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Fluid Flow through PorousMedia: The Roleof StagnantZones
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We investigate
uid 
ow throughdisorderedporousmediaby direct simulationof the Navier-Stokes
equationsin a two-dimensionalpercolationstructure. We �nd, in contrastto the log-normaldistribution
for the local currents found in the analog random resistor network, that over roughly 5 orders of
magnitudethe distribution nsEd of local kinetic energyE follows a power law, with nsEd~ E2a ,
wherea ­ 0.906 0.03 for the entire cluster,while a ­ 0.64 6 0.05 for 
uid 
ow in the backbone
only. Thus the \stagnant"zonesplay a signi�cant role in transportthroughporousmedia,in contrast
to the danglingendsfor the analogouselectricalproblem. [S0031-9007(97)04671-1]

PACSnumbers:47.55.Mh

Recently,a greatdeal of interesthasbeenfocusedon
theinvestigationof transportphenomenain disorderedsys-
tems[1]. In particular,
uid 
ow throughporousmedia
[2] hasattractedmuch attentiondue to its importancein
severaltechnologicalprocesses(e.g., �ltration, catalysis,
chromatography,spreadof hazardouswastes,petroleum
exploration,andrecovery,etc.). It is customaryto model

uid 
ow in porousmediaby electricaltransport,in partic-
ular,to relatetheexponentsof permeabilityandconductiv-
ity. In previousstudies,computationalsimulationsbased
onviscous
uid 
ow (Stoke's
ow) [3] andlatticegastech-
niques[4] havebeenusedto solvetheproblemof transver-
sal 
ow throughrandomlygeneratedporousmedia. Here
we study 
uid 
ow behaviorby direct simulationof the
Navier-Stokesequationsin a percolationporousstructure.

Our model for the pore connectivity is basedon two-
dimensionalsitepercolation.Plaquettes(squareobstacles)
are randomly chosenand then removed from a 64 3
64 squarelattice until, for the �rst time, a void space
pathway(the \sample-spanning"cluster)can be detected
connectingtwo oppositeedgesof the system[5]. At this
point, thesystemachievesthepercolationthreshold. The
sample-spanningcluster of sitesconnectingthe network
hasa typical fractalgeometrywith fractaldimensiondf ø
1.896 [1]. In percolationterminology, the \conducting
backbone"is theconnectedsubsetof thesample-spanning
clustercomprisingbondelementswhich cancarrycurrent
or 
ow. The remainingbondsattachedto the sample-
spanningcluster are called \dangling ends" and do not
carryanyelectricalcurrent.

We usenonslipboundaryconditionsat theentiresolid-

uid interface. At the inlet and for each alive (
uid)
cell of the lattice, we specify a constantin
ow velocity
in the normal direction to the boundary. At the exit,
we assumethe velocity gradientto be zero; further, we
assumesteadystate
ow in isothermalconditions,andthat
theNavier-Stokesandcontinuityequationsfor momentum
and massconservationhold [6]. The Reynoldsnumber

Re ; r dp y ym, characterizesthe relative contributions
from convectiveand viscousmechanismsof momentum
transferin 
uid 
ow, where r is the density,dp is the
particle diameter,m is the kinematicviscosity, and y is
theaverage
uid velocity.

For a given realizationof the porespacewith a speci-
�ed void fraction e anda �xed setof physicalproperties,
the Navier-Stokesequationsare solved for the velocity
andpressure�elds in the 
uid phaseof theporespaceby
discretizationusing the control volume �nite-difference
technique[7]. We implementgrid elementswith length
equalto one-quarterof the solid cell sizeto generatesat-
isfactory resultswhen comparedwith numericalmeshes
of small resolution. The integral form of the governing
equationsis consideredat eachquadrilateralelementof
the numericalgrid to rendera set of couplednonlinear
algebraicequationswhich are pseudolinearizedand se-
quentiallysolved[8]. Convergenceis achievedwhenthe
overall sumof momentumandmassresidualsfalls below
a speci�ed value[9].

Initially, we study 
uid 
ow underconditionsof low
Reynoldsnumber(Re ­ 0.0156) to ensurethat the con-
tribution from inertial terms(convection)doesnot prevail
over theviscousmechanismof momentumtransfer. Fig-
ure 1(a) is a contourplot of the velocity magnitudefor a
typical realizationat thepercolationthresholde ­ ec. In
Fig. 2(a),we showa close-upsectionwith a subsetof the
velocity vector�eld takenfrom thesamerealizationof the
porespace.Thecomplexstructureof theporoussystemat
ec createsvery tortuouspathwaysfor 
uid 
ow. A natural
quantity to statisticallycharacterizethe 
uid 
ow associ-
atedwith eachindividual 
uid cell in the numericalgrid
enclosingthe physicalporespaceis the cell's kinetic en-
ergye ~ sy 2

x 1 y 2
yd, whereyx andyy arethecomponents

of thevelocity vectorin thex andy directions.
Figure3(a) showsthe distributionnsEdof the normal-

ized kinetic energy E ; eyemax for 4 network realiza-
tions, where emax denotesthe maximum kinetic energy
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FIG. 1(color). (a) Contourplot of the velocity magnitudefor a typical realizationof the in�nite percolationcluster(e ­ ec) on a
64 3 64 squarelatticeunderlow Reconditions(Re ­ 0.0156). (b) Contourplot of the local kinetic energyE for a typical realiza-
tion underthesameconditionsasin part(a) (e ­ ec, Re ­ 0.0156). Thecolorsin thebaron theleft correspondto differentmagni-
tudesof E. Valuesof E . 102 2 areshownin red for bettervisualizationof the 
uid 
ow penetrationinto the \stagnant"zones.

observedfor a given realization. We �nd that over
roughly5 ordersof magnitude(102 8 , E , 102 3), nsEd
follows

nsEd~ E2a , (1)

with a ­ 0.90 6 0.03. This power law behaviorcon-
trasts with the log-normal type of distribution found
for the local current in the random resistor network
model[10].
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FIG. 2. (a) Subsetof the velocity vector �eld takenfrom the
samerealization as in Fig. 1(a). Each vector representsthe
magnitudeanddirectionof the local velocity. Fluid is pushed
from bottomto top in the porenetwork. (b) Samesubsetasin
part(a),but now for high Reconditions(Re ­ 156). Theeffect
of inertiaon the
uid 
ow is revealedby thepresenceof several
vorticesandzonesof \
ow separation."Notealsothat for 
ow
at low Re [part (a)], the mainstream
uid pathwayfollows the
shortestpath through the backbone,while at high Re it does
not. Instead,the mainstream
uid pathwayis dictatedby the
local void spacegeometry.

Theshapeof thedistributionnsEdindicatesthatthelocal
kinetic energymight besensitiveto theinternalaccessible
perimeterof the disorderedpore structure. This can be
visualizedfrom thecontourplot shownin Fig. 1(b), where
a limited subrangein thescalingregionof variableE [see
Fig. 3(a)] is arbitrarily chosento be mappedinside the
in�nite cluster. Accordingly,this speci�c rangeof kinetic
energy values correspondsto a thin 
uid layer which
movesrelativelyslowly comparedto themainstream
ow,
and henceapproximatelyfollows the internal perimeter
of the in�nite cluster. Indeed,by lowering this range
of E values (down to the lower limit of E ø 102 8),
we observethat 
uid layersof even lower energiescan
penetrateinto the pore space,and thereforeexperience
more detailsof the landscapeat the solid-
uid interface.
Insidethe \stagnant"zonesof the in�nite cluster,viscous

FIG. 3. (a) Double logarithmic plots for eachof the four re-
alizationsof the distributionnsEdof the local kinetic energyE
underthe sameconditionsasFig. 1(a) se ­ ec,Re ­ 0.0156d.
The solid lines are least-squares�ts to the data in the scal-
ing region102 8 , E , 102 3 (a ­ 0.876 0.02, 0.89 6 0.03,
0.92 6 0.03, and 0.906 0.02 for realizations1, 2, 3, and 4,
respectively). Also shown is the averageover all four re-
alizations,with slope a ­ 0.906 0.03. Apart from the en-
ergy distribution of realization1, all curveshavebeenshifted
for better visualization. (b) Same as part (a) except for
the backbone. The averageover all four realizations has
slopea ­ 0.646 0.05. Also, a ­ 0.65 6 0.05, 0.63 6 0.05,
0.63 6 0.04, and0.656 0.04for realizations1, 2, 3, and4, re-
spectively. The solid lines are least-squares�ts to the datain
the scalingregion102 7 , E , 102 3. (c) Sameaspart (a) ex-
ceptfor high ReynoldsnumbersRe ­ 156d. The averageover
all four realizationshasslopea ­ 0.79 6 0.03. For realiza-
tions 1, 2, 3, and 4, a ­ 0.766 0.03, 0.796 0.03, 0.786
0.02, and0.82 6 0.03, respectively. The solid lines are least-
squares�ts to the datain thescalingregion102 6 , E , 102 2.

momentumis transmittedlaterallyacrosssuccessivelam-
inaeof 
uid andinduces
ow in the form of vorticesthat
generateothervorticesof smallersizesandenergies.
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The upper cutoff value for the scaling region (E ø
102 3) determinestheboundaryline in theincipientin�nite
clusterthat separates
uid cells locatedin the \stagnant"
region of the pore space(low E values)from 
uid cells
in the main stream of 
uid (high E values). These
last elementsmove very fast through the inner part of
the \backbone," and constitutea layer of moving 
uid
whosemorphologyis not directly affectedby the internal
perimeterof the percolationgeometry. To test whether
the power law behavior (1) arisesfrom the transferof
momentumfrom thebackbonethroughthestagnantzones
in the percolationcluster,we calculatednsEd separately
for thebackbone[Fig. 3(b)], andwe�nd thata ­ 0.646
0.05, a valuequitedifferent thanfor thefull cluster.

We �nd that the exponenta ­ 0.906 0.03 remains
practicallyconstantfor Re ­ 0.0156, 0.156, and1.56. We
alsostudiedthe high Re case(Re ­ 156), using the par-
allel calculationsas for low Re. We �nd that the data
[seeFig. 3(c)] areconsistentwith the possibility that the
exponenta is different for high Re (a ­ 0.79 6 0.03).
However,themagnitudeof thedifference,which is about
15%,is not so large. Furtherwork is still neededto clar-
ify this matter. At high valuesof Re, the nonlinearcon-
tribution from the convectivetermsin the Navier-Stokes
equationsbecomesrelevant. Theinertial effecton theve-
locity �eld insidethe in�nite clusteris consistentwith the
presenceof severalvorticesandzonesof \
ow separation"
[Fig. 2(b)]. At low valuesof Re[seeFig. 2(a)], thereis a
tendencyfor the moving 
uid at the local pore scaleof
the \
ow backbone"to preservethe parabolicshapeof
the velocity pro�les even if the 
uid cells are con�ned
to a very tortuouspathway. At high Re, on the other
hand,the irregular geometryof the internal perimeteris
very effective in producingsuddenanddramaticchanges
in directionsandmagnitudesof mainstreamvelocity vec-
tors,thusdistortingtheirparabolicpro�le at thelocal level
of the void space. Thesefactors contributeto enhance
thedissimilaritiesbetweenthe two scalingregimes.

Beforeconcluding,we discusstherelationbetweenour
resultsin 
uid 
ow throughporousmediaand previous
resultsfor the 
ow of electricity in a percolationcluster,
a systemcommonlyusedto model 
ow in porousmedia
[10]. Our resultsindicatethattherandomresistornetwork
model cannotbe directly applied for 
uid 
ow through
porous materials,primarily due to viscous and inertial
effects,which causethe log-normaldistribution to cross
over to thepowerlaw distributionfoundhere. Moreover,
the exponent a that we �nd is clearly sensitive to
the transportof momentuminto stagnantzonesof the
void spacesince it is 40% larger for the full cluster
than for the backbonealone. In addition, we note that,
while the void spacein our descriptionof the porous
media is treatedas a continuum,the traditional random
resistor network representsa discreteelectrical system.
If consideredas continuum, the dangling ends in the
electrical problem could also modify the distribution of
currents. Accordingly,an improvedelectricalpercolation

analogfor 
uid 
ow at low Re conditionsmay apply if,
e.g.,eachconductingcell in the randomresistornetwork
werereplacedby manyconductingelements.

In summary,we �nd by direct numericalsolution of
the Navier-Stokesequationsin a percolationgeometry
that \stagnant" zones play an important role in the
distributionnsEdof local kinetic energyE, which follows
a power law, nsEd~ E2a , over roughly 5 orders of
magnitude. The origin of the power law could be due
to a multiplicative processinvolving random variables
[11]. Our �nding contrastswith the log-normal type of
distribution found for the analogouselectrical transport
problem in the samestructure [10], thereby providing
a counterexampleto the paradigm of electricity 
ow
in randomresistornetworksand transportof massand
momentumin disorderedporousmedia.
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