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Geodynamics

i.e. the surface tension of
diffusive interfaces



• Cahn and Hilliard, 1958 proposed an expression for free
energy at the interface between two fluids:

Free Energy formulation
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• Cahn and Hilliard, 1958 proposed an expression for free
energy at the interface between two fluids:

Free Energy formulation

Volume stresses Surface tension



• If we consider now the free energy for a system driven by
gravity, the differential free energy between two fluids one
over the other is the buoyancy plus a “surface” tension
term:

Free Energy formulation

This is the classical buoyancy term!



• If we consider now the free energy for a system driven by
gravity, the differential free energy between two fluids one
over the other is the buoyancy plus a “surface” tension
term:

Free Energy formulation

This is the free surface energy, the surface tension!



• Stokes flow represents the equilibrium between active (in
general body) forces and viscous dissipation:

Stokes flow

• And surface tension? It is not in the stokes equation, but it
is only applied to the boundary conditions and is rate-free:



• But if the two fluids are miscible? Or if we have one fluid at
two temperatures? Then we have a diffuse boundary! What
do we do with it?

Miscible fluids



• At the miscible interface at the boundary of plume we will
have “effective surface tensional stresses”:

Korteweg stresses!



• Formally my Stokes equation changes and acquires an extra
term that is proportional to the square of the density gradient

Korteweg stresses

Only dependent on density gradients!

Only dependent on velocity gradients!



• Experimental evidences: Olson and Singer, 1985

Korteweg stresses! Should we care?

Systematic departure from Stokes law

Rising velocity as t^(2/5) instead of t^(2/3) 



• Experimental evidences:Griffiths, 1986

Korteweg stresses! Should we care?

Rising velocity 22% lower then
 expected Stokes velocity! Systematic.



• Experimental evidences:

Laboratory: Petitjeanes and Maxworthy, 1996

Numerical: Chen and Meiburg, 1996

Korteweg stresses! Should we care?



• Numerical evidences: Chen and Meiburg, 2001

Korteweg stresses! Should we care?



• Theoretical considerations:

• Brenner (2005) in his manuscript entitled “Navier
Stokes Revisited” pointed out that the Navier Stokes
equation requires to be modified in its application of
the boundary conditions and also in the treatment of
flows with density gradients

Korteweg stresses! Should we care?



• Indirect Evidence: Cicuta et al., 2000 & 2001)

Korteweg stresses! Should we care?



• Direct Evidence: (Pojman, et al., 2006):

Interfacial tension = 0.6mN/m
 = O(10-9N)

Korteweg stresses! Should we care?



• Feedback mechanisms can start at any scale. From the
from the grain size (many of grain grow theories use the
tension stresses of the grain boundaries) up to fluctuations
at the meso scale (as in Cicuta et al.), until global
geodynamics as plume velocity, phase transition (660km)

Consequences
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• Simulation with Underworld. Thermal plume inhibits
instabilities that are instead natural in compositional (non
diffusive) plumes.

Consequences: e.g. thermal plume



• How can we quantify Korteweg stresses for Earth?

To be exact we need to cross the scales. Calculate stresses at
the lattice scale and then having algorithms to upscale

But before dong it we want to be sure that Korteweg stresses
will be really important for geodynamics, so we can
estimate them using some very general upper and lower
bounds. Taking the work of (Cicuta et al, 2001), we get:

Quantifying Korteweg stresses

Roll-off wave vector (2pi/l):

Roll-off capillary vector (2pi/l):



Quantifying Korteweg stresses



Quantifying Korteweg stresses



Quantifying Korteweg stresses

For lower mantle conditions for example, taking (g=10m/s2, D=10-6m2/s, μ=1022Pas), RO

oscillates between 200km for a sharp plume head boundary ( =100Kg/m3 in z=10km)
until 2000km for a very mild density fluctuation ( =1Kg/m3  in x=1000 km).



Quantifying Korteweg stresses

tCO value is extremely large under mantle conditions O(1015s) until q>qRO, i.e. < RO:
beyond this threshold tco decays extremely fast (forth power of q).
We can therefore estimate a lower bound for qcap, being qmin

cap=qRO=2 /(200km).
An upper bound for qcap can be instead set more simply considering the location of the
steepest macroscopic gradient at the geodynamic scale, that we assume to be the
boundary over the head of a plume z=10km, therefore qmax

cap=2 /(10km).



Quantifying Korteweg stresses

Assuming =100Kg/m3, one finds min 2 109 N/m and max 8 1011 N/m. For a the surface
over the head of a plume with compositional thickness of 10km, and assuming a uniform
shear stress through its all thickness, we get min 200kpas and  max 80MPas, therefore an
important contribution to the Korteweg stresses can be expected in the mantle



• Korteweg stresses are the equivalent of surface tension for diffusive
fluids. There is a wealth of proofs that it exists.

• Analogue and numerical experiments put forward the idea that
Korteweg stresses inhibit fingering and oppose low density dynamics

• Earth like plumes show a clear discrepancy from Stokes law that can
be explained by Korteweg stresses

• Korteweg stresses have been directly observed at in mm scale
experiments.

• Korteweg stresses require determining the konstants involved that
depend on the multiscale merging of the free energies at the different
scales.

• Momentum equations in geodynamics should be changed and the new
term added.

• First estimations of Korteweg stresses for geodynamics brings to
important values. They are expected to play an important role only
close to the boundaries. But also large scale long wave density
gradients might reveal important background effects.

Conclusions



<<
  /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
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /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 false
  /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

  /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 [612.000 792.000]
>> setpagedevice


