Turbulence mixes the substance to the lengthscale in part 1f, then molecular diffusion has to
homogenize it the rest of the way. The timescale for this second part is simply the steady-state
diffusion time for the small eddies:
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So in this case, the substance is mixed across the tube in about two seconds, and diffuses on the
eddy lengthscale it about two tenths of a second. It should be completely homogenized within
about 2.5 seconds, which for fluid travelling 30 m at 12.7 m/s is about the amount of time the
fluid spends in the tube.

Since the mixing time across the tube dominates the time required for homogenization, we would
like to understand conditions which would cut that mixing time in half. According to part 1d, that
mixing time is inversely proportional to turbulent diffusivity Dy, which in turn is proportional to
turbulent viscosity pu:, so we want to double the turbulent viscosity.

The turbulent viscosity, in turn, is proportional to the ratio of pressure gradient to flow rate
AP/QL, so we want to find conditions which would double that ratio. Flow rate is proportional
to average velocity, and at roughly constant friction factor, pressure gradient is proportional
to average velocity squared. Thus doubling the average velocity would approximately double
AP/QL, p; and D;. This would require that the pressure gradient increase by about a factor of
four, or double the pressure drop (~ 10 MPa) over half the length.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


