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Three-dimensional mixed-wet random pore-scale network modeling of two- and three-phase flow
in porous media. I. Model description
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We present a three-dimensional network model to simulate two- and three-phase capillary dominated pro-
cesses at the pore level. The displacement mechanisms incorporated in the model are based on the physics of
multiphase flow observed in micromodel experiments. All the important features of immiscible fluid flow at the
pore scale, such as wetting layers, spreading layers of the intermediate-wet phase, hysteresis, and wettability
alteration are implemented in the model. Wettability alteration allows any values for the advancing and
receding oil-water, gas-water, and gas-oil contact angles to be assigned. Multiple phases can be present in each
pore or throa{element, in wetting and spreading layers, as well as occupying the center of the pore space. In
all, some 30 different generic fluid configurations for two- and three-phase flow are analyzed. Double displace-
ment and layer formation are implemented as well as direct two-phase displacement and layer collapse events.
Every element has a circular, square, or triangular cross section. A random network that represents the pore
space in Berea sandstone is used in this study. The model computes relative permeabilities, saturation paths,
and capillary pressures for any displacement sequence. A methodology to track a given three-phase saturation
path is presented that enables us to compare predicted and measured relative permeabilities on a point-by-point
basis. A robust displacement-based clustering algorithm is also presented.
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[. INTRODUCTION fine a three-phase system and there is an infinite number of
iossible fluid arrangements making a comprehensive suite of

Th? smultaneou; flqw ?f threte. p;hasets.—on, water, an xperimental measurements for all three-phase displace-
gas—in porous media IS of great Interest in many areas Gj,qnig impossible. This is why numerical simulations of

science an? technology, Su_ﬁ? as [?let_:jolizlum reservoir and effjee phase flow almost always rely on available empirical
vironmental engineering. Three fluid flow occurs In en-g.,eiations to predict relative permeability and capillary
hanced oil recovery schemes including tertiary gas 'nJeCt'orbressure from measured two-phase propef6eg6|. These

Into .O'l an_d water, gas cap expansion, solut.|o.n. gas dr'Vemodels may give predictions that vary as much as an order of
gravity drainage, water flooding with different initial oil and magnitude from each other, or from direct measurements,

gas saturations, steam injection, thermal flooding, depressug—mce they have little or no physical baist,25,27.

'@‘R%n below the; bubble point, andl water althernateh 985 |t js important to have a reliable physically based tool that
( ) injection. In an environmenta context three-phase,, provide plausible estimates of macroscopic properties.
flow occurs when a nonaqueous phase liqiN&PL), leak-

) , X Any theoretical or numerical approach to this problem not
ing from an underground storage tank for instance, migrateg ly needs aletailed understandingf the multiphase dis-

through the unsaturated zone and may coexist with water arkﬁfacement mechanisms at the pore level but also an accurate
ar l(gas§ous phaﬁ(;je 4 fluid flow i g and realistic characterization of tisructure of the porous
n order to understand fluid flow In porous media, ON€ e qim[28]. During the last two decades our knowledge of
need.s to know the constitutive relationships bgtween macrgpe physics of two- and three-phase flow at the pore level has
scopic properties of the system such as.relanve permeab”lionsiderably increased through experimental investigation of
ties, capillary pressures, and fluid saturations. These relat'o'?jisplacements in core samples and micromof29s-43. To
ships are used in macroscopic partial differential equations Q. ine the geometry of the pore space several authors have
describe the transport of fluid. The determination of ConSt"deveIoped different statisticd44—46 and process based
tutive relationship_s is complicated as they are dependent 147-49 techniques. In addition the pore space can be imaged
the fluids’ properties, the pore space, and the saturation hi irectly using micro-CT tomograpHy0,51. An example of
tor)é . | f th h lati a three-dimensional pore space image of a sandstone is
xperimental measurements of three-phase relative pety,,n in Fig. 1. It is possible to simulate multiphase flow
meabilities and capillary pressures are extremely difficult todirectly on a three-dimensional pore-space image by solving

perform and at low saturation the results are very uncertai ., jer.stokes equations or by using Lattice-Boltzman tech-
[1-4]. Two independent fluid saturations are required to de'niques[52—53. However, for capillary-controlled flow with

multiple phases, these methods become cumbersome and
computationally expensive.
*Present address: Department of Civil and Environmental Engi- An attractive alternative approach is to describe the pore
neering, Engineering Quad E-228, Princeton University, Princetonspace as a network of pores connected by throats with some
New Jersey 08544, USA. Electronic address: mpiri@princeton.edidealized geometrysee Fig. 2 [49,56. Then a series of
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FIG. 3. Elements with different cross-sectional shape.

ties of network models have improved enormously and have
been applied to describe many different processes. Recent
advances in pore-scale modeling have been reviewed by
Celiaet al.[60], Blunt[61], and Bluntet al.[62].

For a random close packing of spheres Bryant and co-
workers were able to predict permeability, elastic, and elec-
trical properties and relative permeabilif$$3-65. @ren
et al. extended this approach by reconstructing a variety of
sandstones and generating topologically equivalent networks

FIG. 1. The void space of a sandstone produced by procesgom them. Using these networks several authors have been
based simulatiofi47-49. able to predict relative permeability and oil recovery for a

variety of system$47—-49,66—7Q
displacement steps in each pore or throat are combined to In this paper we extend this predictive approach to three-
simulate multiphase flow. Fdts7-59 initiated this approach phase flow. Before reviewing previous three-phase network
by using a regular two-dimensional network to find capillarymodels, we review the fundamentals of contact angles,
pressure and relative permeability. Since then, the capabilspreading coefficient, wettability alteration, and spreading
and wetting layers as well as describing the network we use.

Il. POROUS MEDIUM

In recent years, several advances have been made in the
construction of realistic representations of porous media.
@ren, Bakke, and co-workefd7-49 have developed ran-
dom network models based on the pore space geometry of
the rock of interest. The model is derived either from a direct
three-dimensional image of the pore space obtained from
micro-CT scanning, or from simulating the geological pro-
cesses by which the rock was formed, see Fig. 1. Many other
authors have also developed techniques to derive pore struc-
tures from a variety of measuremef#6,51,63—65,71-83
While such approaches are not routine, and the correct pore
space characterization of carbonates is very much an open
question, for simple sandstones there are reliable methods for
determining an equivalent network structure that attempts to
mimic the properties of the real pore space.

In cross section, individual pores and throats are often
modeled as triangles and high-order polyg9d4,85. This
allows wetting phase to occupy the corners when the non-
wetting phase fills the center. As well as triangular cross
FIG. 2. (Colon The Berea network used in this paper. The net- section elements, authors have used geometries with circular

work is a disordered lattice of pores connected by throats. Th&86,87, square[88-90, star-shapg91,92, and lenticular
network topology, the radii of the pores and throats, their shaped,28] Cross sectionésee Fig. _3t0 represent pores and throats.
and their volumes are all determined from a three-dimensional rep- The network model in this work reads as input any two or
resentation of the pore space of the system of intéeest Fig. 1L three-dimensional regular or random network comprised of
This network will be used to predict two- and three-phase relativepores connected by throats. Each pore or throat is assigned a
permeabilities(see Table Il for dimensions and statistics of the total volume, an inscribed radius, and a cross-sectional
network. shape. In this model the pore and throats have a scalene
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TABLE I. Network parameters read by the model consistent with the networks generated by @ren, Bakke,
and co-workerg47-49.

No. Iltem No. Iltem

1 total number of pores and throats 11 shape factor of each pore and throat

2 length, width, and depth of the network 12 clay pore volume

3 volume of each pore and throat 13 index of the first and second connecting pores to
each throat

4 X, Y, andZ coordinations of each pore 14 microporosity volume in each throat

5 inscribed radius of each pore and throat 15 spécing

6 number of connecting pai® to each poﬁ-} 16 length of the first and second pore connecting to
each throat

9 index of connecting pofts) to each pore 17 length of each throat

8 whether each pore is at the inlet

9 whether each pore is at the outlet

10 index of the throat connecting two pores

“Distance between the centers of the two connecting pores.
PCoordination number of each pore.

triangular, square, or circular cross section. The cross sectidems. For instance, the gas/water interfacial tension may be
has the same shape fact@®r(ratio of cross-sectional areé@  significantly lower than its two-phase value because oil may
to perimeterP, squaregl[85] as the real system from which cover the interface by a thin film of molecular thickngg4].

the network is derived, The other two-phase interfacial tensions may also vary when

A TABLE Il. Berea network statistics.

GZE. 1)

Item Throats Pores Total

A clay volume is associated with the network. This repre-

sents an immobile volume that remains water saturatedlumber 26146 12349 38495
throughout all displacements. It can be adjusted to match theorosity excl. clay(%) 4.562 13.746  18.309
observed connate water saturatigt—49. Table llists all  porosity incl. clay(%) 6.238 17.785  24.024
the parameters that .the model reads to recognize a n_etwc_)r erage shape factor 0.035 0.033 0.034
A Berea network is used for the modeling studies in th'STrian Ular cross section@s) 90.729 95506  92.261
work. A network of pores and throats is generated that pre- g i 0 ' ' '
sents the topology of the void space of the rock of interesPd4are cross SeCt'F’m%) 7.542 4324 6510
(see Fig. 2 The pores and throats have sizes and shapes thgircular cross section&) 1.729 0170 1.229
reproduce the principal geometric features of the threeASCHA (deg® 15235  13.744  14.751
dimensional imagésee Fig. 2 [48]. Table Il lists the net- AWCHA (deg® 48.828 49.215  48.954
work statistics. Figure 4 compares the pore and throat sizginimum radius(xm) 0.903 3.623 0.903
distributions of the network. Maximum radius(zm) 56.850 73539 73539
Average radiugum) 10.970 19.167 13.60
i PHYSL\C;ST(QE ;HF;EEELEUQEE FLOW Connected to the inlet 254 0 254
© Connected to the outlet 267 0 267
A. Spreading coefficients and interfacial tensions Isolated clusters 3
The ability of oil to spread on water in the presence of gagsolated 3 6 9
is described by thepreading coefficienwvhich is a represen- Minimum coordination number 1
tation of the force balance where the three phases meet. If th@aximum coordination number 19
interfacial tensions are found by contacting pairs of pure flu-average coordination number 4.192
idsdin tr:je fgbsgréczgf the third, the coefficient is calfetial Clay volume(%) 1.676 4.039 5.715
and is defined byo3] Kps (cal. box: 0.05-0.95(mD) 3055
Cs=0gw™ 0go~ Tows (2) X dimension(mm) 3
. . . . di i 3
whereg is an interfacial tension between two phases IabeIeJ .|men5fon(mm)
Z dimension(mm) 3

0, w, andg to stand for oil, water, and gas, respectively.
However, when three phases are present simultaneously, th&erage sharpest corner half angle.
interfacial tensions are different from those in two-phase sysAverage widest corner half angle.
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FIG. 5. Horizontal force balance in three two-phase systéays:

g A0 20 20 4 0 60 W 80 oil-water-solid,(b) gas-water-solid, ant) gas-oil-solid.

Radius (um)
O gw COS by, = g0 COS Oy + 0 COS by (7)

FIG. 4. Pore and throat size distributions for the Berea ) ) )
network. Equation(7) was derived by Bartell and Osterh¢f5] in

the context of solid-oil-water systems and then by Zhou and

the third phase is present. If the three phases remain lon lunt [94] in contaminant hydrology. This constraint has

enough in contact, thermodynamic equilibrium will be oilns)i/dlenr]pgc?r?r%ls- fﬁgstgrifrf:ﬁseO%tsv%issse;e';or ilnstance,
reached when liquids become mutually saturated. In thesé 180°. At ambienpt conditionsg%/ ical inter);acial ,tef]%Smi,OHS
circumstances the spreading coefficient is naegpailibrium : » yp

o A . for waterh-alkane systems aregd=20 mN/m and o5,
and is given by Eq(3), which is either negative or zef83], =50 mN/m([93]. This meanss®%, o8 6,,< 0 which in tm

C8= o8 - g29- 24, (3) implies 6y,>90°. The analysis above for oil-wet systems
gw go ow Lo . . .
. , indicates that gas is not the most nonwetting phase in the
Three-phase systems may be divided into one of the fOHOWpresence of water.

ing cases(a) NonspreadingC,< 0: a blob of oil will remain In the rest of the paper we will drop the superscegand
stationary on water; for example, €®n water[93]. (0)  ajways assume that we are dealing with interfacial tensions
Partially spreading C;>0 andCS%<0: where a quick initial ¢ equilibrium.

spreading ha_lppgns_ and_then when the water surface is COV- Blunt [96] showed in an phase system there are
ered by a thin oil film, oll re.tract_s to a lens. An e>.<ample ISh(n-1)/2 contact angles(n-1)(n-2)/2 constraints, and
benzene on watefc) Spreading C;>0 andC*=0: in this ~ (n_1) independent contact angles. In three-phase systems,

case, oil spreads on water and excess oil makes the filpg,\, f th tact | d to be defined ind ]
thicker and thicker. When the thickness of the oil film is goe o o Contact andies Need o be detined ndepen

larger than the range of intermolecular forces the equilibrium - | Dijke et al.[97] presented a linear relationship to find
spreading co.efficient becomes zero. Soltrol, a mixture of hy'gas-oil and gas-water contact angles from the oil-water con-
drocarbons, is an example of this cqeel. tact angle and interfacial tensions which also satisfy the con-
straint given by Eq(7):
B. Three-phase contact angles 1
The contact angle is defined as the angle between the COS@go:;{CsCOS%WJ’CJ 2040}, (8)
go

two-phase line and the solid surface measured through the
denser phase. In a three phase system a horizontal force

; ; ; 1
balance can be written for each of the three pairs of fluids, COS Oy = ——{(Cy+ 207, COSOoy+ Co+ 2050}, (9)
i.e., oil-water, gas-water, and gas-oil, residing on a s(@ak Ogw
Fig. 5):
Oos= Ows ™t Oow COS Oy, (4)

C. Wettability alteration and contact angle hysteresis

While most clean rock surfaces in contact with refined
oils are water-wet, few, if any, oil reservoirs are completely
(6) water-wet. This is be_cause of dirgct contac.t.of crude oil vv_ith

the solid surface which changes its wettability by adsorption
A constraint between the three-phase contact angles and iof the polar components of the crude or the presence of natu-
terfacial tensions in mutual equilibrium can be derived byrally oil-wet minerals within the rock. This makes any values
manipulation of Eqs(4)—(6): of oil-water and consequently gas-water and gas-oil contact

Ogs= Oyst Ogy COS Oy, (5)

Oys= Opst 0o COS by,
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angles possibl§98-103. Kovsceket al. [100] developed a After gas injection into an element containing oil in the
model where the wettability of the rock surface is assumed te@enter and water in wetting layers, gas will occupy the center
be altered by the direct contact of oil. Before a porousand it is possible that oil will remain in a layer sandwiched
medium is invaded by oil it is assumed to be full of water between the gas and water. These are caledadingayers;
and water-wet. Once it is invaded by oil a thin film of water as we discuss later their stability is related to the spreading
prevents oil touching the solid surface directly. But at acoefficient, contact angles, corner angles, and capillary pres-
threshold capillary pressure this film can collapse and allowsures, and are likely to be present in spreading systems.
oil to contact the solid surface and change its wettability. A spreading system ha€,=0 and oil spontaneously
Regions of the pore space not contacted by oil remain wateforms layers between water and gas in the pore space. A
wet. nonspreading system h&s<<0 and while oil layers can also
The contact angle also depends on the direction of disbe presen{43,105,106 they tend to be stable for more re-
placement. This difference betweadvancingi.e., the wet-  stricted range of capillary pressures. Also, we refer to wet-
ting phase displacing the nonwetting one, aaceding i.e.,  ting and spreadindayers—these layers are typically a few
nonwetting phase displacing the wetting one, contact anglesiicrons in thickness and have reon-negligible hydraulic
may be as large as 50°-9(83,103,104 depending on sur- conductivity and maintain phase continuity. In contrilsis
face roughness, surface heterogeneity, swelling, rearrangere of molecular thicknes®f order a nanometgmand have

ment, or alteration of the surface by solv¢8]. negligible conductivity and donot contribute to phase
To accommodate any type of displacement process, weontinuity—where present films simply modify the apparent,
assign eight contact angles to each pore and thﬂﬁ’ﬁt(oil or equilibrium, interfacial tensions, as discussed above.

displacing water in an element that has not changed its wet-
tability before, 6}, (gas displacing water in an element that
has not changed its wettability befgreand six contact
angles when the wettability has been alter@$}; (water dis-

IV. PREVIOUSLY DEVELOPED THREE-PHASE
NETWORK MODELS

placing oil, 8, (0l displacing wate), 8, (water displacing Heibaet al.[107] extended statistical network modeling
gas, 6, (gas displacing watgrdg, (oil displacing gas 6y,  previously used for two-phase systefi©8,109 to three-
(gas displacing ol phase flow. A Bethe lattice, or Cayley network was used to

There is an ambiguity in defining a third contact anglerepresent the porous medium. Relative permeabilities were
from Eq. (7) if advancing and receding values are different.calculated using Stinchcombe’s forml&10] using series
For instance, imagine water is being injected into oil and gagpproximations from percolation theory. Only a single phase
where the appropriate gas-water and oil-water contact anglesuld occupy a throat. A given fluid was considered to be
to be used ar@g, and 65, respectively. Now if one uses EQ. able to flow only when the site that it occupied was a mem-
(7) to find the third contact angléy,, it is not clear that the  per of a continuous flow path from inlet to the outlet. The
calculated value is the advancing or receding gas-oil contaglisplacement of one phase by another was controlled by ac-
angle. This problem is also evident when one uses B)s. cessibility and local entry capillary pressure. Six groups of
and(9), where it is not known, for example, which oil-water displacement were considered: gas into oil, oil into gas, gas
contact angle, i.e., advancing or receding, should be used {ato water, water into gas, water into oil, and oil into water.
calculate receding gas-oil contact angle needed, for examplewo spreading systems were investigated where in the first
in gas injection into oil and water. one gas and water were displacing oil while in the second

In this paper we first decide on the values of two of thecase water and oil were displacing oil and gas. The results
contact angles and then calculate the third one usind®g. showed that the gas and water relative permeabilities were
We usef,,, and 6, to calculate &, We also us&5,, and  functions of only their own saturations. Oil layers prevented
0, to find another value ofi,,,. The smaller of two values of  the direct contact of gas and water. Oil isoperms were found
6y is considered as receding and the larger one as the agb be strongly curved, meaning that the oil relative perme-
vancing value. We always make sure in every single pore anghility was not only a function of its own saturation. Exten-
throat, the receding contact angle for each phase is less thafbns of the theory to handle the complications involved by
or equal to the advancing value, i.6j;< 7. the effects of wettability and phase swelling due to mass
transfer were also discussed. It was concluded that three-
phase relative permeabilities are generally path functions

The representation of the cross section of a pore or throatther than state functiongunction of saturation onlyex-

a square or triangle clearly is not an accurate description afept in particular situations such as when two phases are
the highly irregular structure of real porous media. Howeverseparated by the third. This model used rather simple net-
this description does allow phases to be present in layersorks and displacement rules.

occupying the corners when a non wetting phase fills the Soll and Celig111] developed a computational model of
center of the element. capillary-dominated two- and three-phase movement at the

During primary drainage oil can occupy centers of thepore level to simulate capillary pressure-saturation relation-
pore space, leaving water as a wetting layer in the cornerships in a water-wet system. Regular two- or three-
During subsequent cycles of water and/or gas injection thesgimensional networks of pores, connected to each other by
water layers are still present and maintain continuity ofthroats, were used to represent the porous medium. Hyster-
water. esis was modeled by using advancing and receding values

D. Spreading and wetting layers
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for the contact angles for each pair of fluids. Every pore wador the oil-wet case. Water in water-wet systems played the
able to accommodate one fluid at a time as well as wettingame role as oil in oil-wet systems—water recoveries in
layers. Viscous forces were considered to be negligible buivater-wet spreading and nonspreading systems were high.
the effects of gravity were included to modify the local cap-An order of magnitude reduction in the simulated conductiv-
illary pressures. In order to reproduce their micromodel exdity of the oil layers decreased oil recovery and made the
perimentg 37], oil as a spreading phase was allowed to ad-behavior of the spreading system similar to that of a non-
vance ahead of a continuous invasion front. Several porespreading system. Also a reduction in initial oil saturation for
could be filled simultaneously. This model was the first totertiary gas injection decreased the oil recovery. This was
incorporate layer flow in three-phase network modeling altrue for both spreading and nonspreading systems indicating
beit in a ratherad hocfashion. The results were compared that the recovery of the intermediate wetting phase is strong
with capillary pressure-saturation results and fluid distribu-function of saturation history. This was reported to be con-
tions from the two- and three-fluid micromodel experiments.sistent with experiments by Driaet al. [3] and Oak
The amount of oil layer flow was used as a fitting parameter{116,117. It was also concluded that the recovery of the
Predicted two-phase air-water and oil-water capillary preswetting fluid is independent of the saturation history. Rela-
sures were in good agreement with measured val8&f tive permeabilities were not calculated in this work.
although the model did not so successfully match three- Patersonet al. [118] developed a water-wet percolation
phase data. The model was not used to calculate relativeodel to study the effects of spatial correlations in the pore
permeabilities. size distributions on three-phase relative permeabilities and
@renet al. [112] described details of the pore level dis- residual saturations. This was an extension of their previous
placement mechanisms taking place during immiscible gagork on two-phase systemi$19]. Fractal maps derived from
injection into waterflood residual oitertiary gas injection  fractional Brownian and Levy motioffBm and fLm) were
which then were incorporated into a two-dimensionalused to assign pore size. A simple site percolation model
strongly water-wet square network model with rectangulawith trapping was used. Trapping was incorporated based on
links and spherical pores in order to compute oil recovery irHoshen-Kopelman algorithil20]. In three-phase simula-
spreading and nonspreading systems. Simulated recoveriéens direct displacement of oil and water by gas and also
compared very well with the measured values from micro-double drainage were implemented. The model assigned the
model experimentg35,113. The authors described a double same volume to all pores and so the fraction of sites occu-
drainage mechanism where gas displaces trapped oil that dipied by a phase gave its saturation. All the sites were as-
places water allowing immobile oil to become connectedsumed to have the same conductivity regardless of their ra-
boosting oil recovery. Oil recovery decreased with decreasdii. The simulation results for correlated properties showed
ing spreading coefficient. In nonspreading systems, the probdewer residual saturations in comparison to uncorrelated
ability of direct gas-water displacement was high and capil-ones. Incorporating a bedding orientation to the spatial cor-
lary fingering of gas resulted in early gas breakthrough andelations had a major impact on relative permeability. When
low oil recovery. In spreading systems oil reconnection washe bedding was parallel to the flow direction, the relative
more effective and direct gas/oil displacement was preferrecbermeabilities were greater and residual saturations lower
It was concluded that a simple invasion percolation algothan those when bedding was perpendicular to the flow. This
rithm [114,113 including the spreading layers works well in was also the case for two-phase relative permeabi[ili&g].
mimicking the complex three-phase behavior seen in microThe effects of spreading coefficient were also studied. Simi-
models. In this work relative permeabilities were not calcu-lar to previous author§28,113 it was shown that the less
lated. negative the spreading coefficient, the lower the final re-
Pereiraet al. [28] developed a dynamic two-dimensional sidual oil saturation. For more negative spreading coeffi-
network model for drainage-dominated three-phase flow irtients direct gas to oil and gas to water displacements are
strongly water- and oil-wet systems when both capillary andoreferred over double drainage. This effect was more signifi-
viscous forces were important. The displacement mechacant for correlated systems.
nisms in spreading and nonspreading systems were described Fenwick and Blun{88,89 developed a three-phase net-
by generalization of two-phase displacement mechanismsvork model for strongly water-wet systems. A regular cubic
Both pores and throats were assumed to be lenticular in crosgetwork composed of pores and throats with equilateral tri-
section allowing wetting and spreading layers to be presentaingular or square cross sections was used. Oil-water and
The simulated recoveries at gas breakthrough were compareg@s-water contact angles were considered to be zero. Two-
against measured values in micromodg3s]. As in @ren and three-phase displacement mechanisms including oil
et al. [112], a large difference between the recoveries inlayer flow observed in micromodel experiments were incor-
spreading and nonspreading systems was reported for watgrerated in the model. Double drainage was generalized to
wet cases due to existence of oil layers in the spreadingllow any of six types of double displacement where one
systems. The highest recovery, 85%, was found for the oilphase displaces a second that displaces a third as observed by
wet case. This was because continuous wetting layers préeller et al. [43]. The model was able to simulate any se-
vented trapping of oil. The oil recovery was much lower, quence of oil, water, and gas injection. Using a geometrical
14%, for the water-wet case in a nonspreading system. Thignalysis, a criterion for stability of oil layers was derived
was because there were no spreading layers of oil. Evewhich was dependent on oil-water and gas-oil capillary pres-
when layers were present for the spreading system, the aflures, contact angles, equilibrium interfacial tensions, and
recovery was much lower, 40%, in a water-wet medium tharthe corner half angle. It was argued that oil layers could be
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present even for negative spreading coefficient systems. Usvere virtually identical. For nonspreading systems with a
ing a simple calculatioh94] it was shown that the layers are low oil-water capillary pressure, drainage of water and oil
of order a micron across or thicker in the corners, roughnes®&ccurred with similar probability. The effect of spreading
and grooves of the pore space. The work estimated conducoefficient and saturation history on three-phase relative
tance of an oil layer which then was used to compute oilpermeability was consistent with other network modeling
relative permeability. It was shown that at low oil saturationstudies [28,88,89,112 and experimental measurements
the oil relative permeability should vary quadratically with [2,14,117,125,12/6
saturation, as observed experimentdllg1-124. An itera- Larocheet al.[130,13] developed a pore network model
tive methodology which coupled a physically based networko predict the effects of wettability heterogeneities with dif-
model with a one-dimensiondllD) three-phase Buckley- ferent patterns and spatial distributions on displacement
Leverett simulator was developed in order to find the correctnechanisms, sweep efficiency, and fluid distribution in gas
saturation path for a given process with known initial condi-injection into oil and water. A dalmatian type of wettability
tion and injection fluid 88]. This enabled the network model heterogeneity was used with continuous water-wet surfaces
to compute the properties for the right displacement seenclosing discontinuous regions of oil-wet surfaces or vice
quence. Relative permeabilities for secondary and tertiaryersa. A series of three-phase glass micromodel experiments
gas injection into different initial oil saturations were pre- with different wettabilities were also carried out. Measured
sented. The resultant saturation paths compared well qualitail-water contact angles for the water-wet and oil-wet sur-
tively with experimental data by Grader and O'Meat21].  faces were 0° and 105°, respectivelydodecane, water, and
The paths in the oil-water vs gas-oil capillary pressure spacaitrogen were the three fluids used in the experiments. All
were all located in the region where oil layers were stableghe two-phase interfacial tensions, densities, and viscosities
meaning that oil did not get trapped. Oil relative permeabili-were measured. The initial spreading coefficient was
ties for different initial conditions were different from 7.3 mN/m and hence the oil was assumed to be spreading.
each other, consistent with several experimental studie$he capillary number throughout the experiments was ap-
[2,14,117,125,126 proximately 10° indicating capillary controlled displace-
Mani and Mohanty[127,12§ also used a regular cubic ment. A 2D regular pore and throat network was used to
network of pores and throats to simulate three-phase flow isimulate the experiments. All the throats had triangular cross
water-wet systems. Pores and throats were considered to kections while the pores were circular cylinders. The pore
spherical and cylindrical, respectively. The oil-water capil-and throat size distributions were similar to those of Berea
lary pressure was fixed at its original value during the gasandstone. Saturations, conductances, and relative perme-
invasion processes. The parameters of the network werabilities were calculated using similar techniques to Fenwick
tuned to match two-phase mercury-air experimental capillarand Blunt[89]. The fluid distributions at the end of two- and

pressures for Berea sandstdi@9|. three-phase simulations were in good qualitative agreement
Both dynamic and quasistatic simulations were carriedvith those found experimentally.
out. The work had two important featurds: dynamic simu- Hui and Blunt[132] developed a mixed-wet model of

lation of capillary-controlled gas invasion, where it was as-three-phase flow for a bundle of capillary tubes. The tubes
sumed each phase pressure was not constant across the retd different sizes and were equilateral triangle in cross sec-
work; (ii) re-injection of the produced fluids at the outlet of tion. Wettability alteration was modeled by changing the
the medium into the inlet in order to simulate larger systemswettability of surfaces that came into contact with oil after
This was used to see whether trapped oil ganglia becomgrimary drainage. The model simulated three-phase flow
reconnected by double drainage to form spanning clustersvith any combination of oil-water, gas-water, and gas-oil
The two-phase processes were simulated at low capillargontact angles. In all some ten fluid configuration were con-
number using traditional quasistatic assumptions. Pressustdered. Primary drainage, water flooding, and tertiary gas
drops across pores were ignored. The model included fluithjection were simulated. The effects of wettability, spread-
flow through wetting and spreading layers. A fixed conduc-ing coefficient, and initial oil saturation on relative perme-
tance was assigned to oil layers. For the capillary pressurabilities were investigated. Possible configuration changes
histories used, no stable oil layers were observed in botduring each process along with the threshold capillary pres-
spreading and nonspreading systems. Gas invasion was maglire of each change were presented. The stability of layers in
eled by three displacement mechanisms: direct gas-water, dilifferent configurations and capillary pressures at which they
rect gas-oil, and double drainage. For each displacement ellapse was discussed. We will extend this approach to
potential was considered which was the difference betweestudy 30 different possible fluid configurations in three-phase
the pressures of two involved fluids minus the threshold capflow and will incorporate them in a three-dimensional ran-
illary pressure of the displacement. The displacement wittdom network model.

the largest potential was carried out first. Re-injection of flu- Lerdahl et al. [133] used the technique developed by
ids was simulated by replacing the fluid distribution in the Bakke et al. [47] to reconstruct a three-dimensional void
inlet zone by the fluids in the outlet zone. The process waspace, Fig. 1, and then convert it to a pore and throat net-
terminated after steady state was reached at the imposedrk, Fig. 2, for use in a water-wet network model to study
pressure conditions, i.e., when no further gas invasion wadrainage-dominated three-phase flow. Simulated results were
possible at the imposed capillary pressure. The final oil satueompared successfully against the experimental data by Oak
ration in spreading systems was zero. The capillary pressufd17]. We will use a similar network in our studies and also
curves obtained from dynamic and quasistatic simulation€ompare our predictions against Oak’s experim¢his]. In
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our study we will compare results on a point-by-point basiswork models to date have not addressed the full range of
using our saturation tracking algorithm and extend the modepossible configurations in mixed-wet systems and their pre-
to mixed-wet systems following the approach of Hui anddictive powers are limited. The network model described
Blunt [132]. here combines three essential componefijsa description

. Larsenet al. [90] used a water-wet three—dimensior_lal CU- of the pore space and its Connectivity that mimieal sys-
bic pore network model based on the work of Fenwick andems; (i) a physically-based model ofettability alteration
Blunt [88,89 to simulate a series of micromodel experimentsan(iii ) a full description of fluid configuration®r two- and
of WAG (water alternate gasinjection processes. All the hree-phase flow. This will enable us to predict three-phase

pores and throats were assumed to have square Cross S nhase relative permeabilities for media of arbitrary
tions. The network model was used in an iterative procedur?\/ettability using geologically realistic networks

similar to the one used by Fenwick and BIU8] to find

self-consistent saturation paths. Three WAG injections with V. MODEL ASSUMPTIONS

different gas-water injection ratios were carried out. ) o _ _
Van Dijke et al. [97,134,135 presented a process-based In this work, it is assumed that the fluids are Newtonian,

mixed-wet model of three-phase flow using a bundle of Capincompressible, and immiscible. It is also assumed that the

illary tubes with circular cross sections to study the saturacapillary number

tion dependencies of capillary pressures and relative perme-

abilities for spreading and nonspreading systems. Larger Ncap:ﬂ’, (10)

pores were considered to be oil-wet and the smaller ones o

water-wet. It was shown that based on interfacial tension here is the viscosity and is the fluid velocity, to be low

and contact angles the three-phase saturation space could ugh, i.e., 10-107 and smaller, such that the system is
divided up to three different regions with a different j, .oniary equilibrium and fluid flow is capillary controlled
intermediate-wet p.hase. The relatlye permeability Of, thisyt the pore scale. This is a reasonable assumption for most
phase was a function of two saturations. Also the Cap'"aryr_eservoir displacements away from the well bfge,133.

pressure between the most wetting and nonwetting phases is to gond number is a ratio of gravity to capillary forces:
dependent on two saturations. The relative permeabilities

of the other two phases were a function of only their own (pi = p)gL?

saturation in this region. B= (ij = ow,gw,go), 1D
Van Dijke et al. [86,87 developed a regular three-

dimensional three-phase network model for systems with difwherep is the densityl is a typical pore length, anglis the

ferent wettability expanding on their previous studies onacceleration due to gravity. We can neglect gravity if the

bundles of capillary tubes. Every element was allowed td3ond number is less than ) which again is satisfied for

have a different oil-water contact angle and E@.and(9)  Most pore-scale displacemeris.

were used to determine the gas-oil and gas-water contact e further assume there is no momentum transfer across

ang'es[Q?] While |ayers were not incorporated exp||c|t|y in the fluid-fluid interfaces. As in Zhoat al. [138], in our com-

saturation or conductance computations they were allowed tButations of phase conductance we consider free boundaries

establish continuity of different phases. The model was d0r gas-oil and gas-water interfaces and no-flow for water-oil

cubic array of only throats with a circular cross section. Theinterfaces. When there is continuity of velocity across the

coordination number could be changed by removing throatiiterfaces, the pressure gradient in one phase may affect the

from the network. An extensive series of simulations offlow and consequently the relative permeability of the other

three-phase flow was performed. For networks with a highPhases. This phenomenon for two-phase flow has been inves-

coordination number, the saturation dependencies werédated by Goode and Ramakrishnan and Kalaydjian

qualitatively similar to those predicted for capillary bundles.[91,139. We will ignore this complication in this work.

As the coordination number was reduced, connectivity was 10 find the pressure difference across an interface we use

impaired and trapping became significant. They compare¢he Young-Laplace equation:

their network simulations with micromodel experiments of 1 1

WAG [136,137 where there were repeated cycles of water P -Pj= aij<— + —), (12

and gas flooding. To reproduce the results they incorporated f1 T2

multiple displacements where a train trapped clusters mawherer, andr, are the principal radii of curvature, arig|

displace each other until there is invasion into a connectegnd P; are pressures of the phases on either sides of the

phase. They suggested that such multiple displacements wegerface.

significant in WAG flooding. While certainly such displace-  There are two types of interfacé) Main terminal menis-

ments were observed in the micromodel experiments, weus (MTM)[85], which is the invading meniscus at the pore-

suggest that in three-dimensional displacements the phasgfroat junction separating wetting and nonwetting fluids. The

are likely to be better connected and so the movement odhape of such a meniscus is assumed to be spherical meaning

trapped ganglia is less significant. We will only considerthat the two radii of curvature are the safmg=r,=r). The

O'ij

double displacements in this paper. _ pressure difference across an MTM is then given by
While many three-phase pore-scale displacement mecha-

nisms are well understood, and the generic functionality of P_p = @1 (13)

relative permeability has been discussed, three-phase net- R
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(i) Arc meniscus (AM)which is the interface at a corner of Il Waer m— Altcred wettability
a noncircular element. It is assumed that the curvature of the Bl oi utace
interface is negligible parallel to a pore or throat meaning [ Gas
that the principal radii of curvature would bg=r andr,

=0 [85,93. The pressure difference across such an interface

is given by (A-1) A2

P-P = ir'l (14)

As Lerdahlet al. [133], the clay volume associated with
each pore and throat in the network is considered to be full
of water and immobile. It is also assumed that fluids have B B2) B-3) (B4)
been long enough in contact to keep the level of solubility of
one fluid in the other constant throughout all the processes.
Temperature is also fixed to prevent changes in solubility of
fluids in each other. These two assumptions ensure that in-
terfacial tensions stay the same during different processes.

For each displacement event we also assume that even
interface is comprised of only two phad&¥,111. Only the
saturation of the invading phase whose pressure increases i
allowed to increase while the two other saturations are either
constant or decreagél11].

(C-1) (C-2) (C-3) (C-4)

VI. PORE-SCALE NETWORK MODELING

(D-1) (D-2) (E-1) (E-2)

The model assumes quasistatic displacement controlled, ] ) )

at the pore scale, entirely by capillary forces. The simulation_ F!G- 6. One and two phase configurations for a single corner.

proceeds as a series of displacements. A displacement is tH’Qe bold solid line indicates regions of the surface with altered

change of the configuration gro(s in one pore or throat wettability. All the multiphase contact points may be pinned which

(see details latér This can represent the replacement of ongneans that as the capillary pressure changes, the curvature of the
. interface changes but that the location of the interface-solid contact

phase by another in the center of the pore, or the collapse or fixed. A ph b i th ter of th

formation of a layer in a single corner. There is a capillaryIS 'xed. A phase may be present in the center of the pore space or

iated with th ition f f as a spreading or wetting layer, sandwiched between other phases.
pressure assoclated with the transition from one con 'gur",’\Nater is always present in the corner. The network model simulates

tion to another. W_e define pressures of water, oil, and gas 'Q sequence of displacement events that represent the change from
the network. As displacement proceeds, these pressures Wille configuration to another. Tables VIII-XIV in Appendix C list

Increase. the capillary pressures for each displacement.

A. Primary drainage and wettability alteration B. Two- and three-phase fluid generic configurations

The network is initially fully saturated with water and  Different oil-water, gas-water, and gas-oil contact angles
strongly water-wet, with the oil-water contact angﬁ’:o and interfacial tensions make it theoretically possible to
and all phase pressures are set to zero. Oil then enters thecommodate fluids in the corners of the pore space with
network and it invades the pore or throat with the lowestdifferent configurations. Figures 6 and 7 illustrate possible
capillary entry pressure and changes the configuration grouggeneric configurations of one, two, or three fluids in a single
in an invasion percolation proce$$14,113. Drainage is corner of an angular pore or throat with any values of two-
complete when a target capillary pressure or saturation hasnd three-phase contact angles—the whole pore or throat is
been reached, or when all pores and throats have been inemposed of ndcircle), three(triangulay, or four (square
vaded by oil. corners. The configurations are equally applicable for any

At the end of primary drainage, regions of the pore spacether angular pore or throat with any number of corners.
in direct contact with oil may change their wettability. We Altered wettability surfaces are shown by thicker lines. Fluid
assign an advancing oil/water contact andle to each oil-  located in the corner, layer, or center of a configuration is
filled pore and throat after primary drainage. Different porescalled aphase locationFor example, configuration group
and throats may have different contact angles. Contact angléms three phase locations, water in a corner, an oil layer, and
are assigned at random to oil-filled pores and throats, accorgias in the center. For single phase configurations—group
ing to some specified distribution. In this paper, the contacA—only one phase location, i.e., water in the center, is con-
angles will have a uniform distribution between some specisidered. Every phase location has a flag associated with it

fied maximum and minimum values. indicating whether the fluid that it accommodatesastinu-
After primary drainage, the model simulates any sequenceusor trapped A cluster of phase locations is trapped when
of water, gas and/or oil invasion. it does not connect to the inlet and outlet; if it does then it is
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Bl Vo — Al::red wettability TABLE Ill. The range of contact angles for which each configu-
B oil * ration in Figs. 6 and 7 can exist.
D Gas

Configuration Oow Ogw g0

A-1, A-2

B-1, B-2 <m/2-a?
(F-1) (F2) (F:3) (F-4) B-3, B-4 =m/2-a

C-1, C-2 <7T/2—a

C-3,C-4 277/2—&

D-1, D-2 =7/2+a

E-1, E-2 =7/2+a

F-1, F-2 <7/2-a <w/2-a
(G-1) G-2) (G-3) (G-4) F-3, F-4 =7m/2-a <m/2-a

G-1, G-2 <m/2-a =7/2+a

G-3, G4 =7/2-a =7/2+a

H-1, H-2 =7/2+a <m/2-a

I-1, 1-2 <m/2-a =7/2+a

J-1, J-2 =7/2-a =7/2+a <m/2-a
=) = A=) 2 K-1, K-2 =>m/2+a =>w/2-a =u/2+a

Corner half angle.

C. Definitions

A displacemenis defined as a change in generic configu-
ration groups(indicated by letters in Figs. 6 and T an
element by areligible displacing phase which is the phase

FIG. 7. Three phase configurations for a single corner, continuediesiding in a phase location that is topologically capable of
from Fig. 6. doing the changs). Based on the type of displacement this
can be a configuration change in one or all corners of the
: . Wlement. For every configuration change, there mighdibe
the phase 'Iocatlons_are aSS|gr_1ed to the clusters and how th(f‘é"rent ways to carry out the displacement. In such a case
continuity is determined later in this paper.

For elements with a circular cross section, only one hasgaCh one is treated assaparatedisplacement. For instance,
- Ony P agine configuration group changeto C due to oil layer

may occupy the pore or throat. For square and tnangula\m"apsa The change could be carried out either by invasion

cross sections, the phase in the middle of the element mu§ i ) .
be the same for each corner, but different corners may hav® water in the corner or gas in the center which corresponds

different configurations, depending on the comer angle!® @ decrease ifPg, Or an increase irPeg, respectively.
However, in a single pore or throat, the contact angles infhese two ways are 'Freated as two separate dllsplacements.
each corner are the same. Table Il lists the range of contadth® network model simulates a sequence of displacements
angles for which each configuration in Figs. 6 and 7 mayinduced by imposed changes in phase pressures.
exist. A capillary pressure between any two phases,R&,, For every displacement, there are two phase locations as-
is defined a®; - P;. The radius of curvatureof the interface ~ sociated with it. One accommodates the displacing fluid of
between two phasdsandj in Figs. 6 and 7 is related to the the displacement, thelisplacing phase locatignand the
capillary pressure by Eq14). other one accommodates the displaced fluid, displaced
One should note that when E(.4) is applied to calculate phase location For example, consider configuration group
radius of curvature for an interfack; andP; may be differ-  change B to C by an invasion of gas residing in the center of
ent from the inlet or outlet pressures, i.e., giebal absolute a neighboring pore into oil in the center of a throat. The
pressures of the two phases, if that phase is trapped. In suclisplacing and displaced phase locations for this displace-
cases the absolute pressures of the trapped clusters are us@@ént are the gas center in the pore and the oil center in the
Capillary pressure is used in this paper in two senses. Thiroat, respectively.
first is a threshold or entry capillary pressure at which a A processis defined as a consecutive sequence of dis-
displacement in an element occurs. This has a precise defdacements that involve a change in the same capillary pres-
nition dependent on the contact angles and pore geometrgure in the same direction. The change in capillary pressure,
The second is when there is some imposed pressure diffeR;, is due to injection of either phaseor j. For instance,
ences between phases in an element that is used to determjmémary drainage is a process involving an increase in oil-
the radius of curvature of interfaces. This pressure differencevater capillary pressure. Water flooding is a different process
always corresponds to a threshold capillary pressure for mvolving a decrease in oil-water capillary pressure.
recent displacement. Drainage in a capillary element is referred to an event

J-1 J-2) (K-1) (K-2)

026301-10



THREE-DIMENSIONAL MIXED-WET ... | ... PHYSICAL REVIEW E 71, 026301(2005

where awetting phase is displaced by monwettingphase. (i) Pore-body fillingrefers to the displacement of one
An event in which anonwettingphase is displaced by a phase in the center of a pore by movement from the center of
wetting phase is calledmbibition. the adjoining throds). For drainage the threshold capillary

Because of contact angle hysteresis, the contact angle camessure is given by similar expressions for pistonlike ad-
hinge between its receding and advancing values without theance. For imbibition threshold capillary pressure depends
contact line moving and is called thenging contact angle. on inscribed radius of the porebody and the number of neigh-
Every interface has two contact angles associated with it: boring throats that either doot hold the invading phase in
atargetcontact angle, which is the contact angle thatrtkes  the center or cannatontributeto the displacement because
AM’s will have just after a displacement in that element. Thethey are trapped. For a pore with coordination numiver
existing (old) AM’s might reach this value just before dis- m-1 pore-body filling events are possible, callgdwheren
placement. This contact angle may be different from onds the number of neighboring throats that are not involved in
process to another. For example, imagine a configuratiothe displacement £n<=m-1 [29,30. Whenn=1, the dis-
group change A to B by oil primary drainage. The new AM’s placement is a pistonlike event with the corresponding
in configuration group B will have the target contact angle ofthreshold capillary pressur¢29,48. The equations to com-
05\,'3. The target contact angle during water flooding for anpute threshold capillary pressures for pistonlike and pore-
existing oil-water interface in configuration group Bd§,, body filling displacements are listed in Tables VIII-XI in
(i) the furthest contact angle, which is the maximum, or Appendix C.
minimum, hinging contact angle that an interface reached (iii) Snapoffcorresponds to an event where the phase in
during the last process when the pertinent capillary pressurde center of a pore or throat is displaced by a phase residing
was changing. This may not necessarily be the same as thie corners or layers. When the relevant capillary pressure
target contact angle. For instance, imagine water flooding islecreases the invading phase starts swelling and conse-
being carried out after primary drainage in a strongly oil-wetquently contributing AM’s—starting from the sharpest
system with#3,=m. When the oil-water capillary pressure corner—may hinge and eventually move—when the hinging
decreases the oil-water AM’s start hinging frafff) towards ~ contact angle reaches the advancing value—towards the cen-
the target contact angle5,. If water flooding is stopped at ter to meet the other moving or pinned AM's. When AM’s
some stage then there might be AM’s, particularly in widemeet the center of the element is filled spontaneously by the
corners, that have not reached the advancing value yet. Fdisplacing phase. Depending on the magnitude of the ad-
such AM’s the last hinging contact angles are considered agancing contact angle snapoff can be spontane(iis
their furthest contact angles. For the AM’s that reached the< /2 -a;) or forced(62> 7/2-a;). Snapoff is not favored
target contact angle, the furthest contact angle will be thever a pistonlike or pore-body filling event when there is a
same as the target contact angle. For the next process, faoeighboring element with the invading phase in the center
instance gas injection, the interface may start hinging fronthat is able to carry out the displacement. The threshold cap-
this furthest value towards the new target contact angle. illary pressures are found using the equations tabulated in

Every AM has a meniscus-apex distafcassociated with  Tables XII and XIII in Appendix C.
it (see Fig. 14 in Appendix A and is calculated using Egs.  (iv) Layer collapse and formatigipistonlike, and snapoff
(C5 and (C6) with 6, being the angle that the AM makes displacements—if the pertinent contact angles, capillary
with the surface towards the apexthe corner half angler  pressures, and corner half angles permit—allow the dis-
the interfacial tension, anB xremethe capillary pressure of placed phase to remain as laggisandwiched between fluids
the last move of the AMb changes whenever the AM in the cornefs) and center of the element. The formation of
moves. layers in an element is also possible by displacement from

fluids residing in thelayers or center of the neighboring
o elements. The layers may collapse by an increase in pressure
D. Basic displacements of the fluids on either side of the layer. When a layer collapse

Displacements may be categorized into four groups: ~ €vent takes place, one of the two AM’s bounding the layer
(i) Pistonlike which refers to the displacement of one Will hinge and/or move towards the other one. However,
phase by another in the center of a throat by a fluid residingometimes both AM's contribute into the layer collapse
in the center of a neighboring pore. The prevailing contacevent, e.g., oil layer collapse event by water in configuration
angles during drainage and imbibition events are recedingroup D. Expressions to compute threshold capillary pres-
and advancing values, respectively. If there is no contacgures are listed in Table XIV in Appendix C.
angle hysteresis then the threshold capillary pressure of pis-
tonlike imbibition is the same as that of drainage, otherwise
during imbibition the relevant capillary pressure is reduced
and each interface starts hinging from its furthest value to- Configuration changes make it possible to simulate any
wards the advancing contact angle. It stays pinned as long @&quence of fluid injection in two- and three-phase systems.
the hinging value is smaller than the advancing contacill possible changes are displayed in Figs. 8—12.
angle. The wetting phase will enter the element when the Here we present points that one should consider to record
advancing contact angle is reached. The threshold capillargonfiguration changes:
pressures are found using the Mayer-Stowe-Prindé8P) 1. After every configuration group change, there will be
theory[48,140-143 some new displacements to be considered. These displace-

E. Configuration changes
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FIG. 8. Possible configuration changes to configurati@nsA ] ] i .
and(b) B. FIG. 9. Possible configuration changes to configurati@<C

and(b) D.

ments are added into thegpropriatelists (see details latg¢r  an old AM case. An example is the gas layer collapse event
For every new displacement, the appropriate list is deterby water or oil in configuration group G to form an oil-water
mined knowing what phase is displacing and whether théAM in configuration group B.
phases occupying the displacing and displaced phase loca- 3. An AM moves once the hinging contact angle becomes
tions are continuous or trapped. as large as the advancing contact angle of the (dMen the

2. Once a configuration group is changed, the type andelated capillary pressure is decreasing as small as the
the number of AM’s in the corner may also change. There areeceding contact angle of the Alvhen the related capillary
two possibilities:(i) the number of AM’s is the same but the pressure is increasiiigOnce the AM moves, the new is
type has been changed—fluid on one side of the AM hasgalculated. The value db is updated as long as the AM
been replaced by a new fluid. For example, consider configukeeps moving by changes in the pertinent capillary pressure
ration group change B to C. In this case the furthest contadh the same direction as when it started to move.
angle of the AM before the configuration change is given to 4. When a new layer formation event is considered, there
the AM after the configuration change and then the interfacare two displacements that may represent such an event and
may hinge from its furthest value towards the target contachoth must be added to the lists. Imagine an AM where a layer
angle(due to changes in the pertinent capillary pressarel  is going to be formed around it. The first displacement may
ultimately move. This will prevent any volume error of the displace some of the fluid above the AM to accommodate the
fluid residing on the other side of the AM—i.e., water in the layer while the other one displaces some of the fluid below
corner in the example above. We call this caseothAM the AM to make space for the layer. For example, consider
case.(ii) the number of AM’s in the corner has either in- gas layer formation resulting in configuration group change
creased or decreased. If it has increased by pistonlike @ to G. The two displacements may take place onlwgg
snapoff displacement then tnewAM will have the furthest > 7/2+a. By the first one, gas may displace some of the
contact angle the same as the target value and moves accokglater in the corner to open enough space for the layer while
ing to the changes in the relevant capillary pressure. Foforming a new gas-water interface for which the meniscus-
example, imagine configuration group change B to F by pisapex distanceé is calculated. Both target and furthest contact
tonlike invasion of gas. The furthest contact angle of the nevangles of the gas-water interface will l&,. One should
gas-oil AM will be 6. If the number of AM’s has increased note that the gas-oil interface, in the new configuration, is
by layer formation, see point 4. Finally if the number of treated as an old AMzr minus the furthest contact angle of
AM'’s has decreasetby layer collapsgthen it is treated as the oil-water interface before the configuration group change
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FIG. 10. Possible configuration changes to configuratiah&
and(b) F.

(b)

is given as the furthest contact angle of the gas-oil interface. . . . .
Then the gas-oil interface may start hinging from its furthest FIG. 11. Possible configuration changes to configuratian&
value towardsey, if the gas-oil capillary pressure is in- and(b) H.

creased d.urlng th? Process. A'SO the MENISCUS-apex d|stanﬁ$e configuration group change has replaced the fluid at the
b of the oil-water interface is given to the gas-oil interface.

; . <>~ center of the element and there is at least one different phase
The threshold capillary pressure of the layer formation ISresiding in the center of the neighboring elements.

calculated usingfg, and the furthest value of the gas-oil 7 "New layer formation displacements are added to the
interface. But in the second displacement, gas may displaggsts only when the phase that is expected to form the layer is
some of the oil in the center to accommodate itself as a layefgcated in neighboring elemdgt in the center or layer.
A new gas-oil interface is created and so its meniscus-apex 8. New snapoff displacements are added to the list as
distanceb is calculated. Both target and furthest contactsoon as a new AM is formed or the type of an old AM has
angles of the gas-oil interface will b&j, The gas-water changed. This is considered only if the fluid in the center of
interface is considered as an old AM and the furthest contadhe element is residing on one side of the AM. A new layer
angle of the oil-water interface before the configurationcollapse event is considered only if a new layer forms.
change is used as the furthest contact angle of the gas-water 9. Once a new configuration group is formed, it might
interface. Then the gas-water interface may hinge from itallow new displacements in theeighboringelements. For
furthest value towardé{1JW if the gas-water capillary pressure instance, imagine a pistonlike displacement by gas changes
is increased during the process. Also the meniscus-apex disenfiguration group B to C in an element. Formation of a gas
tanceb of the oil-water interface is given to the gas-water layer in the corners, as well as displacement of oil and water
interface. The threshold capillary pressure of the layer forin the center, of the neighboring elements are considered if
mation is calculated usingglo and the furthest contact angle topological and contact angle circumstances permit.
of the gas-water interface. 10. There are some configuratioisee Figs. 6 and)%hat
5. Once a displacement changes a configuration groughave more than one AM. The AM’s and also layers are num-
there might be other displacements that had been considerédred from the apex inwards.
for the same configuration group change but through other o _
routes. These displacements are not valid anymore and are F. Continuity and clustering
omitted from the lists. An algorithm to determine cluster distributions, critical
6. New pistonlike displacements are considered only ifpercolation concentration, and percolation probabilities in
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|T| I]E] TABLE IV. Criteria for connectivity of phase locations holding
3 T the same phase in adjacent pores and throats.
|
LF 1 l c pp | {prParso __: 22:::?;;?;0“ Phase location® Phase location 2 Connected?
I l ——> QGas injection
| Y. PP = Piston-like or corner corner yes
I S0 oy e corner layer no
LF = Layer Formation corner center no
L Lo op LC = Layer Collapse |ayer |ayer yes
layer center yes
IE] center center yes

*Phase locations 1 and 2 are located in two neighboring elements.

is found then all phase locations belonging to the cluster are
stored under the same cluster number.

Once the scanning of the network at its initial status is
finished, the injection of different phases and thus different
displacements may start. Displacements may create new

J J phase locations, form new trapped clusters, and make old
¥ K trapped clusters break, coalesce, or become continuous. This
means that the old flags of phase locations may not be valid
anymore and must be updated.

| Eor A |

4 H IJ\ A

i ppoi|praso Lrlik ilc PP
= I

PP or SO

P J -

-]
la-]
e
s}
—_
o)

|
|
LF I.:C LC LC PP We present a series of displacement-based rules to update
I I the continuity flags after each displacement event. This
~ X means that flags will balwaysvalid during all processes.
Dor? |L| Imagine a displacement occurring in a pore or throat. We
® © may call that pore or throat thrget element which may

have severaheighbors For a pore, the neighbors are the

FIG. 12. Possible configuration changes to configurati@h$,  throats connected to it and for the throats, the pores. Neigh-

(b) J, and(c) K. bors do not necessarily contain the same fluid as the target
element. Every phase location in the target element and its

network modeling has been developed by Hoshen andeighbors is considered as a member afhain of phase
Kopelman[120] which was later extended to irregular net- locations with the same phase and will act akead If a
works by Al-Futaisi and Patzeki44]. chain stretches to the inlet and outlet, itdsntinuous oth-

We use a different displacement-based algorithm to detererwise it is atrappedcluster.
mine cluster distributions. It is applicable to any two- or  The rules are itemized as follows:
three-dimensional regular and random network with any 1. Before the displacement takes place, all the chain
number of phases, i.e., phase locations, residing in a pore tieads in the target element and its neighbors are determined
throat. In contrast, the original Hoshen-Kopelman algorithm(i.e., separatelyin each pore and throatFor instance, in a
[120] assumed that only a single phase occupied each elgorner of an element with configuration group F, see Fig. 7,
ment. Our algorithm, as we will discuss in detail shortly, isthree chain heads, i.e., water corner, oil layer, and gas center,
also different from the extension of Hoshen-Kopelman algo-are determined. One should note that at this stage, there is no
rithm by Al-Futaisi and Patzek144] since wedo not—  need to know how far the chains stretch. Similar phase loca-
except for the first time—scan thentire network to update tions in an element will be members of the same chain and
our information regarding the continuity status of differenteither of them could be used as the chain head. For example,
phases residing in every element. in an element with triangular cross section with all the cor-

First, the network at its initial condition is scanned to ners having configuration group G, all the gas layers are
determine continuity of all its present phase locations. Flagsonsidered as members of a gas chain and obviously should
are assigned to every single phase location indicating if it isll have the same flags and only one of them is used as a
continuous or trapped. If a phase location is trapped then thehain head. This is also the case for the water corners. How-
cluster number which it belongs to is also attached to it. Aever, phase locations with the same phase but in a different
search algorithni145] is used to find continuity. The algo- typeof location might not necessarily be considered as mem-
rithm uses Table IV that lists the circumstances under whictbers of the same chain. For instance, in configuration group
phase locations holding the same phase in adjacent pores abd water in the center is not considered as a member of the
throats are considered connected. One should note that vebain that the water corner is a member of, unless they touch
assume that within a single pore or throat all the corners areach other in a corner where there is no oil layer. The water
connected and so are all the layers holding the same phaseenter is considered as a head of another water chain.
This definition of connectivity is used to define clusters of 2. Before the displacement, the connectivity of chain
each phase. During the scanning process, if a trapped clusteeads in the target element with the chain heads in its neigh-
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bors are determined and stored using the criteria listed ifiound phase locations formreewtrapped cluster with a new
Table IV. identity. Now all the other phase locations in the neigli§or

3. The displacement is carried out which may omit somethat were members of the mother trapped cluster are also
old phase locations while forming new ones in the targepicked up one by one and all the connected phase locations
element. Only for the newly formed phase locations musfre found and the process continues exactly the same as for
flags be assigned. The new phase locations created by pigre first phase location until there is no phase location left
tonlike, snapoff, and layer formation displacement eventspat has not been assigned to a new smaller trapped cluster.
that holdthe samephase as the displacing phase location will 15 | 5 chain head in a neighbor was disconnected from
. . ; : ¥he target element before the displacement and has become
location. For instance, for .0|I from the center of a ne'ghborconnected after the displacement th&nif the chain in the
center. But if the newly born phase location contains a phasfem IS continuous then_ the trapped cluster has become con-

inuous and flags of all its members are changed to continu-

similar to that of the displaced phase location, i.e., old, the Th , i< al ible when the chain head
it will get the same flags as the displaced phase location. FdpusS- 'he Opposite case IS also possibie when né chain hea

example, consider configuration group change B to F. The off? the target element is trapped while the one in the neighbor

layers will get flags the same as those of oil in the centefS continuous.(ii) If the chain head in the neighbor was
before the displacement. trapped and so was the chain head in the target element that

4. If the displacing phase location is trapped and formdt got connected to, then eoalescencehas happened and
new phase locations with the same flags then the new pha&®oth trapped clusters now will form a bigger trapped cluster
locations are added to the trapped cluster as new memberés€e Sec. VI H 1 for details For all other cases there is no

5. If the displaced phase location was trapped and aftefeed to change the flags of the chains.
the displacement it does not exist anymore, it is omitted from
the list of the trapped cluster members.

6. If the target element is connected directly to the inlet
or outlet and the new phase location is formed by the phase Based on what phase displaces what phase, there are six
invading from the outside of the network, a continuous flagpossible two-phase processes: oil displacing water which is

G. How to choose the right displacement

is assigned to the new phase location. controlled by an increase iR, This could be done either
7. After the displacement, new possible chain heads arby an increase in oil pressure or a decrease in water pressure.
determined in the target element. Likewise, water displacing oildecrease i, = increase in

8. Connectivity of the new chain heads in the target elewater pressure or decrease in oil presgugas displacing
ments with the chain heads in the neighbors are determinedater(increase irP.q,=increase in gas pressure or decrease
and stored. in water pressung water displacing gasdecrease irP.g,

9. Connectivity of every single chain head in the neigh-=increase in water pressure or decrease in gas presgase
bors to the chain heads with the same phase in the targeisplacing oil(increase inP.q,=increase in gas pressure or
element before and after displacement are compared. If decrease in oil pressyreand oil displacing gagdecrease in
chain head was disconnectédr connectefi to the target P.q,=increase in oil pressure or decrease in gas pressure
element before the displacement and stays disconnéated Every displacement belongs to one or two of these six pro-
connecteglafter the displacement, there is no need to changeesses. For instance, collapse of the gas layer which leads to
the flags of the chain. configuration group change G to B could occur by either

10. If a chain head in a neighbor was connected to thavater or oil invasion which corresponds to a decreade.jf,
target element before the displacement and got disconnected P, respectively. This means that this displacement be-
after the displacement thefi) If the chain head was con- longs to both water displacing gas and oil displacing gas
tinuous then its continuity is checked using a search algoprocesses. But, for example, configuration group change B to
rithm as the chain might have got trapped due to the disconA only belongs to a water displacing oil process.
nection from the target elemertii) If the chain head was A process can be carried out either by increasing the pres-
trapped, disconnection from the target elemenght mean  sure of the displacing fluid or decreasing the pregsuief
that a trapped cluster hdsokeninto two or more smaller the displaced fluigs). In two-phase processes, both methods
trapped clusters. This is calledlacal breakand the next may produce the same results but that matnecessarily be
point describes how the algorithm realizes if a local breakhe case for three-phase systems. We shall model all pro-
has actually broken the displaced trapped cluster into smalleresses by increasing the pressure ofitijection fluid. For
ones. example, gas injection into water and oil is carried out by

11. In order to find if a local break islareak one of the increasing the gas pressure not by decreasing the pressures of
phase locations residing in a neighbor that belongs to theil and water.
displaced(mothe) trapped cluster is chosen. Then all the For every single displacement, a threshold capillary pres-
phase locations connected to it are found using a search aure is calculated—Appendix C—which might depend on
gorithm. If all the other phase locations residing in the neigh-the relevant contact angles, corner angles and inscribed ra-
bor(s) that belong to the mother trapped cluster are amonglius of the element of interest, other capillary pressures, and
the found phase locations, then the disconnection has beéhe configuration of nearest neighbor pores and throats. Then
only a local one and not a break. If not, it is a break and thelepending on what fluid is displacing and what is displaced,
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TABLE V. Multiple displacements search categoriesntinuous-trapped; 9t

No. Displacing fluid Continuity status Displaced fluid Continuity status Name Chain categories
1 oil continuous water trapped ocwt wtot, wtoc, wtgt, wtgc
2 oil continuous gas trapped ocgt gtwt, gtwe, gtot, gtoc
3 gas continuous water trapped gewt wtot, wtoc, wtgt, wtgc
4 gas continuous oil trapped gcot otwt, otwc, otgt, otgc
5 water continuous oil trapped wcot otwt, otwc, otgt, otgc
6 water continuous gas trapped wegt gtwt, gtwc, gtot, gtoc

the threshold absolute pressure of thisplacingfluid for a  necessary, as they may occur during other processes when

singledisplacement is found from the conditions, i.e., pressures and target contact angles, will
threshold._. threshold be different. Before a new displacement is added to an ap-
P; = Pejj +P; (15 propriate list, its threshold capillary pressure is calculated.

Before a new displacement is added to a main sorted list, it
must be checked to see if both displacing and displaced
pthreshold_ p_ pthreshold (16)  Phase locations are continuous. If one or both of them is
! B trapped, then the displacement is added into an appropriate
whereP; andP; are pressures of phaseand], respectively.  sorted sublisin one of the 18 multiple displacement search
The pressure of a fluid is referred to the pressure of a coreategories tabulated in Tables V—\[Hee details in multiple
tinuous cluster of that fluid and is assumed to be the same alisplacements sectigi$ec. VI))]. If both phase locations are
the inlet or outlet pressure of the fluid. There might be sev-continuous then it is added to an appropriate main sorted list.
eral such clusters of one fluid but they all will have the same By knowing the injection fluid, the relevant main sorted
pressure. The foregoing procedure is used for single disist is selected, for example, the water list for water injection.
placements where one continuous phase location displac@e list is sorted in ascending order. Imagine the invading
another continuous one. When one or both of them idluid isi. This means that we consider a displacement event
trapped,P{"**"*“and P{"***"°are found in a slightly differ- where the volume of in an element increases. Phasean
ent way that shall be discussed in the multiple displacementsivade either phasgor k. The threshold pressure at the top
section(Sec. VII). Threshold pressures of all the displace-of the list belongs to thenost favorablei.e., easiest, dis-
ments that have the samdésplacingfluid are ranked into the placement. This could be displacementjadr k by i. If the
samemain sorted list Consequently, in three-phase systemsdisplacement isvalid then it takes place. A displacement is
there will be three main sorted lists for gas, oil, and water awalid when the displacing and displaced phase locations are
displacing phases. This means that every list may includ@resentand their continuity status flags acensistentwith
entries from two different processes with the same displacinghe list that the threshold pressure is in. If a displacement is
fluid. For instance, the water list may include threshold presnot valid, the event is taken off the sorted list and either
sures from water displacing oil and water displacing gasliscarded or moved to an appropriate list depending on the
processes. reason of invalidity. The next most favorable displacement is
Initially when the network is water filled, only oil or gas considered from the list. The advantage of having one list for
can be injected and the only processes are those that displaiseth i to j andi to k displacements is that it assures that
water by oil or gas from the elements connected to the inletalways the most favorable displacement is carriedfiost
From this stage onwards, new displacements must be added, Displacements in the lists might no longer be valid be-
if there are any, to the appropriate (8t regardless of cause of other displacements that have already taken place.
whether they could occur during the current process or notror instance, consider configuration group G. Collapse of the
The exact configuration change associated with these negas layer by water in the corner and oil in the center are two
displacements may not be clear at this stage; and it is ngiossible displacements that should be in the water and oil

or

TABLE VI. Multiple displacements search categorigmpped-continuous; t}c

No. Displacing fluid Continuity status Displaced fluid Continuity status Name Chain categories
1 oil trapped water continuous otwc

2 oil trapped gas continuous otgc

3 gas trapped water continuous gtwe

4 gas trapped oil continuous gtoc

5 water trapped oil continuous wtoc

6 water trapped gas continuous wtgc
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TABLE VII. Multiple displacements search categorigsapped-trapped; -t

No. Displacing fluid Continuity status Displaced fluid Continuity status Name Chain categories
1 oil trapped water trapped otwt wtot, wtoc, wtgt, wtgc
2 oil trapped gas trapped otgt gtwt, gtwc, gtot, gtoc
3 gas trapped water trapped gtwt wtot, wtoc, wtgt, wtgc
4 gas trapped oil trapped gtot otwt, otwc, otgt, otgc
5 water trapped oil trapped wtot otwt, otwc, otgt, otgc
6 water trapped gas trapped wigt gtwt, gtwe, gtot, gtoc

lists, respectively. If the gas layer collapsed during watercumstances, threshold capillary pressures for those displace-
invasion by an increase in water pressure, the other displacesents are recomputed taking into account the new arrange-
ment, i.e., collapse of the gas layer by oil, is no longer validments of fluid and capillary pressures and re-ordered in the
as there is no gas layer to be collapsed. sorted lists. If a new phase is injected then the sorted lists for

Multiple displacement search categories listed in Tablegjisplacements are re-ordered to account for latest changes in
V-VII allow us to find the most favorable multiple displace- capillary pressures.
ment(see later for detai)s which then is compared with the
most favorable single displacement that is determined from
the main lists. This comparison would allow us to find the
globally most favorable event.

After a displacement, the pressure of the phiaggjection Trapped phases will be in the form of clusters of phase
phase is set to themaximumof the threshold pressure and |ocations. When a cluster of phase locations becomes
the current pressure of phaseAll the displacements tha_t _trapped,(i) A number is assigned to itii) The phase of the
have threshold pressures less than the pressure of the injequster is stored(iii) Addresses of all the phase locations
tion phasei are carried out until it is not possible to find @ pejonging to it are storediv) Two flags are assigned to
displacement with a threshold pressure less than or equal Bery single phase location indicating that they are trapped

the current value of the phasepressure. This is done in a

X ; and the the cluster number that they belong(¥.The cur-
way that the displacement with thewestthreshold pressure oy canillary pressures are stordi) The volume of the
is alwayscarried ouffirst. At this time, all the configurations trapped cluster, which is the summation of volume of its

are stable and atquilibrium and the system is said to be phase locations, when it is trapped is stored asotfginal

relaxed . . .
The maximumof the threshold pressure and the Currentvolume of the cluster. The original volume is used in satura-

pressure of phaskis used because it is often the case thattion calculations to account for volume errors caused by mul-

doing a displacement allows a subsequent displacement atRl€ displacementgsee Sec. IX (vii) If any of the phase

threshold pressure much lower than the current injectionocations of the cluster is involved in a displacement then it
phase pressure. This event is more favorable than the neit moved to an appropriate sublist in one of the multiple
displacement in the list. An example of this is oil displace-displacement search categories. This could be a move from
ment into water in a water-wet medium,; may be high to the main sorted lists to the categories listed in Tables V and
allow oil to fill a throat, but oil can then fill an adjoining pore VI. If any of the phase locations is involved in displacements
at a lower oil pressure. If we used this new lower value ofthat are already in the search categories listed in Tables V
P.i to compute radii of curvature, then we would find that in and VI, then they need to be moved into corresponding cat-
some elements the radius is inconsistent with the fluicegories in Table VII.
configuration—for instance, a water AM in a corner could Every multiple displacement search category may contain
have a radius of curvature too large to fit in an element. Irseveral sorted sublists. Every sorted sublist within the cat-
strict capillary equilibrium the fluid would rearrange egories named in Tables V and VI has a cluster number
throughout the network to give configurations consistentassociated with it and contains the threshold pressure of the
with the prevailing capillary pressure. This is, however, avalid displacements where a trapped cluster can displace
very difficult task for a general three-phase model. Insteadgontinuous fluid or vice versa. Categories listed in Table V
phase pressures are defined as the maximum value eveontain displacements where tbisplacedphase location is
reached during the whole simulation. In other words, thetrapped while the categories named in Table VI have the
pressure of the invading phaseveracquires a lower value opposite situation. All the sublists are always sorted in as-
than its current one. Whenever a phase pressure reachesending order. One should note that the sublists within each
new maximum, the fluid configurations are truly in a positioncategory are completeipdependenfrom each other.
of capillary equilibrium. In a simulation involving a complex ~ During different three-phase processes, there may be
displacement path, the phase pressures will continue to ircases where a trapped cluster touches one, two, or several
crease. However, since it is only pressure differences thaither trapped clusters with different phases. WAG flooding
control the displacement sequence, this is not a problem. with several injection cycles is an example of such a case.
As mentioned earlier, threshold capillary pressures mayhe touching points represent displacements whose thresh-
be affected by the change in capillary pressure. In such cireld pressures are stored in sublists within categories tabu-

H. How to treat trapped clusters, associated radii
of curvatures, and displacements
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lated in Table VII. One trapped cluster might be involved in system[32,34-36,146 The merging trapped clusters might
several sublists as every sublist represents the touchingave different pressures and volumes, as they might have
points between onlytwo trapped clusters with different been trapped at different times during different processes. In
fluids. For every sublist, displacing and displaced clustelsuch circumstances, we assume that after coalescence the
numbers are also stored. resultant trapped cluster hayalume weightedverage pres-
When a trapped cluster forms, the curvature of all inter-sure of the the merging trapped clusters. ®higinal volume
faces associated with it need to be kept fixed as long as thef the merging trapped clusters may be used in an average
cluster is trapped and it has not become involved in multiplgoressure calculation as follows:
displacements. The conventional method in previously de-

n
veloped network models was that the interfaces were consid- st k=1 olrligitr?;I fpeluster
eredfrozen This was done regardless of the pressure of the peuster= T e (20)
phase inside the trapped cluster and pressures of the sur- Ek:l original

rounding fluids. In this work, the pressure of the fluid |nS|deWheren is the number of merging trapped clusters.

the cluster isnot a dummy value. It has a physical meaning Th lculated A v f q
during the modeling of different processes. The initial pres- € calculaled average pressure of thé newly forme

sure of the cluster is the pressure of the phase when it W&gapped cluster is used in saturation calculations and also for
ultiple displacements. The volume of the trapped cluster

first trapped. However, the pressure of the cluster chang db | L b
according to the change in the pressure of the surroundin fmed by coalescence IS given by

phases in order to maintain the curvature of the interfaces at n
the same value as when the trapped cluster first formed. As veluster= 3 versien (21)
an example, imagine water flooding into oil in a water-wet k=1

system. Trapped clusters of oil form at different stages of

R . . . When coalescence happens, all the phase locations of the
water injection, i.e., at different oil-water capillary pressures.

Once each trapped cluster forms. it aets the current bress merging trapped clusters are stored together and are assigned
PP u g u P Ufffle same cluster number. If there are groups of displacements

of ll, i.e., Pg. But sincePy; is fixed during water flooding, categories listed in Tables V and VIl that any of the merg-

all the trapped clusters will have the same oil pressure rei'ng clusters were involved in, their threshold pressures are

I .

is increasing. To deal with this problem, we update the press'ehang(Ed according to t_he. new average pressure of the reslt
. . . ~ant trapped cluster. This is done by

sure of the trapped oil clusters according to the increase in

i threshold_ pcluster threshold cluster k
pressure of water using Pi,new = Pj,new + Pi,old - Pjold (22)
cluster k_ pcluster k
Pi,new - I:)cij + Pj,new (17) or
threshold_ pcluster cluster k threshold
or Pj,new - |Di,new ~ Fiold + Pj,old . (23)
P = P new— Pei>" & (18) For the displacements in the categories listed in Table VI,

hreshol if th f the dis-
where Pﬁ!““er e (Pﬁ'o”.?f” K Pod Of Pﬁ!}’Ste' e (Prog threshold pressures are updated if the pressure of the dis

cluster  fa ¢ 1 | h placed phase which is continuous changes.
~Pjog ) Is the capillary pressure exactly at the moment' |, oy ery multiple displacement search category listed in

that the trapped clustérformed. For the above water flood- Tapjes V-Vl and all sublists associated with the merging
ing example, it becomes clusters are re-ordered to represent one bigger cluster.
cluster k_ (pcluster k If a trapped cluster meets a continuous cluster of the same
Potinew = (Poiloid "~ Puateroid) + Puaternew (19 phase, tthpressure of thentinuousfluid is changed to that

The change in pressure of the trapped clusters affects thef the trapped cluster if it is greater, otherwise it is left un-
selection of the most favorable multiple displacement as wehanged. All the volume error associated with that trapped
shall describe later. cluster is ignored as the system is in contact with the inlet
and outlet and the volume error would be compensated
1. Coalescence automatically. Note that this allows the phase pressures to

During different three-phase processes, trapped clustefdange due to contact with pre\_/ious_ly_trapped clusters. This
may have to move under multiple displacement mechanism@ethod to update pressure is similar to the work of
in order to predict a physically correct occupancy. It is quiteVan Dijke et al. [86,87) but different from Fenwick and
often the case that the moving trapped clusters meet oth&!unt [88,89 who kept the continuous cluster pressure con-
trapped clusters of the same phase. This will lead toa stant. All the displacements assoma_ted Wlth the _trapped c_Ius-
lescenceevent. A coalescence event might also happen whelgr are now transferred to the oth_er lists, i.e., main sorted lists
a trapped cluster starts forming layers, if it is possible, beOr Sublists within search categories, as appropriate.
tween phase locations of the two other phases in the neigh-
boring pores and throats. Layer reformation allows the
trapped clusters to extend their margins and meet other In three-phase systems when multiple displacements take
trapped clusters. This phenomenon occurs when gas injectiguiace, a trapped cluster might break into two or more smaller
is carried out into water flood residual oil in a water-wet ones. For instance, consider an angular element with trapped

2. When a trapped cluster breaks into smaller ones
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oil in the center that is invaded by gas. It is possible that thenost favorable double displacement, all the possible double
displaced trapped cluster cannot leave oil layers in the corevents for all the trapped clusters in the system need to be
ners of the element and this might disconnect the other phasmnsidered.

locations of the displaced trapped cluster that are residing in  The algorithm for considering such events is somewhat
the neighboring elements. This might also happen, for ininvolved, since multiple events for all clusters need to be
stance, when an existing layer phase location which is @&onsidered87]. Here we present how the most favorable
member of a trapped cluster collapses. multiple displacement is found every time.

After every multiple displacement, it must be checked ifit  First, based on what fluid is being injected into the sys-
has caused any break among the phase locations of the diem, the two categories from Table V that have the same
placed trapped clust residing in neighboring elements. If displacing fluid as the injection fluid are considered and
a break has happened then the number of the resultanglled starting categories. For instance, categonjEswt and
smaller clusters and their members are determined and storgdot are consideredc indicates continuous antdtrapped
using the clustering algorithm described in Sec. VI F. when gas is being injected. Now all the categories that could

When a trapped cluster breaks into two or more smallechain up with the starting categories are determined from
trapped clusters, the pressure of the smaller clusters are aBables V and VIl and are calledhain categories Chain
sumed to beexactly the samas that of the mother cluster at categories forgcwt and gcot would be wtot, wtoc, wtgt,
the time when the break took place. Since the smallewtgc otwt, otwc otgt, andotgc As mentioned earlier, every
trapped clusters have their own new independent identity, atategory might include several sublists with one or two
the displacements associated with the mother trapped clusteapped cluster numbers associated with each one. The dis-
in the different multiple displacement search categories mugtlacements at the top of each sublist within the starting cat-
be distributed among the smaller clusters based on whickgories can now chain up with the displacements at the top
cluster the trapped phase location involved in every displacesf the sublists within the chain categories, if there are any,
ment is associated with. The original volume of the mothemrovided that the displacing trapped cluster number of the
cluster is assigned to the largest of the smaller clusters. Theublist within the chain category is tisameas the displaced
volume of the other clusters is set to zero. This does notrapped cluster number of the sublist within the starting cat-
create any problems as we shall show in Sec. IX. egory. This means that every trapped cluster involved in a

multiple displacement contributes to two displacements. The
displaced phase of a category must be the same as the dis-
VII. MULTIPLE DISPLACEMENTS placing phase of the category that it is going to chain up

One unique feature of three-phase flow at the pore level i¥ith. The displacement at the top of each sublist is the easi-
multiple displacement. An invasion of phageby phasei e_st, i.e., lowest invasion pressure, dls_placeme_nt of the _sub-
may be composed of a series of displacements starting with it S0 every multiple displacement is a chain of easiest
displacement whereis the displacing fluid and ending with displacements from sublists within categories that are al-
a displacement wheieis the displaced fluid. If all the phases '0wed to chain up with each other. Chaining up with catego-
are continuous, this is simply equivalent to separate singlé€S continues until the next category is one of those tabu-
displacements. However, the intermediate phases in the chai@ted in Table VI. For example, the chaingdot, otwt, wigt,
may be trapped. This means that a cascade of trapped clud?d gtwc could give multiple displacements provided that
ters nudge each other before a final displacement of a corsublists sat|sfy_|ng the_ f(_)regomg conditions exist within the
tinuous phase. Trapped clusters of the intermediate phas@90Ve categories. This in turn means that oil, water, and gas
can rearrange themselves in the pore space and/or reforfffPped clusters existed in the system. Continuous gas
layers, and may coalesce with other trapped clusters of thiuches trapped oil clusters which in turn touch trapped wa-
same phase to make bigger trapped clusters or become cdsr clusters Wh|c_h in turn touch trapped gas clust_ers which in
tinuous by meeting continuous clusters. This happens simpl{Hn touch continuous water. For a multiple displacement
due to capillary forces. Multiple displacements that involveWith n trapped clusters involved, a seriesrof 1 chainlike
more than one intermediate stage are only possible if therdiSplacements are carried out. Using the foregoing algorithm,
are trapped clusters of at least two pha@#. If only one all jthe possible multiple displacements are determlned and
phase has any trapped clusters, a simpler version of multipi@€ir threshold absolute pressure are calculated using

displacement,double displacementmay take place and n
this has been observed in micromodel experiments pthreshold_ ' I pthresholqcluster k_ peluster i 4 pthreshold
. i,MD j j,old i ’
[35,40,43,13pand coded into network model87—-89,112, k=1
where one phase invades part of a trapped cluster that in turn (24)

displaces the third continuous phase.

Here we present a search algorithm that is capable oivheren is the number of trapped clusters involved, MD
finding the most favorable multiple displacement. In thisstands for multiple displacemer®{"s"°js the threshold
work, we use it to find the most favorable double displacepressure of the first displacement of the multiple displace-
ment only. During each process, the most favorable doublenent where the injection fluid is the displacing flujds the
displacement is compared with the most favorable single disfiluid that clusterk accommodates(P}"®s"jcluster K the
placement. The one that requires the lower pressure of thiareshold absolute pressure of the displacement for which
injection phase is the one that takes place. In order to find theapped clustek is the displacingfluid, and P;'gf;ef Kis the
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old pressure of the trapped clusteri.e., before the multiple associated with the trapped clusters according to their new
displacement. Equatiof24) has been derived by summing pressures. This means that the volumes of the trapped clus-
up the threshold capillary pressures of all the displacementsers are always kept updated. Also thew AM’s formed

One should note that the threshold capillary pressure of eaaluring the multiple displacements will have radii of curva-
displacement in a multiple displacement is calculated using &ures according to the new pressures of the trapped clusters
contact angle that is defined according to what fluid is disthat they belong to.

placing whatregardlessof what fluid is being injected into After every multiple displacement event, new displace-
the system. When a multiple displacement is carried ouments that are now available have to be added to the sublists
pressures of the involved trapped clusters are increased to téthin the correct categories. This means that we might have

value given by new chains of displacements, i.e., multiple displacements,
sluster k... mthresholdcluster k for the next round. Also there might be phase locations that
Pinew = (P 9 : (25 must be added to or omitted from the involved trapped clus-

We give an example of applying this algorithm by consid-t‘?r(s)- For example_, ilmagine that a trapp_ed gas cluster is to
ering a double displacement which is used in this work displace trapped oil in the center of a triangular throat. Be-

Imagine gas is being injected into oil and water where somdore the displacement, configurations ir_l al! the corners are
of the il is in trapped clusters. Since there are only trappedf©™ 9roupB and the center phase location is a member of a
oil clusters the only possible multiple displacement is doubld'@PPed oil cluster. Also imagine that corner half angles, con-
displacement where continuous gas displaces trapped dict angles, and capillary pressures allow oil to reside as a

which in turn displaces continuous water. The double dis/@Y€r in at least one corner after the oil in the center is dis-
placements are determined by chaining up categayias placed by gas. After the dlsplacemgnt, the configurations in
andotwc The threshold capillary pressure of the double dis-WO corners are changed to C and in one corner to F. Once
placement is the conﬂguratmns are changed, t_he center phase location
must be omitted from the trapped oil cluster and added to the

Py = Paesholds [(phesholgcluster— pelisien - (26)  trapped gas cluster as it now accommodates gas. Also one oil

_ ' layer phase location residing in one of the corners must be

where DD stands for double displacement. The new pressurgjded to the displaced trapped oil cluster. The new displace-
of the trapped oil cluster is ments that must be added to the appropriate lists are: oil
layer collapse by water in the corner to be added into the

right sublist, i.e., the sublist with the same cluster number,

Once a multiple displacement is recognized aglabal ~ Within the wcot category provided that water in the corner is
most favorable event, it is carried out. But there is onecontinuous, oil layer collapse by gas in the center to be
subtlety involved. It is quite often the case tiRfiirs"¢is  added into the right sublist within thgtot category, snapoff
smaller thanP;. In other words, the multiple displacement Of the gas in the center by oil layer to be added into the right
could be carried out without any increase in pressure ofublist within theotgt category, snapoff of gas in the center
phasei. The difference between these two pressures need¥y water in the corners to be added into the right sublist
to be accounted for in the pressures of trapped clusters iwithin thewcgtcategory, and other displacements in connec-

volved in multiple displacement by increasing them tion with continuous and trapped fluids residing in the neigh-

hreshol i
by (P;—PIieshes, boring elements.

To calculate the threshold pressure of a multiple displace-
ment, one may use threshold pressures of the displacements
involved regardless of their type. This means that displace-
ments may well be layer formation or collapse events. Theo- As discussed in the literature review, macroscopic prop-
retically this is fine but notechnically (i) This approach erties in three-phase systems are strongly dependent on the
might increase the volume error associated with multiple dissaturation history of the system. This means that prediction
placement as pistonlike, pore-body filling, and snapoffof experimental measurements is possible only if the experi-
events might chain up with the layer formation or collapsemental saturation history is reproduced by the model. We
events which would obviously be detrimental for volume track the experimental saturation paths on a point by point
conservation(ii) The simulator might be trapped in an infi- basis.
nite loop of forming and collapsing layers. To prevent these Every given saturation path is composed of a series of
problems, we shall use a slightly different approach whergpoints in saturation space. The first saturation ta(gebil,
only threshold pressures of pistonlike, pore-body filling, andwater, and gasis specified. The difference between the
snapoff events are used in calculating the threshold pressupgesent saturations and the target saturations are found. The
of a multiple displacement. When a multiple displacement iphase with the moshegativedifference is the next to be
to be carried out, all the layer formation or collapse events ininjected. Imagine that is phas€eThis means that we consider
the involved sublists that araore favorableo the displace- a displacement where the volume bfin an element in-
ments used irP{\r5" calculations, are carried ofitst. creases. Injection of phasecontinues until the difference

As we mentioned earlier, when a multiple displacement isbetween the present and the target saturation of phaget
taking place, the pressures of the involved trapped clusterthe most negative difference. Another phase with the most
increase. Once this happens, we theydate allthe AM’'s  negative difference is then injected. This continues until the

cluster _ (pthreshold cluster
|:)oil,new_ Poil . (27)

VIIl. SATURATION PATH TRACKING
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Sg read in as input data. The volume of a phase in an element is

the total volume multiplied by the fraction of the cross-
sectional area occupied by that phase. Saturation is computed
within a selected region, i.e., between inlet and outlet sur-
faces of the network rather than over the whole network
(Appendix B. Expressions used to compute areas are given
in Appendix A. The procedure to compute conductance, ab-
solute, and relative permeability is given in Appendix B.

O  Simulated Points
® Experimental Points

X. CONCLUSIONS

n+l n+l n+l
S, 88!

A definitive capillary dominated three-phase network
model was developed that combines three essential compo-
nents:(i) a description of the pore space and its connectivity
that mimicsreal systems;(ii) a physically based model of
wettability alteration (iii) a full description of fluid configu-

S rations for two- and three-phase flow.

“ w The model can accommodate any combination of oil-
FIG. 13. Schematic presentation of the saturation trackingwater’ gas-water_, and gas-oil contact angles_ and uses a robust
method. cl_ustermg algorithm to account for trapping and double
displacement.

S

saturation differences fall within a predefined tolerance.
Then a new saturation target is considered. This process

continues until the desired saturation path is produced; see The members of the Imperial College Consortium on
Fig. 13. . _ Pore-Scale Modeling(BHP, Enterprise, Gaz de France,
Tracking an experimental path using a network model isJNOC, PDVSA-Intevep, Schiumberger, Shell, Statoil, the
practically very complex and difficult. This is because of y k. Department of Trade and Industry, and the EPSR@
finite size effects, the percolation nature of the processes, anflanked for their financial support. We also thank P&l-Eric
hysteresis. For instance, in some cases during a saturatigfen (Statoi) for sharing his Berea network data with us and
tracking procedure, the system does redax before several gjso his valuable comments. We thank Gary Jer&BR) for
thousand displacements have been performed which wilhroviding the Oak data in electronic form and Ken Sorbie

take the saturations far away from the desired path. HoweverHeriot-watt University for his insightful comments on this
in the cases we present in this work, this does not signifiyork.

cantly affect the results.
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IX. COMPUTATION OF SATURATION, CAPILLARY APPENDIX A: AREA OPEN TO FLOW

PRESSURE, AND RELATIVE PERMEABILITY The equations used to compute the total area of a pore or

Saturation, capillary pressure, and relative permeabilitthroat with different cross sections are

are only computed when the phase pressure reaches a new A= =R circular cross section (A1)
maximum—this means that the system is at equilibrium and ' '
it is not possible to carry out any displacements with the ) i
current phase pressures. The capillary pressure is found from A=4R%  square cross section, (A2)
the pressure difference between continuous phasés, ik
the volume of phase in elementi (including the water A __2 trianqular cross section (A3)
volume in clay then the saturation of phageis given by 4G’ 9 '

Ei”jl \/ip+v‘;rror whereR and G are the inscribed radius and shape factor of

S=; — - , (28) the pore or throat, respectively.
Ejflzijlv} + Ejjlvf”‘” The corner area open to flow is calculated using

wheren, is the number of phases, is the total number of _ 2 e _T
pores a%d throats, and™" is the volume error of phase A=t (COSQ(COM CoSf-sin6) + 6+ a 2)’ (A4)
caused by multiple displacements and is given by

e [ codo+a)\? . _ o

Verrorzzp (i _ s, 29 = (r <na ) sinacosa if a+ 6= > (A5)
P < p P i

wherer is the radius of curvature which corresponds to the
wherent is the number of trapped clusters of phaserhe  ratio of interfacial tension to the capillary pressure of the
total volume, inscribed radius, and shape of each element aigterface,a is the corner half angle, anélis the angle that
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the interface makes with the solid surface towards the corner The absolute permeability of the network is calculated
that is not necessarily the contact angle of the interface, e.gusing Darcy’s law:
6, and g, in Fig. 14. total

If a layer is present in the corner, the layer area is the total K = #aQa "L (B2)
area of the corner including the layer minus the corner area AAP
excluding the layer and both are calculated using EA44)
and(A5) but with pertinent and 6. For instance, in configu-
ration group F, first the total corner ared;.=A, comer
+A, ayen IS calculated withr and ¢ of the gas-oil interface
and thenA,, comer is found usingr and @ of the oil-water
interface. Them, jaye=Ac—Ay comer The same procedure is
used to calculate the area of the the second layer, if present
The area open to flow to a phase in the center of an angul%n
element is the total area of the element minus the summation

whereK is the absolute permeability,, the viscosity of fluid

a, L is the distance, andP is the corresponding pressure
drop between the vertical surfaces.is the cross-sectional
area perpendicular to the main direction of fIcQg’ta' is the
total flow rate of fluida.

First it is assumed that the network is completely filled
h only one phasa. Conductance is calculated using the
owing equationg48,149:

of the corner areas, including the layéifspreseni. 0.5GA? , ,
g= , circular cross section, (B3)
j2
APPENDIX B: CONDUCTANCES—ABSOLUTE 0,562 A2
AND RELATIVE PERMEABILITIES g=—————, square cross section, (B4)
o
When saturation is computed, relative permeability and
capillary pressure can also be found. This is not done after 3R2A _ _
every saturation computation to save computer time. Typi- g= 200" triangular cross sections.  (B5)

cally, relative permeability is calculated around 20-40 times
during a simulation. To compute absolute and relative per- The conductance of a phase through an assembly of
meability, conductances of each continuous phase location itwo pores connected to each other by a throat, is considered
each element are first computed. Normally exact analytic reto be theharmonic mean of the conductance to the phase
sults are not possible, and empirical expressions derivethrough the pores and the connecting thii@&:

from solutions of the Stoke’s equation for flow in pores of

different geometries and for different fluid configurations are 5 51 + Lp, + Lp, (B6)
used[47-49,67,132,138,147Then the average conductance o o o 9’
ij i

for each phase in the whole network is computed by explic- )

itly calculating the flow through the network assuming con-Where Lj; is the distance between the centers of two con-

servation of volume. From this absolute and relative permenected poresy; is the conductance of the assembly to phase

ability can be found48,67,89,148 a, Lt is the throat Iengtl‘gt the throat conductance to phase
In order to minimize end effects on calculated macro-a, |_ ~andL,_are the half Iength of the pores, aggj andgp

scopic properties, we calculate saturation within two surfacegre Conductance of the poreandj to phases, respec'uvely

perpendicular to the main flow direction bounding the central  The flow rate of the phase between two connected pores,
90% of the network. However, the pressure is solved ovef g .q¢ is then given by[89]

whole network to find the pressure in each pore. The pres-

sure of the fluid whose permeability is being calculated is 9. Jipa _pay (B7)
found at the two surfaces by q” PR
> . PLAL wherePa and Pa are the pressures of flualin poresi and
=
Pa:n—i, (B1) i respectlvely
EizlAa Conserving volume for fluich in each pore gives
whereP, is the pressure of phaseat the surfaceP! is the i
o y 2 q3=0 (B8)

pressure of phasa in a pore or throat at the point that
touches the surfacéy, is the area open to flow for phase
through that pore or throat, amdis the number of pores and wherem; is the number of connected throat pores containing
throats touching the surface. When the element that touche®ntinuous phase. If Eq. (B6) is written for all such throat

the surface is a pore then the pressure of the phemtethe  pores and then inserted into EB8), a system of linear
touching point will be the pore pressure of fluidand is  equations is formed for the pore pressures that is solved us-
known after the pressure is solved over the whole networking the conjugate gradientmethod[48]. Having the pore

But if it is a throat, then the pressure at the touching point igoressures allows us to calculate the total flow rate of the
found by a linear interpolation between the pressures ophase, i.e.Q,,, which in turn is used in EqB2) to calcu-
phasea in two connecting pores located in two sides of thelate the absolute permeability of the netwokk,

surface. This is similar to the procedure used by @ tal. Relative permeabilities are computed only when the net-
[48]. work contains more than one phase. They are calculated only

026301-22



THREE-DIMENSIONAL MIXED-WET ... | ... PHYSICAL REVIEW E 71, 026301(2005

When there is a fluid layer sandwiched between the
phases residing in the corner and center, corner and layer, or
layer and cente(see Figs. 6 and)7the conductance of the
element to the sandwiched phase can be estimated by

A¥(1 - sina)’tanag)

2!
A
12uA;Sir? a(1 = @3)| 1+f103— (1~ fp3) \/%

FIG. 14. Corners with a sandwiched layés) first interface has (B15)
a positive curvature(b) first interface has a negative curvature.

Phase 3 g =

where A; is the area of the layer that the conductance is
for oh hat h | K i | being calculated forA. is a summation of areas of corner
or phases that have at least one network-spanning cl(ater 4,4 layer (if preseni above the layer of interest, ant,

clus'yer that is contlnuous_from inlet to oudlet . =A;.—A;. For instance, to calculate the conductance of the
First the conductance in all the pore and throats contaln(::Jas layer in configuration group J, see Fig.AZ=Aq ayer

ing continuous phasa is computed. Then using the same , _ + + andA,= T The
procedure used for the calculation of absolute permeabilityﬁ\cmA‘e’g and é;;yzr:;s'a‘:r”e ca|c3|a?émd°°ﬁ'§i%§°&:g§3 and
the pressures of the phase in the pores that are a member ?5)

spanning clustés) are found using the same pressure drop
across the network as used for single-phase flow. The relative APPENDIX C: THRESHOLD CAPILLARY PRESSURES

permeability is The equations used to compute threshold capillary pres-

a Qhta sures for all displacements described in Sec. VID are pre-
K?'= —Single phase (B9 sented her27,48,67,148 Tables VIII-XIV name the equa-
ot tions used in different process with different range of contact
When a network has elements with noncircular cross secangles.

tion, a single element might accommodate up to three fluids EquationgC1)—C18) are used to calculate threshold cap-
in it. A fluid, as it was shown in Figs. 6 and 7, might be illary pressures of pistonlike displacements, see Tables
residing in corners, layers, or the center of a noncirculan/|1l-XI to find which equation is used for what range of
element. For the fluid in the center of an element, Egscontact angles. The tables also provide informatio®gre,,
(B3)~(B5) are still used to find the conductance whibeing  and ¢ for each caséif required.
only the area open to flow to the fluid at the center.

-
Several authors have proposed expressions to compute the p = o(1+2(nG) C05‘91F (6,,G,E) (C1)
conductance of layer80,39,91,132,150-152In this work, ¢ R dir2= =

we use the expressions proposed by Hui and Blu&2] to
compute the conductance of wetting and spreading layer
When 6, <w/2-a, see Fig. 149), the conductance of the

hereo is the interfacial tensiorR the inscribed radius, and
the shape factor.

element to the phase flowing in the corner can be estimated 1 +\1 -[(4GE)/co? 6,]
by Fd(az,G,E) = = y (CZ)
1+2VmG
AZ(1L - sina) (¢, cosH - ¢1)¢5
B 12u sir? a1 = p3)2 (@ + fpy)?’ (B10) 3 cosdb,+a;) [
¥ e E:Ecosﬁz#—(——az—ai), (C3
-1 sin ¢; 2
a
$1= (E Ter 9)* (B11)  wherea is the comer half angle.
20 cosé
@, =Cota cosf—-sind, (B12) P.= R (C4)
(7 Note in the following equationsy; < a,=< a5 for a trian-
¢3=|5 ~aftana, (B13  gular cross section:
where §=6,, A,=A,, f=1 for a no-flow boundary condition - cod 6, + &)
. . . bI rextreme H ’ (CS)
suitable for oil-water interfaces, ari¢c0 when a free bound- sin ¢
ary condition is applied for gas-oil or gas-water interfaces.
If 6,>m/2-«a, see Fig. 1&b), the corner conductance is T
calculated using Fextreme™ 5 ’ (C6)
c,extreme
2 H 2 2
9= Actana(l - sina) s _ (B14) if the interface has not moved yet. TIR e,remebelONgs to
12u sir? a(1 — @3)(1 + f3)? the last move of the interface. If the interface has moved,
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TABLE VIII. Threshold capillary pressure for pistonlike and pore-body filling displacements with layers of the invading phase contrib-
uting to the displacement—aoil to water, gas to water, and gas to oil.

Cross section Contact angle range Equdspn 0,2 0 6  Comment

Triangular ;< m/2-a,° (C1)—~C3) 6;° 6

Triangular 0 < Oexurems and 6= m/2 -y (o2 6

Triangular 0ij = Oexreme@nd 6 = w/2-a;  [throats(C5)—~C12 and(C14)], [pores(C19] € 6 6 iterative
Square 6;<m/4 (C15 6;

Square 6 < Oextremeand 6= m/ 4 (C4 6;

Square 0ij = Oexremeand 6 = w/4 [throats(C5)—(C13)], [pores(C19] € 6 6 iterative
Circular O<@j<m (C4) 0;

dContact angle that interface moved with last time.
PHalf angle of the sharpest corner.

¢ —¢FD

d

0=, ij =0w, g0, gW— 6, = 5, and 6y, = 65 for displacement of water by gas and oil during primary drainage.
Oextreme= ™— B3, Where 6 is calculated using Eq$C17) and(C18) for triangular and square cross sections, respectively.

°It can be eitherr— 6, or 6; based on the type of AM tha belongs to. It is the angle that the AM makes with the surface towards the apex

of the corner.

coq 6, + o) R? n n o[
bi:rpsin—ail' (C7) E_rpzizlbi cosoy +r5> 5 0" - o | - A
o= n R 3
; 2rp2i:1ai + G- 22i=1 b, |cos6,
o = cos‘l( —eXIeme o g, + ai)) - a (C9)
" (C149

if the interface has not moved yet. If the interface has movedp=number of contributing cornergy=summation of corner

areas(only those corners that do not have layers or corners

0" = 6,, (C9)  of the invading phase
tana
.4 bisina; C:g{cosaﬁ \/—(sin 20, - 20, - 2a + 77)]
g =sin| ——— (C10 R 2
P

(C15

if the interface has not moved yet. If the interface has moved,

o tana .
P.= E{cosaz— \/T(_ sin 20, + 260, — 2a — 77):| )

T
(C1e
P.= r_’ (C12 - 2rextrem2i:1ai
0 63=cos? R I (C17)
3
267220

RZ-rpbcoso"+ r%(% - o"- a)

r,= , C13
P 2rpa+ 2[R~ b] cosé, (€13

n=number of corners containing layers or filled corners of
the invading phase.

TABLE IX. Threshold capillary pressure for pistonlike and pore-body filling displacements nathayers of the invading phase
contributing to the displacement—oil to water, gas to water, and gas to oil.

Cross section Contact angle range Equdson 6,2 0, 0 Comment
Triangular G<m/2-ay (CH—C3) 6 6
Triangular 6;=m/2-ay (CH 6
Square 6;<m/4 (C15 6;
Square 6;=m/4 (CH B

dContact angle that interface moved with last time.
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TABLE X. Threshold capillary pressure for pistonlike and pore-body filling displacements with layers of the invading phase contributing

to the displacement—water to oil, water to gas, and oil to gas.

Cross section Contact angle range Equdspn 0,2 0 6  Comment
Triangular 0;>m/2+a," (C1)—~C3) 6;° 76
Triangular 0= Oexyrems and 6 < m/2 +ay (o2 6
Triangular 0ij < Oexreme@nd 6 < w/2+a;  [throats(C5—~C12 and(C14)], [pores(C19] € 6; ;i iterative
Square 6;>3m/4 (C1e 6;
Square 6 = Oextremeand 6 < 37/ 4 (C4) 6;
Square 0ij < Oextreme [throats(C5)—(C13)], [pores(C19] € 6; O iterative
Circular O<@j<m (C4) 0;

dContact angle that interface moved with last time.
PHalf angle of the sharpest corner.
=6, ij =ow,go,gw.

C
dﬁextremg 03, where 65 is calculated using Eq$C17) and(C18) for triangular and square cross sections, respectively.

°It can be eitherr— 6, or 6; based on the type of AM tha belongs to. It is the angle that the AM makes with the surface towards the apex

of the corner.

-r cot w4 cosf, — sin
03=co§1(—éxfet;‘“@). (C18) p, = Z\00ta; 06, Sinf) (c21)

R(Cot a,q + cot 0[2) - b2 '
For pore-body filling we use EqC19 [148]. See Tables

VIIl and X for the range of contact angles in which this o 2 siné,

equation is used. Pe= 5\ oS~ ay +cotag)’ (C22)
P.= 20 €00 _ o> ex, (C19 _ o(cota; cosh, - sin 6,) (C23

R i=1 ¢ R(cotay +cotag) —by '’

wheren is the number of throats thdb notcontribute to the

invasion of the bore bodyy,; are the inscribed radii of the o 2 sing

such throatsy are random numberg, is inscribed radius of P.= —<c0562 - —2) (C249

the pore, ande are predefined parameters. For instance, R Cota; + COtag

imagine an oil filled water-wet circular cross-section pore

with eight throats connected to it. If two of the throats con- o(cota, cosH, — sin )

tain oil in the center, two gas, one trapped water, and only = R(cota, + cota) — by (C29H

three continuous water, then for the water invasion of the Ccotay colas) = Ds

pore:n=2+2+1=5. Inthis work, we use Eq(C19 with If only one corner has a contributing AM, vessumethat

e,=0 ande,—e,=0.03 um™* [70,149. the element is filled when the AM moves and meetsoa-

Equations(C20—(C34) are used for snapoff. Tables XIl contributingAM at one of the other corners.

and XllII list the equations that are used for different ranges

of contact angles in elements with triangular and square o(cotay cos, - sin ,) C28

cross sections, c R(cota; + cotas) (C26)

P.= c—r<cos¢92— ﬂ) (C20) if only corner 1 has a layer or filled corner of the invading
cota, + cota, phase.

TABLE Xl. Threshold capillary pressure for pistonlike and pore-body filling displacements nathayers of the invading phase
contributing to the displacement—water to oil, water to gas, and oil to gas.

Cross section Contact angle range Equdtpn 6,2 0, 0 Comment
Triangular 6> m/2+ay (CDH—C3) 6 T 0
Triangular Gy<m/2+ay (C4 6
Square 6;>3m/4 (C16 6;
Square 6;<3m/4 (C4 0

dContact angle that interface moved with last time.
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TABLE XIl. Threshold capillary pressure for snap-off displacements—oil to water, gas to water and gas to oil.

Cross section Contact angle range Equdspn 0,2 6 Comment
Triangular 6;=m/2+a (C20—~C31) T 0 min Pg;
Triangular 6=, and 6; < w/2+ay (C32 b = 6
Triangular 6 <ay (C33 b = 6
Square 6;>3m/4 (C39 T 0
Square 6;=m/4 andg;<3m/4 (C32 b =6
Square 6;<m/4 (C33 b T 0

dContact angle that interface moved with last time.
Bt can be eitherr— 6, or 6, based on the type of AM tha belongs to. It is the angle that the AM makes with the surface towards the apex
of the corner.

_ o(cota; cosé, - sin 6,)
R(cot ey + cotay)

_ o(cotaz cosh, - sin 6,)
R(cot a4 + cotas)

(C27) P, (C31)

C

if only corner 1 has a layer or filled corner of the invading if only corner 3 has a layer or filled corner of the invading
phase. phase.

_ o(cota, cosé, - sin 6,)
"~ R(cOta,+ COtaz)

(C29) p = o co9b,+a)

= . =7-a, (C32
rextremecos( 01+ a) 2

C

if only corner 2 has a layer or filled corner of the invading

-1
phase. P.= g , Gh=7T-a. (C33
t ; - I extremeCOS 01 + @)
cot ar, cos#, — sin :
= a(cota, 2 2 (C29 Note: In Eqs{(C32 and(C33) « is for the sharpest corner
R(cota, + cotey) if a layer or filled corner of the invading phase is present in

. ' . . more than one corner.
if only corner 2 has a layer or filled corner of the invading

phase.

ag .
P.=—(cota cosé,—sinb,). (C349
_ o(cotagz cosé, - sin 6,) (C30) R
"~ R(cota,+ Ccotay) Equations(C35—C39 are used to compute threshold

capillary pressure of layer collapse and formation. Table XIV

if only corner 3 has a layer or filled corner of the invading names which equations are used for layer collapse or forma-
phase. tion in different configurationgsee Figs. 6 and)7

c

TABLE XIlI. Threshold capillary pressure for snapoff displacements—water to oil, water to gas, and oil to gas.

Cross section Contact angle range Equdspn 0.2 0 Comment
Triangular bi<m/2-ay (C20—~C31) 6 max Pgj;
Triangular 0j<m—ai and 6; > w/2-a; (C32 b 0;

Triangular 6> m— (C33 b 6;
Square 6= /4 (C34 b
Square 6;>m/4 and6;<3m/4 (C32 b 6
Square 6> 3w/ 4 (C33 b 6;

dContact angle that interface moved with last time.
Bt can be eitherr— 0, or 6, based on the type of AM tha belongs to. It is the angle that the AM makes with the surface towards the apex
of the corner.

026301-26



THREE-DIMENSIONAL MIXED-WET ... | ... PHYSICAL REVIEW E 71, 026301(2005

TABLE XIV. Threshold capillary pressure for layer collapse and formation events.

Configuration group Layer Displacing phase Equations ooro; o, 6orb 0, P Po Comment
D and H oil water (C35 Tow &, iterative
E and | gas water (C35 Tgw B iterative
Fand J oil water (C36—(C39 Oow  Ogo  Ohy o, Pego  iterative
F and J oil gas (C36), (C37), and(C39 Oow Tgo BQW 6'30 Pcow iterative
G and K gas water (C36—(C39 Ogw  Og O T, Pego  iterative
G and K gas oil (C36), (C37), and(C39  ogqy  0go O, 76, Pegu iterative
H water oil (C36<C39 Tow  Ogw T Oh O, Pegw  iterative
H water gas (C36), (C37), and(C39 ooy  ogw 70 O  Poow iterative
I water gas (C36<C39 Ogw  OTow T O O, Peow iterative
I water oil (C36), (C37), and(C39  ogy  oow 706 b,  Pogu iterative
J gas oil (C36<C39 O Ogu Oy TOh, Pegw  iterative
J gas water (C36), (C37), and(C39 0y  ogw By 70 Pego iterative
K oil gas (C36<C39 Ogo  Oow T m0h, P.ow iterative
K oil water (C36), (C37), and(C39  0gy  0ow 7O, T 0h, Pego iterative

o(3 sirf @+ 4 sina cosd + cos 6)

(C39

" p[cosa sin a(2 sina + cos6) + sir? a4 cog a - 3 — cof - 4 sina cosb]’

Note:b is the meniscus-apex distance of the first interface from corner towards the centeisahd hinging contact angle
of the second interface.

cog 6, + a)
=—————, 0,= 06y, C36
c0s6, - sin
=220 g, < h,, (C37)
c0sb, - sina
P
P.= g1 2 (C39)
R,
P
P, = g2 cch_ (C39
01
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