PHYSICAL REVIEW E 66, 046302 (2002

Pore-scale network model for three-phase flow in mixed-wet porous media
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We describe the development and application of a three-dimensional pore-scale network simulator for
modeling capillary-dominated three-phase flow in porous media where the wettability varies from pore to pore,
i.e., where each pore is allowed to have a different oil-water contact angle from a chosen distribution. Physical
constraint equations for the remaining gas-oil and gas-water contact angles are implemented. In weakly wetted
pores wetting films are absent, which reduces the continuity of the various phases in the network and increases
the number of phase clusters that are disconnected from inlet or outlet. Mobilization of disconnected clusters
requires incorporation of double amdultiple displacement chains that involve a string of neighboring phase
clusters, e.g., gasoil—gas—oil—water. Furthermore, when multiple displacement chains cause discon-
nected clusters to reconnect to the outlet, the phase pressures at the outlet boundary are updated consistent with
the pressures within the system. A number of benchmark simulations for systems with nonuniform wettability,
mixed-wet with the larger pores oil-wet, are presented. The outcome of these simulations is presented as phase
paths in saturation space and in the form of pore occupancy histograms and histograms of the length and type
of displacement chains. Comparison of simulated saturation paths with those of an analytical capillary bundle
model with the same wettability show good agreement where phase continuity is high and decreasing agree-
ment as phase continuity in the network decreases. The saturation paths and occupancy and displacement
statistics for a number of water-alternating-gas injectdd\G) simulations bring out the various features of
the model, in particular, those related to the wettability. We find that multiple displacements do occur, mainly
during higher-order WAG floods, although their effect on oil recovery seems limited. Variation of the outlet
boundary pressure differences has an effect in certain regions of the saturation space that are defined by the
analytical model.
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[. INTRODUCTION Variation of the wettability or oil-water contact angle
from pore to pore has two major effects on three-phase flow.
Three-phase flow in porous media is important in areag he first effect relates to the pore occupancies, i.e., which
such as aquifer remediation from nonaqueous phase liquidgshase occupies which pore, and this in turn affects the de-
(NAPL) contamination and also in petroleum recovery wherependence of relative permeabilities on saturations. The sec-
gas is injected into water-oil systems in order to improve oilond effect relates to the presence or absence of wetting films
recovery. In petroleum reservoirs, water-alternating-gaglong the pore walls, which has large consequences for the
(WAG) injection often recovers oil more efficiently than in- continuity of the phases throughout the porous medium. Van
jection of either gas or water on their own. These three-phasBijke et al. [4,5] and van Dijke and Sorbif5] have devel-
flow processes are further complicated by variations in theped an analytical model for all possible three-phase occu-
wettability state of the porous mediufi—3]. In order to  pancies in a fully accessible capillary bundle model of arbi-
model three-phase flow at the macroscopic scale, it is necegary wettability. In these systems the values of the oil-water
sary to determine the associated phase relative permeabilitiesntact angles may be correlated to pore sizes, e.g., small
and capillary pressures. In macroscopic flow models the relgpores water-wet and large pores oil-wet, or uncorrelated such
tive permeability denotes the fluid dependent part of the peras in fractionally-wet systems, where water-wet and oil-wet
meability in Darcy’s law, the constitutive law that links the pores of all sizes exist. Furthermore, for each pore size, val-
flow rate of a phase to the pressure gradient within thaties of the contact angles may be randomly distributed. It
phase. Since measurement of these three-phase quantitiegusns out that a three-phase force balance or “constraint”
extremely difficult, we may either devise empirical methodsequation fixes the wetting order of the phases for a given
or appeal to pore-scale network simulators, which incorpoeil-water contact angle and set of interfacial tensipns].
rate our understanding of the microscopic physics. The poreFhis results in a fairly restrictive set of physically possible
scale behavior in a three-phase system is governed by capipore occupancies which are in turn linked to the saturation
lary displacements, which depend on the three interfaciallependencies of the three-phase relative permeabilities and
tensions, the wettability or oil-water contact angle at the poresapillary pressures as discussed in detail in Ref.
surfaces and the pore size. This paper explores the conse-In uniformly water-wet porous media, it is generally
quences of various types of system wettability for the porefound that the gas and water relative permeabilities depend
scale modeling of three-phase flow. only on their own saturations and resemble the correspond-
ing two-phase relative permeabilities in gas-oil and water-oil
systems, respectively. On the other hand, the oil relative per-
*Electronic address: rink@pet.hw.ac.uk meability depends on two saturations and is assumed to be
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some combination of the two corresponding two-phase relagrams of the type of displacements. First, we compare the
tive permeabilities. In pore-scale terms, water occupies theimulated saturation paths with those of the analytical capil-
small pores, gas occupies the large pores and thkry bundle model. Then, we show the saturation paths and
“intermediate-wetting” oil phase occupies the medium sizedoccupancy and displacement statistics for a number of WAG
pores “between” water and gas. This pore_sca|e view Wa§imulations, which bring out the various features of the
the basis for the widely used Stone water-wet empirical modmodel, in particular, those related to the wettability. In this
els for three-phase relative permeabiliti@10]. However, —Paper we focus on the displacement mechanisms and satura-
in systems that are not uniformly wetted, all three phased0n paths, and we have not attempted to extract relations for
may be the intermediate-wetting phase in different regions 0'f:aplllary pressures and relative permeabilities, as discussed
the saturation spade,5]. Furthermore, when the values of N S€c. IV. _

the contact angles are randomly distributed, regions exist Finally, we acknowledge that considerable progress has
where the relative permeabilities of all three phases depen@€€n made in understanding the detailed physics of phase
on more than one saturati¢f]. For each system it can be dllstr|but|ons.|n corners of pores with noncircular cross sec-
demonstrated how the three-phase relative permeabilities r@pr! expressing f||m' f|9W, see e.g., Refig5,26,, and_ of wet—

late to the corresponding two-phase relative permeabilitied@Pility variations within a single porg27,28. Detailed film

or it is shown that such a relation does not exist at all. ow has not yet been included in our model, which means

Since the analytical capillary bundle model referred tothat we cannot make fully quantitative predictions. However,
above[4,5] is fully accessible, no phase trapping or hyster-"e !mpllcnly represent films in our model by allowing con-
esis effects are reproduced. Hence, a three dimens@bal  tinuity along a pore of phases other than the phase occupying
interconnected network model is necessary to incorporati'e bulk of the pore, which is expected to be sufficient for the
these phenomena, as well as incorporating the additional efiudlitative results reported.
fect of wettability, the presence or absence of wetting films.

Existing three-phase network simulatof¢1-14, focus Il. DESCRIPTION OF THE NETWORK MODEL

mainly on strongly water-wet or oil-wet systems. In these
systems films of the wetting phase are present throughout the
network, therefore it is assumed that this phase is continuo
to the outlet. Larochet al. [15] have developed a network
simulator for 2D systems with geometrical patterns of
strongly water-wet and strongly oil-wet pore clusters. In
these systems the continuity of the wetting phase in a pa
ticular pore cluster is determined by its connectivity to inlet
or outlet. However, for weakly wetted media wetting films of
the wetting phase may not exist at all and the overall conti
nuity of the wetting phase vanishes. For example, water
wetting films vanish when the oil-water contact angle is les
than approximately 45°, depending on the details of the por
geometry[16,17]. Additionally, continuity of oil depends on
the existence ofspreading layers in gas-filled water-wet
pores. In general, phase continuity also depends on the
mensionality of the network2D or 3D), the coordination
number(z) and the number of phases in the network. Al_watera
though, according to percolation thed#8], in a 3D porous 1
network one of the phases is likely to form a cluster that is COFgo=5—1{Cs0C0800y+ Cs,0+ 200}, (1)
connected to both the inlet and the outlet, a significant num- 2090 7 ’

ber of clusters of the remaining phases may exist which are
disconnected from both inlet and outlet, but not trapped. The
presence of disconnected clusters can be observed from vari- COS&GW:%{(CS“ 2070w)C0SGowt Cs0F 2070},

ous three-phase micromodel experiments even under 2
strongly water-wet conditionf19—24. We demonstrate in

this paper that the presence of disconnected clusters has mahereo,,, o4,, andoyg, denote the equilibrated interfacial
jor consequences for the displacement mechanisms as well sensions andCs, is the oil spreading coefficientCg,

for the choice of outlet boundary conditions. =min(0,04,— 040~ 0ox). Relations(1) and(2) are consis-

In Sec. Il we describe the 3D three-phase network modelent with the equation of Bartell and OsterHaf|, and van
which can perform any arbitrary cycle of phase injections. ADijke and Sorbig 29] describe the consequences of the latter
number of benchmark simulations for systems with nonuniin more detail.
form wettability, mixed-wet with the larger pores oil-wet  (3) The cosines of the oil-water contact angles, are
(MWL), are presented in Sec. Ill. The outcome of theseandomly distributed, but correlated to pore sizeas fol-
simulations is presented as phase paths in saturation spalosvs. The cosines that take valuesobey the probability
and in the form of pore occupancy histograms and histodensity function

The main features of our three-dimensional network
mulator for general three-phase immiscible incompressible
ow in porous media of arbitrary wettability are as follows:

(1) The model consists of a rectangular network of capil-
lary elementgpores of randomly distributed sizes e.g., these
fnay be tubegcircular, triangular, etg.or any other analys-
able “pore” geometry. Sites at the nodes of the network are
not explicitly represented in the model. The coordination
numberz can be varied by randomly removing a certain frac-
tion of pores. Pore sizes may be specified according to a
variety of random distributions, including uniform, log uni-
orm, exponential, power law, Rayleigh, etc.

(2) Each pore may be water-wet or oil-wet to a certain
degree(wettability), specified by the cosine of the oil-water
drontact anglg,,,. Pores are water-wet if9cosé,,<1 and

oil-wet otherwise. From the latter the gas-6j}, and gas-
gw contact angles are computed[&$
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f(r,c)=f"(c)-g(r)+f (c)-[1—-g(r)], 3) vas Elustey
wheref* and f~ are separate density functions for water- S:]S Cgﬁ?fecrted fg“o‘ﬁ‘{ifd
wet and oil-wet pores, respectively, agfr) is a “tapering” inmaling R
function. For example, for a distribution where the smaller ot — e oeted T
pores are water-wet and the larger oil-wet, but with a range inlet | cluster | 7 stillat outlet
of intermediate sizes for which pores are both water-wet and r
oil-wet, g(r) equals 1 for pore sizes corresponding to water- IJr %
wet pores only and O for pore sizes corresponding to oil-wet trapped || % ‘
pores only. For pore sizes corresponding to both water-wet oil disconnected| oil cluster
and oil-wet pores we takg(r) linearly decreasing from 1 to cluster | [Water cluster dlsco?net‘:tEd connected
0. The functionsf* andf~ are taken as power laws of the gas clusier Jto: putlet

form f(c)=K-(1—|c|)" for c;<c<c, and 0, otherwise. . . .
The power isn=0, wheren=0 yields the uniform distribu- FIG. _1_. Map of phase clusters in th(_e network show!ng their
tion, ¢, andc, denote the minimum and maximum attained connectivity to inlet or outlet. A possible displacement chain occurs
values of co#,,, andK is a normalization constant through the indicated pores at cluster-cluster interfaces.

(4) The degree of wettability of a pore determines theters can only move by multiple displacements, i.e., injection
presence of a film of water or oil at the pore wall, ensuring : Y y muttip pla °nts, 1.€., 1)
of the invading phase triggers a chain of interface displace-

contintity of the film phase along the pore. Therefore, forments throughout the network involving a series of phase
water-wet pores we specify a threshold value such that water. 9 9 P

films are present for cas,, above the threshold and for oil- Clusters spanning from inlet to outlet. These chains are an

wet pores we specify a second threshold value such that 0(ﬁxtension of the often described double displacements, see
films are present for ca,, below the threshold. Further- €.g., Refs.[13,14,3]. Multiple displacement chains have

more, for a spreading oil, i.e., wheBs,=0, a gas-filled been observed during experiments described by Sohrabi

water-wet pore has an oil spreading layer that ensures cont‘le-t al.[23,24 and the modeling of some of this experimental

nuity of oil along the pore. Notice, that for a nonspreadingWork has been described by van Dijeeal. [32]. To deter-

. . ) . 2mine the most likely displacement, we must first find the
oil we do not include oil layers between gas and water in a

water-wet pore. which is sometimes assumed in networl?ore with lowest capillary entry pressure for each cluster-
 POre, : cluster interface. Then, for each possible chain of clusters,
models with more detailed pore geometrjés—14.

; rget in
(5) Invasion of a phase occurs by invasion-percolationthe target pressure d|fferenE’éJa between the pressufy

principles and flow is assumed to be dominated by capillanPf the invading phase and the press@g" of one of the
forces. During one invasion step a chain of one or mord€Mmaining phases at the outlet is found ag,k=0,w,g)
displacements occurs, involving clusters of the various plarget_ peft | pout (5)
phases as explained in point 7 below. ij cik ™ Tkj

(6) In each pore displacements of one phase by anoth eff . )
may occur pistonlike or by snap-off. The corresponding cap%here Pe,ix represents the sum of the capillary entry pres

i out__ pout_ pout

lary entry pressures are given by the Young-Laplace equagiect T 08 LB SR e R e
ion for the three-ph mbinatiorjs=ow. w ; S . )
tion for the three-phase combinatior)s=ow,go,gw, ter in the chain, with phasle and the pressure in the chosen

7},c0sb), _0l_JtIet_ phase. For example, a_triple displace_ment_ chain for gas
Peij=n———, (4) injection through the pores indicated in Fig. 1 includes gas

r (at the inle} displacing oil from pore 4, , then oil displacing

gas fromr,4 and then gas displacing water fram, through

where =1 applies to snap-off angj=2 to pistonlike dis- : .
placements. Snap-off can only occur if the more wettingthe outlet, shorthg—0—g—w. Tak";%g" as the rEfegﬁnce
phase at the outlet, the target RJQ such thatP

phase is invadingimbibition), if the targeted pore has a film - o out . cgw

or layer of that phase and when continuity to the considered™ Pc.go(Tgo) = Pc.go(Tog) + Pe,gu(rgu) and Py, is imposed

pore exists through films or layers from the inlet or from a@t the 0Ut|ett- O:‘_all possible displacement chains the one with

pore that is bulk filled with the imbibing phase. Observe thatminimum P;{**is carried out and to achieve this, a shortest-

our imbibition algorithm is rather simple and neglects, forPath tree-search algorithm has been implemented. This algo-

example, the gradual transition to total absence of snap-ofithm is very computationally intensive, especially if long

for increasingly weakly wetted pores, as well as the so-calledisplacement chainsay longer than 6 clusterare allowed.

cooperative filling in imbibition, as proposed by LenormandNotice that in each pair of phase indideg,k in Eg. (5) the

and Zarcong30]. However, our model retains the qualitative Phases may occur in any order and the indices may even be

features that pistonlike displacement is favored over snap-offientical, although at the outlet we would haRg/'=0 by

and that snap-off can occur only in the presence of films ogdefinition.

layers of the imbibing phase. (8) Gravity effects are included by adding a buoyancy
(7) In particular, when wetting films are absent, clusters ofterm PZ5(rjj)=—Apj;- (h°'=h;;) to each capillary entry

each phase may be disconnected from the inlet or outlet bygressure occurring in a chain of displacemegt& gravita-

not necessarily be trapped, as sketched in Fig. 1. Such clusienal accelerationApj; = p; — pj denotes the density differ-
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multiple displacement chain

»

outlet FIG. 2. Multiple displacement
chain during gas injection, for
which a disconnected oil cluster
reconnects to an outlet connected
oil cluster.

connected

to inlet

connected

to inlet I
gas
]

displacement
to outlet

ence between the invading phasend the defending phage outlet. This means that the outlet pressure difference related
at the considered pore, which has size and heighth;; to the invading phase becomes identical to the target pressure
relative to the height of the outlé®" difference. Furthermore, when the described “constant” out-

(9) At the boundaries perpendicular to the inlet/outlet di-let boundary conditions are imposed, the outlet pressure dif-
rection, periodic boundary conditions are imposed to miniference between the two phases other than the invading
mize effects of these boundaries on the flow patterns. At th hase(say P during a gas flooyiis taken constant, whereas
inlet boundary the invading phase pressure is specifie

where no-flow conditions apply to the remaining phases he remaining pressure differenceay ngt during a gas
(10) At the outlet boundary, pressures are imposed forﬂOOd) is taken equal to thenistoric maximum of thtarget

. ressure difference.
egch phase fﬂf"t is preiuetnt at the outlet, through the .pressﬁe(ll) Both two-phase flow and three-phase flow are in-
differencesPy;". The P,i" may be kept constant during a . . o

J J r(f(luded and the invading phase can be changed arbitrarily,

flood, i.e., external pressures are applied, where the netwo e . .
is considered to represent an entire micromodel or core. Oﬁpecn‘lcally to model consecutive flood cycles during water-
alternating-gasWAG) processes.

the other hand, thég" may vary with the displacements : .
: j
within the network, reflecting the view that the network rep- (12) A flow process ends when a designated saturation

resents only a small part of a reservoir. Specifically, when é:r|ter_|fqnd|s me_zt, thzn dlﬁplacemelnt chains ?f blless thar? a
disconnected cluster reconnects to the outlet, the pressure %ﬁeg' ]Le dr_naxm;]um er;]gt are no dongel; availabie or w ez
the reconnecting cluster is consistent with the latest chain ¢t defending phases have ceased to be continuous to the

displacements and reflects more accurately the pressure grtiet (both directly and through films or lay@rsA stricter

that phase than the already imposed outlet pressure. Ther\é@rsion of the latter criterion specifies that all defending

fore, the pressure of this reconnecting cluster is taken as tH¥125€s have lost hydraulic connectivity.

new outlet pressure for that phase. Notice that Fenwick and (13) The volume of the |_nd|V|du§1I phas_es is conserved by
Blunt [14] and Lehrdahket al. [33] change the outlet pres- &lOWing pores to be fractionally filled with more than one
sures afterall double displacements, while here pressuredNase. This feature is necessary when in a multiple displace-
change only when during a multiple displacement event thénent chain pores with _dlfferent Sizes are |nv9Ive_d. A conse-
described reconnection takes place. In Fig. 2 the situation iauence of this mechanism of mass conservation is that in one

sketched in which a disconnected oil cluster reconnects to afiSPlacement usually only one pore is completely filled, i.e.,

oil cluster that is already connected to the outlet. The pres(-)ver an entire chain, we compute which pore filling requires

sure in such a reconnecting clusijf° differs from the pres- the smallest phase displacement and partially fill the remain-
sure in the reference outlet phase by ing pores in thg_chaln accordlng to this minimum vc_)Iume.
The fractional filling mechanism can also easily provide for
©6) more elaborate saturation calculations based on detailed film
configurations, see e.g., Ref5,2€], although this has not
been included in the present model. The fractional filling
mechanism also affects subsequent invasion of a pore. We
assume that despite fractional filling a pore has only one bulk
hase, the defending phase, until the latter is completely dis-
ﬁlaced. In this way we ensure that after fractional filling
during one displacement chain, the same type of displace-
ment is likely to happen during a subsequent chain, at the
same capillary entry pressure, in order to completely fill the
) ) ) _pore. Hence, we minimize the proportion of fractionally
If in the displacement example of point 7 above, the oilg)eq pores in the network.
cluster reconnects to an oil cluster that was already con- (14) At each stage of the displacement cycle a range of
nected to the outlet, then ngt'new:_Pcvgo(rog) phase displacement statistics is recorded, including phase
+Pcgulfgu) +Plio- Hence, the outlet oil-water pressure pore occupancies as a function of pore size, the type of dis-
difference becomePgy"*"=Pg+Pow, and the oil-gas placement, i.e., “which phase displaces which,” snap-off vs
pressure difference becomB§y""*"= P+ PO pistonlike, for the pore that is completely filled, as indicated
Only when the invading cluster is connected to the outletjn point 13, and the number of displacements involved in a
a no-flow condition is imposed for the invading phase at thechain. These statistics are presented in Sec. Il B.

rec_ peff out
Pii=Pcit Py -

Similar to Eq.(5), Pﬁf{k represents the sum of the capillary
entry pressures for the pores involved in the part of the dis
placement chain stretching between the reconnecting clust
and the cluster at the end of the chain. The outlet pressu
differences then change to

PRUtnens precy ot for k. (7
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ll. THREE-PHASE SIMULATIONS IN MIXED-WET gas
SYSTEMS >

We have run a number of simulations on a 3D network
with 24X 16X 16 nodes, i.e., 24 nodes in the flow direction
and 16 nodes in the two directions perpendicular to flow.
Pore radiir are distributed uniformly between,;,=5 um
andr ,,,=25 um. The network is mixed-wet with the 50%
larger pores oil-wetdenoted MWL, radii r>15 um, and
the smaller pores water-wet, with radik15 um, unless
otherwise indicated. The cosines of the oil-water contact
angles are co&,,=1 in the water-wet pores and cag,=
—1 in the oil-wet pores, unless stated otherwise. The volume
of the pores, necessary for the saturation calculations, scales

linearly with r. Values of the interfacial tensions are fixed as 0

ogw=48 mMN/m, o,,=32 mN/m and o4,=24 mN/m. oil

Hence, the oil spreading coefficie@ ,= —8 mN/m and oil gas injection
is nonspreading. Furthermore, with agg=—1 and the (a)
present values of the interfacial tensions E®). predicts

cosy,<0, hence gas is wetting to water in the oil-wet pores. Qag

Outlet boundary pressures are varied as described in Sec. I,
point 10 and up to five displacements per chain are allowed,
unless stated otherwise. The remaining parameters are varied
for the various simulation sensitivities as specified in the
following sections.

All simulations start with a completely olil filled network
in which either water or gas injection is simulated up to a
prescribed saturation, yielding a two-phase distribution. In
this two-phase system the remaining third phase is injected
hence leading to three-phase flow. The details of the three-
phase flow regimes which emerge are outlined in the follow-
ing subsections.

A. Comparison of analytical and network modeling results

water injection

(b)

1. Analytical results

Van Dijke et al.[4,5] have studied the effects of wettabil-
ity for a very simple representation of the porous medium, FIG. 3. Saturation paths for the mixed-wet capillary tube model,
i.e., a parallel bundle afcylindrical) tubes with varying radii (8 gas injection paths an) water injection paths. The solid line
and wettability, which are similar to the pores in the presentlelineates the saturation-dependency regions | and II.
network model. Invasion into this capillary bundle model
proceeds according to the same principles as for the netwonore occupancies. As a result, the three-phase saturation
model, although issues such as trapping and snap-off will nagpace may be divided in up to three different regions related
occur, because all pores are accessible to the invading phage.different saturation dependencies. The regions are distin-
Furthermore, because of this complete accessibility, only thguished by the directions that the saturation paths take when
constant boundary conditiorisee Sec. Il, point J0can be a single invading phase is injected into a system where the
applied, i.e., if during a flood a single phase is injected, theemaining two phases are already present, of which examples
pressures of the remaining phases are fixed, which in turare shown in Fig. 3.
unambiguously defines the capillary pressure between the Saturation paths are presented for gas injection into a
latter phases. For the capillary bundle model capillary preswater-oil system in Fig. @) and for water injection in a
sures and relative permeabilities as functions of the saturagas-oil system in Fig. ®), in the mixed-wet capillary tube
tions can be determined analytically, using explicit expresimodel with the parameters specified above. For example, the
sions for the tube volumes and conductances, where thgas injection path in Fig. () starting at oil saturatiors,
latter are derived from the Hagen-Poiseuille equations. More=0.91 entirely follows a water isosaturation line, indicating
importantly, using the capillary bundle model, van Dijke that the oil-water capillary pressure depends on the water
et al. [4,5] have shown for which saturation combinations saturation only. In fact, all paths crossing the indicated re-
the capillary pressures and relative permeabilities vary onlgion | show this behavior. Similarly, water injection paths in
with one saturation or with more than one saturation. Thes&ig. 3(b) crossing the same region | follow gas isosaturation
saturation dependencies are based on the underlying phalsges, indicating that the gas-oil capillary pressure depends
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on the gas saturation only. Van Dijlet al.[4,5] have shown gas
that the combined information from both diagrams indicates N
that in region | the oil relative permeability depends on two
saturations, whereas the water and the gas relative perme-
abilities each depend on their own saturations only.

On the other hand, gas injection paths crossing through
the indicated region Il are curved, indicating that the oil-
water capillary pressure depends on two saturations, whereas
water injection paths are oil isosaturation lines. In region Il
only the gas relative permeability depends on two satura-
tions. The third region where the water relative permeability
depends on two saturations, is absent for the present combi-
nation of contact angles and interfacial tensions in which gas

. c o & O
0.2 = v-h 0 X
P d o o [~] [~]
‘P ‘o ‘v 4

is wetting to water in the oil-wet pores. Observe that one 0
path may cross different regions. Notice further that all gas  oil  water
injection pathgFig. 3(a)] starting at oil saturations smaller gas injection
than S,=0.67 end up on the water isosaturation line with (2)
saturationS,,= 0.33, indicated as§,, for which water oc-
cupies exactly all the water-wet pores. This feature results gas
Q

from the jump in contact angles, hence in capillary pressures,
at the pore size separating the water-wet and oil-wet pores,
r=15 um [4].

2. Simulations with high phase continuity

In Fig. 4 we present simulation results of gas and water
injection processes into the full 3D network model described
above, for which the phase continuity is high. High phase
continuity is achieved by taking the highest possible coordi-
nation numbez=6, and assuming that water wetting films

'V” Ao

o2 7 v .v,‘ :

are present in the water-wet pores and oil-wetting films are

present in the oil-wet pores, i.e., both types of pores are ~
0

strongly wetted. In this case, we may expect the best possible JJATMEM AN PUR R A MR X
i ' i i oil % > % 2 ° water
comparison with the completely accessible capillary tube v A
model. All three-phase paths are continued until both defend- water injection
ing phases are no longer able to escape to the outlet, not even (b)

through wetting films, leaving their residual saturations. The
high phase continuity is obvious from the saturation diagram FIG. 4. Saturation paths for the mixed-wet network model with
in Fig. 4a), as both water and oil residual saturations arehigh phase continuitya) gas injection paths an) water injection
virtually zero after the various gas injections. Since the fracPaths. The small dotgas injection starting &,=0.72) denote the
tions of both water-wet and oil-wet pores, 0.5 each, are We|path with constant outlet pressure difference. The solid line delin-
above the percolation threshold of 0.25 for this netwds®, eates the saturation-dependency regions | and I, as derived analyti-
these sets of pores are connected throughout the network afdly-
let almost all the fluid escape through the respective con-
nected wetting films. On the contrary, the simulation resultdow gas saturations, where in the simulations gas becomes
in Fig. 4(b) show that the gas residual saturations are signifitrapped.
cant due to the fact that there are no gas wetting films. Another important difference between analytical and
Comparison with the analytical results in Fig. 3 showssimulated results occurs when gas injection paths approach
good agreement. Indeed, in the network results in Fig. 4the nonlinear boundary between regions | and the part of
region | is clearly distinguishable, where the paths duringregion Il whereS,<S,. Interestingly, the simulated paths
both gas injection and water injection are virtually all isos-tend towards this analytically derived curve. Simulations
aturation lines. Only for the water injection path starting atwith different sets of parameters have confirmed this behav-
S,=0.10 is the simulated path not an isosaturation line dueor. In Fig. 4@) the gas injection path starting 8§=0.72 is
to the fact that only a small number of oil-filled pores are shown(marked as small dotsvhen at the outlet boundary
present near the inlet, where water starts invading. Also thinstead of varying pressure differences, the constant oil-
boundary between the saturation-dependency regions, takevater pressure difference is imposed, as described in Sec. I,
from the analytical model onto the simulation diagrams, ispoint 10. In region I, this path is different from the varying
well reproduced. A significant deviation of the simulated pressure path and it is much more in agreement with the
from the analytical results occurs during water injection foranalytical paths in Fig. (). Additional simulations for both
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FIG. 5. Oil-water and gas-oil outlet pressure differences for the
gas injection simulations with high phase continuity startingat
=0.72, when imposing constafitnes with markers and varying
outlet boundary conditionglines without markens Additionally,
the saturation-dependency regions that are crossed by the saturation (a)
path are indicated.

gas injection

gas
gas and water injections with such constant boundary condi-
tions did not show further deviations in other parts of the
saturation space.

To highlight the differences between the gas injection
paths with varying and constant boundary conditions we
present in Fig. 5 the oil-water and gas-oil pressure differ-
ences along the saturation paths as a function ofSJ.
When the path goes through region I, unti-$,~0.65,

P! for the varying conditions remains approximately con-
stant, but changes, tending upwards, when going through re-
gion Il. In this region a few double displacements occur as-
sociated with reconnection of oil to the outlet as described in

Sec. Il, point 10, which cause significant changesPE(th. ~
Apparently, these changes are sufficient to alter the path. 0 ¢ ¢ ¢ X
Observe that the number of reconnections is small due to the oil ~ % % % % © water
high continuity of the oil phase, hence the changes appear as water injection

discrete steps in both the saturation diagram, Fig), &nd (b)

the pressure plot Fig. 5.

The varying gas-oil outlet pressure difference becomes g g saturation paths for the mixed-wet network model with
nonzero when gas becomes hydraulically connected, at {by phase continuitya) gas injection paths an) water injection
—S,~0.40, WhereaﬁeP‘g’t‘f is identical to the target pressure paths. The small dotgas injection starting a&,=0.75) denote the
difference, which reveals some small lack of accessibility,path with constant outlet pressure difference. The single dot on the
The historic maximum opggt yields this pressure difference water injection path starting &,=0.50 indicates the endpoint of
for “constant” conditions. Notice that in region II, despite this path if only two displacements per chain are allowed.
the difference in saturation paths the t\t?ggt are virtually

identical, which stresses the agreement of both paths with thyere has not been a substantial effect on the saturation paths.

analytical theory thaP, 4, is & function ofS, only in this  The pressure variations appear to be only small oscillations

region[4]. around the constant value. Snap-off by water, mainly of oil,
With respect to the proposed multiple displacementhas been observed during the water injections, but this ac-

chains, chains longer than two displacements are rarely olounts for only up to 2% of all displacements.
served during these simulations with high phase continuity.

As mentioned above, the gas injections show almost only
single displacements, with around 0.1% double displacement
chains, all of type gas-displacing-oil-displacing-watey ( In Fig. 6 we present simulation results of gas and water
—0—W). The water injections show up to 43% double dis-injection processes in the described 3D network for which
placement chainffor the case starting witB,=0.70), all of  the phase continuity is relatively low, which is achieved by
type w—g—o0, which is easily explained by the formation taking coordination number=4 and by suppressing wetting

of a large number of disconnected gas clusters towards tHgms in both the water-wet and the oil-wet pores. As ex-
end of the paths. Although some of the latter double dispected, residual saturations of all phases are high. In each
placements do change the gas-oil outlet pressure differencdiagram the three-phase path starting at the lowest oil satu-

3. Simulations with low phase continuity
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ration indicates the two-phase flow residual oil saturations, gas
i.e., S,=0.49 after water floodingFig. 6(a@)] and S,=0.24
after gas floodingFig. 6(b)]. Despite the high levels of trap-
ping the gas injection paths of Fig(& show reasonable
agreement with the analytical results of Figa)J3i.e., gas
displaces only oil when starting at high oil saturatidns-

mixed-wet with
wetting films

strongly water-
wet

mixed-wet with

o distributed
gion I) and both oil and water when starting at lower oil contact angles
saturations. Only the water injection paths of Fi¢b)6start- & |+ base case

ing at intermediate oil saturations show some agreement with 04
the analytical results of Fig.(B). For high oil saturations gas
trapping dominates the process and for low oil saturation oil

0.2 ‘
trapping dominates the process. /\/\?/\/\/\
Many double displacements have been observed during 0
Pd

()
&
these simulations, up to 56% for the gas injection paths and \ e, e o
up to 54% for the water injection paths. However, these
double displacements do not lead to vast changes in the satu- FIG. 7. Saturation paths for the various WAG simulations. Start-
ration paths, when taking different outlet boundary condi-ing at 100% oil, 40% water is injected, then 32% gas, then water
tions. The maximum deviation between varying and constantntil residual and then gas until residual.
condition paths is found for gas injection starting &
=0.75[marked as small dots in Fig(#], but the deviation rameters. Water and gas are injected subsequently, for the
is very small. As for the high phase continuity simulations.jrst water and gas floods until the prescribed saturations are
the path with constant oil-water outlet pressure difference i$g5cned. as indicated in Fig. 7, and for the second water and
more in agreement with t_he aqalytlcal results O.f FigD)3 gas floods until oil and the remaining defending phase can no
Also a number of multiple displacement chains occur, aI-Ionger escape to the outlet, i.e., until they have become re-
g;gljgg rrlg?/zﬂ)t/h:re tgies ﬁits:néwgcng; pﬁ;CZ’ f(e;.t?r., d?s/ola%fes_idual. Notice, that some of the oil that has become residual
lISpia » 270 ISPIaCeHor the second water flood may still be displaced during the
ments and 5% have five displacements for the water injection
path starting aS,=0.24. These percentages are 5, 11, an
12 for the water injection path starting 8=0.50. As the

@ g
-~
X

% © water

econd gas flood, which is precisely why WAG injections are
carried out. We discuss in detail the base case simulation,

latter simulation also involves a very large number of sepal’Nich has the same parameters as the low-phase continuity

rate phase clusters, 1758 at the end of the simulation in theimulations in Sec. Il A, i.e., a mixed-wet network with no
present system with 12500 pores, we may expect that th\é’_ett'f‘g films in either water-wet or oil-wet pores_a_nd coor-
presence of multiple displacement chains has a relativel§lination numbez=4. Then, we discuss the remaining three
large impact on the saturation path. Therefore, we have cakases which differ from the base case with respect to the
ried out the same simulation, but allowing chains of only upWettability parameters. In Fig. 7 the saturation paths for the
to two displacements to occur. The resulting saturation patMarious WAG simulations are shown and in Table | the re-
is virtually the same as that for five displacements per chain?'dua| oil saturations after _the first gas flood and the second
but ends significantly earlier as marked in Figbjby the ~ Water and gas floods are listed. _ _
single dot. For two displacements the path endsSat In the simulation denoted “mixed-wet with wetting

—0.288 ands,=0.307, while for five displacements the path films,” water and oil wetting films are present in the water-
ends atS, =0.341 withS,=0.282. wet and oil-wet pores, respectively, contrary to the base case.

The “strongly water-wet” simulation has been carried out on
_ _ ) the same network as the base case but with all pores water-
B. Water-alternating-gas simulations wet, cosf,,=1, and water wetting films are present in all
To bring out further the features of our three-phase netpores. In the “mixed-wet with distributed contact angles”
work model for mixed-wet porous media, we have carriedsimulation the cosines of the contact angles are not constant
out water-alternating-ga@VAG) simulations as described in as in the base case, but are uniformly distributed between 0
the caption of Fig. 7, for four different sets of network pa- and 1 for the water-wet pores and betweef and 0 for the

TABLE I. Residual oil saturations after the first gas flogg 4;, after the second water flods, ,,, and
after the second gas flod}, 4, for the various simulations.

Mixed-wet with

Mixed-wet with Strongly distributed
Base case wetting films water-wet contact angles
Sor,g1 0.398 0.327 0.399 0.381
Sor.w2 0.387 0.053 0.374 0.364
Sorg2 0.375 0.005 0.282 0.341
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this flood. Therefore, most of these displacements are part of
double or multiple chains and oil is present mostly in discon-
rence of multiple displacements requires disconnected gas
clusters as well. On the other hand, oe>w or g—w dis-

1 During the second water and gas floods many triple and
5 higher-order displacements have been recorded as shown in
Fig. 8@). During the second water flood about 20% of the
’ displacements are aff—o0 type and about 10% are af
nected clusters. The overall gas production shows that part of
1 1
' gas placements have been recorded, hence no disconnected water

water gas water

—0 type, whereas Fig. 7 shows little oil production during

the gas phase is continuous to the outlet, although the occur-
(2) clusters come into the displacement chains, indicating high
continuity of the water phase. As a result, most higher-order
displacement chains in the second water flood start with wa-
ter, followed by a string of oil and gas clusters, and end with
gas, as in a fivefold chain likee—g—0—g—0—g.

During the second gas flood again little oil has been pro-

duced, therefore the recordgd- o displacements are part of

W->0 g->0 g->0 double or multiple chains and the oil phase is highly discon-
W“<° tinuous, although still mobile. As only a tiny fractiom— o
0->w|

1
B =

0.75+

lon

o
<

and now—g displacements are recorded, the continuity of
water remains probably high and only few multiple displace-
ment chains contain water clusters, suchgasw— o—g,
0 : i . . although many chains may end with a water cluster. Notice
water gas water gas that the latter chain ends with a gas cluster, which is possible
(b) in view of the recorde@— g displacements when the invad-
ing gas phase is not yet hydraulically connected. According
FIG. 8. Displacement statistics for consecutive floods in thet0 the recorded fractions in Fig.(@, we find that many
WAG base case simulatiorg) fraction of the total number of dis- Single g—w and doubleg—o—w chains occur, whereas
placement chains with the indicated length: singlg double(2), most multiple displacement chains are of tyge-o—g
etc., andb) fraction of the total number of chains with the indicated —w, i.e., a string of gas and oil clusters ended by a water
type of displacemente.g.,g— o indicates gas displacing il cluster.

. i . . An additional simulation with the base case parameters,
oil-wet pores. As in the base case, no wetting films arg,; gliowing only two displacements per chain, similar to the
present for the latter simulation. single water flood described in Sec. Il A 2, has not given
very different results, except in the chain length histogram.
Interestingly, the residual oil saturation after the second wa-

The base case WAG saturation path in Fig. 7 shows conter flood is slightly higher, but after the second gas flood is
siderable oil production during the first gas flood, as for theslightly lower than in the base case simulation.
single gas injections shown in Fig(&s. During the second The pore occupancy histograms of Fig. 9 offer a different
water and gas floods the path lies slightly outside the envesutlook on the displacements that have taken place during
lope of single gas injection curves and there is merely arthe base case WAG simulation, as they show the actual dis-
exchange of gas and water and not much additional oil retribution over the sets of pores with different sizes and wet-
covery. tabilities. At the end of the first water flodéig. 9(a)] water

To investigate the displacement processes taking placeas displaced virtually all oil from the water-wet pores (
during the various floods of the WAG base case, histograms 15 um) and has started displacing oil from the largest oil-
of the length of the displacement chains and of the type ofvet pores onwards. The sharp division between water-filled
displacements are presented in Fig. 8. Note that in each chaand oil-filled pores indicates high continuity of both oil and
only the type of displacement is recorded for the pore that isvater phases.
exactly filled by the incoming phase as described in Sec. ll, The first gas flood has clearly displaced mostly oil, which
point 14. Figure 81) shows that during the first water flood follows from comparison of Figs.(8) and 9b), although the
only single displacement chains have occurred, whereas Figplurred divisions between the phases indicates significant re-
8(b) indicates that these are all of type—o0, obviously.  duction of the oil phase continuity. Gas has displaced not
During the first gas flood single displacements of tyges only oil from the oil-wet pores, but alsésimultaneously
—0 andg—w have taken place. The recorded double dis-water from the water-wet pores, in agreement with the ana-
placement chains are of tymp—o0—w in view of the re- lytical results for this type of porous mediup,5]. More-
cordedo—w displacements, although a tiny fractien—o over, some of the larger water-wet pores have been refilled
displacements may suggest a fgwsw—o0 chains as well.  with oil as a result of doublgg—o—w displacements, re-

e

)

a
!

displacement type fract

1. Base case WAG simulation
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5 9 -30004
6000 gas i gas]
0.40 0.46 052 0.58 0.64
.S ! 1'So
,;‘)_i 0.75+ FIG. 10. Oil-water and gas-oil outlet pressure differences for the
> indicated first gas, second water, and second gas floods in the base
§ 0.51 case WAG simulation.
3
§0.25— uniformly filled the oil-wet pores from the largest onwards,
g but is spread out over oil-wet pores of all sizes. Observe that
S Q- i some ranges of oil-wet pores contain more oil than before
s ° 13 17 = 25 this flood as a result of higher-order displacement chains.
r (um) The occupancy histogram after the second gas flood in
(b) Fig. 9(d) shows a pattern similar to that after the first gas
flood in Fig. 9b). Little oil has been produced, but again a
5 1 i significant amount has ended up in the water-wet pores.
‘go 75 | Since also the water phase has become discontinuous at the
g end of this flood, gas occupies water-wet pores of all sizes.
§ 054 Figure 10 shows the oil-water and gas-oil outlet pressure
=3 differences during the base case WAG simulation as a func-
§0_25_ tion of 1—S;, during the floods following the first water
o flood. Note that the representation here is not ideal as the
2 o b variation in oil saturation is small during the second water
5 9 13 17 21 25 and gas floods. Furthermore, the actual number of oscilla-
r (um) tions is often larger than shown.
(c) During the first gas floodPgy, remains virtually constant

although small oscillations associated with oil reconnections
do occur. Its value is negative and consistent with the pore
occupancy at the end of the first water fldédg. 9(a)] where

the division between water-filled and oil-filled pores lies in
the oil-wet pores, which have negative capillary entry pres-

suresP ,,,. During the second water ﬂodélgevt merely re-

flects the target pressure dil‘ferenétéf\,rf’et as water is the
invading phase and is probably hydraulically connected. It
5 3 i3 17 1 o5 pecomgs p_ositive when water.invades the watgr-wet pores
filled with oil and gas after the first gas flogsee Fig. %)],

F ) but soon becomes negative again, with the occasional oscil-

(d) lation in between, when invading the oil-wet pores. During
the second gas floo®Ss becomes positive again when gas
tarts invading a significant number of water-wet pores. On
averagePou is in agreement with the division between oil-
filed and water-filled pores in the pore occupancies in a
completely accessible modgt,5], although this division is
corded in the histogram of Fig(®. very much obscured by the lack of accessibility.

Figure 9c) shows that the second water flood has dis- The gas-oil outlet pressure difference becomes identical to
placed both oil and gas from the water-wet pores before erthe target pressure differen¢see Sec. Il, point 10for S,
tering the largest oil-wet pores, which is again in agreement=0.50 during the first gas flood. Only then the gas phase
with the analytical findings. At this stage, the continuity of becomes connected to the outlet and the valuePgt? is

both oil and gas phases has become low, as water has nwteaningful. ThereaftelFRg‘(‘,t remains positive, which is con-

0.75+

pore occupancy fraction
o
b

FIG. 9. Pore occupancy statistics during the base case WA
simulation at the end ofa) the first water flood(b) the first gas
flood, (c) the second water flood arid) the second gas flodghlack
represents oil, gray represents water, white represenjs gas
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FIG. 12. Histogram of the fraction of the total number of dis-
placement chains with the indicated length in the strongly water-wet
WAG simulation.
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not been able to reach all pores with the corresponding sizes.
The occupancy histogram after the second water flood in Fig.
11(b) indicates that a large amount of gas and a small amount
13 17 21 25 of oil have become trapped, virtually all in the oil-wet pores

F () as those are the last to be invaded by water. _Thls occupancy

histogram shows that for the current set of interfacial ten-

(b) sions and contact angles gas is wetting to water in the oil-wet
pores as gas occupies generally smaller oil-wet pores than
water. Notice that in a large part of the smaller oil-wet pores
the oil visible in the histogram of Fig. 14) has been re-
placed by gas through double—g— o0 displacements.

An interesting feature of the histogram of Fig.(lis the
non-negligible amount of oil trapped in the oil-wet pores

. . out  after the second water flood, despite the existence of a con-
tive for all water-wet and oil-wet pores as Ha) shows.Py, nected set of pores with oil wetting films. The reason is

during the second water and gas floods shows so many 0B'robably that this oil is completely surrounded by gas, which

cillations, as a result of'lack of phase cqntlnwty, that a%in turn is surrounded by water and can therefore not be dis-
further relevant observations are not possible.

An additional simulation with the base case parametersp Iaﬁeq by caplllgry mecEan|ims. 'll-!owever, tf|1|e ;atulratlczjn
but with constant outlet boundary conditions as in Sec. “pat In Fig. 7 indicates that this oil is eventually displace

. . . . 'during the second gas flood.
B S ety feren el Pobaby, W T residual o saturatons n bl | show immedatly
y ymp tt}at a strongly water-wet system cannot be swept as effec-
the presence of many disconnected clusters or the presen

o . . tively as a mixed-wet system with wetting films, because in
WAG path lies in a region of the saturation space, where th?he latter oil can escape through these films. Observe from

ggrr:ggg)?:’ Sd(gc nlcljltAmatter, as for the single gas floods de'Ehe chain length _hisf[(_)gram of Fig. 12 tha_lt ina strongly water-

' ' wet system a significant number of higher-order displace-
ments may occur, mostly during the second water flood. Ob-
viously, the multiple displacement chains consist of gas and

The WAG simulation in a mixed-wet system with both oil clusters with a possible water cluster only at the begin-
water and oil wetting films present, for which the saturationning or the end.
path is shown in Fig. 7, is characterized by high continuity of The differences between the WAG simulation with dis-
the water and oil phases. Similar to the simulations in Sectributed contact angles and the base case simulation are best
[l A 1, the fractions of both water-wet and oil-wet pores are understood from the pore occupancy histograms in Fig. 13.
above the percolation threshold, here 0.375zfed [18]. As  After the first water floodnot shown water has not filled the
a result, the displacement statistics show virtually no highereil-wet pores from the largest onwards as in the base case,
order displacements and only a significant percentage dfut has invaded oil-wet pores of all sizes simultaneously.
double displacements during the second water flood, wheifihis occurs because a number of oil-wet pores of all sizes
the continuity of the gas phase is low. have contact angles close #d2, hence according to E¢4)

The occupancy histogram after the first gas flood in Figtheir capillary entry pressures are close to zero and therefore
11(a) shows a sharp division between the gas and oil occualmost insensitive to pore size. The same effect is visible
pancy due to the high continuity of the oil phase. The everafter the second water flood in the histogram of FigalL3
distribution of oil-wet pores left with water show that gas hasalthough it partly overlaps with the effect of low oil and gas

o

N

(3,
1

pore occupancy fraction
o
[$)]

o
o
©

FIG. 11. Pore occupancy statistics for consecutive floods for th
WAG simulation “mixed wet with wetting films” at the end df)
the first gas flood an¢b) the second water flootblack represents
oil, gray represents water, white represents).gas

sistent with the capillary entry pressureg, that are posi-

2. Additional simulations with altered wettability
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ferent allowed chain lengths have shown. It is not clear yet if
this is an intrinsic result or purely caused by the computa-
tional limitations, i.e., the restriction on the maximum chain
length and the network size. Further analysis for larger chain
lengths and network sizes, in combination with percolation
theory, may reveal the correlations between these quantities
and the saturation path. From the present simulations it has
become clear that the number of clusters can be very large
13 17 21 25 for low phase continuity, which is a necessary condition for
r (um) the existence of multiple chains.
() The variations in outlet boundary pressure differences as
implemented in this model do occur when multiple displace-
ments take effect and phase reconnections with the outlet
take place. However, if the phase continuity is still relatively
high, the variations may only appear as small fluctuations
around a constant state, as . during the first gas flood
shown in Fig. 10, and have little effect on the subsequent
process. On the other hand, it seems that large variations in a
situation with low phase continuity also have a small effect,
as subsequent displacements are more governed by lack of
13 17 21 accessibility than by the boundary conditions. Nevertheless,
25 : : . . -
F (i) the simulations with high phase continuity have shov_vn_that a
small number of reconnections can lead to large variations in
(b) pressure difference, which in turn cause significant devia-

FIG. 13. Pore occupancy statistics for consecutive floods for thethnS of the saturation path. In particular, the latter issue re-

WAG simulation “mixed wet with distributed contact angles” at the quires further investigation as it appears to be related to par-

end of (a) the second water flood an@) the second gas flood gpu!ar .riglgns '.n Siatugatlonthspt?cg t??th ha\t/e fbeen
(black represents oil, gray represents water, white represents gas istinguished previousl4,5], on the basis of the saturation

dependencies of the capillary pressures and relative perme-
abilities in a completely accessible model.

M The varying or constant boundary conditions not only af-
fect the saturation paths, but also raise the question of which
et{/pe of outlet boundary pressure differences realistically rep-
resents the capillary pressures of the network. As discussed
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phase continuity as shown for the base case in the histogra
of Fig. 9c). More strictly, for contact angles close t@/2
water has to occupy oil-wet pores smaller than gas and larg
than oil and for contact angles close 49 water has to oc-
cupy oil-wet pores larger than gbsee Eq(2)]. On the other
hand, in a significant number of water-wet pores of all size

also have contact angles close#é. Finally, the distribu- - nqjdered to be a part of a large-scale simulator, the varying
tion of contact angles has a significant effect on the saturgsyngitions appear to be more realistic, since pressures should
tion paths, Fig. 7, and therefore on the recovery, Table I. ot e imposed externally, but be consistent with the phase
interfaces inside the medium. Furthermore, since the depen-
dence of capillary pressure on saturation is directly related to
the dependence of relative permeability on saturation it is
The implementation of wettability variation from pore to also vitally important to impose boundary conditions for the
pore in the current network simulator has raised two impor-outlet pressure differences that are as realistic as possible.
tant issues related to the resulting reduced phase continuityndeed, the question raised by Mani and Mohalitg] of
the existence of so-called multiple displacement chains andihich pressure difference represents the correct capillary
the imposition of appropriate outlet boundary conditions.pressures of the network and how to calculate the correct
These issues come on top of the range of saturation deperelative permeabilities in systems with low phase continu-
dencies of the relative permeabilities and capillary pressuréies, is still unanswered.
that have become apparent from study of a completely ac- To investigate fully three-phase flow in mixed-wet porous
cessible model with varying wettabiliti¢d —6]. media, additional sensitivity studies have to be carried out
Simulations for 3D networks with realistic connectivities related to the wettability in combination with fluid param-
have shown that multiple displacement chains do occur, irters, for example, with respect to the distribution of contact
particular, during WAG processes, although not exclusivelyangles in relation to the interfacial tensions and with respect
as the water injection simulations of Sec. Il A2 haveto the presence of spreading layers and pore corner films.
shown. However, the impact of these multiple chains on théhese studies are currently in progress and will be reported
saturation paths seems to be limited as simulations with difupon in the future.

IV. DISCUSSION
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V. CONCLUSIONS (3) Reconnections of disconnected phase clusters to the

The present pore-scale network simulator is able to mode utlet take place where there is reduced phase continuity and

capillary-dominated three-phase flow in porous media of arihere are multiple displacements. The resulting variations in

bitrary wettability. Simulations for 3D mixed-wet network € outlet boundary pressure differences have an effect in

models have been carried out to investigate the effects df9ions of the saturation space that are defined by the ana-
variable wettability and to study the displacement mechalytical model. S o
nisms in three-phase flow. Two central quantities for analys- (4) Cycles of gas and water injection cause significant
ing the displacement mechanisms are the phase occupan@{eakup of the gas and oil phase clusters in the network.
statistics and the monitoring of multiple displacement chainsHowever, higher flooding cycles do not give much additional
Conclusions from the simulations are as follows: oil recovery, although the disconnected oil phase is mobile
(1) Simulated three-phase saturation paths in systemand is moved through the network.
where there is high phase continuity show good agreement
with paths for an analytical completely accessible model
[4,5]. As expected, discrepancies arise when the continuity of
one or more of the phases decreases as a result of the absence ACKNOWLEDGMENTS
of wetting films or a lower network coordination number.
(2) The network model predicts that multiple displace-
ment chains occur in three-phase processes. These are ob-The authors would like to thank S. R. McDougall for
served during single three-phase floods, but more profoundigupplying the original code of the simulator. The following
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some cases, multiple displacement chains lead to more oddged for supporting this research: The UK Department of
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