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Abstract.

We describea two-phasepore network simulator of drainageand imbibition, which

integratesa realistic representatiorof pore connectvity and morphology a quasi-staticdescrip-
tion of uid displacementmechanismsand a soundrepresentatiorof the wetting properties
of a sedimentaryrock and of their alteration. The simulatorworks with 3D disorderednet-
works of cylindrical ductswith triangular squareand circular cross-sectiongbtaineddirectly
from the analysisof micro-CT imagesof rock samplesAll pore-level displacemenmecha-
nisms: piston-type,snap-of, and cooperatre pore body lling are consideredwith arbitrary
recedingand advancing contactangles.Bond invasion percolationdescriptionis usedin pri-
mary drainage while bond-siteinvasion percolationwith ordinary percolationon a dual net-
work and compactclustergrowth are usedin secondaryimbibition. In the paper we resohe
how to calculatethe relative permeabilityof NAPL in the quasi-staticapproximationof im-
bibition, and illustrate spatial distribution of the clustersof trappedNAPL using our gener
alizationto disorderednetworks of the Hoshen-Kpelmanclusterlabelling algorithm. To un-
derstandthe impact of wettability alterationon the capillary pressureand relatve permeabil-
ity functions,we perform a seriesof drainageand imbibition simulationsby changingthe range
of adwancing contactangles.Our study indicatesthat in imbibition, transportpropertiesof a
permeablesolid are quite sensitve to the hysteresisbetweenthe recedingand advancing con-
tact angle. This sensitvity re ects competitionamongthe different displacemenmechanisms,
which shapeshe relative permeabilities capillary pressuresand the distribution of the trapped

NAPL.

1. Intr oduction

Transport of immiscible uids, non-aqueousphase liquids
(NAPLs) and gasesthat co-exist with waterin soils and rocks,
is of fundamentalinterestto subsurbcewatermanagementAny
predictionof temporaland spatialdistributions of these uids is
sensitve to the macroscopiaescriptorof the permeablesolid (its
absolutgpermeability)andthemultiple uids (theirrelative perme-
abilitiesandcapillarypressure) Thesemacroscopidescriptorare
the volume-aeragedcontinuumfunctionswith origin in the dis-
placementmechanismsit porescale[Bear, 1972]. Thereforethe
macroscopi¢ransporbf immiscible uids canbepredictedf there
is an adequatalescriptionof the essentiageometryandtopology
of the porespaceandasufcient representationf the multiphase
o w physics. Nowadays porenetwork modelshave thesequalities
andhave becomendispensablén the investigationsof multiphase
0 wsin porousmediaencountereéh petroleumandernvironmental
applications.

Sincethe pioneeringwork of Fatt [1956a,b, c], pore network
modelswith disparateepresentationsf the porespacehave been
emplo/ed in the studiesof multiphase o w. Examplesof these
modelsinclude (i) regular latticesof cylindrical ductswith cross-
sectionsthat are circles[Dixit et al., 1999], stars[Man and Jing,
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2000],squaregFenwidk andBlunt, 1998;Blunt, 1998;Dillar d and
Blunt, 2000], triangles[Hui and Blunt, 2000], or polygons[Tuller
etal., 1999];(ii) latticesof converging/divergingcones[Re&resand
Celia, 1996], and spatially-correlateghores [Loweryand Miller,
1995;Knadstedtet al., 2001]; and (iii) disorderechetworks with
variablecoordinatiommumbergBluntandKing, 1991;Loweryand
Miller, 1995]. The various pore network modelshave beenre-
viewed in, e.g.,[Sahimj 1993; Blunt, 2001]. Most modelsare
generatedstochasticallyand usually do not represennaturalper
meablemedia. In contrast,advancedimaging techniquessuch
asmicro-focuseccomputedomograply (micro-CT)[Colesetal.,
1994; Hazlett 1995] and serial sectioning[Holt et al., 1996;Lin
and Cohen 1982], capturewealth of information aboutthe mi-
crostructureof real sediments. The recentadvancementsn rock
imaging have resultedin a quantitatve jump in the pore network
modelcapabilities [Arenetal., 1998;Patzek 2001].
Pore-netwrk modellingis a three-stegprocedure. In the rst

step,thin sectionsCT imagesanddepositionamodelsareusedto
extracta porespacemodelfrom a sampleof sedimentaryock. In
thesecondstep this porespacamodelis simpli ed by replacingthe
actual(e.g.,imaged)poreshapesvith thewell-de ned geometrical
shapesuchasductsof circular, triangularor squarecross-section.
Theoutputof this stepis a pore-netwark representationf the sed-
iment. Finally, in stepthree,the simpli ed porenetwork is used
to simulatea multiphasedisplacemenprocessandto obtainthe
respectie macroscopicelative permeabilityandcapillarypressure
functions. Therefore the pore-scalenodelsdiffer from the large-
scalemodelsin thatthe macroscopiconstitutie relationshipsare
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Figurel. 3D networkrepresentatioof porethroatglinks orbonds)
in Bentheimeisandstone

notassumedhut emegefrom averagingof therelevantpore-scale
physics. Using this three-steprocedure Aren et al. [1998] sim-
ulatedtwo-phaseo w in a sandstonandwereableto predictthe
experimentatrainagexndimbibition capillarypressurandrelative
permeabilitycurves.

Themacroscopidransportpropertieof two-phaseo w arede-
terminednot only by the geometryand topology of the porous
medium,but alsoby the spatialdistribution of wettability andthe
extentof wettability alterationin individual pores.Wettability may
vary spatially owing to contaminantaging [Powers et al., 1996],
variationin aqueoushemistry[Demondet al., 1994; Powers and
Tamblin 1995],mineralogyAndeson 1986],organicmatterdistri-
butions[Dekler andRitsemal1994],andsurfaceroughnes$l.enor
mandand Zarcone 1984; Morrow, 1975]. Several studieshave
usedpore network modelsto investicate the effect of wettability
on the macroscopialescriptorsof two-phase o w [Heiba et al.,
1983; McDougall and Sorbie 1995;Blunt, 1997a,b]. Common
to all thesemodelsis the useof latticesto describethe sedimens
pore space. In this paperwe extend the analysisof wettability
effectsonthe macroscopicapillary pressuresielative permeabili-
ties, trappedNAPL distributions,and o w regimesusinga faithful
representatioof the porespaceof a permeableock.

The paperis organizedas follows. First, we briey describe
the disorderedhree-dimensiongbore network usedin this study
Secondywe describghe physicsof two-phaseauasi-statidrainage
and imbibition of a single pore. Third, we describethe trapped
NAPL clustersandprovide proceduregor identifying themin the
network. Fourth,we calculatethe network volume-aeragedabso-
lute permeability the relative permeabilityand capillary pressure
curves,theresidualNAPL saturationandthespatialdistribution of
clustersof thetrappedNAPL. Full descriptiorof thepercolatioral-
gorithmsis provided. Finally, we studythe effectsof wettability on
thenetwork-averagedelative permeabilitieandcapillarypressure.

2. Network Generationand Description

Thenetwork, Figurel, usedearlierby Statoil[Arenetal., 1998]
andPatzek[2001], was extractedfrom a 3D micro-focusedX-ray
CT imageof a (2:5mm)® sampleof Bentheimersandstone. It
consistsof 3677nodes(porebodiesor sites)and8952links (pore
throatsor bonds).All nodesandlinks aretranslationally-symmetric
cylindrical ductswith arbitrarycross-sectionésquarestrianglesor

circles). Thenetwork connectvity variesfrom zeroto sixteenlinks
connectedo anode. Theductgeometnyis determinedhroughtwo
parameterstheinscribedcircle radius,r, andthe shapefactor G.
The shapefactoris de ned astheratio of the duct cross-sectional
areaand the squareof its perimeter The complex and variable
crosssectionof realporesareapproximateavith ductsof arbitrary
triangular squareor circular cross-sectionssuchthatthe constant
shapefactorsof the duct cross-sectionsre the axial averagesof
thosecalculatedfrom the CT image. The mostcommoncross-
sectionof the network ductsis triangular Giventhe shapefactor
G, of anangularnodeor link, the cornerhalf-angles, i, aregen-
eratedusingthe proceduredescribedn [Patzekand Silin, 2001].
The angularcylindrical ductscapturethe mostessentiabspeciof
geometryof real pores: the presenceof sharpcorners lled with
water that remainscontinuousacrossthe network. We feel that
theductcornersaremoreimportantthanthe cornverging-diverging
geometryof circularducts.

3. Pore-Level Descriptors of Two-PhaseFlow

Figure2 shavs two immiscible uids, waterandNAPL, in con-
tactwith a smoothsolid. The uid con guration dependson how
well eachof the uids wetsthe solid. This wettingability is mea-
suredby the contactangle, i, measuredhroughthe water The
diagramalsodepictstwo differentdisplacementegimes: drainage
and imbibition. In drainageNAPL displaceswater whereasin
imbibition waterdisplacesNAPL. In general thesetwo displace-
mentregimesresultin differentcontactangles: recedingcontact
angle, |t , in drainageand adwancingcontactangle, 4, in imbi-
bition. Experimentshave shavn thatadwancingcontactanglecan
be much larger than recedingcontactangle [Morrow, 1975; Ma
et al., 1996]. Drainageand imbibition can be repeatedhrough
multiple displacementycles; however, we restrict this study to
primary drainagewhereNAPL displacesvaterfrom a previously
water lled sedimente.g.,NAPL migrationinto groundvater)and
secondarymbibition wherewaterdisplaceshe NAPL thatinvaded
during primary drainage(e.g.,NAPL clean-upby water ooding).
Hysteresidetweerthe recedingandadwancingcontactanglecon-
tributesto therespectie hysteresesf thecapillarypressureandthe
relative permeabilitycurves; porelevel displacementechanisms
contrikutetherest.

Our goalis to calculatethe capillary pressuresndrelative per
meabilitiesn two-phasgrimarydrainageandsecondarymbibition
of thenetwork in Figurel with differentarbitraryvaluesof contact
angles.MicromodelstudiegLenormancet al., 1983;Lenormand
and Zarcone 1984;Li and Wardlaw, 1986] unveiled muchof the
pore-scalghysicsin two phaseo w.

3.1. DisplacementMechanismsand Capillary Entry Pressue

There are two basic modelsof multiphase ow in pore net-
works: dynamicand quasi-static. In dynamicmodels,capillary,
gravity, andviscousforcesin the uids areaccountedor simulta-
neously In quasi-statianodels,capillary forcesdominate gravity

Drainage Imbibition

NAPL
= \Nater

Figure2. Contacianglehysteresibetweerdrainageandimbibition
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modi es the magnitudeof capillary pressureandthe microscopic
uid distributionsarefrozenat eachlevel of the capillary pressure.
Thehydraulicconductancesf theresulting o w networksarethen
calculatedindependently In this study we adoptthe quasi-static
approachandignorethe effectsof viscousforces. We alsoignore
the effectsof buoyangy forces.
Whena nodeor link carriestwo uids simultaneouslyNAPL

occupieghecenterof theporeandis treatedasabulk uid, whilst
water o wsin the laments alongthe porecornersFigure3. At the
uid interfaces,capillary pressurés given by the Young-Laplace
equation:

sz%i+i

P =PN i
c | r Iy

)

whereN andw labelthe NAPL andwater respectiely; %ais the
interfacial tension;andr; andr, arethe principle radii of curva-
ture of the uid interface. Invasionby either of the uids does
not occuruntil this capillary pressureexceedsa speci ¢ threshold
capillary entry pressureP¢, thatis differentfor the differentdis-
placemenmechanismandporegeometriesPrimarydrainageand
secondarymbibition processeexhibit differentpore-levelinvasion
mechanismslin primarydrainagethe only invasionmechanisnis

piston-typedisplacemensinceinitially the network is lled with

water In secondarymbibition, partof thenetwork hasbeerinvaded
by NAPL, andthe displacementmechanismsnclude piston-type,
snap-of and cooperatie pore-body lling. This classi cation of

porelevel eventswas rst presentedn Lenormandet al. [1983];
Lenormand1986], andthe calculationof the correspondingapil-
lary entry pressuress presentedh, e.g.,Arenetal. [1998]; Patzek
[2001]. Thepore-level displacemeniechanismarepivotal to the
discussiorof the effectsof wettability. Thereforewe will brie y

discusghemandprovide morecompacexpressionsf thecapillary
entrypressures.

First, let us de ne threeconstantgshat are commonin mostof
the expressiondor the capillary entry pressures.Theseconstants
are calculatedfor eachcorner i, of anangularduct describedoy
two parameters:the cornerhalf-angle™;, and contactangle, | .
Thecontactangle |, variesfrom therecedingcontactangle  , in
primary drainageto the hinging or advancingcontactangle,p, or
Ha, In secondarymbibition. The constantgare

Eo = ?i T )
i _ cos( + i)

E: = Tein(y) 3)
i _ cos(+ i) _

E, = e cos() 4)

ConstantE is positive in the caseof primary drainageandspon-
taneousmbibition (concare menisci)and negative in the caseof
forcedimbibition (convex menisci). Thethreeconstantareequal
to zerofor the ductswith circularcross-sections.

3.1.1. Drainage Piston-Type. By equatingheradiusof cur
vatureof the arc-menisc{AM) in the cornersto the rst curvature
of the invading interface[Mayer and Stowe 1965], the threshold
capillaryentry-pressureanbe expresseds

0 s P — 1
4G 1, (Eyi ED) A
cog (ix)

3
Pe., (k)= F/“cos(u,)@1+ 1j

(5)

where E{ andE} arecalculatedwvith s = -, andn isthenumber
of cornersin anangularduct,i.e., n =3 for trianglesandn=4 for
squares.

3.1.2. Imbibition Piston-Type. If thereis contactanglehys-
teresiseachAM hingesabouits contactine, pinnedatadistancey;

R™=4.7 kPa N\

1 2
3 q= 0 CIa=d 4

: i R°-25kPa .

Figure 3. Distribution of waterand NAPL in a singleduct. In
drainageawater lled duct(4) is invadedby NAPL (3), andcapil-
lary pressuras furtherincreased?2) and(1). Imbibition proceeds
in the oppositedirection

from the cornerape, until thehingingcontactangle ;i , reaches
adwancingcontactangle s . For agivencapillary pressurd®., the
AM i andthecorrespondingy are

h i

bhi (Pc) = arccos P%COS(M + 7)) 0T (6)
Ya i ¢
b(Pc;uh;i ) = P_CEl (7)

where P
drainage.
Piston-typedisplacemenin secondarymbibition canbe spon-
taneousor forced. Spontaneoupiston-typeimbibition occursat a
positive capillary pressurewhereadorcedimbibition occursat a
negative capillarypressureThemaximumadwancingcontactangle
atwhich spontaneousecondarymbibition canoccuris
A P !
i 4G T, ocos + i)

"I cos() + 4nG sin(p)

is the maximum capillary pressurein primary

Y4 arccos

Ha;max (8)

Thethresholdcapillary pressurén spontaneousnbibition canbe
calculatedby solvingiteratively the following two equations:

Y2 M 1 Ya
. Ya
Moo= min o ; Ha ©)
Mot
2 5 n . )
r = D A;_G + rfT i=1 (Eéd EIZ) ¢ (10)
pT T - 1 —
2y, in=1 Eo+ %i 2y, in=1 El cos(h)

Eq. 9 calculatesthe actual contactangle, which will be the
smallerof the hinging and advancingcontactangle. This contact
angleis usedo calculateheconstant€ ), E} andE b, whichin turn
areusedto calculatethe radiusof cunvature,r, ;. , atthe capillary
entrypressuren Eq. 10.

W\sz

qr=10" q,=180°

RE-2.5 kPa .3 .4
4) of NAPL in

Figure 4. Creationof intermediatelayers(1 !
piston-typembibition with extremecontactanglehysteresis
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Then,thethresholdcapillary pressurén piston-typeimbibition
reducego threecases:
_h

"pT
2¥:c0s( Ha )

r
i Pépo (i Ha)

if o+ Ma;max
if Paymax < Ha < 2+ min(7y)
if pa, 2+ min(")

PE . =

(11)

In the rst casetheinvadingwaterinterfacespontaneouslym-
bibesinto the pore at a positive capillary pressure.In the second
andthird case,the invadinginterfaceis forcedinto the poreat a
negative capillary pressureWhatdistinguisheshe third casefrom
thesecondneis thecreatiorof intermediatdNAPL layersshavnin
Figure4; theconstant&€ y andE; arecalculatedwith 1 = Y4 .
A NAPL layerin a corneris assumedo exist aslong asthe two
con ning meniscido not touch. The mathematicaformulationof
this conditionis given in Al-Futaisi and Patzek[2002b] as func-
tion of thetwo interface-ape distancesthe contactanglesandthe
cornerhalf-angle.

3.1.3. Snap-Off. Snap-of is the expulsionof NAPL by the
swelling corner laments, or AMs, of water. Snap-of occursif
two or more of the AMs meetand fuse at a thresholdcapillary
pressure.At this critical pressurethe AMs becomeunstableand
theentirepore lls with water Snap-of canonly occurif thereis
no invading water interfacewaiting at an end of the pore (i.e., if
piston-types impossible).If thethresholdcapillaryentry-pressure
is positive, snap-of is spontaneousyhereasf it is negative, snap-
off is forced. The maximum adwancing contactangle at which
spontaneousnap-of canoccuris

Y. L
bemac = 5 i min(7) (12)
In orderto calculatethe snap-of thresholdcapillary entry-pressure
for triangulamporesoneshould rst determingheradii of curvature
of the menisci,rSoij , resultingfrom the meetingof the AM in the
corneri, with thatin theadjacentornerj :

cot( 1) + cot(})

~ 13
Ei+ EJ (13)

rSOij

Herethe constantsE} andE!, are determinedusing the mini-
mumof thehingingcontactangle uin (3/4=rSoij ), andtheadvancing
contactangle, pa, for cornersi andj, respectiely. Sincep, is
a function of Mso; iterationis required. The thresholdcapillary
entry-pressuréor snap-of is given by

8
Ya H
2 i (rse, ) i Ha < Hajmax
e —_ i - . . . —

Pc cos(r +Imin( D) if Pa, Yai min( i)

(14)

In thelasttwo casesall threeAMs arecorvex, their cunatures
arenegative andwaterinvasionis forced. Whenoneof theAMs be-
comesa half-circle,it becomesinstableandsnap-of occurs.Note
thatfor gl = Pamax , the thresholdcapillary entry-pressurdor
snap-of is zero(a at meniscudn the sharpestorneradwances).
Also, notethatporesandthroatswith circularcross-sectiondo not
have snap-of sincethereareno corners.

3.1.4. Cooperative Node Filling. The threshold capillary
pressureecessaryo |l anodewith waterdepend®nthesmallest
radiusof curvatureof the interfacebetweenthe waterand NAPL,
andon the numberof connectedinks. Therequiredradiusof cur
vaturedepend®on the sizeof the node,andthe numberandspatial
distribution of theconnectedinks lled with NAPL. Blunt[1997b]

representethe thresholdnode lling capillary pressurdor thel
mechanisntk is thenumberof links lled with NAPL):

cly — Rk (15)

whereR( is the meanor effective radiusof curvaturefor lling by
anl, mechanism.We assumehat | ;-mechanisnis the sameas
the piston-typein imbibition describedn Section3.1.2. For | ;-
mechanismandabove, we usea similar procedureor calculating
Ry, presentedn [Patzek 2001].

3.2. Saturations, Conductancesand Nodal Pressues

Figures3 and4 shav thatwatercan Il theentirepore,the cor
nersof the pore,and/orthe centerof the pore. NAPL, in contrast,
occupieghe centerof the poreor existsassandwichedayersnear
theporecorners.Arenetal. [1998]; Patzek[2001] provide expres-
sionsfor calculatingphasesreasyolumes andsaturation®f both

uids. Thehydraulicconductancearecalculatedusingtheexpres-
sionsin PatzekandSilin [2001]; PatzekandKristenserj2001]. The
sandwichedNAPL layer geometry stability, and conductancere
detailedin Al-Futaisi and Patzek[2002b]. For simplicity, we as-
sumethattheoverall conductancés calculatedcasaharmonicnean
of the conductancesf aunit o w channelonsistingof alink and
its two nodeg(seePatzek[2001]). Sincethe uids areincompress-
ible, volume conserationis applied,anda setof linear algebraic
equationdor the nodepressuresre determinedteratively 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 connectedo the
inlet. After breakthroughthis NAPL o ws througha part of the
network andis alsoconnectedo theoutlet. Watercorner laments
alwaysremainconnectedhroughouthe network.

In secondarnyimbibition, bypassing,snap-of and cooperate
pore-bodylling graduallybreakthesingleNAPL clusterinto mary
disconnectedlusterswith differentcon gurations. We depictfour
possibletypesof NAPL clusters: clustersconnectedo the inlet
andoutletfaces(Typel), clustersconnectedo the outletfacebut
disconnectedrom the inlet face (Type Il), clustersdisconnected
from the inlet and outletfaces(Type lll), and nally clustersdis-
connectedrom theoutletfacebut connectedo theinlet face(Type
V).

Identi cation of theseclusterds themajortaskin thesimulation
of secondarymbibition; it is neededn orderto updatethe perco-
lation algorithmandto studythe spatialdistribution of thetrapped
NAPL. Thereforeanef cient clusteridenti cation algorithmis re-
quired. In the percolationalgorithm,if we only invadethe NAPL
clustersthat are connectedo the outlet (Type | and Type Il), it
is sufcient to identify theseclusterswith a spanning-tresearch-
ing algorithmstartingfrom theoutlet. However, to studythespatial
characteristicef thetrapped\NAPL clustergTypelll andTypelV),
amoresophisticatedilgorithmis required. In this study we have
choserthefamousHoshen-kKpelmanHK) algorithm[Hosherand
Kopelman 1976]to identify thelatterclustertypes.

Theintroductionof the Hoshen-Kpelman(HK) algorithmwas
animportantbreakthrouglin theanalysisof clustersizestatistican
percolationtheory Althoughthealgorithmwasinitially appliedin
statisticaphysics,nowadayst isusedn mary diverseelds [Zhang
and Seaton1996;Moreira andBarrufeth 1996;Eddietal., 1996;
Kinney et al., 1994; Hamimo et al., 1989]. The algorithm has
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beenusedin ordered latticeswith only links, only nodes,or both
links andnodeqHosheretal., 1979;Campo<tal., 1997;Hoshen
1980]. The HK algorithmis well-developedfor lattice environ-

ments,and less developedfor non-latticeervironments,suchas
the disordered networks consideredhere. In a separatgaper[Al-

FutaisiandPatzek 2002a],we presenanef cient extensionof the
HK algorithmto complex disorderechetworks, cf. Figurel. This
extensionof the HK algorithmis usedhereto identify the trapped
NAPL clusters.

5. MacroscopicFluid Transport Properties

Themacroscopicuid transporipropertiesarecalculatecnthe
entireporenetwork. They are: theabsolutepermeability capillary
pressureandtwo relative permeabilities.

5.1. Absolute Permeability

First, we determinethe single-phaseo w permeabilityof the
network [Dullien, 1992]. Dargy'slaw [Darcy, 1856]for linear o w
of anincompressibleuid de nestheabsolutgpermeabilityk, of a
sedimengsfollows:

1|_.

¢P’ (16)

=~
I
>|O

whereQ is the total volumetric o w rate, A is the normalcross-
sectionalareaof the sampleof the porousmedium,? is the uid
viscosity ¢ P is the pressuredropacrosghe sampleandL is the
samplelength. Absolutepermeabilityis a macroscopidransport
propertythat is uniquely determinedby the pore structure. The
following procedures implementedo calculatethe absoluteper
meability:

1. Fully saturatehe entirenetwork with a single uid
. Calculatehydraulicconductancesf the network ducts
. Apply volumeconserationto eachnode
. Imposepressuresntheinlet andoutletboundaries
. Calculatethenodalpressures
. Calculatethetotalin o w or total out ow

7. Apply Dargy'slaw (Eq. 16) to calculatethe absoluteperme-
ability

The network usedin this analysishasan absolutepermeability
of 5100mDarg. The rock permeabilityobtainedby Statoil was
5160mDarg. To checkthe applicability of Dargy's law in our
analysistheyz-averagechodalpressuralistribution alongthenet-
work x-axis is plottedin Figure5. The gure indicatesthat the

o O~ WDN

.
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Pressure
o
o
.
I
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Figure5. Thecross-sectioaveragedressurdistributionfor uid
o w in thex-directionof thenetwork in Figurel

uid pressuredecreasetinearly from the inlet faceto the outlet
faceexceptfor the minor boundaryeffectscloseto the faces;the
o w in the network follows Dargy's law.

5.2. Capillary Pressue Curve

Drainageof aninitially water lled network proceed$yincreas-
ing capillary pressurdevel in the network. This is donein incre-
mentsof link capillaryentrypressurei piston-typedisplacement,
orderedfrom lowestto highest. Drainagestopswhena speci ed
maximumcapillarypressurés reached Now imbibition beginsand
capillarypressurés loweredin stepsof capillaryentrypressurefor
all threedisplacemenmechanismsrderedrom highestto lowest.
This orderingmalesit plain that pistontype displacements most
favored and snap-of is leastfavored. Imbibition stopswhenthe
last clusterof NAPL becomeddisconnectedrom the outlet. At
setcapillary pressuregor overall water saturations) steady-state
creeping o w of both phasess calculatedon the clusterof water
andthoseclustersof NAPL thatareconnectedo theinlet andthe
outlet. Both phasesreundera unit pressuralifference.

In apermeableock, uid o w pathsaredeterminedy therock,
but the rock itself is in somesenserandom: uid transportis a
percolationprocesgde Gennes1980]. In two phaseo w, thein-
vading uid mustbeconnectedo theinletto continueinvasionand
thedefendinguid mustbeconnectedo theoutletto bedisplaced.
This dynamic percolationis called invasion percolation[Wlkin-
sonand Wlliamsen 1983]. If clustersof the defending uid can
be disconnectedrom the outlet, we call this processpercolation
with trapping[DiasandWIkinson 1986]. In primarydrainagethe
invading uid is NAPL andit doesnot occupy the pore corners.
Therefore,primary drainageis a pure bond invasion-pecolation
problemwith a singlepiston-typedisplacemeninechanism.

In contrast,imbibition is a problemin mixed bond and site
(link/node) invasion-pecolation and ordinary percolation with
trapping The invading water occupiesthe cornersof the ducts.
As capillarypressurelecreasedink lling startsby snap-of, if ini-
tially therearenoinvadingcentralmenisci,andthenby piston-type
imbibition. Snap-of is an ordinary percolationprocess. Piston-
type displacemenis aninvasionpercolationprocess.At the same
time, the nodesattachedo oneor moreinvadedlinks, but having
two or moreuninvadedinks, aresubjecto cooperatie node lling
by I« events. The Iy mechanismgeneratecompactclustersof
waterwith no apparentonnectvity to theinlet.

5.2.1. Algorithm of Bond Invasion-Rercolation (Primary
Drainage).

1. Calculateall piston-typecapillaryentrypressuresf links and
sortthemin strictly ascendingrder

2. At eachcapillary pressurdevel, nd all links thathave cap-
illary entry pressureEg. 5, lessthanthe currentlevel of capillary
pressurehave not yet beeninvaded,and have at leastone of the
two attachedhodeslled with NAPL.

3. Invadetheselinks andthe attachednodesif applicable. A
nodeis readyfor invasionif it is occupiedoy waterandits piston-
typecapillaryentrypressurekq. 5, is lessthanthe currentlevel of
capillarypressure.

4. New links maynow becomeavailableto invasionbecausé¢he
attachedhodeshave beeninvaded.

5. Repeastep2-3until nofurthernodesr links canbeinvaded.

6. Having invadedall possiblelinks and nodes,calculatethe
overall (average)waterphasesaturationin the network.

7. Proceedo the next capillary entry pressurdevel andrepeat
steps2-6 until the speci ed maximumecapillary entry pressuras
reached.
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5.2.2. Algorithm of Mixed Invasion-Rercolation and Ordi-
nary Percolation with Trapping (Secondarylmbibition).

1. Secondarymbibition startsaftera maximumcapillary pres-
surelevel in primarydrainagehasbeenreached.

2. Startingfrom the maximumcapillary pressurdevel, invade
links or nodeswith waterin orderof thedecreasingiston-typeand
snap-of capillaryentry pressuresAll thesepressuresresortedin
asinglelist in strictly descendingrder

3. To bedisplacedby the invadingwater NAPL mustbe con-
nectedto the outlet of the network. After primary drainage the
NAPL formedoneclusterspanninghe entirenetwork. In imbibi-
tion, snap-of andl  events graduallybreaktheinitial NAPL cluster
into mary disjointclusters.Sinceonly theclustersconnectedo the
outlet(typel andll) mustbeidenti ed, useaspanning-tresearch-
ing algorithm[Cheritonand Tarjan, 1976] startingfrom the outlet
node. To ag a water or NAPL-type duct during clusteridenti-
cation, we assumehat if the duct containsNAPL in the center
or in at leastone sandwichedayer; it is NAPL-type. Otherwise,
the ductis watertype. The assumptiorthat a single sandwiched
NAPL layer per duct provides connectity with the neighboring
ductsmay overstatethe overall NAPL clusterconnecwity. It is
dif cult to trackthespatialorientationof theintermediatdayersin
anetwork becausef thecomplex network geometryandtopology
andlack of informationaboutthe orientationof its nodesandlinks.

4. OncetheNAPL clustersconnectedo theoutletfaceareiden-
ti ed, theinvasionprocesss restrictedto the links and nodesin
theseclusterdeaving therestof the clusterstrapped.In the caseof
links, rst checkthe viability of piston-typedisplacementA link
undegoesa piston-typedisplacementf its piston-typecapillary
entrypressurekEq. 11,is greatethanthecurrentcapillarypressure
level, andit hasat leastoneof its two nodeslled with water If
neitherof the nodesis lled with watet checkfor the possibility
of snap-of if thelink snap-of capillary entry pressureEq. 14, is
greatethanthecurrentcapillarypressurdevel. In thecaseof nodes
connectedo at leastonelink lled with water anddependingon
the numberof connectedinks that have NAPL, checkthe viabil-
ity of cooperatie node lling whenthe respectie capillary entry
pressureEq. 15, exceedsthe currentcapillary pressurdevel. If
thenodeis notconnectedo ary link thathaswaterphaseperform
snap-of if thenodesnap-of capillaryentrypressures greatetthan
the currentlevel of capillary pressure.lf new nodesor links have
becomeavailablefor invasion repeathis procedureuntil nofurther
invasionis possible.

5. Beforeproceedindo thenext capillarypressurédevel, update
thesaturations.

6. Repeatprocedure3-5 at the next, lower capillary pressure
level.

5.3. Relative Permeability Curves

We computerelative permeabilityof phasé, usingDargy's law:

QitiL

ki = KA

7)
whereQ; isthevolumetrictotal o w rateof phasd, ! i isthephase
i viscosity and¢ P; isthephasé pressur@ropacrosghenetwork.

At several overall waterphasesaturations40 in this analysis,
we solwve for the nodal pressuresind then calculateeachrelative
permeabilityby using Eq. 17 for waterand NAPL. Sincewater
remaingontinuoughroughouthenetwork, thenodalpressureal-
culationis appliedto all nodesexceptthe onesconnectedo the
inlet andoutletfacesandthe onesthataredead-endTheinlet face
nodesare assignecdan arbitrary pressurePi, , whereasoutlet face
nodesareassignedrbitrarypressurd®,,: . Dead-encporesdo not
o w, andareeliminatedfrom the calculation.

TheNAPL clusterscanbeof thefour typesdepictedn Sectiord.
In therelative permeabilitycalculationsit isreasonabléignoreall
clustergddisconnecteffom theoutletface(typelll andlV) because
theseclustersaretrappedandhencecannotbe displacedy thein-
vadingwater However, it is essentialo considetheremainingwo
clustertypesthatareconnectedo the outletfacebecausehey can

ow. Thesetwo clustertypeshave differentboundaryconditions
andthereforethe reasondor their inclusionin the calculationsare
different.

Theclustersconnectedo theinlet andoutletfaces(typel) span
the entirenetwork andtheir boundarypressuresresimply Pi, for
thenodesntheinletfaceandPq,: for thenodesontheoutletface.
Thus, the calculationof the NAPL permeabilityfor theseclusters
follows a proceduresimilar to thatimplementedn drainage.Note
thattheconductancesf water laments aredifferent,becauseach
corner lament may have its own hinging angle. In contrast,the
boundaryconditionfor thenodalpressurealculatiorof typell clus-
tersis Poy: for thenodesontheoutletface,andtheNAPL pressures
on theinternalboundaryof the clusters. The internalboundaryis
de ned asary NAPL nodein the clusterthatis connectedo alink

lled with water Anotherimportantdifferencebetweerthesetwo
clustertypesis thatthein o w andout ow in typel clustersareboth
NAPL, whereadn the caseof typell clustersthein ow is water
andtheout ow is NAPL.

To our knowledge,all quasi-statiqpore network simulatorsig-
norethe contritutionsof type ll-IV clustersto the NAPL relative
permeability Only type | clustersthat spanthe entire network
are considered. This approachs consistentwith the assumption
thatonly steady-stateelative permeabilitiescan be calculatedby
a quasi-statigporenetwork simulator Inclusionof typell clusters
wouldbeequivalentto thecalculationof unsteadytaterelative per
meabilityof NAPL, wherebywateraccumulates thenetwork and
expelsthetypell clusters.Unsteadystatecalculationsareimpossi-
ble within thequasi-steadgtateframework, andtypell clustersare
ignoredin the relative permeabilitycalculations. Type Il clusters
arenot ignoredin the capillary pressurecalculations. The lowest
trappedNAPL saturatioris achiszedwhenthelasttypell clusteris
expelledfrom the network.

6. MacroscopicEffects of Wettability Alteration

The recedingcontactangle during primary NAPL invasionis
assumedo bezerobecausénitially the sedimentis fully saturated
with water As seerfrom Figure3, afterprimarydrainageheNAPL
occupiesgheporecenterandthewaterresidesn thecorners.After
invasion thewater Ims coveringthecentralpartof eachof thepore
walls mayruptureandthewalls maybecomeNAPL-wet® [Kovscek
etal., 1993],whereaghe porecornersremainwaterwet resulting
in a mixed-wetrock, rst describedoy Salathiel[1973]. As are-
sult, prior to secondarymbibition, wettability of the poreinterior
is altered(i.e.,thesmallrecedingcontactanglein drainagechanges
to a larger advancingcontactanglein imbibition [Budley et al.,
1995;Budckley andLiu, 1998;Hirasaki 1991;Morrowetal., 1986;
Freer et al., 2002]). The degreeof wettability alterationis spa-
tially variableanddepend®nthemineralogyof thesurfaceandthe
chemicalcompositionof the uids [Budkley et al., 1995; Budley
andLiu, 1998;Hirasakj 1991;Morrowetal., 1986]. In thefollow-
ing sectionswe usethe displacemenscenariodescribedabore to
studythe effect of wettability alterationon the capillary pressure,
trappedNAPL clusters,relative permeabilitiesand displacement
mechanisms.In our calculationswe have used35 mN/m for the
interfacial tension,1 mPa-s for the uid viscosities,188 kPa for
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Figure 6. Impactof adwancingcontactangleson the secondary
imbibition capillarypressure

the maximumP¢ in primary drainage,and the no-slip boundary
conditionat the NAPL-waterinterfaces. The densitiesof the two
uids arethesame.

6.1. Effectson Capillary Pressue Curveand Trapped NAPL

Theadwancingcontactangles0* to 180° aredividedinto severall
smallerrangeqseeFigures6 to 9). Within eachrange the contact
anglesare spatiallyvariablein the network, with uniform random
distribution, re ecting the heterogeneoupore-surfce chemistry
androughnessFigure6 shows thatthe secondarymbibition cap-
illary pressureurveschangesigni cantly in responseo therange
of advancingcontactangles.As we increasecontactanglehystere-
sis, we increasethe capillary pressurehysteresis.With no contact
anglehysteresisp, = P = 0%, thecapillary pressuréysteresiss
causedy thedifferentpercolatiormechanisma primarydrainage
andsecondarymbibition. For g, = 0* to 90%, the capillary pres-
sureis positive andimbibition spontaneousTheimbibition curves
becomeatter aswe approachu, = 90°. As seenfrom Figure6,
therangep, = 80" to 100* generatesin almostcompletely at
curve closeto P = 0 kPa. Furtherincreaseof advancingcon-
tactanglesresultsin forcedimbibition, in which capillary pressure
becomemagative. In this case,the imbibition capillary pressure
curesceasebeing at. For i, , 120, thesecurves mirror the
primarydrainagecapillary pressureune.
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Figure 7. TrappedNAPL saturationas a function of adwancing
contactangles

Figure 6 alsoshaws the dramaticeffects of advancingcontact
angleson the trappedNAPL saturation. The relationbetweernthe
trappedNAPL saturationrandthe adwvancingcontactangleis sum-
marizedin Figure?7. In the caseof waterwet network, the trapped
NAPL saturatiordecreaseastheadwancingcontactainglesncrease.
The saturationreductionis from 38% for the strongly waterwet
network, jla = 0%, to about9% for the caseof weakly water
wet network, Pa just belowv 90°. The transitionbetweenwater
andNAPL-wetnesf porecentersp, ¥4 90%, resultsin adramatic
jumpin thetrappedNAPL saturationfrom 8%to almost46%. This
jump shouldbe expectedbecausef the transitionin the dominat-
ing displacemenechanismbetweerawaterwetandNAPL-wet
network. As previously seenfrom Figure4, the creationof inter-
mediateNAPL layersis oneof theimportantcharacteristicef ow
in the NAPL-wetregime. Thesdayersenhancehe connecwity of
NAPL in thenetwork andthusreduceheNAPL trapping.However,
for contactanglesu, = 90* to 100%, it is geometricallyimpossible
to createary suchlayers,resultingin high NAPL trapping. For
contactanglesy, = 100° to 120%, somestableNAPL layersare
createdandtrappedNAPL saturationstartsto decrease Figure 7
clearly shavs the high sensitvity of the trappedNAPL saturation
to the advancingcontactanglesbetween90* to 120*. This sen-
sitivity reduceswith the increasinghumberof intermediateNAPL
layers.For contactangledargerthan120*, very low saturation®f
trappedNAPL canbe reached. The trappedNAPL saturationfor
e = 180" is 0:03%. In Figure8, the spatialdistributions of the
trappedNAPL clustersare plottedfor four intenals of advancing
contactangles. The clustersareidenti ed usingour modi cation
of the Hoshen-Kpelmanalgorithmto disorderednetworks. The
numberof trappedNAPL clusterdor i, = 10* to 20*, 70° to 80,
92t094*, and170to 180" are618, 336, 2699 571, respectiely. A
detaileddescriptionof the statisticalandfractal propertiesof these
clusterswill beaddresseéh a separat@aper

6.2. Wettability Effectson Relative Permeability Curves

Figure 9 shawvs how the relative permeabilitieschangein re-
sponseo theincreasingadvancingcontactangles.To nd apattern
in thesechangesye grouptheresultsinto four wettability ranges:
e = 0Ft045%, s = 4571090, la = 90° t0120%, andy, = 120°
to 180°. For gy = 0 to 45%, Figure 9a, the changein the rela-
tive permeabilityto wateris minor. The relative permeabilityto
NAPL is initially (for Sy < 0:5) the same;however, asthe wa-
ter saturatiorincreasesconsiderablevariationis obsered. Larger
adwancingcontactanglegesultin thehigherNAPL relative perme-
abilities. In contrastfor . = 45° to 90° (Figure9b), the NAPL
relative permeabilitiesundego small changeshput the waterrela-
tive permeabilitiechangedramatically Largeradwancingcontact
anglegesultin smallerwaterrelative permeabilitiesndaslightin-
creasén therelative permeabilityto NAPL. In therangep, = 90*
to 100*, Figure 9c, the waterrelative permeabilityis very low be-
causewater moves almostentirely in the corner laments. The
NAPL relative permeabilityis alsolow dueto signi cant trapping.
As soonas|, departsfrom 100%, the waterrelative permeability
increasesand doesnot changefurther as we continueincreasing
adwancingcontactangles. In contrastthe relative permeabilityto
NAPL rst increaseg$9a),thenstaysconstan{9b),jumps(9c),and

nally levelsoff (9d).

ComparingFigures9a- 9d, one concludeghatthe relative per
meabilityto waterundegoesasmallvariationacrossall wettability
scenariosexceptfor = 45° to 1007, wherethe variationis dra-
matic. Ontheotherhand,therelative permeabilityto NAPL showvs
smallvariationsfor all wettability scenariosgxceptfor thep, = 0*
to 45" andy, = 90 to 120%, wherelarge changesare apparent.
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Onecanalsoobsenre thatfor watersaturationsessthan50%, wa-
ter o w is very slow (waterrelative permeabilityis lessthan0:02).
Similarly, for water saturationggreaterthan 50%, NAPL ow is
very slow (NAPL relative permeabilityis lessthan0:02). Finally,
onecanobsene thatthe crosseer-pointsof waterandNAPL rela-
tive permeabilitiesareroughly at saturationgreaterthan50% for
thewaterwet casesandlessthan50% for the NAPL-wet cases.

6.3. Wettability Effectson Flow Regimes

The variability of two phase o w in porousmediacanbe ex-
plainedby the competitionof thedifferentpore-level displacement
mechanism#n responséo change®of adwvancingof contactangle,
Figure10. In stronglywaterwet systemsy, = 0%, link snap-of
is favored. As capillary pressuradecreasessnap-of lls the nar
rowestlinks with waterthroughouthe network, andnode lling is
suppressedntil mostof the links arealready lled. Whenmost
links arewater lled, theNAPL in thenodess likely to betrapped.
Therefore,the dominationof snap-of mechanisnis responsible
for the largesttrappedNAPL saturationobsered in the strongly
waterwet systems.As we increasecontactanglehysteresissnap-

off is favoredlessandpiston-typedisplacemenstartsto dominate.
Theinvasionstartsby snap-of in the smallestinks throughouthe
network, i.e., by ordinary percolation, followed by piston-like co-
operatve node lling if the node/linkaspectatio is nottoo large,
i.e.,by compactlustergrowth[Lenormancetal., 1983]. Thecom-
petitionbetweerdifferenttypesof node lling mechanismglaysa
majorrolein lling thenodeswith water The growth of compact
waterclusterdeadsto minor NAPL trapping,causecdy bypassing
or coalescencef the growing clustersof water lled nodesand
links. This obsenation indicatesthat in waterwet systemsthe
invasionof thewater/NAPL centralmeniscipresentttheinlet face
is favoredlessthansnap-of in the network.
As thenetwork (rock) becomesesswaterwetandmoreNAPL-
wet,i.e., o + > 90%, adramaticchangen the o w regime oc-
curs. Theimbibition is forced,andthereforethe cooperatie node
lling is completelysuppressedThe competitionis now between
forcedsnap-of andforcedpiston-typedisplacementHowever, for
a piston-typedisplacemento occur theremustexist an invading
interfacesomevherein thenetwork to initiate it. Thereforejf dur-
ing primary drainageall poreswereinvadedby NAPL, andthere
areno water/NAPL centralmenisciwaiting at the inlet faceof the
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network, snap-of mustact rst in orderto startthe invasion. It is
seenin our simulationthatforcedsnap-of rarelyoccurs becausét
requiresvery large negative capillary pressuresThen,onceoneor
moresnap-of eventsoccur therestof thewaterinvasionoccursat
the samelevel of capillary pressure However, if the water/NAPL
interfacesexist at the inlet face,asin our case,the invasionwill
alwaysbeforcedpiston-typeandsnap-of will rarelybe obsened.
Sincenow NAPL is wettingandwateris nonwetting thedisplace-
mentis invasionpercolation with trapping The water adwances
by lling thelargestlinks andnodeswhichresultsin bypassingf
signi cant amountof the NAPL dueto the pinning of the corner
menisciandthedif culty of creatingstableNAPL layersyu, = 90*
to 100°. This regimeresultsin the maximumtrappedNAPL satu-
ration. As we furtherincreaseadwancingcontaciangle . , 110%,
we start creatingstableintermediateNAPL layersnearthe pore
cornersthatallow betterconnectiity of the NAPL andhenceless
trapping. Trappingoccurswhenthe NAPL layerscollapse. Al-
thoughthe NAPL trappingfor g, , 120" is theleast,therelative
permeabilityto NAPL is very low.

7. Conclusions

We have presenteda quasi-staticsimulator of drainageand
imbibition of two immiscible, incompressibleuids in a three-
dimensional disorderednetwork extractedfrom a real rock. We
have computedthe absolutepermeability the relative permeabil-
ities, the capillary pressurecurves, and the saturationand spatial
distribution of clustersof thetrappedNAPL. Our modelallows for
o wof wetting uid intheporecornersdifferentcontactanglesand
differenttypesof displacemenmechanismspiston-type snap-of,
andcooperatie pore-body lling. Primarydrainages performed
usingbondinvasionpercolation whereasmbibition is performed
usingbond-siteinvasionpercolatiorandordinarypercolation.The
spatial distribution of trappedNAPL clustersis illustrated using
a modi ed Hoshen-Kpelmanalgorithmfor disorderechetworks.
Different rangesof adwancing contactangleshave beenusedto
studythe hysteresiof relative permeabilityandcapillary pressure
cunes. In generalwettability alterationhasa profoundeffect on
the type of imbibition displacementind henceon the two-phase
o w characteristics.

In waterwet rocks,invasionwill alwaysbegin from within the
rock by snap-of, resultingin hightrapped\NAPL saturation.How-
ever, asthe advancingcontactangleincreasegthe rock becomes
weakly waterwet), snap-of becomedessfavoredandpiston-type
displacemenfrom the initial snap-of eventsstartsto form grow-
ing compactclusters. Competitionbetweerthe differenttypesof
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Figure 10. Effects of adwancingcontactangleon the secondary
imbibition pore-level displacemenmechanisms

porebody lling mechanismglaysa major role in the invasion
thatresultsin decreasinghe trappedNAPL saturation.Waterrel-
ative permeabilityremainsaboutthe samefor contactanglesless
that 45, but it decreasesery fastasthe contactangleis further
increaseduntil 90*). As the adwancingcontactangleincreases,
NAPL relative permeabilityincreaseslowly. In contrasto water
wet rocks,secondarymbibition displacemenin NAPL-wet rocks
begins by forcing water into the rock. Snap-of and cooperatie
porebody lling arealmostcompletelysuppressedror P, = 90
to 100%, water injection is an invasion percolationprocesswith
signi cant bypassingf NAPL. However, astheadwancingcontact
angleincreasesstableintermediateNAPL layersare created re-
sultingin a very low trappedNAPL saturation. In general water
relative permeabilityin the NAPL-wet rocks changedittle. The
variation of the relative permeabilityto NAPL is considerablén
therange90; 120°. Aswe increasgheadwancingcontactangle,
we increaseherelative permeabilityto NAPL.
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Notes

1. For very low capillary pressuresye arelimited to look at uids whose
densitiesaresimilar.

2. Sincewedonotallow for thecorverging/divergingangularporethroats,
thereis no capillarity-drivenwater o w into the porenecks.

3. It now appearshatpresencef any hydrocarbomext to a solid changes
thewetting propertiesof the solid surface.
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