4.2 March 14, 2005: Wrap up 1-D flows, drag force on a sphere

Mechanics:
e Evals Wednesday
e PS4 due 3/30
e Talk this Friday...

Nice segue into pressure-driven flows. Suppose fluid in a cylinder, a pipe for example of length L and radius
R, P; on one end, P; on other. Net force: (P;—P»)A,s, force per unit volume is (P —P2)V/A,s = (PL—FP2)/ L.
Can shrink to shorter length, at a given point, force per unit volume is AP/Az — 9P/dz. This is the pressure

generation term.

So, flow in tube: uniform generation throughout (P, — P;)/L (prove next week), diffusion out to r = R
where velocity is zero. Could do momentum balance, but is same as diffusion or heat conduction, laminar

Newtonian result:

ou. 10 (o, 0P
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Here looking at steady-state, horizontal pipe, uniform generation means:

E.r? P - P
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Like reaction-diffusion in problem set 2 (PVC rod): non-infinite velocity at » = 0 means A =

symmetric), zero velocity at » = R means:
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What’s the flow rate?
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Hégen-Poisseuille equation, note 4th-power relation is extremely strong! 3/4” vs. 1/2” pipe...
Summary of the three phenomena thus far:

(4.22)

(4.23)

0 (also
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(4.25)

(4.26)

Diffusion Heat conduction Fluid flow

What’s conserved? Moles of each species Joules of energy kg m/s momentum
Local density C pcpT pi
Units of flux el . lr{ngzi - X

: o 7 =4 5| 2%p@) o
Conservation equation %—? = -V-J+G pcp%—f =-V-d+gq 5 = —VP-V.-T+F
Constitutive equation J=-DVC qd=—kVT T=—p[Vi+ (Va)T]
Diffusivity D a=k/pe, v=ypu/p
Result** % =DV2C+ @G %—:f =aV2T + % % = —% +uV2ii+ £
Convective flux Cu pcp Tt pul
New result™* %? =DV2C+G % =aV?T + % %? = —% + uV2i + %

*Only considering diffusive fluxes. 7 in fluid constit. means matrix transpose. **For uniform properties.
New stuff: vector field instead of scalar; very different units; pressure as well as flux/shear stress and

force.
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Having taken 3.032, shear stress 7 relates to stress o as follows:

1
0 =T =PI, P= (00 + 0y, +02) (4.27)
SO Tyg + Tyy + T2z = 0, Tpy = Tyg = —0gy = —0y,. Note that 7y, = 7., almost always, otherwise infinite

rotation...

Flow past a sphere Motivating process: Electron beam melting and refining of titanium alloys. Water-
cooled copper hearth, titanium melted by electron beams, forms solid “skull” against the copper. Clean heat
source, liquid titanium contained in solid titanium, results in very clean metal. Mystery of the universe:
how does liquid Ti sit in contact with solid Cu? Main purpose: removal of hard TiN inclusions often several
milimeters across which nucleate cracks and bring down airplanes! (1983 Sioux City, Towa.)

Set up problem: sphere going one way usphere, fluid other way uo, local disturbance but relative velocity
U = Uoo — Usphere, relative veloc of fluid in sphere frame. Drag force is in this direction.

For a sphere, drag force is slightly different: it has not only shear, but pressure component as well.
Traction £ = o - A. Stokes flow: ingore the convective terms, result:

Fy = 3nudV. (4.28)

At high velocity, friction factor concept:

1 1
Fyj=fKA=f- 5,oU2 : de? (4.29)

Low Re (<0.1) means Stokes flow, can ignore all convective terms; analytical result in 3.21 notes, drag force:

24p 24

M — %. (4-30)

1 1
Fd:37T,uUd:f-§pU2~Zﬂ'd2éf:

If faster, though not turbulent, f becomes a constant: about 0.44, that’s the drag coefficient for a sphere.
Cars as low as 0.17, flat disk just about 1, making dynamic pressure a good estimate of pressure difference.
Note: for bubbles, F; = 2rulUd all the way out to Re=10°!

Reynolds number Low velocity: shear stress; high velocity: braking kinetic energy. Ratio of forces:

Re — convective momentum transfer _ inertial forces Py 8,3? " N pUU/L _ pUL (4.31)
shear momentum transfer viscous forces MQ;;; - uU/L? wo '

23




<<
  /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


