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Abstract. We describea two­phasepore network simulatorof drainageand imbibition, which
integratesa realistic representationof pore connectivity and morphology, a quasi­staticdescrip­
tion of �uid displacementmechanisms,and a soundrepresentationof the wetting properties
of a sedimentaryrock and of their alteration.The simulatorworks with 3D disorderednet­
works of cylindrical ductswith triangular, squareand circular cross­sectionsobtaineddirectly
from the analysisof micro­CT imagesof rock samples.All pore­level displacementmecha­
nisms:piston­type,snap­off, and cooperative pore body �lling are consideredwith arbitrary
recedingand advancingcontactangles.Bond invasionpercolationdescriptionis usedin pri­
mary drainage,while bond­siteinvasionpercolationwith ordinary percolationon a dual net­
work and compactclustergrowth are usedin secondaryimbibition. In the paper, we resolve
how to calculatethe relative permeabilityof NAPL in the quasi­staticapproximationof im­
bibition, and illustrate spatialdistribution of the clustersof trappedNAPL using our gener­
alization to disorderednetworks of the Hoshen­Kopelmancluster­labelling algorithm. To un­
derstandthe impact of wettability alterationon the capillary pressureand relative permeabil­
ity functions,we perform a seriesof drainageand imbibition simulationsby changingthe range
of advancingcontactangles.Our study indicatesthat in imbibition, transportpropertiesof a
permeablesolid are quite sensitive to the hysteresisbetweenthe recedingand advancingcon­
tact angle.This sensitivity re�ects competitionamongthe different displacementmechanisms,
which shapesthe relative permeabilities,capillary pressures,and the distribution of the trapped
NAPL.

1. Intr oduction

Transport of immiscible �uids, non­aqueousphase liquids
(NAPLs) and gasesthat co­exist with water in soils and rocks,
is of fundamentalinterestto subsurfacewatermanagement.Any
predictionof temporaland spatialdistributions of these�uids is
sensitive to themacroscopicdescriptorsof thepermeablesolid (its
absolutepermeability)andthemultiple �uids (their relativeperme­
abilitiesandcapillarypressure).Thesemacroscopicdescriptorsare
the volume­averagedcontinuumfunctionswith origin in the dis­
placementmechanismsat porescale[Bear, 1972]. Therefore,the
macroscopictransportof immiscible�uids canbepredictedif there
is an adequatedescriptionof the essentialgeometryandtopology
of theporespace,anda suf�cient representationof themultiphase
�o w physics.Nowadays,porenetwork modelshave thesequalities
andhave becomeindispensablein theinvestigationsof multiphase
�o wsin porousmediaencounteredin petroleumandenvironmental
applications.

Sincethe pioneeringwork of Fatt [1956a,b, c], porenetwork
modelswith disparaterepresentationsof theporespacehave been
employed in the studiesof multiphase�o w. Examplesof these
modelsinclude(i) regular latticesof cylindrical ductswith cross­
sectionsthat arecircles[Dixit et al., 1999], stars[Man and Jing,
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2000],squares[Fenwick andBlunt, 1998;Blunt, 1998;Dillard and
Blunt, 2000], triangles[Hui andBlunt, 2000],or polygons[Tuller
etal., 1999];(ii) latticesof converging/divergingcones[Reevesand
Celia, 1996], andspatially­correlatedpores [Loweryand Miller ,
1995;Knackstedtet al., 2001]; and(iii) disorderednetworkswith
variablecoordinationnumbers[BluntandKing, 1991;Loweryand
Miller , 1995]. The variouspore network modelshave beenre­
viewed in, e.g., [Sahimi, 1993; Blunt, 2001]. Most modelsare
generatedstochasticallyandusuallydo not representnaturalper­
meablemedia. In contrast,advancedimaging techniques,such
asmicro­focusedcomputedtomography (micro­CT) [Coleset al.,
1994;Hazlett, 1995] andserialsectioning[Holt et al., 1996;Lin
and Cohen, 1982], capturewealth of information about the mi­
crostructureof real sediments.The recentadvancementsin rock
imaginghave resultedin a quantitative jump in the porenetwork
modelcapabilities[Â renetal., 1998;Patzek, 2001].

Pore­network modelling is a three­stepprocedure. In the �rst
step,thin sections,CT imagesanddepositionalmodelsareusedto
extracta porespacemodelfrom a sampleof sedimentaryrock. In
thesecondstep,thisporespacemodelis simpli�ed by replacingthe
actual(e.g.,imaged)poreshapeswith thewell­de�nedgeometrical
shapessuchasductsof circular, triangularor squarecross­section.
Theoutputof this stepis a pore­network representationof thesed­
iment. Finally, in stepthree,the simpli�ed porenetwork is used
to simulatea multiphasedisplacementprocess,and to obtain the
respectivemacroscopicrelativepermeabilityandcapillarypressure
functions. Therefore,thepore­scalemodelsdiffer from the large­
scalemodelsin that themacroscopicconstitutive relationshipsare
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Figure1. 3Dnetworkrepresentationof porethroats(linksorbonds)
in Bentheimersandstone

not assumed,but emergefrom averagingof therelevantpore­scale
physics. Using this three­stepprocedure,Â ren et al. [1998] sim­
ulatedtwo­phase�o w in a sandstoneandwereableto predict the
experimentaldrainageandimbibitioncapillarypressureandrelative
permeabilitycurves.

Themacroscopictransportpropertiesof two­phase�o w arede­
terminednot only by the geometryand topology of the porous
medium,but alsoby thespatialdistribution of wettability andthe
extentof wettabilityalterationin individualpores.Wettabilitymay
vary spatiallyowing to contaminantaging [Powers et al., 1996],
variationin aqueouschemistry[Demondet al., 1994;Powers and
Tamblin,1995],mineralogy[Anderson,1986],organicmatterdistri­
butions[DekkerandRitsema, 1994],andsurfaceroughness[Lenor­
mandand Zarcone, 1984; Morrow, 1975]. Several studieshave
usedporenetwork modelsto investigate the effect of wettability
on the macroscopicdescriptorsof two­phase�o w [Heiba et al.,
1983;McDougall and Sorbie, 1995;Blunt, 1997a,b]. Common
to all thesemodelsis theuseof latticesto describethesediment's
pore space. In this paperwe extend the analysisof wettability
effectson themacroscopiccapillarypressures,relativepermeabili­
ties,trappedNAPL distributions,and�o w regimesusinga faithful
representationof theporespaceof apermeablerock.

The paperis organizedas follows. First, we brie�y describe
the disorderedthree­dimensionalporenetwork usedin this study.
Second,wedescribethephysicsof two­phasequasi­staticdrainage
and imbibition of a single pore. Third, we describethe trapped
NAPL clustersandprovide proceduresfor identifying themin the
network. Fourth,we calculatethenetwork volume­averagedabso­
lute permeability, the relative permeabilityandcapillary pressure
curves,theresidualNAPL saturation,andthespatialdistributionof
clustersof thetrappedNAPL. Full descriptionof thepercolational­
gorithmsis provided. Finally, westudytheeffectsof wettabilityon
thenetwork­averagedrelativepermeabilitiesandcapillarypressure.

2. Network Generationand Description

Thenetwork,Figure1,usedearlierby Statoil[Â renetal., 1998]
andPatzek[2001], wasextractedfrom a 3D micro­focusedX­ray
CT imageof a (2:5mm)3 sampleof Bentheimersandstone. It
consistsof 3677nodes(porebodiesor sites)and8952links (pore
throatsorbonds).All nodesandlinksaretranslationally­symmetric
cylindrical ductswith arbitrarycross­sections(squares,trianglesor

circles).Thenetwork connectivity variesfrom zeroto sixteenlinks
connectedto anode.Theductgeometryis determinedthroughtwo
parameters:theinscribedcircle radius,r , andtheshapefactor, G.
Theshapefactoris de�ned asthe ratio of theductcross­sectional
areaand the squareof its perimeter. The complex and variable
crosssectionsof realporesareapproximatedwith ductsof arbitrary
triangular, squareor circularcross­sections,suchthat theconstant
shapefactorsof the duct cross­sectionsare the axial averagesof
thosecalculatedfrom the CT image. The most commoncross­
sectionof thenetwork ductsis triangular. Given theshapefactor,
G, of anangularnodeor link, thecornerhalf­angles,̄ i , aregen­
eratedusing the proceduredescribedin [Patzekand Silin, 2001].
The angularcylindrical ductscapturethe mostessentialaspectof
geometryof real pores: the presenceof sharpcorners�lled with
water that remainscontinuousacrossthe network. We feel that
theductcornersaremoreimportantthantheconverging­diverging
geometryof circularducts.

3. Pore­Level Descriptorsof Two­PhaseFlow

Figure2 shows two immiscible�uids, waterandNAPL, in con­
tactwith a smoothsolid. The �uid con�guration dependson how
well eachof the �uids wetsthesolid. This wettingability is mea­
suredby the contactangle,µ, measuredthroughthe water. The
diagramalsodepictstwo differentdisplacementregimes:drainage
and imbibition. In drainageNAPL displaceswater, whereasin
imbibition waterdisplacesNAPL. In general,thesetwo displace­
ment regimesresult in differentcontactangles: recedingcontact
angle,µr , in drainageand advancingcontactangle,µa , in imbi­
bition. Experimentshave shown thatadvancingcontactanglecan
be much larger than recedingcontactangle[Morrow, 1975; Ma
et al., 1996]. Drainageand imbibition can be repeatedthrough
multiple displacementcycles; however, we restrict this study to
primary drainagewhereNAPL displaceswaterfrom a previously
water­�lled sediment(e.g.,NAPL migrationinto groundwater)and
secondaryimbibition wherewaterdisplacestheNAPL thatinvaded
duringprimarydrainage(e.g.,NAPL clean­upby water�ooding).
Hysteresisbetweentherecedingandadvancingcontactanglecon­
tributesto therespectivehysteresesof thecapillarypressureandthe
relative permeabilitycurves;porelevel displacementmechanisms
contributetherest.

Our goal is to calculatethecapillarypressuresandrelative per­
meabilitiesin two­phaseprimarydrainageandsecondaryimbibition
of thenetwork in Figure1 with differentarbitraryvaluesof contact
angles.Micromodelstudies[Lenormandet al., 1983;Lenormand
and Zarcone, 1984;Li and Wardlaw, 1986] unveiled muchof the
pore­scalephysicsin two phase�o w.

3.1. DisplacementMechanismsand Capillary Entry Pressure

There are two basic modelsof multiphase�o w in pore net­
works: dynamicand quasi­static. In dynamicmodels,capillary,
gravity, andviscousforcesin the�uids areaccountedfor simulta­
neously. In quasi­staticmodels,capillaryforcesdominate,gravity

qr qa

NAPL
Water

Drainage Imbibition

Figure2. Contactanglehysteresisbetweendrainageandimbibition
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modi�es themagnitudeof capillarypressure,andthemicroscopic
�uid distributionsarefrozenateachlevel of thecapillarypressure.
Thehydraulicconductancesof theresulting�o w networksarethen
calculatedindependently. In this studywe adoptthe quasi­static
approachandignoretheeffectsof viscousforces. We alsoignore
theeffectsof buoyancy forces1 .

Whena nodeor link carriestwo �uids simultaneously, NAPL
occupiesthecenterof theporeandis treatedasabulk �uid, whilst
water�o wsin the�lamentsalongtheporecorners,Figure3. At the
�uid interfaces,capillary pressureis given by the Young­Laplace
equation:

Pc = PN ¡ Pw = ¾
³ 1

r 1
+

1
r 2

´
(1)

whereN andw label the NAPL andwater, respectively; ¾is the
interfacial tension;andr 1 andr 2 arethe principle radii of curva­
ture of the �uid interface. Invasionby either of the �uids does
not occuruntil this capillarypressureexceedsa speci�c threshold
capillary entry pressure,P e

c , that is differentfor the differentdis­
placementmechanismsandporegeometries.Primarydrainageand
secondaryimbibitionprocessesexhibit differentpore­level invasion
mechanisms.In primarydrainage,theonly invasionmechanismis
piston­typedisplacementsinceinitially the network is �lled with
water. In secondaryimbibition,partof thenetworkhasbeeninvaded
by NAPL, andthe displacementmechanismsincludepiston­type,
snap­off andcooperative pore­body�lling. This classi�cation of
pore level eventswas �rst presentedin Lenormandet al. [1983];
Lenormand[1986],andthecalculationof thecorrespondingcapil­
lary entrypressuresis presentedin, e.g.,Â renetal. [1998];Patzek
[2001]. Thepore­level displacementmechanismsarepivotal to the
discussionof theeffectsof wettability. Therefore,we will brie�y
discussthemandprovidemorecompactexpressionsof thecapillary
entrypressures.

First, let us de�ne threeconstantsthat arecommonin mostof
the expressionsfor the capillary entry pressures.Theseconstants
arecalculatedfor eachcorner, i , of an angularduct describedby
two parameters:the cornerhalf­angle¯ i , and contactangle,µi .
Thecontactangle,µi , variesfrom therecedingcontactangle,µr , in
primarydrainageto thehingingor advancingcontactangle,µh or
µa , in secondaryimbibition. Theconstantsare

E i
0 =

¼
2

¡ µi ¡ ¯ i (2)

E i
1 =

cos(µi + ¯ i )
sin(¯ i )

(3)

E i
2 =

cos(µi + ¯ i )
sin(¯ i )

cos(µi ) (4)

ConstantE i
0 is positive in thecaseof primarydrainageandspon­

taneousimbibition (concave menisci)andnegative in the caseof
forcedimbibition (convex menisci). Thethreeconstantsareequal
to zerofor theductswith circularcross­sections.

3.1.1. DrainagePiston­Type. By equatingtheradiusof cur­
vatureof thearc­menisci(AM) in thecornersto the�rst curvature
of the invading interface[Mayer and Stowe, 1965], the threshold
capillaryentry­pressurecanbeexpressedas

P e
c; P D

(µr ) =
¾
r

cos(µr )

0

@1 +

s

1 ¡
4G

P n
i =1 (E i

2 ¡ E i
0)

cos2(µr )

1

A

(5)

where,E i
0 andE i

2 arecalculatedwith µi = µr , andn is thenumber
of cornersin anangularduct, i.e., n = 3 for trianglesandn=4 for
squares.

3.1.2. Imbibition Piston­Type. If thereis contactanglehys­
teresis,eachAM hingesaboutitscontactline,pinnedatadistancebi
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Figure 3. Distribution of water and NAPL in a single duct. In
drainagea water­�lled duct(4) is invadedby NAPL (3), andcapil­
lary pressureis further increased(2) and(1). Imbibition proceeds
in theoppositedirection

from thecornerapex, until thehingingcontactangle,µh;i , reaches
advancingcontactangle,µa . For a givencapillarypressurePc , the
AM µh;i andthecorrespondingbi are

µh;i (Pc) = arccos
h Pc

P max
c

cos(µr + ¯ i )
i

¡ ¯ i (6)

bi (Pc ; µh;i ) =
¾
Pc

E i
1 (7)

where P max
c is the maximum capillary pressurein primary

drainage.
Piston­typedisplacementin secondaryimbibition canbespon­

taneousor forced. Spontaneouspiston­typeimbibition occursat a
positive capillary pressure,whereasforcedimbibition occursat a
negativecapillarypressure.Themaximumadvancingcontactangle
atwhichspontaneoussecondaryimbibition canoccuris

µa;max ¼ arccos

Ã
¡ 4G

P n
i =1 cos(µr + ¯ i )

¡ r P max
c
¾

¢
¡ cos(µr ) + 4nG sin(µr )

!

(8)

Thethresholdcapillarypressurein spontaneousimbibition canbe
calculatedby solvingiteratively thefollowing two equations:

µi = min

½
µh;i

µ
¾

r P T

¶
; µa

¾
(9)

r P T =
r 2

4G + r 2
P T

P n
i =1 (E i

0 ¡ E i
2)

2r P T

P n
i =1 E i

0 +
¡

r
2G ¡ 2r P T

P n
i =1 E i

1

¢
cos(µa )

(10)

Eq. 9 calculatesthe actualcontactangle,which will be the
smallerof the hinging andadvancingcontactangle. This contact
angleisusedtocalculatetheconstantsE i

0 , E i
1 andE i

2 , whichin turn
areusedto calculatethe radiusof curvature,r P T , at thecapillary
entrypressurein Eq. 10.
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O

Figure 4. Creationof intermediatelayers(1 ! 4) of NAPL in
piston­typeimbibition with extremecontactanglehysteresis
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Then,thethresholdcapillarypressurein piston­typeimbibition
reducesto threecases:

P e
c; P T

=

8
<

:

¾
r P T

if µa · µa;max

2¾cos( µa )
r if µa;max < µa < ¼

2 + min(¯ i )
¡ P e

c; P D
(¼¡ µa ) if µa ¸ ¼

2 + min( ¯ i )
(11)

In the�rst case,theinvadingwaterinterfacespontaneouslyim­
bibesinto the poreat a positive capillary pressure.In the second
and third case,the invading interfaceis forced into the poreat a
negativecapillarypressure.Whatdistinguishesthethird casefrom
thesecondoneis thecreationof intermediateNAPL layersshownin
Figure4; theconstantsE i

0 andE i
2 arecalculatedwith µi = ¼¡ µa .

A NAPL layer in a corneris assumedto exist as long asthe two
con�ning meniscido not touch. Themathematicalformulationof
this condition is given in Al­Futaisi and Patzek[2002b] as func­
tion of thetwo interface­apex distances,thecontactanglesandthe
cornerhalf­angle.

3.1.3. Snap­Off. Snap­off is the expulsionof NAPL by the
swelling corner�laments, or AMs, of water2 . Snap­off occursif
two or more of the AMs meetand fuse at a thresholdcapillary
pressure.At this critical pressure,the AMs becomeunstableand
theentirepore�lls with water. Snap­off canonly occurif thereis
no invadingwater interfacewaiting at an endof the pore(i.e., if
piston­typeis impossible).If thethresholdcapillaryentry­pressure
is positive,snap­off is spontaneous,whereasif it is negative,snap­
off is forced. The maximumadvancingcontactangleat which
spontaneoussnap­off canoccuris

µa;max =
¼
2

¡ min(¯ i ) (12)

In orderto calculatethesnap­off thresholdcapillaryentry­pressure
for triangularpores,oneshould�rst determinetheradii of curvature
of themenisci,r so ij , resultingfrom themeetingof theAM in the
corner, i , with thatin theadjacentcorner, j :

r so ij = r
cot(¯ i ) + cot(¯ j )

E i
1 + E j

1

(13)

Here the constants,E i
1 and E j

1 , are determinedusing the mini­
mumof thehingingcontactangle,µh (¾=rS O ij

), andtheadvancing
contactangle,µa , for cornersi and j , respectively. Sinceµh is
a function of r S O ij

, iterationis required. The thresholdcapillary
entry­pressurefor snap­off is givenby

P e
c; so =

8
><

>:

¾
min ( r so ij ) if µa < µa;max

P max
c

cos( µa +min( ¯ i ))
cos( µr +min( ¯ i )) if µa;max < µa < ¼¡ min( ¯ i )

P max
c

¡ 1
cos( µr +min( ¯ i )) if µa ¸ ¼¡ min(¯ i )

(14)

In thelasttwo cases,all threeAMs areconvex, their curvatures
arenegativeandwaterinvasionis forced.Whenoneof theAMs be­
comesahalf­circle,it becomesunstableandsnap­off occurs.Note
that for µa = µa;max , the thresholdcapillary entry­pressurefor
snap­off is zero(a �at meniscusin the sharpestcorneradvances).
Also, notethatporesandthroatswith circularcross­sectionsdonot
havesnap­off sincetherearenocorners.

3.1.4. Cooperative Node Filling . The threshold capillary
pressurenecessaryto �ll anodewith waterdependsonthesmallest
radiusof curvatureof the interfacebetweenthewaterandNAPL,
andon thenumberof connectedlinks. Therequiredradiusof cur­
vaturedependson thesizeof thenode,andthenumberandspatial
distributionof theconnectedlinks �lled with NAPL. Blunt [1997b]

representedthethresholdnode�lling capillarypressurefor the I k

mechanism(k is thenumberof links �lled with NAPL):

P e
c;I k

=
2¾
Rk

(15)

whereRk is themeanor effective radiusof curvaturefor �lling by
an I k mechanism.We assumethat I 1­mechanismis the sameas
the piston­typein imbibition describedin Section3.1.2. For I 2­
mechanismandabove, we usea similar procedurefor calculating
Rk , presentedin [Patzek, 2001].

3.2. Saturations,Conductances,and Nodal Pressures

Figures3 and4 show thatwatercan�ll theentirepore,thecor­
nersof thepore,and/orthecenterof thepore. NAPL, in contrast,
occupiesthecenterof theporeor existsassandwichedlayersnear
theporecorners.Â renetal. [1998];Patzek[2001]provideexpres­
sionsfor calculatingphasesareas,volumes,andsaturationsof both
�uids. Thehydraulicconductancesarecalculatedusingtheexpres­
sionsin PatzekandSilin [2001];PatzekandKristensen[2001]. The
sandwichedNAPL layer geometry, stability, andconductanceare
detailedin Al­Futaisi and Patzek[2002b]. For simplicity, we as­
sumethattheoverallconductanceis calculatedasaharmonicmean
of theconductancesof a unit �o w channelconsistingof a link and
its two nodes(seePatzek[2001]). Sincethe�uids areincompress­
ible, volumeconservation is applied,anda setof linear algebraic
equationsfor the nodepressuresaredeterminediteratively with a
conjugate gradientmethodpreconditionedby an incompleteLU
decomposition.

4. NAPL Clusters

In primary drainage,NAPL invading the strongly water­wet
nodesand links forms a single cluster always connectedto the
inlet. After breakthrough,this NAPL �o ws througha part of the
network andis alsoconnectedto theoutlet. Watercorner�laments
alwaysremainconnectedthroughoutthenetwork.

In secondaryimbibition, bypassing,snap­off and cooperative
pore­body�lling graduallybreakthesingleNAPL clusterintomany
disconnectedclusterswith differentcon�gurations.Wedepictfour
possibletypesof NAPL clusters: clustersconnectedto the inlet
andoutlet faces(Type I), clustersconnectedto theoutlet facebut
disconnectedfrom the inlet face(Type II), clustersdisconnected
from the inlet andoutlet faces(Type III), and�nally clustersdis­
connectedfrom theoutletfacebut connectedto theinlet face(Type
IV).

Identi�cation of theseclustersis themajortaskin thesimulation
of secondaryimbibition; it is neededin orderto updatetheperco­
lation algorithmandto studythespatialdistribution of thetrapped
NAPL. Therefore,anef�cient clusteridenti�cation algorithmis re­
quired. In thepercolationalgorithm,if we only invadetheNAPL
clustersthat are connectedto the outlet (Type I and Type II), it
is suf�cient to identify theseclusterswith a spanning­treesearch­
ing algorithmstartingfrom theoutlet. However, to studythespatial
characteristicsof thetrappedNAPL clusters(TypeIII andTypeIV),
a moresophisticatedalgorithmis required. In this study, we have
chosenthefamousHoshen­Kopelman(HK) algorithm[Hoshenand
Kopelman, 1976]to identify thelatterclustertypes.

Theintroductionof theHoshen­Kopelman(HK) algorithmwas
animportantbreakthroughin theanalysisof clustersizestatisticsin
percolationtheory. Althoughthealgorithmwasinitially appliedin
statisticalphysics,nowadaysit isusedin many diverse�elds [Zhang
andSeaton, 1996;Moreira andBarrufetb, 1996;Eddi et al., 1996;
Kinney et al., 1994; Hamimov et al., 1989]. The algorithm has
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beenusedin ordered latticeswith only links, only nodes,or both
links andnodes[Hoshenetal., 1979;Camposetal., 1997;Hoshen,
1980]. The HK algorithm is well­developedfor lattice environ­
ments,and lessdevelopedfor non­latticeenvironments,suchas
thedisordered networksconsideredhere. In a separatepaper[Al­
FutaisiandPatzek, 2002a],wepresentanef�cient extensionof the
HK algorithmto complex disorderednetworks,cf. Figure1. This
extensionof theHK algorithmis usedhereto identify thetrapped
NAPL clusters.

5. MacroscopicFluid Transport Properties

Themacroscopic�uid transportpropertiesarecalculatedon the
entireporenetwork. They are: theabsolutepermeability, capillary
pressure,andtwo relativepermeabilities.

5.1. AbsolutePermeability

First, we determinethe single­phase�o w permeabilityof the
network [Dullien, 1992]. Darcy's law [Darcy, 1856]for linear�o w
of anincompressible�uid de�nestheabsolutepermeability, k, of a
sedimentasfollows:

k =
Q
A

¹L
¢ P

; (16)

whereQ is the total volumetric �o w rate,A is the normalcross­
sectionalareaof the sampleof the porousmedium,¹ is the �uid
viscosity, ¢ P is thepressuredropacrossthesample,andL is the
samplelength. Absolutepermeabilityis a macroscopictransport
propertythat is uniquely determinedby the pore structure. The
following procedureis implementedto calculatetheabsoluteper­
meability:

1. Fully saturatetheentirenetwork with asingle�uid
2. Calculatehydraulicconductancesof thenetwork ducts
3. Apply volumeconservationto eachnode
4. Imposepressureson theinlet andoutletboundaries
5. Calculatethenodalpressures
6. Calculatethetotal in�o w or total out�ow
7. Apply Darcy's law (Eq. 16) to calculatetheabsoluteperme­

ability
Thenetwork usedin this analysishasanabsolutepermeability

of 5100mDarcy. The rock permeabilityobtainedby Statoil was
5160 mDarcy. To checkthe applicability of Darcy's law in our
analysis,theyz­averagednodalpressuredistributionalongthenet­
work x­axis is plotted in Figure5. The �gure indicatesthat the
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Figure5. Thecross­sectionaveragedpressuredistributionfor �uid
�o w in thex­directionof thenetwork in Figure1

�uid pressuredecreaseslinearly from the inlet faceto the outlet
faceexceptfor the minor boundaryeffectscloseto the faces;the
�o w in thenetwork followsDarcy's law.

5.2. Capillary PressureCurve

Drainageof aninitially water­�lled networkproceedsbyincreas­
ing capillarypressurelevel in the network. This is donein incre­
mentsof link capillaryentrypressuresin piston­typedisplacement,
orderedfrom lowest to highest. Drainagestopswhena speci�ed
maximumcapillarypressureis reached.Now imbibitionbeginsand
capillarypressureis loweredin stepsof capillaryentrypressuresfor
all threedisplacementmechanismsorderedfrom highestto lowest.
This orderingmakesit plain thatpistontypedisplacementis most
favoredandsnap­off is leastfavored. Imbibition stopswhenthe
last clusterof NAPL becomesdisconnectedfrom the outlet. At
set capillary pressures(or overall water saturations),steady­state
creeping�o w of both phasesis calculatedon the clusterof water
andthoseclustersof NAPL thatareconnectedto the inlet andthe
outlet. Bothphasesareunderaunit pressuredifference.

In apermeablerock,�uid �o w pathsaredeterminedby therock,
but the rock itself is in somesenserandom: �uid transportis a
percolationprocess[deGennes, 1980]. In two phase�o w, the in­
vading�uid mustbeconnectedto theinlet to continueinvasionand
thedefending�uid mustbeconnectedto theoutletto bedisplaced.
This dynamicpercolationis called invasionpercolation[Wilkin­
sonand Williamsen, 1983]. If clustersof the defending�uid can
be disconnectedfrom the outlet, we call this processpercolation
with trapping[DiasandWilkinson, 1986]. In primarydrainage,the
invading �uid is NAPL and it doesnot occupy the porecorners.
Therefore,primary drainageis a pure bond invasion­percolation
problemwith asinglepiston­typedisplacementmechanism.

In contrast,imbibition is a problem in mixed bond and site
(link/node) invasion­percolation and ordinary percolation with
trapping. The invading water occupiesthe cornersof the ducts.
As capillarypressuredecreases,link �lling startsby snap­off, if ini­
tially therearenoinvadingcentralmenisci,andthenby piston­type
imbibition. Snap­off is an ordinarypercolationprocess. Piston­
typedisplacementis an invasionpercolationprocess.At thesame
time, thenodesattachedto oneor moreinvadedlinks, but having
two or moreuninvadedlinks, aresubjectto cooperativenode�lling
by I k events. The I k mechanismsgeneratecompactclustersof
waterwith noapparentconnectivity to theinlet.

5.2.1. Algorithm of Bond Invasion­Percolation (Primary
Drainage).

1. Calculateall piston­typecapillaryentrypressuresof linksand
sortthemin strictly ascendingorder.

2. At eachcapillarypressurelevel, �nd all links thathave cap­
illary entrypressure,Eq. 5, lessthanthecurrentlevel of capillary
pressure,have not yet beeninvaded,andhave at leastoneof the
two attachednodes�lled with NAPL.

3. Invadetheselinks and the attachednodesif applicable. A
nodeis readyfor invasionif it is occupiedby waterandits piston­
typecapillaryentrypressure,Eq. 5, is lessthanthecurrentlevel of
capillarypressure.

4. New links maynow becomeavailableto invasionbecausethe
attachednodeshavebeeninvaded.

5. Repeatsteps2­3until nofurthernodesor linkscanbeinvaded.
6. Having invadedall possiblelinks and nodes,calculatethe

overall (average)water­phasesaturationin thenetwork.
7. Proceedto thenext capillaryentrypressurelevel andrepeat

steps2­6 until the speci�ed maximumcapillary entry pressureis
reached.



6 A. AL­FUTAISI AND W. PATZEK: IMPACT OFWETTABILITY ON TWO­PHASEFLOW...

5.2.2. Algorithm of Mixed Invasion­Percolation and Ordi­
nary Percolation with Trapping (SecondaryImbibition).

1. Secondaryimbibition startsaftera maximumcapillarypres­
surelevel in primarydrainagehasbeenreached.

2. Startingfrom the maximumcapillary pressurelevel, invade
linksornodeswith waterin orderof thedecreasingpiston­type,and
snap­off capillaryentrypressures.All thesepressuresaresortedin
asinglelist in strictly descendingorder.

3. To be displacedby the invadingwater, NAPL mustbe con­
nectedto the outlet of the network. After primary drainage,the
NAPL formedoneclusterspanningtheentirenetwork. In imbibi­
tion,snap­off andI k events,graduallybreaktheinitial NAPL cluster
into many disjointclusters.Sinceonly theclustersconnectedto the
outlet(typeI andII) mustbeidenti�ed, useaspanning­treesearch­
ing algorithm[CheritonandTarjan, 1976]startingfrom theoutlet
node. To �ag a water­ or NAPL­type duct during clusteridenti­
�cation, we assumethat if the duct containsNAPL in the center
or in at leastonesandwichedlayer, it is NAPL­type. Otherwise,
the duct is water­type. The assumptionthat a singlesandwiched
NAPL layer per duct providesconnectivity with the neighboring
ductsmay overstatethe overall NAPL clusterconnectivity. It is
dif�cult to trackthespatialorientationof theintermediatelayersin
anetwork becauseof thecomplex network geometryandtopology,
andlackof informationabouttheorientationof its nodesandlinks.

4. OncetheNAPL clustersconnectedto theoutletfaceareiden­
ti�ed, the invasionprocessis restrictedto the links andnodesin
theseclustersleaving therestof theclusterstrapped.In thecaseof
links, �rst checktheviability of piston­typedisplacement.A link
undergoesa piston­typedisplacementif its piston­typecapillary
entrypressure,Eq. 11,is greaterthanthecurrentcapillarypressure
level, andit hasat leastoneof its two nodes�lled with water. If
neitherof the nodesis �lled with water, checkfor the possibility
of snap­off if the link snap­off capillaryentrypressure,Eq. 14, is
greaterthanthecurrentcapillarypressurelevel. In thecaseof nodes
connectedto at leastonelink �lled with water, anddependingon
the numberof connectedlinks that have NAPL, checkthe viabil­
ity of cooperative node�lling whenthe respective capillary entry
pressure,Eq. 15, exceedsthe currentcapillary pressurelevel. If
thenodeis notconnectedto any link thathaswaterphase,perform
snap­off if thenodesnap­off capillaryentrypressureis greaterthan
thecurrentlevel of capillarypressure.If new nodesor links have
becomeavailablefor invasion,repeatthisprocedureuntil nofurther
invasionis possible.

5. Beforeproceedingto thenext capillarypressurelevel, update
thesaturations.

6. Repeatprocedure3­5 at the next, lower capillary pressure
level.

5.3. RelativePermeability Curves

Wecomputerelativepermeabilityof phasei , usingDarcy's law:

kr ;i =
Qi ¹ i L
k A ¢ Pi

(17)

whereQi is thevolumetrictotal �o w rateof phasei , ¹ i is thephase
i viscosity, and¢ Pi is thephasei pressuredropacrossthenetwork.

At several overall water­phasesaturations,40 in this analysis,
we solve for the nodalpressuresand thencalculateeachrelative
permeabilityby using Eq. 17 for water and NAPL. Sincewater
remainscontinuousthroughoutthenetwork, thenodalpressurecal­
culation is appliedto all nodesexcept the onesconnectedto the
inlet andoutletfacesandtheonesthataredead­end.Theinlet face
nodesareassignedan arbitrarypressurePin , whereasoutlet face
nodesareassignedarbitrarypressurePout . Dead­endporesdonot
�o w, andareeliminatedfrom thecalculation.

TheNAPL clusterscanbeof thefour typesdepictedin Section4.
In therelativepermeabilitycalculations,it is reasonableto ignoreall
clustersdisconnectedfrom theoutletface(typeIII andIV) because
theseclustersaretrappedandhencecannotbedisplacedby thein­
vadingwater. However, it is essentialto considertheremainingtwo
clustertypesthatareconnectedto theoutletfacebecausethey can
�o w. Thesetwo clustertypeshave differentboundaryconditions
andthereforethereasonsfor their inclusionin thecalculationsare
different.

Theclustersconnectedto theinlet andoutletfaces(typeI) span
theentirenetwork andtheirboundarypressuresaresimplyPin for
thenodesontheinlet faceandPout for thenodesontheoutletface.
Thus,the calculationof the NAPL permeabilityfor theseclusters
follows a proceduresimilar to that implementedin drainage.Note
thattheconductancesof water�lamentsaredifferent,becauseeach
corner�lament may have its own hinging angle. In contrast,the
boundaryconditionfor thenodalpressurecalculationof typeII clus­
tersisPout for thenodesontheoutletface,andtheNAPL pressures
on the internalboundaryof theclusters.The internalboundaryis
de�ned asany NAPL nodein theclusterthatis connectedto a link
�lled with water. Anotherimportantdifferencebetweenthesetwo
clustertypesis thatthein�o w andout�ow in typeI clustersareboth
NAPL, whereasin thecaseof type II clusters,the in�o w is water
andtheout�ow is NAPL.

To our knowledge,all quasi­staticporenetwork simulatorsig­
norethe contributionsof type II­IV clustersto the NAPL relative
permeability. Only type I clustersthat spanthe entire network
areconsidered.This approachis consistentwith the assumption
that only steady­staterelative permeabilitiescanbe calculatedby
a quasi­staticporenetwork simulator. Inclusionof typeII clusters
wouldbeequivalentto thecalculationof unsteadystaterelativeper­
meabilityof NAPL, wherebywateraccumulatesin thenetwork and
expelsthetypeII clusters.Unsteadystatecalculationsareimpossi­
blewithin thequasi­steadystateframework,andtypeII clustersare
ignoredin the relative permeabilitycalculations.Type II clusters
arenot ignoredin the capillary pressurecalculations.The lowest
trappedNAPL saturationis achievedwhenthelasttypeII clusteris
expelledfrom thenetwork.

6. MacroscopicEffectsof Wettability Alteration

The recedingcontactangleduring primary NAPL invasionis
assumedto bezerobecauseinitially thesedimentis fully saturated
with water. AsseenfromFigure3,afterprimarydrainagetheNAPL
occupiestheporecentersandthewaterresidesin thecorners.After
invasion,thewater�lms coveringthecentralpartof eachof thepore
wallsmayruptureandthewallsmaybecomeNAPL­wet3 [Kovscek
et al., 1993],whereastheporecornersremainwater­wet resulting
in a mixed­wetrock, �rst describedby Salathiel[1973]. As a re­
sult, prior to secondaryimbibition, wettability of theporeinterior
is altered(i.e.,thesmallrecedingcontactanglein drainagechanges
to a larger advancingcontactanglein imbibition [Buckley et al.,
1995;Buckley andLiu, 1998;Hirasaki, 1991;Morrowetal., 1986;
Freer et al., 2002]). The degreeof wettability alterationis spa­
tially variableanddependsonthemineralogyof thesurfaceandthe
chemicalcompositionof the �uids [Buckley et al., 1995;Buckley
andLiu, 1998;Hirasaki, 1991;Morrowetal., 1986]. In thefollow­
ing sections,we usethedisplacementscenariodescribedabove to
studythe effect of wettability alterationon the capillary pressure,
trappedNAPL clusters,relative permeabilities,anddisplacement
mechanisms.In our calculations,we have used35 mN/m for the
interfacial tension,1 mPa­s for the �uid viscosities,188 kPa for
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Figure 6. Impact of advancingcontactangleson the secondary
imbibition capillarypressure

the maximumPc in primary drainage,and the no­slip boundary
conditionat the NAPL­waterinterfaces. The densitiesof the two
�uids arethesame.

6.1. Effectson Capillary PressureCurveand Trapped NAPL

Theadvancingcontactangles0± to 180± aredividedinto several
smallerranges(seeFigures6 to 9). Within eachrange,thecontact
anglesarespatiallyvariablein thenetwork, with uniform random
distribution, re�ecting the heterogeneouspore­surfacechemistry
androughness.Figure6 shows that thesecondaryimbibition cap­
illary pressurecurveschangesigni�cantly in responseto therange
of advancingcontactangles.As we increasecontactanglehystere­
sis,we increasethecapillarypressurehysteresis.With no contact
anglehysteresis,µr = µa = 0± , thecapillarypressurehysteresisis
causedby thedifferentpercolationmechanismsin primarydrainage
andsecondaryimbibition. For µa = 0± to 90± , thecapillarypres­
sureis positiveandimbibition spontaneous.Theimbibition curves
become�atter aswe approachµa = 90± . As seenfrom Figure6,
the rangeµa = 80± to 100± generatesan almostcompletely�at
curve closeto Pc = 0 kPa. Furtherincreaseof advancingcon­
tactanglesresultsin forcedimbibition, in whichcapillarypressure
becomesnegative. In this case,the imbibition capillary pressure
curvesceasebeing �at. For µa ¸ 120± , thesecurvesmirror the
primarydrainagecapillarypressurecurve.
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Figure 7. TrappedNAPL saturationas a function of advancing
contactangles

Figure6 alsoshows the dramaticeffectsof advancingcontact
angleson the trappedNAPL saturation.The relationbetweenthe
trappedNAPL saturationandtheadvancingcontactangleis sum­
marizedin Figure7. In thecaseof water­wet network, thetrapped
NAPL saturationdecreasesastheadvancingcontactanglesincrease.
The saturationreductionis from 38% for the stronglywater­wet
network, µa = 0± , to about 9% for the caseof weakly water­
wet network, µa just below 90± . The transitionbetweenwater­
andNAPL­wetnessof porecenters,µa ¼ 90± , resultsin adramatic
jumpin thetrappedNAPL saturation,from8%toalmost46%. This
jump shouldbeexpectedbecauseof thetransitionin thedominat­
ing displacementmechanismsbetweenawater­wetandNAPL­wet
network. As previously seenfrom Figure4, the creationof inter­
mediateNAPL layersis oneof theimportantcharacteristicsof �o w
in theNAPL­wet regime. Theselayersenhancetheconnectivity of
NAPL in thenetworkandthusreducetheNAPL trapping.However,
for contactanglesµa = 90± to 100± , it is geometricallyimpossible
to createany suchlayers,resultingin high NAPL trapping. For
contactanglesµa = 100± to 120± , somestableNAPL layersare
createdandtrappedNAPL saturationstartsto decrease.Figure7
clearly shows the high sensitivity of the trappedNAPL saturation
to the advancingcontactanglesbetween90± to 120± . This sen­
sitivity reduceswith the increasingnumberof intermediateNAPL
layers.For contactangleslargerthan120± , very low saturationsof
trappedNAPL canbe reached.The trappedNAPL saturationfor
µa = 180± is 0:03%. In Figure8, the spatialdistributionsof the
trappedNAPL clustersareplottedfor four intervals of advancing
contactangles. The clustersareidenti�ed usingour modi�cation
of the Hoshen­Kopelmanalgorithmto disorderednetworks. The
numbersof trappedNAPL clustersfor µa = 10± to20± , 70± to80± ,
92to94± , and170to180± are618, 336, 2699, 571, respectively. A
detaileddescriptionof thestatisticalandfractalpropertiesof these
clusterswill beaddressedin aseparatepaper.

6.2. Wettability Effectson RelativePermeability Curves

Figure 9 shows how the relative permeabilitieschangein re­
sponseto theincreasingadvancingcontactangles.To �nd apattern
in thesechanges,we grouptheresultsinto four wettability ranges:
µa = 0± to45± , µa = 45± to90± , µa = 90± to120± , andµa = 120±

to 180± . For µa = 0± to 45± , Figure9a, the changein the rela­
tive permeabilityto water is minor. The relative permeabilityto
NAPL is initially (for Sw < 0:5) the same;however, as the wa­
ter saturationincreases,considerablevariationis observed. Larger
advancingcontactanglesresultin thehigherNAPL relativeperme­
abilities. In contrast,for µa = 45± to 90± (Figure9b), theNAPL
relative permeabilitiesundergo small changes,but the waterrela­
tive permeabilitieschangedramatically. Largeradvancingcontact
anglesresultin smallerwaterrelativepermeabilitiesandaslight in­
creasein therelativepermeabilityto NAPL. In therangeµa = 90±

to 100± , Figure9c, thewaterrelative permeabilityis very low be­
causewater moves almostentirely in the corner �laments. The
NAPL relative permeabilityis alsolow dueto signi�cant trapping.
As soonasµa departsfrom 100± , the waterrelative permeability
increasesand doesnot changefurther as we continueincreasing
advancingcontactangles.In contrast,the relative permeabilityto
NAPL �rst increases(9a),thenstaysconstant(9b), jumps(9c),and
�nally levelsoff (9d).

ComparingFigures9a­9d, oneconcludesthat the relative per­
meabilityto waterundergoesasmallvariationacrossall wettability
scenarios,exceptfor µa = 45± to 100± , wherethevariationis dra­
matic. Ontheotherhand,therelativepermeabilityto NAPL shows
smallvariationsfor all wettabilityscenarios,exceptfor theµa = 0±

to 45± andµa = 90± to 120± , wherelarge changesareapparent.
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Figure8. Spatialdistributionsof clustersof trappedNAPL for theindicatedrangesof advancingcontactangles
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Figure9. Impactof advancingcontactangleon thesecondaryimbibition relativepermeabilitiesin water­wetandNAPL­wetnetworks

Onecanalsoobserve thatfor watersaturationslessthan50%, wa­
ter �o w is veryslow (waterrelativepermeabilityis lessthan0:02).
Similarly, for water saturationsgreaterthan 50%, NAPL �o w is
very slow (NAPL relative permeabilityis lessthan0:02). Finally,
onecanobserve thatthecrossover­pointsof waterandNAPL rela­
tive permeabilitiesareroughlyat saturationsgreaterthan50% for
thewater­wetcasesandlessthan50%for theNAPL­wetcases.

6.3. Wettability Effectson Flow Regimes

The variability of two phase�o w in porousmediacanbe ex­
plainedby thecompetitionof thedifferentpore­level displacement
mechanismsin responseto changesof advancingof contactangle,
Figure10. In stronglywater­wet systems,µa = 0± , link snap­off
is favored. As capillary pressuredecreases,snap­off �lls the nar­
rowestlinks with waterthroughoutthenetwork, andnode�lling is
suppresseduntil mostof the links arealready�lled. Whenmost
links arewater­�lled, theNAPL in thenodesis likely to betrapped.
Therefore,the dominationof snap­off mechanismis responsible
for the largesttrappedNAPL saturationobserved in the strongly
water­wet systems.As we increasecontactanglehysteresis,snap­

off is favoredlessandpiston­typedisplacementstartsto dominate.
Theinvasionstartsby snap­off in thesmallestlinks throughoutthe
network, i.e., by ordinary percolation, followedby piston­like co­
operative node�lling if thenode/linkaspectratio is not too large,
i.e.,by compactclustergrowth[Lenormandetal., 1983]. Thecom­
petitionbetweendifferenttypesof node�lling mechanismsplaysa
major role in �lling thenodeswith water. Thegrowth of compact
waterclustersleadsto minor NAPL trapping,causedby bypassing
or coalescenceof the growing clustersof water­�lled nodesand
links. This observation indicatesthat in water­wet systems,the
invasionof thewater/NAPL centralmeniscipresentat theinlet face
is favoredlessthansnap­off in thenetwork.

As thenetwork (rock)becomeslesswater­wetandmoreNAPL­
wet, i.e., µa + ¯ > 90± , a dramaticchangein the�o w regimeoc­
curs. Theimbibition is forced,andthereforethecooperative node
�lling is completelysuppressed.Thecompetitionis now between
forcedsnap­off andforcedpiston­typedisplacement.However, for
a piston­typedisplacementto occur, theremustexist an invading
interfacesomewherein thenetwork to initiate it. Therefore,if dur­
ing primary drainageall poreswereinvadedby NAPL, andthere
areno water/NAPL centralmenisciwaiting at the inlet faceof the
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network, snap­off mustact �rst in orderto startthe invasion. It is
seenin oursimulationthatforcedsnap­off rarelyoccurs,becauseit
requiresvery largenegative capillarypressures.Then,onceoneor
moresnap­off eventsoccur, therestof thewaterinvasionoccursat
thesamelevel of capillarypressure.However, if thewater/NAPL
interfacesexist at the inlet face,as in our case,the invasionwill
alwaysbeforcedpiston­typeandsnap­off will rarelybeobserved.
Sincenow NAPL is wettingandwateris nonwetting,thedisplace­
ment is invasionpercolation with trapping. The water advances
by �lling thelargestlinks andnodes,which resultsin bypassingof
signi�cant amountof the NAPL dueto the pinning of the corner
menisciandthedif�culty of creatingstableNAPL layers,µa = 90±

to 100± . This regimeresultsin themaximumtrappedNAPL satu­
ration. As wefurtherincreaseadvancingcontactangle,µa ¸ 110± ,
we start creatingstableintermediateNAPL layersnear the pore
cornersthatallow betterconnectivity of theNAPL andhenceless
trapping. Trappingoccurswhen the NAPL layerscollapse. Al­
thoughtheNAPL trappingfor µa ¸ 120± is the least,therelative
permeabilityto NAPL is very low.

7. Conclusions

We have presenteda quasi­staticsimulator of drainageand
imbibition of two immiscible, incompressible�uids in a three­
dimensional,disorderednetwork extractedfrom a real rock. We
have computedthe absolutepermeability, the relative permeabil­
ities, the capillary pressurecurves,andthe saturationandspatial
distributionof clustersof thetrappedNAPL. Ourmodelallows for
�o w of wetting�uid in theporecorners,differentcontactangles,and
differenttypesof displacementmechanisms:piston­type,snap­off,
andcooperative pore­body�lling. Primarydrainageis performed
usingbondinvasionpercolation,whereasimbibition is performed
usingbond­siteinvasionpercolationandordinarypercolation.The
spatialdistribution of trappedNAPL clustersis illustratedusing
a modi�ed Hoshen­Kopelmanalgorithmfor disorderednetworks.
Different rangesof advancingcontactangleshave beenusedto
studythehysteresisof relative permeabilityandcapillarypressure
curves. In general,wettability alterationhasa profoundeffect on
the type of imbibition displacementand henceon the two­phase
�o w characteristics.

In water­wet rocks,invasionwill alwaysbegin from within the
rockby snap­off, resultingin high trappedNAPL saturation.How­
ever, as the advancingcontactangleincreases(the rock becomes
weaklywater­wet), snap­off becomeslessfavoredandpiston­type
displacementfrom the initial snap­off eventsstartsto form grow­
ing compactclusters.Competitionbetweenthe differenttypesof
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Figure 10. Effects of advancingcontactangleon the secondary
imbibition pore­level displacementmechanisms

pore body �lling mechanismsplays a major role in the invasion
that resultsin decreasingthetrappedNAPL saturation.Waterrel­
ative permeabilityremainsaboutthe samefor contactanglesless
that 45± , but it decreasesvery fastasthe contactangleis further
increased(until 90±). As the advancingcontactangleincreases,
NAPL relative permeabilityincreasesslowly. In contrastto water­
wet rocks,secondaryimbibition displacementin NAPL­wet rocks
begins by forcing water into the rock. Snap­off andcooperative
porebody�lling arealmostcompletelysuppressed.For µa = 90±

to 100± , water injection is an invasionpercolationprocesswith
signi�cant bypassingof NAPL. However, astheadvancingcontact
angleincreases,stableintermediateNAPL layersarecreated,re­
sulting in a very low trappedNAPL saturation.In general,water
relative permeabilityin the NAPL­wet rocks changeslittle. The
variationof the relative permeabilityto NAPL is considerablein
therange90 ¡ 120± . As we increasetheadvancingcontactangle,
we increasetherelativepermeabilityto NAPL.
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Notes

1. For very low capillarypressures,we arelimited to look at �uids whose
densitiesaresimilar.

2. Sincewedonotallow for theconverging/divergingangularporethroats,
thereis nocapillarity­drivenwater�o w into theporenecks.

3. It now appearsthatpresenceof anyhydrocarbonnext to asolidchanges
thewettingpropertiesof thesolidsurface.
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